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Abstract

Christine Armstrong

DNA Hypomethylation in Radiosensitivity and Genomic Stability

Exposure to ionising radiation can result in genome destabilisation. Genomic instability
is observed in many cancers and is thought to lead to tumourigenesis. A correlation
between genomic instability and global hypomethylation, another common feature of
tumour cells, has been demonstrated and attributed to dysregulated gene expression,
retroviral activation and increased homologous recombination. Furthermore, global
hypomethylation has been correlated with increased radiosensitivity, and ionising
radiation has been demonstrated to reduce methylation levels.

Using mouse embryonic stem cell lines containing wild type or catalytically inactive
DNA methyltransferase enzymes (DNMT1, DNMT3A and DNMT3B), this thesis
investigated the effect of radiation on global methylation, and the effect of global
hypomethylation on radiosensitivity and genomic stability.

Global hypomethylation was not found to increase radiation sensitivity in these cells,
and did not correlate with genomic instability on a genome wide scale, or at specific
gene loci. However, the DNMT3A and DNMT3B enzymes specifically appeared to
influence radiosensitivity, whilst absence of catalytically active DNMT1 resulted in a
10-fold increase of instability at the Hprt gene locus, indicating the importance of this
enzyme for maintaining genomic stability.

lonising radiation did not induce hypomethylation or delayed chromosomal instability
in these cells. However, the wild type cell line displayed radiation induced delayed
genomic instability at Hprt, indicated by a 5-fold increase of mutation rate.
Furthermore, disruption of the normal methylation pattern, or absence of the DNMTs,
resulted in failure to manifest radiation-induced delayed genomic instability. This is the
first direct evidence that normal DNA methylation levels, or the presence of functional
DNMTs, are required for the propagation of radiation induced delayed genomic
instability in murine embryonic stem cells.
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1 Chapter 1. Introduction

It has long been recognized that there is a causative link between exposure to
radiation and the development of cancer. Nevertheless, the molecular basis for the
development of genomic instability and tumourigenesis are not thoroughly
understood (Lengauer et al, 1998). Although several studies indicate that radiation-
induced genomic instability may be mediated by an epigenetic mechanism, the
processes involved remain unclear (Dubrova et al, 2003; Wright, 2010). Cancer cells
often display low global levels of DNA methylation (Wahlfors et al, 1992; Lin et al,
2001; Kim et al, 1994), and aberrantly reduced methylation levels have been
associated with instability through the activation of mobile DNA elements and
increased frequencies of chromosomal rearrangements (Tuck-Muller et al, 2000;
Symer et al, 2002). It has been proposed that demethylation is a direct effect of
exposure to ionizing radiation and that this in turn may promote genomic instability
(Koturbash et al, 2006). In addition, evidence indicates that cells and tissues with
decreased levels of DNA methylation may be more radiosensitive (Dote et al, 2005).
The work reported in this thesis aimed to investigate the relationship between DNA
methylation, radiosensitivity and genomic stability using mouse embryonic stem cells

as a model system.

1.1 DNA methylation and the DNMTs

Methylation of mammalian DNA involves the addition of a methyl group to carbon 5 of

the Cytosine pyrimidine ring (5-MeC). In vertebrates this predominantly occurs at CpG
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dinucleotides (Ramsahoye et al, 2000), 60-90% of which are methylated. The level of
mammalian DNA cytosine methylation varies between different cell and tissue types
(Gama-Sosa et al, 1983a). Generally, methylation levels increase with cellular
differentiation, corresponding to differential regulation of genes and cell specialisation
(Ehrlich et al, 1982; Shiota et al, 2002). In ESCs approximately 65% of the total CpG
dinucleotides are methylated (Jackson et al, 2004) compared to roughly 80% in
differentiated somatic cells (Razin and Szyf, 1984). Similarly, tissues which vary in the
proportional content of immature and differentiated cells have been shown to
demonstrate varying overall levels of methylation (Ehrlich et al, 1982; Gama-Sosa et al,
1983; Giotopoulos et al 2006). Bone marrow, which has a high stem cell content, is one
of the most hypomethylated somatic tissues in the adult mouse (Giotopoulos et al,

2006).

The majority of the methylated CpG dinucleotides occur at low density throughout the
genome due to spontaneous deamination of methylcytosine (see section 1.3).
However, many of the unmethylated CpG dinucleotides occur in clusters, called CpG
islands. These are often found in the 5' regulatory regions of genes (Ng and Bird, 1999;
Lethe et al, 1998). Approximately 70% of human gene promoters have a high CpG
content and 30% have a low CpG content (Saxonov et al, 2006). In promoters with a
high CpG content, regulation of gene expression is thought to occur via histone
modifications rather than DNA methylation (Meissner et al, 2008; Weber et al, 2007).
The occurrence of DNA methylation at such CpG islands is rare, and causes repression

of gene expression (Shen et al, 2007). On the other hand, gene promoters which
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contain low numbers of CpG dinucleotides often exhibit DNA methylation. However,
this is not thought to affect gene expression, as methylation of the few CpG
dinucleotides within the promoter may be insufficient to cause repression (Weber et
al, 2007). Although the majority of CpG islands in both mice and humans lack DNA
methylation, roughly 5% of the CpG islands that contain a high density of CpGs are
methylated in a tissue dependent manner. These are called tissue-differentially
methylated regions (T-DMRs) and DNA methylation at these regions is strongly

correlated with gene repression (Shen et al, 2007; Song et al, 2005).

Methylation of DNA cytosine bases at carbon 5 is an important cellular phenomenon. It
is reversible and causes a heritable effect, without altering the base sequence of the
DNA (Li and Bird, 2007). DNA methylation plays a key role in a wide variety of
biological functions such as control of gene transcription (Song et al, 2005), imprinting
(Davis et al, 2000), stabilisation of X-inactivation (Norris et al, 1994; Lee and Jaenisch,
1997), silencing of transposable elements (Takai et al, 2000) and maintenance of
genome stability (Chen et al, 1998; Gisselsson et al, 2005). Generally, methylated DNA
is associated with a compact, transcriptionally silent chromatin state in mammals
(Choy et al, 2010; Lee and Jaenisch, 1997). The methyl group can directly block the
binding of transcription factors (Watt and Molloy, 1988) and RNA polymerase Il
(Lorincz et al, 2004). In addition it promotes the recruitment of other proteins that
mediate repressive local chromatin changes. For example, methylated CpGs provide a
binding site for the methyl binding domain proteins (MBD1 to 4 and MeCP1 and 2)

(Ohki et al, 2001), which in turn recruit co-repressor proteins such as histone
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deacetylases (HDACs) (Nan et al, 1998). Furthermore, repressive factors such as
HDACs, histone methyltransferases (HMTs) and ATP-dependent chromatin-remodelling
proteins, can be recruited directly through interaction with the DNA methyltransferase

enzymes themselves (Geiman et al, 2004).

Mammalian CpG DNA methylation is catalysed by three DNA methyltransferase
enzymes (DNMT1, DNMT3A, and DNMT3B), using S-adenosyl methionine (SAM or
AdoMet) as a methyl donor (Chen et al, 1991; Pradhan and Esteve, 2003). The roles of
the enzymes overlap slightly, but DNMT1 is primarily a maintenance methyltransferase
and copies the established methylation pattern onto the newly synthesised DNA
strand at each round of DNA replication (Schermelleh et al, 2007). DNMT1 is
ubiquitously expressed in the nucleus of all proliferating cells, and predominantly
methylates hemi-methylated DNA, which it is targeted to by the Np95 protein (Sharif
et al, 2007). The efficiency of the methylation activity of DNMT1 is enhanced via
transient localisation to the replication fork during S phase, where it binds to
Proliferating Cell Nuclear Antigen (PCNA) (Schermelleh et al, 2007). DNMT1 interacts
with a range of chromatin modifying enzymes, such as HDACs, HMTs, polycomb group
proteins and Hp1, to ensure the establishment of the full range of repressive marks
and chromatin structure at heterochromatin and silenced euchromatic loci (Esteve et
al, 2006, Fuks et al, 2000, Smallwood et al, 2007; Vire et al, 2006). DNMT1 is also
recruited to repair foci at sites of DNA damage, presumably for the purpose of

restoring epigenetic information (Mortusewicz et al, 2005).
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The DNMT3 family of enzymes (DNMT3A and DNMT3B) are primarily de novo
methyltransferases, responsible for establishing the DNA methylation pattern during
early mammalian embryonic development and gametogenesis (Okano et al, 1999).
They are strongly expressed in ESCs, early embryos and developing germ cells, but only
occur in low levels in differentiated somatic cells (Okano et al, 1998). DNMT3A and
DNMT3B have both overlapping and distinct roles in the establishment of DNA
methylation (Watanabe et al, 2002) and exhibit preferential methylation activity for
specific sites or sequences within the genome (Oka et al, 2006; Okano et al, 1999).
They function together in a synergistic manner and have been shown to interact with
each other (Li et al, 2007), and with a variety of other components of the
transcriptional silencing pathways, in a similar manner to DNMT1 (Fuks et al, 2003,

Geiman et al, 2004; Tachibana et al, 2008; Vire et al, 2006).

Establishment of de novo methylation patterns during gametogenesis is assisted by a
further DNMT3 family protein called DNMT3L (Bourc’his et al, 2001). DNMT3L shares
significant sequence homology with DNMT3A and DNMT3B but lacks a catalytic
domain and, as such, has no methyltransferase activity or the ability to bind directly to
DNA (Ooi et al, 2007). However, it interacts with DNMT3A, DNMT3B, the four core
histone proteins (Ooi et al, 2007) and also binds directly to HDAC1 (Aapola et al, 2002).
It is thought that DNMT3L assists de novo methylation by specifically recognizing and
interacting with histone H3 tails that are unmethylated at lysine 4, and inducing

recruitment or activation of DNMT3A (Ooi et al, 2007).
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Each of the catalytically active mammalian DNA methyltransferase enzymes are
essential for mammalian development (Li et al, 1992; Okano et al, 1999). Homozygous
inactivation of the DNMT1 gene is embryonic lethal in mice (Li et al, 1992). Dnmt3a3b--
/-- mouse embryos also exhibit an early lethal phenotype, whilst Dnmt3b-/- embryos
die later during development and Dnmt3a-/- embryos show the least severe
phenotype, surviving for roughly 4 weeks postnatally (Okano et al, 1999). Embryonic
stem cells deficient for any of the DNMTs are viable and proliferate normally (Jackson
et al, 2004; Li et al, 1992; Tsumura et al, 2006). However, Dnmt1-/- ESCs die upon
differentiation (Damelin and Bestor, 2007) and somatic cells and cancer cells
containing conditional knock outs of Dnmt1 apoptose within a few cell divisions after
gene deletion (Chen et al, 2007; Jackson-Grusby et al, 2001). Differentiation ability of
Dnmt3a3b--/-- ESCs depends on their residual level of DNA methylation, which
decreases with increasing passage number (see section 3.3). Low passage number
Dnmt3a3b--/-- ESCs with intermediate levels of DNA methylation are able to terminally
differentiate along a limited range of cell lineages, and can form cardiomyocytes and
haematopoietic cells. However, late passage Dnmt3a3b--/-- ESCs with very low levels
of DNA methylation fail to initiate differentiation upon withdrawal of LIF and continue

to express markers of undifferentiated ESCs (Jackson et al, 2004).

1.2 DNA methylation in cancer

Aberrant DNA methylation has frequently been observed in a wide variety of different
cancers (Wahlfors et al, 1992; Lin et al, 2001; Kim et al, 1994; Costello et al, 2000;

Esteller et al, 2001). Hyper- and hypo- methylation can occur in tumour cells
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individually or together, and are thought to arise/contribute to carcinogenesis through
independent processes (Ehrlich, 2002; Widschwendter et al, 2004). Abnormal
hypermethylation is usually specific to CpG-rich sequences, such as the 5 regulatory
regions of genes, and can result in transcriptional repression of tumour suppressor
genes (Costello et al, 2000; Esteller et al, 2001; Pulukuri and Rao, 2006). Such an effect

was illustrated recently in a study by Hannigan et al (2010).

Aberrant hypomethylation, however, usually has a global effect and occurs mainly at
repeated sequences (Ehrlich, 2002; Gama-Sosa et al, 1983b). A wide range of cancers
demonstrate global hypomethylation in comparison to corresponding normal tissue
controls (Wahlfors et al, 1992; Lin et al, 2001; Kim et al, 1994). The link between
hypomethylation and carcinogenesis is less obvious, but there is increasing evidence
for an association between DNA hypomethylation and genomic instability (Chen et al,
1998; Gonzalo et al, 2006; Wang and Shen, 2004), which is thought to be an intrinsic
part of the process leading to carcinogenesis (Nowell, 1976; Loeb, 1991; Lengauer et

al, 1998). This will be discussed further in section 1.3.

Aberrantly high expression levels of the DNA methyltransferase enzymes 1, 3a and 3b
have been observed in both leukaemic and solid tumour cells in comparison to
corresponding controls from healthy donors (Mizuno et al, 2001; Robertson et al,
1999). In some samples, this increased expression of the DNMTs has been associated
with hypermethylation of specific genes (Mizuno et al, 2001). Significantly reduced
expression of DNMT1 in cancer cells and normal somatic cells is lethal. However,

depletion of DNMT3B has been shown to cause a more severe phenotype in cancer
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cells than in normal cells, characterised by reduced rates of proliferation and increased

propensity for apoptosis (Beaulieu et al, 2002).

The differing severity of response between DNMT1 and DNMT3B depleted cells was
suggested by Beaulieu et al (2002) to reflect the fact that DNMT1 determines the
methylation status of a far greater number of CpG dinucleotides than DNMT3B in
differentiated cells. However, the exaggerated response of cancer cells to DNMT3B
depletion in comparison to that of normal cells was suggested to reflect a specific role
for DNMT3B in the generation of the aberrant methylation patterns observed in cancer
cells (Beaulieu et al, 2002). The phenotype of reduced proliferation and increased
apoptosis caused by DNMT3B depletion in cancer cells could not be rescued by
exogenous expression of DNMT1, and was not induced by down-regulation of
DNMT3A. Splice variant isoforms of DNMT3B, however, were able to rescue this
phenotype, indicating that at least some specific targets of DNMT3B in cancer cells are
not shared by the other DNMT enzymes, and that these targets may be involved in
controlling cancer cell proliferation and survival. One such identified target that was
re-expressed in DNMT3B-depleted cancer cells was the RASSF1A tumour suppressor

gene (Beaulieu et al, 2002).

Indeed, expression of a range of novel abnormally spliced transcripts of DNMT3B, in
addition to expression of normal full-length DNMT3B transcripts, has been shown to
be a common occurrence in cancer cell lines and primary leukaemia and lung cancer
cells (Ostler et al, 2007; Wang et al, 2006a and 2006b). In a study by Ostler et al (2007),

over 20 aberrant DNMT3B transcripts were detected in 53 out of 55 human primary
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cancer cell samples or established cancer cell lines, 2-5% of which contained sequences
that were normally intronic. Correspondingly, truncated DNMT3B proteins could be
detected in nuclear protein extracts from the cancer cell lines. In contrast, no aberrant
DNMT3B transcripts were detected in any of the 8 normal human tissue samples

analysed (Ostler et al, 2007).

All of the aberrant DNMT3B transcripts identified in cancer cells by Ostler et al (2007)
and Wang et al (2006a and 2006b) were predicted to encode truncated DNMT3B
proteins, which contain novel amino acids and lack the catalytic domain. Expression of
these aberrant DNMT3B transcripts was found to correlate with alterations in the
expression level of several genes. Interestingly, 75% of the over-expressed genes were
located on chromosomes 1, 16 and the X chromosome (Ostler et al, 2007).
Furthermore, expression of aberrant DNMT3B transcripts also correlated with changes
in methylation of several gene promoters including p16 and RASSF1A (Wang et al,

2006a).

It was proposed that such truncated proteins could potentially interfere with the
normal DNA methylation machinery by binding directly to DNA or by binding to one or
more of the proteins known to interact with DNMT3B in order to create a repressive
chromatin state, such as HDAC1. Such interference could result in altered DNA
methylation, and consequently gene expression. Thus, truncated DNMT3B proteins
could potentially influence the DNA methylation state of cancer cells (Ostler et al,

2007).
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1.3 DNA methylation and genomic stability

Genomic instability is frequently observed in tumour cells, and is thought to be an
intrinsic part of the process leading to carcinogenesis (Nowell, 1976; Loeb, 1991;
Lengauer et al, 1998). Several previous research groups have demonstrated a link
between reduced levels of DNA methylation and genomic instability. Genome-wide
DNA hypomethylation induced by treatment with a drug (Zebularine), which inhibits
the activity of the DNA methyltransferase enzymes, has been associated with
prolonged expression of elevated levels of yH2AX foci in a range of human tumour cell
lines compared to untreated tumour cells after 2Gy X-irradiation (Dote et al, 2005).
YH2AX foci are indicative of the presence of DNA DSBs. The persistence of this mark at
elevated levels in hypomethylated cells suggests either a decrease in their capacity to
repair radiation-induced DNA DSBs (Dote et al, 2005) or indicates de novo formation of

new DSBs.

Furthermore, Chen et al (1998) analysed the mutation rate at two specific gene loci in
hypomethylated and methylation proficient mESC lines: the X-linked hypoxanthine
phosphoribosyltransferase (Hprt) gene locus and a viral thymidine kinase transgene
(tk). They found that hypomethylated Dnmt1-/- ESCs displayed a significantly elevated
mutation rate at the Hprt locus in comparison to wild type ESCs, and at the tk locus in
comparison to Dnmt+/- ESC controls. Thus, it was suggested that DNA
hypomethylation can lead to elevated levels of gene mutation and, based on the types

of mutations detected, that DNA methylation may play an important role in
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suppressing mitotic recombination and/or enabling faithful chromosome segregation

(Chen et al, 1998).

In addition, several studies have shown that cell lines derived from patients with
immunodeficiency, centromeric region instability and facial anomalies (ICF) syndrome
are hypomethylated at genomic DNA satellite repeat sequences (Jeanpierre et al,
1993; Miniou et al, 1994) and display chromosomal instability (Sawyer et al, 1995;
Tiepolo et al, 1979; Tuck-Muller et al, 2000). ICF syndrome is a rare disorder
characterised by loss of DNMT3B activity due to mutations in the catalytic domain
(Hansen et al, 1999; Xu et al, 1999) and/or increased expression of aberrantly spliced
DNMT3B transcripts that are predicted to lack catalytic activity (Jiang et al 2005).
Hypomethylation is seen in all patients at the classical satellite repeats 2 and 3, and on
the inactive X chromosome in females (Miniou et al, 1994). However, hypomethylation
can also involve other sequences including the centromeric alpha satellites (Miniou et
al, 1997b), Alu sequences (Miniou et al, 1997a) and certain imprinted genes (Xu et al,
1999). As a result of the anomalous hypomethylation, large regions of pericentromeric
heterochromatin on chromosomes 1, 9 and 16 are markedly decondensed and
elongated (Jiang et al, 2005; Xu et al, 1999). This results in an increased frequency of
chromosome and chromatid breaks, gaps, whole arm deletions, and the formation of
rearrangements such as multiradial chromosomes, in comparison to cells from
unaffected controls (Maraschio et al, 1988; Sawyer et al, 1995; Tiepolo et al, 1978;

Tuck-Muller et al, 2000).
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Finally, hypomethylation of subtelomeric DNA sequences has been associated with
increased rates of telomeric recombination and sister chromatid exchange (Gonzalo et
al, 2006). Sub-telomeric DNA repeats have a high density of CpG dinucleotides, which
are methylated in mammalian somatic cells (Benetti et al, 2007; Brock et al, 1999).
However, as telomeres become shorter during normal cell proliferation, repressive
histone modifications and DNA methylation are lost from these regions (Benetti et al,
2007; Steinert et al, 2004). It is thought that when telomeres become very short,
significantly less of the protective shelterin complex is able to bind, leaving the
telomere end relatively unprotected (de Lange, 2005). Such unprotected ends cannot
be distinguished from DNA DSBs and may undergo “repair” via degradation,
recombination or chromosome fusion by the cellular DNA repair machinery (Artandi et

al, 2000; Hande et al, 1999; Xin & Broccoli, 2004).

There are multiple ways in which aberrant or dysregulated DNA methylation could
contribute to genomic instability. First of all, the presence of a methyl group at CpG
dinucleotides is inherently mutagenic, as it facilitates the deamination of cytosine to
thymine, resulting in a G-T base pair mismatch (Shen et al, 1994). Such mismatches are
recognised by the DNA mismatch repair machinery (MMR), and thymines are
preferentially replaced with cytosine (Brown and lJiricny, 1987). However, this repair is
relatively ineffeicient compared to that of other mismatches such as U-G, and the rate
of spontaneous deamination is higher for methylcytosine than cytosine, causing
methylated CpGs to be hotspots for transition mutations (Lutsenko and Bhagwat et al,

1999). In addition, the G-T mismatch is occasionally incorrectly repaired as A-T,
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resulting in a C to T transition mutation (Tornaletti and Pfeifer, 1995). As a result, CpG
dinucleotides have become under-represented in the genome: they are present at
roughly one fifth of the expected frequency based on calculations determining the
frequency of cytosine and guanine occurring together by chance (Brena et al, 2006;

Zilberman, 2007).

Aberrant DNA methylation could also contribute to genomic instability through
inappropriate silencing of tumour suppressor genes (Goto et al, 2010) or genes
involved in DNA repair or regulation of cell proliferation (Yamamoto et al, 2002).
Dysregulation of DNA methylation, usually as a consequence of aberrant expression of
the DNMTSs, has been implicated in carcinogenesis (Costello et al, 2000; Esteller et al,
2001; Mizuno et al, 2001). Aberrant establishment of promoter-specific methylation at
tumour suppressor genes such as P16 (Goto et al, 2010), DNA repair enzymes such as
MLH1 and regulators of cellular proliferation such as CDKN2A (Yamamoto et al 2002)

could potentially affect mutation rates and genomic stability.

At non-coding sequences, aberrant hypomethylation rather than hypermethylation has
been implicated in genomic instability. As discussed above, increased incidences of
recombination and rearrangements are observed at hypomethylated sub-telomeric
repeats and pericentromeric classical satellite sequences (Gonzalo et al, 2006; Tuck-
Muller et al, 2000). In addition, DNA hypomethylation has been associated with
elevated levels of microsatellite instability (Guo et al, 2004; Kim et al, 2004; Wang and
Shen, 2004), and also affects the stability of triplet repeat sequences (Dion et al, 2008;

Wodhrle et al, 1998).
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Microsatellite instability is frequently observed in a range of cancers (Burks et al, 1994;
Merlo et al, 1994; Yee et al, 1994) and is commonly associated with mutations
affecting the fidelity/processivity of DNA replication or mismatch repair (MMR) (Wang
and Shen, 2004). Several research groups have demonstrated that DNMT1 deficient
embryonic stem cell (ESC) lines have increased levels of microsatellite instability in
comparison to wild type ESCs (Guo et al, 2004; Kim et al, 2004; Wang and Shen, 2004).
It was suggested that Dnmt1-/- induced genome wide hypomethylation may alter gene
expression, and subsequently the cells physiological balance, resulting in increased
DNA adduct formation and saturation of the DNA adduct recognition/signalling and
MMR pathways (Wang and Shen, 2004). Alternatively, absence of DNMT1 could impair
the integrity of the DNA replication machinery and consequently the replication-
associated MMR processes, as PCNA is thought to provide the physical link between
MMR and DNA replication complexes (Umar et al, 1996). Finally, it has also been
suggested that DNMT1 may recognise the hemimethylated undamaged template
strand during DNA replication, and through its interaction with PCNA, provide the

signal for strand discrimination for the MMR complex (Wang and Shen, 2004).

