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Abstract 

UHRF1 is an important epigenetic regulator of the human genome, which contains multiple chromatin 

binding domains.  While its role in maintaining methylation patterns through the recruitment of DNMT1 

to hemi-methylated DNA has been well established in mouse, less is known about its involvement in 

human cells.  UHRF1 binds to histone modifications and, therefore, facilitates crosstalk between DNA 

methylation and histone marks.  It binds methylated H3K9 through its TTD domain, an interaction that 

also requires a functional PHD domain.  This association of UHRF1 with H3K9 methylation has been 

implicated in directing the maintenance of DNA methylation.  However, evidence for the reliance on 

this binding for faithful epigenetic inheritance of DNA methylation has been conflicting.  Additionally, 

knockout studies in mice have suggested other possible roles for UHRF1 in cell cycle progression and 

the DNA damage response.   To gain insight into the function of UHRF1 in human cells, stable depletion 

of UHRF1 using shRNA was carried out in the normal, differentiated human fibroblast hTERT-1604 

cell line.  This resulted in a transcriptional response consistent with a state of “viral mimicry”, as seen 

with the use of the DNMT inhibitor 5-AZA-CdR in cancer cells, and the upregulation of ERV and L1 

elements.  Subsequent restoration of UHRF1 abrogated this response without full remethylation at ERV 

and L1 elements but not when the PHD or TTD domains were mutated.  This implicated a function of 

UHRF1 in H3K9 mediated silencing of transposable elements.  In comparison, depletion of DNMT1 

did not induce a notable immune response but exhibited more pronounced effects on the cell cycle and 

greater DNA damage.  5-AZA-CdR treatment in UHRF1 depleted cells further attenuated the immune 

response seen with UHRF1 depletion and transient knockdown of UHRF1 in a colorectal cancer cell 

line induced a similar immune response as seen hTERT-1604 cells.  Taken together, these results 

present a novel concept for the targeting of UHRF1 in cancer therapy in order to enhance the immune 

response against tumour cells through upregulation of transposable elements. 
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Chapter 1.  General Introduction 

 

1.1 Epigenetics 

Epigenetics is the study of heritable changes in gene expression without changes occurring to the 

underlying DNA sequence.  These involve both covalent and non-covalent modifications to the DNA 

and the histone proteins that package DNA which influence overall chromatin structure.  Modifications 

to histone proteins include methylation, phosphorylation, ubiquitination and acetylation (Biswas and 

Rao, 2018).  Additionally, DNA methylation and small RNAs such as micro-RNAs may also influence 

gene expression.  Abnormal epigenetic landscapes are characteristic of human disease and since these 

modifications are reversible, these modifications provide promising targets for therapeutic intervention 

(Berdasco and Esteller, 2019).  Epigenetic modifications are maintained by reader, writer and eraser 

proteins, illustrated in Figure 1.1.  Writers are enzymes that are capable of adding epigenetic 

modifications, readers are the protein machinery containing specialised domains for recognition of 

various epigenetic marks, and erasers are enzymes which can remove these marks (Biswas and Rao, 

2018). 

 

1.2 DNA methylation 

DNA methylation is one of the most commonly studied epigenetic modifications and is relatively easy 

to analyse with modern molecular techniques.  This biochemical process involves the addition of methyl 

groups to the C5 of cytosine residues and occurs almost exclusively within the symmetric 5’-CG-3’ 

dinucleotide context of the genome.  There are approximately 28 million CG dinucleotides within the 

human genome, the majority of which occur within repetitive sequences and 60-80% are methylated.  

DNA methylation has a critical role in normal development and defects in DNA methylation in 

mammals are embryonic lethal.  It also plays an important role in genomic imprinting and X-

inactivation (Edwards et al., 2017). 
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Figure 1.1.  The readers, writers and erasers of epigenetic modifications.  Writers include DNA 

methyltransferases (DNMTs), histone lysine methyltransferases (HKMTs), protein arginine 

methyltransferases (PRMTs) and histone acetyltransferases (HATs).  Reader domains include methy-

binding domains (MBDs), Tudor, Plant homeodomain (PHD), chromodomains and bromodomains.  

Histone lysine demethylases (HKDMs) are the erasers of methylated lysine marks and histone 

deacetylases (HDACs) are the erasers for acetylated histone tags.  Image adapted from Biswas and Rao, 

2018. 

 

1.2.1 CG islands 

CGs are not present in the genome at their expected frequency since spontaneous deamination of a 

methylated cytosine (5mC) produces a stable thymine base leading to a reduction in numbers of CGs 

through evolution.  However, there is the exception of CG dense regions termed CG islands (CGIs) 

which are largely resistant to methylation, likely due to specific histone modifications such as 

H3K4me3 or the binding of specific proteins such as CFP1, which block de novo methylation and 
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therefore maintain their CG density.  CGIs are frequently found at the promoter regions of housekeeping 

and developmental regulatory genes (Edwards et al., 2017). 

 

1.2.2 Promoter methylation 

There are three different type of promoter classes related to their CG density- high CG content 

promoters (HCP), intermediate CG content promoters (ICP) and low CG content promoters (LCP) 

(Weber et al., 2007).  HCPs tend to be unmethylated, while LCPs are generally methylated and ICPs 

have the most variability in their methylation status.  ICPs and HCPs are methylated in fibroblast cells 

but unmethylated in the germline, while methylated LCPs are present in both somatic and germ cells.  

Methylation status of LCPs does not seemingly correlate with their transcriptional activity, as LCPs are 

methylated in both active and inactive states, except for a small sub-group that are unmethylated in the 

active state.  In comparison, hypermethylated ICPs and HCPs are generally repressed.  However, the 

vast majority of inactive HCPs remain unmethylated, while ICPs show greater correlation between 

transcriptional activity and methylation status with inactive, hypermethylated ICPs (Saxonov, Berg and 

Brutlag, 2006; Weber et al., 2007). 

 

Figure 1.2.  Schematic representation of promoter CG density and their methylation relative to 

transcriptional repression.  HCPs show little methylation in somatic tissues but HCP genes are 
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repressed when methylated and rarely become de novo methylated.  ICPs are repressed by methylation 

and commonly become de novo methylated.  LCPs are highly methylated in somatic tissues, but this 

correlates poorly with transcriptional repression, and are rarely de novo methylated.  Image adapted 

from Weber et al., 2007. 

 

1.2.3 Gene body 

Whilst DNA methylation at promoter regions is generally considered a repressive epigenetic mark, 

several studies have identified gene body methylation as a marker of highly transcribed genes (Cokus 

et al., 2008; Ball et al., 2009; Rauch et al., 2009).  Gene body methylation also occurs at housekeeping 

genes (Neri et al., 2013) and is enriched on the active X chromosome relative to the inactive 

chromosome (Hellman and Chess, 2007).  It also exhibits tissue-specific methylation patterns and is 

conserved across species (Maunakea et al., 2010; Zemach et al., 2010).  Although it has not been 

extensively studied, suggested functions include regulation of alternative gene promoters and regulation 

of splicing (Maunakea et al., 2010; Lev Maor, Yearim and Ast, 2015). 

 

1.2.4 Non-CG methylation 

5mCs can also be found at CTs, CCs and CAs, occurring at 1.99%, 1.05% and 7.81% respectively, of 

sites in human induced pluripotent stem (iPS) cells (Ziller et al., 2011).  Non-CG methylation is 

enriched in both human and murine embryonic stem cells (ESCs) (Haines, Rodenhiser and Ainsworth, 

2001; Dodge et al., 2002; Lister et al., 2009; Laurent et al., 2010) and in human iPS cells (Lister et al., 

2011; Ma et al., 2014).  One study also identified non-CG methylation in hematopoietic progenitor cells 

(HPCs) which disappeared upon commitment to B-cell differentiation.  DNA methylation is known to 

play a role in neural development (Ladd-Acosta et al., 2007) and non-CG methylation is found at high 

levels in mouse and adult brain while it is mostly absent from other somatic tissues (Lister et al., 2009, 

2013; Ziller et al., 2011; Varley et al., 2013).  This non-CG methylation is established during neuronal 

maturation and becomes the dominant form of DNA methylation in fully developed human neurons 

(Xie et al., 2012; Lister et al., 2013; Varley et al., 2013; J. U. Guo et al., 2014). 
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1.3 Developmental cycle of DNA methylation 

There are two type of enzymatic activity responsible for producing methylation patterns, both of which 

are carried out by DNA methyltransferase (DNMT) enzymes.  De novo methylation is responsible for 

establishing methylation patterns during early embryogenesis and maintenance methylation is 

responsible for ensuring faithful inheritance of methylation patterns during replication.  Epigenetic 

reprogramming occurs in two cycles of erasure and de novo methylation; first in primordial germ cells 

(PGCs) where DNA methylation imprints are erased from the previous generation by demethylation 

and are then re-established at imprinted loci and transposable elements during gametogenesis, and a 

second wave post-fertilization where imprinted loci and some repetitive elements are resistant to 

demethylation. 

 

1.3.1 De novo methylation 

De novo methylation at previously unmethylated cytosines is carried out by DNMT3A and DNMT3B.  

These enzymes are highly expressed in undifferentiated ESCs but have very low levels in adult somatic 

tissues (Okano, Xie and Li, 1998).  Knockout (KO) mice studies have also shown that these enzymes 

are essential for mammalian development as DNMT3A homozygous mutant mice died several weeks 

after birth and DNMT3B homozygous mutant mice died in utero (Okano et al., 1999).  DNMT3L is a 

catalytically inactive member of the DNMT3 family that binds to and stimulates the de novo 

methylation activity of DNMT3A and DNMT3B (Bourc’his et al., 2001).  DNMT3L has also been 

found to be important for intragenic methylation of housekeeping genes but antagonizes the activity of 

DNMT3A and DNMT3B at the promoters of bivalent developmental genes.  However, this work carried 

out in mESCs has not yet been replicated (Neri et al., 2013). 

 

1.3.2 Epigenetic reprogramming 

Epigenetic reprogramming occurs naturally during mammalian development in the pre-implantation 

embryo and during gametogenesis where epigenetic patterns are erased and re-established in order to 

reset the epigenome.  This reprogramming ensures sex-specific remethylation in the gametes and that 

parent-of-origin methylation at imprinted loci is conserved.  PGCs are initially heavily methylated, 
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however, as they enter the genital ridge during gametogenesis a wave of global DNA demethylation 

occurs, erasing pre-existing imprints and restoring totipotency (Hajkova et al., 2002; Lees-Murdock, 

De Felici and Walsh, 2003).  In mice, it has been shown that during this first wave of DNA 

demethylation the de novo DNA methyltransferases are silenced, which may facilitate passive 

demethylation.  DNMT1 is highly expressed, however, UHRF1 which is required for DNMT1 function 

is transcriptionally silent (Kagiwada et al., 2013).  De novo methylation then re-establishes methylation 

patterns during germ cell differentiation.  A few hours after fertilization the paternal genome is actively 

demethylated in the one-cell embryo, whereas the maternal genome undergoes both passive replication-

dependent and active demethylation later during blastomere cleavage (Mayer et al., 2000; Oswald et 

al., 2000; Santos et al., 2002; F. Guo et al., 2014; Hu et al., 2014; Wang et al., 2014).  The mechanisms 

involved in active DNA demethylation are not fully understood, however, DNA deaminases of the 

Aid/Apobec family have been implicated (Morgan et al., 2004) and more recently the ten-eleven 

translocation (TET) family enzymes since the discovery of TET-mediated 5mC oxidation (Tahiliani et 

al., 2009) (Fig 1.3).  During this second wave of demethylation DNA methylation at imprinted loci are 

preserved in the embryo.  De novo methylation subsequently occurs during cell differentiation with 

different patterns of active and silenced genes.   

 

1.3.3 Foetal origins of adult disease 

The “Foetal Origins of Adult Disease” or the “Barker Hypothesis” describes how epigenetic 

modifications induced by environmental factors in early development can have permanent effects on 

physiology and metabolism, which can contribute to disease in later life (Barker, 1990; Padmanabhan, 

Cardoso and Puttabyatappa, 2016).  Early gestation may be a particularly susceptible time period due 

to increased sensitivity and extensive epigenetic reprogramming (Tobi et al., 2014).  Maternal diet has 

been implicated in a variety of human diseases.  For example, periconceptional folic acid, methionine 

and vitamin B-12 supplementation or deficiency can affect DNA methylation by affecting the 

methionine/folate cycles that are involved in the metabolism of methyl groups (Sinclair et al., 2007).  

A high fat maternal diet has been associated with obesity in offspring and modified methylation patterns 

including global and gene-specific promoter DNA hypomethylation (Vucetic et al., 2010), and low birth 
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weight has been associated with an increased risk of coronary artery disease, hypertension, type 2 

diabetes, dyslipidaemia and stroke in adulthood (Barker and Osmond, 1988; Rich-Edwards et al., 1997; 

Roseboom et al., 2000; Hypponen et al., 2001; Newsome et al., 2003).  A study investigating the effects 

of prenatal exposure to the Dutch Hunger Winter, a severe wartime famine at the end of World War II, 

demonstrated changes in DNA methylation levels of multiple imprinted and non-imprinted genes and 

the development of adverse metabolic phenotypes in later life including elevated body mass index 

(BMI), coronary artery disease and altered glucose metabolism (Tobi et al., 2009).  This same study 

also indicated that changes in DNA methylation are dependent on sex and gestational timing of 

exposure.  Hypomethylation of the differentially methylated region (DMR) of the maternally imprinted 

insulin-like growth factor 2 (IGF2) gene was specifically associated with exposure to famine during the 

periconceptual period.  In comparison, significantly increased DNA methylation of the leptin proximal 

promoter was observed in males, irrespective of exposure time.   

 

1.3.4 Maintenance methylation 

Methylation patterns are maintained during mitosis by DNMT1, which preferentially binds to hemi-

methylated DNA (Edwards et al., 2017).   However, DNMT1 seems to have little sequence selectivity 

itself and is thought to be recruited to DNA by other factors.  Proliferating cell nuclear antigen (PCNA) 

was thought to be one such factor due to its association with DNMT1 at the replication fork and DNA 

repair sites (Leonhardt et al., 1992; Chuang et al., 1997; Mortusewicz et al., 2005), however, more 

recently it was shown that although the interaction between PCNA and DNMT1 can aid in maintenance 

methylation, PCNA is not essential (Spada et al., 2007).  It was subsequently found that DNMT1 is 

recruited to hemi-methylated DNA by UHRF1 (Bostick et al., 2007) (cross reference section 1.5 

UHRF1).  

 

1.3.4.1 DNMT1 structure 

The human DNMT1 gene is composed of; a large regulatory N-terminal domain which contains a 

DMAP1 binding domain (DBD), a PCNA binding domain (PBD), a replication foci targeting sequence 

(RFTS), a zinc finger CXXC domain and two adjacent bromo-adjacent homology (BAH) domains, and 
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a C-terminal methyltransferase domain which includes the catalytic centre and the target recognition 

domain (TRD) (Fig 1.3).  The N-terminal and C-terminal domains are linked by six Lysine/Glycine 

(KG) dipeptide repeats (Z.-M. Zhang et al., 2015).  The RFTS domain is important for UHRF1-

mediated recruitment to hemi-methylated DNA (Leonhardt et al., 1992; Easwaran et al., 2004) and the 

CXXC domain specifically recognises unmethylated CG dinucleotides (Lee, Voo and Skalnik, 2001; 

Pradhan et al., 2008).  DNMT1 has been shown to adapt a closed, autoinhibitory confirmation by 

association of the RFTS with the catalytic domain to prevent aberrant maintenance methylation activity 

(Z.-M. Zhang et al., 2015), however, there is some debate over this as it is not sufficient to explain 

faithful epigenetic inheritance of methylation patterns in vivo (Edwards et al., 2017). 

 

 

Figure 1.3.  The structure of DNMT1.  DNMT1 consists of a DMAP1 binding domain (DBD), a 

PCNA binding domain (PBD), a replication foci targeting sequence (RFTS), a zinc finger CXXC 

domain and two adjacent bromo-adjacent homology (BAH) domains, which make up the N-terminal 

domain.  The C-terminal catalytic domain is linked to the N-terminal domain with six Lysine/Glycine 

(KG) dipeptide repeats, and contains the catalytic core and the target recognition domain (TRD).   Image 

modified from Cheng et al., 2015. 

 

1.3.4.2 Dnmt1 KO mice studies 

The importance of methylation in normal development has been shown in Dnmt1 KO mice which result 

in early embryonic lethality and mESCs deficient in Dnmt1, which are viable until they undergo 

differentiation (Li, Bestor and Jaenisch, 1992; Lei et al., 1996).  The loss of Dnmt1 results in genome-

wide demethylation, DNA damage, chromosomal instability, checkpoint defects, cell cycle arrest, 

apoptosis and demethylation and upregulation of repetitive intracisternal A-particle (IAP) elements  (Li, 

Bestor and Jaenisch, 1992; Walsh, Chaillet and Bestor, 1998).   
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1.4 Functions of DNA methylation 

DNA methylation functions in epigenetic gene regulation of various biological activities including 

tissue-specific gene expression, X-inactivation, genomic imprinting and silencing of retroviral 

elements. 

 

1.4.1 X-inactivation 

X chromosome inactivation is when one of X chromosomes in female somatic cells becomes silenced 

to provide gene dosage compensation.  This is regulated by an X-inactivation centre (XIC).  A gene 

encoding a long noncoding RNA (lncRNA) called X inactive-specific transcript (Xist) is located in the 

XIC and responsible for X-inactivation of the chromosome it is transcribed from (Brown et al., 1991).  

In mice, X-inactivation occurs on the paternal X chromosome during early embryogenesis.  X-

reactivation subsequently occurs, followed by X-inactivation of either the maternal or the paternal X 

chromosome by an apparently random selection (Galupa and Heard, 2018).  In contrast, X-inactivation 

in human occurs later in development and choice of maternal or paternal X chromosome inactivation is 

random (Okamoto et al., 2011).  It has been suggested that LINE-1 (L1) elements (cross reference 

section 1.8.3.1 LINEs) may assist in the spreading of Xist and maintenance of X-inactivation (Lyon, 

2006) since the inactive X chromosome is enriched for L1 elements (Chow et al., 2010; X. Deng et al., 

2015) and efficient silencing is seen in high L1 density regions whereas inefficient and discontinuous 

spreading has been seen in segments with few L1 repeats (Tang et al., 2010).  DNA methylation is 

important in regulating Xist by supressing it on the active X chromosome.  Differentiated Dnmt1 mutant 

ESCs re-express Xist leading to the silencing of the active X chromosome which is accompanied by an 

increase in cell death (Panning and Jaenisch, 1996). 

 

1.4.2 Imprinting 

Genomic imprinting does not follow the classical Mendelian pattern of inheritance and instead involves 

monoallelic expression of either the maternal or the paternal allele of imprinted genes, many of which 

function in metabolism and development.  Imprinted genes are regulated by DNA methylation at their 

imprinting control region (ICR) or differentially methylated region (DMR).  DMRs which are 
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established in the germ line are called germline DMRs and those which are acquired after fertilization 

are called somatic or secondary DMRs (Ferguson-Smith, 2011).  Imprinting disorders occur when the 

active allele is mutated or the epigenetic regulatory mechanisms are abnormal.  Two well-known 

neurological disorders Angelman and Prader-Willi syndromes result from aberrant imprinting of the 

SNRPN/SNURF ICR on chromosome 15.  In Prader-Willi syndrome the paternal allele is affected while 

Angelman syndrome results from the loss of maternal expression of the UBE3A gene (Glenn et al., 

1993; Kishino, Lalande and Wagstaff, 1997; Matsuura et al., 1997).  Abnormal imprinting has also been 

linked to the development of other disease such as type 2 diabetes and cancer (Kong et al., 2009; Monk, 

2010).  

 

1.4.3 Other direct targets 

DNA methylation is also involved in the regulation of other gene classes including germline, olfactory 

receptors and Cancer Testis Antigen (CTA) genes.  Germline genes exhibit germline-specific 

expression but are highly methylated and repressed in somatic cells (Koslowski et al., 2004; Assou et 

al., 2006; Weber et al., 2007).  Olfactory receptors are encoded on most chromosomes including a large 

cluster on chromosome 11 flanked by pseudogenes and interspersed repeats (Glusman et al., 2001) and 

are regulated by DNA methylation involving DNMT1, DNMT3A and DNMT3B in a developmental 

stage-specific manner (MacDonald, Gin and Roskams, 2005; Colquitt et al., 2014; O’Neill et al., 2018).  

CTA genes are a class of germline genes that are also expressed in various tumour types.  In addition 

to their cancer-specific expression, these antigens are highly immunogenic which make them promising 

targets in cancer therapy.  CTA genes have been shown to be repressed by DNA methylation (Koslowski 

et al., 2004; James, Link and Karpf, 2006; O’Neill et al., 2018) and become upregulated in response to 

treatment with DNMT inhibitors (DNMTi) (Koslowski et al., 2004; Samlowski et al., 2005; Goodyear 

et al., 2010) (cross reference section 1.10.1.1 DNMTi).  
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1.5 UHRF1 

 

1.5.1 Structure and function 

As previously mentioned, UHRF1 (ubiquitin-like, containing PHD and RING finger domain 1) is a 

protein important for the targeting of DNMT1 to hemi-methylated DNA (Bostick et al., 2007; Sharif et 

al., 2007).  It is an enzyme containing multiple conserved, chromatin-binding domains including a 

ubiquitin-like domain (UBL), a tandem Tudor domain (TTD), a plant homeodomain (PHD), a SET- 

and RING-associated (SRA) domain, and a really interesting new gene (RING) domain, with a 15 amino 

acid linker sequence connecting the TTD and PHD domains.  Similar to DNMT1, UHRF1 is also able 

to adopt an autoinhibitory, closed conformation in the absence of hemi-methylated DNA with the TTD 

domain facing the C-terminus and the SRA domain facing the PHD domain, preventing these domains 

binding to their targets and carrying out their functions (Gelato et al., 2014; Z. M. Zhang et al., 2015; 

Fang et al., 2016; Gao et al., 2018).  There are many complex layers to the UHRF1-mediated activation 

of DNMT1 involving the multiple domains.  However, the sequence of events and biological 

significance of each remain to be further elucidated.  The structure of UHRF1 and the function of each 

domain is illustrated in Figure 1.4 and discussed in the following sections. 

 

 

Figure 1.4.  The structure of UHRF1.  UHRF1 consists of a ubiquitin-like domain (UBL), a tandem 

Tudor domain (TTD) and a plant homeodomain (PHD) connected by a 15 amino acid linker sequence, 

a SET- and RING-associated (SRA) domain, and a really interesting new gene (RING) domain.  The 

SRA domain binds hemi-methylated DNA, the TTD domain reads primarily H3K9me3 marks, the PHD 
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domain binds unmodified H3 residues, and the UBL and RING domain are responsible for H3 

ubiquitination.  Figure drawn in Adobe Illustrator. 

 

1.5.1.1 SRA 

The SRA domain of UHRF1 binds to hemi-methylated DNA (Bostick et al., 2007; Sharif et al., 2007) 

leading to the recruitment of DNMT1 for maintenance methylation.  This occurs by a “flipping” 

mechanism in which the methylated cytosine is completely flipped out of the DNA helix into a 5mC 

binding pocket, enhancing the DNA-protein interface for methylation of the opposite strand (Arita et 

al., 2008; Hashimoto et al., 2008).  However, it has been proposed that SRA binding alone is not 

sufficient for epigenetic inheritance of methylation marks (Ferry et al., 2017). 

 

1.5.1.2 TTD 

Analysis of the crystal structure of UHRF1 has confirmed binding with H3K9me2/3 through its TTD 

domain (Nady et al., 2011; Arita et al., 2012).   The TTD domain has also been implicated in 

maintenance methylation during DNA replication through the binding with a methylated H3K9 mimic 

within DNA ligase I (Ferry et al., 2017). 

 

1.5.1.3 PHD  

The PHD domain binds to unmodified histone H3 arginine 2 (H3R2) and it has been shown that this 

binding is also required for maintenance methylation and the ability of UHRF1 to repress target gene 

expression (C. Wang et al., 2011; Hu et al., 2011; Lallous et al., 2011; Rajakumara et al., 2011; Arita 

et al., 2012; Rothbart et al., 2012).  Crystal structure analysis showed that this binding occurs 

simultaneously with H3K9me3 binding to the TTD domain in a single H3 tail (Nady et al., 2011; Arita 

et al., 2012).  It was also discovered that PHD domain is required for functional TTD binding to 

H3K9me3 and functional TTD alone is not sufficient for the interaction (Xie, Jakoncic and Qian, 2012; 

Rothbart et al., 2013).   
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1.5.1.4 Linker 

The simultaneous recognition of H3K9me2/3 and H3R2 by the TTD and PHD domains, respectively, 

is facilitated by the linker sequence, which can modulate the relative positions of each domain by 

forming a H3 binding hole (Arita et al., 2012; Rothbart et al., 2013).  Phosphorylation of the S298 

residue within the linker region was able to disrupt this simultaneous recognition by altering the reader 

module positions (Arita et al., 2012).  In its closed conformation state, a spacer sequence occupies the 

H3K9me2/3 binding groove of the TTD and displaces the linker module, preventing H3 binding (Gelato 

et al., 2014; Z. M. Zhang et al., 2015; Fang et al., 2016; Gao et al., 2018).  Association with hemi-

methylated DNA promotes UHRF1 to adopt an open conformation by allosteric regulation and allows 

binding of the PHD to unmodified histone H3, TTD to H3K9me3 and the SRA to hemi-methylated 

DNA (Ma et al., 2012; Z. M. Zhang et al., 2015; Harrison et al., 2016; Yu et al., 2016; Gao et al., 2018).  

Deubiquitination of UHRF1 by USP7 can also induce an open conformation and facilitate chromatin 

binding (Z. M. Zhang et al., 2015). 

 

 

Figure 1.5.  Close and open conformations of UHRF1.  (A)  UHRF1 displays an autoinhibitory 

conformation with a spacer sequence (S) facing the TTD domain, the RING domain facing the UBL 

domain and the SRA domain faces the linker sequence (L).  (B)  In the presence of methylated DNA 
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and H3K9me3, UHRF1 adopts an open conformation where the PHD domain binds to unmodified 

H3R2, the TTD binds H3K9me3 and the SRA binds hemi-methylated DNA.  (Key: unmethylated DNA; 

open lollipops, methylated DNA; full lollipops, H3R2; blue hexagon, H3K9me3; orange rectangle.)  

Image modified from Bronner et al., 2019. 

 

1.5.1.5 RING 

DNMT1-mediated DNA maintenance methylation also requires H3 ubiquitination through the E3 ligase 

activity of the RING domain.  UHRF1 catalyses mono-ubiquitination of histone H3 at lysine residues 

14, 18 or 23 promoting association of DNMT1 with histone H3 through its RFTS domain, which 

preferentially binds to two mono-ubiquitinated lysines (Nishiyama et al., 2013; Qin et al., 2015; 

Ishiyama et al., 2017).  This binding has also been shown to be required for proper DNMT1 nuclear 

localisation (Nishiyama et al., 2013; Qin et al., 2015; Li et al., 2018).  Binding of the SRA domain with 

hemi-methylated DNA has been shown to stimulate this E3 ligase activity of UHRF1 (Harrison et al., 

2016; Vaughan et al., 2018). 

 

1.5.1.6 UBL 

Although less well investigated, recent studies show that the UBL domain is required for RING-

mediated H3 ubiquitination and is, therefore, also required for functional maintenance methylation 

activity (DaRosa et al., 2018; Foster et al., 2018; Li et al., 2018).  This occurs through a structural re-

arrangement of UHRF1, triggered by engagement with chromatin and the E2 ubiquitin conjugating 

enzyme UbcH5a.  Contacts with UBL stabilize this complex and are required for transfer of ubiquitin 

from the E2 conjugate to histone H3 (DaRosa et al., 2018; Foster et al., 2018).  The UBL domain has 

also been shown to bind directly to DNMT1 and promote its recruitment to replication foci (Li et al., 

2018).  The sequence of events during maintenance methylation, as proposed by (Harrison et al., 2016), 

are illustrated below in Figure 1.6. 
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1.5.2 Studies in mouse 

KO Uhrf1 mice have a similar phenotype to Dnmt1 KO mice (Li, Bestor and Jaenisch, 1992; Muto et 

al., 2002).  They exhibit cell cycle defects, disruption of imprinted genes, genome-wide loss of 

methylation and reactivation of retrotransposons (Muto et al., 2002; Bostick et al., 2007; Sharif et al., 

2007).  In comparison to Dnmt1 KO mice, retrotransposon activation also included LINE-1 elements in 

Uhrf1 KO mice (Sharif et al., 2007).  Confusingly, a subsequent paper from the same group found 

limited effects on retrotransposon transcription from Uhrf1 KO in ESCs but prolonged binding of Uhrf1 

to hemi-methylated DNA in cDnmt1KO cells lead to altered H3K9me3 deposition at IAP elements by 

disrupting SETDB1 and KAP1 binding (Sharif et al., 2016). 

 

 

Figure 1.6. Model for the proposed sequence of events of during maintenance methylation at the 

replication fork.  (A)  UHRF1 is recruited to chromatin through the combined actions of the TTD, 

PHD and SRA domains, independent of DNA methylation.  (B)  Hemi-methylated DNA, which exists 

as an intermediate of DNA replication, interacts with the SRA domain and results in H3 ubiquitination 

through the RING/UBL domains and subsequent recruitment of DNMT1 through its RFTS domain.  

Image adapted from Harrison et al., 2016. 
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1.6 Histone modifications 

Histone proteins are subject to a vast array of chemical modifications.  These post-translational 

modifications (PTMs) are important epigenetic regulators of chromatin structure and gene transcription 

and include methylation, acetylation, phosphorylation and ubiquitination. 

 

1.6.1 Histone methylation 

Histone proteins can be methylated on both lysine (K) and arginine (R) residues, although lysine 

methylation is the best-studied modification.  Mono-, di-, or trimethylation of lysine residues, and 

mono- or dimethylation of arginine, are catalysed by histone methyltransferases (HMTs).  Lysine 

methyltransferases (KMTs) are divided into the SET (Su(var)3–9, Enhancer-of-zeste and Trithorax) 

domain containing family of HMTs and non SET domain HMTs.  Lysines 4, 9, 27, 36 and 79 of histone 

H3 and residue 20 of histone H4 are preferred sites of methylation by these enzymes (Biswas and Rao, 

2018).  Enrichment of H3K9me3, H3K27me3, and H4K20me3 are associated with transcriptional 

repression, while H3K4me3 and H3K36me3 mark transcriptionally active regions (Vermeulen et al., 

2010).  Lysine methylation can also be removed by lysine demethylases such as LSD1 (lysine-specific 

demethylase), which was the first discovered lysine demethylase and demethylates mono- and 

dimethylated lysine 4 of histone H3 in an FAD-dependent manner, but cannot demethylate trimethyl 

residues (Shi et al., 2004; Gillette and Hill, 2015).  KDM4A is another lysine demethylase which 

catalyzes demethylation of di- and trimethylated lysine 9 and trimethylated lysine 36 of histone H3 

(Tsukada et al., 2006; Couture et al., 2007).  Arginine methylation is catalysed by the family of protein 

arginine methyltransferases (PRMTs), however, arginine demethylases are less well established and in 

an ongoing area of active research (Wang et al., 2004; Chang et al., 2007; Blanc and Richard, 2017).  

 

1.6.2 Acetylation and phosphorylation 

Lysine residues are also subject to histone acetylation by histone acetylases (HATs), which counteracts 

the positive charge of lysines leading to the uncoiling of DNA wrapped around nucleosomes 

transcriptional activation.  This is also a reversible modification that can be removed by histone 

deacetylases (HDACs) leading to transcriptional repression (Biswas and Rao, 2018).  Various domains 
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including bromodomains (BRDs) and PHD fingers have been shown to bind to acetylated histones 

(Dhalluin et al., 1999; Jacobson et al., 2000; Zeng and Zhou, 2002; Zhou and Grummt, 2005; Lange et 

al., 2008).  Similarly to lysine acetylation, histone phosphorylation of serines (S), threonines (T) and 

tyrosines (Y) can alter the charge of the histone proteins, decreasing their association with DNA and 

leading to transcriptional activation.  Histone phosphorylation is also important in the DNA damage 

response (DDR), in addition to its role in chromatin compaction and transcriptional regulation (Sawicka 

and Seiser, 2014).  Additionally, both acetylated and phosphorylated histones occur transiently and can 

occur together to further enhance DNA accessibility (Jackson et al., 1975; Brehove et al., 2015).   

 

1.6.3 Ubiquitination 

The addition of ubiquitin molecules to lysine residues or the N-terminus are catalysed in a three step 

process involving E1 ubiquitin activating, E2 ubiquitin conjugating, and E3 ubiquitin ligating enzymes.  