Interestingly, however, the predominant form of alteration observed during
hypomethylation-induced microsatellite instability involved contraction of the repeats
(Kim et al, 2004). This is similar to the predominant alterations observed in CGG triplet
repeat tracts residing within genes containing unmethylated promoters, in somatic
cells (Wohrle et al, 1998). The frequency of CAG repeat contractions was also

significantly increased in hypomethylated mammalian somatic cells, caused by
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treatment with the cytidine analogue 5-aza-CdR, or hydralazine (a drug which inhibits
the expression of DNMT1), or siRNA against DNMT1 (Gorbunova et al, 2004; Dion et al,
2008). The occurrence of such contraction mutations has been suggested to be partly
caused by transcription through the repeats inducing the formation of secondary
structures, which are resolved by DNA repair processes such as nucleotide excision
repair (NER) and MMR (Lin and Wilson, 2007; Lin and Wilson, 2009). Although CAG
repeats contain no CpG sites, methylation of the surrounding DNA is thought to play a
role in suppressing transcription, and thereby stabilising the length, of triplet repeats

(Dion et al, 2008).

During germline transmissions to offspring, however, methylation proficient mice were
found to display a bias towards contractions at the murine spinocerebellar ataxia type
1 (Scal) locus CAG repeat tract, whilst methylation deficient (Dnmtl+/-) mice
demonstrated increased frequencies of CAG repeat expansions (Dion et al, 2008). The
cause of such a disparate effect of hypomethylation on the form of length alteration
induced at triplet repeats in somatic cells and the germline is currently unknown. The
observed expansions were not found to be a result of altered transcription, and no
evidence was found for the involvement of NHEJ (Dion et al, 2008). Such expansion of
triplet repeat tracts during germline transmission to progeny is, however, responsible
for causing several neurodegenerative diseases, such as Huntington Disease and

Fragile X syndrome (Dion et al, 2008; Laccone and Christian, 2000; Wohrle et al, 1998).

Finally, genomic instability has been associated with altered DNA methylation and

activation of endogenous retroviral elements (Takai et al, 2000; Symer et al, 2002;
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Howard et al, 2008). There are four main classes of retroviral elements in mammals:
long interspersed nuclear elements (LINEs), short interspersed nuclear elements
(SINEs), LTR transposons and DNA transposons (Lander et al, 2001). DNA transposons
have become almost completely inactive in the human genome (Lander et al, 2001).
However, LINEs, SINEs, and a form of LTR retrotransposons specific to mice called
intracisternal A-particles (IAPs), all display high rates of retrotransposition (Carnell and
Goodman, 2003; Mouse Genome Sequencing Consortium, 2002; Dewannieux et al,

2004; Druker et al, 2004; Goodier et al, 2001; Lander et al, 2001).

Transcription and transposition of endogenous retroviral elements is usually
suppressed in mammalian somatic cells by DNA methylation (Gaudet et al, 2004; Hata
and Sakaki, 1997; Kochanek et al, 1993 and 1995; Kuff and Leuders, 1988; Yoder et al,
1997). However, hypomethylation of these elements has been reported in a diverse
range of cancers (Dante et al, 1992; Jurgens et al, 1996; Takai et al, 2000; Mendez et

al, 2004; Chalitchagorn et al, 2004).

Elevated levels of IAP transcripts and de novo IAP insertions have been observed in a
range of mouse tumour cells (Canaani et al, 1983; Tanaka et al, 1995; Lee et al, 1999).
In addition, mice carrying a hypomorphic Dnmt1 allele were found to exhibit a high
incidence of hypomethylation-induced lymphomas associated with IAP insertions in
the Notchl gene (Howard et al, 2008). Similarly, there have been reports of cancer-
associated insertions involving LINE1 sequences (Iskow et al, 2010; Miki et al, 1992;

Morse et al, 1988). In particular, one recent study has demonstrated that new somatic
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LINE1 insertions occur in high frequencies in hypomethylated lung cancer tumours

(Iskow et al, 2010).

Such aberrant demethylation and transcriptional activation of retrotransposable
elements could contribute to genomic instability in several ways. For example,
insertional mutagenesis can directly disrupt gene sequences (Holmes et al, 1994), or
disturb the transcriptional regulation of nearby genes, as could simple reactivation of
existing elements (Han et al, 2005; Roman-Gomez et al, 2005). Chimeric RNA
transcripts of a range of genes have been identified, which are unique to breast cancer
cell lines, primary tumours and colon cancer cells. These were found to occur as a
direct result of hypomethylation, activation and transcription from the antisense
promoter of existing human L1 insertions, as expression of the cancer-specific chimeric
transcripts could be induced in non-malignant cells using the DNA demethylating agent
5-azacytidine (Cruickshanks and Tufarelli, 2009). Alternatively, if an active
retrotransposon promoter is inserted in the opposite orientation to that of the host
gene, and if transcription extends into the exon sequences downstream of the
transposon, it could result in antisense RNA-mediated silencing of the gene (Yoder et

al, 1997).

The presence of multiple copies of long repeats such as LINEs throughout the genome
can also contribute to genomic instability by causing an enhancement in levels of
homology-based ectopic recombination, resulting in the formation of deletions and
duplications (Gilbert et al, 2002; Kazazian and Goodier, 2002). Furthermore, active L1

elements have been shown to possess the ability to co-transpose non-L1 DNA at their
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3' ends to new genomic locations, resulting in genome duplications. This is thought to
be the result of occasional bypassing of the L1 polyadenylation signal by the 3' end
processing machinery, resulting in use of another downstream polyadenylation site
(Goodier et al, 2000; Symer et al, 2002). Finally, L1 insertions have been associated
with numerous other forms of DNA damage at the insertion sites, such as deletions,
inversions and the insertion of between 1 and 100 “extra nucleotides”, which are all

thought to be associated with the retrotransposition event itself (Symer et al, 2002).

1.4 lonising radiation

lonising radiation (IR) is energy that is emitted in a particulate or electromagnetic
form, which is capable of producing an electrically charged ion, as a result of the
energy deposited when it interacts with an atom or molecule, ejecting an electron.
Non-ionising radiation does not have the energy required to displace the electrons

surrounding an atom, and therefore does not cause ionisation (Wakeford, 2004).

Particulate forms of IR include B-particles (electrons and positrons), protons, neutrons
and a-particles (Hall, 2000). Electrons are negatively charged and have a very small
mass. Protons, on the other hand, are positively charged and have a much larger mass.
The mass of neutrons is similar to that of protons, but they have no net charge. Alpha-
particles consist of 2 protons and 2 neutrons and are essentially a helium nucleus
(Dainiak, 2002). Electrons can travel very fast and are able to penetrate tissue for a
limited distance, depositing their energy along the way. Protons have a lower speed,

however, and are halted upon entry into tissue, resulting on the deposition of all of
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their energy within one area (the Bragg peak) (Dainiak, 2002). The even larger a-
particles are slower still, and are unable to pass through a sheet of paper. Neutrons,
however, are highly penetrating due to their lack of charge (Hall, 2000).
Electromagnetic forms of IR, such as X-rays and y-rays, have no mass or charge
(Dainiak, 2002), and are highly penetrating (Wakeford, 2004). X-rays and y-rays are
indistinguishable except for their source: y-rays are emitted from within the nucleus of

an atom whilst X-rays are emitted from the surrounding electrons (Hall, 2000).

The energy released from IR is not deposited uniformly when it enters tissues, but is
located where the ionisation reactions occur (Hall, 2000). IR which creates dense
ionisation along its track is referred to as having high linear energy transfer (LET),
whilst IR which causes sparse ionisation along its track is referred to as having low
linear energy transfer (LET). Thus, a-particles and neutrons are high-LET radiation,
whilst X-rays and y-rays are low-LET radiation (Dainiak, 2002). Given the differing
density of the ionisation reactions, the damage produced by high-LET radiation is
qualitatively different from that produced by low-LET radiation, and is much more

difficult for the cell to repair (Hall, 2000).

The ‘absorbed dose’ of radiation is measured in gray (Gy). It is the energy deposited by
the radiation in a unit mass of matter, where 1Gy is equal to 1 Joule of energy
absorbed per Kilogram of matter (Wakeford, 2004). Alternatively the ‘effective dose’
can be used, usually when comparing the effect of different radiation types. This is
measured in Sievert (Sv) and allows the difference in ionisation density between high-

LET and low-LET radiation, and so the consequential biological effect, to be taken into
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account. In the case of low-LET radiations, 1Gy is equal to 1Sv. However, this varies for
high-LET radiations such as a-particles, 1Gy of which is equal to 20Sv (Wakeford,

2004).

Throughout the course of the current project, X-rays were the sole source of IR.
Therefore, the effect of exposure to low-LET radiation, and X-rays in particular, will

form the focus of this thesis.

1.4.1 Interaction with biological matter

IR can cause both direct and indirect damage to cellular DNA. Direct damage is caused
by interaction between the radiation and the DNA. Indirect damage is caused via
interaction of the DNA with reactive species created through collision of the radiation
with another molecule, such as water. The majority of the damage caused to DNA by
low-LET IR occurs indirectly, as a result of hydroxyl radicals (OH*) generated by the
interaction of IR with water (Breen and Murphy, 1995). The accepted approximate
guantity of DNA damage produced in a single cell by 1Gy of low-LET ionising radiation
is 1,000 DNA single strand breaks (SSBs), 40 DNA double strand breaks (DSBs), 150
DNA-protein crosslinks, >1,000 single base damages (Frankenberg-Schwager, 1990;
Ward, 1988; Wouters and Begg, 2009). It is widely accepted that this damage is
untargeted (Lorimore et al, 2003) and occurs within seconds after exposure (Joiner et
al, 2009). Complex lesions can also be formed, in which multiple damages occur within
the locality of a single site (Hall, 2000). This is frequently observed at DSBs, which are

often accompanied by extensive base damage (Ward, 1985).
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1.5 The response of mammalian cells to DNA damage

In response to DNA damage, mammalian cells may either undergo cell cycle arrest,
apoptosis, or attempt to repair the DNA damage (Wouters and Begg, 2009). These
protective mechanisms are described in sections 1.5.1 to 1.5.3 below. The cells used
throughout this project were murine embryonic stem cells (mESCs). It is essential for
ESCs to maintain genomic integrity, as any mutations that develop could subsequently
affect the entire organism. Several differences therefore exist between the DNA
damage responses employed by ESCs and somatic cells (Tichy and Stambrook, 2008;

Maynard et al, 2008). These will be highlighted in the relevant sections (1.5.1 to 1.5.3).

1.5.1 Mammalian cell cycle regulation and checkpoints

The eukaryotic cell cycle can be divided into several phases, depicted in Figure 1-1. The
two main phases are mitosis (M), during which the chromosomes are assembled and
cell division occurs; and interphase, which can be subdivided into the G;, S and G,
phases. S phase is the fraction of the cell cycle during which DNA synthesis occurs. G;
and G, are gap phases, which provide the cell with time to ensure the correct
segregation of chromosomes after mitosis and the accurate replication of DNA,
respectively (Pardee, 2002). The majority of mammalian somatic cells are not actively
dividing and therefore reside in the quiescent (Gg) phase in vivo (White and Dalton,

2005). Quiescent cells can enter the cell cycle at G1 phase, and depending on

endogenous and exongenous stimuli, cycling cells can also exit the cycle, from G; to Gg
(Pardee, 2002). The cell cycle of mESCs, however, differs in several aspects from the

classic somatic cell cycle. ESCs grown in vitro are continually proliferating, and
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therefore a comparatively large proportion of the population reside in S phase. In
addition, the G; and G, phases are reduced, resulting in a relatively short cell cycle
time (Aladjem et al, 1998; Savatier et al, 2002). Furthermore, it is not possible to

induce quiescence in ESCs without also initiating differentiation (Burdon et al, 2002).

Cell cycle regulation is achieved by periodic activation of various cyclin dependent
kinase (CDK)-cyclin complexes, as shown in Figure 1-1. These, in turn, activate a
number of downstream substrates, which drive the different cell cycle events. After
completion of each cell cycle transition, the appropriate CDK-cyclin complex is

inactivated by ubiquitin-mediated degradation of the cyclin subunit (Hall, 2000).
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Figure 1-1. The mammalian somatic cell cycle and checkpoints. M, mitosis; G1, gap
phase 1; S, synthesis; G2, gap phase 2; GO, Gap phase 0 or quiescence. Checkpoints are
indicated by black stars. The portions of the cell cycle mediated by the various CDK-
cyclin complexes are indicated by the adjacent curved blue lines.

A number of cell cycle checkpoints exist in mammalian cells, which help to preserve
genomic integrity. These are indicated in Figure 1-1. Two major checkpoints are
activated in response to DNA damage (G1/S and G2/M) via a network of detection,
signalling (ATM, ATR, CHK1+2), and effector (p53, p21, Cdc25, CDK) genes (Bartek and
Lucas, 2001). In ESCs, however, the G; DNA damage checkpoint is not active (Aladjem
et al, 1998; Hong and Stambrook, 2004). Activation of the G; checkpoint requires

inhibition of CDK2 activity. This can occur via 2 pathways in somatic cells:
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1. ATM/ATR activates Chk2/Chk1, which stimulates the degradation of Cdc25A
(the protein that usually activates the CDK2-cyclin E complex). This is a rapid
but transient response to DNA damage (Bartek and Lucas, 2001).

2. ATM or Chk2 activate and stabilise p53, thereby inducing expression of p21 (an
inhibitor of CDKs). This response is slightly delayed due to the requirement for
p21 threshold levels, but results in sustained G; arrest (Bartek and Lucas, 2001;

Meek, 2004).

In mESCs, however, Chk2 is localised to the centrosomes instead of being diffuse
within the nucleus as it is in somatic cells. Thus, it is unavailable to phosphorylate
Cdc25A and stimulate its degradation (Hong and Stambrook, 2004). In addition,
cytoplasmic p53 is inefficiently translocated to the nucleus in ESCs and as a result,
levels of the CDK inhibitors p21 and p27 are undetectable (Aladjem et al, 1998).
However, if ESCs are induced to differentiate, the G; phase becomes longer, and the G;

DNA damage checkpoint is restored (Aladjem et al, 1998).

Activation of the G,/M checkpoint requires inhibition of activation of CDK1-cyclin B.
This is achieved in much the same pathway as activation of the G;/S checkpoint
(Vermeulen et al, 2003). However, whilst Chk2 appears to be of greater importance
during the G1/S checkpoint, Chkl appears to be essential for activation of the G,/M
checkpoint in mammalian cells (Koniaras et al, 2001). As such, this checkpoint is

functional in ESCs (Chuykin et al, 2008).
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1.5.2 Apoptosis/Necrosis in response to IR

The main form of cell death after exposure to IR is mitotic catastrophe, as a result of
cells attempting to divide with chromosome damage. However, programmed cell
death/apoptosis can also remove damaged cells from the population (Hall, 2000).
Activation and stabilisation of p53 in response to DNA damage involves inhibition of its
main negative regulator (MDM2), allowing it to accumulate in the nucleus without
being degraded. P53 is a transcription factor and, in addition to up-regulating genes
involved in cell cycle checkpoint control, can induce the transcription of genes
predisposing to cell cycle arrest (Cdc25, etc) or apoptosis (caspase 3, etc). However, no
single gene product is solely responsible for the effects of p53. Rather, it is thought
that the p53 pathway regulates the expression of genes leading to a certain outcome
as a result of a complex feedback loop involving possibly hundreds of genes. Basically,
if DNA repair has been successful the p53 response is reduced, allowing the cell to exit
arrest. However, if the damage signals persist, the p53 response is maintained or
promoted, sustaining the arrest and eventually leading to apoptosis (Meek, 2004

Fig.2).

Apoptosis is also thought to occur via p53 independent mechanisms, as seen in ESCs
for example (Aladjem et al, 1998). In comparison to differentiated cells, ESCs have an
increased propensity to undergo apoptosis in response to DNA damage (Roos et al,
2007). This is thought to be linked to the lack of a G1 checkpoint, as Hong and
Stambrook (2004) have demonstrated that induction of the G1 checkpoint via ectopic

expression of Chk2 protects ESCs from apoptosis. However, several studies also
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indicate that the elevated apoptotic response of ESCs to DNA damage may partly be a
result of elevated expression or activity of the MMR proteins (Claij and Riele, 2002;

DeWeese et al, 1998; Roos et al, 2007).

1.5.3 Mammalian DNA repair processes

Mammalian cells have evolved several different repair processes to cope with the
multiple forms of DNA damage that can be induced by exposure to mutagens such as
IR. Three of these repair pathways involve excision of the damaged/aberrant region
from the DNA: Nucleotide Excision Repair (NER), Base Excision Repair (BER) and

Mismatch Repair (MMR) (Maynard et al, 2008). These will be described first.

NER is used to remove a wide range of bulky, helix-distorting lesions such as UV-
induced cyclobutane pyrimidine dimers (CPDs), which form between adjacent
pyrimidine bases (Sinha and Hader, 2002) and can cause RNA polymerase Il to stall
(Protic-Sabljic and Kraemer, 1986). Roughly 30 proteins are involved in NER, including
PARP1, ERCC1, and XPA, B, C, D, F and G. The proteins involved in the damage
recognition step differ depending on whether the NER process is transcription-coupled
(TC-NER) or part of the global genome repair process (GG-NER) that occurs in non-
transcribed regions of the genome (Sinha and Hader, 2002). After recognition, the
main steps of NER involve local duplex unwinding, dual incision of the DNA strand,
DNA synthesis and ligation (Sinha and Hader, 2002) (see Figure 1-2). Defects in the NER
genes cause several cancer-prone UV-sensitivity syndromes, such as Xeroderma

Pigmentosum (Khan et al, 2009).
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BER corrects non-bulky base modifications produced by oxidation (ie, 8-oxoguanine),
alkylation and hydrolysis (ie, U resulting from deamination of C) (Krokan et al, 2002).
Downstream elements of the BER machinery are also involved in the repair of DNA
SSBs (Maynard et al, 2008; Sinha and Hader, 2002). The major enzymes in BER are the
DNA glycosylases, which have the ability to cleave the bond between the altered base
and the sugar residue and excise the damaged base, leaving an abasic site. There are
several different DNA glycosylases that specifically recognise different kinds of base
damage (Sinha and Hader, 2002). For example, Oggl recognises 8-oxoguanine
(Radicella et al, 1997). After excision, the abasic site is cleaved and processed to create
a 3’ hydroxyl end from which DNA polymerase can extend. In short-patch BER, a single
nucleotide is added and ligated. However, long-patch BER repair can also occur,
wherein DNA polymerase synthesises multiple nucleotides, and the displaced

overhang is removed by a flap endonuclease (Peterson and C6té, 2004). See Figure 1-2.
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Figure 1-2. Diagrams illustrating the mammalian DNA repair pathways of Nucleotide
Excision Repair (A); Base Excision Repair (B); Mismatch Repair (C); Homologous
Recombination (D); and Non Homologous End Joining (E).

MMR is utilised by mammalian cells to correct errors that are incorporated into the
newly synthesised strand during DNA replication. These include base-base mismatches

formed as a result of the incomplete fidelity of DNA polymerases, and also
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insertion/deletion loops created by misincorporation or strand slippage (Hsieh and
Yamane, 2008). The precise mechanism of strand discrimination in mammals is not
known, although DNMT1 has been implicated (see section 1.3). Recognition of
mismatches is mediated by either of the MutSa or MutSB complexes, in combination
with MutLa. Base-base mismatches and insertion/deletions of only 1 nucleotide are
recognised primarily by MutSa, whilst larger insertion/deletions are recognised by
MutSB. The mammalian MMR process remains largely undefined. Essentially, strand
nicks are created on either side of the mismatch, and excision is carried out by EXO1
and other exonucleases which have not yet been identified. The resulting single-
stranded gap is temporarily coated with a protein called replication protein A (RPA)
before synthesis and ligation of the new strand occur (Hsieh and Yamane, 2008). See
Figure 1-2. MMR deficiency frequently results in microsatellite instability, and has been
shown to predispose to several forms of cancer (Buermeyer et al, 1999; lJiricny and

Nystrom-Lahti, 2000).

Single strand breaks (SSBs) are produced in high frequencies, as a result of actual
damage to the DNA and also as intermediates during the repair of other forms of DNA
damage. In proliferating cells, unrepaired SSBs can cause blockage or collapse of DNA
replication forks, potentially leading to the formation of DSBs (Kuzminov, 2001) whilst
in non-proliferating cells blockage of the transcription machinery could result in cell
death (Kathe et al, 2004). SSBs are repaired readily using the opposite DNA strand as a
template. The majority of radiation-induced SSBs are repaired within 20 minutes, and

almost all within 2 hours, after exposure (van Loon et al, 1992) via a process that
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involves the strand processing, DNA synthesis and ligation elements of the BER
machinery (Caldecott, 2008). However, the formation of two SSBs either opposite each
other, or separated by only a few base pairs, may lead to the formation of a DNA

double strand break (Hall, 2000).

DNA double strand breaks (DSBs) are believed to be the most toxic lesions produced
by IR (Valerie and Povirk, 2003). One of the main reasons for this is that DSBs can
result in the formation of chromosome aberrations, potentially resulting in cell death
or cancer (Bryant, 1984; Elliott and Jasin, 2002). In addition, the induction of cell killing
correlates tightly with the induction of DSBs (Hall, 2000). Mutation or loss of the
proteins involved in DNA DSB repair have been shown to lead to accelerated aging,

genomic instability and carcinogenesis (Ham et al, 2006; Wong et al, 2003).

DNA DSBs are repaired using the non-homologous end joining (NHEJ) or homologous
recombination (HR) pathways. In mammalian somatic cells, NHEJ is the major DSB
repair mechanism. It is preferentially used during G1/GO phases of the cell cycle, but is
active in all phases, whilst HR occurs primarily in late S and G2 phases when sister
chromatids are available (Rothkamm et al, 2003). In contrast, ESCs, which are
continually proliferating and spend a greater proportion of the cell cycle time in S
phase, primarily use HR for DNA repair (Adams et al, 2010; Tichy and Stambrook,
2008). The HR pathway enables high fidelity repair of DNA DSBs due to the use of a
template sequence (Adams et al, 2010). NHEJ is considered to be more error-prone in

comparison, due to small insertions and deletions introduced as a result of end
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processing without the use of an undamaged template (Honma et al, 2007; van

Attikum and Gasser, 2005).

DNA DSBs are detected by the ataxia telangiectasia mutated (ATM) and ataxia
telangiectasia and RAD3-related (ATR) proteins (Cimprich and Cortez, 2008). One of
the first events mediated by these proteins is the phosphorylation of the histone
protein isoform H2AX to generate yH2AX (Rogakou et al, 1998). This modification is
thought to aid in the recruitment of other DSB repair proteins, including those that
contribute to the formation of a more accessible chromatin structure (Paull et al, 2000;
van Attikum and Gasser, 2005). It is also commonly used as a marker for the presence

and repair of DSBs (Rogakou et al, 1999; Lassmann et al, 2010).

A comprehensive review of the processes and proteins involved in HR and NHEJ can be
found in Hartlerode and Scully (2009). Essentially, HR involves processing of the free 5’
ends of the DSB by the MRN complex (Mrell, Rad50, Nbsl) to produce long single-
stranded 3’ tails. These tails are temporarily coated with RPA and form nucleoprotein
structures with Rad51, Rad52 and several other proteins, which function to locate a
homologous sequence with which to align. When a homolog is found, strand invasion
and DNA synthesis occur, followed by ligation. Finally, resolution of the Holliday
junction restores the DNA template structure. BRCA1 and BRCA2 play various roles
throughout the HR process, including anchoring, coordinating and loading the various
proteins involved (Kinner et al, 2008; Peterson and C6té, 2004; Valerie and Povirk,

2003). See Figure 1-2.
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Single-strand annealing (SSA) is an alternative form of HR, in which homologous
sequences occurring on the resected 3’ ends are aligned. After synthesis (gap filling)
the 5’ overhangs are removed by the FEN-1 endonuclease, and the strands are ligated.
This mechanism frequently results in deletions (Kinner et al, 2008; Peterson and Coté,

2004).

NHEJ is mechanistically a much simpler process than HR in terms of the number of
steps required. Essentially, it involves binding of the Ku heterodimer and recruitment
of DNA-PKcs to the two broken ends, which tethers them together. If the ends are
compatible, this is followed by direct ligation. Alternatively, end processing by artemis
and/or the MRN complex occurs to remove any damaged bases, followed by ligation
(Adams et al, 2010; Kinner et al, 2008; Peterson and Coté, 2004; Valerie and Povirk,

2003). See Figure 1-2.

Finally, inter-strand cross-links are also highly toxic lesions in which the two strands of
DNA are covalently linked together by a chemical. Such damage results in blockage of
DNA replication and transcription. The mechanism responsible for the repair of inter-
strand cross-links in mammalian cells is poorly understood. However, it is accepted to
occur via the generation of a DSB intermediate. Essentially, the damage is recognised
and incision occurs near the cross-link, producing a DSB, which could then undergo
several forms of processing. HR is thought to be a primary mechanism involved in
cross-link repair, due to the involvement of the Fanconi Anaemia (FA) pathway, and
the putative role of ERCC1 in processing (trimming) of overhanging DNA ends in order

to promote strand invasion and non-allelic HR (McCabe et al, 2009). However, NER and
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translesion DNA synthesis have also been implicated in cross-link repair (De Silva et al,
2000; Zheng et al, 2003). Models have been suggested for a single unified pathway
(Niedernhofer et al, 2005). However, it is also possible that several independent

pathways for cross-link repair exist in mammals (McCabe et al, 2009).

The mutation frequency at specific loci and the frequency of mitotic recombination are
approximately 100-fold lower in mESCs than in adult somatic cells or mouse embryonic
fibroblasts (MEFs) (Cervantes et al, 2002; Hong et al, 2007). This is partly due to the
increased propensity for ESCs to undergo apoptosis (Tichy and Stambrook, 2008; de
Waard et al, 2003). However, it is also partly due to differences in DNA repair. A study
by Maynard et al (2008) found that several types of DNA damage, including oxidative
damage, SSBs and DSBs, and inter-strand cross-links, were repaired more efficiently in
hESCs than fibroblasts and Hela cells. Correspondingly, endogenous levels of 8-oxoG
were significantly lower in untreated hESCs than fibroblasts. Analysis of gene
expression revealed that several of the genes involved in BER, NER, DSB repair and
crosslink repair were up-regulated in hESCs in comparison to embryo bodies (hEBs),

especially after exposure to DNA damage (Maynard et al, 2008).

Similar findings were observed in a study by Saretzki et a/ (2004) in which mESCs were
shown to possess superior antioxidant capacity compared with various mEBs and
embryonic fibroblasts. Differentiation of the cell lines, however, resulted in decreased
antioxidant capacity, increases in cellular ROS levels and frequency of yH2AX foci, and
decreased expression of several DNA repair genes (Saretzki et al, 2008). Thus, it has

been proposed that ESCs exhibit more rigorous responses to DNA damage than

44



differentiated cells (Hong et al, 2007; Maynard et al, 2008; Saretzki et al, 2008; Tichy

and Stambrook, 2008).

1.6 Radiosensitivity and DNA methylation

In clinical studies, the relative radiosensitivity of different tissues is reflected by their
radiation tolerance doses. This is the maximum cumulative dose of radiotherapy
fractions associated with an “acceptable complication probability” of 1-5% (Joiner and
van der Kogel, 2009). Clinical data demonstrates a wide range of sensitivities to
ionising radiation in different tissue types (Dorr, 2009). Although there are exceptions
to the trend, tissues with low methylation levels and high proliferative capacity, such
as bone marrow, testis and ovary generally have low tolerance doses to radiation (1.5-
4Gy). More heavily methylated tissues which have lower capacity for self-renewal,
such as cerebrum and spinal cord, have much higher tolerance doses (55Gy and 35Gy
respectively) (Dorr, 2009 table 13.2). Thus, there is an apparent inverse correlation
between methylation levels and radiosensitivity in somatic tissues. There are,
however, some exceptions to this trend, such as lung, which is more radiosensitive

than predicted.

Interestingly, studies of Japanese Atomic bomb survivors reveal that people exposed
to acute doses of whole body ionising radiation have a notable excess relative risk
(ERR) of developing leukaemia compared to solid cancers (ERR at 1Sv for leukaemia
incidence is 4.4 compared to <2 for solid cancers) (Wakeford, 2004). Furthermore,

within the leukaemia subcategory, the highest Excess Absolute Risk (EAR) is observed
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for acute myeloid leukaemia (AML) (Dainiak, 2002). AML is believed to be a malignancy
of the bone marrow haemopoeitic stem cells (HSCs) (Dainiak, 2002), whilst B- cell
leukaemias and thymic lymphomas arise from committed lymphoid progenitor cells
that are slightly more differentiated and less proliferative than HSCs (Metcalf, 1990).
Furthermore, previous work within our laboratory has demonstrated that DNA
methylation levels tend to increase with increasing haemopoietic differentiation
(Giotopoulos et al, 2006). Thus, not only is bone marrow indicated as being one of the
most hypomethylated and radiosensitive tissues in the adult human body (Ehrlich et al,
1982; Gama-Sosa et al, 1983; Van der Kogel, 1993), but within the bone marrow itself,
the HSC compartment displays increased radiosensitivity in comparison to the
committed progenitor cells (Lorimore et al, 1990), and increased susceptibility to

malignant transformation (Dainiak, 2002).
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Figure 1-3. Scatter graph illustrating the correlation between DNA methylation level
and tissue radiosensitivity as reflected by the radiation tolerance dose. Methylation
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data is taken from Giotopoulos et al (2006) and is expressed relative to spleen, which
was assigned a methylation value of 1. Radiosensitivity data is taken from Dorr (2009).

Several in vitro studies indicate a similar inverse correlation between aberrantly
reduced methylation levels and increased sensitivity to ionising radiation in human cell
lines. For example, lymphocyte cell lines from patients with ICF syndrome, which are
hypomethylated at various genomic repeat sequences, display elevated
radiosensitivity in comparison to lymphocytes from unaffected individuals (Narayan et
al, 2000). In addition, Zebularine-induced genome-wide DNA hypomethylation has
been shown to enhance tumour cell radiosensitivity in comparison to untreated

tumour cells (Dote et al, 2005).

The sensitivity of cell lines to IR is most often assessed in vitro using the clonogenic
assay. This provides a measure of the surviving fraction of cells in response to a specific
dose of IR, and reflects the extent of reproductive cell death in addition to immediate
cell killing (Hall, 2000). Survival curves for most mammalian cells exposed to low LET
radiation such as X-rays show downward curvature, and can be described according to
a linear-quadratic correlation: SF = exp(—aD-BD?) where SF is the surviving fraction of
cells at a given dose D, and a and B are constants representing the degree of
curvature. The initial slope in the low dose region, the shoulder of the curve (a), is
thought to reflect decreases in SF resulting from single lethal events. The exponential
section of the curve (B) in the higher dose region is thought to reflect decreases in SF
resulting from the accumulation of multiple sub-lethal events (Hall, 2000). Linear
survival curves without any shoulder are usually only obtained with high LET radiation.

In such instances, the relationship between the surviving fraction and the dose can be
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described by Dy (the mean lethal dose). Dy is the dose of radiation which produces on

average one lethal event per cell and in so doing reduces the SF to 37% (Hall, 2000).

Numerous other factors are known to affect cellular radiosensitivity. For example, cells
are generally most radiosensitive in the G,/M phase of the cell cycle and least sensitive
during the latter part of S phase (Pawlik and Keyomarsi, 2004). In addition, the level of
available radical scavengers to mop up ROS, and the supply of oxygen itself can
modulate cellular radiosensitivity. Such an effect is observed in tumours, whereby cells
surrounding the blood vessels that have high oxygen levels are often killed in response
to radiotherapy. Meanwhile, the cells more distant from the blood vessels, which are
under conditions of hypoxia, are often found to be radio-resistant (Hockel and Vaupel,
2001; Rofstad et al, 2000). As such, the expression levels of hypoxia associated genes,
such as HIFla, are useful markers for the progression of certain cancers and may be

promising therapeutic targets to increase tumour radiosensitivity (Griffiths et al, 2007).

1.7 Radiation-induced delayed genomic instability

Genomic instability can manifest as many biological endpoints, such as gene
mutations, lethal mutations, cytogenetic aberrations, micronucleus formation and
minisatellite, microsatellite and ESTR mutations (Barber et al, 2006; Dubrova et al,
2002; Kadhim et al, 1995; Little et al, 1997; Maluf and Erdtmann, 2001; Mothersill et
al, 1998; Uchida et al, 1994). Radiation-induced delayed genomic instability is
characterised by the persistent expression of elevated levels of such (non-clonal)

markers at a delayed period after irradiation, which are detected in the unirradiated
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progeny of the irradiated cells (Morgan, 2003) or animals (Barber et al, 2006) several

generations after irradiation (Huang et al, 2004).

The mechanism by which radiation-induced delayed genomic instability is propagated
is currently poorly understood (Wright, 2010). However, it is a genome-wide process
(Li et al, 1992; Grosovsky et al, 1996) and does not appear to arise from mutation of
genes involved in genome maintenance (Lorimore et al, 2003; Kaup et al, 2006). Such
mutations, caused by mis-repair of radiation-induced DNA damage, would be expected
to manifest at the time of irradiation rather than at an arbitrary delayed period after
(Kaup et al, 2006). Furthermore, gene mutations would be inherited and segregate in a
mendelian fashion in the progeny of the irradiated animal, whilst in cells the effect
would be clonal and all progeny would exhibit the same mutation as the original
parental cell (Lorimore et al, 2003). In contrast, several research groups have shown
that radiation-induced delayed genomic instability manifests in a non-clonal manner in
clonal cell populations (Kadhim et al, 1994; Grosovsky et al, 1996). Furthermore,
significantly elevated mutation rates were observed in the germline and somatic cells
of the majority of the F1 and F2 offspring of every irradiated FO male mouse (Barber et
al, 2002; Barber et al, 2009). The lack of phenotypic segregation through the
generations indicates non-mendelian inheritance of radiation-induced delayed
genomic instability. Moreover, it is highly unlikely that the same genes would be
affected, resulting in similar phenotypes, in the offspring produced from different

paternally irradiated mice (Dubrova et al, 2003). Thus, it is thought that radiation-
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induced delayed genomic instability is propagated through an epigenetic mechanism

(Dubrova et al, 2003; Wright, 2010).

Several processes have been suggested as possible causes of radiation-induced
delayed genomic instability, including inflammatory type responses resulting in
oxidative stress (Clutton et al, 1996; Lorimore et al, 2003) and alterations in the
balance of epigenetic factors such as DNA methylation (Dubrova et al, 2003; Kaup et

al, 2006; Koturbash et al, 2005).

Cells are subjected to oxidative stress when the natural balance of antioxidant and pro-
oxidant chemical species becomes imbalanced (Clutton et al, 1996). Normal cellular
metabolism and extracellular processes, such as secretion of cytokines from nearby
damaged cells (Lorimore et al 2003), both result in the production of highly reactive
oxygen species (ROS), which have the potential ability to damage DNA (Cao and Wang,
2007). Saturation of the cellular defences to oxidative damage by exposure of cells to
high extracellular levels of ROS has been shown to result in cytogenetic instability
(Duell et al, 1995; Emerit and Cerutti, 1981). In addition, cultures of cells derived from
gamma-irradiated bone marrow have been found to display increased activation of
pathways that produce ROS (such as lipid peroxidation) and increased base oxidation,
DNA fragmentation and cell death, in comparison to cultures derived from
unirradiated bone marrow (Clutton et al, 1996). Furthermore, cells irradiated in the
presence of free radical scavengers were found to display reduced frequencies of
chromosome instability compared to cells irradiated in the absence of scavengers

(Limoli et al, 2001). Thus, it has been proposed that the persistent elevation of ROS
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found in the progeny of irradiated cells may be one mechanism leading to the
molecular events responsible for radiation-induced delayed genomic instability
(Clutton et al, 1996; Limoli et al, 2001; Limoli et al, 2003).

However, it has been argued that elevated levels of ROS are unlikely to lead to the
transgenerational instability observed in animal studies (Dubrova, 2003), due to the
minimal cytoplasmic content of mature sperm and its spatial separation from the
nucleus (Cooper et al, 2004). Given that the trans-generational instability observed in
the studies by Dubrova et al (1998; 2002) was inherited paternally, the factor(s)
responsible for propagating radiation-induced delayed genomic instability must be
transmissible from the sperm to the zygote. As a DNA-associated factor, DNA
methylation is a suitable candidate for such transmission and potential propagation of

the radiation memory (Dubrova et al, 2003).

Mammalian gametes, particularly sperm, contain significant levels of DNA methylation
(Howlett and Reik, 1991; Oswald et al, 2000). However, global levels of DNA
methylation decrease upon fertilization. The paternal genome is demethylated within
a few hours via an active process, prior to the first round of DNA replication (Mayer et
al, 2000; Oswald et al, 2000) whilst the maternal genome becomes demethylated in a
passive manner during subsequent cleavage divisions (Howlett and Reik, 1991; Mayer
et al, 2000). Nevertheless, some imprinted genes and repetitive elements, such as IAP
retrotransposons and centric and pericentric heterochromatin, remain methylated in
the paternal and maternal genomes throughout both of these de-methylation

processes (Lane et al, 2003; Reik and Walter, 2001; Rougier et al, 1998; Santos et al,
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2002). Thus, it is possible that aberrant methylation patterns established at such
regions in the gametes of the irradiated paternal mouse could be transmitted and
contribute, at least in part, to the observed transgenerational instability (Dubrova,

2003).

Indeed, reduced global methylation levels have been observed in thymus tissue in the
offspring of irradiated mice, accompanied by decreased levels of the DNA
methyltransferases and the methyl-CpG-binding protein MeCP2, and significant
accumulation of DNA strand breaks (Koturbash et al, 2006). Furthermore, several
research groups have shown that the offspring of irradiated male mice have
persistently altered patterns of gene expression, including genes encoding cytokines
involved in haematopoiesis, immunity and neoplasia (Daher et al, 1998), and genes
encoding proteins involved in the regulation of cell proliferation, such as protein kinase
C, MAP kinase, p53 and p21 (Baulch et al, 2001; Vance et al, 2002). In addition,
significant increases in DNA damage detected by the comet assay have been observed
in somatic tissues in the F1 and F3 offspring of paternally irradiated FO mice (Barber et
al, 2006; Vance et al, 2002). And Daher et al (1998) found that the offspring of
paternally irradiated mice had an increased risk of developing leukemia/lymphoma

compared to the offspring of unirradiated mice (Daher et al, 1998).

Several studies have generated data which indicates that ionising radiation can itself
induce persistent reductions of DNA methylation in the radiation target tissue in vivo
(Giotopoulos et al, 2006; Koturbash et al, 2005; Kovalchuk et al, 2004; Pogribny et al,

2004; Tawa et al, 1998). In some instances this has been coupled with a reduction in
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expression levels of the DNA methyltransferases (Raiche et al, 2004) and the methyl-
binding protein MeCP2 (Loree et al, 2006). It has also been correlated with increased
levels of DNA strand breaks following the initial exposure (Koturbash et al, 2005;
Pogribny et al, 2004). However, the occurrence of radiation-induced DNA
hypomethylation is sex- and tissue- specific (Pogribny et al, 2004; Tawa et al, 1998),
and also appears to be genotype-dependent (Giotopoulos et al, 2006). Possible
mechanisms responsible for radiation-induced DNA hypomethylation are discussed in
section 1.7.1. Previous work from our lab has shown that the CBA/H mouse strain
exhibits radiation-induced hypomethylation of the bone marrow 10-14 days after 3Gy
X-irradiation, whilst C57BL/6 mice do not (Giotopoulos et al, 2006). Interestingly,
susceptibility to radiation-induced chromosomal instability is also strongly influenced
by genetic factors (Watson et al, 1997) with CBA/H and BALB/c mice being susceptible
whilst C57BL/6 mice are relatively resistant (Ponnaiya et al, 1997; Watson et al, 2001).
Chromosomal instability is one of the most well documented forms of radiation-

induced genomic instability. As such, it will be described further in section 1.7.2.

1.7.1 Mechanisms of radiation-induced DNA hypomethylation

Several potential mechanisms have been proposed as possible causes of radiation-
induced DNA hypomethylation. Kalinich et al (1989) observed persistent DNA
hypomethylation in a Chinese hamster lung fibroblast cell line 24 to 72 hours after
exposure to gamma radiation, which correlated with decreased activity of the DNA
methyltransferases in the nucleus and increased activity in the cytoplasm. The authors

therefore suggested that radiation-induced hypomethylation may be caused by

53



redistribution of the DNMTs to the cytoplasm, resulting in passive demethylation
during subsequent rounds of cell division (Kalinich et al, 1989). However, the
reductions in methylation level observed by Pogribny et al (2004), Koturbash et al
(2005) and Tawa et al (1998) occurred within 6-8 hours after exposure, and it is

unlikely that significant cell division occurred during this time (Pogribny et al, 2004).

Another proposed mechanism for radiation-induced DNA hypomethylation is via the
action of an active DNA demethylation enzyme(s) (Pogribny et al, 2004), similar to the
putative demethylases involved in the reprogramming of the paternal genome shortly
after fertilisation and of primordial germs cells during embryogenesis (Hajkova et al,
2010; Mayer et al, 2000; Oswald et al, 2000). Several different mechanisms have been
proposed by which active DNA demethylation could occur, including direct removal of
the methyl group to leave an unmethylated CpG (Bhattacharya et al, 1999); direct
excision of methylcytosine via base excision repair (BER) (Zhu et al, 2000); deamination
of methylcytosine to thymine followed by BER of the T-G mismatch (Hendrich et al,
1999; Morgan et al, 2004; Rai et al, 2008); nucleotide excision repair (NER) (Barreto et
al, 2007; Schmitz et al, 2009); oxidative demethylation (Cannon et al, 1988; Ito et al,
2010); and radical S-adenosylmethionine (SAM)-based demethylation (Okada et al,

2010).

These mechanisms are reviewed fully in Wu and Zhang (2010). Essentially, no single
process has yet been identified which is solely responsible for the DNA demethylation
observed in the paternal genome post fertilization (Santos et al, 2002; Santos and

Dean, 2004; Wu and Zhang, 2010). Rather, it appears a combination of several may
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occur. Furthermore, demethylation mechanisms may vary between different
cell/tissue types (Hajkova et al, 2010), and may depend on the stimulus for
demethylation (Wu and Zhang, 2010). With regard to radiation-induced
hypomethylation, active demethylation mechanisms involving the DNA repair
machinery are favoured (Pogribny et al, 2004), as ionising radiation induces a wide

variety of DNA lesions (Frankenberg-Schwager, 1990).

1.7.2 Radiation-induced chromosomal instability

Induced chromosome instability is defined as “the ongoing production of de novo
aberrations in cell cycles subsequent to clastogenic treatment” (Kadhim et al, 1992).
lonising radiation can produce structural aberrations at all stages of the cell cycle,
giving rise to both primary chromosome-type and chromatid-type aberrations (Savage,
1980). >90% of IR-induced DSBs are rejoined in their original configuration. The
remainder either remain unrepaired, leading to the appearance of gaps, breaks and
deletions, or undergo aberrant rejoining with free ends from other DSBs resulting in
exchanges between different chromosomes (Hall, 2000; Savage, 1976; Savage 1999).
Such interactions are thought to be influenced by the degree of intermingling that
occurs between different chromosomes at the edges of their nuclear territories

(Branco and Pombo, 2006) or in the inter-chromatin space (Cremer and Cremer, 2001).

In a proliferating cell culture, the population analysed at delayed periods after IR
exposure reflects the progeny of the survivors. Chromatid-type aberrations are
converted to chromosome-type aberrations during subsequent rounds of cell division.

Therefore, the occurrence of ongoing chromosomal instability is indicated by the
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presence of a persisting chromatid-type aberration frequency on a background of
chromosome-type aberrations (Kadhim et al, 1995; Savage, 1999). The most reliable
method for observing chromosome instability induced by IR involves the analysis of all
visible metaphases comprising a colony derived from a single irradiated cell. This
method permits identification of the directly induced aberrations and allows their
discrimination from de novo non-clonal aberrations which have developed
subsequently over the course of colony growth. It also allows determination of the

mutation rate (Kadhim et al, 1995).

However, IR-induced delayed chromosomal instability can also be identified in non-
clonal cell populations, indicated by an elevated frequency of asymmetrical or complex
aberrations on a background of symmetrical, transmissible aberrations. Asymmetrical
aberrations are those which result in the loss of genetic material (Savage, 1975). These
often produce mechanical separation problems during mitosis and as a result, are
usually lethal for the cell (Savage, 1980). For this reason, most complex exchanges
(those involving three or more breaks in two or more chromosomes) (Savage, 2002)
are also non-transmissible. Thus, the continued presence of elevated levels of
asymmetrical and complex aberrations at a delayed period post irradiation is indicative

IH

of ongoing genomic instability (Kadhim et al/, 1995). Most “symmetrical” aberrations,
however, are transmissible through mitosis (Savage, 1999; Anderson et al, 2003). As
such, their presence is only indicative of ongoing instability in clonally expanded cell

populations, in which the accumulation of de novo aberrations can be observed

(Kadhim et al, 1995).
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High LET radiations, such as a-particles, are efficient inducers of both delayed
chromosomal instability and gene mutations (Harper et al, 1997; Kadhim et al, 1992;
Kadhim et al, 1995; Kadhim and Wright, 1998). However, low LET radiations such as X-
rays appear to be comparatively inefficient inducers of chromosomal instability
(Kadhim et al, 1992). Conflicting reports have been published, some of which indicate
that whilst low LET radiations are able to cause delayed gene mutations, the induction
of delayed higher-order cytogenetic effects requires a property specific to high LET
radiations (Harper et al, 1997). Meanwhile, numerous other research groups have
found that X-rays are in fact capable of inducing delayed cytogenetic instability

(Holmberg et al, 1993; MacDonald et al, 2001; Marder and Morgan, 1993).

These contradictory findings could be a result of many factors, including differences in
the methodology (clonal or non-clonal) (Kadhim et al, 1995), the detection methods
(solid staining, banding or FISH), the end points scored (apoptosis, non-transmissible
aberrations, translocations or total aberrations), and the growth conditions, culture
periods and cell proliferation rates. Finally, the radiation response of delayed
chromosomal instability is thought to be dependent upon the cell type and its genetic

characteristics (Ponnaiya et al, 1997; Watson et al, 1997).

1.7.3 The role of telomeres in maintaining genomic stability

Mammalian telomeres consist of arrays of TTAGGG repeats that range in length from
approximately 2 to 20kb in humans (Royle et al, 2009) and 25 to 40kb in mice (Blasco,
2005), depending on the cell type and extent of proliferation (Wright and Shay, 2005).

Telomeres function to cap the terminal 3’ single stranded ends of chromosomes by
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folding the G-rich overhang back and inserting it into the duplex telomeric DNA, where
it pairs with the C-rich strand, to form a protective D-loop. This structure is reinforced
by the binding of a group of telomeric proteins, which form the shelterin complex (de
Lange, 2005), and protects the telomeric chromosome ends against degradation by
exonucleases, chromosomal fusion and recombination (Hockemeyer et al, 2005; Lei et

al, 2005; Yang et al, 2005).

Each time a normal mammalian somatic cell divides telomeric repeats are lost partly
due to the inability of DNA polymerase to replicate the end of the lagging strand (Shay
and Wright, 2005; Watson, 1972). When the telomere length becomes critically short,
the protection afforded by shelterin is lost (de Lange, 2005), leading to cellular
senescence (Baird et al, 2003). Critically short or dysfunctional telomeres are
recognised as DNA DSBs by the DNA damage response machinery, resulting in the
formation of repair foci (d’Adda di Fagagna et al, 2003; van Steensel et al, 1998).
Repair of such apparent DSBs by NHEJ results in chromosome fusion (Artandi et al,
2000; Espejel et al, 2002; de Lange, 2005; van Steensel et al, 1998), which causes
breakage-fusion-bridge cycles and increasing cytogenetic instability (Lo et al/, 2002;

Royle et al, 2009).