Ubiquitin molecules can be added as a single moiety or as polymeric chains and can be further modified 

with acetylation and phosphorylation (Swatek and Komander, 2016).  Ubiquitination has a role in many 

cellular processes including proteasomal degradation of proteins, the DDR, regulation of chromatin 

dynamics and transcription, immune response and antigen presentation (Eytan et al., 1989; E. Hare and 

D. Parvin, 2019). 

 

1.6.4 Histone crosstalk 

The writers, readers and erasers of histone modifications form an intricate network with complex 

interplay between various PTMs that can involve both positive and negative feedback loops.  Writers 

often also contain chromatin-reading domains, allowing enzymes to recognise and propagate their own 

marks (Zhang, Cooper and Brockdorff, 2015).  For example, H3K4me3 is deposited by a SETD1/MLL 

complex, which also contains a PHD finger domain.  This domain can read H3K4me3 and reinforce 

binding of the methyltransferase complex (Eberl et al., 2013).  Crosstalk can also occur between active 

and repressive modifications in a negative feedback loop between mutually exclusive chromatin marks 

(Zhang, Cooper and Brockdorff, 2015).  An example is the activation of Polycomb repressed genes that 

are marked by methylation of H3K27.  Transcription of these genes require a switch from methylation 
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to acetylation of H3K27, which is mediated by phosphorylation of the neighbouring H3S28 residue 

(Gehani et al., 2010; Lau and Cheung, 2011). 

 

1.7 Crosstalk of DNA methylation with other epigenetic mechanisms 

 

1.7.1 Histone modifications 

In addition to the interplay between histone modifications, DNA methylation and histone modifications 

also appear to be highly interrelated.  In particular, there is accumulating evidence for the role of 

methylated H3K9 in the mechanistic targeting of DNA methylation.  UHRF1 has a major role as an 

epigenetic co-ordinator by mediating crosstalk between histone code and DNA methylation by its 

ability to bind H3K9me3, in addition to its interactions with other various PTMs (cross reference 

section 1.5 UHRF1).  There is also some evidence implicating other proteins in the interplay between 

DNA methylation and H3K9 methylation.  Heterochromatin protein 1 (HP1) has been shown to serve 

as a bridge between H3K9me3 and de novo methylation by binding H3K9me3 through its 

chromodomain and recruiting DNMT3A/B to major satellite repeats in mESCs (Lehnertz et al., 2003).  

The G9a/GLP lysine methyltransferase complex that catalyses mono- and di-methylation of H3K9 

(H3K9me2/3) (Tachibana et al., 2002, 2005) have been linked to DNA methylation during DNA 

replication through the binding of the TTD domain of UHRF1 with DNA ligase 1 (Dong et al., 2008; 

Tachibana et al., 2008; Ferry et al., 2017).  And another H3K9 methyltransferase, SETDB1, contains 

both a methyl CG binding domain (MBD) allowing interaction with DNA methylation, and two tudor 

domains that can interact with methylated lysines (Blackburn et al., 2003; Biswas and Rao, 2018).  

Other PTMs have also been associated with DNA methylation, such the active H3K4me3 mark, by 

binding of its SETD1/MLL methyltransferase complex to methylated CGs through a zinc finger CxxC 

domain (Ayton, Chen and Cleary, 2004). 

 

1.7.2 MicroRNAs 

MicroRNAs (miRNAs) are small non-coding RNAs that play important roles in regulating gene 

expression by guiding Argonaute (AGO) proteins to the 3′ untranslated region (3′ UTR) of target 
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mRNAs, inducing mRNA degradation and translational repression (Gebert and MacRae, 2019).  While 

miRNAs can be epigenetically regulated, they can also act as epigenetic modulators by regulating 

DNMT, HDAC and HMT enzyme activity in a miRNA-epigenetic feedback loop (Yao, Chen and Zhou, 

2019). 

 

1.8 Transposable elements 

Transposable elements (TEs) comprise at least 50% of the human genome and are characterised by their 

ability to change position within a genome.  They are highly expressed in the early embryo but become 

transcriptionally silenced through multiple repressive epigenetic mechanisms evolved to protect the 

host from genome instability (Yoder et al., 1997).  The percentage of each main type of TE in the human 

genome and their structures are shown in Figure 1.7. 

 

1.8.1 Types of TE 

TEs can be can be categorised into two major classes based on their mechanism of transposition; 

retrotransposons, or class I elements, and DNA transposons, or class II elements.  These can then be 

further categorised into subclasses based on their mechanism of chromosomal integration (Bourque et 

al., 2018). 

 

1.8.1.1 DNA transposons 

DNA transposons comprise less than 3% of the genome and are inactive in most mammals (Li et al., 

2001; Deniz, Frost and Branco, 2019).  They are characterised by a transposase gene, which includes 

an N-terminal DNA-binding domain (DBD) and a C-terminal catalytic domain (CORE), and is flanked 

by two Terminal Inverted Repeats (TIRs).  DNA transposons generally mobilize by a ‘cut and paste’ 

mechanism via a DNA intermediate and without retrotransposition (Greenblatt and Brink, 1963; Rubin, 

Kidwell and Bingham, 1982; Joly-Lopez and Bureau, 2018; Deniz, Frost and Branco, 2019).   

 

 

 



20 
 

1.8.1.2 Retrotransposons 

Retrotransposons mobilize by a ‘copy and paste’ mechanism via an RNA intermediate and insertion of 

a new complementary DNA (cDNA) elsewhere in the genome (Boeke et al., 1985; Deniz, Frost and 

Branco, 2019).  They are broadly divided into two groups; long terminal repeat (LTR) elements, which 

use an integrase to insert cDNA into the genome, and non-LTR elements, which include short 

interspersed elements (SINEs) and long interspersed elements (LINEs), and retrotranspose by a 

mechanism called target-primed reverse transcription which couples reverse transcription with 

chromosomal integration (Brown et al., 1987; Luan et al., 1993; Bourque et al., 2018).  

 

1.8.2 Endogenous retroviruses 

Endogenous retroviruses (ERVs) are LTR elements that account for 16% of the repetitive fraction of 

the genome (Lander et al., 2001).  They show evolutionary resemblance to retroviruses but have lost 

their replication potential and their ability to produce infectious viruses in human somatic cells due to 

the accumulation of inactivating mutations (Chen, Foroozesh and Qin, 2019).  ERVs typically consist 

of a gag, pro, pol, and env genes flanked by two LTRs.  The pol gene exists as an operon encoding an 

aspartic protease (AP), integrase (INT), reverse transcriptase (RT) and RnaseH (RH) under the control 

of a single promoter (Kassiotis, 2014; Joly-Lopez and Bureau, 2018).  ERVs exhibit bidirectional 

transcriptional activity from both LTRs which can result in the formation of dsRNAs (Dunn et al., 2006; 

Faulkner et al., 2009; Liu et al., 2016; Cuellar et al., 2017).  ERVs are epigenetically repressed in 

somatic cells but are often reactivated in human diseases including autoimmune diseases, neurological 

diseases and cancer (Brütting et al., 2017; Bustamante Rivera et al., 2017).  For example, HERV-W 

and HERV-H/F families, and particularly their env proteins, are upregulated in brain tissue and in the 

circulation of multiple sclerosis patients (Christensen et al., 1997, 1998; Perron et al., 1997; Garson et 

al., 1998; Antony et al., 2004; Christensen, 2016).  HERV-W env proteins and HERV-K10 have been 

detected in schizophrenia patients and are thought to contribute to disease pathology by stimulating 

neurotoxic and pro-inflammatory responses (Karlsson et al., 2001; Frank et al., 2005; Perron et al., 

2012; Slokar and Hasler, 2015).  HERV-K env proteins have been associated with malignant 

progression of melanoma cancer, and various ERVs including HERV-R, HERV-H, HERV-K, and 
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HERV-P env genes were upregulated in blood from breast cancer patients but were decreased in patients 

undergoing chemotherapy (Rhyu et al., 2014; Krishnamurthy et al., 2015).  In addition to their 

association with disease pathology, ERVs and have also been implicated in normal physiological 

processes, such as ERV-driven production of the human syncytin protein (really the envelope protein 

of HERV-W) during human placental morphogenesis (Mi et al., 2000). 

 

 

Figure 1.7.  The structure of ERV, SINE and LINE elements and the abundance of each in the 

human genome.  ERV elements encompass 7.9% of the human genome and consist of gag, pro, pol 

and env genes flanked by LTRs.  The pol gene encodes an aspartic protease (AP), integrase (INT), 

reverse transcriptase (RT) and RnaseH (RH).  LINE elements represent 18.8% of the human genome 

and consist of two ORF genes and end with a repetitive sequence of variable lengths (An) at the 3’ end.  

The second ORF contains an RT, an endonuclease (EN) and a cysteine-rich domain (C).  SINE elements 

make up 12.5% of the genome and also terminate with Poly(A) tail.  Image from Kassiotis, 2014 adapted 

using Adobe Illustrator. 
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1.8.3 non-LTR retrotransposons 

 

1.8.3.1 LINEs 

LINE elements are the most abundant repetitive element in both the mouse and human genomes (Lander 

et al., 2001; Waterston et al., 2002).  This class consists of LINE-1 (L1), LINE-2 (L2) and LINE-3 (L3) 

elements, with L1 being the most abundant accounting for 15.4% of the human genome (Lander et al., 

2001).  LINE elements contain two open reading frames (ORFs), with the second encoding an RT, an 

endonuclease (EN) and a cysteine-rich domain (C), and terminate with a sequence repeat (An) of 

variable lengths at the 3’ LTR, which is often a PolyA tail (Kazazian and Moran, 2017; Joly-Lopez and 

Bureau, 2018).  LINE elements can also carry out bidirectional transcription and form dsRNAs (Dunn 

et al., 2006; Faulkner et al., 2009; Liu et al., 2016; Cuellar et al., 2017).  There are approximately 100 

L1 elements that are still active in the human genome, however, only a small subset of these have been 

associated with L1-mediated disease (Sassaman et al., 1997; Brouha et al., 2003).  L1 retrotransposition 

occurs in various human diseases including cancer (Iskow et al., 2010; Shukla et al., 2013; Helman et 

al., 2014; Tubio et al., 2014), Haemophilia A (Kazazian et al., 1988) and the auto-inflammatory disease 

Aicardi-Goutieres syndrome (Zhao et al., 2013).  LINE elements may also contribute to normal 

physiological processes such as the regulation of chromatin accessibility during development 

(Jachowicz et al., 2017). 

 

1.8.3.2 SINEs 

SINEs are non-protein coding elements with an internal RNA polymerase III promoter towards the 5’ 

end and a variable repeat 3’ end that account for 12.5 % of the human genome (Lander et al., 2001; 

Joly-Lopez and Bureau, 2018).  Alu elements are the most abundant type of repeat within the SINE 

family and are a major source of genetic instability which contribute to genomic rearrangements and 

human disease (Lander et al., 2001; Kim et al., 2016).  SINE elements retrotranspose using L1-enzyme 

machinery (Hancks et al., 2011; Raiz et al., 2012; Kim et al., 2016). 
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1.9 Epigenetic regulation of TEs 

Despite increasing evidence that TEs contribute to normal biological processes, they also represent a 

potential threat to genome stability and are, therefore, tightly regulated through epigenetic mechanisms.  

DNA methylation and histone modifications, primarily to the H3 protein, are the best understood 

mechanisms of repression (Deniz, Frost and Branco, 2019).  DNA methylation is an important 

suppressive mechanism in somatic and male germ cells (Walsh, Chaillet and Bestor, 1998; Bourc’his 

and Bestor, 2004; Rollins et al., 2006; Smith et al., 2012).  However, during epigenetic reprogramming 

DNA methylation is globally erased and histone marks become the major repressive mechanism for 

most TEs in ESCs (Matsui et al., 2010; Karimi et al., 2011) and PGCs (Hajkova et al., 2002; Lees-

Murdock, De Felici and Walsh, 2003).  In mouse PGCs, some genomic regions are resistant to this 

demethylation, including certain ERVs (Lane et al., 2003; Lees-Murdock, De Felici and Walsh, 2003; 

Seisenberger et al., 2012; Smith et al., 2012; Kobayashi et al., 2013).  These regions tended to be 

marked by H3K9me3 which may confer resistance to TET-mediated demethylation (Liu et al., 2014).  

In addition to DNA methylation and histone modifications, a third epigenetic mechanism involving 

small RNAs has been established, however, several other modifications such as 5mC derivatives and 

N6-methyladenine have also been implicated in TE suppression (Deniz, Frost and Branco, 2019). 

 

1.9.1 DNA methylation 

DNA methylation has been well established as an epigenetic mechanism of TE suppression by genetic 

disruption of DNMT enzymes in mice.  The maintenance methylation enzyme DNMT1 is required for 

repression of IAP ERVs in post-implantation embryos (Walsh, Chaillet and Bestor, 1998).  Embryos 

mutant for both de novo methyltransferases Dnmt3a and Dnmt3b show high levels of demethylation of 

C-type retroviruses and IAPs, but to a much lesser extent than Dnmt1 null mutant embryos.  Dnmt3b 

mutant embryos are also slightly hypomethylated at these regions, while knockout of Dnmt3a alone has 

no observable effect (Okano et al., 1999).  DNMT3L, which acts as a cofactor for the de novo 

methyltransferases, has also been implicated in the silencing of both LTR and non-LTR 

retrotransposons in male germ cells (Bourc’his et al., 2001), as well a more recently discovered de novo 

enzyme DNMT3C, originally thought to be a rodent-specific pseudogene (Lees-Murdock et al., 2004), 
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responsible for the silencing of younger retrotransposable elements specifically in mice and rats 

(Bourc’his and Bestor, 2004; Barau et al., 2016).  KO of Uhrf1 in mice also leads to demethylation and 

upregulation of both IAP and LINE-1 elements, implicating UHRF1 in DNMT1-mediated suppression 

of TEs (Muto et al., 2002; Sharif et al., 2007).  However, other studies have found limited effects of 

Uhrf1 depletion on retrotransposons (Sharif et al., 2016; Zhao et al., 2016). 

 

1.9.2 Histone modifications 

The roles of KAP1 and SETDB1 in H3K9me3 mediated silencing of ERVs have been well established 

in embryonic cells (Wolf and Goff, 2007; Rowe et al., 2010; Maksakova et al., 2013).   KAP1, also 

known as TRIM28, is recruited by KRAB zinc-finger proteins (ZNFs) that bind to areas of repetitive 

DNA (Schultz et al., 2002; Rowe et al., 2013) and subsequently recruits the histone methyltransferase 

SETDB1 (Schultz et al., 2002; Frietze et al., 2010).  Both KAP1 and SETDB1 have also been shown 

to silence certain ERVs independently of each other (Maksakova et al., 2013; Wolf et al., 2015) 

(Maksakova et al., 2013; Wolf et al., 2015).  The G9a/GLP complex can also silence a certain type of 

ERV by H3K9me2 deposition (Maksakova et al., 2013).  Trimethylation of lysine 27, mediated by the  

Polycomb-repressive complex 2 (PCR2), has also been implicated in TE silencing in mouse ESCs and 

hepatocytes when DNA methylation is lost (Leeb et al., 2010; Walter et al., 2016; Berrens et al., 2017; 

Wang et al., 2019). 

 

1.9.3 Small RNAs 

Small RNAs can supress TE activity both translationally and transcriptionally, particularly in germline 

cells.  PIWI-interacting RNAs can silence TEs by directly targeting RNAs for destruction post-

transcriptionally or by recruiting epigenetic modifications such as DNA methylation and histone 

modifications to TE loci (Russell and LaMarre, 2018).  For example, male germ cells deficient in the 

PIWI protein Mili, showed loss of methylation and upregulation of retrotransposons including LINE-1 

and IAP elements (Aravin et al., 2007).  TE suppression by miRNAs and endogenous short interfering 

RNAs (endosiRNAs) through an RNA interference (RNAi) pathway has been shown in mouse oocytes 

(Watanabe et al., 2006; Tam et al., 2008; Flemr et al., 2013), mESCs (Berrens et al., 2017) and for 
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LINE-1 elements in cultured human cells (Yang and Kazazian, 2006).  RNAi can also be stimulated by 

tRNA-derived fragments (tRFs) which can target and supress replication-competent LTR-

retrotransposons (Schorn et al., 2017). 

 

1.10 Epigenetics and cancer 

In tumour cells, the epigenetic landscape becomes dysregulated including alterations to DNA 

methylation and histone modification patterns.  Additionally, epigenetic abnormalities have been linked 

with genetic alterations in cancer, with genes encoding chromatin-regulating enzymes amongst the most 

frequently mutated.  Aberrations in chromatin structure associated with epigenetic alterations can 

prevent the induction of TSGs with restrictive chromatin states and promote oncogene activation with 

permissive chromatin states.  This can contribute to cancer development by giving rise to each of the 

hallmarks of cancer, which include sustained proliferation, evasion of apoptosis, angiogenesis, invasion 

and metastasis (Flavahan, Gaskell and Bernstein, 2017).  Epigenetic modifications in cancer represent 

potential biomarkers and can be predictive of clinical outcomes.    Since epigenetic modifications are 

reversible, so-called epigenetic therapies are emerging as exciting new tools in cancer treatment (Ahuja, 

Sharma and Baylin, 2016; Jones et al., 2019). 

 

1.10.1 DNA methylation and cancer 

Abnormalities in DNA methylation patterns in cancer cells include global hypomethylation, mainly of 

repetitive sequences, and hypermethylation of normally unmethylated CG islands.  The later has been 

termed CG island methylator phenotype (CIMP) and can occur at TSG promoters (Jones et al., 2019).  

Defects in the DNMTs are frequently observed in cancer cells, including mutations, deletions and 

overexpression (Zhang and Xu, 2017).  In patient tumour samples, all three DNMTs were shown to be 

overexpressed in acute myeloid leukaemia (AML) (Mizuno et al., 2001).  Mutations in DNMT3A alone 

have been identified in AML, acute lymphoblastic leukaemia (ALL) and in myelodysplastic syndromes 

(MDS) (Walter et al., 2011; X.-J. Yan et al., 2011; Neumann et al., 2013), and DNMT1 mutations have 

been observed in colorectal cancer (CRC) samples (Kanai et al., 2003).  Mutations in isocitrate 

dehydrogenase (IDH) genes are also common events in AML and glioblastomas (Dang et al., 2009; 



26 
 

Figueroa et al., 2010; Lu et al., 2012; Turcan et al., 2012).  Mutant IDHs inhibit hydroxylases including 

the demethylating TET enzymes.  Additionally, direct mutation of TET2 has been reported in various 

haematopoietic malignancies (Delhommeau et al., 2009; Feng et al., 2019).  Finally, overexpression of 

the maintenance methylation cofactor UHRF1 is frequently seen in various cancers including prostate, 

breast, lung, liver, bladder, pancreatic, colorectal and melanoma cancers (Hopfner et al., 2000; 

Crnogorac-Jurcevic et al., 2005; Unoki et al., 2009, 2010; Abusnina et al., 2011; Babbio et al., 2012; 

Wang et al., 2012; Mudbhary et al., 2014). 

 

1.10.2 The histone code and cancer 

Cancer phenotypes often include alterations in histone PTMs such as histone acetylation and H3K27 

methylation.  Tumour cells can also show reduced global levels of histone acetylation, which correlate 

with poor clinical outcome (Fraga et al., 2005; Seligson et al., 2009).  Altered histone acetylation can 

occur in cancers without DNA mutation (Seligson et al., 2009; Hou et al., 2012; Y.-F. Chen et al., 

2013).  Promoter deacetylation is frequently associated with abnormally silenced genes in cancer, and 

often co-occurs with DNA hypermethylation, and hyperacetylation is associated with oncogene 

activation.  Mutations in the HAT and HDAC enzymes can also occur, and HDAC overexpression is a 

common occurrence in cancer cells (Audia and Campbell, 2016; Baylin and Jones, 2016).  Aberrant 

H3K27 methylation is another common cancer-associated event and can occur in CIMP-negative 

cancers (Lay et al., 2015).   EZH2, which is the catalytic component of the PRC2, is frequently mutated 

and can drive tumorigenesis with both gain- and loss-of-function mutations (Ernst et al., 2010; Morin 

et al., 2010; Nikoloski et al., 2010; Ntziachristos et al., 2012; Zhang et al., 2012).  

 

1.10.3 Epigenetic modifying agents (EMAs) 

 

1.10.3.1   DNMT inhibitors 

The DNMT inhibitor 5-aza-2-deoxycytidine (5-AZA-CdR) is an FDA-approved drug for the clinical 

treatment of patients diagnosed with myelodysplastic syndrome, a haematological malignancy 

(Kaminskas et al., 2005).  5-AZA-CdR is a prodrug that first requires activation through 
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phosphorylation by deoxycytidine kinase before it is incorporated into DNA as a cytosine analogue, 

where it irreversibly prevents the enzymatic activities of DNMTs (Juttermann, Li and Jaenisch, 1994). 

One mechanism of action by which 5-AZA-CdR is thought to function in anti-tumour therapy is through 

reprogramming of the epigenome, resulting in genome-wide promoter demethylation and reactivation 

of silenced genes such as TSGs (Jones, Issa and Baylin, 2016; Loo Yau, Ettayebi and De Carvalho, 

2019).  However, a second mechanism of action has emerged in recent years, which involves the 

induction of an immune response through the reactivation of ERVs.  This mechanism involves ERV 

demethylation and transcription of endogenous dsRNAs, triggering viral recognition by MDA5 

(melanoma-differentiation-associated gene 5) or RIG-1 (retinoic-acid-inducible protein 1) (Leonova et 

al., 2013; Chiappinelli et al., 2015; Roulois et al., 2015).  Both proteins contain two N-terminal caspase 

activation recruitment domains (CARD) which undergo oligomerization and transmit the signal to 

MAVS (mitochondrial anti-viral signalling protein) located in the outer mitochondrial membrane (Wu 

and Hur, 2015), however, RIG-1 requires the blunt ends of dsRNA containing a 5′-di- or tri-phosphate 

for activation (Hornung et al., 2006; Schlee et al., 2009; Goubau et al., 2014).  Activation of MAVS 

through RIG-1/MDA5 results in the production of type I interferons, a major component of the innate 

immune system, by signalling via downstream transcription factors such as NF-B, IRF3/7, and the 

serine/threonine protein kinase TBK1 (Seth et al., 2005; El Maadidi et al., 2014; Liu et al., 2015), in 

addition to the induction of apoptosis (Besch et al., 2009; El Maadidi et al., 2014) (Besch et al., 2009; 

El Maadidi et al., 2014).  Upregulation of type III interferon proteins via the JAK/STAT pathway has 

also been observed with 5-AZA-CdR treatment, however, secreted type III IFNs were undetectable 

(Chiappinelli et al., 2015). 

 

1.10.3.2   HDAC inhibitors 

Similar to DNMTi, HDAC inhibitors (HDACi) reprogram the epigenome by a general transcriptional 

reactivating effect.  Four HDACi- Vorinostat, Romidepsin, Belinostat and Panobinostat- have now been 

FDA-approved for the treatment of T-cell lymphoma or multiple myeloma and current research is also 

investigating the beneficial effects of HDACi on solid tumours (Manal et al., 2016).  For example, 

HDACi have been shown to reverse the effects of HPV16 on IGF-binding protein 2 (IGFBP2) 
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repression which is associated with disease progression in cervical cancer (Pickard et al., 2015).  

HDACi have also been shown to induce upregulation of certain ERVs, alone or in combination with 

DNMTi (Brocks et al., 2017; Leonova et al., 2018).  Ongoing research is now focusing on finding more 

effective HDACi, which target specific isoforms and have fewer side effects, or combinatorial treatment 

with DNMTi and other agents (Gryder et al., 2019; Jones et al., 2019).  Inhibitors targeting 

bromodomain proteins, which read acetyl-lysine marks, are also of current research interest (Audia and 

Campbell, 2016). 

 

1.10.3.3   CTAs in cancer immunotherapy 

CTA genes are directly regulated by DNA methylation (Koslowski et al., 2004; James, Link and Karpf, 

2006; O’Neill et al., 2018) (cross reference section 1.4.3 Other direct targets) and become upregulated 

in response to treatment with DNMT inhibitors (DNMTi) (Weber et al., 1994; Karpf, 2004; Koslowski 

et al., 2004; Samlowski et al., 2005; James, Link and Karpf, 2006; Goodyear et al., 2010; Odunsi et al., 

2014).  Both genetic ablation of DNMT1 and its inhibition using 5-AZA-CdR have also been shown to 

result in hypomethylation of CTA gene promoters and increased transcription in cancer cell lines 

(James, Link and Karpf, 2006; Chiappinelli et al., 2015; Roulois et al., 2015), as well as in an 

undifferentiated, normal human lung fibroblast cell line (O’Neill et al., 2018).  DNMT inhibition 

upregulates antigen processing and presentation genes (Siebenkäs et al., 2017) and the JAK/STAT 

signalling pathway, which also leads to upregulation of antigen presentation genes (Matei et al., 2012).  

The net result is that CTAs are expressed, cleaved and presented on the surface of cells undergoing 

demethylation, leading to the appearance of these novel epitopes. Due to their immunogenic potential 

and cancer-specific expression, upregulating CTAs by DNMTi alone or as part of combinatorial therapy 

is an area of ongoing research for cancer immunotherapy (Gjerstorff, Andersen and Ditzel, 2015).  

Indeed, a number of immunotherapies have been developed against specific CTAs (e.g. NY-ESO1) and 

shown some effectiveness, but have been hampered by uneven expression of the epitope and lack of 

specificity (Thomas et al., 2018).  

 

 



29 
 

1.10.3.4 Other EMAs 

Other EMAs are also at various stages of development for clinical use including HKDM, EZH2 and 

G9a inhibitors (Pfister and Ashworth, 2017).  Four HDKM inhibitors that target KDM1A, whose 

overexpression in ovarian, hepatocellular, lung and breast cancers is associated with poor prognosis, 

are currently in clinical trials: GSK2879552, tranylcypromine, INCB059872 and ORY-1001 (Lv et al., 

2012; Serce et al., 2012; Zhao et al., 2012; Konovalov and Garcia-Bassets, 2013).  Inhibitors of KDM4A 

and KDM4B are also in development, and may be particularly useful in the treatment of prostate and 

breast cancers since KDM4A and KDM4B are co-activators of both the androgen receptor and 

oestrogen receptor (Shi et al., 2011; Berry and Janknecht, 2013; Coffey et al., 2013).  Additionally, the 

KDM5A inhibitor CPI-455 has been shown to prevent the development of drug resistant tumour cells 

(Vinogradova et al., 2016).  Four EZH2 inhibitors are being tested in clinical trials: GSK126, EPZ-

6438, CPI-1205 and DS-3201b.  These inhibitors have shown promise for cancers deficient in SNF5, 

ARID1A, PBRM1 or BRG1 (Knutson et al., 2013; Bitler et al., 2015; Kim et al., 2015; Pfister and 

Ashworth, 2017).  Finally, inhibitors of the HMT protein G9a, which is upregulated in leukaemia, 

hepatocellular carcinoma, and breast, lung and prostate, include BIX-01294, UNC0224, UNC0638, 

UNC0642, E72 and A-366, a more selective G9a inhibitor that has fewer off-target effects, and 

treatment has been shown to reduce tumour growth in vivo (Kubicek et al., 2007; Sweis et al., 2014; 

Pappano et al., 2015; Pfister and Ashworth, 2017). 

 

1.11 DNA damage response 

The DNA damage response (DDR) is a complex signalling network of various pathways that function 

in protecting the genome from DNA lesions and promoting their repair.  Detection of DNA damage by 

sensor molecules initiates downstream signalling which can influence DNA repair, cell cycle, 

transcriptional regulation, chromatin structure and apoptosis (O’Connor, 2015).   

 

1.11.1 Cell cycle 

One way through which the DDR can regulate its repair activities is by cell cycle regulation and the 

phase of the cell cycle influences the choice of repair pathway (Hustedt and Durocher, 2017).  The cell 
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cycle consists of four stages- G1, S, G2 and M.  During G1 phase, the cell grows and prepares to divide 

by duplicating its cellular contents before undergoing DNA replication in S-phase.  G2 phase is the 

“gap” before mitosis, which occurs in M phase.  Between G2 and M phase the DNA content of the cell 

is twice as much as in G1 phase.  Additionally, G0 is a “resting phase” where cells are not actively 

proliferating but have the potential to do so.  The cell cycle is tightly regulated by checkpoint proteins 

such as p53, pRb, p21 and p16 which can promote cell cycle arrest and apoptosis when DNA cannot be 

repaired (Otto and Sicinski, 2017).  However, these checkpoint proteins can become dysfunctional in 

cancers leading to abnormal cell cycle and failure to repair DNA, which in turn causes genome 

instability (Hustedt and Durocher, 2017). 

 

1.11.2 DNA repair mechanisms 

DNA damage can result from oxidative stress, exposure to UV light or ionizing radiation, alkylating 

agents, cellular metabolism or replication stress (O’Connor, 2015).  The DNA repair pathway invoked 

depends upon the type of lesion, illustrated in Figure 1.8.  Single strand breaks (SSBs) are the most 

common type of lesion and are repaired via the base excision repair (BER) pathway.  This involves 

detection of SSBs by poly(ADP-ribose) polymerase 1 (PARP1) and promotes the recruitment of X-ray 

repair cross-complementing protein 1 (XRCC1), which subsequently recruits other repair factors 

including DNA ligase III (Benjamin and Gill, 1980; Thompson et al., 1990; Caldecott et al., 1994; 

Abbotts and Wilson, 2017).  Double strand breaks (DSBs) are the most cytotoxic lesion, for which the 

two main repair mechanisms are homologous recombination (HR) and non-homologous end joining 

(NHEJ).  HR is more accurate but slower and restricted to G2/M phases of the cell cycle when template 

DNA is available, whilst NHEJ is error prone but functions throughout the cell cycle (Chang et al., 

2017).  Where both mechanisms are available, the repair pathway choice is mediated by 53BP1 and 

BRCA1 (Bunting et al., 2010; Kass, Moynahan and Jasin, 2010; Chapman et al., 2012; Escribano-Díaz 

et al., 2013).  DNA adducts formed by the covalent attachment of carcinogenic chemicals to DNA are 

repaired by the nucleotide excision repair (NER) pathway involving ERCC1 as one of the key effector 

proteins (O’Connor, 2015).  Finally, lesions resulting from replication errors are fixed by the mismatch 
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repair pathway (MMR) involving the MutS homolog (MSH) and Mutator L (MutL) homolog (MLH) 

repair proteins (Fishel and Lee, 2016). 

 

 

Figure 1.8.  Types of DNA damage and repair mechanisms.  Single-strand breaks are repaired via 

the base-excision repair (BER) pathway and involve PARP enzymes.  Double-strand breaks can be 

repaired by either homologous recombination (HR) or non-homologous end joining (NHEJ), depending 

on the extent of DNA damage and stage of the cell cycle, with signalling via the ATM, ATR or DNA-

PK protein kinase effector enzymes.  Damage caused by UV light, radiation or chemotherapeutic agents 

is repaired by nucleotide excision repair (NER) via recruitment of ERCC1, and mismatches are repaired 

by the mismatch repair (MMR) pathway by MLH and MSH enzymes.  Image drawn in Adobe 

Illustrator. 

 

1.11.3 H2AX 

The phosphorylation of the histone H2A variant, H2AX at serine 139 (γH2AX) is a rapid response that 

occurs in response to double strand breaks (DSBs) with a key role in signalling and initiating DNA 

repair (Rogakou et al., 1998).  Phosphorylation is mediated by the protein kinases ATM (ataxia 

telangiectasia mutated), ATR (ATM and Rad3 related) or DNA-PK (DNA dependent protein kinase) 

(Rogakou et al., 1999; Paull et al., 2000).  This results in an increase in chromatin accessibility to aid 

in the recruitment of other DNA repair factors (Bewersdorf, Bennett and Knight, 2006; Marnef and 
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Legube, 2017).  γH2AX also assists in DNA repair by anchoring broken DNA strand ends together 

through the recruitment of cohesin molecules (Bassing and Alt, 2004; Ström et al., 2004; Ünal et al., 

2004). 

 

1.11.4 ATM/ATR 

The ATM and ATR protein kinases play an important role in initiating downstream signalling for 

activation of the DDR.  ATM is primarily activated by DSBs, whilst ATR is activated by various lesions 

including SSB and those caused by replication stress or oxygen radicals.  ATM and ATR activate cell-

cycle checkpoint proteins CHK2 and CHK1, respectively, which can then influence cell cycle 

progression and activate DNA damage repair mechanisms.  ATM, CHK2 and CHK1 are also capable 

of phosphorylating p53, which can mediate various cellular responses to DNA damage and is a critical 

player in determining cell fate (Helena et al., 2018; Tšuiko et al., 2019).  This TSG may also interact 

with p63 in a complex interplay to regulate cell cycle and DNA repair genes (McDade et al., 2014). 

The pathway of ATM/ATR activation is illustrated in Figure 1.9. 

 

1.11.5 PARylation 

The post-translational modification poly(ADP-ribosyl)ation, or PARylation, is another cellular 

response to DNA damage.  This involves the synthesis of ADP-ribose (PAR) polymers catalysed by 

PAR polymerases (PARPs) promoting multiple repair pathways including HR, NHEJ, base excision 

repair (BER) and nucleotide excision repair (NER) (Gupte, Liu and Kraus, 2017).  Exposed bases at the 

site of DNA damage are detected by PARP1 through its zinc fingers, F1 and F2, resulting in its 

activation and the addition of PAR chains to chromatin adjoining the damage (Eustermann et al., 2011, 

2015).  PAR chains are recognised by various protein domains including PAR-binding zinc finger 

(PBZ), the Macro domain, the WWE domain and the BRCA1 C Terminus (BRCT) domain of XRCC1, 

and regulate numerous biological functions including the recruitment of DNA repair factors (Wei and 

Yu, 2016).  However, PAR chains have a short half-life of only several minutes and are degraded 

primarily by the PAR glycohydrolase (PARG) enzyme, which cleaves the 2′,1″-glycosidic ribose-ribose 

bonds between PAR moieties (Slade et al., 2011).  However, PARG cannot hydrolyse the proximal 
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protein-bound PAR unit which requires degradation by Macro domain-containing (MacroD) proteins 

or the terminal ADP-ribose protein glycohydrolase (TARG1) (Jankevicius et al., 2013; Sharifi et al., 

2013).  The remaining PAR molecule can also serve as a scaffold for the recruitment of other proteins 

with diverse biological functions including cellular metabolism and immune function (Gupte, Liu and 

Kraus, 2017).  The hydrolysis of the final PAR molecule is the rate-limiting step of PAR degradation.  

If chains are not hydrolysed in a timely manner, PAR accumulation result in mitochondrial 

depolarisation and induction of the cell death pathway, parthanatos (Y. Wang et al., 2011; Wei and Yu, 

2016).  

 

 

Figure 1.9.  Simplified representation of the DNA damage response pathway.  DNA damage results 

in H2AX phosphorylation (γH2AX) and the activation of the ATM and ATR kinases, which trigger the 

activation of downstream cell-cycle regulators CHK1 and CHK2.  This pathway can influence cell 

cycle, DNA repair, apoptosis and activation of p53.  Image adapted from Tšuiko et al., 2019. 
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1.11.6 DNMT1 and the DDR 

While early reports suggested DNMT1-deficient ESCs display increased mutation frequencies and 

microsatellite instability (Chen et al., 1998; Guo, Wang and Bradley, 2004), later work showed more 

conclusively that loss of DNMT1 in either mouse or human cells resulted in increased DNA damage 

signalling, cell cycle pausing and eventually triggered cell death including activation of p53 and caspase 

cleavage (Jackson-Grusby et al., 2001; Unterberger et al., 2006; Chen et al., 2007; Palii et al., 2008; 

Liao et al., 2015).  DNMT1 has also been shown to accumulate at sites of DNA damage such as DSBs 

(Mortusewicz et al., 2005; Ruzov et al., 2009; Ha et al., 2011).  Previous work from our lab has also 

shown that the apparent MMR defects in DNMT1-deficient cells was due to downstream cleavage of 

mismatch repair proteins following activation of caspases during the DDR (Loughery et al., 2011).  The 

latter work, carried out in hTERT-1604 cells, resulted in cell cycle alterations, increased cell death and 

increased levels of PARylation (Loughery et al., 2011), an aspect not reported in other studies on 

DNMT1.  

 

1.11.7 UHRF1 and the DDR 

Depletion of UHRF1 has also been linked to DDR, with loss resulting in increased sensitivity to DNA 

damaging stimuli and chromosomal instability (Muto et al., 2002, 2006; Mistry et al., 2010; H. Chen 

et al., 2013).  As for DNMT1, depletion of UHRF1 from HCT116 cells results in activation of the DDR 

without additional stimuli (Tien et al., 2011).  However, as for DNMT1, very diverse roles have been 

proposed for UHRF1, not all of which are mutually compatible, including act as a sensor for interstrand 

crosslinks (ICLs) and subsequently recruiting DDR mediators (Liang et al., 2015; Tian et al., 2015);  

repair of DSBs by recruitment to sites of damage through BRCA1; and stimulation of the repair pathway 

by initiating HR (Zhang et al., 2016).  This latter interaction was shown to require phosphorylated and 

methylated UHRF1 for the polyubiquitination of PCNA necessary for HR (Zhang et al., 2016; Hahm 

et al., 2019).  Additionally, depletion of UHRF1 in retinoblastoma cells gave low expression of XRCC4, 

a protein involved in NHEJ, suggesting that UHRF1 may also play a role in this repair pathway (He, 

Lee and Kim, 2018). 
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1.12 Molecular techniques 

Investigation into the functions of important enzymes or proteins often involves genetic manipulation 

followed by DNA, RNA or protein analysis using common molecular techniques.  Large-scale 

analytical techniques may be beneficial when genome-wide analysis is required such as for genome-

wide association studies (GWAS).  However, these can be costly and may be unnecessary if analysis of 

only a small number of genes is required.  Therefore, cost, purpose and the advantages and 

disadvantages of molecular methods should be considered prior to investigation. 

 

1.12.1 Methylation analysis 

A vast array of techniques exist to analyse DNA methylation including bisulfite sequencing, LUMA, 

high resolution melting analysis, methylation arrays and pyrosequencing.  Methylation arrays offer the 

advantage of analysing genome-wide methylation with focus on gene promoter regions.  They have 

high accuracy and are time efficient and relatively cost effective.  Pyrosequencing can quantitatively 

measure methylation but only for small regions of DNA.  Other locus specific methods such as bisulfite 

sequencing may be less expensive but are not as accurate and can be very labour intensive (Kurdyukov 

and Bullock, 2016). 

 

1.12.1.1    Illumina Infinium HumanMethylation450 (450K) BeadChip 

The Illumina Infinium 450K BeadChip is a cost effective, high throughput method of genome wide 

methylation analysis, which allows quantitative genotyping of the C/T polymorphism in bisulfite 

converted DNA with single base resolution.  Bisulfite converted DNA is subjected to whole-genome 

amplification, fragmentation and hybridization to 50bp oligonucleotide probes on the microarray 

(Pidsley et al., 2013).  The Infinium 450K array is a hybrid of two different assays, illustrated in Figure 

1.10, which can determine the methylation status of over 485,000 CG sites in the human genome, 

including 99% of the genes covered in the National Centre for Biotechnology Information (NCBI) 

Reference Sequence (RefSeq) Database.  The Infinium I assay uses two probes per CG locus; one which 

specifically targets the methylated CG site and one which hybridizes to the unmethylated site.  Single-

base extension results in the addition of a fluorescently labelled nucleotide.  Infinium II uses a single 
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probe for each CG locus.  Allele-specific single-base extension at the cytosine of the target CG results 

in the addition of either a fluorescently labelled G or A nucleotide (ddNTP) complementary to the 

methylated C or unmethylated T, respectively.  The signals emitted by the G and A nucleotides are 

detected in the green and red channels, respectively (Bibikova et al., 2011).  Methylation levels are 

quantified as the ratio of the methylated signal intensity and the sum of the methylated and unmethylated 

signal intensities.  This value is known as the β-value and ranges from 0 to 1 (Pan et al., 2012).  The 

use of two assays results in methylation values with different statistical distributions and dynamic range.  

Infinium II values can be biased and less reproducible and, therefore, normalization algorithms are 

required to allow comparison between assays (Maksimovic, Gordon and Oshlack, 2012; Teschendorff 

et al., 2013).  Software packages such as RnBeads are available for bioinformatic analysis of the DNA 

methylation data which can perform various functions including data visualisation, quality control, 

normalisation, removal of batch effects, correction for tissue heterogeneity and differential DNA 

methylation analysis (Assenov et al., 2014).  The Illumina Infinium 450K array has now been 

discontinued. 



37 
 

 

Figure 1.10.  Illumina Infinium HumanMethylation450 Assay.  (a)  Infinium I assay with two 

different probes per CG locus, one targeting methylated CG sites and the other targeting unmethylated 

sites.  A fluorescently labelled G (green) or A (red) nucleotide is incorporated, complementary to the 

methylated C or unmethylated T, respectively.  (b) Infinium II assay with a single probe for each CG 

locus but with different coloured signals for methylated and unmethylated sites.  Image modified from 

Maksimovic et al., 2012. 
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1.12.1.2    Pyrosequencing  

Pyrosequencing is a sequencing-by-synthesis technique which can be used as a rapid, highly 

quantitative and cost effective method of DNA methylation analysis in real-time (Ronaghi, Uhlén and 

Nyrén, 1998).  It can be used to assess methylation levels of single gene loci or for genome-wide 

analysis.  A pair of primers, one of which is biotin-labelled at its 5’-terminus, are used to PCR amplify 

a target region (up to 350bp) of bisulfite converted DNA.  Agarose gel electrophoresis can be carried 

out to assess the quality of the amplified DNA product and identify any contamination.  The biotinylated 

PCR product binds to streptavidin-coated beads and is made single-stranded.  The unlabelled strand is 

washed away.  A pyrosequencing primer proximal to the area of interest on the single-stranded template 

DNA hybridizes to the DNA and the pyrosequencing reaction (Figure 1.11) occurs with the sequential 

addition of nucleotides in a predefined order (Tost and Gut, 2007; Delaney, Garg and Yung, 2015).  

There are four enzymes involved in this reaction; the Klenow fragment of DNA polymerase I, which 

lacks 3’ to 5’exonuclease activity to avoid out of phase sequencing and prevent primer degradation, an 

ATP sulfurylase, luciferase and an apyrase.  The addition of a nucleotide by DNA polymerase results 

in the release of an inorganic pyrophosphate (PPi) molecule.  This is converted to ATP by reaction with 

adenosine 5’ phosphosulfate, catalysed by ATP sulfurylase, which provides the energy required for 

luciferase to oxidise D-luciferin.  This generates oxyluciferin in an excited state that emits a 

bioluminometric signal when it decays to its ground state.  The amount of light emitted is detected by 

a charge-coupled device (CCD) camera and is proportional to the amount of incorporated nucleotides.  

Unincorporated nucleotides and ATP are degraded by apyrase in a final depletion step before the next 

cycle of nucleotide addition.  Comparison of the generated pyrogram to the original sequence can 

identify the amount of converted cytosines and the extent of methylation (Tost and Gut, 2007; Mikeska 

et al., 2011).  Limitations of pyrosequencing assays include the thermal instability of the luciferase 

enzyme which requires the reaction to be carried out at a low temperature (28°C) and the restriction on 

size of the PCR product.  Amplification products greater than 350bp may form secondary structures 

such as loops and interfere with the sequencing reaction.  Additionally, the capture efficiency of 

biotinylated products decreases with size (Tost and Gut, 2007). 
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Figure 1.11.  Pyrosequencing reaction.  Sequential addition of dNTPs to the ssDNA molecule 

generates ATP, which provides energy for the conversion of luciferin to oxyluciferin with the 

subsequent emission of light energy proportional to the amount of ATP.  Light energy is detected by a 

CCD camera and a pyrogram is generated.  Image modified from Steensma, 2006. 

 

1.12.2 Transcriptional analysis 

Molecular analysis of transcriptional activity is often used to examine the effects of DNA methylation 

on gene expression.  Expression microarrays are cost effective, high throughput methods of genome-

wide transcriptional analysis, whilst RT-qPCR, which has become the gold standard for quantifying 

gene expression, is a simple, cheap laboratory technique and can be used to validate results from 

microarray data (Livak and Schmittgen, 2001).  Whilst RNA-seq offers greater coverage compared to 

microarrays, it is extremely expensive and produces complex data that can be difficult to interpret 

(Hrdlickova, Toloue and Tian, 2017).  
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1.12.2.1    Illumina HumanHT-12 v4 Expression BeadChip 

High-density microarray platforms are a cost effective, high throughput means of measuring genome-

wide mRNA levels within a single biological sample (Schena et al., 1995; Lockhart et al., 1996).  The 

Illumina HT-12 BeadChip contains 3-micron beads, each containing 50-mer oligonucleotide probe 

sequences labelled with a Cy3-Streptavidin fluorophore.  The array covers more than 25,000 annotated 

genes with more than 47,000 probes designed from the NCBI RefSeq Release 38 (November 7, 2009) 

library (Illumina, 2010).  Sample RNA is converted to cDNA, which is then made double stranded 

before conversion to cRNA.  Direct hybridization of cRNA to the target probe results in an emission of 

fluorescent light at an intensity corresponding to the relative abundance of the respective transcript from 

the original sample (Eberwine et al., 1992).  This is read by either the Illumina HiScan, iScan System 

or BeadArray Reader laser imagers through the green channel.  The data from the BeadChip is analysed 

by iScan Control and GenomeStudio® software including normalization procedures (Illumina, 2010).  

The Illumina HT-12 expression array has now been discontinued. 

 

1.12.2.2    RT-qPCR 

RT-qPCR is a simple and economical laboratory method of quantitatively measuring gene expression.  

Template cDNA is synthesised by reverse transcription of RNA and subsequent amplification of target 

DNA by PCR.  A dye is used to bind the amplified DNA and emit a fluorescent signal, which intensifies 

as more DNA products accumulate.  An arbitrary threshold value is assigned when the signal intensity 

reaches this threshold this is termed the cycle threshold (CT) value (Gibson, Heid and Williams, 1996; 

Heid et al., 1996).  Data analysis is commonly performed by relative quantification using the 

comparative threshold (2−ΔΔCT) method (Livak and Schmittgen, 2001).  This method compares 

relative changes in gene expression between treated and untreated control samples, using a 

constitutively expressed housekeeping gene for normalization.  For accuracy, this requires the target 

and reference genes to have similar amplification efficiencies (Bustin et al., 2009). 
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1.13 Concluding remarks 

UHRF1 is an important epigenetic regulator that consists of multiple chromatin binding domains and 

functions together with DNMT1 to maintain methylation patterns.  However, the requirement and 

functions of the individual domains of UHRF1 in maintenance methylation requires further study.  

Additionally, both DNMT1 and UHRF1 have been implicated in the DNA damage response but their 

roles have not been fully established.  Previous work by our lab established and characterized DNMT1 

KD cell lines in a normal differentiated human cell line (O’Neill et al., 2018) including analysis by 

450K and HT-12 arrays.  Cells lines deficient in UHRF1 were also generated, as well as UHRF1 rescue 

cell lines, and rescue cells with point mutations in either the PHD or TTD domains.  DNA or RNA was 

extracted from these cell lines and included in the 450K and HT-12 genome-wide array analyses.  

However, full characterization of these cell lines had not yet been conducted. 

 

1.13.1 Hypothesis 

UHRF1, an important cofactor for the maintenance methylation enzyme DNMT1, is important for 

maintaining normal epigenetic control in hTERT-1604 cells through the establishment of DNA 

methylation patterns. 

 

1.13.2 Overall aims 

 Analyse the effects of UHRF1 depletion on methylation and transcriptional activity in 

hTERT-1604 cells 

 Explore the effects of rescuing UHRF1 on methylation levels and transcriptional activity and 

investigate the requirement of the PHD and TTD domains for this response 

 Compare the effects of UHRF1 depletion on other important biological processes including 

cell cycle and the DNA damage response  with DNMT1 depletion and 5-AZA-CdR treatment 
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Chapter 2.  Materials and methods 

 

2.1 General Methods 

 

2.1.1 Tissue Culture 

The wild-type (hTERT-1604) lung fibroblast cell line (Ouellette et al., 2000) and all other cell lines 

derived from this were cultured in 4.5 g/l glucose DMEM supplemented with 10% FBS and 2× NEAA 

(all Thermo Fischer Scientific). 

 

2.1.1.1 Generation of stable KDs 

The generation of stable KDs of DNMT1 and UHRF1 were carried out by other members of the lab.  

Generation of the hTERT-1604 cell lines stably depleted of DNMT1 using a pSilencer construct has 

been previously described (Loughery et al., 2011).  The hTERT-1604 cell lines stably depleted of 

UHRF1 (U5/U10/UH4/UH5) were generated similarly, using Thermo Scientific Open Biosystems 

Expression Arrest GIPz Lentiviral shRNAmir (Thermo Fisher Scientific) according to manufacturer’s 

instructions.  Briefly, overlapping primers incorporating a siRNA sequence to target UHRF1 were made 

and ligated into pGIPz as per supplier’s recommendations.  The vector was linearized using XhoI and 

MluI and transfected into hTERT-1604 WT cells using Lipofectamine 2000 according to 

manufacturer’s instructions (Thermo Fisher Scientific).   Lipofectamine forms a positively charged 

complex with the DNA aiding its transportation across the cell membrane and into the nucleus.  To do 

this 4 g of the linearised plasmid was added to 500 L Opti-MEM (Dulbecco) and incubated for 5 

minutes at room temperature.  In a separate tube 8 L lipofectaimine was added to 500 L Optim-MEM 

and incubated at room temperature for 5 minutes.  The two solutions were then mixed together and 

incubated for 20 minutes at room temperature.  This was added to pre-washed cells in a 6-well plate 

and incubated for 4 hours at 37C, at which point the cells were washed and 1.5 mL fresh pre-warmed 

media was added.  The pGIPz transfected cells and a negative control containing no plasmid DNA were 

transferred to a 90 mm dish after 24 hours and subjected to selection by puromycin (150 g/mL) 
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(Sigma-Aldrich).  The cells were washed with PBS and fresh media and puromycin added every 3 days 

for 14 days, at which point individual colonies were visible.  These colonies were picked and expanded 

for downstream applications.  Selection was removed 24 hr prior to any experimental analysis.  The U5 

and U10 clones were generated using an shRNA targeting the gene body of UHRF1.  The UH4 and 

UH5 clones were generated using an shRNA targeting the 3’ UTR of UHRF1 (Table 2.1). 

 

Table 2.1.  shRNAs used for the generation of UHRF1 KD cell lines. 

Target Supplier Cat. number Mature antisense sequence Cell lines 

UHRF1 Dharmacon V3LHS_ 353720 TGACATTGCGCACCACCCT U prefix (U5, 

U10) 

UHRF1 Dharmacon V3LHS_413692 AACGTTATATCTTTCTTGG UH prefix 

(UH4, UH5) 

 

 

2.1.2 Methylation analysis 

 

2.1.2.1 DNA extraction 

Cells were resuspended in 500 μl lysis buffer (50mM Tris; pH8, 0.1M EDTA, 0.5% SDS; all Sigma-

Aldrich) containing Proteinase K (Roche) at a final concentration of 0.2 mg/ml.  Whilst being subjected 

to rotation, samples were incubated overnight at 55⁰C.  DNA was then extracted from the lysis solution 

using 3 phenol:chloroform:isoamyl alcohol (25:24:1, pH 8.0) (Sigma-Aldrich).  To the sample, 500 μl 

of phenol:chloroform:isoamyl alcohol 25:24:1 was added; sample was vortexed for 15 seconds and  

then centrifuged at 13200 rpm for 10 min at RT.  The upper aqueous layer from the sample was collected 

and 500 μl phenol:chloroform:isoamyl alcohol was re-added.  Centrifugation and upper aqueous layer 

collection was repeated; a third round of phenol:chloroform:isoamyl alcohol extraction was carried out.  

Following the last collection of the upper layer, DNA was precipitated through the addition of 1 ml of 

precipitation mix (1M ammonium acetate in 90% ethanol; from Sigma-Aldrich and VWR, respectively) 

and 1 µL of glycogen (Invitrogen).  Following a 1 hour incubation at -20⁰C, samples underwent 

centrifugation for 10 mins at 13200 rpm.  The supernatant was removed and the pellet was washed once 
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with 1ml freshly prepared 80% ethanol.  Excess ethanol was evaporated off by incubating the samples 

on a 65⁰C heat block for no more than 5 min; DNA was then resuspended in 100 μl of NF-H20 (Qiagen), 

and stored at -80⁰C. 

 

2.1.2.2 Agarose gel electrophoresis 

To determine the integrity of harvested DNA, 3 μl of DNA was mixed with 5 μl of loading dye (20% 

glycerol, 0.05% orange G; both from Sigma-Aldrich) before being subject to electrophoresis on a 1% 

agarose (Eurogentec) gel prepared using 1x TAE buffer.  This buffer was made using a 50x concentrated 

stock, which consisted of 2 M Tris-base, 0.05 M EDTA (Sigma-Aldrich), 1 M acetic acid (VWR, 

Lutterworth, UK) and 0.1 µg/ml Gel Red (Invitrogen).  In order to estimate the concentration of DNA, 

samples were run alongside 3 µL λ HindIII ladder (Invitrogen, Paisley, U.K) which was pre-heated to 

65⁰C.  Agarose gels were imaged by UV transillumination on the Bioview UV light (Biostep).  To 

examine purity of the DNA, spectrophotometry readings (range; 260 nm-280nm) were taken using the 

Nanodrop-1000 spectrophotometer (Labtech International). 

 

2.1.2.3 Bisulfite conversion 

Bisulfite conversion and purification using 500 ng of DNA was performed using the EZ DNA 

Methylation kit according to manufacturer’s instructions (Zymo Research).  DNA was bisulfite 

converted overnight using the TC-400 thermal cycler (Techne).  The conversion programme consisted 

of 16 cycles at 30 seconds, 95°C; 60 min, 50°C.  The converted DNA was eluted in a final volume of 

40 μl and stored at -80⁰C. 

 

2.1.2.4 Bisulfite PCR 

Bisulfite-treated DNA was PCR-amplified using in-house designed pyrosequencing primers (Table 2.2) 

via the PyroMark Assay Design Software 2.0 (Qiagen).  Each PCR reaction was carried out using the 

PyroMark PCR kit (Qiagen) according to manufacturer’s instructions.  Reaction conditions were as 

follows: 95°C, 15 minutes; followed by 45 cycles of 94°C for 30 seconds, 56°C for 30 seconds and 
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72°C for 30 seconds; with final elongation at 72°C, 10 minutes.  PCR products were verified via agarose 

gel electrophoresis. 

 

2.1.2.5 Pyrosequencing 

10-25 μL of PCR product was used for methylation analysis on the PyroMark™ Q24 pyrosequencer 

(Qiagen).  2 μL sepharose beads (GE Healthcare), 40 μL binding buffer (Qiagen) and a volume of NF-

H20 (Qiagen) to give a final volume of 60 μL were added.  Samples were then shaken for 5 min at 1400 

rpm to allow attachment of the sepharose beads to the PCR product.  Within the PyroMark™ Q24 

workstation sepharose bead bound PCR products were washed with 70% ethanol (5 sec), denaturation 

solution (5 sec) (0.2 M NaOH; Sigma-Aldrich) and 1x wash buffer (10 sec) (Qiagen).  Subsequent to 

this, the PCR products were then released onto a PyroMark™ Q24 plate (Qiagen) containing 0.3 µM 

sequencing primer in 25 µL annealing buffer (Qiagen).  The products were then heated to 80°C for 2 

minutes and allowed to cool at room temperature for 5 minutes.  Lastly, samples were run on the 

PyroMark™ Q24 pyrosequencer and results were viewed using the associated PyroMark™ Q24 

software, v.2.0.6 (Qiagen). 

 

2.1.2.6 Statistical analysis 

For any given gene, the DNA methylation values at each of the CG sites assessed were totalled and 

averaged to determine the overall methylation value for each sample.  Standard deviation (SD) was 

calculated from the averages of more than one run.  Error bars represent standard error of the mean 

(SEM) and is based on SD.  Statistical significance between samples was calculated by unpaired, two 

tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant. 
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Table 2.2.  Pyrosequencing primers used in this thesis 

Gene Primer Modification Oligo sequence (5’-3’) Size 

HERV-FC2 FW  TTTGGTTTTTTTTGTTAGGATTAGTGA 159bp 

 RV biotin AAATCTCCTCCCCAATTTTAACACCA - 

 SEQ  TTTTTGTTAGGATTAGTGAATT - 

HERV-H FW  AGGGTTTGTGTGAGTAATAAAGTT 164bp 

 RV biotin ACTCCTACCCCCCAAAAAACAAACT - 

 SEQ  AGTTTTTAATTATTTGGGTGT - 

LINE-1 FW  GGGAGGAGTTAAGATGGT 109bp 

 RV biotin ATAAACCCCATACCTCAA - 

 SEQ  GGGAGGAGTTGGATGGT - 

TSPY2 FW  GGGGGGGTTGGAGATGTA 251bp 

 RV biotin CACACACCAAAACCTATACTACCC - 

 SEQ  GGGTTGGAGATGTAG - 

MAGEA12 FW  TTTTGTTTGGGGTGAGGT 200bp 

 RV biotin ATTCCACCCCTACTATAAACC - 

 SEQ  GTTTGGGGTGAGGTT - 

MAGEC2 FW  TGAGGATTGGTTAGGTTTAAGAT 194bp 

 RV biotin CAAACCACTCCCTACTAACACC - 

 SEQ  GATTGGTTAGGTTTAAGATT - 

HIST2H2AA4 FW  TTGGGGAAAAAAATTATTTAATGGTATTG 301bp 

 RV biotin CAAAAATTAAATCCCCTCTTCAATAATAAA - 

 SEQ  GTAGATTTTAGGGTATTTTAATTAG - 

HIST2H2AA3 FW biotin TTTTTTTTTGTAGATGATGGGAGAGGA 193bp 

 RV  CTCAATATACAATTAACACTTTTTCCCTC - 

 SEQ  CCTAAACAAATTTACATTAACC - 

HIST1H4H FW  ATTAAGTTTTTTAGGAATATTTTTAGAATA 136bp 

 RV biotin TAACATCCAAAACATCACTAAACC - 

 SEQ  TTTTTTATAGATAAGGTTAGAAATT - 

 

Forward pyrosequencing PCR primer (FW); Reverse pyrosequencing PCR primer (RV); Sequencing 

primer (SEQ). 
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2.1.3 Transcriptional analysis 

 

2.1.3.1 RNA extraction 

RNA extraction was carried out using the RNeasy minikit (Qiagen) as per the manufacturer’s 

instructions.  Importantly, RNA preparations were treated with DNase (Qiagen) at RT for a total of 30 

min; RNA was eluted in 30 μl NF-H20 (Qiagen).  Concentration and purity were determined by 

measuring the UV absorbance at 260 nm and 280 nm on the Nanodrop ND-1000 spectrophotometer 

(Labtech International).  The integrity of the sample was checked by running 1 μl of a 1% agarose gel; 

the presence of 28S and 18S rDNA (the latter being half the intensity of the 28S band) bands ensured 

good quality RNA.  Following extraction, RNA was immediately transferred to the -80⁰C freezer were 

it was stored long-term. 

 

2.1.3.2 cDNA synthesis 

 

Complementary DNA (cDNA) was reversed transcribed in a reaction containing 250-500 ng total RNA, 

0.5 μM dNTPs, 0.25 μg random primers (Roche), 1x reverse transcriptase buffer and 200U RevertAid 

reverse transcriptase in a total volume of 20 μl. Reaction conditions were as follows: 25°C, 10 minutes; 

42°C, 60 minutes; 70°C, 10 minutes. cDNA was stored at -80°C until use.  

 

2.1.3.3 Reverse transcriptase quantitative PCR (RT-qPCR) 

 

2.1.3.3.1 Primer standards 

To determine the efficiency of primers for RT-qPCR, the LightCycler® 480 II and its associated 

software (LightCycler® 480 Software release 1.5.0 SP3) (Roche) was utilised.  For standard curve 

generation, cDNA, made from RNA harvested from a cell line known to express the gene, was diluted 

10-fold and 100-fold.  For each dilution, RT-qPCR was ran in triplicate; each sample consisted of 1 μl 

cDNA, 10 μl LightCycler® 480 SYBR Green I Master (Roche), 1 μl 10 μM forward and reverse primers 

(Invitrogen) and 7 μl NF-H20 (Qiagen).  Samples were loaded onto a 96 well plate (Roche) and PCR 
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conditions on the LightCycler® 480 II (Roche) were as follows; initial incubation step of 95°C for 10 

min, followed by 60 cycles of 95°C for 10 sec, 55°C for 10 sec and 72°C for 10 sec, with a final ramping 

of the temperature to 97°C; the latter enabling the generation of a melting curve.  Using the 

LightCycler® 480 Software, melting curves were checked for the presence of a single peak indicative 

that a single production was amplified by the associated primers.  Additionally, PCR products were also 

ran on a 3% agarose gel to ensure product specificity.  The software also calculated an efficiency score 

for the primer set under assessment; primers with a score of between 1.8-2.2 were considered 

appropriate for future experiments. 

 

2.1.3.3.2 RT-qPCR 

The primer sequences for all RT-qPCR primers used in this thesis are listed in Table 2.3.  For the 

determination of relative gene expression, reactions were set up in triplicate; each reaction included 1 

μl of undiluted cDNA (prepared with 250-500 ng RNA), 10 μl LightCycler® 480 SYBR Green I Master 

(Roche), 1 μl of 10 μM forward primer, 1 ul 10 μM forward and reverse primers (Invitrogen) and 7 μl 

NF-H20 (Qiagen).  A negative control, containing no cDNA, for each gene under assessment was 

included.  Expression was normalised to HPRT, and relative expression was determined using the ΔΔCT 

method.  

 

2.1.3.3.3 Statistical analysis 

For determination of gene expression, each experiment was run in triplicate and with three biological 

repeats for each gene.  The fold change values of triplicate samples were averaged.   SD was calculated 

from the averages of three biological replicates.  Error bars represent SEM and is based on SD.  

Statistical significance between samples was calculated by unpaired, two tailed, student t-tests where 

*p<0.05, **p<0.01, ***p<0.001 and ns; not significant. 
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Table 2.3.  RT-qPCR primers used in this thesis. 

Gene Primer Oligo sequence (5’-3’) 

IFI27 FW TCTGTCCACCCTCTGCTTCT 

 RV GGCATGGTTCTCTTCTCTGC 

OAS2 FW AGGAAGGTAGCGCATCTTGA 

 RV CACCTCTGTCCGACTTGGTT 

BST2 FW AGGGAGGTGTCATCGTCAAC 

 RV CTCTTGTCTCCCACCCTGAG 

STAT1 FW CCCACTCTGATCAACTTTTGC 

 RV GGCCTGTTGAAGATGCTTGT 

IFITM1 FW ACTAGTAGCCGCCCATAGCC 

 RV GCACGTGCACTTTATTGAATG 

ISG15 FW ACCTACGAGGTACGGCTGAC 

 RV GGTGGAGGCCCTTAGCTC 

HERV-FC2 FW TTTCCCACCGCTGGTAATAG 

 RV AGGCTAAGGATTCGGCTGAG 

HERV-H FW TTCACTCCATCCTTGGCTAT 

 RV CGTCGAGTATCTACGAGCAAT 

HERV-R FW CATGGGAAGCAAGGGAACT 

 RV CTTTCCCCAGCGAGCAATAC 

HERV-K FW CACAACTAAAGAAGCTGACG 

 RV CATAGGCCCAGTTGGTATAG 

LTR12C FW AGCTAGACATAAAGGTCCTCCACG 

 RV TGGGGCCTTGGAGAACTTTTATG 

HERV-P FW CAAGATTGGGTCCCCTCAC 

 RV CCTATGGGGTCTTTCCCTC 

HERV-W1 FW AAGAATCCCTAAGCCTAGCTGG 

 RV GCCTAATTAGCATTTTAGTGAGCTC 

HERV-V3 FW CCTGCTCTAGTCACCCTGGA 

 RV CTTCCCTGATGATTACTCAAGC 

L1PBA FW CTTTGCAGACACTCCCCAGT 

 RV GGTCTAGCCACCCAGCAG 

L1P1 FW TGCCCTAAAAGAGCTCCTGA 

 RV TGTTTTTGCAGTGGCTGGTA 

L1PA10 FW TGGAACCAAGTTGGAAAACA 
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 RV TTGGCCTGTCTTGCTAGGTT 

MAGEC2 FW GAAACTACTGACCACCCTTC 

 RV GTCGCACATGTATTGCTC 

TSPY2 FW ACAGAGACGTCAGGGGACTC 

 RV ACTGCTGTCCTGCATATGGC 

MAGEC1 FW AATGTGGTGTGTTTGGGTG 

 RV GCTGGAGAGAACACAGTGC 

HIST1H2BK FW CGTTTTCTCGATCTGCTGCTCG 

 RV CGTCCTTCTTCTGCGCCTTA 

HIST2H2AA4 FW TATCTGACCGCCGAGATCCT 

 RV TGGAGGTGACGAGGGATGAT 

HIST1H4H FW AGACCGTGACAGCAATGGAT 

 RV GGCCTTTGGTTGAAAATGAA 

HIST2H2AC FW GGCTCGGGACAACAAGAAGA 

 RV AGAACGGCCTGGATGTTAGG 

HIST2H2AA3 FW GACGGAGAGTCACCACAAGG 

 RV GAGTTCACAGGTGCCCCTTC 

 

Forward QPCR primer (FW); Reverse QPCR primer (RV). 