Interestingly, many of the premature ageing and chromosomal instability syndromes,
such as Ataxia telangiectasia (ATM), Werner (WRN) and Bloom syndrome (BLM) and
Fanconi anaemia (FANC genes), are a result of mutations in DNA repair or cell-cycle
checkpoint proteins which interact with the shelterin protein TRF2. As a result they are

often characterised by an accelerated rate of telomere shortening (Blasco, 2005).
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Some cells avoid telomere shortening by activating the enzyme telomerase.
Telomerase is an enzyme complex consisting of a reverse transcriptase (TERT) and a
template RNA (TERC) that includes the complementary sequence to the TTAGGG
repeats. It is able to add new repeats to the chromosome ends to offset the
degradation that occurs with each cell division (Blasco, 2005). Normal human somatic
cells do not express telomerase (Harley, 1991; Hayflick, 1965 and 1997). However,
ESCs display high levels of telomerase activity that is down-regulated during
differentiation (Armstrong et al, 2005). Germ cell and adult stem cells in self-renewing
tissues also express low levels of telomerase, which is upregulated during periods of
rapid proliferation (Haik et al, 2000; Hiyama and Hiyama, 2007). Finally, virtually all
human tumour cell lines and approximately 90% of human cancer biopsy specimens

exhibit telomerase activity (Calcagnile and Gisselsson, 2007).

Some immortal and cancer cell lines do not express telomerase and instead maintain
telomere length via an alternative mechanism (ALT) (Murnane et al, 1994; Royle et al,
2009). The telomeres in ALT cell lines display large variations in length, due to the
occurrence of events that cause sudden elongation or shortening. They also display
single stranded regions (Henson et al, 2002; Jeyapalan et al, 2008; Nabetani and
Ishikawa, 2009). ALT is thought to be driven by recombination-like processes (Dunham
et al, 2000) and is dependent on the expression of genes required for HR (Lundblad

and Blackburn, 1993).

It has been demonstrated that the repressive heterochromatic marks which

characterise the telomeric and sub-telomeric DNA regions, in addition to DNA
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methylation of the sub-telomeric region, are lost as a consequence of telomere
shortening (Benetti et al, 2007). Conversely, several studies have demonstrated that
loss of repressive histone modifications at the sub-telomeric regions coincides with
aberrant telomere elongation (Garcia-Cao et al, 2002; Garcia-Cao et al, 2004; Gonzalo
et al, 2005). Thus, it has been proposed that the heterochromatic marks present in the
telomeric and sub-telomeric regions may act as negative regulators of telomere

elongation (Gonzalo et al, 2006).

A study by Gonzalo et al (2006), using the same mESCs studied in this project,
demonstrated that absence of DNMT1 or DNMT3A and DNMT3B results in the
generation of abnormally long telomeres, greater heterogeneity in telomere length
than wild type cells, and an increased frequency of telomeric sister chromatid
exchanges (T-SCEs). Furthermore, the number of long telomeres was found to increase
with passage number in the Dnmt3a3b—/- cell line (Gonzalo et al, 2006), which
progressively loses methylation with increasing passage number (Jackson et al, 2004).
These observations were not accompanied by alterations in the levels of histone
modifications, protein binding or telomerase activity (Gonzalo et al, 2006). Thus, the
effects observed were attributed directly to DNA hypomethylation. The possibility that
gene expression was affected was not ruled out. However, it was proposed that DNA
methylation, or heterochromatic modifications, are independent regulators forming
part of a negative feedback loop to regulate telomere length, either via stimulation of
an ALT-based mechanism, or by permitting increased access of telomerase or other

proteins to the telomere (Blasco, 2005; Gonzalo et al, 2006).
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1.8 Project Rationale and aims

Evidence indicates that radiation-induced genomic instability may be mediated by an
epigenetic mechanism (Dubrova et al, 2003; Wright, 2010). Aberrantly reduced
methylation levels have been associated with elevated genomic instability (Tuck-
Muller et al, 2000; Symer et al, 2002) and increased radiosensitivity (Dote et al, 2005).
Additionally, radiation has itself been shown to alter methylation levels, indicating a
role for aberrant DNA methylation in promoting radiation induced genomic instability
(Koturbash et al, 2006). Nevertheless, the molecular basis for the development and
propagation of radiation induced delayed genomic instability is not thoroughly

understood (Dubrova et al, 2003; Wright, 2010).

This project aimed to investigate the apparent correlations between DNA
hypomethylation, radiosensitivity and genomic instability. A murine embryonic stem
cell system was used, allowing analysis of the impact of complete inactivation of each
of the three main active mammalian DNA methyltransferase enzymes (DNMT1,
DNMT3A and DNMT3B), and providing a range of states of hypomethylation. The
global methylation levels of the ESC lines were characterised in unirradiated cells, and
at several time points post irradiation with 3Gy X-rays using HPLC. The proliferation
rates and cell cycle characteristics of each cell line were also determined (chapter 3).
The ESCs were then investigated for differences in radiosensitivity using the clonogenic
assay (chapter 3) and, genomic stability was assessed both at the Hprt gene locus
(chapter 4) and on a genome-wide scale using the comet assay and cytogenetic

analysis (chapter 5). Finally, the spectrum of mutations observed was characterised in
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an attempt to determine the mutational mechanisms that may be occurring (chapters

4 and 5).
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2 Chapter 2. Methods and Materials

2.1 Chemicals and Reagents

All routinely used buffers and solutions were prepared as described in Table 2-1 and
stored at room temperature unless stated otherwise. All chemicals and reagents were
analytical grade or higher, supplied by Amersham Biosciences, Chemos, Fisher
Scientific, Invitrogen, Lonza, Millipore, New England Biolabs, Perkin Elmer, Qiagen,
Roche Diagnostics, Sera Laboratories International, Sigma Aldrich, Sigma Life Sciences,

and VWR International.

The following Kits were used: ABI Prism BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems); EZ-PCR Mycoplasma Test Kit (Geneflow Ltd); QlAprep Maxiprep
Kit, QlAprep Miniprep Kit, QlAquick Gel Extraction Kit, QlAamp DNA Mini Kit, QlAamp
DNA Micro Kit (Qiagen Ltd), Random Primer DNA Labelling System (Invitrogen),
Rediprime Il Random Primer Labelling System (Amersham); TOPO TA cloning kit with
One Shot Competent E.Coli (Invitrogen); and XL10-Gold Ultracompetent Cells

(Stratagene).

DNA ladders used were Hyperladders |-V (Bioline), lambda-hind 1ll, Phi X Haelll, 1kb

and 50bp DNA ladders (NEB), and FullRanger 100bp ladder (Norgen Biotek Corp).
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Table 2-1. Stock solutions used.

Solution

Preparation

10x Kinase Mix

700mM Tris-HCI (pH7.5), 100mM MgCl,, 50mM
spermidine trichloride, 20mM dithiothreitol. Store at -
20°C.

10x TBE

44.5mM Tris-borate (pH8.3), 1mM EDTA.

10xTE

100mM Tris-HCI (pH8.0), 10mM EDTA.

11.1x PCR Buffer

167ul 2M Tris-HCI [pH 8.8], 83ul 1M NH42S0, 33.5ul 1M
MgCl,, 3.6ul B-mercaptoethanol, 3.4ul 10mM EDTA [pH
8.8], 75ul of each 100mM dNTP, and 85ul 10mg/ml BSA.
Aliquot and store at -20°C.

20x SSC 3M NaCl, 0.3M Tri-Sodium Citrate.

20% SDS 100g SDS dissolved in 500m| dH,0. Heat to 37°C to
dissolve.

Ampicillin 10mg/ml (dissolved in dH,0). Store at -20°C.

Church Buffer

250ml 14% SDS, 250m| NaHPO,, 1ml 0.5M EDTA (pH8.0).
Filter (0.4um, Acrodisc) and store as aliquots at -20°C.

Column Wash

1xTE, 0.1% SDS (pH7.5)

Comet Assay Alkali
electrophoresis buffer

300mM NaOH, 1mM Na,EDTA. Final volume 2L with cold
dH,0. pH13. Make on day of use.

Comet Assay Enzyme
Reaction Buffer (ERB)

40mM HEPES, 0.1M KCI, 0.5mM Na,EDTA, 0.2mg/ml BSA.
Final volume 1L with dH,0. Adjust to pH8.0 with 2M KOH.

Make day prior to use.

Comet Assay Lysis Buffer

2.5M NaCl, 100mM Na,EDTA, 10mM Tris-HCI. Final
volume 1L with dH,0. Set pH to 10.0 with 10M NaOH.
Store at 4°C. Add 1% Triton X-100 prior to use.

Comet Assay
Neutralisation Buffer

0.4M Tris-HCl in 1L dH,0. Set pH to 7.5 with HCI.

DNA Loading Dye (6x)

4ml 10xTBE, 3.5g sucrose, 10mg bromophenol blue. Final
volume 10ml with dH,O0.

Ethidium Bromide

10mg/ml (dissolved in dH,0).

Fixative Solution

3:1 ratio of methanol: acetic acid. Make on day of use.

HPLC Digestion Buffer

100mM sodium succinate, 50mM calcium chloride
(pH6.0)

Hypotonic Solution

75mM KCl. Make on day of use.

Kinase Stop Solution

25mM disodium EDTA, 0.1%SDS, 10mM ATP. Stored at -
20°C.

Lairds Lysis Buffer

5ml 1M Tris-HCl (pH8), 10ml 0.5M EDTA (pH8), 1.25ml
4AM NaCl, 25ml 10% SDS. Final volume 500ml in dH,0.

Micrococcal nuclease

0.4U/ul (dissolved in dH,0). Store at 4°C. Sigma

Nuclease P1

2U/ul (dissolved in 0.28M NaAc, 0.5mM ZnCl) pH 5.0.
Store at 4°C. Sigma

Proteinase K

10mg/ml (dissolved in 1xTE). Store at -20°C. Roche

Puromycin

10mg/ml (dissolved in 1x PBS). Store at -20°C.
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RNase A

10mg dissolved in 975ul dH,0, 10ul 1M Tris-HCI (pH7.5),
15ul 1M NacCl. Store at -20°C.

RNase Buffer (10x)

50ml 1M Tris-HCI (pH7.5), 50ml 0.5M EDTA (pH8), 300ml
5M NaCl, 100ml dH,0.

Sodium Phosphate
Buffer NaHPO4 (1M)

48.55g Na,HPOQ,, 24.65g NaH,PO, dissolved in 500ml
dH,0 (pH7.2).

Southern Blot
Denaturing Solution

0.5M NaOH, 1M NacCl.

Southern Blot
Depurinating Solution

0.25M HCI.

Southern Blot
Neutralising Solution

0.5M Tris-HCI (pH7.5), 3M NaCl.

Southern Blot
Hybridisation Solution

5M TMAC, 10% (w/v) SDS, 0.5M disodium EDTA, 0.1M
sodium phosphate (pH6.8), 50x Dernhardt’s solution,
10mg/ml yeast RNA. Store at 4°C.

Southern wash Solutions

2x-, 0.2x-, or 0.1x-SSC, 0.1% SDS.

Staining Solution

500ul 1mg/ml PI, 500ul 10mg/ml RNase A, 9ml 1xPBS.
Pass solution through 0.2um filter before use.

TMAC wash Solution

5M TMAC, 10% (w/v) SDS, 0.5M disodium EDTA, 0.1M
sodium phosphate (pH6.8). Stored at 4°C.

Versene

0.1g EDTA 4Na in 500ml 1x PBS.
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2.2 Routine cell culture

2.2.1 ES Cell Culture Media

Complete ES Media
394ml DMEM (High Glucose 4.5g) with Glutamax (Invitrogen 61965)

90ml Foetal Bovine Serum (FBS) (Sera Labs International, batches 104006, R409008
and R509008)

5ml Sodium Pyruvate (Invitrogen 11360)
5ml Non-essential Amino Acids (Invitrogen 11140)
5ml Penicillin/Streptomycin (P/S) (Invitrogen 11140)

500ul 100mM Beta-mercaptoethanol (Sigma Aldrich M6250) Filter sterilised (0.4um
filter)

50ul Leukaemia Inhibitory factor (LIF) (Millipore ESG1107)

Freezing Media

1ml Dimethylsulphoxide (DMSO) (Sigma Aldrich D2650)
9ml FBS
Filter sterilised (0.4um filter)

6-Thioguanine (6TG) Media

500ml Complete ES Media (see recipe above)

400l 6-thioguanine (Sigma Aldrich A4660) 2.5mg powder dissolved in 1ml Complete
ES media. Final concentration 2ug/ml
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2.2.2 EScell lines

E14Tg2a and J1 wild type (WT) murine Embryonic Stem (ES) cells were used. Cell lines
containing partial deletions of the DNA Methyltransferase genes Dnmt1, Dnmt3a and
Dnmt3b were generated from J1 cells via homologous recombination, as described in
Li et al (1992) and Okano et al (1999), prior to initiation of the current project. The
deletions, illustrated in Figure 3-1, result in loss of catalytic activity of the enzymes.
The J1 WT, and the DNMT functional KO ES cell lines derived from this parental cell

line, were kindly gifted from En Li and Taiping Chen for the purpose of this project.

2.2.3 Growth of ESCs from frozen aliquots

1ml aliquots containing 2x10° or 3x10° ESCs were stored in liquid nitrogen. These were
defrosted in a 37°C water bath, transferred to a tube containing 3ml complete ES
media, and centrifuged at 1,000rpm for 5 minutes. The supernatant, containing the
cryo-preservative DMSO, was removed. The pellet was resuspended in 3-5ml complete
ES media, transferred to a gelatinised well of a 6-well tissue culture dish, and swirled
gently to ensure even distribution of the cells. A wide-gauge needle and syringe were
used to break up any large clusters and the plate was incubated at 37°C with 5% CO..

Medium was changed at least every 2 days until the cells reached confluence.

2.2.4 Routine passaging of ESCs

After thawing the mESCs (see section 2.2.3) they were passaged every 2 days to
maintain confluency below 70% and prevent differentiation. The medium was

removed by aspiration, and cells washed with analytical grade PBS (phosphate
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buffered saline). They were then treated with trypsin-EDTA (0.25% trypsin with EDTA
4Na, Invitrogen) for 3 minutes at 37°C to detach the cells from the gelatinised surface
of the culture dish. The detached cells were washed off the surface of the flask with
complete ES media and transferred to a tube for centrifugation at 1,000rpm for 5
minutes. The supernatant was removed by aspiration, and the pellet resuspended in 3-
5ml complete ES media. The number of cells in 10ul cell suspension was counted using
a haemocytometer. ESCs were pipetted into a gelatinised flask of suitable size,

depending on the number of cells present.

2.2.5 Freezing aliquots of ESCs

Multiple aliquots of each cell line were retained in liquid nitrogen storage at all times.
Cells were trypsinised and counted as in section 2.2.4 above, and re-pelleted. The
supernatant was removed by aspiration and cells resuspended in sufficient freezing
media to give a concentration of 2 or 3x10° cells per ml. 1ml aliquots were transferred
to labelled 2ml cryo tubes, placed inside a polystyrene box and incubated at -20°C over
night, before being transferred to -80°C for 24 hours and then into liquid nitrogen for

long term storage.

2.2.6 Screening cells for Mycoplasma infection

A region of the 16S rRNA gene which is specific to mycoplasma, and conserved across
mycoplasma species, was amplified by PCR using the EZ-PCR Mycoplasma Test Kit
(Geneflow). Briefly, 1ml cell culture medium was removed from a growing culture of
ESCs and centrifuged at 1,800rpm for 30 seconds to pellet cell debris. The supernatant

was transferred to a fresh eppendorf and centrifuged at 14,000rpm for 10 minutes to
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pellet mycoplasma. The supernatant was carefully removed and discarded. The pellet
was resuspended in 50ul Buffer Solution and incubated at 95°C for 3 minutes to lyse
the cells. 5ul of the test sample was added to 10ul reaction mix and 35ul dH20, and
subjected to the following PCR cycle conditions: 94°C initial incubation followed by 36
cycles of denaturation for 30 seconds at 94°C, annealing for 2 minutes at 60°C and
extension for 60 seconds at 72°C. During the final cycle, the extension time was altered
to 5 minutes at 72°C. The remainder of the test sample was stored at -20°C for later

use if required.

20ul of the PCR product was electrophoresed on a 2% agarose gel (SeaKem LE Agarose,
Lonza) containing ethidium bromide at 100 volts for 1 hour, and visualised by UV
illumination using a Geneflash imager (Syngene Bio Imaging). Positive (supplied by kit)
and negative controls were assayed simultaneously with test samples. The presence of

mycoplasma is indicated by an amplified product at 270bp.

2.2.7 Pelleting cells for DNA extraction

Cells were trypsinised and centrifuged. The supernatant was removed by aspiration

and the cell pellet was immediately frozen at -20°C.
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2.3 DNA Extraction

2.3.1 Phenol-Chloroform Extraction

Cell pellets in 12ml Falcon tubes were lysed over night at 37°C with 2ml Lairds Lysis
Buffer and 10ul of 10mg/ml Proteinase K. The next morning, 50ul RNAse A (10mg/ml

solution) was added and the sample incubated at 37°C for 1 hour.

2x volume of phenol was added to the sample, which was shaken thoroughly, and
centrifuged at 4,000rpm for 15 minutes. Phenol-Chloroform extraction purifies DNA by
removing protein contaminants, which separate out at the interphase between then
aqueous and organic phases. The DNA is contained within the aqueous phase. The
aqueous phase was carefully removed and transferred to a new 12ml Falcon tube. 0.5x
volume of phenol and 0.5x volume of chloroform were added to the sample. It was
shaken thoroughly, and centrifuged at 4,000rpm for 15 minutes. The aqueous phase
was transferred to a new tube, and 2x volume of chloroform added. It was shaken
thoroughly and centrifuged at 4,000rpm for 15 minutes. The aqueous phase was
transferred to a new tube, and 2x volume of 100% Ethanol and 0.1x volume of Sodium
Acetate (3M, pH5) added. The tube was inverted 20x or until the DNA precipitated. If
the DNA did not become visible, the samples were placed at -20°C over night before
centrifugation at 13,000rpm for 30 minutes to pellet the DNA. This should be done at
4°C. The supernatant was discarded and the pellet washed in 200ul 70% Ethanol. The
sample was centrifuged at 13,000rpm for 15 minutes, the supernatant was discarded,

and the pellet was allowed to air dry at room temperature. The DNA was resuspended
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in an appropriate volume of 1x buffer TE, depending on the pellet size, and allowed to

resuspend fully over several days at 4°C.

2.3.2 DNA extraction for HPLC

Genomic DNA was extracted using a modified method of the QlAamp DNA Mini Kit
protocol. Cell pellets were washed with 1ml PBS and centrifuged at 1,000rpm for 5
minutes. The supernatant was removed by aspiration, removing any residual culture
media, and the sample was resuspended in 145ul fresh PBS. 20ul 10x RNase buffer,
25ul RNase A and 10ul RNase T1 (Roche Diagnostics, 100,000U/ml) were added to
each sample to remove any potential interference from RNA. They were incubated at
37°C for 6 hours with frequent mixing. After the RNase incubation, 200ul buffer AL
from the QIAGEN kit and 20ul 10mg/ml proteinase K, were added to each sample. The
samples were mixed and incubated at 56°C over night. In the morning, 200ul 100%
ethanol was added to each sample. They were pulse vortexted for 15 seconds and

transferred to labelled spin columns provided in the kit.

If the cell pellet was quite large, multiple spin columns were used, and the quantity of
each reagent was doubled or tripled accordingly. The rest of the protocol was as

described from step 7 onwards on page 27 of the QlAamp DNA Mini Kit Handbook.

2.3.3 DNA extraction from single colonies

DNA was extracted from single colonies which had survived selection with 6TG media,

using the protocol described in the QJAamp DNA Micro Kit handbook.

71



2.4 Irradiations

ESCs underwent acute irradiation with 1Gy, 3Gy, 5Gy, 7Gy or 10Gy of X-rays delivered
at 0.5Gy min™* (250 kV constant potential, HLV 1.5 mm Cu) using a Pantak industrial X-
ray machine. The dose administered was dependent on subsequent experimental
procedures. Unless stated otherwise, irradiations were carried out at room

temperature.

2.5 Polymerase Chain Reaction (PCR)

Oligonucleotides were ordered from Sigma Aldrich. DNA was amplified by Polymerase
Chain Reaction using a DNA Engine DYAD/ TETRAD Peltier Thermal Cycler (MJ

Research) and 0.2ml sterile tubes/96-well plates.

For characterisation of mutations within the Hprt gene, PCR was carried out in 15ul
reaction volumes using primer sequences taken from Meng et al (2004). See Table 2-2.
Each reaction mixture contained 5-10ng genomic DNA, 0.5U Taq polymerase, 1.5ul 10x
Taq Buffer (ABgene), 1.9ul dNTPs, 1.35ul MgCl,, 0.75ul DMSO, 0.3-1.5ul F and R primer
and dH,0. Optimisations to this basic reaction mixture are detailed in Table 2-2. PCR
cycle conditions comprised 5 minutes at 96°C, followed by 35-40 cycles of: 1 minute at
96°C, 1 minute at the appropriate annealing temperature (Tm), and 1 minute at 72°C.
This was followed by a final incubation at 72°C for 5 minutes. For some PCRs, detailed

in Table 2-2, the Tm was replaced with a touchdown step (65°C-0.3°C per cycle).
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Primer Sequence (taken from Meng et al, | Product | Primer | Alterations
Name 2004). size conc. to basic
conditions
Exon1F ATCAGGCCCACCTAGTCAGA 320bp 1.5ul 67°CTm
Exon 1R | CTCTGCTGGAGTCCCCTTG 50mM | No DMSO
11.1x buffer
Exon 2 F GCAGATTAGCGATGATGAACC 112bp 1l Touchdown
Exon2 R | CCTGTCCATAATCAGTCCATGA 10mM
Exon 3 F CCTCATGCCCCAAAATCTTA 379bp 1.5ul Touchdown
Exon3R | CACAGTAGCTCTTCAGTCTGATAAAA 10mM | No MgCl,
Exon 4 F AGCATAATTTTGTGGCCATT 225bp 1.5ul Touchdown
Exon4R | AAAATGTTCTTTCTTTCCTCTTCAA 10mM | No DMSO
Exon5F TTTAAGGGCTCTGGTGGATG 552bp 0.75ul | Touchdown
Exon5R | CAACTCAGGCTAACCCAGGA 10mM
Exon 6 F TTAAGGCCACCAACCTGAAC 485bp 1l Touchdown
Exon6 R | GGCATACATACCTTGCAACC 10mM | No MgCl,
Exon 7.8 F | CTGGTGAAAAGGACCTCTCG 262bp 0.4ul Touchdown
Exon 7.8 R | CAAGGGCATATCCAACAACA 10mM | 1ul MgCl,
No DMSO
Exon 9 F CCCAGACAACGTAGGAGGAC 196bp 1.5ul Touchdown
Exon9R | TTACTAGGCAGATGGCCACA 10mM
K-ras F TTCTCAGGACTCCTACAGGAAA 191bp 1.5ul 55°CTm
K-ras R CCCACCTATAATGGTGAATATC 10mM | No DMSO
11.1x buffer

Table 2-2. Primers used to characterise mutations within the Hprt gene.

For Southern blot probe synthesis, DNA (10-100ng) was amplified in a 10ul reaction
containing: 0.9ul (~1x) 11.1x reaction buffer, 0.3ul (0.3mM) each primer, 0.15ul (0.5U)
Tag polymerase (ABgene) and dH,0. The PCR cycle conditions used were the same as
those described above. Details of the primers and reaction conditions used are

contained in Table 2-3 and Table 2-4.

Amplified DNA fragments were separated by agarose gel electrophoresis. Agarose gels
(0.8-3% w/v) were prepared by boiling agarose in 1xTBE, adding Ethidium Bromide to a
concentration of 0.25mg/ml, pouring the mixture into sealed gel trays containing

combs selected to produce wells of desired volume, and allowing the gel to solidify
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inside a fume hood. DNA samples were mixed with 6x DNA loading dye and loaded into
wells adjacent to an appropriate DNA size marker. Electrophoresed DNA was visualised

using a Geneflash UV imager (Syngene Bio Imaging).

2.6 Sequencing

2.6.1 Clean-up of PCR products

5ul PCR product was added to 0.5ul Exol enzyme (20U/ul, NEB) and 1.5ul Shrimp
Alkaline Phosphatase (SAP, 1U/ul, Fermentas). The reaction was mixed and incubated
at 37°C for 1 hour to inactivate excess PCR primers and dNTPs. It was then incubated at
80°C for 15 minutes to inactivate the Exol/SAP enzymes, and held at 15°C until

removal from the PCR block for sequencing.

2.6.2 Sequencing reaction

DNA fragments were sequenced using an ABI PRISM BigDye Terminator Cycle
Sequencing Ready Reaction kit version 3.1. The sequencing reaction consisted of 6.5l
maximum volume (20-40ng/kb) cleaned-up PCR product or purified plasmid DNA, 1l
of 3.2pM forward or reverse primer (see Table 2-2), 1ul Big Dye Terminator Ready
Reaction Mix, and 1.5ul Big Dye Terminator Buffer made up to a total reaction volume
of 10ul with dH,0. Sequencing cycle conditions involved 25 cycles of: 10 seconds at

96°C, 5 seconds at 50°C and 4 minutes at 60°C.
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2.6.3 Clean-up after sequencing

10ul dH,0 and 2ul 2.2% SDS were added to each sequencing sample, mixed and
incubated at 98°C for 5 minutes, followed by 25°C for 10 minutes, to disrupt
aggregation of the BigDye v3.1 terminators and allow more effective spin column
purification. Performa DTR Gel Filtration Cartridges were used to remove dye
terminators. Essentially, the columns were centrifuged at 3,400rpm for 3 minutes and
the buffer eluted from the gel was discarded. The sample was added to the column
and centrifuged at 3,400rpm for 3 minutes. The eluate, containing the fluorescently
labelled products of the sequencing reaction, was submitted to the University
genomics core facility, PNACL (Protein Nucleic Acid Chemistry Lab) for processing using

an Applied Biosystems 3730 sequencing system.

2.6.4 Sequence Analysis

DNA sequence data was analysed using MacVector software version 8.1.2. Sequences
were authenticated and confirmed by comparing against the appropriate wild type

sequence found at http://www.ncbi.nlm.nih.gov/.

2.7 Southern Blotting

Methylation levels at specific repeat elements were characterised by Southern
blotting. 20ug DNA was digested with Hpall and 20ug with Msp1, using 30ul NEB
Buffer 1 or 4 respectively, 6ul enzyme (60-120U), and sufficient dH,0 to make a total
reaction volume of 300ul. Samples were incubated at 37°C for 3 hours. A further 6ul

enzyme was added and they were left at 37°C over night.
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After digestion, the samples were ethanol precipitated, air-dried, resuspended in 40ul
1x buffer TE, and allowed to dissolve at 4°C. The DNA concentration was estimated
using a Nanodrop spectrophotometer and 5ug of each sample was loaded on a 1.7% LE
agarose gel and electrophoresed at 30 volts for ~16 hours. When the samples had
migrated 16-18cm from the wells, the gel was visualised under UV light and cut to
19.5cm x 19.5cm with a scalpel. The gel was washed twice for 10 minutes on the
shaker with depurinating solution. This reduces the molecular weight of any very large
fragments so that they can be transferred more easily from the gel onto the
membrane. The gel was then washed twice for 20 minutes with denaturing solution,
which denatures the DNA to single strand. Finally, the gel was washed twice for 20

minutes with neutralising solution to reduce the pH to 7.4.

Four 20cm x 20cm squares and one larger rectangle were cut from 3mm blotting paper
(Whatman). Apparatus was arranged so that the rectangle of blotting paper, soaked in
10x SSC, lay flat on a Pyrex plate with its ends immersed in a tray of 10x SSC below. The
gel was placed face down on top of the blotting paper, and a sheet of nylon membrane
(Magnaprobe) cut to 20cm x 20cm and soaked quickly in 10x SSC was placed on top.
The 4 squares of blotting paper were soaked in 10x SSC and placed on top of the
membrane. Care was taken to remove any air bubbles as these can interfere with DNA
transfer. To aid capillary action, two equal stacks of paper towels were placed on top
of the blotting paper, followed by a second Pyrex plate and a weight. Any exposed

areas of the rectangular section of blotting paper were covered with cellophane to
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reduce evaporation of the buffer. The apparatus was left at room temperature over

night to allow the DNA to transfer to the membrane.

The next morning, complete DNA transfer was checked by viewing the gel under UV
illumination. The membrane was baked at 80°C for 1 hour, and the DNA covalently
bound to the membrane by exposure to 7x10* J/cm? UV light using an RPN 2500
ultraviolet crosslinker (Amersham Biosciences). Membranes were stored at 4°C until

use.

2.7.1 Production of Probes

DNA sequences for primer design were obtained from the NCBI database

(http://www.ncbi.nlm.nih.gov). Primers were designed using MacVector or Primer 3

(http://biotools.umassmed.edu/bioapps/primer3 www.cgi).

Table 2-3 and Table 2-4 list the murine DNA sequences used as Southern blot probes.
The major and minor satellite sequences were simply ordered as oligonucleotides
(Sigma Aldrich). They were radiolabelled using the oligonucleotide end-labelling
protocol, described in section 2.7.2.1. Multiple copies of all other probe sequences
were generated using PCR as described in section 2.5, with the addition of a proof-
reading enzyme pfu (Stratagene, use in ratio 1U pfu: 20U Taq). Product size was
confirmed by agarose gel electrophoresis and the probes were stored at 4°C until use.

They were radiolabelled using a random priming method described in section 2.7.2.2.
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Primer name | Primer sequence Tm Product | Target sequence
size (murine)

LINELf F AAGCCACAGCAGCAGCGGT 68°C | 172bp | 5’ monomer
sequence of L1 F

LINELf R CGGAAGGTGGCCGGCTGT subfamily

LINE1gf F TGAGAGCACGGGGGTCTG 67°C | 204bp | 5’ monomer
sequence of L1 GF

LINE1gf R AGGAAGGTGGCCGGCTGT subfamily

LINELtf F CAGAGGAGAGGTGTCTGCC 65°C | 205bp | 5’ monomer
sequence of L1 TF

LINE1tf R CAGGGAAGGTGCCCGGATGT subfamily

LINEla F GCCTGCCCCAATCCAATC 63°C | 206bp | 5’ monomer
sequence of L1 A

LINEla R TGTGATCCACTCACCAGAGG subfamily

SINEB2B4F | AGCTGTCCTCAGACACTCCAG 61°C | 179bp | B2-B4 SINE. Insert
detected in Hprt

SINEB2B4R | GGCTCAGTGGGTAAGAGCAC exon 3.

SINE AluB1 F | GGTTTTTCGAGACAGGGTTTC 61°C | 142bp | Alu/B1 SINE. Insert
detected in Hprt

SINE AluB1 R | ACGCCTTTAATCCCAGCACT exon 6.

IAP F Tcgccgttacaagatggege 63°C | 700bp | 5’ LTR of IAP
promoter.

IAP R tctcccegcetttacttctga Genbank: M17551
bp22-721.

Mito F ACACACCGCCCGTCACCCTCC 63°C | 720bp | MtDNA
GenBank: J01420

Mito R GGCTGCTTTTAGGCCTACAATGG bp901-1620.

Table 2-3. Primers used to generate longer sequence probes for Southern blotting.

78




Probe Sequence Source

Major Satellite | GTGAAATATGGCGAGGAAAACT Kipling et al (1995)

Minor Satellite | AACAGTGTATATCAATGAGTTACAATGAG | Bourc’his and Bestor (2004)

Table 2-4. Murine satellite DNA sequences used as oligonucleotide probes.

2.7.2 Radiolabelling of probes and membrane hybridisation

2.7.2.1 Oligonucleotide end-labelling

Probes were labelled using an oligonucleotide end-labelling reaction. Briefly, 3ul of
8ug/ul oligonucleotide stock was incubated for 1-5 hours at 37°C in a reaction
containing 4.3ul dH,0; 3ul 10x Kinase Mix; 0.36ul y-32P-ATP (10mCi/ml, Amersham
Biosciences); and 1.05ul T4 Polynucleotide Kinase (T4-PK, 10,000U/ml, NEB). T4-PK
end-labels the oligonucleotides by forming a phosphodiester bond with the y end of

the dATP molecule. To stop the reaction, 60l kinase stop solution was added.

The membrane was soaked in 2x SSC buffer, placed into a hybridisation bottle with
10ml hybridisation solution and incubated in the hybridisation oven at 53°C for 30
minutes. The bottle contents were discarded, replaced with 10ml fresh hybridisation
solution and the membrane was incubated for a further 30 minutes at 53°C. The probe
mixture was added to the hybridisation bottle, and incubated over night at 53°C in the

hybridisation oven.

The next day, the hybridisation solution was discarded and the membrane washed 3x

with 10ml TMAC wash solution for 20 minutes at 56°C to remove any excess, unbound
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probe. The membrane was rinsed twice with 3x SSC buffer before being blotted to

remove excess liquid and wrapped in cling film.

2.7.2.2 dsDNA labelled by random priming

Probes were labelled by random priming. Briefly, 4ul probe DNA (50-100ng) was heat
denatured by boiling in 18ul water for 6 minutes. It was then transferred to ice and
incubated for 1 hour at 37°C in a reaction containing 6ul dNTPs (excluding dCTP); 5ul
a-32P-dCTP (3000Ci/mmol, Amersham Biosciences); 15ul random primers; and 1l
(5U) Klenow enzyme. The reaction was then filtered through a G50 NICK Column (GE
Healthcare). Briefly, the column was equilibrated twice with column wash, the probe
was added, unincorporated dNTPs were washed through with 400ul column wash, and

the probe was eluted and collected by adding a further 400ul column wash.

The membrane was soaked in 2x SSC buffer, placed into a hybridisation bottle with
10ml Church Buffer, and incubated at 65°C for 3-5 hours. Immediately prior to adding
the probe mixture, the old Chruch buffer was discarded and a fresh 10ml aliquot was
added to the hybridisation bottle. The membrane was incubated at 65°C over night in

the hybridisation oven.

The next day, the hybridisation solution was discarded and excess probe was removed
from the membrane by washing twice for 20 minutes at 65°C with buffer 1 (2x SSC
with 0.1% SDS) then buffer 2 (0.2x SSC with 0.1%SDS) and then buffer 3 (0.1x SSC with
0.1x SDS). The membrane was blotted to remove excess liquid and wrapped in cling

film.
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2.7.3 Visualisation

Membranes were placed in autoradiographic cassettes (Autorads) containing either
Fuji RX 100 or Kodak BIOMAX XAR film and incubated at -80°C for >24hours. They were
developed using a Compact X4 automatic X-ray film processor (Xograph Imaging

Systems).

2.7.4 Stripping a Southern blot

Membranes were stripped to enable re-probing, by immersion for 10-15 minutes in 1L
boiling dH’0 containing 10ml 10% SDS and 10ml 10x SSC buffer. This was repeated if
radioactivity exceeding 5 counts per second was still detectable with a Geiger counter.
Stripped membranes were placed against film for 1 night to ensure no background
signal was detectable. They were wrapped in cling film to prevent drying and stored at

4°C.
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3 Chapter 3. Characterisation and Radiosensitivity

of the Cell Lines

3.1 Introduction

DNA cytosine methylation is an important cellular phenomenon in mammalian cells,
due to its involvement in many essential biological functions (Chen et al, 1998; Davis et
al, 2000; Gisselsson et al, 2005; Lee and Jaenisch, 1997; Norris et al, 1994; Song et al,
2005; Takai et al, 2000). The level of DNA methylation varies between different cell
and tissue types. Generally, tissues containing higher proportions of fully differentiated
cells, such as brain or spleen, possess higher methylation levels than those containing
greater numbers of stem or progenitor cells, such as bone marrow (Ehrlich et al, 1982;
Gama-Sosa et al, 1983; Giotopoulos et al, 2006). However, there are exceptions, such
as heart, which contains comparatively little DNA cytosine methylation (Ehrlich et al,

1982).

Clinical data demonstrates that there is also a wide range of sensitivities to ionising
radiation in different tissue types (Dorr, 2009). Although there are exceptions to the
trend, tissues with low methylation levels generally have low radiation tolerance
doses, whilst more heavily methylated tissues with lower capacity for self-renewal
have much higher radiation tolerance doses. See section 1.6. Similarly, several in vitro
studies using human cell lines imply a correlation between DNA hypomethylation and

increased sensitivity to ionising radiation (Dote et al, 2005; Narayan et al, 2000). A
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number of studies indicate that ionising radiation itself can induce sex- and tissue-
specific reductions in levels of CpG methylation in vivo (Kovalchuk et al, 2004; Pogribny
et al, 2004; Giotopoulos et al, 2006; Tawa et al, 1998). In some instances this has been
coupled with a reduction in expression levels of the DNMTs (Raiche et al, 2004) and

the methyl-binding protein MeCP2 (Loree et al, 2006).

The work presented in this chapter aims to investigate the apparent correlation
between mammalian DNA cytosine methylation and radiosensitivity, and also to
further investigate the effects of ionising radiation on genomic methylation levels. An
established panel of mouse embryonic stem cell (ESC) lines were utilised, which have
been derived from wild type J1 ESCs (129/Sv)). The derived ESC lines contain partial
deletions of the three main active murine DNA Methyltransferase genes Dnmtl,
Dnmt3a and Dnmt3b, generated via homologous recombination, as described in Lei et
al (1996) and Okano et al (1999). The deletions span the exons encoding the PC
(Proline and Cysteine) and ENV (Glutamate (E), Asparagine (N) and Valine (V)) motifs
(see Figure 3-1), and result in loss of catalytic activity of the enzymes (Lei et al, 1996;
Okano et al, 1999). The J1 wild type and the DNMT functional knock out (KO) ESC lines
derived from this parental cell line were a kind gift from En Li and Taiping Chen for the

purpose of this study.
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Figure 3-1. Schematics of the proteins and catalytic region genomic sequences for the
3 main murine DNA methyltransferase enzymes, DNMT1 (A), DNMT3A (B) and
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DNMT3B (C). The deletions induced to generate the KO cell lines are indicated. The
caroboxyl-terminal region of each DNMT contains 10 conserved motifs. Motifs | and X
create the AdoMet-binding site by folding together. Motif IV contains the
prolylcysteinyl (PC) dipeptide, which serves as the active site. Motif VI contains the
ENV motif, which protonates the target cytosine. The target recognition domain is
located between motifs VIl and IX (Lan et al, 2010). PCNA, Proliferating Cell Nuclear
Antigen; HDAC, Histone Deacetylase; PWWP, conserved motif of Pro-Trp-Trp-Pro,
involved in DNA binding.

Several techniques are available to determine global levels of genomic DNA
methylation, including Klenow-based fill-in labelling reactions such as nearest
neighbour analysis (Ramsahoye, 2002), CpG island microarrays, restriction landmark
genomic scanning (RLGS), amplification of inter-methylated sites (AIMS),
immunohistochemical staining, and high performance liquid chromatography (HPLC)
(Esteller, 2005; Sulewska et al, 2007). Although, HPLC requires relatively large amounts
of DNA, the results are unbiased by any kind of target sequence selectivity, and it can
be coupled to an automated detection system, allowing accurate quantification of the

level of DNA methylation.

Using HPLC-UV analysis, DNA methylation levels were characterised for each ESC line,
and were re-assessed at several time points post irradiation with a clinically-relevant
dose of X-rays (3Gy). In addition, growth curves were constructed to determine the
rate of cell proliferation in irradiated/unirradiated cells, and cell cycle analysis was
undertaken using flow cytometry. Finally, the radiosensitivity of the ESC lines was

determined using the clonogenic assay.
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3.2 Chapter-Specific Methods and Materials

3.2.1 HPLC

Global levels of DNA cytosine methylation were characterised using HPLC-ultraviolet
(UV) detection. This method has been published and is described fully in Sandhu et al
(2009). Briefly, genomic DNA was extracted from irradiated or unirradiated ESCs using
an optimised procedure described in section 2.3.2, and enzymatically hydrolysed to 2'-
deoxynucleosides. 10ug hydrolysed DNA was injected into a narrow-bore reverse
phase HPLC column coupled with UV detection, for separation and quantification of
the 2'-deoxynucleosides. Levels of 5-methyl-2'-deoxycytidine (5-MedC) were expressed

as a percentage of the level of total cytosine (5-MedC and 2'-deoxycytidine (dC)).

3.2.1.1 Stock solutions of authentic standards

Stock solutions for the 2'-deoxynucleoside standards (dC, dG, dT and dA, Sigma) and
the methyl standard (5-MedC, Chemos GmbH) were prepared and dissolved in HPLC
grade water. The UV absorbance (Amax) for the peaks of interest: 5-MedC and dC, was
277 nm and 271 nm respectively. Typical retention times were: dC, 12.0 £ 1.0 min; 5-
MedC, 19.7 £ 1.3 min; dG, 23.9+ 1.5 min; dT, 25.1 £+ 1.5 min; dA, 33.6+ 1.0 min. A
particularly stubborn RNA contaminant, Guanosine, was also sometimes detected at
21.4 £ 0.7 min. Sample peak identity was confirmed by co-elution with the

corresponding authentic 2'-deoxynucleoside standard. See Figure 3-3.
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3.2.1.2 Enzymatic hydrolysis of DNA

DNA samples (20-50ug) were dried using a Speed vac plus SC210A (Savant). They were
resuspended in 10ul HPLC digestion buffer with 5ul micrococcal nuclease (0.4U/ul)
which is an endo-exonuclease, and 35ul calf spleen phosphodiesterase (0.001U/ul,
Calbiochem) which is a 5’-exonuclease. Samples were incubated at 37°C overnight. The
following morning, 10ul nuclease P1 (2U/upl) was added and the samples were
incubated for a further 4 hours at 37°C to catalyse cleavage of the phosphate groups.
Samples were centrifuged at 14,000rpm for 20 minutes before transferring the
supernatant to a new tube and drying in the Speed vac. The samples were
resuspended with dH,0 to a final concentration of 1ug/ul and transferred to HPLC

vials.

3.2.1.3 HPLC-UV detection

10ul each hydrolysed DNA sample was injected onto a Waters HPLC system consisting
of an Alliance 2690 separations module and 2487 UV detector (Waters Ltd) connected
to a Synergi Fusion-RP 80A Cig (4um, 250mm x 2mm) column attached to a Synergi
Fusion-RP guard column of the same measurements and a KrudKatcher disposable pre-
column filter (0.5um, Phenomenex). DNA was eluted using a gradient with mobile
phase solvent A (0.05M ammonium formate, pH 5.4, BDH) and solvent B (methanol,

Fisher Scientific) at flow rate of 0.2ml/min. UV absorbance was monitored at 277 nm.

87



3.2.1.4 Calculation of the percentage 5-MedC in DNA

Genomic levels of DNA cytosine methylation were expressed as the percentage of total
cytosines that were methylated. Calibration lines were constructed for each HPLC run
using dilutions of stock standard solutions for 5MedC (0.0625—-10nmol) and dC (0.125—
25nmol). Based on these calibration lines, the level (nmol) of 5MedC and dC in the
hydrolysed DNA samples could be determined from the area (UV*sec) of the dC and

5mdC peaks. Finally, the data was entered into the following formula:

5MedC (nmol)
% 5MedC = x 100
dC (nmol) + 5MedC (nmol)

3.2.2 Clonogenic Assays: Radiosensitivity

3.2.2.1 Clonogenic assay using semi-solid agarose

This method was adapted from Clutton et al (1996). Cells were trypsinised and
counted. Aliquots of 3 million cells were transferred into 5 labelled eppendorf tubes
(0Gy, 1Gy, 3Gy, 5Gy and 7Gy). The tubes were centrifuged at 1,000rpm for 5 minutes,
and the supernatant removed by aspiration. The tubes were placed inside a
polystyrene box for transport to/from the X-ray machine, where they were irradiated
with the appropriate dose of X-rays. After irradiation the cells were resuspended in
3ml complete ES media to a concentration of 1 million cells per ml, before serially

diluting to a concentration of 10,000 cells per ml.
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9ml 3% LMP agarose, made with cell culture grade PBS, was heated in a microwave at
full power for 30 seconds. It was allowed to cool slightly and diluted to 0.3% with 81ml
warm complete ES media. Five 6-well plates were labelled, and 4ml warm agarose
solution was transferred into 5 of the 6 wells. The remaining well was filled with dH,0

to keep the agarose moist.

The tubes containing the serially diluted ESCs were mixed thoroughly, and aliquots of
the cell solutions were added to each agarose-containing well of the labelled 6-well
plate as follows: 100ul for 0Gy and 1Gy, 200ul for 3Gy, 400ul for 5Gy and 500ul for
7Gy. PE was assessed by the proportion of cells seeded into the sham well which
survived to produce colonies. The plates were swirled to ensure even dispersal of the
cells, and left at room temperature for 10 minutes, to allow the agarose to become
semi-solid, before transferring to the 37°C incubator. The agarose solution remains as
a liquid if it is not permitted to set, causing larger numbers of cells to sink to the

bottom of the well and form flat, sprawling colonies that are troublesome to count.

The colonies were grown in the incubator for 10 days, at which point all those visible

by eye were counted, using a grid and low power (x2) dissection microscope.

3.2.2.2 Clonogenic assay using gelatinised dishes

This method was used in addition to the semi-solid agarose method described in
section 1.1.7, and eventually replaced it. It was introduced to determine whether
inability to change media in the semi-solid agarose method was slowing cell growth

and biasing results, due to nutrient restriction and pH changes.
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Five 6-well plates were gelatinised and labelled. Cells were trypsinised, counted,
aliquotted, irradiated as pellets, and resuspended to a concentration of 10,000 cells

per ml as described in section 3.2.2.1.

The tubes containing the serially diluted ESCs were mixed thoroughly, and aliquots of
the cell solutions were added to each well of the correspondingly-labelled 6-well plate
as follows: 100l for 0Gy and 1Gy, 200ul for 3Gy, 400ul for 5Gy and 500ul for 7Gy. PE
was assessed by the proportion of cells seeded into the sham well which survived to
produce colonies. 3ml complete ES medium was added to each well and the plates
were swirled to ensure even dispersal of the cells. The plates were placed in the 37°C
incubator and colonies allowed to grow for 10 days, at which point all those visible by
eye were counted. Medium was changed every second day during this 10-day

incubation period.

3.2.3 Growth curves

Cells were trypsinised, counted and pelleted for irradiation as described in section
3.2.2.1. After 3Gy X-irradiation or sham treatment, 500,000 or 200,000 cells
respectively were seeded into a single gelatinised well of a 6-well plate with 3ml
complete ES media. After growth for 24 hours in the 37°C incubator, the cells were
again trypsinised, centrifuged, resuspended and counted. A set number of cells were
seeded (200,000 for sham cells, or 300,000 for cells irradiated <48 hours previously)
into fresh gelatinised 6-well plates and incubated for a further 24 hours at 37°C. This
process was repeated multiple times. The number of cells seeded and the number of

cells harvested at each 24 hour time point was used to determine the cell population
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doubling time. After several repeats, growth curves were generated to show the
cumulative population doublings of each cell line over time, in X-irradiated or sham

treated ESCs.

3.2.4 FACS cell cycle analysis

3.2.4.1 Sample Preparation

3 million cells were prepared for irradiation with 3Gy X-rays as described in section
3.2.2.1. After irradiation, the cells were seeded into 7 wells of 2 gelatinised 6-well
plates at a concentration of 300,000 cells per well. 500,000 sham and 3Gy treated cells
were sampled immediately, and at several time points thereafter (+5hours, +10hours,
+24hours, +48hours, +72hours, +5days, +10days). Non-adherent cells were collected
from the culture dish in a 50ml falcon tube. The adherent cells were incubated with
trypsin at 37°C for 3 minutes, washed off the surface of the culture dish and added to
the falcon tube. The cells were centrifuged at 1,000rpm for 5 minutes, the supernatant
was removed by aspiration, and the cell pellet was resuspended in 200ul PBS. 2ml of
70% ethanol was added to fix the cells, and aggregates were broken up by pipetting x3.

Samples were stored at -20°C until use (<11 days).