 

2.1.4 Protein expression analysis 

 

2.1.4.1 Protein extraction 

Cells were harvested and resuspended in 50 μL of protein extraction buffer (50 mM Tris-HCl, 150 mM 

NaCl, 1% Triton-X, 10% glycerol, 5 mM EDTA; all sourced from Sigma-Aldrich) and 0.5 µL protease 

inhibitor cocktail for mammalian cells (Sigma-Aldrich).  Subsequent to this, samples were incubated 

on ice for 25 min before undergoing centrifugation at 13200 rpm for 10 min at 4⁰C.  The supernatant 

(containing the protein) was removed from each sample and transferred to fresh eppendorfs.  Protein 

samples were stored at -80⁰C. 
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2.1.4.2 Protein quantification 

Total protein was quantified using the Lowry assay.  Before determining the protein concentration of 

each sample, a standard curve was generated using bovine serum albumin (BSA) solutions with 

concentrations of protein ranging from 0-40 mg; solutions consisted of BSA (New England Biolabs), 

NF-H2O (Qiagen), protein extraction buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton-X, 10% 

glycerol, 5 mM EDTA; all sourced from Sigma-Aldrich) and proteinase inhibitor (Sigma-Aldrich).  In 

an Eppendorf, 2 μL of the protein lysate was mixed with 8 μL water, and 50 μL solution A was added 

and then 400 μL solution B (both Bio-Rad).  The tube was vortexed lightly and incubated at room 

temperature in the dark for 3 mins.  150 µL was added to clear 96-well plates in triplicate and the 

absorbance was read on a FLUOstar Omega Spectrophotometer at 750 nm.  The concentration of each 

extract was calculated using the equation of the standard curve line, y=m(x) + C (y = Absorbance at 

750 nm (value on y-axis), m = Slope of the line, x = Total protein concentration (value on x-axis), C = 

Intercept point (where line crosses x-axis)). 

 

2.1.4.3 Western blotting 

For Western blotting, 30 μg of each protein sample was denatured in the presence of 5 μl 4x LDS sample 

buffer (Invitrogen) and 2 μl 10x reducing agent (Invitrogen) in a total volume of 20 μl (with NF-H2O; 

Qiagen) by heating the sample to 70⁰C.  Subsequent to the 10 min incubation, samples were placed on 

ice and allowed to cool before they were briefly vortexed and gently centrifuged.  Proteins were then 

separated by SDS-PAGE; 17 μl of sample was loaded onto a NuPAGE® 4-12% Novex Bis-Tris Gel 

(Invitrogen) and resolved at 125 mA, 200 V for 1 hour in the presence of running buffer (Invitrogen).  

Additionally, 7 μl of PagerulerTM plus prestained protein ladder (Fermentas) was loaded.  Following 

this, the proteins were electroblotted onto a nitrocellulose membrane (GE Healthcare) using the XCell 

II™ blot module (Invitrogen) for 2 hours at 170 mA, 30 V in the presence of transfer buffer (Invitrogen).  

The membrane was blocked with a solution consisting of 5% non-fat dried milk which was prepared in 

TBS-Tween (0.14 M NaCl, 0.02 M Tris-HCl, 0.1% Tween 20 in distilled, water; all sourced from 

Sigma-Aldrich); incubation was either at 4°C overnight or alternatively for 1 hour at RT.  Importantly, 
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blocking was aided by gentle rocking of the container containing the membrane to ensure that the blot 

was adequately covered with blocking solution at all times. 

 

2.1.4.4 Antibody incubation 

A list of primary antibodies used in this thesis is indicated in Table 2.4.  Following Western blotting 

probing involved the incubation of the nitrocellulose membrane with a primary antibody; antibody was 

diluted appropriately in TBS-TWEEN solution (See Table and incubated overnight at 4⁰C.  The solution 

was gently rocked over the membrane to ensure adequate coverage and prevent drying of the blot.  

Following incubation the membrane was subjected to 3x10 min wash steps in TBS-Tween (whilst being 

gently rocked) to remove excess and unbound primary antibody.  The membrane was then incubated 

with the appropriate HRP-coupled secondary antibody diluted in TBS-TWEEN (Table 2.5).  Secondary 

antibody incubation was carried out for 1 hour at RT aided by gentle rocking of the membrane.  Again, 

excess antibody was removed by subjecting the membrane to 3x10 min (with rocking) wash steps in 

TBS-TWEEN. 

 

2.1.4.5 Immunodetection 

HRP activity was detected using ECL regents (Thermo Scientific) according to manufacturer’s 

instructions.  Briefly, an equal volume of each ECL solution was mixed and placed on the protein 

containing side of the blot.  Following a 3 min incubation, excess solution was removed and 

chemiluminescent detection was performed on a G-BOX gel doc imaging system (Syngene).  Prior to 

the next primary antibody probe, the membrane was washed for 3x10 min (with rocking) in TBS-

TWEEN to remove any traces of ECL reagents. 
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Table 2.4.  Primary antibodies used for western blot in this thesis 

Target Supplier Cat. 

number 

Raised in Clonality Dilution Size (kDa) 

UHRF1 SC 373750 Mouse Mono 1:100 90 

PAR SC 551813 Rabbit Poly 1:1000 116-200 

GAPDH CST 14C10 Rabbit Mono 1:10000 36 

FLAG SA F1804 Mouse Mono 1:1000 120 

 

SC (Santa Cruz Biotechnology); CST (Cell Signalling Technologies); SA (Sigma-Aldrich); Mono 

(monoclonal); Poly (polyclonal); kDa (Kilodaltons). 

 

Table 2.5. Secondary antibodies used for western blot in this thesis. 

Target Antibody Supplier Cat. 

number 

Raised 

in 

Clonality Conjugated Dilution 

AR-IgG sc-2004 SC sc-2004 Goat Poly HRP 1:10000 

AM-IgG A9044 SA A9044 Rabbit Poly HRP 1:5000 

 

SA (Sigma-Aldrich); SC (Santa Cruz Biotechnology); HRP-horseradish peroxidase conjugated; poly- 

polyclonal; AR (Anti-rabbit); AM (Anti-mouse). 

 

2.1.5 Immunofluorescence 

 

2.1.5.1 Cell seeding 

Glass coverslips (24 x 24 mm) were sterilized with 100% ethanol and UV light and allowed to 

completely dry prior to seeding. Cells were seeded at a density of 100,000 cells per well in 6-well plates 

and allowed to attach overnight.  Any relevant drug treatments were carried out prior to fixation. 

 

2.1.5.1 Fixation, permeabilization and blocking 

Fixation was carried out using 4% paraformaldehyde in PBS for 10 minutes at room temperature before 

quenching with 0.1 M glycine (Sigma-Aldrich) for 15 minutes.  Cells were washed three times with 
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PBS-TWEEN (0.1%), permeabilized with 0.1% Triton X-100 for 15 minutes and blocked with 2% BSA 

(Sigma-Aldrich) for 1 hour at room temperature.   

 

2.1.5.2 Antibody incubation 

Coverslips were incubated with primary antibodies (Table 2.6) in 2% BSA overnight at 4C.  The next 

day, slides were washed three times with PBS-TWEEN(0.1%) and incubated with secondary 

AlexaFluor (Invitrogen) antibodies (Table 2.7) for 1 hour at room temperature.  

 

2.1.5.3 Mounting 

Microscope slides were sterilized and cleaned with 100% ethanol and lint-free microscope lens cleaning 

tissue paper.  Coverslips were washed 3 times after secondary antibody incubation and mounted onto 

the clean microscope slides using DAPI mounting media (Santa Cruz Biotechnology).  Coverslips were 

sealed with nail polish to prevent drying out.  Slides were wrapped in tinfoil and stored at 4C in the 

dark. 

 

2.1.6.4 Imaging 

Fluorescent images were taken with a Nikon Eclipse E400 phase contrast microscope at 40x 

magnification and processed using Adobe Photoshop.  Images shown in this thesis are representative 

of at least three rounds of immunofluorescent staining.  For γH2AX staining, the number of positively 

stained cells were counted for six random fields of view at 40x magnification. 

 

Table 2.6.  Primary antibodies used for immunofluorescence in this thesis 

Target Supplier Cat. 

number 

Raised in Clonality Dilution 

dsRNA SCICONS 10010200 Mouse Mono  1:200 

γH2A.X Merck Millipore 05-636 Mouse  Mono 1:1000 

 

Mono (monoclonal). 
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Table 2.7.  Secondary Alexa Fluor antibodies used for immunofluorescence in this thesis 

Target Antibody Supplier Cat. 

number 

Raised in Clonality Dilution 

AM-IgG Alexa Fluor 546 Invitrogen A10036 Donkey Mono  1:1000 

AM-IgG Alexa Fluor 486 Invitrogen A32723 Goat  Mono 1:5000 

 

Mono (monoclonal); AM (Anti-mouse). 

 

2.1.7 Bioinformatic analysis 

 

2.1.7.1 Illumina Infinium 450K methylation array 

Prior to array analysis the DNA underwent additional quantification using PicoGreen dsDNA 

quantification assay (Thermo Fisher Scientific). For this, 2.5 μL PicoGreen and 497.5 μL 1 × TE buffer 

(10 mM Tris (pH 8), 1 mM EDTA) were added together and combined to a solution of 3 μL DNA and 

497 μL 1 × TE buffer. This combined 1 mL solution was left to incubate for 5 min. Following 

incubation, 150 μL of the solution was aliquoted into six wells of a 96-well plate (Orange Scientific) 

per DNA sample and fluorescence read on the plate reader at 485–520 nm. The subsequent fluorescence 

values were incorporated into a calculation that included information gained via the generation of a 

standard curve using λ DNA (effectively the R2 value from the slope of the line). The DNA at a 

concentration of 50 ng/μL was sent to Cambridge Genomic Services (CGS; Cambridge, UK) who 

bisulfite converted the DNA in-house (Zymo Research kit, Cambridge Bioscience) prior to assessing 

methylation levels on the Infinium Human Methylation 450k BeadChip Array (Illumina) (Bibikova et 

al., 2011). The outputs from the DNA methylation array were subsequently scanned using an Illumina 

iScan (Illumina) by CGS.  The methylation array was analysed by calculating the β-value.  The β is 

calculated as the signal of the methylation specific probes over the sum of the signals from both the 

methylation- and unmethylated-specific probes .  Total methylation of a nominated CG dinucleotide is 

given as a β of one, whereas total absence of methylation is represented by a β of zero.  Generally, 
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probes that have signals where the p-value >0.05 are removed before downstream analysis is conducted.  

GenomeStudio (Illumina v3.2) was used by CGS after scanning the methylation for initial data 

processing. Subsequently the RnBeads (v1.2.2) package (Assenov et al., 2014) was used to further 

process the methylation array data using R (version 3.2.2 [2015–08–14]) in R Studio (version 0.99.903). 

The package offers a tailored pipeline approach for preprocessing, normalization, quality control, 

exploratory analysis, differential methylation and enrichment analysis.  Each analysis module populates 

an interactive html to facilitate analysis.  To allow comparison of gene features aligned with their 

associated probes browser extensible data (BED) and bedGraph files were generated. Methylation 

values were visualized by converting the decimal β-value (0.0–1.0) into integers (1–1000) by 

multiplying by 1000, then intervals were compared using custom scripts in GALAXY, an open-source 

web-based platform (Giardine et al., 2005).  The interface allowed the mapping of probes to the Refseq 

human reference genome (hg38) in the University of California at Santa Cruz (UCSC) genome browser  

(Karolchik, 2003) and quantification of average β-levels across genomic regions, etc.: tables of data 

were extracted and further statistical analysis and boxplots generated using Microsoft Excel.  In addition 

to plotting actual β-scores, Δβ was plotted to show the changing methylation levels across the assembly.  

Each cell line was analysed by the 450K array with three technical replicates and three biological 

replicates.  Gene categories were compiled from the top 1000 demethylated probes. 

 

2.1.7.2 Illumina HT-12 transcriptional array 

The RNA extracted from each sample was concentrated using a SpectroStar (BMG, Labtech) and a 

Bioanalyzer (Agilent Technologies) by CGS before using the HumanHT-12 v4 Expression BeadChip 

(Illumina) to examine gene expression. Two hundred nanogram of RNA was required as an input per 

reaction and was subjected to linear amplification with the Illumina TotalPrep RNA Amplification Kit 

(Life Technologies).  The resultant cDNA was screened for concentration, integrity and purity using 

the above mentioned SpectroStar and Bioanalyzer. Screened cDNA was then hybridized to the 

BeadChip overnight, followed by washing, staining and scanning using the BeadArray Reader 

(Illumina) as per manufacturer’s instructions. The sample, and control probes belonging to the HT12 

transcription array data were also analyzed in R in RStudio using the lumi (2.22.0) and the limma 
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package (3.26.3). Probes that failed to have intensity values in this case that were not significantly 

different (p > 0.01) from the allocated negative controls were removed. Lumi Variance Stabilization 

Transformation was used to transform the data, followed by quantile normalization. Limma was used 

to perform false discovery rate (FDR) testing.  Fold change values were used to measure transcriptional 

activity of genes of interest and were extracted from HT-12 array datasheets using RnBeads (Assenov 

et al., 2014) (v3.4.1).  Graphs were plotted and statistical analysis carried out using Microsoft Excel. 

Each cell line was analysed by the HT-12 array with three technical replicates and three biological 

replicates.  Gene categories were compiled from the top 3000 upregulated probes. 

 

2.1.7.3 Gene Ontology 

Gene Ontology analysis was carried out by inputting gene lists containing genes with Fold Change 

values greater than 1.5 for each into the online bioinformatics software tool DAVID (Huang, Sherman 

and Lempicki, 2009).  This produced enrichment categories based on functionally related gene classes.  

Assigned gene classes terms and enrichment scores were graphed using Microsoft Excel.  

 

2.2 Methods specific to Chapter 3 

 

2.2.1 Media transfer test 

UH4 cells were seeded at a density of 100,000 cells in a T-25 tissue culture flask and grown for 72 

hours.  The cell media was then transferred onto the wild type hTERT-1604 cells, which were grown 

for another 72 hours. 

 

2.2.2 Drug treatments  

For analysis of dsRNA and dsDNA sensing pathways, cells were seeded at a density of 100,000 cells 

in 100 mm tissue culture dishes and treated at a final concentration of 10 µg/ml Poly(I:C) (Sigma-

Aldrich) or sonicated salmon sperm DNA (Stratagene) for 72 hours, with fresh media and drug replaced 

every 24 hours.  To maintain the double-stranded structure, Poly (I:C) was dissolved in sterile PBS, 

heated at 50C and cooled on ice to achieve re-annealing prior to treatment. 
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2.3 Methods specific to Chapter 4 

 

2.3.1 Generation of UHRF1 rescue cell lines 

Generation of rescue cell lines (WT10, WT18) were carried out by other members of the lab and 

required transfection of pCMV plasmids containing shRNA coding for full-length UHRF1 cDNA using 

Lipofectamine 2000 (Thermo-Fisher Scientific) as described in section 2.1.1.1.  These plasmids were a 

kind gift from Dr. Brian Strahl (Rothbart et al., 2013).  The pCMV plasmid was transfected into UH4 

cells containing the pGIPz plasmid targeted to the 3’ UTR of UHRF1.  Therefore, this would not affect 

the generation of rescue cell lines.  Selection was carried out using G418 (Sigma-Aldrich) and was 

removed 24 hr prior to any experimental analysis. 

 

2.3.2 Generation of UHRF1 mutant rescue cell lines 

Generation of UHRF1 mutant rescue cell lines (PHD1, PHD4, PHD10, TTD9) were carried out by other 

members of the lab and required transfection of pCMV plasmids containing shRNA coding for full 

length UHRF1 cDNA with functional mutations in either the PHD or TTD domains using 

Lipofectamine 2000 (Thermo-Fisher Scientific).  These plasmids were a kind gift from Dr. Brian Strahl 

and these functional mutations have been previously described (Rothbart et al., 2013).  Medium 

containing serum was added to the cells immediately before plating onto 100 mm dishes prior to 

selection in G418 (Sigma-Aldrich).  Selection was removed 24 hr prior to any experimental analysis. 

 

2.4 Methods specific to Chapter 5 

 

2.4.1 Cell counting 

Cells were seeded at 100,000 cells in 100 mm tissue culture plates and counted every 24 hours for up 

to 5 days.  Cells were harvested and resuspended in 1-10 mL fresh media at each time point.  Cells were 

stained for viability with trypan blue (TB) dye (Thermo Fischer) at a dilution of 1:10 TB to cell 

suspension.  10 µL of the cell/TB solution was loaded into a haemocytometer counting chamber 
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(Neubauer).  The number of cells in eight small squares was counted before an average per square (n) 

was obtained and imputed into the equation indicated below.   

Total cells/ml = (n) x 104 x 0.9 

The total number of cells in the cell solution was then calculated by multiplying by the final volume 

(mL). 

 

2.4.2 MTT cell proliferation assay 

The MTT cell proliferation assay was carried out using the Cell Proliferation Kit I (Roche) according 

to manufacturer’s instructions.  Briefly, cells were seeded into 96-well plates at a density of 1000-5000 

cells per well in eight technical replicates in a total volume of 100 µL media.  10 µL of MTT labelling 

reagent was added at each time point and allowed to incubate at 37°C.  After 4 hours, 100 µL of the 

solubilisation solution was added.  After 16 hr incubation at 37°C, absorbance (optical density, O.D.) 

was measured using the FLUOstar Omega Spectrophotometer at 560 nm, normalised to 695 nm. 

 

2.4.3 XTT cell proliferation assay 

The XTT cell proliferation assay was carried out using the Cell Proliferation Kit II (Roche) according 

to manufacturer’s instructions.  Briefly, cells were seeded into a 96-well plate at a density of 1000-5000 

cells per well in eight technical replicates in a total volume of 100 µL media.  At each time point 50 µL 

XTT reagent (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) was 

added to wells and allowed to incubate at 37°C for 4-6 hours.  The XTT reagent consisted of XTT 

labelling reagent and XTT electron coupling reagent at a ratio of 5 mL:100μL.  After 16h, absorbance 

was measured at 495 nm, normalised to the reading at 650 nm. 

 

2.4.4 Cell cycle analysis 

Cells grown in tissue culture were harvested and washed twice in ice-cold PBS.  The cells were then 

fixed by adding 70% ice-cold ethanol dropwise to the cell pellet while vortexing and stored at 4C for 

30 minutes prior to staining or for up to 1 week at -20C.  Cells were washed three times in ice-cold 
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PBS before resuspending in 750 L staining solution (0.1 mg/mL RNase A, 0.01 mg/ml PI, 0.1% Triton 

X, 5 mg/mL tri-sodium citrate in PBS).  The staining solution was left to incubate in the dark for 30 

minutes at room temperature before analysis on a two laser eight colour GalliosTM flow cytometer 

(Beckman Coulter).  

 

2.4.5 Low dose 5-AZA-CdR treatment 

Cells were seeded at a density of 100,000 cells in 100mm tissue culture plates, or onto coverslips in a 

6-well plate, and left to adhere overnight.  Cells were then treated with 5-AZA-CdR at a final 

concentration of 300nM at 0 hours.  After 24 hours, the cells were washed with PBS and fresh media 

without drug was replaced.  Cells were grown for up to 36 days with the media changed every two days.  

Cells were harvested at 24, 48, 72 and 96 hours and then at 7, 14, 21, 28 and 36 days.  For western blot 

analysis and γH2AX staining, cells were harvested/fixed after 24 hours 5-AZA-CdR treatment. 

 

2.4.6 H202 treatment 

Cells were seeded onto coverslips at a density of 100,000 cells in a 6-well plate and left to adhere 

overnight.  Cells were then treated with H202 at a final concentration of 500 M for 1 hour, after which 

the cells were washed and fresh media was replaced.  Cells were harvested/fixed 24 hours later. 

 

2.4.7 Transient transfection 

For transient knockdown experiments, cells were seeded at 1x106 cells per well in 6-well plates prior 

to reverse transfection using Dharmafect 1, OptimMEM and 100 nM ON-TARGETplus SMARTpool 

siRNA or a matched concentration of scrambled control (all Thermo Fisher Scientific). Post-

transfection, cells were cultured in complete medium to allow recovery, with extraction of RNA and 

DNA up to 36 days after addition of siRNA. 
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Chapter 3.  UHRF1 is required to supress ERV and L1 elements and prevent an innate 

immune response 

 

3.1 Introduction 

UHRF1 has indisputably been shown to play an important role in the reading and maintaining of 

epigenetic marks.  However, research aiming to more accurately describe these mechanisms through 

depletion of UHRF1 has been inconsistent.  Early mouse studies showed KO of Uhrf1 had similar 

effects to Dnmt1 deletion, with global loss of methylation and upregulation of imprinted genes and 

ERVs (Li, Bestor and Jaenisch, 1992; Muto et al., 2002; Sharif et al., 2007).  Later KO mice studies 

showed similar loss of methylation genome-wide including retrotransposons, promoter, gene body and 

intergenic regions.  However, the transcriptional response primarily involved developmental proteins 

and there was limited effect on ERV transcription (Sharif et al., 2016).  GO analysis of Uhrf1 deletion 

in mice hepatocytes showed cell cycle and proliferation were amongst the genes most affected (Wang 

et al., 2019), whilst genes associated with immune response and apoptotic pathways were significantly 

enriched among genes affected by Uhrf1 depletion in zebrafish embryos (Chernyavskaya, Mudbhary, 

Tokarz, et al., 2017).  The latter study also found upregulation of ERV elements, similar to the response 

seen with DNMTi treatment in ovarian and colorectal human cancer cells.  However, immune signalling 

occurred via dsDNA in zebrafish and dsRNA in human cancer cells (Chiappinelli et al., 2015; Roulois 

et al., 2015; Chernyavskaya, Mudbhary, Tokarz, et al., 2017).  UHRF1 shRNA KD in HCT116 CRC 

cell lines showed greater upregulation of immune genes compared to DNMTi treatment in the same cell 

line, but had synergistic effects on immune response when treatments were combined.  CTA genes and 

genes with CG-poor promoters were also upregulated upon UHRF1 KD (Cai et al., 2017).  A subsequent 

study from the same group observed upregulation of TSGs and impaired proliferation and metastasis of 

CRC cells by disruption of the PHD and SRA domains of UHRF1 (Kong et al., 2019).  Yet depletion 

of UHRF1 in DLD1 and RKO CRC cell lines only minimally reversed CG island hypermethylated 

silencing of TSGs, compared to 5-AZA-CdR treatment or combinatorial UHRF1 KD and HDAC 

inhibition.  DLD1 cells also had limited enrichment for gene classes affected by UHRF1 KD, but in 
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combination with HDAC inhibition showed significant enrichment for genes associated with cell cycle 

and mitosis (Niinuma et al., 2019).   

 

Although there appear to be common themes from these studies, there is also conflicting data, which 

may be attributed to cell-type variability and species-specific differences.  In particular, there is lack of 

studies in normal human cells.  Previous analysis of DNMT1 KD in a normal, differentiated, 

untransformed human lung fibroblast cell line (hTERT-1604) carried out by our lab showed enrichment 

for loss of methylation at promoters and gene bodies of protocadherin, fat homeostatis/body mass, 

olfactory receptor and CTA genes, with the greatest transcriptional effects seen on CTA genes.  Since 

UHRF1 is an epigenetic co-ordinator for DNMT1, we hypothesised that depletion of UHRF1 in this 

fibroblast cell line might affect these same gene classes. 

 

3.2 Aims and objectives 

In order to gain mechanistic insights into the transcriptional response to loss of UHRF1, in this chapter 

I aimed to: 

 Compare the transcriptional profiles of DNMT1 and UHRF1 KD cell lines using data from the 

HT12 transcriptional array and the online bioinformatics software tool DAVID for Gene 

Ontology analysis 

 Verify transcriptional changes seen with the array and extend this analysis using other methods 

to quantify and visualise the transcripts 

 Determine if there is a correlation between transcriptional changes and alterations in 

methylation levels genome-wide by analysing 450K array data 

 Verify and extend the exploration of methylation changes by pyrosequencing 
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3.3 Results  

 

3.3.1 Stable knockdown of DNMT1 results in genome-wide loss of methylation 

In order to investigate the functional roles of the maintenance methylation enzyme DNMT1, stable 

knockdown cell lines had previously been generated in the lab (O’Neill et al., 2018) by transfection of 

WT hTERT-1604 cells with a pSilencer plasmid containing an shRNA specifically targeted to DNMT1.  

Three cell lines with depleted DNMT1 levels were established; D8, D10 and D16.  After selection these 

cell lines were analysed by the Illumina Infinium HumanMethylation450 (450K) BeadChip and the 

HumanHT-12 v4 Expression BeadChip, and results were verified with RT-qPCR analysis and 

pyrosequencing (Fig 3.1A).  Analysis of HT-12 array data showed that all three cell lines showed loss 

of DNMT1 mRNA levels, with D16 showing the greatest loss (Fig 3.1B).  mRNA levels were verified 

by RT-qPCR in a previously published manuscript (O’Neill et al., 2018).  Analysis of the 450K 

methylation array showed genome-wide loss of median methylation, with D16 again showing the 

greatest loss (Fig 3.1C). 
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Figure 3.1.  Stable knockdown of DNMT1.  (A) Schematic showing generation of DNMT1 KD cell 

lines by transfection of hTERT-1604 cells with a pSilencer plasmid containing a shRNA specifically 

targeted to DNMT1, and subsequent methylation and transcriptional analysis.  Genome-wide 

methylation and transcriptional analyses were carried out by the Illumina 450K and HT-12 arrays, 

respectively, and lab validation was carried out with pyrosequencing and RT-qPCR.  (B) Confirmation 

of successful DNMT1 depletion from HT-12 array analysis, where fold change is relative to WT 

DNMT1 levels, which are set to 1.  Error bars represent 95% confidence intervals.  (C) Methylation 

analysis of all probe sites covered by the 450K methylation arrays showed loss of methylation levels in 

DNMT1 KD cells.  The β-value represents the ratio of methylated to unmethylated probes (beta level 

1000=100% methylation), x=mean methylation and error bars represent the minimum and maximum 

values. 
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3.3.2 Stable knockdown of UHRF1 results in genome-wide loss of methylation, comparable to 

DNMT1 knockdown 

Stable knockdowns of UHRF1 had also previously been generated in the lab by transfection of WT 

hTERT-1604 cells with a pGIPz plasmid containing an shRNA targeted to UHRF1.  Successful KD 

was achieved in four cell lines named UH4, U5, U10 and UH5, which had been assessed initially by 

RT-PCR, and confirmed by qPCR: depletion at the protein level had also been shown for some of the 

cell lines (Thakur, Irwin and Walsh, unpublished).  DNA from UH4, U5 and U10 had been bisulfite-

converted and hybridized to the 450K methylation array and results from this experiment were available 

in-house.  RNA from the UH4 cell line had also been isolated and hybridized to the HT12 expression 

array (Fig 3.2A).  I confirmed that all four cell lines showed statistically significant loss of UHRF1 

mRNA levels by RT-qPCR analysis (Fig 3.2B) and that UH4, U5 and U10 were also depleted of UHRF1 

at the protein level (Fig 3.2C).  Analysis of genome-wide methylation using the 450K array indicated 

decreases in median methylation in each of the KD lines (Fig 3.2D), similar to DNMT1-depleted lines.  

UHRF1 mRNA levels were the lowest in the UH5 cell line (Fig 3.2B) and the U5 cell line showed the 

greatest loss of median methylation (Fig 3.2D).  Comparison of demethylation at genomic regions 

between UH4 and D16 cells showed that UH4 cells had lower methylation in most regions, including 

CGIs, gene bodies (genes) and in particular open sea (sea), but D16 had greater loss overall at shores 

(Fig. 3.2E).  Additionally, over half of all promoters in UH4 cells (n=18,826, yellow circle Fig. 3.2F) 

showing significant (>0.1) decrease in -value.  Compared with genes showing up-regulation from the 

HT-12 array, the majority of genes (82.5%) showed demethylation but no derepression.  A relatively 

small percentage (10.7%) were both demethylated and upregulated consistent with a direct regulation 

by DNA methylation (Fig. 3.2F) including CTA genes and olfactory receptors (OR), as described 

previously in DNMT1 hypomorphs such as D16 (O’Neill et al., 2018) in addition to a novel group of 

histone genes.  A third group (6.8%) showed up-regulation without demethylation suggesting an 

indirect response of these genes to loss of DNA methylation.  Finally, data integration analysis was 

carried out for genes which were upregulated (>1.5 Fold Change) from the HT-12 array, with the top 

1000 demethylated gene promoters (using combined rank) for both UHRF1 and DNMT1 KD cell lines 

(Fig. 3.2G).  A total of 149 (6%) genes were commonly demethylated between both UH4 and D16 cells 
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and these included genes encoding small nuclear RNAs.  While 99 (4%) genes were upregulated in both 

cell lines including CTA genes.  There were no common genes that were both demethylated and 

upregulated in both D16 and UH4 cells. 
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Figure 3.2.  Stable knockdown of UHRF1.  (A) Schematic showing generation of UHRF1 KD cell 

lines and subsequent methylation and transcriptional analysis.  Not all cell lines were subjected to each 

type of analysis.  (B) Confirmation of successful depletion of UHRF1 levels at the mRNA level by RT-

qPCR.  Experiments were carried out in triplicate, with three biological repeats.  Statistical significance 

was assessed using unpaired, two-tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; 

not significant.  Error bars represent SEM.  (C) Confirmation of successful depletion of UHRF1 (90 

kDa) at the protein level by western blot analysis.  GAPDH (37 kDa) was used as a loading control.  

(D)  UHRF1 KD resulted in a genome-wide decrease in median methylation levels, assessed by 450K 

array analysis of all sites.  The β-value represents the ratio of methylated to unmethylated probes (beta 

level 1000=100% methylation), x=mean methylation and error bars represent the minimum and 

maximum values.  (E) Analysis of genomic regions of DNA showed that UH4 cells were more 

demethylated than D16 cells at most regions including promoters, CGI, open sea, shelves and gene 

bodies, except for shore regions, which showed greater loss of methylation in D16 cells.  (F)  Venn 

diagram showing that only a small number of genes (10.7%) including CTA, histone and olfactory 

receptor genes were both upregulated and demethylated at promoter regions, whereas the majority of 

genes (82.5%) were demethylated without effects on transcription.  (G) Full integration of array data 

(n=2434 total no. genes) revealed that 6% of genes were demethylated in both UH4 and D16 cells, 4% 

were commonly upregulated between cell lines, while there were no genes commonly upregulated and 

demethylated between UH4 and D16 cells.  Chi-squared test (p<0.05) determined that the number of 

genes both upregulated and demethylated in D16 cells was statistically different than in UH4 cells. 

 

3.3.3 Depletion of UHRF1, but not DNMT1, results in an innate immune response consistent with 

a state of “viral mimicry” 

Comparison of the UH4 and D16 cell lines showed similar levels of median methylation (Fig 3.3A), 

however, there was a much greater transcriptional response of ISGs in the UH4 cell line (Fold 

Change=12.34) than D16 (Fold Change=1.85) (Fig 3.3B).  Genes encompassed by the term ISGs are 

listed in Table 3.1.  Although there is only a small increase in transcriptional activity in the D16 cell 

line, this reaches statistical significance.  Of the 99 genes commonly upregulated between UH4 and 
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D16 cell lines, 12 genes from the ISG gene list were also upregulated in D16 cells.  Statistical analysis 

by one-tailed Fishers exact test (p<0.05) confirmed that these ISGs were more likely to be upregulated 

in UH4 cells than D16 (Fig. 3.3C).  Gene Ontology analysis using the online Bioinformatics software 

tool DAVID showed that the top enriched gene categories for upregulated transcripts in the UH4 cell 

line were all associated with a state of “viral mimicry” and included Type I IFN signalling, antiviral 

response, MHC antigen presentation and several sub-classes of CTA genes (Fig 3.3D).  Further analysis 

with another online bioinformatics software tool ENRICHR, which also allows pathway analysis, also 

showed enrichment for genes or pathways associated with interferon signalling, negative regulation of 

viral replication and immune response (Fig 3.3E).  Upregulated genes within these categories included 

those encoding the dsRNA sensors DDX58 (or RIG-1), IFIH1 (or MDA5) and OAS2; IRF7, IRF9 and 

STAT1 transcription factors; BST2 and IFITM1 which exhibit anti-viral activities; the cell death protein 

IFI27 and the chemokine ligand CCL5 which has been linked to T-cell signalling (Fig 3.3F). 
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Figure 3.3.  Depletion of UHRF1 results in a transcriptional state of “viral mimicry”.  (A) UHRF1 

KD resulted in a decrease of methylation levels, comparable to DNMT1 KD.  The β-value represents 

the ratio of methylated to unmethylated probes (beta level 1000=100% methylation), x=mean 

methylation and error bars represent the minimum and maximum values.  (B) UHRF1 KD caused a 

transcriptional increase in ISGs.  Statistical significance was assessed using unpaired, two-tailed, 
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student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant.  (C)  Of 99 commonly 

upregulated genes between UH4 and D16 cells, 12 out of 29 ISGs were commonly upregulated.  

Statistical significance between all upregulated genes and the probability of upregulated ISGs was 

assessed using one-tailed Fishers exact test where p<0.05 is significant.  This showed that ISGs were 

more likely to be upregulated in UH4 cells than in D16 cells.  (D) The top 10 enriched GO categories 

for UHRF1 KD were all consistent with a state of viral mimicry.  (E) Analysis using the online 

bioinformatics tool ENRICHR showed enrichment for genes associated with interferon signalling, 

immune response and negative regulation of viral replication by GO analysis (left) and pathway analysis 

(left).  (F) Transcriptionally upregulated genes included dsRNA sensors, transcription factors, and genes 

associated with anti-viral activity, cell death and T-cell signalling.  

 

3.3.4 RT-qPCR confirms upregulation of immune stimulatory genes upon UHRF1 knockdown 

RT-qPCR analysis showed statistically significant increases in the ISGs, IFI27 and OAS2 for the UH4, 

U5, U10 and UH5 cell lines, BST2 for UH4, U5 and U10, and STAT1, IFITM1 and ISG15 for the UH4 

cell line (Fig 3.4). 
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Figure 3.4.  RT-qPCR validation of ISG mRNA levels.  Confirmation of upregulated ISGs in UHRF1 

depleted cell lines by RT-qPCR.  All experiments were run with three technical repeats and three 

biological repeats.  Statistical significance was assessed using unpaired, two-tailed, student t-tests where 

*p<0.05, **p<0.01, ***p<0.001 and ns; not significant.  Error bars represent SEM. 

 

3.3.5 Cancer Testis Antigen genes are transcriptionally derepressed and demethylated in both 

UHRF1 and DNMT1 knockdown cells, while histones are only responsive to UHRF1 knockdown 

Several categories of CTA genes and some histones, which have been implicated in antimicrobial 

activity, were highlighted as being upregulated on the HT-12 array in the GO analysis above.  Those 

genes which were covered by both the 450K and HT-12 arrays were analysed for methylation levels 

and transcriptional activity.  An in-house designed GALAXY workflow was used to extract promoter 

methylation values and this was compared to Fold Change values from the HT-12 array for a set of 

CTA and histone genes identified from the GO analysis (Table 3.1).  CTA genes were demethylated in 

both DNMT1 and UHRF1 KD cell lines; however, demethylation of histone genes was unique to 

UHRF1 KD cell lines (Fig 3.5A).  UHRF1 KD resulted in transcriptional upregulation of both CTA and 

histone genes.  DNMT1 KD resulted in upregulated CTA genes, but minimal response of histone genes 

(Fig 3.5B).  Pyrosequencing verified loss of methylation at the promoters of the CTA gene TSPY2 in 

UH4 and U5 cell lines, and MAGEC2 and MAGEA12 in the UH4 cell line (Fig 3.6A), as well as at the 

promoter regions of the histone genes HIST2H2AA4 and HIST2H2AA3, although methylation was much 

lower here (Fig 3.6B).  Verification of mRNA and methylation levels of CTA genes in DNMT1 KD 

cells was carried out previously (O’Neill et al., 2018).  There was no significant difference in 

methylation levels of the histones HIST1H4H and HIST2H2AA4 in the DNMT1 KD cell lines (Fig 

3.6C).  RT-qPCR analysis showed significant upregulation of both CTA and histone genes in the UH4 

cell line (Fig 3.6D). 
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Figure 3.5.  Comparison of methylation and transcriptional levels of CTA and histone genes by 

450K and HT-12 arrays.  (A)  Knockdown of UHRF1 resulted in demethylation of both CTA and 

histone genes, however knockdown of DNMT1 resulted only in the demethylation of CTA genes, as 

shown by 450K methylation array analysis.  Note the histones have much lower methylation (beta level 

1000=100% methylation).  (B) Analysis of HT-12 transcriptional array showed that mRNA levels of 

both CTA and histone genes were much greater in the UH4 cell line compared to DNMT1 KD.  

Statistical significance was assessed using unpaired, two-tailed, student t-tests where *p<0.05, 

**p<0.01, ***p<0.001 and ns; not significant.   
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Table 3.1.  Gene lists for ISGs, CTAs, and histones used in the analysis of HT-12 or 450K arrays 

ISG CTA Histones 

DDX58 FAM133A HIST1H1C 

IFIH1 GAGE12J HIST1H2AC 

OAS1 MAGEA1 HIST1H2AG 

OAS2 MAGEA10 HIST1H2BC 

OAS3 MAGEA12 HIST1H2BD 

OASL MAGEC1 HIST1H2BH 

IRF7 MAGEC2 HIST1H2BJ 

IRF9 PAGE1 HIST1H2BK 

STAT1 PAGE2B HIST1H2BN 

ASNS PAGE5 HIST1H3D 

BST2 SPANXA1 HIST1H3E 

GTSF1 SPANXD HIST1H3F 

IFI16 SSX3 HIST1H3G 

IFI44  HIST1H3H 

IFI44L  HIST1H4C 

IFIT1  HIST1H4H 

IFIT2  HIST1H4J 

IFITM1  HIST1H4K 

IFITM3  HIST2H2AC 

ISG15  HIST2H2BE 

ISG20  HIST3H2A 

MX1   

MX2   

RAB3IP   

IFI6   

IFI27   

CD3D   

CCL5   

LY6E   
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Figure 3.6.  Validation of methylation and mRNA levels of CTA and histone genes by 

pyrosequencing and RT-qPCR.  Pyrosequencing confirmed statistically significant decreases in 

methylation of the (A) CTA genes TSPY2 (n=4), MAGEC2 (n=3) and MAGEA12 (n=5) and in the (B) 

histone genes HIST2H2AA4 (n=3) and HIST2H2AA3 (n=3) in UHRF1 KD cells.  (C) Pyrosequencing 

validation showed no significant change in methylation of histone genes HIST1H4H and HIST2H2AA4 

in DNMT1 KD cells (n=3).  (D) qPCR validation showed upregulation of both CTA and histone genes 

in the UH4 cell line (n=3).  Statistical significance was assessed using unpaired, two tailed, student t-

tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant.   

 

3.3.6 Knockdown of UHRF1 results in a response similar to that caused by the presence of dsRNA 

The transcriptional response to UHRF1 KD included genes associated with cell-cell signalling such as 

the TNF receptor CD30, the chemokine ligand CCL5, and several interferon-inducible proteins (IFI6, 

IFI27 and IFITM1).  To test for cell-cell signalling a media transfer test was carried out.  UH4 cells 

were seeded at a density of 100,000 cells in a small flask and grown for 72 hours without changing the 

media.  At the 48 hour time point, WT cells were seeded at 100,000 cells in a small flask, and the next 

day the media was removed and cells were washed twice with PBS.  The media from the UH4 cells was 
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then placed into the flask containing WT cells (Fig 3.7A).  These were grown for another 72 hours 

before the cells were pelleted and analysed by RT-qPCR, where the ISGs IFI27 and OAS2 were found 

to be significantly upregulated compared to WT (Fig 3.7B), suggesting the presence of IFNs and other 

cell signalling proteins in the cell media.  The transcriptional profile of UHRF1 KD was similar to the 

innate immune response caused by treatment with DNMTi, resulting from an upregulated dsRNA 

sensing pathway (Chiappinelli et al., 2015; Roulois et al., 2015).  Treatment of WT hTERT-1604 cells 

with Poly (I:C), a dsRNA mimetic and TLR3 agonist, resulted in a transcriptional increase in IFI27 and 

OAS2, while treatment with sonicated salmon sperm, a form of dsDNA, gave no transcriptional 

response for these genes.  To test for signalling of dsRNA through the mitochondrial protein MAVS, 

transient KD of MAVS with siRNA was carried out by R.Irwin with assistance from the candidate.  

This resulted in a reduction of OAS2 and IFI27 transcription after 96 hours, and further depletion after 

7 days (Fig. 3.7D).  Finally, to test signalling through the JAK/STAT kinase pathway, hTERT-1604 

cells were treated with Ruxolitinib, a JAK1/2 inhibitor.  This resulted in decreased mRNA levels of 

OAS2, IFI27 and STAT-1 after both 4 and 7 days of treatment. 
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Figure 3.7.  Media transfer test and treatment with a dsRNA mimetic.  (A)  Diagram showing 

transfer of media from UH4 cells, after three days of culture, onto WT cells.  (B) RT-qPCR analysis 

showed that transfer of media from UH4 to WT cells resulted in a transcriptional increase of the ISGs 

IFI27 and OAS2 in the WT hTERT cell line.  (C) Treatment of cells with Poly (I:C), a dsRNA mimetic, 

showed transcriptional upregulation of the ISGs IFI27 and OAS2, similar to UHRF1 KD, whereas 

treatment with sonicated salmon sperm did not cause this response.  Statistical significance was assessed 

using unpaired, two tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant.  

Error bars represent SEM from three biological repeats. (D) Transient KD of MAVS resulted in 

decreased transcription of IFI27 and OAS2 after 96 hours and 7 days, compared to WT cells.  (E) 

Treatment with Ruxolitinib, a JAK1/2 inhibitor, resulted in decreased transcription of STAT-1, IFI27 

and OAS2 after 4 and 7 days of treatment, compared to the vehicle control. 

 

3.3.7 J2 staining confirms the presence of dsRNA in the cytoplasm of UHRF1 knockdown cells 

The similarities in the innate immune response seen in UHRF1 KD cells to treatment with poly I:C and 

DNMTi suggested the presence of dsRNA in UHRF1 KD cells.  The J2 antibody is a mouse monoclonal 

antibody, which binds to regions of dsRNA greater than 40 bps.  J2 staining was carried out to confirm 

the presence of dsRNA in the cytoplasm of the UH4 cell line.  Cells were fixed, permeabilized and 

blocked, prior to overnight incubation at 4C with the primary antibody at a concentration of 1:200.  

Cells were washed and stained with a secondary anti-mouse IgG AlexaFluor 546 antibody at an 

antibody concentration of 1:1000 for 1 hour at room temperature, and nuclei were counterstained with 

DAPI.  Poly(I:C) was used as a positive control.  WT cells were negative for the presence of dsRNA, 

while UH4 cells showed strong positive staining for the presence of dsRNA in the cytoplasm (Fig 3.8). 

 

3.3.8 Human endogenous retroviruses are transcriptionally derepressed and demethylated in 

UHRF1 depleted cells 

Primers were designed to check methylation levels at the 5’ UTR of the repetitive elements HERV-FC2 

and HERV-H.  RT-qPCR primers were also designed to cover the 3’ UTR of several HERVs.  UCSC 

Genome Browser is an online bioinformatics software with human sequencing data and annotated 
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datasets including mapping of repeat elements by the RepeatMasker track.  Primers were designed to 

map to the appropriate ERVs according to RepeatMasker and the February 2009 human reference 

sequence (GRCh37) produced by the Genome Reference Consortium.  The primer locations for HERV-

FC2 are shown in the UCSC Genome Browser in Fig 3.9A.  HERV-FC2 and HERV-H were 

transcriptionally upregulated in the UHRF1 KD cell lines (Fig 3.9B).  HERV-R, HERV-K, LTR12C, 

HERV-P, HERV-W1 and HERV3 were upregulated in the UH4 cell line (Fig 3.9C).  Although several 

of these did not reach statistical significance (U5 for HERV-FC2, U10 for HERV-H, HERV-P and 

HERV3 for UH4).  Pyrosequencing of HERV-FC2 and HERV-H showed consistent loss of methylation 

across several CG sites in the UH4 cell line (Fig 3.9D).  

 

Figure 3.8.  J2 staining.  Poly (I:C) was used as a positive control for dsRNA staining with the J2 

monoclonal antibody (red).  UHRF1 KD showed positive staining for dsRNA in the cytoplasm.  Nuclei 

were counterstained with DAPI (blue).  Representative images taken at the same exposure and at x40 
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magnification with a Nikon Eclipse E400 phase contrast microscope and processed using Adobe 

Photoshop are shown. 

 

 

 

Figure 3.9.  Analysis of HERVs.  (A) Snapshot of UCSC Genome Browser tracks showing 

pyrosequencing and RT-qPCR primer locations for HERV-FC2.  (B)  RT-qPCR analysis showed 

transcriptional upregulation of the repetitive elements HERV-FC2 and HERV-H in UHRF1 KD cell 

lines and (C) upregulation of the repetitive elements HERV-R, HERV-K, LTR12C, HERV-P, HERV-W1 

and HERV3 in the UH4 cell line.  All experiments were run with three technical repeats and three 

biological repeats.  (D)  Loss of methylation was observed in the UH4 cell line across several CG sites 

for HERV-FC2 (n=6) and HERV-H (n=4).  Statistical significance was assessed using unpaired, two 



80 
 

tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant.  Error bars 

represent SEM.  

 

3.3.9 LINE-1 elements are transcriptionally derepressed and demethylated in UHRF1 depleted 

cells 

Uhrf1 KO mice studies showed that, in addition to ERV demethylation and upregulation, LINE-1 

elements were also affected, unique from the findings in Dnmt1 KO mice studies where only ERV 

elements were upregulated (Li, Bestor and Jaenisch, 1992; Muto et al., 2002; Sharif et al., 2007).  RT-

qPCR analysis showed transcriptional upregulation in the UH4 cell line for the non-LTR 

retrotransposons L1PBA, L1P1 and L1PA10 (Fig 3.10A).  Pyrosequencing showed loss of methylation 

at LINE-1 in the UH4 cell line (Fig 3.10B), consistent across six CG sites (Fig 3.10C).  

 

Figure 3.10.  Analysis of LINE-1 elements.  (A) RT-qPCR analysis showed transcriptional 

upregulation of the LINE-1 elements L1PBA, L1P1 and L1PA10 in the UH4 cell line.  All experiments 

were run with three technical repeats and three biological repeats.  Pyrosequencing showed loss of 
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methylation in the UH4 cell line (Fig B) and for individual CG sites (Fig C) for LINE-1 (n=4).  Statistical 

significance was assessed using unpaired, two-tailed, student t-tests where *p<0.05, **p<0.01 and 

***p<0.001.  Error bars represent SEM. 

 

3.4 Discussion 

In this Chapter, I have shown that KD of UHRF1 in a normal, differentiated human cell line resulted in 

global loss of methylation including at the promoter regions of CTA and histone genes and the 5’ LTR 

of ERV and L1 elements.  This resulted in transcriptional upregulation of the CTA and histone genes, 

ERV and L1 repetitive elements, and immune genes via dsRNA signalling.  These results are in line 

with growing evidence for a role of UHRF1 in the repression of retrotransposons, which has been shown 

in mouse embryos (Sharif et al., 2007), zebrafish embryos (Chernyavskaya, Mudbhary, Tokarz, et al., 

2017) and in HCT116 CRC cells (Cai et al., 2017).  Only one study of a conditional KO of Uhrf1 in 

mouse embryos has indicated UHRF1 is not required for TE silencing and these differences may be 

attributed to differences in experimental design.  This is the first implication of the role of UHRF1 in 

TE silencing in normal adult human cells.  However, these conclusions are limited by the use of only 

one cell line and lack of similar studies of UHRF1 KD in human cells, and future experiments should 

be extended to other cell types.  Additionally, only a small number of repetitive elements were 

examined, relative to their abundance in the genome. 

 

GO analysis for depletion of UHRF1 have varied.  While others have reported enrichment for genes 

involved in development, mitosis, cell cycle and TSGs (Sharif et al., 2016; Chernyavskaya, Mudbhary, 

Tokarz, et al., 2017; Kong et al., 2019; Wang et al., 2019), GO analysis of UHRF1 depleted hTERT-

1604 cells showed enrichment of predominantly immune associated genes.  Others showed enrichment 

for immune genes in addition to other gene classes such as apoptotic genes (Cai et al., 2017; 

Chernyavskaya, Mudbhary, Tokarz, et al., 2017).  Enrichment limited to immune genes in our screen 

may be due to cell type variability, or transcriptional analysis techniques used, as methods employed in 

these studies such as RNA-seq had more extensive coverage than the HT-12 array.   
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The immune response in UHRF1 KD hTERT-1604 cells was stimulated via dsRNA, similar to what 

has been observed with DNMTi treatment (Chiappinelli et al., 2015; Roulois et al., 2015).  In 

comparison, the immune response was initiated by dsDNA signalling in Uhrf1 mutant zebrafish 

embryos (Chernyavskaya, Mudbhary, Tokarz, et al., 2017).  However, these two pathways diverge and 

have significant overlap (Cheng et al., 2007) and staining for dsDNA could also be carried out in 

UHRF1 depleted cells to test for the dsDNA signalling pathway. 

 

IRF3 and IRF7 were the key transcription factors involved in signalling with DNMTi treatment 

(Chiappinelli et al., 2015; Roulois et al., 2015) whereas in our screen, the major responders appear to 

be IRF9 and STAT1, although IRF7 did show some upregulation.  This pathway could lead to an 

antiviral response by signalling through the JAK/STAT kinase pathway.  Binding of IFNs to the IFN 

receptor normally results in phosphorylation of the receptor by Janus Kinase 1 (JAK) and tyrosine 

kinase 2 (TYK2) and downstream phosphorylation, dimerization and nuclear translocation of signal 

transducer and activator of transcription (STAT) proteins.  STAT1 homodimers bind to distinct gamma-

activated sequences (GAS) and induces transcription of pro-inflammatory genes.  Another complex 

composed of STAT1, STAT2 and IRF9, termed the IFN-stimulated gene factor 3 (ISGF3) complex, 

binds to IFN-stimulated response element (ISRE) sequences in the nucleus and activates transcription 

of antiviral genes including dsRNA sensor genes (Ivashkiv and Donlin, 2014).  Stimulation of this 

pathway upon UHRF1 KD in hTERT-1604 cells is indicated by transcriptional upregulation of STAT1 

and IRF9 from the HT-12 transcriptional array.  Upregulation of T-cell signalling factors such as CCL5 

and CD3D, taken with the results from the media transfer experiment, also suggest activation of this 

pathway and IFN signalling.  However, this has not been definitively shown in our cell lines.  This 

limitation could be addressed by imaging with antibodies targeting secreted IFNs or using an IFN 

blocking antibody followed by RT-qPCR analysis to confirm IFN signalling. 

 

CTA genes were upregulated as part of the immune response in UHRF1 KD hTERT-1604 cells, as seen 

previously with UHRF1 KD in HCT116 CRC cells (Cai et al., 2017).  However, upregulation of histone 

genes upon UHRF1 KD is a novel finding, although the link between UHRF1 and histone modifications 
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(Bronner et al., 2010) and its role in cell cycle progression (Hopfner et al., 2000) is well known.  

Although it has been demonstrated that both CTA and histone genes were upregulated at the mRNA 

level in UHRF1 KD hTERT-1604 cells, protein levels and the downstream effects of this upregulation 

were not investigated.  Therefore, it remains to be elucidated whether the activation of the CTA and 

histone genes is a result of direct regulation by DNA methylation or as part of the antiviral response, 

and whether the activation of histones may be due to the regulation by UHRF1 or cell cycle 

abnormalities caused by loss of UHRF1. 

 

Previous studies have also demonstrated a role of DNMT1 in ERV silencing in both mouse and 

zebrafish embryos (Li, Bestor and Jaenisch, 1992; Walsh, Chaillet and Bestor, 1998; Sharif et al., 2016; 

Chernyavskaya, Mudbhary, Tokarz, et al., 2017).  In comparison, GO analysis of DNMT1 KD in 

hTERT-1604 cell lines did not find enrichment for ISGs (O’Neill et al., 2018) and further HT-12 array 

analysis did not find any observable transcriptional effects.  This may be due to alternate roles of 

DNMT1 in human cells.  Differences of DNMT1 function between mouse and human is already evident 

by studies in ESCs, where DNMT1 KO is lethal in human but not mouse (Tsumura et al., 2006; Liao et 

al., 2015), however these differences are not well understood. 

 

DNMTi treatment has also been shown to lead to the induction of an anti-viral immune response through 

derepression of ERVs and dsRNA signalling in ovarian and CRC cells (Chiappinelli et al., 2015; 

Roulois et al., 2015), similar to UHRF1 KD in hTERT-1604 cells.  This seems to contradict the idea 

that DNMT1 is redundant in the silencing of TEs in human cells; however, DNMTi targets all DNMT 

enzymes that may also play roles in TE suppression.  DNMT3L, for instance, has been shown to repress 

retrotransposons in male germ cells (Bourc’his and Bestor, 2004).  Although DNMT3A/B are primarily 

de novo methylation enzymes, they have also been shown to display maintenance methylation activity 

for certain repetitive elements (Arand et al., 2012).  Additionally, UHRF1 has been shown to mediate 

epigenetic silencing by interaction with DNMT3A/B in mESCs (Meilinger et al., 2009).  Taken 

together, these results indicate that despite global loss of methylation, DNMT1 KD cells are able to 

maintain repression of retrotransposons, perhaps through another DNMT enzyme that may function 
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together with UHRF1 in TE silencing, or via other mechanisms such as regulation by small RNAs.  An 

alternative explanation could be an additional functional role of UHRF1, distinct from its maintenance 

methylation function.  The conclusion that TE silencing mechanisms remain intact in DNMT1 KD 

hTERT-1604 cell lines is limited by the fact that methylation levels and transcriptional activity of TEs 

were not actually assessed in DNMT1 KD cells and is a potential area for further study.   

 

3.5 Conclusions 

Loss of UHRF1 results in demethylation and derepression of ERVs and L1 elements, which was the 

most likely cause of the induction of an innate immune response in these normal fibroblasts (Fig 3.11).  

The production of dsRNA is detected by dsRNA sensors in the cytoplasm of the cell and activates the 

mitochondrial protein MAVS.  This results in downstream signalling of transcription factors and 

upregulation of ISG and IFN genes.  UHRF1 depletion also results in the demethylation and 

upregulation of CTA and histone genes.  This may lead to antigen processing and presentation of CTA 

peptide, and the production of histone proteins which may exert antiviral effects. 
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Figure 3.11.  Proposed summary model for Chapter 3.  Endogenous retroviruses and LINE-1 

elements are hypermethylated and transcriptionally repressed in normal human cells (1).  Upon 

depletion of UHRF1, these elements become demethylated and transcriptionally derepressed (2).  This 

results in the production of dsRNA (3) which is detected by dsRNA sensors in the cytoplasm and the 

mitochondrial protein MAVS (4).  This signalling results in the release of transcription factors (5) which 

stimulate the production of IFNs and ISGs (6).  IFNs and other immune signalling proteins are secreted 

and detected by neighbouring cells (7). CTA genes are also normally silenced in adult human cells (8).  

Knockdown of UHRF1 results in demethylation and upregulation of both CTA and histone genes (9). 

Upregulation of CTA genes may lead to antigen processing and presentation of CTA peptides (10).  

Histones are synthesised in the cytoplasm and exert antimicrobial effects.  They may bind directly to 

dsRNA, remain membrane-bound or become released into the extracellular space (11). 
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3.6 List of contributions 

 DNMT1 stable knockdown lines D8, D10 and D16 were generated and previously characterised by 

other members of the lab as described in (O’Neill et al., 2018) 

 UHRF1 stable knockdown lines were generated by A. Thakur, and initial wet-lab characterisation done 

by A. Thakur and R Irwin.  

 Hybridization to 450K and HT-12 arrays of UHRF1 samples and their initial bioinformatic analysis was 

done by R.Irwin with assistance from S-J Mackin and C Walsh 

 Gene Ontology analysis and initial description of the signalling pathway was carried out by C Walsh 

with assistance from R Irwin and S-J Thursby 

 Methylation analysis of 450K data in R was done by R Irwin and S-J Thursby, with assistance from C 

Walsh.  Boxplots of 450K array data shown were generated by the candidate in Microsoft Excel. 

 Bespoke methylation analyses in Galaxy was done by the candidate using a workflow written by C 

Walsh and S-J Thursby  

 All other work in this chapter, including RT-qPCR, detailed analysis of specific genes on the HT-12 

array, pyrosequencing, western blotting, cell treatments, and immunostaining experiments shown are 

the work of the candidate.  All graphs and images shown have been drawn or redrawn by the candidate.  
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Chapter 4.  Rescue of UHRF1 represses ERV and L1 elements without full remethylation, 

but requires intact H3K9me3 binding 

 

4.1 Introduction 

In Chapter 3, DNA methylation was shown to play an important role in the suppression of ERV and L1 

elements in normal human cells.  This is in agreement with previous studies that showed upregulation 

of TEs upon treatment with DNMTi in human cell lines (Chiappinelli et al., 2015; Roulois et al., 2015; 

Liu et al., 2016), and similar to studies showing global loss methylation and transcriptional derepression 

of TEs in mouse and zebrafish (Li, Bestor and Jaenisch, 1992; Sharif et al., 2007; Chernyavskaya, 

Mudbhary, Tokarz, et al., 2017).  It was also demonstrated that transcriptional derepression of these 

retrotransposons resulted from depletion of UHRF1.  However, it is well known that genetic 

manipulation with shRNAs, although a simple and effective technique, can produce off-target effects 

(Jackson et al., 2003, 2006).  Therefore, a rescue experiment was carried out, to ensure the effects on 

TEs observed in Chapter 3 were due to loss of UHRF1.  We also wished to investigate if restoration of 

UHRF1 would remethylate and silence activated retrotransposons. 

 

UHRF1 has been shown to be recruited to sites of hemi-methylated DNA through its SRA domain 

(Bostick et al., 2007; Sharif et al., 2007), however, it has been suggested that this mechanism alone is 

inadequate for sufficient targeting of UHRF1 and efficient maintenance methylation (Ferry et al., 2017).  

H3K9me3 binding by UHRF1, which has been shown to require both intact PHD and TTD domains 

(Nady et al., 2011; Rothbart et al., 2013), has been implicated in maintaining methylation patterns.  

However, studies investigating the reliance on this binding for DNA methylation have varied, likely 

due to differences in cell or species type and in the experimental methods utilised.  Mutations in the 

TTD domain of UHRF1 in HeLa cells resulted in a 57% decrease in methylation at intergenic ribosomal 

DNA (Rothbart et al., 2012).  A knockin (KI) mouse model with mutant TTD demonstrated that 

maintenance methylation is largely independent of H3K9 methylation, with only a small, but 

widespread, decrease in global methylation (5.7-11.4%) across various tissue types (Zhao et al., 2016).  
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Another study that conducted a rescue experiment of H3K9me3 binding was able to partially restore 

global methylation in Uhrf1−/− mESCs (Liu et al., 2013).  Therefore, in addition to the generation of 

UHRF1 rescue cell lines, rescue cell lines mutant in PHD or TTD domains were also generated, in order 

to investigate the reliance, if any, of DNA methylation on H3K9me3 binding in hTERT-1604 cells.  In 

particular, we wished to look at effects of defective H3K9me3 binding on methylation at ERV and L1 

elements. 

 

4.2 Aims and objectives 

Chapter 3 investigated the transcriptional response to loss of UHRF1.  In this chapter, I aimed to: 

 Investigate the transcriptional impact of rescuing UHRF1 KD cells with WT protein by analysis 

of HT-12 array data and RT-qPCR 

 Investigate the requirement for the PHD and TTD domains of UHRF1 by rescuing KD cells 

with proteins containing point mutations in these domains  

 Determine if there is a correlation between transcriptional changes and alterations in 

methylation levels genome-wide by analysing 450K array data 

 Verify methylation changes by pyrosequencing 

 

4.3 Results 

 

4.3.1 Rescue of UHRF1 abrogates the innate immune response 

To investigate the functional effects of restoring UHRF1 into UHRF1-depleted cells, rescue cells were 

generated by transfecting UH4 cells with a pCMV plasmid containing a full length UHRF1 cDNA (Fig 

4.1A).  Two rescue cell lines were generated; WT10 and WT18.  Both cell lines were analysed by the 

450K methylation array and with laboratory techniques such as RT-qPCR and pyrosequencing.  Only 

the WT10 cell line was analysed by the HT-12 transcriptional array.  Analysis of probes covering 

UHRF1 from the HT-12 array showed successful recovery of UHRF1 mRNA levels in the WT10 rescue 

cell line (Fig 4.1B).  These levels were overexpressed compared to WT levels, a common feature of 

rescue experiments.  A western blot was also carried out which confirmed successful recovery and 
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overexpression of UHRF1 at the protein level (Fig 4.1C).  Analysis of transcriptional activity of ISGs 

by the HT-12 array in this cell line revealed that rescue with full-length intact UHRF1 was able to 

repress the innate immune response seen in UH4 cells with statistically significance (Fig 4.2A).  Since 

immune genes may need to become activated rapidly, they are most likely regulated at the protein level 

and unlikely that they are controlled by DNA methylation.  Therefore, we did not examine the 

methylation status of the ISGs.  450K array data was then analysed to determine if successful rescue of 

UHRF1 has also recovered global methylation levels.  Surprisingly, analysis of median methylation 

levels showed that genome-wide levels in the WT10 cell line did not recover (Fig 4.2B).  Analysis of 

individual ISGs by HT-12 array showed that most genes were transcriptionally repressed in WT10 cells 

compared to UH4, with the exception of a few genes including the antiviral BST2 and GTSF1 genes 

(Fig 4.2C). 

 

 

Figure 4.1.  Generation of UHRF1 rescue cell lines.  (A) UHRF1 KD cells (UH4) were transfected 

with a plasmid containing a full-length UHRF1 cDNA.  Two cell lines were established; WT10 and 

WT18.  Both cell lines were analysed by the 450K methylation array, pyrosequencing and RT-qPCR.  

Only the WT10 cell line was analysed by the HT-12 transcriptional array.  (B) UHRF1 mRNA levels 
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were successfully restored, to greater than WT levels.  Data is from two probes that covered the UHRF1 

gene on the HT-12 array, where the Fold Change of WT=1 and error bars represent 95% confidence 

interval.  Statistical significance was assessed by unpaired, two tailed, student t-test, where *p<0.05, 

**p<0.01, ***p<0.001 and ns; not significant.    (C)  UHRF1 protein (90kDa) was successfully 

recovered in the WT10 cell line and overexpressed compared to WT.  GAPDH (37 kDa) was used as a 

loading control. 

 

 

Figure 4.2.  Rescue of UHRF1 abrogates the innate immune response.  (A) Analysis of HT-12 array 

data showed that transcriptional levels of ISGs returned to near WT levels in the UHRF1 rescue cell 

line (WT10), and were statistically significant compared to UH4.  Unpaired, two tailed, student t-tests 

were carried out, where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant.  (B) Analysis of 



91 
 

genome-wide median methylation levels from the 450K array showed that UHRF1 rescue cell lines do 

not recover methylation to WT levels.  The β-value represents the ratio of methylated to unmethylated 

probes (beta level 1000=100% methylation), x=mean methylation and error bars represent the minimum 

and maximum values.  (C) HT-12 array data is shown for individual ISGs.  Most ISGs were 

downregulated in the WT10 cell line compared to UH4 cells. 

 

4.3.2 RT-qPCR confirms repression of ISGs with restoration of UHRF1 

To confirm repression of ISGs in the UHRF1 rescue cell lines, RT-qPCR was carried out for several 

ISGs (Fig 4.3).  Since the statistical significance of ISG mRNA levels of UH4 cells compared to WT 

were assessed in Chapter 3, transcriptional activity in WT10 or WT18 cells are compared to UH4 here.  

Both rescue cell lines had significantly reduced transcriptional activity for the ISGs IFI27, OAS2, BST2 

and ISG15 compared to UH4.  IFITM1 was also shown to have significantly decreased mRNA levels 

in the rescue cell line WT10.  For STAT1, fold change values decreased in both rescue cell lines, 

however this did not reach statistical significance.   

 

Figure 4.3.  RT-qPCR analysis of ISGs in UHRF1 rescue cell lines.  Transcriptional activity of 

IFI27, OAS2, BST2, ISG15, IFITM1 and STAT1 was reduced in UHRF1 rescue cell lines, as confirmed 

by RT-qPCR analysis.  Experiments were carried out in triplicate, with three biological replicates.  
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Statistical significance was assessed using unpaired, two tailed, student t-tests where *p<0.05, 

**p<0.01, ***p<0.001 and ns; not significant.  The transcriptional levels of all genes were all 

statistically significant except for STAT1 in UHRF1 rescue cells compared to UH4. 

 

4.3.3 Rescue of UHRF1 represses CTA and histone genes without recovery of methylation 

CTA and histone genes, which were part of the viral response in UH4 cells, may also be directly 

regulated by DNA methylation.  Therefore, both methylation and transcriptional activity was examined.  