Immediately prior to analysis, the cells were pelleted by centrifugation at 2,000rpm for
10 minutes and the supernatant removed by aspiration. The pellet was resuspended in
1ml Staining Solution (see Table 2-1) and incubated at 37°C for 30 minutes before

being run on the flow cytometer.
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3.2.4.2 Flow Cytometry: FACS (Fluorescence Activated Cell Sorting)

Cell cycle distribution analysis was carried out using a Becton Dickinson FACScan flow
cytometer coupled to a computer running CellQUEST software (Becton Dickinson).
Complete reviews on the technique of flow cytometry can be found elsewhere (Givan,
2001). Briefly, the cells are intersected by a beam of light, and the resulting emitted
light is detected and analysed. Cell diameter is determined from the forward-angle
light scatter (FSC) and the surface texture and conformation of inner cellular structures
are given by side-angle light scatter (SSC). In addition, the intensity of Pl fluorescence is
proportional to the DNA content of the cells (Givan, 2001). This varies throughout the
cell cycle (2n during G1/Go; 4n during G,/mitosis; 2n-4n during S phase), hence

measurement should allow determination of the cell-cycle stage for each cell analysed.

This information (FSC, SSC and PI fluorescence) was acquired for a total of 10,000 cells
per sample at a speed of 200 cells/events per second. Gating processes were applied
to the data using CellQuest software, to exclude cell debris based on cell size and
shape, and then to exclude aggregates or clumps from the analysis based on the area
and width of the fluorescence peak. See appendix 7.1. The gated cells were plotted as
a DNA histogram displaying the number of cells (Y) per PI fluorescence intensity (X).
Finally, ModFit LT software (Becton Dickinson) was used to estimate the proportion of
cells from each sample in the different phases of the cell cycle. Examples of the ModFit

histograms are displayed in Figure 3-8.
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3.3 Results

We first analysed the global levels of DNA cytosine methylation in wild type (J1) cells
and in Dnmtl-/-, Dnmt3a-/-, Dnmt3b-/- and Dnmt3a3b--/-- cells, using high
performance liquid chromatography coupled with UV detection (HPLC-UV), as

descibed in Sandhu et al (2009). Typical spectra are shown in Figure 3-2.
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Figure 3-2. Example HPLC-UV spectra showing separation of 2’deoxynucleosides in two
samples with a range of levels of genomic DNA cytosine methylation. A) J1 wild type
ESCs. B) Dnmt1-/- ESCs. UV absorbance is measured in absorbance units (au). 2’-
deoxycytidine, dC; 5-methyl-2’-deoxycytidine, 5MedC; 2’-deoxyguanosine, dG;
thymidine, T; 2’-deoxyadenosine, dA; guanosine, G.

The presence of a small Guanosine peak (G) in the above spectra highlights the
importance of the ribonuclease incubation to prevent co-elution of RNA contaminants
with the 2’-deoxynucleosides and subsequent interference with HPLC-UV analysis. The
identity of each peak was confirmed by spiking a sample with authentic standard
solutions (Chemos GmbH; Sigma). A sample spiked with standards for 5MedC and G is

shown in Figure 3-3.
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Figure 3-3. HPLC spectrum spiked with authentic standards for 5MedC and G.

DNA cytosine methylation levels of the ESC lines, as measured by HPLC-UV detection,
are in agreement with previously published data (Jackson et al, 2004). The results are
presented in Figure 3-4. All of the samples analysed were within the limits of detection
and quantitation for cytosine and methylcytosine described in Sandhu et al/ (2009).
Functional absence of the maintenance methyltransferase, DNMT1, causes a
substantial decrease in genomic methylation in comparison to wild type cells, whilst
knock out of a single de novo methyltransferase has only a very modest effect on
genomic methylation. This implies a greater single requirement for DNMT1 than either
of the de novo methyltransferase enzymes to maintain genomic DNA methylation
levels in these ESCs. However, functional absence of both DNMT3A and DNMT3B
results in a considerable decrease of cytosine methylation, emphasising their

importance as co-factors for DNMT1.

As covered in section 1.1, all three DNA methyltransferase enzymes cooperate in the

maintenance of DNA methylation (Kim et al, 2002), and DNMT1 also plays a role in de
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novo methylation of cytosines (Jair et al, 2006). DNMT1 has maintenance fidelity of
roughly 98% in ESCs. Due to its imperfect ability to maintain methylation levels alone,
a fraction of genomic cytosine methylation is lost at every cell division in the
Dnmt3a3b--/-- cell line (Jackson et al, 2004). We observed such a decline in the present
study, with approximately 1.3% of total cytosines being methylated at px16, and only
roughly 0.4% of total cytosines being methylated at px60 (see Figure 3-4). The
methylation level of all other ESC lines studied remained constant throughout

passaging.
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Figure 3-4. Genomic DNA cytosine methylation of unirradiated ESC samples and
murine tissue controls, measured by HPLC-UV. Columns represent the average
percentage of cytosine bases that were methylated, and the error bars represent the
standard error of the mean (SEM). Results were combined from multiple independent
experiments. The number of replicate measurements for each data point is displayed
above the error bar. DNA extracted from one spleen sample was included as a control
in each HPLC run to ensure consistency between experiments. Passage number (p#).
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Population doublings were assessed using a method in which a set number of cells
were seeded into a culture dish and 24 hours later the number of cells harvested were
counted. See section 3.2.3 for a full description of the method. Based on these cell
counts, during exponential growth the ESC lines underwent an average of 1.1
population doublings within 24 hours, except Dnmt3a-/-, which underwent an average
of 1.5 population doublings in 24 hours. The cell lines were maintained in exponential
growth during routine culturing, by passaging approximately every 48 hours. The
Dnmt3a-/- cell line was split 1 in 6 whilst the others were split 1 in 4. Therefore, each
passage represents 2.2 to 3 population doublings. The passage numbers of px16, px30
and px60 for the Dnmt3a3b--/-- ESC line therefore approximately represent 35, 66 and

132 population doublings, respectively.

Three mouse tissue controls (brain, spleen and bone marrow) were included in the
HPLC-UV analysis for comparison with the ESCs. These had been harvested for similar
previous work by a colleague, and DNA was extracted using the QlAamp DNA Mini Kit.
Wild type ESCs have a similar methylation level to bone marrow, which as discussed in
section 1.6, is one of the least methylated mammalian somatic tissues. This is thought
to be due to the large proportion of stem and progenitor cells contained within bone
marrow (Giotopoulos et al, 2006). In keeping with this theory, the tissues which
contain fewer such cells, namely spleen and brain, have produced higher

measurements of cytosine methylation using the current HPLC-UV method.
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To determine whether ionising radiation would affect global methylation levels in ESCs
as observed by previous groups in vivo (Kovalchuk et al, 2004; Pogribny et al, 2004;
Giotopoulos et al, 2006; Tawa et al, 1998), the level of cytosine methylation in the cell
lines was characterised post irradiation with 3Gy X-rays. The results are displayed in
Figure 3-5. Cells were sampled for HPLC-UV analysis immediately prior to irradiation,
24 hours post irradiation and 10 days post irradiation. The analysis was repeated in
triplicate for all cell lines and the values obtained were plotted as a ratio of the

unirradiated average for each cell line.
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Figure 3-5. Genomic DNA cytosine methylation of the ESC lines before and after
exposure to 3Gy X-rays, measured by HPLC-UV. The unirradiated sample (0Gy) for each
ESC line was used as a reference and assigned a value of 1. Any detected alterations in
DNA methylation were expressed as a ratio of the 0Gy value. Therefore, columns
represent the average proportion of cytosine bases that were methylated, and the
error bars represent the SEM, of 3 independent experiments with 2 replicates each.

Global cytosine methylation levels of the wild type and Dnmt1-/- ESC lines appear to

increase over time after irradiation. However, the difference is not statistically
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significant (p>0.05). In addition, the methylation level of the Dnmt3b-/- cell line was
not significantly altered 24 hours or 10 days post irradiation. However, the Dnmt3a-/-
cell line showed a significant decrease in cytosine methylation 24 hours post
irradiation (p=0.0004) with values returning to normal by 10 days. Although not
significant (p=0.15), the only other cell line without functional DNMT3A, the Dnmt3a3b
double knock out, displayed a similar trend with methylation levels reduced 24 hours

post irradiation and returning to normal by 10 days.

It was attempted to determine whether the apparent radiation-induced demethylation
observed in the ESC lines lacking catalytic DNMT3A (Figure 3-5) was due to an active or
a passive process (see section 1.7.1). The experiment was repeated for those cell lines
which showed a reduction in methylation at 24 hours (Dnmt3a-/- and Dnmt3a3b--/--)
and also for the wild type cell line. Several extra time points were introduced post
irradiation (1 hour, 3 hours, 8 hours, 72 hours and 5 days) to enable a more accurate
estimate of the timescale of any methylation changes. The analysis was repeated in
triplicate for all cell lines and the values obtained were plotted as a ratio of the

unirradiated average for each cell line. The results are displayed in Figure 3-6.

98



1.6 -

L
©
= B O0Gy
<
] W 3Gy lhr
€3 M 3Gy 3hr
£ B
g2 M 3Gy 8hr
]
= m 3Gy 24hr
c
2 m 3Gy 72hr
o
& m 3Gy 5 days
a.

@ 3Gy 10 days

Wild Type Dnmt3a-/- Dnmt3a3b--/--

Figure 3-6. Genomic DNA cytosine methylation level of the wild type, Dnmt3a-/- and
Dnmt3a3b--/-- ESC lines post 3Gy X-irradiation. The unirradiated sample (0Gy) for each
ESC line was used as a reference and assigned a value of 1. Any detected alterations in
DNA methylation were expressed as a ratio of the 0Gy value. Columns represent the
average proportion of cytosine bases that are methylated, and the error bars
represent the SEM, of 3 independent experiments with 2 replicates each.

Repetition of the experiment revealed no statistically significant fluctuations in
methylation level from that of the unirradiated control cells (p>0.06) (Figure 3-6).
Therefore, it is likely that the original reduction in methylation observed in the
Dnmt3a-/- cell line 24 hours after irradiation (see Figure 3-5) was an anomaly.
Nevertheless, the shape of the graphs were consistent for each ESC line, with the
lowest methylation levels in the Dnmt3a-/- and Dnmt3a3b--/-- cell lines occurring at 24
hours post irradiation, whilst the wild type cell line displayed a slight increase in

methylation levels 24 hours and 10 days post irradiation.
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So far, it has been established that the wild type ESC line has a similar methylation
level to bone marrow, and that the different Dnmt KO ESC lines have varying levels of
hypomethylation, which remain largely unchanged after X-irradiation. Any differences
in the proliferative ability of the ESC lines were also examined. Growth curves were
constructed, as described in section 3.2.3, to characterise cell proliferation in sham
treated and 3Gy X-irradiated cells (Figure 3-7, A and B respectively). Results were

based on the cumulative population doublings observed over a period of one week.

In agreement with work undertaken by previous research groups, the Dnmt KO ESC
lines showed no obvious abnormalities with respect to growth rate or morphology (See
appendix 7.2) in comparison to the wild type cell line (Jackson et al, 2004 and Chen et
al, 2003). Growth rates were similar between all five ESC lines, both in untreated and
3Gy X-irradiated cells, although the Dnmt3a-/- ESC line proliferated slightly faster than
the other ESC lines. Cell proliferation was, however, slightly reduced during the first 3
days post treatment in X-irradiated cells compared to sham treated controls, possibly
as a result of radiation-induced cell death or cell cycle arrest. The plateau in population
doublings post irradiation was most apparent in the wild type and Dnmt3a3b--/-- cell
lines (Figure 3-7), indicating that it occurs irrespective of global methylation levels.

The growth curves appear to become slightly steeper at later time points (>72 hours)
in the 3Gy X-irradiated cells, indicating a higher rate of cell proliferation compared to
their unirradiated counterparts. This may be due to release from cell-cycle arrest

and/or accelerated proliferation of surviving stem cells to recover the population. By
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the 7% day, both irradiated and unirradiated cell populations had undergone near

identical numbers of population doublings.
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Figure 3-7. Growth Curves. Cumulative population doublings in unirradiated cells (A)
and cells irradiated with 3Gy X-rays (B). Each point represents a single measurement.
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Cell cycle analysis was carried out, using flow cytometry, to determine the cell-cycle
response of the five ESC lines after irradiation with 3Gy X-rays. Asynchronous
populations of cells, such as those being studied in the current investigation, contain
cells in each phase of the cell cycle. The DNA content of a cell changes as it progresses
through these phases, allowing the approximate cell cycle phase to be identified by
measuring the nuclear DNA content. Cells in Gy and G; have the normal diploid DNA
content for that species (2n), whilst cells in G, and M phases contain double the
amount of DNA (4n). Cells in S phase can have varying amounts of DNA anywhere
between 2n and 4n. In the current study, flow cytometry with a DNA-binding
fluorochrome (Pl) was used to determine the cell cycle distribution of cells within

asynchronous cultures of each ESC line, as described in section 3.2.4.

Examples of the DNA histograms obtained by flow cytometry, gating and ModFit
software analysis are shown for the wild type ESC line at each time point post
irradiation (Figure 3-8). A clear change in cell cycle distribution can be seen with time
post irradiation. Each of the Dnmt KO ESC lines displayed a very similar cell cycle
distribution both before irradiation and at each time point thereafter (histograms not

shown).
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As covered in section 1.5.1, ESCs differ from somatic cells in that they have a reduced
G; phase and effectively absent G; cell cycle checkpoint in response to ionising
radiation (Hong and Stambrook, 2004). This is evidenced in Figure 3-8, at the 4 hour
time point post irradiation, by the progression of cells straight through Go/G; and S
phases to accumulate at the G,/M checkpoint. The absence of G; arrest in ESCs is
thought to be due to compromise of specific signalling pathways which respond to

DNA damage. See section 1.5.1.

The cell cycle data generated using CellQuest was analysed using ModFit software to
estimate the percentage of cells in each phase of the cell cycle. The combined results

from three independent experiments are displayed in Figure 3-9 below.
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Figure 3-9. Relative percentages of cells in each phase of the cell-cycle at various time
points post irradiation with 3Gy X-rays or sham treatment in the following cell lines:
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data point represents the mean and error bars represent the SEM.
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Under normal growth conditions, all five ESC lines had approximately 20% of cells in
the Go/G; phases, 55-65% in the S-phase and less than 20-30% in the G, and/or M
phases (Figure 3-9). There were small differences between the cell lines in cell-cycle
distribution of sham treated cells, for example, Dnmt1-/- had a slightly higher
proportion of cells in G, (p=0.04). However, these differences were small and only
marginally significant. In addition, the proportion of cells in each stage of the cell cycle
did not alter significantly over the course of the experiment in unirradiated Dnmt3a3b-
-/-- cells (p>0.2). Therefore, cell-cycle distribution does not appear to be affected by

the varying levels of hypomethylation in these ESC lines.

In response to 3Gy X-irradiation, all cell lines displayed a sharp reduction of cells in the
Go/G;-phase of the cell-cycle to almost zero, by the 4 hour time point (p<0.0002). This
was accompanied by a concomitant increase in the proportion of cells accumulating in
the G,/M phases (p<0.018), indicating arrest at the G,/M cell-cycle checkpoint. By 8
hours post irradiation the number of cells accumulating in G,/M phase was at its
highest for most cell lines, and far fewer cells were in S phase. The proportion of cells
in Go/G1 returned to near normal levels 8 hours post irradiation, and remained largely
unchanging throughout the remaining time points (p>0.2). The Dnmt1-/- cell line again
showed a slightly different cell-cycle response to the other ESC lines, with the
proportion of cells in Go/G1 remaining up to 5% lower than sham levels until between 5
and 10 days post irradiation (p=0.03). However, again this was only a minor deviation

from the trend seen in the other ESC lines.
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The largest difference in overall cell-cycle response to 3Gy X-irradiation was seen in
the Dnmt3b-/- cell line. G,/M phase arrest peaks by 8 hours post irradiation in all cell
lines except Dnmt3b-/-. This peak in G,/M is accompanied by a significant decrease in
the proportion of cells in S-phase (p<0.0004). In the Dnmt3b-/- ESC line, G,/M arrest,
with a corresponding decrease in the proportion of cells in S phase, occurs earlier,
peaking 4 hours post irradiation. In addition, there was a significant decrease in the
proportion of cells in S phase for the Dnmt3b-/- cell line at the 4 hour time point
(p=0.001). At the 8 hour time point the overall decrease in the number of cells in S-
phase is not as pronounced as the other cell lines, resulting in an earlier decline of
G,/M arrested cells, and an overall smaller proportion of cells arresting in G,/M at any

one time, in Dnmt3b-/- than the other cell lines (p<0.003).

Nevertheless, in all cell lines the majority of cells (50-70%) were present in the G,/M
phases 8 hours post irradiation, indicating arrest at the G,/M cell-cycle checkpoint in
response to radiation. 24 hours post irradiation, the proportion of cells in G,/M began
to decrease whilst the proportion of cells in S-phase began to increase to normal levels
in all cell lines. By 5-10 days the cell cycle distribution of X-irradiated cells resembled
that of the unirradiated controls, with an even distribution of cells in the G,/M and

Go/G; phases, and the majority of cells residing in S phase (Figure 3-9).

A trend was noted in 3Gy treated cells for all cell lines except Dnmt3a3b--/--, whereby
the proportion of cells in S phase overshot slightly at the 5 and/or 10 day time points

compared to day one sham levels (p<0.04). Although only marginally significant, this
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small change in cell-cycle distribution may reflect the increased population doubling

time observed in the ESC lines after 3Gy X-irradiation (Figure 3-7).

Finally, the radiosensitivity of the ESC lines was characterised to determine whether
this correlates with their methylation levels. Bone marrow is one of the most
radiosensitive mammalian somatic tissues (Dorr, 2009). Due to the apparent inverse
correlation between methylation levels and radiosensitivity in somatic tissues (see
Figure 1-3), it was hypothesised that the ESC lines containing the lowest levels of

cytosine methylation would show the greatest sensitivity to ionising radiation.

Radiosensitivity was assayed using the clonogenic assay after acute irradiation as an
asynchronous cell population with 0-7Gy X-rays. Two similar methods were used,
which are described in section 3.2.2. The results were found to be similar for both
methods (p>0.05 for all cell lines) and were subsequently combined. Ten days after
irradiation and seeding at low density, ESC colonies 0.5-3mm in diameter were clearly
visible and were scored without staining. Plating efficiencies for the five ESC lines
ranged between 11-21% (see Table 3-1). The surviving fraction (SF) of cells at each
dose was calculated after correction for plating efficiency and is presented as a graph

in Figure 3-10.
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Figure 3-10. Dose-response curve of the ESC lines after irradiation with 0-7Gy X-rays.
Each data point represents the mean and SEM of at least 3 independent experiments.

Irradiation resulted in a dose-dependent decrease of the surviving fraction (SF) in all
five ESC lines. Survival curves for most mammalian cells exposed to low LET radiation
such as X-rays show some downward curvature (Hall, 2000). However, none of the
murine ESC lines in the present study showed any evidence of a shoulder or
continuous curvature. Irradiation with X-rays resulted in a near exponential survival
curve, similar to that described by Clutton et a/ (1996) in their study of three other wild
type ESC lines. The mean lethal dose (Do) for each cell line was therefore calculated

using the least squares fitting procedure (see Table 3-1).
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ESC Line Mean Plating Efficiency Mean Lethal Dose (Do SF 37%)
Wild Type (J1) 21% 2.81Gy
Dnmt1-/- 15% 2.71Gy
Dnmt3a3b--/-- 11% 2.29Gy
Dnmt3a-/- 19% 3.35Gy
Dnmt3b-/- 13% 3.19Gy

Table 3-1. ESC line plating efficiencies and mean lethal dose of X-irradiation.

Analysis of the survival curves (SF3Gy and Dg) using a 2-tailed T-test showed no

significant difference between the wild type cell line and any of the hypomethylated

Dnmt KO cell lines after correction for multiple testing. However, the Dnmt3a3b--/--

cell line was significantly more radiosensitive than Dnmt3a-/- and Dnmt3b-/- (SF3Gy,

p=0.005 and p=0.015 respectively). Although not statistically significant, Dnmt3a-/-

and Dnmt3b-/- were consistently more radio-resistant than the wild type and Dnmt1-/-

ESC lines, whilst Dnmt3a3b--/-- remained consistently more radiosensitive. This implies

that the DNMT3 family of enzymes may contribute to a small extent in determination

of cellular radiosensitivity, and that absence of a single de novo methyltransferase,

particularly DNMT3A, may in fact be beneficial for these ESCs.
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3.4 Discussion

3.4.1 The ESC lines display a range of states of hypomethylation in

comparison to somatic cells

Using a panel of five ESC lines, derived from and including the J1 wild type, the roles
played by each of the three main murine DNA methyltransferase enzymes in
maintenance of DNA methylation, and cellular sensitivity to ionising radiation were
investigated. Genetically, the cell lines differed only by the methyltransferase that was
catalytically inactivated. This resulted in relatively large decreases in global cytosine
methylation levels, measured by HPLC-UV (Figure 3-4). The wild type ESC line had a
similar methylation level to that of murine bone marrow, and the Dnmt KO cell lines
provided a range of states of hypomethylation with which to assess response to

ionising radiation.

In contrast to results obtained by previous researchers working in vivo, cytosine
methylation levels of the ESC lines were not significantly altered in response to ionising
radiation exposure (Figure 3-5; Figure 3-6). However, this is not entirely surprising, as
the phenomenon of radiation-induced alterations in DNA methylation level appears to
be specific to certain cell/tissue types (Koturbash et al, 2005; Pogribny et al, 2004;
Raiche et al, 2004; Tawa et al, 1998). For example, Tawa et al (1998) were able to show
a ~40% reduction in murine liver methylcytosine levels within 8 hours after 4Gy X-
irradiation, which persisted for >72 hours. However, brain and spleen samples
harvested from the same mice showed no such alteration in methylation levels (Tawa

et al, 1998). Thus, it is possible that ESCs simply do not display altered methylation
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levels in response to 3Gy X-irradiation. Alternatively, radiation-induced DNA
hypomethylation may be less likely to manifest under cell culture conditions than in
vivo, possibly due to factors such as the supply of fresh folate in the media. Such a
possible effect of cell culture variables on radiation-induced DNA hypomethylation is
indicated by the fact that results produced using CHO cells by one research group
(Kalinich et al, 1989) were not reproducible by another group using the same cell line

(Tawa et al, 1998).

3.4.2 ESCs lack a G1 checkpoint and exit G2 arrest around 24 hours post

irradiation

As discussed in section 1.5, cells undergo three possible reactions in response to
radiation-induced DNA damage: cell cycle arrest; repair of the damage; or apoptosis or
necrosis. The proliferative ability and cell-cycle response of the ESC lines were

therefore investigated, both prior to and post irradiation with 3Gy X-rays.

The Dnmt KO ESC lines showed no obvious abnormalities in growth rate compared to
the wild type cell line, both in untreated and X-irradiated cells. In response to
irradiation, cell proliferation ability was reduced for ~3 days in all cell lines, irrespective
of DNA cytosine methylation levels. The rate of cell proliferation then increased in the
3Gy irradiated cells compared to their unirradiated counterparts. It is not clear why
such stimulation in cell proliferation might occur, but shortening of the cell cycle and
rapid recovery to normal cell population levels after radiation-induced cell death and
release of mitotic delay is a common phenomenon observed in vivo (Giotopoulos et al,

2006; Tsubouchi and Matsuzawa, 1974). Tumour repopulation by surviving tumour
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stem cells is also commonly observed between radiotherapy fractions and after
cessation of treatment (Kim and Tannock, 2005). Moreover, it is possible that the
reduction in population size caused by radiation-induced cell death in the current
study encouraged selection for ESCs with certain survival characteristics, such as
increased ability to proliferate. The accumulation of such traits in ESCs throughout
continued culturing is termed ‘culture adaptation’ (Harrison et al, 2007). Extension of
the growth curve time points would allow determination of whether the increased
growth rate in the X-irradiated cell lines slowed to that of the unirradiated controls

(repopulation), or continued to exceed them (culture adaptation).