Methylation analysis from 450K array data showed that the promoter regions of CTA and histone genes 

did not recover methylation in UHRF1 rescue cells, with no significant increase compared to UH4 cells 

(Fig 4.8A and B).  However, RT-qPCR analysis showed that the CTA genes TSPY2 and MAGEC1, and 

the histone gene HIST1H4H had significantly reduced gene expression in the WT10 cell line compared 

to UH4, despite no recovery of methylation. 

 

 

Figure 4.4.  Methylation and transcriptional analysis of CTA and histone genes in UHRF1 rescue 

cell lines.  Analysis of 450K array data showed that the promoters of (A) CTA and (B) histone genes 

did not recover methylation levels in the UHRF1 rescue cell lines.  The β-value represents the ratio of 
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methylated to unmethylated probes (beta level 1000=100% methylation), x=mean methylation and error 

bars represent the minimum and maximum values.  (C) RT-qPCR showed that the CTA genes TSPY2 

and MAGEC1, and the histone HIST1H4H were significantly repressed in the UHRF1 rescue cell line 

WT10, compared to UH4 cells.  Experiments were carried out in triplicate, with three biological 

replicates.  Statistical significance was assessed by unpaired, two tailed, student t-tests where *p<0.05, 

**p<0.01, ***p<0.001 and ns; not significant.   

 

4.3.4 Rescue of UHRF1 results in resilencing of ERV and L1 elements 

Since restoration of UHRF1 abrogated transcriptional activity of ISGs, we hypothesized that ERV and 

L1 activity would also be reduced.  As expected, RT-qPCR analysis showed that ERV/L1 expression 

was reduced in rescue cell lines compared to UH4.  HERV-FC2 and HERV-H were significantly 

decreased in both WT10 and WT18 rescue cell lines.  HERV-R, HERV-K, HERV-W1, HERV-P and 

LTR12C were analysed for only WT10 cells and all were significantly decreased (Fig 4.5A).  L1 

elements L1P1, L1PBA and L1PA10 mRNA levels were also significantly lower in WT10 cells 

compared to UH4 (Fig 4.5B). 
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Figure 4.5.  RT-qPCR analysis of ERV and L1 elements in UHRF1 rescue cell lines.  

Transcriptional activity of the ERVs HERV-FC2, HERV-H, HERV-P, HERV-K, HERV-R, HERV-W1 

and LTR12C, and the L1s L1P1, L1PBA and L1PA10 were significantly reduced in UHRF1 rescue cell 

lines, as confirmed by RT-qPCR analysis.  Experiments were carried out in triplicate, with three 

biological replicates.  Statistical significance was assessed by unpaired, two tailed, student t-tests where 

*p<0.05, **p<0.01, ***p<0.001 and ns; not significant.  Error bars represent SEM. 

 

4.3.5 Repression of ERV and L1 elements in UHRF1 rescue cell lines occurs without full re-

establishment of DNA methylation 

Since transcriptional activities of ERV and L1 elements were repressed in the UHRF1 rescue cells, we 

checked to see if methylation at these elements may have also recovered by pyrosequencing of HERV-

FC2, HERV-H and LINE-1 (Fig 4.6).  Statistical tests were carried out to assess the methylation of the 

rescue cell lines compared to both UH4 levels and WT levels.  Despite transcriptional recovery of ERV 

and L1 elements, pyrosequencing showed that methylation levels in both rescue cell lines were 

significantly lower than WT levels for all three repetitive elements.  However, statistical comparisons 

to UH4 methylation levels were variable.  Methylation levels of HERV-FC2 in WT10 cells were not 

significantly different from UH4 levels, however, there was a statistical increase in WT18 cells.  

Methylation levels of HERV-H in WT18 cells were not significantly different from UH4 levels, 

however, there was a statistical increase in WT10 cells.  LINE-1 methylation levels were not 

significantly different compared to UH4 levels for both rescue cell lines. 

 

4.3.6 PHD and TTD mutant UHRF1 rescue cell lines do not recover median DNA methylation 

UHRF1 rescue cells with inactivating point mutations in either the PHD or TTD domains, both known 

to be involved in binding the repressive histone mark H3K9me3, were generated to investigate the 

requirement for H3K9me3 binding in DNA maintenance methylation.  However, since the full rescue 

of UHRF1 did not recover methylation, PHD and TTD mutant rescues were also not expected to recover 

methylation.  The alanine point mutations were in the first tudor domain of the TTD domain at amino 

acid position 188 and in the PHD domain at positions 334 and 335, as shown in Figure 4.7A.  These 
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have previously been shown to decrease or prevent binding to the H3K9me3 (Rothbart et al., 2012, 

2013).  Three PHD mutant cell lines were produced; PHD1, PHD4 and PHD10, and one TTD mutant 

cell line; TTD9.  PHD1, PHD4 and TTD9 cells were analysed by 450K methylation array; PHD1 was 

also analysed by HT-12 transcriptional array; and all cell lines were analysed with laboratory techniques 

(Fig 4.7B).  Indeed, 450K analysis of PHD and TTD mutant rescue cells showed no changes in genome-

wide median methylation compared to UH4 and WT10 cell lines (Fig 4.7C).  Successful transfection 

of rescue cells with FLAG-tagged vectors was confirmed by western blot previously by R. Irwin.  

Western blot for WT10, PHD1 and TTD9 cells is shown in Figure 4.7D. 

 

4.3.7 Suppression of ISGs does not occur in PHD and TTD mutant UHRF1 rescue cell lines 

Since a number of ISG, CTA and histone genes showed re-establishment of transcriptional repression 

without recovery of DNA methylation, this suggested that there may be a second mechanism by which 

UHRF1 can repress target loci.  Analysis of HT-12 array data showed that, in contrast to the WT10 

rescues, transcriptional activity of ISGs (cross reference table 3.1) were not significantly decreased in 

the PHD1 cell line compared to UH4 (Figure 4.8A).  RT-qPCR analysis also showed that gene 

expression levels in PHD and TTD mutant rescues of the ISGs IFI27, IFITM1, BST2 and OAS2 did not 

return to levels similar to the WT rescue WT10 (Fig 4.8B).  This suggested that the PHD and TTD 

domains are required for suppression of the innate immune response, possibly implicating H3K9me3 

binding.  All four PHD and TTD mutant rescues were analysed for IFI27 and OAS2 genes; PHD1, 

PHD10 and TTD9 were analysed for BST2; and PHD1 and TTD9 were analysed for IFITM1.  For each 

gene, there was large variability between cell lines, as seen for the various UHRF1 KD cell lines in 

Chapter 3.  This was likely due to the insertion locations of plasmids, where those with greater 

transcriptional responses may have integrated downstream of promoter or enhancer regions. 
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Figure 4.6.  Pyrosequencing of HERV-FC2, HERV-H and LINE-1.  UHRF1 rescue cell lines do not 

recover methylation to WT levels at HERV-FC2, HERV-H and LINE-1.  Four biological replicates were 

carried out and statistical significance was assessed by unpaired, two tailed, student t-tests where 

*p<0.05, **p<0.01, ***p<0.001 and ns; not significant.  Error bars represent SEM. 
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Figure 4.7.  Generation of PHD and TTD mutant UHRF1 rescue cell lines.  (A) The structure of 

UHRF1 and the location of the alanine point mutations in the PHD and TTD domains. (B) UH4 cells 

were transfected with a plasmid containing a FLAG-tag and a full length UHRF1 cDNA with point 

mutations in either the PHD or TTD domain.  Three colonies grew out for the cells containing the PHD 

mutation (PHD1, PHD4, PHD10) but only one for the TTD mutant (TTD9).  PHD4 and TTD9 were 

analysed by 450K array.  Only the PHD1 cell line was analysed by HT-12 array.  All cell lines were 

analysed by RT-qPCR or pyrosequencing.  (C)  Boxplots generated from genome-wide methylation 

analysis from 450K array data showed no increase in methylation levels in the mutant rescue cell lines.  

The β-value represents the ratio of methylated to unmethylated probes (beta level 1000=100% 

methylation), x=mean methylation and whiskers represent the minimum and maximum values.  (D)  

Western blot showed successful transfection of UH4 cells with plasmids containing a FLAG-tags (120 

kDa) for WT10, PHD1 and TTD9 cell lines. 
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Figure 4.8.  Transcriptional analysis of ISGs in PHD and TTD mutant cell lines.  (A)  Analysis 

from the HT-12 transcriptional array showed no significant difference in gene activity levels between 

UH4 and PHD1 cell lines.  (B)  Transcriptional activity measured by RT-qPCR of specific ISGs did not 

decrease in the mutant lines compared to UH4, which had been the case with the full rescue cell line 

WT10, shown for comparison.  Statistical analysis was carried out by unpaired, two tailed, student t-

tests, where PHD and TTD mutant cells are compared to WT10.  *p<0.05, **p<0.01, ***p<0.001 and 

ns; not significant.  Error bars represent SEM from three biological repeats. 
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4.3.8 PHD and TTD mutant rescues do not recover methylation to WT levels at CTA and histone 

gene classes 

Analysis of 450K methylation array data of promoter regions of CTA and histone genes in PHD mutant 

and TTD mutant rescue cells showed that, similar to UHRF1 rescue cells, PHD and TTD mutant rescues 

also did not recover methylation at these gene classes, maintaining similar levels as UH4 cells (Fig 4.9). 

 

Figure 4.9.  Methylation boxplots for CTA and histone genes in PHD and TTD mutant rescue 

cells.  Similar to ERV and L1 elements, methylation of (A) CTA genes and (B) histone genes in UHRF1 

rescue and UHRF1 mutant rescues did not recover to WT levels, with no statistical difference compared 

to UH4.  450K array data is shown.  The β-value represents the ratio of methylated to unmethylated 

probes (beta level 1000=100% methylation), x=mean methylation and whiskers represent the minimum 

and maximum values.  Note histone genes have much lower methylation. 

 

4.3.9 The mRNA levels for ERV and L1 elements do not show repression when the PHD or TTD 

domains are mutated 

Because the innate immune response was still transcriptionally active in PHD and TTD mutant rescues, 

we hypothesised that ERV and L1 elements were still active in these cell lines.  RT-qPCR analysis 

showed that expression of the ERV and L1 elements, which were repressed in WT10 and WT18 cells, 

were not repressed in PHD or TTD mutant cells (Fig 4.10).  Transcriptional levels of HERV-FC2 were 

significantly higher in all of the mutant cell lines (PHD1, PHD4, PHD10 and TTD9) compared to 

WT10, suggesting that H3K9me3 binding by UHRF1 is required for TE silencing in these cells.  The 
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other retrotransposons were tested in one of each cell type only, but results consistently showed that 

cells with mutations in PHD or TTD mutations were unable to repress the innate immune response, as 

seen in UH4 cells.  Transcriptional activity of HERV-H, HERV-R and L1PBA elements was significantly 

higher in PHD1 and TTD9 cells compared to WT10; and LTR12C mRNA levels were significantly 

higher in PHD1 cells compared to WT10.  As described previously, there were differing mRNA levels 

between cell lines due to clonal variability. 

 

Figure 4.10.  RT-qPCR analysis of ERV and L1 transcriptional activity in PHD and TTD mutant 

rescues.  mRNA levels of ERV and L1 elements do not recover in rescue cells with inactivating point 

mutations in either the PHD or TTD domain, compared to the full rescue cell line WT10.  Statistical 

significance was assessed by unpaired, two tailed, student t-tests against WT10 levels, where *p<0.05, 

**p<0.01, ***p<0.001 and ns; not significant.  Error bars represent SEM from three biological repeats. 

 

4.3.10 dsRNA is detected in the cytoplasm of PHD mutant rescue cells but not in WT rescue cells 

As ERV and L1 elements were upregulated in PHD and TTD mutant recues cells, J2 staining was 

carried out to test for the presence of dsRNA in the cytoplasm, as seen previously in UH4 cells, which 

were used as a positive control.  Cells were fixed, permeabilized and blocked, prior to overnight 

incubation at 4 with the primary antibody at a concentration of 1:200.  Cells were then washed and 

stained with a secondary anti-mouse IgG AlexaFluor 546 antibody at 1:1000 for 1 hour at room 
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temperature, and nuclei were counterstained with DAPI.  The J2 antibody stained strongly for the 

presence of dsRNA in the PHD1 cell line with similar intensity as in UH4 cells, whereas there was little 

positive staining for dsRNA in the full UHRF1 rescue cell line WT18 (Fig 4.11).  This correlates with 

the RT-qPCR data that showed ERV/L1 expression was repressed in UHRF1 rescue cells, but not in 

PHD mutants.  

 

Figure 4.11.  J2 staining in UHRF1 rescue and mutant rescue cells.  There was little dsRNA present 

in the cytoplasm of the UHRF1 rescue cell line WT18.  J2 staining in the PHD1 cell line was similar to 

that seen in UHRF1 deficient cells (UH4) indicating the presence of dsRNA.  The DAPI counterstain 

was used for nuclear localisation.  Images were taken at the same exposure time and at x40 

magnification with a Nikon Eclipse E400 phase contrast microscope, and processed using Adobe 

Photoshop.  Images shown are representative of three rounds of J2 staining.  

 



102 
 

4.3.11 PHD and TTD mutant rescues do not recover methylation to WT levels at ERV and L1 

elements 

Since methylation of UHRF1 rescues did not recover methylation, it was not expected that the PHD or 

TTD mutants would recover methylation levels.  Pyrosequencing was carried out to measure 

methylation levels at HERV-FC2, HERV-H and LINE-1 in PHD1 and TTD9 cells.  As expected, PHD 

and TTD mutant rescues did not recover methylation at these elements.  Pyrosequencing measured 

methylation across 4 CGs for HERV-FC2, 3 CGs for HERV-H, and 6 CGs for LINE-1.  Experiments 

were carried out in triplicate with three biological replicates.  Methylation values were averaged for all 

CG sites, and then replicates were averaged and plotted as shown in Figure 4.12A.  Statistical analysis 

was carried out for the PHD1 and TTD9 cells and there was no significant difference between 

methylation levels of these cell lines and the methylation in UH4 cells.  Percentage methylation for each 

CG site, averaged across the three replicates, are shown for the WT, UH4 and PHD1 cell lines in Figure 

4.12B.  This shows that the methylation of the ERV/L1 elements were consistently lower across several 

CG sites in the PHD1 and UH4 cell lines compared to WT, with the exception of CG2 for HERV-H in 

PHD1 cells. 

 

4.3.12 Depletion of KAP1 or SETDB1 results in upregulation of ERV and ISGs, particularly in 

rescue cell lines lacking DNA methylation. 

To further investigate the role of H3K9me3 as a repressive mechanism of ERVs in hTERT-1604 cells, 

transient KD of SETDB1, important for the deposition of H3K9me3, and KAP1 which is recruited to 

repetitive elements, was carried out using siRNA (Fig. 4.13A) by R.Irwin with assistance from the 

candidate.  Cells were treated with siRNA for 24 hours before removal and replacement with fresh 

media.  Cells were harvested after 7 days.  Depletion of SETDB1 resulted in increased transcription of 

the ERVs HERV-FC2 and HERV-H in both WT and the WT10 rescue cell line compared to scrambled 

control mRNA levels.  Increased transcription of the ISG IFI27 also occurred, but was more markedly 

increased in the WT10 rescue cell line, which had lower levels of DNA methylation (Fig. 4.13B).  

Depletion of KAP1 similarly resulted in increased transcription of the ERVs HERV-FC2 and HERV-

H and the ISGs OAS2 and IFI27 (Fig. 4.13C).  HERV-H and OAS2 showed greater transcription in 
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both WT and WT10 cells, however, the level of increased transcription was greater in WT10 cells.  

While both HERV-FC2 and IFI27 showed increased transcription in only the WT10 rescue cell line 

lacking DNA methylation.  Taken together these results indicate the importance of these proteins in the 

suppression of ERVs in hTERT-1604 cells, in particular when there is a lack of DNA methylation.  This 

may be due to a function of H3K9me3 in the suppression of ERVs in these cells. 

 

 

Figure 4.12.  Pyrosequencing analysis of HERV-FC2, HERV-H and LINE-1 in PHD and TTD 

mutant rescue cells.  Similar to full UHRF1 rescue cell lines, PHD and TTD mutant rescue cells do 

not recover methylation at ERV and L1 elements.  (A) Methylation values were averaged for all CG 
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sites covered by pyrosequencing assays.  Experiments were carried out with three biological repeats.  

(B)  Percentage methylation for each CG site, averaged across the three replicates, are shown for the 

WT, UH4 and PHD1 cell lines.  Statistical analysis of the PHD and TTD mutant rescues compared to 

the UH4 cell line was carried out by unpaired, two tailed, student t-tests.  *p<0.05, **p<0.01, 

***p<0.001 and ns; not significant.  Error bars represent SEM. 

 

Figure 4.13.  RT-qPCR analysis of transient depletion of KAP1 and SETDB1 in hTERT-1604 

cells.  (A)  Transient KD of the proteins KAP1 and SETDB1 involved in H3K9me3 deposition was 

carried out using siRNA in both WT and WT10 rescue cell lines.  (B)  Depletion of SETDB1 resulted 

in increase in mRNA levels of HERV-FC2, HERV-H and IFI27 in both WT and WT10 cells, but to a 

greater degree in WT10 cells lacking DNA methylation. (C) Depletion of KAP1 resulted in increased 

mRNA levels of HERV-H and OAS2 in both WT and WT10 cells, but to a much greater extent in WT10 

cells, while mRNA levels of HERV-FC2 and IFI27 only appeared to increase in WT10 cells lacking 

DNA methylation. 
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4.4 Discussion 

In this Chapter, I have shown that restoration of UHRF1 in UHRF1 depleted hTERT-1604 cells was 

not able to effectively restore DNA methylation globally or at the 5’ regions of CTA genes, histone 

genes or at ERV/L1 elements.  Despite this lack of methylation recovery, the innate immune response, 

including CTA and histone genes, was diminished in rescue cell lines and ERV/L1 elements were 

transcriptionally silenced.  However, rescue cell lines with inactivating mutations in the PHD or TTD 

domains, which would likely disrupt H3K9me3 binding, were unable to repress ERV/L1 elements and 

the innate immune response remained active in these cells.  In this Chapter, we had aimed to uncover 

the association of the linked PHD and TTD domains in H3K9me3 binding with DNA maintenance 

methylation.  However, failure to recover methylation in UHRF1 rescues without PHD/TTD mutants, 

made this impossible to do so.  Instead, an additional function of UHRF1 in ERV/L1 suppression 

involving H3K9me3 binding may have been uncovered. 

 

H3K9 methylation has been previously implicated in TE silencing (cross reference section 1.9.2 

Histone modifications), which has been shown to be the major epigenetic repressive mechanism in 

mESCs and during germline development when DNA methylation is compromised (Matsui et al., 2010; 

Karimi et al., 2011).  This involves H3K9me3 deposition by SETDB1, which is recruited to repetitive 

DNA by KAP1 (Schultz et al., 2002; Frietze et al., 2010; Rowe et al., 2013).  More recently, both 

SETDB1 and KAP1 have been implicated in TE silencing in differentiated human cell lines.  Depletion 

of SETDB1 resulted in retrotransposon reactivation in acute myeloid leukemic cells and B-lymphocytes 

(Collins et al., 2015; Cuellar et al., 2017; Kato, Takemoto and Shinkai, 2018).  And KAP1 depletion 

has been shown to result in transcriptional upregulation of TEs in various human somatic cell lines 

including neural, embryonic kidney and ovarian cancer cells (Brattås et al., 2017; Tie et al., 2018).  

Therefore, loss of SETDB1 and KAP1 phenocopies depletion of UHRF1 from hTERT-1604 cells.  

Furthermore, analysis of the crystal structure of UHRF1 has confirmed binding with H3K9me3 through 

its TTD domain requiring a functional PHD domain (Nady et al., 2011; Rothbart et al., 2013).  Taken 

together with the results from this Chapter that showed rescue of UHRF1 with PHD/TTD mutations 

was unable to silence ERV/L1 elements, strongly indicates a role of UHRF1 in H3K9me3-mediated 
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silencing of TEs in hTERT-1604 cells.  This would also explain the absence of an innate immune 

response in DNMT1 KD cells, as UHRF1 should be functional in these cells.  However, the limitation 

of this data is the lack of investigation of H3K9me3 in the various WT, UHRF1 KD, UHRF1 rescue 

and PHD/TTD mutant cell lines.  Chromatin immunoprecipitation assays would be required to verify 

the involvement of H3K9me3 in TE silencing and is an area for potential future study. 

 

One of the unanswered questions from this Chapter is why rescued UHRF1 cells were unable to recover 

methylation levels.  Previous work in hTERT-1604 cells showed than depletion of DNMT1 resulted in 

polycomb repression of certain genes which blocked remethylation (O’Neill et al., 2018).  Similarly, 

H3K9me3 deposition may block remethylation in UHRF1 hTERT-1604 rescue cells.  Recovery of 

Dnmt1 in Dnmt1 KO mESCs can restore methylation of bulk DNA, however the imprinted genes H19 

and IGF2R require germline passage and the presence of the de novo methyltransferases in order to re-

establish methylation patterns (Tucker et al., 1996).  Similarly, Uhrf1 re-expression in Uhrf1 KO ESCs 

can restore global methylation levels, yet the majority of imprinted genes do not recover, excepting 

some including H19 (Qi et al., 2015).  However, global methylation did not recover in hTERT-1604 

UHRF1 rescue cells.  Since Dnmt3a and Dnmt3b are expressed at low levels in somatic cells (Okano, 

Xie and Li, 1998), perhaps it is the limited expression of one of these factors, or absence of another 

embryonic/germline protein, preventing global remethylation and full remethylation at ERV/L1 

elements in the hTERT-1604 UHRF1 rescue cells.  UHRF1 has also been shown to exhibit ubiquitin 

ligase activity.  Overexpression of Uhrf1 results in DNA hypomethylation and affects Dnmt1 

localisation and stability in zebrafish (Chernyavskaya, Mudbhary, Zhang, et al., 2017), and causes 

ubiquitin mediated degradation of Dnmt1 (Du et al., 2010; Qin, Leonhardt and Spada, 2011).  Since 

UHRF1 is overexpressed in hTERT-1604 UHRF1 rescue cells, this may be similarly inhibiting global 

remethylation by targeting DNMT1 for ubiquitin-mediated degradation or inhibiting its maintenance 

methylation function by affecting its stability and/or localisation.  It is possible that a delicate balance 

between UHRF1 and DNMT1 levels may be required for adequate functioning of these enzymes.  Since 

it is unclear why these cells are not re-establishing methylation patterns, future experiments could 

investigate possible proteins, which may be missing from hTERT-1604 cells preventing remethylation, 
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and the potential role of UHRF1 in ubiquitin-mediated regulation of DNMT1.  Additionally, since lack 

of remethylation in rescue cells did not allow investigation into the role of H3K9me3 binding in 

maintenance methylation, generation of additional PHD/TTD mutant cell lines could be carried out by 

transfecting WT cells with stable methylation levels, rather than UH4 cells depleted in methylation.  

Additional rescue cell lines may also be generated by transfecting cells containing the pGIPz plasmid 

targeted to the gene body of UHRF1 (U5 or U10 cells rather than UH4).  This may be made possible 

through the use of shRNAs with point mutations, resulting in resistance to the silencing UHRF1 KD 

plasmid. 

 

Because of the function of UHRF1 in H3K9me3 binding, and strong evidence for a role of H3K9me3 

in TE suppression, this repressive mark is the most likely means of TE silencing in hTERT-1604 

UHRF1 rescue cells.  However, it cannot be ruled out that other histone marks and other epigenetic 

silencing mechanisms may be involved in TE suppression in these cells.  In particular, the repressive 

histone mark H3K27me3 has been previously associated with silencing of retrotransposons in both 

mouse and zebrafish (Walter et al., 2016; Wang et al., 2019).  However, this is unlikely as studies have 

shown that H3K27me3 and DNA methylation do not tend to co-occur (Weinhofer et al., 2010; Lynch 

et al., 2012).  Additionally, other mechanisms including PIWI and other small RNA mediated silencing 

have also been associated with TE repression (Aravin et al., 2008; Schorn et al., 2017).  Interestingly, 

one of the genes that remained transcriptionally upregulated in our UHRF1 rescue cells, GTSF1, is 

required for TE silencing in drosophila by PIWI and H3K9me3 (Dönertas, Sienski and Brennecke, 

2013), and in male germ cells by 5mC (Yoshimura et al., 2009).  Furthermore, both small RNA and 

repressive histone marks have been shown to silence TEs in a co-ordinated pathway (Berrens et al., 

2017), and therefore, it cannot be excluded that multiple mechanisms may be at play in the silencing of 

TEs in hTERT-1604 UHRF1 rescue cells.   

 

4.5 Conclusions 

UHRF1 KD results in retrotransposon reactivation and an innate immune response via dsRNA 

signalling which is abrogated upon UHRF1 restoration.  This restoration occurs without full 
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remethylation of ERV/L1 elements.  However, when the PHD or TTD domains necessary for H3K9me3 

binding are mutated ERVs and L1s are not repressed.  This is illustrated in Fig 4.14.  This may describe 

a novel function of UHRF1 in H3K9me3 mediated silencing of retrotransposons.   

 

Figure 4.14.  H3K9me3 binding activity of UHRF1 is required for ERV and L1 suppression in 

normal adult cells.  As shown in Chapter 3, KD of UHRF1 in the hTERT-1604 human fibroblast cell 

line results in demethylation and derepression of ERV and L1 elements and the production of dsRNA.  

Restoring UHRF1 is able to revoke this response without re-establishment of DNA methylation at 

ERV/L1s possibly due to interactions involving KAP1, SETDB1 and H3K9me3.  Rescue of UHRF1 

with point mutants in either the PHD or TTD domain is unable to repress ERV/L1s, most likely due to 

the inability to read H3K9me3, though H3K9me3 marks may be retained. 
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4.6 List of contributions 

 UHRF1 rescue cell lines WT10 and WT18, and PHD/TTD mutant rescue cells PHD1, PHD4, 

PHD10 and TTD9 were generated and characterised (FLAG westerns) by R. Irwin.  

 Hybridization to 450K and HT-12 arrays of UHRF1 samples and their initial bioinformatic 

analysis was done by R.Irwin with assistance from S-J Mackin and C Walsh 

 Gene Ontology analysis and initial description of the signalling pathway was carried out by C 

Walsh with assistance from R Irwin and S-J Thursby 

 Methylation analysis of 450K data in R was done by R Irwin and S-J Thursby, with assistance 

from C Walsh.  Boxplots were generated by the candidate in Microsoft Excel. 

 Methylation analyses for specific gene lists was done by the candidate using a workflow in 

GALAXY written by C Walsh and S-J Thursby, and in Microsoft Excel for genome-wide 

analyses. 

 All other work in this chapter, including RT-qPCR, detailed analysis of specific genes on the 

HT-12 array, pyrosequencing, western blotting and cell treatment and staining experiments 

shown are the work of the candidate. All graphs and images shown have been drawn or redrawn 

by the candidate. 
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Chapter 5.  UHRF1 is an important epigenetic regulator that may be a promising target 

for cancer therapy 

 

5.1 Introduction 

Early KO mice studies of Dnmt1 and Uhrf1 associated loss of these proteins with defective cell cycle 

and DNA damage responses (Li, Bestor and Jaenisch, 1992; Muto et al., 2002; Sharif et al., 2007).  

Additionally, one of the initial studies which identified UHRF1 showed its involvement in the 

regulation of topoisomerase IIα, an enzyme that induces single and double strand breaks in DNA 

necessary for DNA replication (Hopfner et al., 2000).  UHRF1 was also shown to be required for G1/S 

phase transition (Bonapace et al., 2002; Arima et al., 2004) and cells deficient in UHRF1 lead to cell 

cycle arrest (Tien et al., 2011).  Its expression is highest in late G1 phase and peaks again during G2/M 

phase in normal human lung fibroblast cells but it is constitutively expressed throughout all phases of 

the cell cycle in many cancer cells (Mousli et al., 2003).  UHRF1 is most highly expressed in actively 

proliferating tissues such as bone marrow, liver and thymus whereas its expression is absent in highly 

differentiated tissues such as the central nervous system (Hopfner et al., 2000).  However, it has yet to 

be determined whether UHRF1 functions in regulating the cell cycle or if these observations are due to 

the association of UHRF1 with the replication fork where it carries out its maintenance methylation 

activity during DNA replication. 

 

DNMT1 is primarily expressed during S phase where it co-localises with UHRF1.  UHRF1 has shown 

to be required for the recruitment of DNMT1 to the replication fork (Leonhardt et al., 1992; Bostick et 

al., 2007; Sharif et al., 2007) and has also been shown to co-localise with PCNA (Sharif et al., 2007; 

Hervouet et al., 2010). PCNA has also been implicated in the recruitment of DNMT1 to replicating 

DNA, however, disruption of the DNMT1/PCNA tandem had little effect on loss of global methylation 

compared to disruption of the UHRF1/DNMT1 tandem (Hervouet et al., 2010).  Although, loss of 

methylation extended to the disruption of PCNA in cancer cells (Pacaud et al., 2014).  While depletion 

of DNMT1 leads to cell cycle arrest in human ESCs and cancer cells (Chen et al., 2007; Liao et al., 
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2015), previous work carried out by our lab showed that DNMT1 depletion in hTERT-1604 cells 

resulted in a progressive delay in G1 phase with decreasing levels of DNMT1 and G2/M arrest with 

lowest levels of DNMT1 (Loughery et al., 2011).  An increase in the Sub-G0 fraction of DNMT1 KD 

cells has also been observed in hTERT-1604 cells (unpublished data), as well an increased cell death 

and DNA damage (Loughery et al., 2011) as assessed by trypan blue (TB), γH2AX and PAR staining.   

.   

Because DNMT1 and UHRF1 co-localise at the replication fork and co-operate to carry out shared 

functions, it might be expected that UHRF1 depletion would cause similar effects on the cell cycle and 

DNA damage in these cells.  However, as seen in Chapter 3, depletion of these proteins had different 

effects on the transcription of immune genes suggesting they also have distinct functions.  Additionally, 

it is not clear whether upregulation of the histones genes in UHRF1 depleted cells is part of the innate 

immune response, or due to cell cycle effects.  Therefore, in this Chapter, I wished to investigate the 

cell cycle effects of UHRF1 depletion in comparison to DNMT1 KD, as well as the effects on DNA 

damage using similar techniques as carried out previously. 

 

Additionally, the innate immune response shown in UHRF1 depleted hTERT-1604 cells was similar to 

that seen previously upon treatment with DNMTi (Chiappinelli et al., 2015; Roulois et al., 2015).  I 

wished to investigate if the innate immune response could be induced in hTERT-1604 cells upon 

treatment with the DNMTi 5-AZA-CdR, and the effects of combining 5-AZA-CdR with UHRF1 KD 

as a clinically relevant cancer treatment.  Since the induction of the innate immune response described 

upon depletion of UHRF1 in Chapter 3 was limited to only the hTERT-1604 cell line, I also wished to 

extend this analysis to a cancer cell line in order to verify our results and increase the clinical impact of 

this work. 
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5.2 Aims and objectives 

In this Chapter, I aimed to: 

 Compare the effects of DNMT1 and UHRF1 depletion on the cell cycle by flow cytometry with 

propidium iodide staining 

 Compare the effects of DNMT1 and UHRF1 depletion on cell growth and viability with cell 

counting experiments using TB dye, MTT and XTT assays 

 Assess DNA damage in these cells, in addition to 5-AZA-CdR treated cells, with γH2AX 

immunostaining and PAR western blot 

 Compare the effects of 5-AZA-CdR treatment in WT and UHRF1 depleted cells on the innate 

immune response described in Chapter 3 

 Investigate the effects on UHRF1 KD in a cancer cell line, HT29, on ISGs and ERVs 

 

5.3 Results 

 

5.3.1 Knockdown of both DNMT1 and UHRF1 results in cell cycle alterations 

Since both DNMT1 and UHRF1 depletion have been associated with cell cycle arrest, flow cytometry 

with PI staining was used to analyse the cell cycle profiles of DNMT1 and UHRF1 KD cells.  Cells 

were grown in large flasks to obtain a large number of cells, harvested and fixed with ice cold ethanol 

prior to staining with PI.  Representative histograms of at least four biological repeated generated from 

Beckman-Coulter software are shown in Fig 5.3A.  This showed that UH4 cells had a visually similar 

cell cycle profile to WT cells, but DNMT1 KD cells had a significant increase in the sub-G0 fraction of 

cells (Fig 5.1A), as expected due to previous data from our lab (unpublished data).  Although UH4 cell 

cycle profile was visually similar to that of WT cells, subsequent statistical analysis demonstrated small 

but significant increases in S and G2/M phase and a small but significant decrease in G0/G1 phase (Fig 

5.1B).  This was also plotted as stacked columns to visualise the percentage of cells in each cell cycle 

stage (Fig 5.1C).  Because there was a large sub-G0 fraction of D16 cells this may have obscured other 

cell cycle effects.  Therefore, this fraction was excluded and cell cycle data for the other cell cycle 



113 
 

stages were re-graphed as shown in Figure 5.1D.  This showed a normal cell cycle profile with no 

significant changes in either G0/G1, S or G2/M phases compared to WT.   