There were no marked differences between the ESC lines in their normal (unirradiated)
cell cycle distributions. In addition, the cell cycle distribution of the Dnmt3a3b--/-- cell
line remained consistent in sham treated cells throughout the duration of the
experiment, indicating that global levels of DNA cytosine methylation do not affect the
cell cycle distribution in these ESCs. In response to ionising radiation, the ESCs
displayed a characteristic lack of the G; phase cell cycle checkpoint, and accumulation
at the G,/M checkpoint instead. The only notable difference in cell cycle response to
irradiation was observed in the Dnmt3b-/- cell line, which entered G, arrest and
showed a decline of cell numbers in S phase slightly earlier than the other cell lines.
However, the Dnmt3b-/- cell line maintained G, arrest for longer than the other cell
lines, with the effect of exiting at roughly the same time post irradiation. It is not clear
why absence of DNMT3B in particular resulted in a slightly earlier and prolonged G,

checkpoint activation, but it may reflect a role of this enzyme in the ESC cell cycle
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response, or increased difficulty in repairing damage at sites which are usually the

target for methylation by DNMT3B.

3.4.3 Radiosensitivity does not correlate with hypomethylation

Finally, there was no significant difference in sensitivity to ionising radiation between
the wild type cell line and any of the Dnmt KO cell lines. This indicates that substantial
reductions in global DNA methylation do not correlate with alterations in sensitivity to
X-irradiation in ESCs. However, other groups have previously shown that reducing
methylation levels in somatic and tumour cells results in increased sensitivity to
ionising radiation (Dote et al, 2005; Narayan et al, 2000). Possible reasons for these
conflicting results include cell type specific differences in the endogenous DNA
methylation levels and expression levels of the DNA methyltransferase enzymes. It is
possible that the methylation level of the wild type ESCs is already too low to allow any
further effect on radiosensitivity to be seen in the hypomethylated Dnmt KO ESC lines.
Furthermore, the observation by Narayan et al (2000) that hypomethylated
lymphocytes derived from ICF syndrome patients are significantly more radiosensitive
than lymphocytes from unaffected individuals is evidence of a correlation rather than
cause and effect. It is therefore possible that the heightened radiosensitivity of cells

from ICF syndrome patients is a result of another facet of the syndrome.

The lack of any shoulder on a survival curve is generally accepted as indicating
sensitivity to ionising radiation or inability to repair sub-lethal damage (Hall, 2000).
Exponential survival curves such as those displayed in Figure 3-10 have been observed

previously for wild type ESCs, and the lack of a shoulder has been suggested to reflect
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the propensity for ESCs to undergo apoptosis (Clutton et al, 1996; de Waard et al,
2003). It is tempting to speculate that this high propensity for apoptosis in ESCs (Roos
et al, 2007) has masked the effect of reduced methylation levels on radiosensitivity in
the Dnmt KO ESC lines. As the propensity of ESCs to undergo apoptosis in response to
DNA damage decreases upon differentiation (Roos et al, 2007), future work could
involve inducing differentiation in the mESC lines and then determining the effect of

Dnmt KO on radiosensitivity.

Nevertheless, the results of the current study indicate that the de novo
methyltransferase enzymes, DNMT3A and DNMT3B, may play a minor role in
modulating sensitivity to X-rays in ESCs. Surprisingly, functional absence of one de
novo methyltransferase enzyme was found to have a slight radioprotective effect,
whilst KO of both resulted in comparative radiosensitisation (p<0.002 and p<0.009 at
3Gy and 5Gy respectively). This implies that absence of a single de novo
methyltransferase, particularly DNMT3A, may in fact be beneficial for ESCs. However,

the differences observed were still modest.

3.4.4 Summary

In a panel of five mouse ESC lines exhibiting varying degrees of hypomethylation, no
large differences in radiosensitivity, growth characteristics or cell-cycle distribution
were observed. All five ESC lines displayed an exponential survival curve, which may
reflect the propensity for ESCs to undergo apoptosis in response to DNA damage
(Clutton et al, 1996; de Waard et al, 2003). However, lack of a single de novo

methyltransferase enzyme, particularly DNMT3A, was found to have a slight radio-
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protective effect, whilst absence of both DNMT3A and DNMT3B was found to result in
comparative radiosensitivity. In response to 3Gy X-irradiation the ESCs bypass the G;
checkpoint and arrest in G,/M phase. However, the cells start to come out of G,/M
checkpoint arrest by 24 hours post 3Gy X-irradiation. By 5-10 days after irradiation the

ESCs display a normal cell cycle distribution and slightly increased doubling times.

Although these results differ from some previously published research correlating
hypomethylation with radiosensitisation, possible reasons exist for the discrepancies,
including cell type specific differences in endogenous DNA methylation levels and
expression levels of the DNMT enzymes. In addition, it is tempting to speculate that
the propensity of ESCs to undergo apoptosis may have masked the effect of
hypomethylation on radiosensitivity. There appears to be a far more direct link
between methylation levels and genomic stability. This was assessed in the panel of

ESCs lines, and is discussed in chapter 4.
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4 Chapter 4. Genomic Stability: Mutation Rate at
the Hprt Gene Locus and the Influence of

Hypomethylation at Specific Repeats.

4.1 Introduction

Radiation-induced delayed genomic instability is characterised by the persistent
expression of elevated levels of cell death, mutations or cytogenetic aberrations at a
delayed period after irradiation, which can be detected in the unirradiated progeny of
irradiated cells (Morgan, 2003) or animals (Barber et al, 2006) several generations
after irradiation. The mechanism by which radiation-induced delayed genomic
instability is propagated is currently poorly understood (Wright, 2010). Radiation
induced delayed genomic instability is a genome-wide process that does not appear to

arise from mutation of genes involved in genome maintenance (see section 1.7).

Several processes have been suggested as a possible cause of radiation-induced
delayed genomic instability, including oxidative stress (Clutton et al, 1996), the
secretion of clastogenic factors by cells subjected to stresses (Emerit et al, 1994) and
epigenetic factors such as microRNAs (Koturbash et al, 2007; linytskyy et al, 2008;
Valeri et al 2010) and DNA methylation (Kaup et al, 2006). Given that the trans-
generational instability observed in the studies by Dubrova et al (1998; 2002) was
inherited paternally, the factor(s) responsible for propagating radiation-induced

delayed genomic instability must be transmissible through the male germ line. As a
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DNA-associated factor, DNA methylation is a suitable candidate for such transmission

and potential propagation of the radiation memory (Dubrova et al, 2003).

Previous research groups have demonstrated a link between DNA methylation levels
and genomic instability (Chen et al, 1998; Dion et al, 2008; Gonzalo et al, 2006; Tuck-
Muller et al, 2000; Wang and Shen, 2004; Yamamoto et al, 2002). There are multiple
ways in which dysregulation of DNA methylation could contribute to genomic
instability, including inappropriate silencing of tumour suppressor genes (Goto et al,
2010) or genes involved in DNA repair or regulation of cell proliferation (Yamamoto et
al, 2002), hypomethylation of pericentromeric and sub-telomeric satellite repeats
(Gonzalo et al, 2006; Tuck-Muller et al, 2000), and altered DNA methylation and
activation of endogenous retroviral elements (Takai et al, 2000; Symer et al, 2002;

Howard et al, 2008). See section 1.3.

To provide a measure of genomic stability in the five mouse ESC lines used in the
current study, mutation rates were analysed at the X-linked Hprt gene. As the ESC lines
were derived from a male mouse, this gene locus was hemizygous, allowing direct
detection of mutants using selective media, as described in 4.2.1. Selection for
mutants was conducted 23-25 population doublings post sham treatment or 3Gy X-
irradiation to allow determination and comparison of the de novo mutation rate as
well as the radiation-induced delayed mutation rate in the progeny of the irradiated
cells. Any mutant colonies that were produced were picked and analysed for mutation
type using a series of PCRs encompassing each exon of the Hprt gene. PCR products

were sequenced if further characterisation was required.
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The methylation levels of several endogenous retroviral elements were characterised
using Southern blotting. Roughly 45% of the human genome is derived from
transposable elements (see Table 4-1), which are methylated and silenced in normal
mammalian somatic cells. Probes were designed to specifically bind to regions of the
active transposable elements that may be differentially methylated according to their
expression status. This included the 5’ LTR of IAP elements, the 5 monomer sequences
of the mouse L1 elements and entire B1 and B2 SINE sequences. However, it must be
noted that hypomethylation of these repeats does not necessarily indicate active
retrotransposition. Methylation levels of the structural minor satellite repeats were
also analysed by Southern blotting. These sequences form the murine pericentromeric
repeats corresponding to the human classical satellite sequences, which are
hypomethylated and the main site for genomic rearrangements in lymphocytes from
patients with ICF syndrome (Choo, 1997; Garagna et al, 2002; Sawyer et al, 1995;

Tiepolo et al, 1979; Tuck-Muller et al, 2000).

Type of Fraction of | N° of copies in Fraction of | N° of copies in
transposable human human genome | mouse mouse genome (in
element (subclass) | genome* (in thousands)* | genome* thousands)*

LINE 21% 870 19.2% 660

(LINE1) 17.4% 520 18.8% 600

SINE 13.6% 1,560 8.2% 1,500

(Alu human) 10.6% 1,090 - -

(B1/B2/B4 mouse) | - - 2.7% 560/350/390

LTR elements 8.5% 440 9.9% 630

DNA transposons | 3% 290 0.9% 110

Table 4-1 The fraction of the draft human genome sequence (%) comprised by
currently recognised members of each major class of transposable element, and the
number of copies detected, taken from Lander et al (2001). Data for the mouse is
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taken from the Mouse Genome Sequencing Consortium (2002). *All values given are
approximate.

4.2 Chapter-Specific Methods and Materials

4.2.1 Genomic Stability Measured by Mutation Rate at the Hprt Gene

Trypsinise, count
and split cells

l Seed into cl i f
g
A F AN

Pic.k a[lq expand 20 cPIonies Pick and expand 20 colonies
as individual populations as individual populations

/ / X Seed into dishes I \ \
s S Gammms) comntaining 5T6. Smmmme ——

Grow for 14 days.

Figure 4-1. Schematic to outline the procedure for detecting mutations in the Hprt
gene. The colonies that grew in media containing 6TG were picked and analysed.
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4.2.1.1 Establishment of clones

Cells were trypsinised and counted. Three million cells were transferred into 2 labelled
eppendorf tubes, which were centrifuged at 1,000rpm for 5 minutes, and the
supernatant removed by aspiration. The tubes were placed inside a polystyrene box
for transport to/from the X-ray machine. After irradiation with 3Gy X-rays or sham
treatment, as described in section 2.4, the cells were resuspended in complete ES
media to a concentration of 1 million cells per ml, mixed and serially diluted to a
concentration of 10,000 cells per ml. 30ul of cell solution was added to a gelatinised
well of a 6-well plate containing 3ml complete ES media, and the contents swirled to
mix. The plate was placed in the 37°C incubator and colonies allowed to grow for 8-10

days. Medium was changed every second day.

For each cell line, 20-25 individual sham and 3Gy x-ray treated colonies were picked for
expansion as individual clonal populations. Medium was removed from the well by
aspiration, and the colonies covered with PBS. Individual colonies of a variety of sizes
were randomly selected and removed from the gelatinised surface using a 20ul
pipette. They were placed into separate round-bottom wells of 96 well plates
containing 10ul trypsin-EDTA and incubated at 37°C for 2 minutes. 130ul complete ES
medium was added to neutralise the trypsin, and the contents of the well were
transferred to a gelatinised, flat-bottom well of a 96 well plate to grow. Medium was
changed every 2 days until the cells had reached confluence, at which point they were

passaged into a 24 well culture dish. When each clone reached confluence in a 6-well
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plate, half of the cells were frozen as an aliquot for future use, using the method

described in section 2.2.5. The remaining cells were maintained in culture.

4.2.1.2 Selection of cells containing mutation(s) within the Hprt gene

When each clone was confluent in a 75cm flask (T75), the cells were trypsinised and
counted. When each clone had proliferated to 20-30x10° cells, 4x10° of the cells were
seeded into a gelatinised 9cm petri dish containing 2ug/ml 6-thioguanine (6TG) in 10ml
media and allowed to grow for 10 days in the 37°C incubator. To calculate the plating
efficiency, 3 clonal populations were selected at random for each cell line and
treatment condition and 1,000 of the cells were seeded into a petri dish containing
complete ESC media without 6TG. These were allowed to grow alongside the cells in
selective media, and the number of colonies produced after 10 days were counted.

Medium was changed every second day.

The metabolites of 6TG are toxic to mammalian cells. However, cells which have a
mutation in the Hprt gene do not metabolise this compound and proliferate to
produce visible colonies during the 10-day incubation period. Colonies that were
visible to the naked eye were counted, picked as described in section 4.2.1.1,
transferred to a labelled eppendorf and stored at -20°C until DNA extraction and
characterisation of the mutation by PCR and/or sequencing. See sections 2.3.3, 2.5 and
2.6 for methods. The mutation rate was calculated using Luria-Delbriick fluctuation

analysis implemented by Salvador, which runs in Mathematica.
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4.3 Results

4.3.1 Hprt mutation rate

Selection for ESCs carrying functional mutations in the Hprt gene was carried out using

approximately 20 individual clonal populations, each expanded from a single irradiated

or sham treated ESC, per cell line and treatment condition. See Figure 4-1. The exact

number of selections carried out for each ESC line, the numbers of cells screened, the

colony counts and the calculated mutation rates, are detailed in Table 4-2.

Cell line Number of Number of Average Number of Mutation
and independen cells plating mutations per ratet
condition t selections | screened per | efficiency selectiont
selection
wild Type 25 4x10° 55% 0(22), 1(2), 3(1) | 5.7x10®
sham
Dnmt1-/- 19 4x10° 52% 0(6), 1(7), 2(2), | 4.4x10”
sham 3(1), 4(2), 12(1),
97(1)
Dnmt3a3b 25 4x10° 51% 0(22), 1(2), 2(1) | 6.0x10®
--/-- sham
Dnmt3a-/- 19 4x10° 38% 0(16), 1(2), 2(1) | 1.1x107
sham
Dnmt3b-/- 22 4x10° 51% 0(16), 1(1), 1(4), | 8.7x10°®
sham 16(1)
wild Type 4x10° 49% 0(11), 1(5), 2(1), 5
36y 20 6 3(1), 9(1), 13(1) | >
Dnmt1-/- 4x10 49% 0(7), 1(5), 2(2), 5
36y o 6 3(2), 6(2), 20(1) |+
(o)
bnmt3a3b 20 4x10 45% 0(16), 1(3), 6(1) | 1.2x107
--/-- 3Gy
-/- 6 (o)
g g;"w" / 20 4x10 A% 1 07), 12),2(1) | 9.5x10°
Dnmt3b-/- 4x10° 48% 0(18), 2(1), 7(1), 3
36y 21 8(1) 8.5x10

Table 4-2. Details of the Hprt mutation rate selections carried out for each cell line and
treatment condition. t The number in brackets indicates the number of selections in
which the adjacent number of drug-resistant colonies was observed. ¥ Calculated using
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Luria Delbrick fluctuation analysis and corrected for plating efficiency. Average plating
efficiency was calculated as described in section 4.2.1.2.

It could be confirmed from the colony counts that no founder mutations were present
in any of the clonal populations, as no more than 97 colonies were observed in any
selection dish, each of which was seeded with 4x10° ESCs. The plating efficiencies were
very similar for each of the cell lines. After correction for plating efficiency, a total of
approximately 28.9x10° - 55x10° cells were screened per ESC line and treatment
condition. The majority of the clonal populations produced no colonies. However,
greater numbers of petri dishes containing colonies were observed in selections of
Dnmt1-/- ESCs from both treatment groups, and wild type ESCs which had been
subjected to 3Gy X-irradiation. In addition, greater variation in the number of colonies
produced in each dish was observed in these ESC clones. Correspondingly, an elevated
mutation rate was calculated in the Dnmt1-/- sham and 3Gy-treated ESCs and the wild
type 3Gy treated ESCs, compared to all other ESC lines and treatment conditions, using
Luria-Delbriick fluctuation analysis. The calculated mutation rates at the Hprt locus are

displayed graphically in Figure 4-2.

As discussed in section 3.3 all of the ESC lines had similar doubling times, and
underwent 23-25 population doublings between sham treatment or 3Gy X-irradiation
and being seeded into selective media containing 6TG. The Dnmt3a3b--/-- ESCs were
p#14-17 at the time of treatment, and p#20-26 at the point of seeding into selective
media. Thus, according to the results presented in Figure 3-4 they would have had very
similar or lower methylation levels than the Dnmt1-/- ESCs at the time of seeding into

selective media.
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Figure 4-2. Hprt gene mutation rates 23-25 population doublings after 3Gy X-
irradiation or sham treatment. Columns represent the mutation rate, calculated using
Luria-Delbrick fluctuation analysis, + the 95% confidence intervals. Dnmt3a3b--/-- ESCs
were p#20-26 at the time of selection for mutants.

However, the Dnmt1-/- ESCs have a significantly elevated de novo mutation rate in
comparison to all of the other ESC lines (p<5.6x107), including Dnmt3a3b--/--
(p=3.2x10"°). Although the Dnmt3a3b--/-- ESC line had a similar methylation level to
the Dnmt1-/- ESC line, the mutation rate determined from the sham treated clones
was not significantly different from that of the wild type ESC line (p=0.9). Thus, it
appears that the elevated mutation rate detected in the Dnmt1-/- ESC line is not
simply a result of global hypomethylation, but a result of the absence of a property or
function specific to DNMT1. The Dnmt3a-/- and Dnmt3b-/- ESCs were also found to

have very similar low de novo mutation rates to the wild type ESC line (p>0.2).
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The Dnmt1-/- ESCs also showed a significantly elevated mutation rate in the 3Gy X-
irradiated clones. However, this was not significantly different to the de novo mutation
rate for this cell line (p=0.9). Similarly, none of the other Dnmt knock out ESC lines
showed a significantly elevated mutation rate in the 3Gy X-irradiated clones in
comparison to the sham treated controls (p>0.4). Thus, the Dnmt knock out ESC lines
showed no evidence of the classic occurrence of radiation-induced delayed genomic
instability. The wild type ESC line, however, did display a significantly elevated
mutation rate in the 3Gy X-irradiated clones in comparison to the sham treated control
clones (p=1.6x10'4), indicating the occurrence of radiation-induced delayed genomic
instability. The fact that this was observed in the wild type cell line alone indicates that
absence of the DNA methyltransferase enzymes, or disruption of the normal
methylation pattern, may potentially inhibit the mechanism behind radiation-induced

delayed genomic instability.

4.3.2 Hprt mutation spectrum

The types of mutations present at the Hprt gene in the picked colonies were
characterised using PCR, in order to determine the mechanisms that might be
responsible for the differing mutation rates between the ESC lines. Primers were taken
from a previous paper by Meng et al (2004) and are listed in Table 2-2. These primers
were designed to amplify each of the 9 exons within the X-linked Hprt gene, in addition
to a control primer pair which amplified exon 2 of the unlinked K-ras gene on
chromosome 6. This method allowed the detection of large deletions encompassing

the whole gene, smaller deletions encompassing one or a few exons, and insertions or
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deletions within the exons. Any mutations thought to be a result of insertions were
confirmed and characterised by sequencing, as described in section 2.6. In the
instances where no mutations could be detected by PCR, it was assumed that the
colony had survived selection as a result of either an epigenetic alteration, point
mutation of one or a few bases, or a frameshift mutation. These were grouped into a
classification of ‘other’ mutations. Figure 4-3 displays the spectra of mutations
obtained from the 6TG-surviving colonies that were successfully picked, extracted and

characterised for each ESC line and treatment condition.

Wild Type Sham  Dnmt3a3b--/--Sham  Dnmt3a-/- Sham Dnmt3b-/- Sham Dnmt1-/- Sham

WildType 3Gy ~ Dnmt3a3b--/-3Gy  Dnmt3a-/- 3Gy Dnmt3b-/- 3Gy Dnmt1-/-3Gy
Key

® Whole gene deletion M Deletion of exon(s) m Non-contiguous deletions

M Insertion M Insertion and deletion B Other mutations

Figure 4-3. Spectrum of Hprt gene mutations observed in the ESC lines 23-25
population doublings after 3Gy X-irradiation or sham treatment.

The minimum range of mutations detected in each cell line and treatment condition
are displayed in Figure 4-3. When multiple colonies from a single clonal population

produced the same result during mutation analysis, they were assumed to share the
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same clonal mutation, and have been represented as a single mutation. Interestingly,

multiple deletions of non-contiguous exons were observed in sham-treated clones

from the two most hypomethylated ESC lines (Dnmtl-/- and Dnmt3a3b--/--). For

example, exon 1 and exons 5-9 were found to be deleted in a Dnmt3a3b--/-- sham

colony, and exons 1-4, 6 and 9 were deleted in a single Dnmt1-/- sham colony. See

Table 4-3 below. Notably, all of the ESC lines displayed these non-contiguous exonic

deletions in clones which were derived from 3Gy X-irradiated cells. The deletions do

not appear to follow any particular pattern. They will be discussed in section 4.4.3.

Hprt Exons Control
Sample 1 2 3 4 5 6 78 |9 K-ras
Dnmt1-/- sham N N N N P N P N P

N N P P P N P P P

N N N N P N P N P
Dnmt3a3b--/-- sham | N P P P N N N N P
Wild Type 3Gy P N P P P P N P P

P P P N P P N P P
Dnmti1-/- 3Gy P N P P P P N P P

P N P P P P N P P
Dnmt3a3b--/-- 3Gy N N P P N P N N P

N P P N N P N N P
Dnmt3a-/- 3Gy N N N N P P P N P
Dnmt3b-/- 3Gy N P N P P P P P P

N N P P N P P P P

P P N N N N P N P

Table 4-3. The non-contiguous exonic deletions observed in the ESC lines are

displayed. Exons for which a PCR product was present are identified by ‘P’ in a blue

box. Exons for which no PCR product was detected are denoted ‘N’ in a red box.

127




Relative distances between the various deleted exons, and the sizes of the exons in the

murine Hprt gene, are represesnted in Figure 4-4.

Promoter
—>
1 2 3 4 5 6 78 9

0Okb 10kb 20kb 30kb

Figure 4-4. Schematic of the murine Hprt gene showing the promoter region and all 9
exons. The scale below indicates the size of the gene and relative distances between
exons in kilobases.

The Dnmt1-/- ESC line, which has the highest spontaneous mutation rate as calculated
by Luria-Delbriick fluctuation analysis, was also found to display the widest variety of
mutation types in comparison to the sham-treated clones from the other ESC lines.
This indicates that a wider variety of different mutational processes may be
contributing to the elevated mutation rate observed in the Dnmti1-/- ESC line. In
particular, Dnmt1-/- cells were the only ESCs to demonstrate the occurrence of active
retrotransposition, as indicated by the presence of insertions involving two different
subfamilies of non-autonomous SINE retrotransposons. A B2 SINE was detected just 5’
of exon 3 in the Hprt gene in a single colony produced by a Dnmt1-/- sham-treated
clonal expansion, and a B1 SINE/Alu insertion was detected just 5’ of exon 6 in the Hprt
gene in all ten colonies analysed from the Dnmt1-/- sham-treated clonal expansion
which produced 97 colonies in total. The sequences of these insertions and the

surrounding Hprt genomic DNA are shown in Figure 4-5 and Figure 4-6.
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5’-cctcatgccccaaaatcttacctttggtatatgaaaaatagtctccacttctgcaaaatattgetttatgaagtaagaatt
cccttcatagagacaaggaatgtgtcctgtaaaagtttaatgtgtagaagtatttgeittttttttttttttttttttttttttttttt
ttttttttttttttttttaaatatttatttatttattatatgtaagtacactgtagctgtcctcagacactccagaagagggagtca
gatcttgttatggatggtcgtgagccaccatgtggttgctgggatttgaactcctgaccticggaagagcagtcgggtgctcett
acccactgagccatctcaccagcecccagaagtatitgtiataaaagataaatattcagaatcttctttttaattectgattttat
ttctatagGACTGAAAGACTTGCTCGAGATGTCATGAAGGAGATGGGAGGCCATCACATTGTGG
CCCTCTGTGTGCTCAAGGGGGGCTATAAGTTCTTTGCTGACCTGCTGGATTACATTAAAGCACT
GAATAGAAATAGTGATAGATCCATTCCTATGACTGTAGATTTTATCAGACTGAAGAGCTACTG
Tgtaagtataattaacttataattaaaaaaatagggcc-3’

Figure 4-5. DNA sequence of Hprt gene exon 3 and surrounding introns, and the B2
SINE insert. Red underlined = primers; lower case = intron; upper case = exon; B2 SINE
insert = black underlined; dark grey shading = duplicated DNA sequence adjacent to
the insert; light grey shading = duplicated sequence adjacent to B2 SINE insert
characterised in E14.1 wild type ESCs by Tsuda et al (1997).