 

Figure 5.1.  Cell cycle analysis of UHRF1 and DNMT1 KD cell lines.  (A) Histograms produced 

from cell cycle analysis by PI staining and flow cytometry using Beckman Coulter software showed a 



114 
 

relatively normal cell cycle for UH4 cells and an increased G0 peak for D16 cells.  (B) D16 cells had 

statistically significant differences in the number of cells in G0, G0-G1 and G2-M phases compared to 

WT cells.  There was an increase in the number of cells in G0 phase whilst there appeared to be decrease 

in all other phases compared to WT.  UH4 cells had a statistically significant decrease in the number of 

cells in G0-G1 phase, accompanied by an increase in S and G2-M phase.  (C) Plotting as stacked 

columns showed that DNMT1 KD cells lines, D8 (n=10), D10 (n=3) and D16 (n=5), have an increase 

in the percentage of cells in G0 phase, while UH4 cells (n=11) had slight differences in G0-G1, S and 

G2-M phases, compared to WT (n=9).  (D) When the G0 fraction of the cells were omitted, there were 

no significant differences in the other stage of the cell cycle for D16 cells compared to WT.  Statistical 

analysis was carried out using unpaired, two tailed, student t-tests, where *p<0.05, **p<0.01, 

***p<0.001 and ns; not significant.  Error bars represent SEM. 

 

5.3.2 Cell depleted in UHRF1 grow more slowly than WT and DNMT1 KD cell lines 

Cell cycle analysis demonstrated that a fraction of DNMT1 KD cells were in sub G0, indicating they 

had exited the cell cycle and possibly becoming apoptotic, while UHRF1 depletion had less drastic 

effects on cell cycle.  It was, therefore, hypothesised that DNMT1 KD cells would have greater cell 

death and have slower growth kinetics than WT cells, as shown previously by our lab (Loughery et al., 

2011) as well as UH4 cells.  As only one UHRF1 KD cell line was being assessed, analysis was limited 

to the D16 DNMT1 KD cell line.  This cell line was selected as it showed the greatest increase in sub 

G0 cells and had the lowest DNMT1 levels, which were most similar to UHRF1 levels in the UH4 cell 

line.  The D16 and UH4 cell lines also had similar global methylation levels.  Cell growth, proliferation 

and viability assays were carried out for the UH4 and D16 cell lines, in comparison to WT hTERT-

1604 control cells.  Cells were seeded and counted every 24 hours with a haemocytometer and using 

TB to stain for dead cells.  During counting, cells were harvested and resuspended in a volume of PBS.  

The media from the growing cells was kept to ensure dead cells were not lost.  Three samples were 

taken from the cell solution- from the top, middle and bottom, and diluted in a 9:1 ratio with TB.  Cells 

in eight squares of the haemocytometer were counted and averaged for each sample.  This was done 

three times for each sample, at each time point.  Three biological replicates were carried out.  The 
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number of viable cells at each time point was calculated and presented as a bar graph with statistics 

shown for each time point (Fig 5.2A).  The same data was also presented as a growth curve to allow 

clearer visualisation of growth kinetics (Fig 5.2B).  Surprisingly, UH4 cells grew significantly more 

slowly than WT cells, but the d16 DNMT1 KD cells had similar growth kinetics to WT cells, 

consistently across time points.  The percentage of TB positively stained cells for each time point was 

also calculated to assess viability for each cell line.  The percentage of TB positive cells were plotted 

(Fig 5.2C), in addition to the percentage of viable cells (Fig 5.2D).  Generally, there was no significant 

difference in viability between cell lines, except for at the 96H time point where both UH4 and D16 

cells had significantly more cell death than WT.  However, this was most likely due to an 

underestimation of dead WT cells at this time point.  Overall, this indicated that neither DNMT1 KD 

nor UHRF1 KD cells had increased cell death compared to WT.   

 

 

Figure 5.2.  hTERT-1604 cells depleted in UHRF1 grow more slowly than WT cells.  Cell counting 

showed that UH4 cells grew significantly more slowly than WT, but there was no significant difference 
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in D16 cell growth compared to WT (A and B).  There was no significant increase in the numbers of 

trypan blue stained cells in UH4 or D16 cells compared to WT (C) or decrease in the percentage viability 

(D).  Three counts were taken at each time point and averaged for each cell line.  Three biological 

repeats were performed.  Representative results from one experiment are shown.  Statistical significance 

was assessed using unpaired, two-tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; 

not significant and are compared to WT values.  Error bars represent SEM. 

 

Cell counting is generally a crude measurement of cell growth and viability and prone to human error.  

Therefore, colorimetric assays were employed as additional assessments of cellular proliferation.  Cells 

were seeded in 96 well plates and stained every 24 hours with the XTT (2,3-Bis-(2-Methoxy-4-Nitro-

5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) dyes which undergo colour changes by actively respiring cells.  

Absorbance was measured at each time point for WT, UH4 and D16 cells and showed similar results to 

cell counting assays.  The general trend showed that UHRF1 KD cells, but not DNMT1 KD cells, grew 

significantly more slowly than WT cells (Fig 5.3).  For the MTT assay, D16 cells were initially 

significantly different from WT at the first two time points, but were not significantly different for 

subsequent time points (statistics shown above blue line).  UH4 cells had significantly lower O.D 

consistently across all time points (statistics shown below orange line).  For the XTT assay, UH4 cells 

again were significantly lower at all time points.  However, there was more variability for the D16 cell 

line.  At 72H and 120H differences between WT and D16 were significantly different, but there was no 

significant difference at 96H and 144H.  The MTT assay appeared to be more accurate, with less 

variability between time points.  The MTT assay also showed a greater difference between WT and 

UH4 cell viability compared to that shown by the XTT assay.  This may be due to seeding errors, or 

differing absorption properties of the dyes. 
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Figure 5.3.  Cell proliferation assays.  MTT and XTT assays showed that UHRF1 depleted cells, but 

not DNMT1 depleted cells, grow significantly more slowly than WT cells as assessed by unpaired, two-

tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant.  Three biological 

repeats were carried out.  Error bars represent SEM.  Comparisons for WT vs D16 shown above blue 

lines, and for WT vs UH4 shown below orange line. 
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5.3.3 Depletion of DNMT1 and low dose 5-AZA-CdR treatment results in greater DNA damage 

than UHRF1 KD 

Immunostaining with an anti-phospho-histone H2A.X (Ser139) mouse monoclonal antibody (Merck 

Millipore) was used to assess DNA damage in UH4 and D16 cells.  Cells treated with low-dose 5-AZA-

CdR, a DNMTi used in cancer treatment but known to induce DNA damage, were also analysed.  The 

extremely toxic agent, H202, which induces vast DNA damage was used as a positive control (Fig 5.4).  

For 5-AZA-CdR and H202 treatment, WT cells were seeded onto glass coverslips and allowed to adhere 

overnight.  Cells were treated with 300 nM 5-AZA-CdR for 24 hours, or pulse-treated with 500 M 

H202 for one hour followed by replacement with drug-free media.  UH4, D16 and 5-AZA-CdR treated 

cells all showed positive γH2AX staining indicating DNA damage.  To quantify this, 6 random fields 

of view were selected, γH2AX and DAPI stained cells were counted, and the percentage of γH2AX-

positive cells was calculated (Fig 5.4).  Cells with two or more green speckles were considered 

positively stained.  UH4, D16 and 5-AZA-CdR treated cells all displayed significantly increased 

γH2AX staining compared to WT, with DNMT1 KD cells showing the greatest staining (71.3%), 

followed by 5-AZA-CdR treated cells (56.4%).  D16 and 5-AZA-CdR treated cells also showed 

significant increase in γH2AX staining compared to UH4 cells.  There was no significant difference in 

staining between D16 and 5-AZA-CdR treated cells. 
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Figure 5.4.  γH2AX staining.  Staining for DNA damage was carried out with an anti-phospho-histone 

H2A.X (Ser139) mouse monoclonal antibody (green) (Merck Millipore) using H202-treated cells as a 

positive control and untreated WT hTERT-1604 cells as a negative control.  The nuclear stain DAPI 
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(blue) was used for localisation.  WT cells treated with 5-AZA-CdR, UH4 and D16 cells were all 

positively stained.  Representative images taken at x40 magnification with a Nikon Eclipse E400 phase 

contrast microscope and processed using Adobe Photoshop are shown.  All images were taken with the 

same exposure, except for the positive control, which was taken at a lower exposure time.  The 

experiment was carried out in triplicate. 

 

 

Figure 5.5.  Quantification of γH2A.X staining.    (A)  There were statistically significant increases 

in positively stained cells compared to WT for 5-AZA-CdR treated, UH4 and D16 cells.  UH4 cells 

were significantly less positive compared to D16 and 5-AZA-CdR treated cells.  The number of 

positively stained cells were counted and expressed as a percentage of the total number of cells in a 

field of view.  A total of 6 randomly selected fields of view were selected for counting per slide.  The 

experiment was carried out twice.  Data shown is representative and based on one experiment.  The 

average number of positively stained cells and the SEM are also shown.  Statistics are based on 

unpaired, two tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant, and 

are compared to WT unless indicated otherwise.  Error bars represent SEM.  (B)  All cell counts for one 

round of staining are shown.  

 

5.3.4 Depletion of DNMT1, but not UHRF1, results in PARylation 

Since PARylation in DNMT1 KD cells was previously shown by our group (Loughery et al., 2011), 

western blot analysis of PAR in DNMT1 KD, UHRF1 KD and 5-AZA-CdR treated cells was performed 



121 
 

using H202 as a positive control (Fig 5.6).  30 g of protein was extracted and run on a NuPAGE 4-

12% Bis-Tris gel.  Protein was transferred onto a nitrocellulose membrane with 0.45 M pores and 

probed with an anti-Poly(ADP-ribose) antibody (Santa Cruz) at a concentration of 1:200.  The 

membrane was also probed for GAPDH, which was used as a loading control.  Three DNMT1 KD cell 

lines- D8, D10 and D16, and three UHRF1 KD cell lines-UH4, U5 and U10, were analysed.  All three 

DNMT1 KD cell lines showed strong positive staining for PARylation, as shown before (Loughery et 

al., 2011).  In contrast, the UHRF1 KD cell lines did not show strong PAR staining, although there is 

some background staining in the UH4 and U10 cell lines.  5-AZA-CdR treated cells were also positive 

for PAR, but did not stain as strongly as DNMT1 KD cells.  This may indicate greater DNA damage 

with DNMT1 KD compared to 5-AZA-CdR treatment, but is most likely due to degradation of either 

the protein sample or the 5-AZA-CdR solution upon repeated freeze thawing.  Similarly, H202 treated 

cells did not stain as strongly as DNMT1 depleted cells, despite being used as the positive control and 

showing strong γH2AX staining.  This is likely due to unstable nature of PAR in these samples and 

staining was noted to decrease upon repeated freeze thawing of samples.  In addition to UH4 and U10 

cells, WT cells also display some background staining.  This is probably due to the dynamic synthesis 

and degradation of PAR molecules seen normally. 
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Figure 5.6.  Western blotting for PAR protein.  30 g of protein was probed with an anti-Poly(ADP-

ribose) antibody (Santa Cruz) at a concentration of 1:200 and GAPDH was used as a positive control.  

Staining was positive in 5-AZA-CdR treated cells and the DNMT1 KD cell lines- D8, D10 and D16.  

There was no positive PAR staining in the UHRF1 KD cells- UH4, U5 and U10.  H202 was used as a 

positive control and WT hTERT-1604 cells as a negative control.  Molecular weight (kDa) from protein 

ladder shown on left hand side.  PAR stains at approximately 116-200 kDa.  GAPDH was detected at 

37 kDa. 

 

5.3.5 Low dose 5-AZA-CdR upregulates ISGs in both WT and UHRF1 KD cell lines 

The innate immune response seen in UHRF1 KD cells was comparable to that seen with 5-AZA-CdR 

treatment (Chiappinelli et al., 2015; Roulois et al., 2015) and indicated that UHRF1 may be an attractive 

target for cancer therapy, either alone or in combination with DNMTi.  Previous DNMTi experiments 

that treated cancer cells with 300 nM 5-AZA-CdR for 24 hours followed by long term culture in drug-

free medium observed upregulation of ISGs as early response genes within 5 days of treatment, before 

returning to the original expression level after longer term culture.  Both WT and UH4 hTERT-1604 

cells were treated similarly, with low dose 5-AZA-CdR (300 nM) for 24 hours, after which the media 

was replaced and cells were grown without the drug for up to 36 days.  Cells were also treated for 72 

hours with 300 nM 5-AZA-CdR before replacing with drug-free media.  However, UH4 cells died at 

day 7 following this treatment.  Therefore, only the 24 hour 5-AZA-CdR treatment experiment was 

analysed.  RT-qPCR was used to analyse transcriptional activity of the ISGs IFI27, OAS2 and IFITM1 

over the time course.  Similar to previous studies, ISGs became upregulated soon after 5-AZA-CdR 

treatment and later returned or began to return to original expression levels.  In treated WT cells, IFI27 

became significantly upregulated by day 7 and became significantly downregulated again after 36 days.  

OAS2 reached peak expression levels around 14-21 days, and was again significantly downregulated 

by 36 days.  IFITM1 was significantly upregulated by 72 hours, but continued to increase in expression 

levels until 21 days, after which there was a significant decrease in transcriptional activity (Fig 5.7A).  

In UH4 treated cells, IFI27 and OAS2 were significantly upregulated by 72 hours, and IFITM1 was 

significantly upregulated shortly after at 96 hours.  Each gene reached its greatest transcriptional 
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activation at day 7 and was significantly downregulated again after 36 (IFI27 and OAS2) or 28 days 

(IFITM1) (Fig 5.7B).  The was large variability between genes for the time points at which peak 

expression levels were reached and when they began to return to normal was likely due to the individual 

cellular roles of each gene and their relative positions in the immune signalling pathway.  In WT cells, 

IFI27 is the best responder to DNMTi treatment, whereas in UH4 cells OAS2 and IFITM1 show a 

greater degree of activation than IFI27. This likely due IFI27 transcriptional activity having neared 

saturation levels in UH4 cells.  ISGs were already upregulated in UH4 cells compared to WT, as shown 

previously.  However, further upregulation upon treatment with 5-AZA-CdR treatment suggests that 

combinatorial treatment of DNMTi and UHRF1 inhibition could heighten the immune response against 

tumour cells in cancer therapy, compared to the use of DNMTi alone.   
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Figure 5.7.  Low dose 5-AZA-CdR upregulates ISGs.  RT-qPCR analysis of the ISGs IFI27, OAS2 

and IFITM1 showed that treatment with low dose 5-AZA-CdR resulted in transcriptional upregulation 

followed by a subsequent downregulation in both (A) WT and (B) UH4 cell lines.  Experiments were 

carried out with three biological repeats, each consisting of three technical repeats.  Statistics are based 

on unpaired, two tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant, 

and are compared to untreated unless indicated otherwise.  Error bars represent SEM. 

 

5.3.6 Low dose 5-AZA-CdR upregulates ERVs in both WT and UHRF1 KD cell lines 

As upregulation of ERVs was involved in the innate immune response with DNMTi treatment shown 

by previous studies (Chiappinelli et al., 2015; Roulois et al., 2015), RT-qPCR analysis was used to 

assess transcriptional activity of HERV-FC2 and HERV-H in hTERT-1604 5-AZA-CdR treated cells.  

Analysis was limited to these ERVs as they had the greatest transcriptional activation upon UHRF1 

KD.  Transcriptional activity generally followed the trend as seen for the ISGs, where ERVs become 

quickly reactivated and then repressed again after longer term culture.  In WT treated cells, HERV-FC2 

became significantly upregulated 72 hours after 5-AZA-CdR treatment, and reached peak 

transcriptional activity at day 7, after which mRNA levels significantly decreased.  HERV-H was 

significantly upregulated after 48 hours and had greatest transcriptional activation at day 7, before 

significantly decreasing by day 36.  However, at day 36 mRNA still appear to be much greater than WT 

levels (Fig 5.8A).  In UH4 treated cells, HERV-FC2 was significantly upregulated after 72 hours with 

greatest mRNA levels at day 7, and was then significantly decreased by day 28 compared to day 7.  

HERV-H became significantly upregulated after 24 hours but did not reach peak activity until day 14, 

after which transcriptional activity dropped significantly (Fig 5.8B).  The degree of activation is much 

greater for HERV-H (note log scale) than HERV-FC2 in WT treated cells, but in UH4 treated cells 

HERV-FC2 has a greater response, perhaps eluding to differences in the epigenetic marks regulating 

these elements. 
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Figure 5.8.  Low dose 5-AZA-CdR upregulates ERVs.  RT-qPCR analysis of the ERVs HERV-FC2 

and HERV-H showed that treatment with low dose 5-AZA-CdR resulted in transcriptional upregulation 

followed by a subsequent downregulation in both (A) WT and (B) UH4 cell lines.  Experiments were 

carried with three biological repeats.  Not all time points were analysed for each ERV.  Statistics were 

based on unpaired, two tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not 

significant, and compared to untreated, unless indicated otherwise.  Error bars represent SEM. 

 

5.3.7 Treatment with low dose 5-AZA-CdR results in demethylation of HERV-H 

Because treatment with the demethylating agent, 5-AZA-CdR, resulted in transcriptional upregulation 

of ERVs in both WT and UH4, analysis of methylation levels was carried out by pyrosequencing.  

However, only methylation levels of HERV-H were analysed due to resource limitations.  The overall 

data showed that 5-AZA-CdR treated cells lost demethylation rapidly and transiently before recovering 

methylation levels after longer term culture.  WT cells treated with 5-AZA-CdR showed demethylation 

at the 5’ region of HERV-H after 72 hours and demethylation reached statistical significance by day 7.  
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Methylation was lowest at day 7, after which levels progressively increased to WT levels (Fig 5.9A).  

UH4 treated cells had significantly lower methylation after 72 hours, after which levels steadily 

increased.  By day 36 there was no statistical difference between treated and untreated methylation 

levels for both WT and UH4 cells (Fig 5.9B).  However, methylation does not appear to fully reach WT 

levels, though longer culture might see methylation return to untreated levels. 

 

Figure 5.9.  Methylation analysis of low dose 5-AZA-CdR treated cells.  Low dose 5-AZA-CdR 

treatment results in demethylation of HERV-H followed by remethylation to near WT levels by day 36 

in (A) WT and (B) UH4 cells.  Pyrosequencing was carried out in triplicate.  Statistics are based on 
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unpaired, two tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not significant, and 

are compared to untreated unless indicated otherwise.  Error bars represent SEM. 

 

5.3.8 Combinatorial treatment of UHRF1 KD with low dose 5-AZA-CdR results in greater 

demethylation of ERVs and greater upregulation of ISG and ERVs than either treatment alone 

To assess if combinatorial treatment with UHRF1 inhibition and 5-AZA-CdR treatment would be 

beneficial in cancer therapy, direct comparisons of RT-qPCR and pyrosequencing data between 5-AZA-

CdR treated WT and UH4 cells were carried out.  This showed greater transcriptional response of the 

ISG IFI27 and the ERVs HERV-FC2 and HERV-H, and greater loss of HERV-H methylation occurred 

with combinatorial treatment compared to 5-AZA-CdR treatment alone.  Transcriptional activity of 

IFI27 was significantly increased consistently across time points in UH4 treated cells compared to 5-

AZA-CdR treatment alone (WT treated cells) (Fig. 5.10A) and for HERV-FC2 (Fig 5.10B).  HERV-H 

was also significantly upregulated in UH4 treated cells for three time points (24 hours, 72 hours and 96 

hours), in comparison to WT treated cells (Fig 5.10C).  Notably, the response seen with combination of 

UHRF1 KD and 5-AZA-CdR treatment is considerably greater than 5-AZA-CdR treatment alone, in 

particularly for the ERVs (note log scale).  Consistent with these observations, methylation is also 

significantly further decreased at 72 hours, 7 days and 36 days with combinatory UHRF1 KD and 5-

AZA-CdR treatment, compared to 5-AZA-CdR treatment alone (Fig 5.10D). 
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Figure 5.10.  5-AZA-CdR treatment in UHRF1 KD cells compared to 5-AZA-CdR treated WT 

cells.  The ISG IFI27 and the ERVs HERV-FC2 and HERV-H are significantly upregulated when 5-

AZA-CdR treatment is combined with UHRF1 KD compared to 5-AZA-CdR treatment alone.  HERV-

H is significantly more demethylated when 5-AZA-CdR treatment is combined with UHRF1 KD 

compared to 5-AZA-CdR treatment alone.  Experiments were carried out in triplicate.  Statistics are 

based on unpaired, two tailed, student t-tests where *p<0.05, **p<0.01, ***p<0.001 and ns; not 

significant.  Error bars represent SEM. 
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5.3.9 Transient UHRF1 KD in the HT29 colorectal cancer cell line results in demethylation of 

HERV-H and upregulation of ISGs and ERVs 

To establish whether UHRF1 may be a suitable target in cancer treatment, and to verify the results seen 

in the hTERT-1604 cell line, the analysis of UHRF1 KD in the establishment in an innate immune 

response was extended to a clinically relevant cancer cell line.  The colorectal cancer cell line HT29 

was reverse transfected with an siRNA targeting UHRF1, or a scrambled control sequence.  After 24 

hours, the media was replaced and cells were grown up to 36 days to allow UHRF1 to recover.  To 

confirm successful knockdown with siRNA, UHRF1 mRNA levels were assessed by RT-qPCR.  This 

showed that UHRF1 mRNA levels were successfully depleted after 72 hours, compared to the 

scrambled control.  The lowest levels of UHRF1 occurred 96 hours after transfection, after which levels 

began to return to scrambled control levels, with a statistically significant increase after 36 days (Fig 

5.11A).  To examine the effects of UHRF1 depletion on methylation levels, pyrosequencing was carried 

out to measure methylation levels of HERV-H.  This showed a significant loss in methylation after 96 

hours, with lowest levels at day 7, before steadily increasing towards scrambled control levels (Fig 

5.11B).  There is a significant increase between days 7 and 36, however methylation levels at day 36 

are still significantly lower than scrambled control levels.  Further time points may show a return to 

scrambled control methylation levels.  RT-qPCR was also carried out to assess transcriptional activity 

of ISGs and ERVs upon UHRF1 depletion in the HT29 cancer cell line (Fig 5.12).  The three ISGs 

IFI27, OAS2 and IFITM1 were significantly upregulated upon transient UHRF1 KD, with greatest 

transcriptional activity after 96 hours before levels significantly decreased by day 36 (IFI27 and 

IFITM1) or 28 (OAS2).  The ERVs HERV-FC2 and HERV-H were also transcriptionally upregulated 

after transient UHRF1 depletion, reaching peak mRNA levels at around 7 days, and significantly 

reducing in transcriptional activity between days 7 and 36 (HERV-FC2) or 28 (HERV-H). 
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Figure 5.11.  Demethylation of HERV-H results from transient UHRF1 KD in HT29 cells.  (A) 

Transient KD of UHRF1 with siRNA significantly reduced UHRF1 mRNA levels which start to recover 

after 7 days.  (B)  Transient KD of UHRF1 resulted in significant loss of methylation at the 5’ region 

of HERV-H that did not return to WT levels by 36 days after UHRF1 had recovered.  Experiments were 

carried out in triplicate.  Statistics are based on unpaired, two tailed, student t-tests where *p<0.05, 

**p<0.01, ***p<0.001 and ns; not significant, and are compared to the scrambled control (SCR) unless 

indicated otherwise.  Error bars represent SEM. 
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Figure 5.12.  Upregulation of ISGs and ERVs upon transient UHRF1 KD in HT29 cells.  RT-qPCR 

analysis showed transcriptional upregulation of the ISGs IFI27, OAS2 and IFITM1 and the ERVs 

HERV-FC2 and HERV-H with transient UHRF1 KD which recovered by 36 days.  Experiments were 

carried out in triplicate.  Statistics are based on unpaired, two tailed, student t-tests where *p<0.05, 

**p<0.01, ***p<0.001 and ns; not significant, and are compared to the scrambled control (SCR) unless 

indicated otherwise.  Error bars represent SEM. 

 

5.4 Discussion 

In this Chapter, DNMT1 KD was shown to result in greater cell cycle effects than UHRF1 KD, but 

proliferated at a similar rate to WT cells, while UH4 cells grew significantly more slowly.  Both D16 

and UH4 cells showed increased DNA damage by γH2AX staining, but this was more extensive in D16 

cells.  In addition, DNMT1 but not UHRF1 KD cells showed PARylation, again indicating a greater 

extent of DNA damage in DNMT1 KD cells.  Since previous experiments have established similar 

responses in all three DNMT1 KD and UHRF1 KD cell lines, some of the analysis in this Chapter was 

limited to only the D16 and UH4 cell lines to save on time and resources.  Treatment with 5-AZA-CdR 

showed upregulation of ISGs, and demethylation and transcriptional activation of ERVs in WT hTERT-

1604 cells.  This response was further enhanced in UHRF1 KD cells, suggesting therapeutic potential 

for the combination of UHRF1 inhibitors and DNMTi in cancer treatment.  Finally, transient KD of 

UHRF1 in the CRC HT29 cell line showed the induction of an immune response through ERV 
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demethylation and transcriptional activation.  This response shown in a clinically relevant cancer cell 

line further supports the targeting of UHRF1 in cancer therapy. 

 

Current literature consistently shows effects on the cell cycle with UHRF1 depletion but shows 

variability in the phase of cell cycle arrest.  Some studies demonstrate cell cycle arrest at G2/M phase 

(Li, Meng and Fan, 2009; Li et al., 2011; Tien et al., 2011; Yan, Shao and Hu, 2015), while others show 

cell cycle arrest at G1/S phase (Bonapace et al., 2002; Arima et al., 2004; Chen et al., 2018).  UHRF1 

KD in hTERT-1604 cells showed small, but significant, accumulations in S and G2/M phases.  

Differences between studies and from that seen in our cells may be due to the specific cell lines used or 

the levels of depletion of UHRF1 reached.  Further analysis of the other UHRF1 KD cell lines could be 

carried out to assess if there is a correlation between UHRF1 levels and cell cycle effects in future 

experiments.  The increase in the number of cells in S and G2/M phases in UHRF1 KD cells may be 

due to DNA damage repair occurring during these phases, such as HR which is restricted to late S to 

G2 phases (Aylon, Liefshitz and Kupiec, 2004; Ira et al., 2004), since some studies have implicated a 

role of UHRF1 in HR (Zhang et al., 2016; Hahm et al., 2019).  Lack of UHRF1 could also be preventing 

efficient entry or exit from mitosis due to a potential undocumented function of UHRF1.  For example, 

the ubiquitin E3 ligase SCFFbxw5 is important in regulating proper mitotic progression by influencing 

cytoskeleton architecture (Werner et al., 2013).  Since UHRF1 also has E3 ubiquitin ligase activity, it 

may play a similar role in mitotic progression. 

 

DNMT1 KD has also been previously shown to lead to cell cycle arrest at G2/M (Jackson-Grusby et al., 

2001; Chen et al., 2007; Loughery et al., 2011).  However, cell cycle analysis of DNMT1 KD in hTERT-

1604 cells results in what appears to be an increase in the fraction of cells in G0, which has been shown 

previously by our group (unpublished data).  Cells in G0 phase may leave the cell cycle and become 

apoptotic; however, there was no increase in cell death D16 cells compared to WT.  Alternatively, these 

cells may have exited the cell cycle due to DNA damage and may be undergoing repair, however, the 

rate of growth of D16 cells was similar to WT.  This is conflicting with previous data from our lab 

which showed that DNMT1 KD in hTERT-1604 cells resulted in slower growth kinetics, with lower 
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levels of DNMT1 correlating with more slowly growing cells, and increased cell death upon transient 

DNMT1 depletion (Loughery et al., 2011).  These differences may be attributed to adaptation of D16 

cells to more stable levels of DNMT1 through continued cell culture.  Further investigation could 

include more accurate cell death assays for verification and analysis of the other DNMT1 KD cell lines. 

 

Another possibility is that the G0 peak may actually represent a portion of fragmented cells, as DNMT1 

KD cells may be prone to fragmentation, or could conceivably be in fact the G0/G1 peak, while the 

peak to the right of this may represent aneuploid cells, as described by (Blanco et al., 2013) (Fig 5.13).  

For example, it is known that DNMT1 KD results in genome-wide hypomethylation, which leads to 

genomic instability, and several studies have correlated loss of DNMT1 with abnormal chromosome 

number (Gaudet et al., 2003; Chen et al., 2007; Barra et al., 2012; Sheaffer, Elliott and Kaestner, 2016; 

Rajpathak and Deobagkar, 2017).  One study in particular found that DNMT1 KD in a human fibroblast 

cell line (IMR90) results in p53 mediated cell cycle arrest, however, when p53 was silenced the cells 

became hypomethylated and aneuploid (Barra et al., 2012).  Deficiency in p53, or another checkpoint 

protein, in hTERT-1604 cells may be preventing cell cycle arrest and causing chromosomal 

abnormalities in DNMT1 KD cells.  However, hTERT-1604 cells have normal cell cycle controls, 

functional p53 and are genomically stable (Ouellette et al., 2000).  Future experiments could include 

analysis of p53 status in DNMT1 KD cells to ensure it is still functioning properly and cytogenetic and 

copy number variation analysis to ascertain if this cell cycle peak does indeed represent aneuploid cells. 
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Figure 5.13.  Flow cytometric profile of aneuploid non-small-cell lung carcinoma samples.  The 

cell cycle profile of cells with aneuploid DNA is characterized by at least one separate second G0/G1 

population to the right of the first G0/G1 peak.  Image adapted from Blanco et al., 2013. 

 

Depletion of both DNMT1 and UHRF1 have been previously shown to induce DNA damage by positive 

γH2AX staining (Unterberger et al., 2006; Chen et al., 2007; Loughery et al., 2011; Tien et al., 2011; 

He, Lee and Kim, 2018).  In hTERT-1604 cells, DNMT1 KD results in greater numbers of cells with 

γH2AX foci than UHRF1 KD.  DNMT1 KD cells showed increased levels of PAR by western blotting, 

as shown previously (Loughery et al., 2011).  UHRF1 KD did not result in increased PARylation in our 

non-transformed hTERT-1604 cells, although PARP cleavage has been reported following UHRF1 

depletion in cancer cells (Tien et al., 2011; He, Lee and Kim, 2018).  These results are consistent for a 

greater DDR upon loss of DNMT1 compared to loss of UHRF1. 

 

It should also be noted that PARP1 has been shown to interact with UHRF1, aiding in the establishment 

of the repressive histone mark H4K20me3 and facilitating its association with DNMT1 by negatively 
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regulating UHRF1-mediated DNMT1 ubiquitination (De Vos et al., 2014).  PARP1-deficient cells had 

decreased stability of DNMT1 in S and G2 phases of the cell cycle.  Futhermore, PARP1 inhibition 

results in decreased UHRF1 protein levels in prostate cancer cells (Yin et al., 2018) and decreased 

viability of UHRF1 depleted breast cancer cells (Zhang et al., 2016).  Another link exists between 

PARP1 and UHRF1 through SET7, which is responsible for methylating both proteins; PTMs required 

for activation of the DDR (Kassner et al., 2013; Hahm et al., 2019).  It is worth considering the interplay 

between PARP1, UHRF1 and DNMT1 may be causing the resulting differences in PARylation between 

DNMT1 and UHRF1 KD hTERT-1604 cells, by mechanisms that have yet to be discovered. 

 

5-AZA-CdR treatment in hTERT-1604 cells induced demethylation of HERV-H, reactivation of ERVs 

and stimulation of ISGs, as seen with UHRF1 KD described in Chapter 3, and as previously described 

(Chiappinelli et al., 2015; Roulois et al., 2015).  5-AZA-CdR treatment in UH4 cells further stimulated 

this response.  Consistent with PARylation and γH2AX activation shown in treated hTERT-1604 cell, 

5-AZA-CdR has been shown to induce DNA damage and cell death (Juttermann, Li and Jaenisch, 1994; 

Palii et al., 2008) and numerous studies have also found treatment with 5-AZA-CdR to result in cell 

cycle arrest (Bender, Pao and Jones, 1998; Zhu et al., 2004; Palii et al., 2008; Qiu et al., 2009; Hassler 

et al., 2012; Momparler, Momparler and L., 2012; Li et al., 2014; Yang et al., 2017).  However, its 

mechanism of action is not well understood and although it is approved for treatment of myelodysplastic 

syndromes, only a fraction of patients respond and those that do may develop resistance  (Kubasch and 

Platzbecker, 2018).  Consistent with the observed PARylation in 5-AZA-CdR treated hTERT-1604 

cells, 5-AZA-CdR has recently been shown to induce the formation of PARP1-DNA adducts and 

apoptosis.  Further exploration of how 5-AZA-CdR contributes to cell death could enhance patient 

response to the drug. 

 

Transient UHRF1 KD in the colorectal cancer cell line HT29 also showed DNA demethylation of 

HERV-H, reactivation of ERVs and increased ISG activity.  These results show promise for the targeting 

of UHRF1 in cancer therapy, however further study is required.  For example, the effects UHRF1 KD 

in HT29 cells on cell cycle, DNA damage and cell death have yet to be investigated, and this analysis 
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could also be extended to other cancer cells such as melanoma cell lines.  In addition, the effects of 5-

AZA-CdR on cell cycle and cell death in hTERT-1604 cells were not examined, and the effects on 

LINE-1 elements could be investigated in both UHRF1 KD and 5-AZA-CdR treated cells.  Analysis of 

potential cytotoxic effects in normal cells, combination treatment with immune checkpoint inhibitors 

and mice studies would also be beneficial. 

 

5.5 Conclusions 

UHRF1 KD, but not DNMT1 KD, reduces cellular proliferation in hTERT-1604 cells.  Cell cycle 

analysis, γH2AX and PAR staining suggest DNMT1 depletion induces greater DNA damage than 

UHRF1 KD.  UHRF1 KD combined with 5-AZA-CdR treatment induces a greater immune response 

than either treatment alone, and UHRF1 KD induces an innate immune response in HT29 colorectal 

cancer cells.  These results indicate that UHRF1 inhibition may be useful alone or in combination with 

5-AZA-CdR in cancer treatment. 

 

5.6 List of contributions 

 MTT and XTT assay experiments were carried out by the candidate assisted by Z. Angel 

 Sample preparation for cell cycle analysis was carried out by the candidate.  Preparation of the 

staining solution (assisted by the candidate) and running of Beckman-Coulter software was 

carried out by K. Thomas.  Initial data analysis was carried out by K. Thomas and further 

analyses were carried out by the candidate. 

 One round of γH2AX staining was assisted by D. Lobo.  One round of γH2AX cell counting 

was performed by D. Lobo. 
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Chapter 6.  General Discussion 

 

6.1 Summary 

In this thesis, I have investigated the role of UHRF1 as a key epigenetic regulator of the genome.  In 

Chapter 3, it was illustrated that UHRF1 KD in normal, untransformed, human lung fibroblast cells 

leads to an innate immune response consistent with a state of “viral mimicry” as previously reported 

with 5-AZA-CdR treatment in cancer cells.  This immune response involved upregulation of CTA and 

histone genes.  In Chapter 4, it was shown that rescue of UHRF1 KD lines with intact WT protein was 

unable to fully restore methylation at ERV and L1 elements but nevertheless did down-regulated ERVs 

and abrogate the immune response. In contrast, rescue with UHRF1 protein containing point mutations 

in key H3K9me3-binding residues was unable to re-establish ERV repression or switch off the immune 

response. Chapter 5 demonstrated that UHRF1 might be a better target in cancer therapy over DNMT1 

due to less severe effects on the DDR and reduced cellular proliferation, or may be beneficial in 

combination with low dose 5-AZA-CdR treatment, which further abetted the effects on UHRF1 KD on 

ISGs and ERVs. 

 

6.2 Potential role of UHRF1 in TE suppression 

The reactivation of TEs upon UHRF1 depletion, but not DNMT1 depletion, and their silencing upon 

restoration of UHRF1 without full remethylation indicates a novel role of UHRF1 in the suppression of 

TEs, distinct from its maintenance methylation function.  The requirement of functional PHD and TTD 

domains suggests this novel role may involve H3K9me3 binding.  Both KAP1 and SETDB1 have been 

recently shown to play important roles in TE suppression in differentiated human cells (Cuellar et al., 

2017; Tie et al., 2018).  KAP1 has also been previously shown to interact with UHRF1 (Quenneville et 

al., 2011; Kim et al., 2018) and has been linked with DNA methylation mediated suppression of ERVs 

(Turelli et al., 2014).  It is possible that KAP1, SETDB1 and UHRF1 may play roles in a common 

pathway important for TE silencing in human cells, upstream of DNA methylation, whereby KAP1 is 

recruited to repetitive sequences by KRAB ZNFs, followed by trimethylation of H3K9 by SETDB1 and 

subsequent binding to H3K9me3 by UHRF1 (see Figure 4.16).  This binding by UHRF1 may also be 
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important for DNA methylation of these elements.  Both H3K9me3 and DNA methylation may play 

important and possibly interlinked roles in the normal cellular control of retrotransposons in 

differentiated human cells.  Future experiments to confirm this pathway might include inhibition of 

KAP1 and SETDB1 in hTERT-1604 cells.  It also remains to be elucidated whether binding of UHRF1 

to H3K9me3 is sufficient for silencing of TEs or if other downstream proteins are involved. 

 

In contrast to our results, depletion of Dnmt1 in both mice and zebrafish results in TE activation (Walsh, 

Chaillet and Bestor, 1998; Chernyavskaya, Mudbhary, Zhang, et al., 2017), however, studies of 

DNMT1 depletion on TE regulation in human cells are lacking.  While this could be attributed to 

differences in retrotransposon regulation between different species, DNMTi treatment has been shown 

to upregulate TEs or induce an immune response in human cancer cells (Chiappinelli et al., 2015; 

Roulois et al., 2015; Cai et al., 2017), in addition to hTERT-1604 cells.  This may implicate a role of 

another DNMT enzyme in the regulation of TEs in differentiated human cells.  This could be 

investigated by inhibiting DNMT3A and DNMT3B in hTERT-1604 cells and investigating the effects 

on TE methylation and transcription.   

 

6.3 Potential compensatory mechanism involving UHRF1 in TE suppression  

Another possibility is that the H3K9me3 binding of UHRF1 is a compensatory mechanism in TE 

suppression in the absence of DNA methylation, which is able to occur in DNMT1 KD cells that contain 

functional UHRF1.  Several studies have recently demonstrated compensatory mechanisms of ERV 

suppression upon loss of DNA methylation in mice.  One study in mice hepatocytes showed repression 

by H3K27me3 upon loss of DNA methylation (Wang et al., 2019).  Another showed retrotransposon 

activation caused by loss of DNA methylation in Dnmt1 cKO mESCs was accompanied by a rapid 

increase in small RNA levels, followed by their depletion and an increase in repressive histone marks 

which were required for long-term repression (Berrens et al., 2017).  Consistent with this, another 

experimental system that induced progressive loss of 5mC in mESCs resulted in transient reactivation 

of retrotransposons before resilencing through reprogramming of the chromatin landscape, 

predominantly through H3K27me3 but also involving H3K9me3 (Walter et al., 2016).  These studies 
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suggest that repressive mechanisms including DNA methylation, small RNAs and histone 

modifications might be interlinked and occur in a time-specific manner.  Furthermore, transient KD of 

UHRF1 in HT29 cells show during later time points that ERVs become repressed again while 

methylation levels are still low, indicating the involvement of another suppressive mechanism  which 

can become established more rapidly than DNA methylation can occur.  Further investigation with KD 

and rescue experiments using time-courses could be carried out in order to gain mechanistic insight into 

these molecular pathways, and ChIP assays or sequencing would be required to investigate the 

H3K9me3 status in our cell lines.   

 

6.4 The role of other epigenetic marks 

Although in this thesis I have explored the DNA methylation-dependent and -independent mechanisms 

of TE suppression by UHRF1, transcription of only a few ERV and L1 elements were investigated 

relative to their abundance in the genome, and the conclusion that these elements are regulated by DNA 

methylation and H3K9me3 binding by UHRF1 may be over-simplistic.  For example, a recent large-

scale study in mESCs which employed several genome-wide sequencing techniques including RNA-

seq, Chromatin Immunoprecipitation (ChIP)-seq and Assay for Transposase-Accessible Chromatin 

(ATAC)-seq showed that many other epigenetic marks could also be involved in TE regulation, and 

could be context-specific and dependent on the type or subset of TE (He et al., 2019), although, two of 

the most common epigenetic signatures were 5mC and H3K9me3.  DNA methylation mostly marked 

IAP elements, consistent with studies that have shown KO of DNMTs in mouse results in upregulation 

of IAP ERVs only (Walsh, Chaillet and Bestor, 1998; Matsui et al., 2010; Karimi et al., 2011; Sharif et 

al., 2016; Berrens et al., 2017).  Other common epigenetic marks were H4K20me3, which tended to 

co-occur with H3K9me3, and H3K56ac.  TE’s were also often marked with multiple epigenetic marks, 

and some with both activatory and repressive chromatin marks.  L1 elements were commonly marked 

at 5’ ends with modifications such as H4R3me2 and H3K4me3 (He et al., 2019).  Interestingly, loss of 

both Setdb1 and Uhrf1 in the same study resulted in increased TE expression and chromatin 

accessibility.  Although much less is known about TE regulation in human cells, it is also likely that the 

epigenetic signatures that mark TEs are more complicated than we have described, and is beyond the 
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scope of this thesis.  More detailed analysis by RNA-seq, ChIP-seq and whole genome bisulfite 

sequencing (WGBS) would be required to fully elucidate the mechanisms of TE suppression in human 

cells. 

 

6.5 Evolutionary age in TE regulation 

In addition to cell or species type specificity, evolutionary age has also been shown to influence the 

epigenetic mechanisms involved in TE repression.  Evolutionarily young ERVs which have become 

integrated into the genome more recently contain CG-dense LTR regions which are easily silenced by 

DNA methylation, whereas older ERV elements with lower CG density LTRs are primarily regulated 

by H3K9me3 (Ohtani et al., 2018).  The evolutionary age of ERV and L1 families/elements examined 

in this thesis are shown in Fig 6.1.  

 

 

Figure 6.1.  Timeline of the integration events of different ERV and L1 families into the primate 

lineage.  The timeline of insertion events for some of the retrotransposons covered in this thesis are 

shown in the above diagram.  This is not an extensive diagram and families shown may consist of 

various subfamilies of elements and undescribed structural variants.  Timeline is approximate.  The 

LINE-1 families L1PA and L1PB were inserted into the genome approximately 80 million years ago 

(myr).  HERV-F and HERV-H elements were integrated more than 60 and 40 myr, respectively.  More 
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recent integrations of HERV-FC elements are part of the F/H family.  [Figure drawn in Adobe Illustrator 

based on data from the following references: Mager and Freeman, 1995; Kim, Takenaka and Crow, 

1999; Kjellman et al., 1999; Lebedev et al., 2000; Bénit, Calteau and Heidmann, 2003; Hervé et al., 

2004; Lavie et al., 2004; Giordano et al., 2007; Yi, Schuebel and Kim, 2007]. 

 

As younger ERVs are predominantly silenced by DNA methylation they are, therefore, more responsive 

to epigenetic therapy with DNMTi’s (Ohtani et al., 2018).  Interestingly, our data shows that HERV-

FC2 has the greatest transcriptional response to UHRF1 KD or point mutations in the PHD/TTD 

domains, and is one of the more recent ERV integrations (Bénit, Calteau and Heidmann, 2003), 

illustrated in Fig 6.1.  Although HERV-H is older (Mager And Freeman, 1995), it is the second most 

responsive ERV to UHRF1 KD in our screen.  Perhaps explaining this, although ERVs undergo 

deletions over time, HERV-H elements have been found to be unusually conserved suggesting an 

important biological role (Gemmell, Hein and Katzourakis, 2016).  Additionally, depletion of SETDB1 

in AML cells resulted in loss of H3K9me3 at several ERV and L1 elements, however HERV-H elements 

were unaffected (Cuellar et al., 2017).  Although we and others have shown that HERV-FC2 is 

upregulated upon 5-AZA-CdR treatment (Liu et al., 2016), HERV-H had a much greater degree of 

activation than HERV-FC2 upon 5-AZA-CdR treatment in hTERT-1604 cells.  The evolutionary age 

of HERV-FC2 and the conserved nature of HERV-H might suggest that these elements are 

predominantly regulated by DNA methylation, but HERV-FC2 might be more reliant on the role of 

UHRF1. 

 

6.6 Therapeutic implications 

The immunostimulatory properties of ERV expression have become increasingly recognised in recent 

years for their potential beneficial effects in manipulating anti-cancer immunity.  Although this thesis 

has presented the role of retrotransposons in the induction of an innate immune response, ERV 

reactivation has also been shown to induce adaptive immune responses.  Tight epigenetic control of 

ERVs suggests that immune tolerance against self-antigens produced from these elements may be 

limited.  Indeed, ERV reactivation has been shown to elicit T-cell and B-cell mediated immune 
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responses against ERV antigens (Boller et al., 1997; Schiavetti et al., 2002; Takahashi et al., 2008; 

Wang-Johanning et al., 2008).  Vaccination against L1- and ERV-derived antigens has been shown to 

induce successful immunization in mice without adverse effects, providing the basis for the 

development of novel cancer vaccines, a current area of research (Sacha et al., 2012). 

 

6.6.1 Small molecule inhibitors of UHRF1  

This thesis presents a possible novel cancer therapy strategy by upregulating retrotransposable elements 

through UHRF1 depletion.  Depletion of UHRF1 in cancer cells has also been reported by others to 

reduce cell proliferation and to increase sensitivity to chemotherapy (F. Yan et al., 2011; Fang et al., 

2012; Yan, Shao and Hu, 2015), whereas UHRF1 overexpression conferred resistance to radiotherapy 

and promoted tumour cell growth and progression (Li, Meng and Fan, 2009; Li et al., 2011, 2012).  

RNA based therapies can target and silence genes through RNAi with high specificity but are limited 

by the challenge of drug delivery, in addition to potential immunogenic responses and low serum 

stability (Yu et al., 2019).  In comparison, small molecule inhibitors readily translocate through plasma 

membranes and can be administered orally.  However, these drugs are not without their disadvantages 

such as their short life-span necessitating daily dosing, the development of resistance, lack of 

specificity, adverse side effects and toxicity resulting from off-target effects (Khera and Rajput, 2017).  

As UHRF1 is frequently overexpressed in cancer cells, it is already being investigated as a potential 

target in cancer therapy, however, only a limited number of small molecule inhibitors have been 

described and these have not yet progressed into clinical trials (Xue et al., 2019).  Due to the DNA 

damage effects seen in UHRF1-depleted cells, specific targeting of its individual TTD or PHD domains 

may prove advantageous over targeting of the whole protein.  This might allow the induction of an 

immune response by interfering with its H3K9 or DNA methylation activities without the consequence 

of severe DNA damage to normal cells.  Screens have already been carried out for molecules that 

specifically target the SRA domain and, therefore, disrupt the interaction between UHRF1 and DNMT1.  

Amongst the compounds detected was the uracil derivative NSC232003, and the anthracycline 

derivatives mitoxantrone and doxorubicin (Myrianthopoulos et al., 2016; Giovinazzo et al., 2019).  
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Screens for compounds which specifically target the PHD or TTD domains could also be carried out, 

and the effects of targeting these individual domains on the DDR investigated. 

 

6.6.2 Other indirect targeting of UHRF1 

Various miRNAs have been shown to successfully downregulate UHRF1 in cancer cells.  

Overexpression of miRNA-124 and miRNA-145 reduced UHRF1 levels and supressed cellular 

proliferation, migration and invasion of bladder cancer (X. Wang et al., 2015; Matsushita et al., 2016).  

Similarly, reduced UHRF1 and cancer aggressiveness was associated with miRNA-146 in gastric and 

renal cell cancer (Zhou et al., 2013; Wotschofsky et al., 2016), miRNA-193 in non-small cell lung 

cancer (W. Deng et al., 2015) and miRNA-9 in colorectal cancer cells (Zhu et al., 2015).  Natural 

polyphenols, which include luteolin, red wine polyphenolic extract, Aronia melanocarpa juice, 

Limoniastrum guyonianum aqueous gall extract, thymoquinone and epigallocatechin-3-gallate, have 

also been shown to reduce both UHRF1 and DNMT1 expression, generally through upregulation of the 

TSGs p16, p73 or p53 (Alhosin et al., 2010; Sharif et al., 2010, 2013; Achour et al., 2013; Krifa et al., 

2013, 2014).  Other molecules including ERK1/2 pathway inhibitors and an inhibitors of heat shock 

protein 90 (HSP90) have also been shown to decrease UHRF1 levels (Fang et al., 2009; Ding et al., 

2016).  The novel mTOR inhibitor, Torin-2 also downregulates UHRF1 expression although this 

mechanism is not well understood (C. Wang et al., 2015). 

 

6.6.3 Immune checkpoint therapy 

Small molecule inhibitors if UHRF1 could also be used in conjunction with a number of other novel 

cancer therapeutics such as DNMTi, immune checkpoint inhibitors, HDACi and PARP inhibitors 

(PARPi).  Inhibitory immune checkpoints exist to regulate T-cell activation and prevent autoimmunity, 

however, these mechanisms are often exploited by tumour cells to evade immune attack (Sharma et al., 

2017).  For example, the CD28 receptor on T-cells requires binding to B7 ligands on antigen presenting 

cells for full activation.  Cytotoxic T-lymphocyte antigen-4 (CTLA-4) competes with CD28 for B7 

ligands to prevent T-cell proliferation and IL-2 secretion (Krummel and Allison, 1995), and anti-

CTLA4 antibodies have been clinically approved for some cancer treatments, such as the immune 
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checkpoint inhibitor Ipilimumab approved for the treatment of melanoma cancer (Hodi et al., 2010).  

Another immune checkpoint receptor is programmed death-1 (PD-1), whose ligand PD-L1 can be 

induced on tumour cells to allow immune evasion.  High PD-L1 expression has also been positively 

correlated with microsatellite instability (MSI) in early-stage colorectal carcinoma and has positive 

prognostic value but is a negative predictive marker for response to chemotherapy (Dunne et al., 2016).  

Currently two anti-PD1 antibodies (pembrolizumab and nivolumab) and one anti-PD-L1 antibody 

(atezolimumab) have been FDA approved for treatment of various cancers including melanoma and 

non-small cell lung cancer (Borghaei et al., 2015; Garon et al., 2015; Larkin et al., 2015; Sharma, 2017).  

Since anti-CTLA4 and anti-PD1 antibodies exhibit non-overlapping mechanisms of action, 

combinatorial treatment may be beneficial and clinical testing has shown improved tumour response in 

metastatic melanoma patients (Larkin et al., 2015).   

 

6.6.4 Combinatorial treatment strategies 

Other studies have also provided rationale for the other potential drug combinations.  Targeting of 

UHRF1 in AML cells has been shown to reverse resistance to 5-AZA-CdR treatment (Singh and Yu, 

2018).  Inhibition of the histone demethylase LSD1 has also been shown to enhance ERV expression 

in cancer cells, and has been shown to reverse resistance to anti-PD-1 antibodies in a mouse melanoma 

model (Sheng et al., 2018).  Anti-CTLA-4 and anti-PD-1 antibodies have been shown to enhance the 

anti-tumour effect of DNMTi (Wrangle et al., 2013; Chiappinelli et al., 2015) and DNMTi’s have been 

shown to increase their anti-tumour effect and in combination with Vitamin C supplementation, a co-

factor for the DNA demethylating ten–eleven translocation (TET) enzymes (Liu et al., 2016).  

Pharmacologic inhibition of G9a in combination with 5-AZA-CdR treatment has been used to induce 

viral mimicry in ovarian cancer cells (Liu et al., 2018).  Combinatorial treatment including PARPi and 

HDACi may also enhance therapeutic response to DNMTi or small molecular inhibitors of UHRF1.  A 

combination of UHRF1 depletion with the HDACi trichostatin A has shown to reactivate silenced genes 

and reduce proliferation of CRC cells (Niinuma et al., 2019).  PARPi prevent DNA repair and promote 

cancer cell death and the PARPi veliparib has been shown to synergistically reduce UHRF1 expression 

with the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) (Yin et al., 2018).  Potential 



145 
 

combinations of these drugs to provide optimal tumour response could be further investigated in mouse 

models and clinical trials. 

 

6.6.5 CTA genes 

The innate immune response to depletion of UHRF1 included upregulation of CTA genes, which 

represent additional therapeutic targets in cancer treatment due to their cancer-specific expression.  

Aberrant re-expression of CTA genes has already been shown in response to DNMTi (Karpf, 2004; 

James, Link and Karpf, 2006; Odunsi et al., 2014), DNMT1 KD (James, Link and Karpf, 2006; O’Neill 

et al., 2018), loss of dimethylated H3K9 (Tachibana et al., 2002, 2005) and in various tumour types (De 

Smet and Loriot, 2010).  These antigens are clinically attractive targets as their upregulation can 

increase surface antigen expression to attract immune cells and induce anti-tumour responses.  Early 

studies and clinical trials have already yielded promising results.  Treatment with 5-AZA-CdR to 

enhance antigen expression has been shown to be effective at reducing tumour size in adoptive T-cell 

therapy (Kirkin et al., 2018), but has certain limitations due to interpatient variability, tumour 

heterogeneity and potential immune evasion strategies (Simpson et al., 2005).  T cells can also be 

modified by incorporating genetically engineered chimeric antigen receptors (CARs) in order to 

enhance tumour specificity and recognition (Klebanoff, Rosenberg and Restifo, 2016).  The CTA NY-

ESO-1 is of particular interest as an immunogenic tumour antigen due to its re-expression in numerous 

cancer types (Thomas et al., 2018) and has been effective in clinical trials of melanoma cancer treatment 

(Robbins et al., 2015).  Although in hTERT-1604 cells, both DNMT1 and UHRF1 KD induced CTA 

upregulation, there was much greater transcriptional upregulation in UHRF1 depleted cells.  5-AZA-

CdR has already been incorporated for CTA upregulation in clinical trials of cancer treatment (Kirkin 

et al., 2018), however the upregulation of CTA genes upon UHRF1 depletion is a novel finding, and 

might be used in combination with DNMTi’s to provide a more effective therapeutic response in cancer 

cells or in the genetic engineering of T cells. 
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Figure 6.2.  Strategies for epigenetic therapy in cancer treatment.  Epigenetic therapies that may be 

used in combination with small molecule inhibitors of UHRF1 including HDAC inhibitors, DNMT 

inhibitors, PARP inhibitors and immune checkpoint inhibitors.  Figure drawn in PowerPoint. 

 

6.6.6 The dsRNA signalling pathway 

Targeting of proteins in the dsRNA signalling pathway may also be an effective means of inducing anti-

tumour responses in poorly immunogenic cancer cells (Fig 6.3).  RIG-1 and MDA5 may be desirable 

targets as they have been shown to induce apoptosis in resistant melanoma cells, whilst normal cells are 

largely unaffected (Besch et al., 2009; Kübler et al., 2010).  However, increased activity of MDA5 has 

been associated with autoimmune disease (Kato and Fujita, 2015) and has cytotoxic effects in vivo (Yu 

et al., 2016).  It has also been shown that viruses are able to exploit the cells immune tolerance 

machinery to avoid recognition by RIG-1 (Schuberth-Wagner et al., 2015), which suggests that cancers 

cell may too be able to develop immune evasion strategies to escape targeting by this pathway.  In 

addition to activation of the dsRNA sensors MDA5 (IFIH1) and RIG-I (DDX58), transcriptional 

upregulation of several 2′-5′-oligoadenylate synthetase (OAS) genes was also detected in UHRF1 KD 
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cells.  OAS genes produce interferon-induced antiviral proteins which specifically detect dsRNA of at 

least 15 nucleotides long (Minks et al., 1979; Sarkar et al., 1999) leading to the activation of RNase L 

and the degradation of RNA, blocking viral replication and inducing apoptosis (Zhou, Hassel and 

Silverman, 1993).  The anti-proliferative effects of this pathway have the potential to be exploited in 

tumour cells as studies have demonstrated that transfection of OAS or treatment with OAS derivatives 

lead to decreased tumour growth in breast cancer cells (Latham et al., 1996; Mullan et al., 2005) and 

germline mutation of the RNase L gene has been identified as a risk factor in familial prostate cancer 

(Carpten et al., 2002).  As viral immune evasion often occurs by blocking signal transduction through 

the JAK/STAT pathway (Horvath, 2004), direct activation of the downstream OAS/RNase L pathway 

may also have therapeutic potential in the treatment of cancers instead of 5AZA-2dC.  

Pharmacologically, OAS is inefficient as it rapidly degrades and cannot cross the cell membrane 

(Kubota et al., 2004), however, small molecule activators of RNase L that are not cytotoxic and exhibit 

broad-spectrum antiviral activity may have therapeutic potential (Thakur et al., 2007).  Various other 

approaches may also enhance immune response in cancer cells including the targeting of nucleases, 

such as Three-prime Repair Exonuclease 1 (TREX1) and Sam domain and HD domain 1 (SAMHD1).  

Under normal physiological conditions these proteins prevent the accumulation of nucleic acids in the 

cytoplasm produced from ERVs (Lindahl et al., 2009; Goldstone et al., 2011).  Mutations in the genes 

encoding these enzymes result in the auto-inflammatory disease Aicardi-Goutieres syndrome (AGS) 

characterized by the induction of a type I IFN mediated immune response (Rice et al., 2009; Goldstone 

et al., 2011).  Therefore inhibiting these enzymes could result in an accumulation of dsRNAs and a 

heightened immune response when used in combination with DNMTi’s.   

 

6.6.7 Histones 

Another novel finding in this thesis was the upregulation of histone proteins upon UHRF1 KD, most 

likely as part of the innate immune response.  Histone proteins have also been shown to display antiviral 

activities, although these mechanisms are not well established.  Current literature suggests that certain 

histones may induce innate immune signalling in a virus-specific manner (Hoeksema et al., 2016).  For 

example, histone H1 can bind to the Norwalk virus and prevent its attachment to intestinal cells, but 
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was ineffective against Hepatitis E, poliovirus and the insect virus AcNPV (Tamura et al., 2003).  

Binding of histone H2B directly to viral dsDNA triggers an innate immune response and inhibits viral 

multiplication (Kobiyama et al., 2010).  A study of histone activity against an Influenza A virus 

demonstrated greater antiviral activity of arginine rich histones H3 and H4, compared to lysine rich 

histones H2A and H2B, with H4 producing the most potent antiviral response (Hoeksema et al., 2015).  

Despite evidence that histones bind specifically to dsRNA (Jacobs and Imani, 1988), there is currently 

little known of the role of histones against dsRNA viruses.  Histones are also known for their pro-

inflammatory functions, which include; promoting apoptosis, acting as damage-associated molecular 

pattern molecules (DAMPs) and autoantigens, and interacting with TLRs (Chen et al., 2014).  Although 

little is known about the function of histones in the cytosol, they have been proposed to bind to dsRNA 

(Jacobs and Imani, 1988) and histone H2B is able to bind viral dsDNA and trigger an immune response 

(Kobiyama et al., 2010).  Along with our data, this may implicate a role of histone proteins as additional 

dsRNA sensors in the cytoplasm.  High quantities of histones in the form of nucleosomes are readily 

detected in the serum of cancer patients and could, therefore, serve as potential tumour biomarkers 

(Holdenrieder et al., 1999, 2001, 2004; Kuroi, Tanaka and Toi, 1999).  Although there are examples in 

the literature of the immunostimulatory effects of extracellular histones (Marsman, Zeerleder and 

Luken, 2016), potential manipulation of these functions in cancer therapy remains unexplored.   
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Figure 6.3.  Potential proteins in the dsRNA signalling pathway that could be targeted to induce 

an immune response in cancer cells.  DNMTi and small molecule inhibitors of UHRF1 could induce 

an innate immune response in cancer cells by demethylation and upregulation of retrotransposons.  

Stimulation of other proteins in the dsRNA signalling pathway also have the potential to induce anti-

tumour effects including DDX58, IFIH1, OAS2, RNase L and histone proteins.  Potential targets 

indicated by black arrows in schematic.  Figure drawn in Adobe Illustrator. 

 

6.7 Histones in response to cell cycle alterations 

In addition to the antimicrobial activity of histones, these proteins also function in gene regulation, 

nuclear organisation, DNA replication and DNA repair (Stillman, 2018).  Therefore, it is also possible 

that the cell cycle alterations in UHRF1 KD cells are causing this upregulation of histone genes.  

Another remaining question is if the small increase in S and G2/M phase cells is the reason UHRF1 KD 

cells grow much slower or if this is a result of the anti-proliferative immune response seen in these cells.  

It is possible that the slower speed of DNA replication is connected to preventing DNA damage in 

UHRF1 KD cells, and would explain the increased DNA damage in the faster growing DNMT1 KD 

cells.  UHRF1 protein level may also be important in cell cycle and DNA damage effects, as U5 cells 
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which had the highest UHRF1 protein had the least PAR staining of the UHRF1 KD cells.  Additional 

experiments would be required to further elucidate whether the histones are seen in response to cell 

cycle alterations or as part of the immune response.  For example, the correlation between altering levels 

of UHRF1 protein, cell cycle effects and histone levels could be investigated, or the effects of inhibiting 

histone activities on the innate immune response.  Additional experiments are also required to provide 

further clarification of the role of UHRF1 in the DDR, such as determining p53 status in UHRF1 KD 

cells, or examining the effects of inducing further DNA damage by UV irradiation. 

 

6.8 TEs as causative agents of disease 

Although upregulation of TEs may enhance immune response to tumour cells, it is important to consider 

initial studies that reported these repetitive elements as causative agents of disease.  This observation 

may have been misconstrued from their frequent reactivation in human cancers (Ruprecht et al., 2008), 

more likely attributed to loss of global epigenetic regulation (Szpakowski et al., 2009).  In addition, 

although initial studies in mice highlighted an association between ERVs and cancer development 

(Weiss, 2006), this was mostly due to insertional mutagenesis and extensive inbreeding (Maksakova et 

al., 2006; Cardiff and Kenney, 2011), increasing mutagenic potential.  In comparison ERVs in human 

cells are replication incompetent due to the accumulation of inactivating mutations (Stoye, 2001).  

However, a number of full length L1s remain capable of retrotransposition (Ostertag and Kazazian Jr, 

2001; Kazazian et al., 2004), and have been associated with cancer in human cells (Iskow et al., 2010; 

Lee et al., 2012).  Because of this, mechanisms exist to supress retrotransposition.  For example, dsRNA 

resulting from bidirectional transcription of L1 elements can be processed into siRNAs and prevent 

retrotransposition by an RNAi mechanism (Yang and Kazazian, 2006).  However, these mechanisms 

deteriorate with age which can lead to increased potential for L1 transcription and retrotransposition 

with increasing age (St Laurent et al., 2010; De Cecco et al., 2013).   

 

ERVs may display non-insertional mechanisms associated with cancer, although these effects appear 

to be contributory as opposed to initiatory (Kassiotis and Stoye, 2017).  Viral infection has been known 
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to predispose individuals to cancer development and this can be exacerbated by ERV reactivation, 

although the mechanisms of viral oncogenesis are largely unknown (Chen, Foroozesh and Qin, 2019).   

This has been demonstrated by upregulation of various HERVs in cells harbouring human 

cytomegalovirus (HCMV), and HERV-K was shown to enhance the pathogenesis of Kaposi’s Sarcoma 

(Assinger et al., 2013; Dai et al., 2018).  ERV LTRs can also exhibit promoter activity, which can drive 

gene expression of nearby genes.  In particular, this can contribute to tumour progression when the 

downstream gene is an oncogene (Romanish, Cohen and Mager, 2010).  However, ERV LTR promoter 

activity can also exert anti-cancer effects, for example, by driving the expression of tumour protein p63 

(TP63) and TNF receptor superfamily member 10b (TNFRSF10B) which promotes apoptosis of 

testicular cancer cells (Beyer et al., 2011, 2016).  ERVs may also produce oncogenic proteins which 

aid in cellular transformation such as the envelope glycoprotein of HERV-H, which contains an 

immunosuppressive domain that aids in tumour growth and immune evasion (Mangeney et al., 2001).  

Although it is important to consider the perception that TEs have carcinogenic potential, experimental 

evidence is lacking and their application in enhancing the immune response to cancer cells seems to 

outweigh any undesirable effects they may cause. 

 

6.9 Conclusion 

This thesis has explored the functions of the important epigenetic co-ordinator UHRF1 in differentiated 

human cells.  It was shown that UHRF1 is required for DNA methylation-dependent suppression of 

ERV and L1 elements, in addition to a novel DNA methylation-independent role in retrotransposon 

silencing in somatic human cells.  It was also demonstrated that depletion of UHRF1 induces an innate 

immune response through TE reactivation in both normal human and cancer cell lines, and, therefore, 

targeting of UHRF1 represents a novel approach in cancer therapy, alone or in combination with other 

therapeutics.  However, greater elucidation of the role of UHRF1 in mechanisms of TE suppression, 

cell cycle control and the DDR will be required for the development of optimal therapeutic strategies 

and tailored cancer treatment.   
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