5’-ttaaggccaccaacctgaactacatagcaagaccctgtgtgaaatacaacagaaagatttgtgtatgtgtgcagtgett

acatgtagacgttccatttactgtttttgaccttgccacatctatgcaatctagttctggggactgacattacctctgcttactta
gagccagataggttacaagttccagactatctctgtgtgaattgtggtgagattttgtgtatactaaaaatgaatggeattgt

gtcgtggaatactagaatattgcatttggaattgtatgtttgtaataaggatgattttttttaaattgtggtggttttatttacca

ttaaalgCICEELCEEEtN tttttttttttttttttttttttttttttggtttttcgagacagggtttctctgtatageectggetgtee
tggacctcactttgtagaccaggctggcctcgaactcagaaatccacctgectctgectcccgagtgetgggattaaaggegt
gegecaccacgeccggchBtetettttetttttaaaagGATATAATTGACACTGGTAAAACAATGCAAACTTT

GCTTTCCCTGGTTAAGCAGTACAGCCCCAAAATGGTTAAGGTTGCAAGgtatgtatgccactttaaag
tagaatgctttccttat -3’

Figure 4-6. DNA sequence of Hprt gene exon 6 and surrounding introns, and the B1
SINE/Alu insert. Red underlined = primers; lower case = intron; upper case = exon; B1
SINE/Alu insert = black underlined; dark grey shading = duplicated DNA sequence
adjacent to the insert.

It is possible that increased expression of SINE elements and activation of endogenous
retroviruses, which have the capacity to reverse transcribe and transpose SINEs, such
as LINE1 elements, may contribute at least in part to the increased mutation rate
observed in the Dnmtl-/- ESC line. However, it is also possible that active
retrotransposition has not been observed in the other ESC lines simply by chance, due

to their lower spontaneous mutation rates.
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The high de novo mutation rate of the Dnmt1-/- ESC line was further demonstrated by
the occurrence of second mutation events during the expansion of the sham-treated
clones. For example, one of the ten colonies analysed in the clonal population carrying
the B1 SINE insertion in exon 6, was also found to have a deletion of exon 4. This has
been represented in Figure 4-3 as an ‘insertion and deletion’. Given that the SINE
insertion was present in several colonies and the deletion mutation was only detected
in a single colony, it was assumed that the deletion of Hprt exon 4 had arisen at a
delayed period after the SINE insertion had occurred. Figure 4-7 illustrates the PCR
product banding patterns obtained by a range of the Dnmt1-/- ESC colonies. Clone 3
colony 5 exhibited no detectable mutations in the Hprt exons and was therefore
classed as an ‘other’ mutation type. Clone 11 colony 15 displayed a B1 SINE insertion in
exon 6 (expected product size: 485bp) and clone 11 colony 16 showed the presence of
a second mutation (deletion of exon 4) in addition to the B1 SINE insertion in exon 6.
PCRs that failed to give a product were confirmed as deletions after repetition of the

PCR alongside a positive and negative control sample.
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Figure 4-7. Images of the banding pattern produced in a range of Dnmt1-/- ESC
colonies from two sham-treated clones, after PCR amplification of the Hprt gene exons
and K-ras control, and staining of the gel with ethidium bromide. A. Colony number 5
from clone 3 has no detectable mutation in the Hprt exons, but may carry another
form of mutation. B. Colony 15 from clone 11 carries the B1 SINE insertion, as can be
seen by the increased PCR product size for exon 6. C. Colony 16 from clone 11 carries
the B1 SINE insertion in addition to deletion of exon 4.

Finally, the mutation spectrum data revealed a trend in which the ESC lines with lower
de novo mutation rates either displayed no change or an increase in the number of
different mutation types observed in the 3Gy-irradiated clones. Conversely, the
Dnmt1-/- cell line, which demonstrated a wider range of de novo mutations and an
elevated de novo mutation rate, appeared to display a reduced range of mutation
types in the 3Gy X-irradiated clones. In addition, no SINE insertions were observed in

the irradiated clones, but it is hard to establish the significance of this observation.
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4.3.3 Methylation of structural repeats and endogenous retroviral

elements

The cytosine methylation levels of specific structural genomic repeat sequences and
endogenous retroviral elements were analysed using Southern blotting, as described in
section 2.7. Control for complete digestion (C.D.) was achieved using a probe specific
to a mitochondrial DNA sequence which falls between two Msp1/Hpall restriction sites
separated by 1.7kb. As mitochondrial DNA contains no CpG methylation, a single band
of 1.7kb in size should be visible on the blot if restriction enzyme digestion with Msp1
or Hpall has been complete. As can be seen from Figure 4-8 to Figure 4-11, all samples
on the Southern blots were fully digested. An image of the ethidium bromide stained
gel, pictured 10 minutes after loading the samples, was used as a control for loading
(C.L.). This allowed direct comparison of the methylation levels between different

samples.

DNA samples from each ESC line were digested with Hpall. An additional aliquot of
DNA from the wild type ESC line was digested with Msp1 and loaded into the first lane
of every Southern blot. Hpall and Msp1 are isoschizomers (restriction site: C'CG,G), but
Hpall is methylation-sensitive and only cuts when the recognition sequence is not
methylated. Msp1 cuts regardless of the presence of methylation at the recognition
sequence, and therefore provides an indication of the banding pattern that would be
produced in Hpall-digested DNA that was entirely devoid of CpG methylation.

Furthermore, the fragment sizes produced are proportional to the level of
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methylation, with highly methylated samples producing more high molecular weight

fragments than less methylated samples.

At the minor satellite region, the Dnmtl-/- ESC line appeared to have the least
methylation, followed by the Dnmt3a3b--/-- ESCs (px22). The single de novo Dnmt3a-/-
and Dnmt3b-/- ESCs displayed levels of minor satellite methylation much closer to that
of the wild type. Interestingly, however, slightly lower methylation levels were found
in the ESCs nullizygous for Dnmt3b, the methyltransferase which carries mutations in

ICF syndrome.

To allow semi-quantitative comparison of minor satellite methylation levels between
the samples, the band at ~300bp and the load control band were quantified using
Image J, and subjected to chi-square analysis. Reassuringly, a significantly different
value was obtained when comparing wild type ESCs digested with Hpall and Mspl
(p=0.002). The Dnmt1-/- ESCs were found to contain significantly less methylation at
the minor satellite repeat sequences than the wild type cells (p=0.001). However, the
differences in methylation level between the wild type ESC line and the de novo
methyltransferase knock outs (Dnmt3a-/-, Dnmt3b-/- or Dnmt3a3b--/--) were not

statistically significant (p>0.25).
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Figure 4-8. Southern blots of ESC DNA digested with Msp1 or Hpall, as indicated above
the blots, and visualised with probes specific for the structural minor satellite repeats
(A) or intracisternal-A particle (IAP) LTR retrotransposons (B). Hyperladder 1 was used
as a size marker. A mitochondrial DNA probe was used as a control for complete
digestion (C.D.) and the ethidium bromide stained gel was used as a control for even
loading (C.L.). The Dnmt3a3b--/-- ESCs were p#22.

Labelling of the Southern blot membrane with a probe specific to IAP LTR
retrotransposons revealed a strong band slightly greater than 1kb in size, which was
indicative of complete digestion. This band was used for quantification, in addition to
the loading control as a correction factor. Again, a significant difference was observed
between the values for Hpall and Mspl digested DNA from the wild type ESCs

(p=0.002). The Dnmt1-/- ESCs were found to contain significantly less methylation at
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IAP retrotransposon sequences in comparison to wild type ESCs (p=0.002). A faint band
was also visible in the lane containing Hpall digested DNA from the Dnmt3a3b--/--
ESCs. However, the methylation level was not found to be significantly lower than that

of the wild type ESC line (p=0.4).

The results of the Southern blots using probes for LINE1 elements were much more
difficult to interpret. The Southern blot image obtained using a probe specific to the TF
subfamily of murine LINE1 elements was very un-informative. However, comparison of
the other LINE1 blots by eye alone indicates that the Dnmt3a3b--/-- ESC line is the
most hypomethylated at LINE1 A, F and GF sub-families, based on the smallest band

(<200bp) being more intense than the band just above 200bp.

Quantification and comparison of the two bands around 200bp in size, and control for
sample loading, revealed almost no significant difference in methylation level between
any of the ESC lines at LINE1 elements. Significant differences were observed only
when a probe specific to the LINE1 F-type subfamily was used (Figure 4-9 B), indicating
hypomethylation of the Dnmt1-/- and Dnmt3a-/- ESC lines in comparison to the wild
type ESCs (p<0.0008). However, these results were thought to be anomalous, as
guantification implies that they are more hypomethylated than the wild type ESCs
digested with Msp1. This is unlikely to be true, as it would require the Dnmt knock out
ESCs to have acquired additional Hpall/Msp1 restriction sites. Thus, it was concluded
that this membrane may have developed areas prone to non-specific probe binding as

a result of continual stripping and re-probing.

135



LINE1 F-type

B.

LINE1 A-type

A

136

C.D.

Hpall
Hpall

LINE1 GF-type

adAL pt =
Lpim TSN adALpim |
Tdsin adAL pitm

i
S
) [ -/-qeawug
-/-agywua | .
-/-egiwuq ' , S ; -
/--qgegiuuq o/aemen
-\-Hurccn_ . -\-HchQ ‘ o
adALpim I A

17kb = eGP CO.
m C.L.

2 22 =2 8 5 2 a 2 22 =g 8 s
o M — o o ™~ o M — j=3 o
a 4 o
(@] (@] (@] (@]
[ -/-qawug ¢ [ -/-qawug At
_ -/-egawuq . -/-egawuq
2 | -+/-qgegwua © 3 | -/-agesiwug WD
= I e
/-Tawug W -/-T3wug _ ...,r;,fs.‘
adAL piim : oL adAL piIm :
s — - .
dsiy~ adALppim ¥ >
T L PIIM m TdsN SdALpIM - .
£ N A T = 7 T 1
2 E= = &8 g 2 8 s =
e o — o o ™~ o o ™~
J



Figure 4-9. Southern blots of ESC DNA digested with Msp1 or Hpall, as indicated above
the blots, and visualised with probes specific for the long interspersed nuclear element
1 (LINE1) subfamilies defined by the 5" monomer types A, F, TF and GF. Hyperladder 1
was used as a size marker. A mitochondrial DNA probe was used as a control for
complete digestion (C.D.) and the ethidium bromide stained gel was used as a control
for even loading (C.L.).

Previous groups have reported that LINE1 elements are expressed during murine
embryogenesis, particularly in the blastocyst cells (Packer et al, 1993) from which ESCs
are derived (Evans and Kaufman, 1981). Thus, another membrane blotted with
Msp1/Hpall digested DNA from the same ESC lines and some tissue controls from the
CBA/H mouse strain was hybridised with the LINE1 A probe. See Figure 4-10. An
ethidium bromide picture of the gel taken 10 minutes after loading was not avaliable,
but one taken immediately before blotting onto the membrane was. This was used to
control for loading instead, using Image J to quantify the pixels within a slice/section

down the centre of each lane (Figure 4-10 B).
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A. LINE1 A with tissue controls. B. Ethidium bromide stained gel.

2 Hpall c o Hpall
=0 . 1 T =21 . |
~ E 8 ~ 3
AN < o o B L AL °
» ¥ . Wm T T 5 = <om T &
SE28 882 ¢ S EFI 888 = ¢
8 B EEE E & 9 S 22 EEEE <o
2558668 & A 225868668 &
LR
5kb—> ’ 5kb —>
3kb—> 3kb —>
2kb—> 2kb —>
1.5kb —> 1.5kb —>
1kb —> 1kb —>
7000 —> 700 bp —>
=005p—3> . 500 bp —>
300 bp—> - - 300 bp—>

aclal

Figure 4-10. Southern blot of ESC DNA and DNA extracted from CBA/H mouse spleen
and bone marrow, which has been digested with Msp1 or Hpall and visualised with
probes specific for the LINE1 subfamily A (A). Fullranger DNA ladder (NORGEN) was
used as a size marker. The ethidium bromide stained gel was used to control for
loading between samples (B). The Dnmt3a3b--/-- ESCs were p#16.

The banding patterns produced for the ESC lines were similar to those in the Southern
blots shown in Figure 4-9. However, in Figure 4-10 the difference between the Mspl
and Hpall digested wild type DNA is more prominent, and it can be seen that increased
intensity of the smallest band (<200bp) is proportional to the extent of
hypomethylation in the ESCs. Quantification of the smallest band using Image J and
comparison between the ESC lines after controlling for loading revealed that a
significant difference could be detected between the Mspl and Hpall digested wild
type ESC DNA (p=0.00001). Furthermore, the Dnmt1-/- and Dnmt3a3b--/-- ESCs were

found to be significantly less methylated than the wild type ESCs at LINE1 elements of
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the A-type subfamily (p=0.04 and p=0.0005 respectively). In comparison to the tissue
controls, all of the ESC lines were found to be very hypomethylated at LINE1 elements.
Moreover, in agreement with previous data from this lab, the DNA from CBA/H bone
marrow contained lower levels of methylation at LINE1 elements than DNA from

CBA/H spleen (Giotopoulos et al, 2006).
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Figure 4-11. Southern blots of ESC DNA digested with Msp1 or Hpall, as indicated
above the blots, and visualised with probes specific for the short interspersed nuclear
element (SINE) subfamilies (G-H). Hyperladder 1 was used as a size marker. A
mitochondrial DNA probe was used as a control for complete digestion (C.D.) and the
ethidium bromide stained gel was used as a control for even loading (C.L.).

Finally, the methylation level at SINE elements was compared between the ESC lines.
The B1 and B2-B4 SINE sequences which formed the insertional mutations at exons 3

and 6 of the Hprt gene were used to generate the probes. As Figure 4-11 shows, the
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signals detected from the SINE probes were weak and no discrete bands could be
identified. However, visual comparison between the lanes indicated that Dnmt1-/-,
Dnmt3a3b--/-- and Dnmt3b-/- ESCs are hypomethylated in comparison to the wild type
ESCs. Semi-quantitative analysis using the bottom third of each lane and controlling for
loading, however, revealed that these differences were not statistically significant

(P>0.5).

4.4 Discussion

4.4.1 Lack of DNMT1, but not DNMT3A and/or DNMT3B, leads to an

increased de novo mutation rate

The first major observation from the mutation rate data was that the Dnmt1-/- ESCs
displayed a significantly elevated de novo mutation rate in comparison to the wild type
ESC line. The mutation rate of the sham-treated Dnmt1-/- ESCs was 10-fold higher than
that of the sham-treated wild type ESCs (4.4x10-7 versus 5.7x10-8 respectively). The
same trend was observed previously in a study by Chen et al (1998), and it was
concluded by the authors that DNA hypomethylation leads to elevated Hprt mutation
rates. However, Chen et al (1998) did not analyse the effect on mutation rate of
functional absence of the de novo methyltransferase enzymes (DNMT3A and
DNMT3B). In addition, they did not investigate mutation rate in the ESC lines after

irradiation.

Thus, to build on the results of the study by Chen et a/ (1998), the current project also

analysed the mutation rates of Dnmt3a-/-, Dnmt3b-/- and Dnmt3a3b--/-- ESCs. The
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results demonstrate that the mutation rate of the Dnmt1-/- ESC line is significantly
elevated in comparison to the Dnmt3a-/-, Dnmt3b-/- and Dnmt3a3b--/-- ESC lines.
Furthermore, each of the de novo methyltransferase KO ESC lines displayed a mutation
rate that was not significantly different to that of the wild type ESC line. As discussed in
section 3.3, each of the ESC lines used in this project have similar doubling times, and
underwent 23-25 population doublings between sham treatment or 3Gy X-irradiation
and being seeded into selective media containing 6TG. The Dnmt3a3b--/-- ESCs were
p#14-17 at the time of treatment, and p#20-26 at the point of seeding into selective
media. Thus, according to the results presented in Figure 3-4 they would have had very
similar or lower methylation levels than the Dnmt1-/- ESCs at the time of seeding into
selective media. However, in contrast to expectations, the mutation rate of the sham
treated Dnmt3a3b--/-- ESC clones was significantly lower than that of the Dnmt1-/- ESC

line (p=3.2x10-6).

Based on these observations, it can be inferred that the 10-fold elevated mutation rate
detected in the Dnmt1-/- ESC line is not simply a result of global hypomethylation as
previously reported (Chen et al, 1998). Rather, it appears to be a result of the absence
of a property or function specific to DNMT1. For example, it is possible that the specific
genomic targets for DNA methylation by DNMT1, rather than DNMT3A or DNMT3B,
may be important in maintaining genomic stability. Alternatively, the role of DNMT1 in

DNA replication and repair may affect mutation rates at gene loci (see section 1.3).
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4.4.2 Radiation-induced delayed genomic instability is observed in wild

type ESCs, but not in Dnmt deficient ESCs

The second major observation from the Hprt mutation rate data was that the wild type
ESCs demonstrated an elevated mutation rate 23-35 PDs after exposure to 3Gy X-rays,
but the Dnmt-/- ESCs did not. The wild type ESC line exhibited a 5-fold increase in
mutation rate 23-25 PDs after exposure to 3Gy X-rays in comparison to sham treated
wild type ESC controls. This is characteristic of the occurrence of radiation-induced
delayed genomic instability, as seen previously at the Hprt locus in a study by Little et

al (1997).

However, radiation-induced delayed genomic instability was not observed in any of the
Dnmt-/- ESC lines: the mutation rates of the 3Gy X-irradiated clones were not
significantly different to the respective de novo mutation rates. This indicates that
absence of the DNA methyltransferase enzymes, or disruption of the normal
methylation pattern, may potentially inhibit the mechanism behind radiation-induced
delayed genomic instability. However, it is not clear whether the failure to manifest
radiation induced delayed genomic instability is a result of lack of the DNMT enzymes

themselves, or simply a disruption of the normal methylation pattern.

It is possible that cell lines which are intrinsically unstable do not exhibit radiation
induced delayed genomic instability because irradiation has the effect of eliminating
those unstable cells from the population. This could explain the failure of the Dnmt1-/-
ESCs to show any increase in instability in the 3Gy treatment group. However, none of

the de novo Dnmt-/- ESC lines have a significantly higher de novo mutation rate than
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the wild type ESCs. Thus, it is not thought that elimination of unstable cells from the
population has resulted in the observed failure to manifest radiation-induced delayed

genomic instability.

To our knowledge this is the first direct demonstration of a requirement for specific
DNA methylation patterns and/or the DNA methyltransferase enzymes in the
propagation of radiation induced delayed genomic instability. Further work is required
to elucidate the possible roles of the DNMTs in this mechanism. Speculative effects of
disruption to the normal methylation pattern are easier to envisage. Although the
correlation of reduced levels of DNA methylation with apparently increased genomic
stability after a radiation insult could be conceived as contrary to expectations,
numerous possible explanations exist. For example, methylcytosine is thought to be a
preferential target for DNA adduct-forming mutagens in comparison to unmethylated
cytosine, and oxidative crosslink lesions have been found to be induced >10 times

more efficiently in methylated DNA than unmethylated DNA (Cao and Wang, 2007).

Alternatively, the lower levels of DNA methylation and associated binding proteins in
the Dnmt-/- ESCs may permit increased access to the DNA for proteins involved in DNA
damage signalling and repair (Amouroux et al, 2010). Finally, it is also possible that, if
radiation induced delayed genomic instability is partly mediated by epigenetic
dysregulation of the genes involved in the DNA damage response (ie, via aberrant
promoter methylation), the lack of methyltransferase enzymes in the Dnmt-/- ESCs

may reduce this effect. Characterisation of the mutation types observed at the Hprt
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locus in each of the ESC lines was carried out in an attempt to better understand the

mechanisms that may be responsible for their differing mutation rates.

4.4.3 Mutation spectra analysis reveals a link between non-contiguous

exonic deletions and hypomethylation or radiation exposure

An attempt was made to characterise the spectrum of mutation types contributing to
the mutation rates of each ESC line, both in irradiated and sham-treated clones. It
could be argued that due to the low numbers of colonies produced, the mutation
spectra of the clones with a low mutation rate may not be entirely accurate.
Nevertheless, for each cell line the mutation spectrum at a delayed period after 3Gy X-
irradiation was found to roughly resemble the de novo mutation spectrum.
Interestingly, multiple deletions of non-contiguous exons were observed in the sham-
treated clones from the two most hypomethylated ESC lines (Dnmt1-/- and Dnmt3a3b-
-/--). In addition, all of the ESC lines displayed these non-contiguous exonic deletions in

clones derived from 3Gy X-irradiated cells. See Table 4-3.

It is not clear from the available data whether the non-contiguous deletions are the
result of a single mutation event or multiple mutational events which have occurred
during expansion of the colonies. However, previous research groups have reported
similar mutations in the Hprt gene using lymphocytes and Chinese hamster ovary
(CHO) cells, and have associated them with the occurrence of radiation-induced
delayed genomic instability (Caron et al, 1997; Mognato et al, 2001; Romney et al,
2001). Non contiguous exonic deletions are thought to be one phenotype of radiation-

induced global instability, and are not specifically associated with the occurrence of
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other markers of instability, including minisatellite mutations, changes in telomere

length, and induction of chromosomal aberrations (Romney et al, 2001).

In this project, non-contiguous deletions were observed in as many as 40% of 3Gy X-
irradiated clones, and also in 20-35% of clones derived from the hypomethylated
Dnmtl1-/- and Dnmt3a3b-/- ESCs, which had not been irradiated. Thus, these
hypomethylated cell lines appear to display a type of instability that is characterised by
similar mutational events to those observed at a delayed period after irradiation.
Interestingly, it has been suggested that non-contiguous exonic deletions may arise via
recombinational repair of DNA DSBs (Balestrieri et al, 2001). Previous studies have also
attributed the occurrence of large deletions in the Hprt gene to illegitimate
recombination (Morris and Thacker, 1993). In this project, large deletions involving
several exons were observed in all ESC lines, and may simply reflect the fact that
homologous recombination is the main mechanism by which DNA DSBs are repaired in
ESCs (Adams et al, 2010; Tichy and Stambrook, 2008). However, it is also possible that
the non-contiguous exonic deletions observed in the most hypomethylated sham
treated ESC lines, and in all of the ESC lines exposed to 3Gy X-rays, indicate the

occurrence of increased levels of illegitimate recombination.

The suggestion that DNA methylation can protect the genome from illegitimate
recombination is not new (Bender, 1998; Chen et al, 1998), and several studies lend
support to this hypothesis. Indeed, crossover at recombination hotspots in fungus has
been shown to be reduced >100-fold when the hotspot is methylated on both

homologs, and 50-fold when only one homolog is methylated (Maloisel and Rossignol,
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1998). Furthermore, in murine ESCs Gonzalo et al (2006) demonstrated that deficiency
of Dnmt1-/- or Dnmt3a3b--/-- results in increased frequencies of recombination events

at telomeres.

Thus, it is possible that homologous recombination could be responsible for some of
the mutations observed in the ESC lines used in the present study. It should be noted
that the Hprt gene is X-linked and as the parental J1 clone was derived from a male
embryo, all the Dnmt-/- derivatives are by default male. However, a complete homolog
of this gene is available for homologous recombination after DNA replication, in late S-
phase and G2 of the cell cycle. Alternatively, homologous recombination could
potentially occur between relatively small sequences of homology on non-homologous

chromosomes.

Repetitive sequences such as retroviral elements and satellite sequences, contain the
majority of the methylated cytosines found in mammalian cells (Yoder et al, 1997) and
have been found in at least some instances to be hotspots for recombination
(Edelmann et al, 1989; Jeffreys et al, 1999). Southern blot analysis of the minor
satellite region in the mESCs in this project revealed that the Dnmti-/- ESC line
contained the lowest level of methylation at these sequences and was significantly
hypomethylated in comparison to the wild type ESCs (=0.001). Given the apparent
correlation between methylation levels and homologous recombination, it is possible
that hypomethylation of the minor satellite sequences in the Dnmt1-/- ESCs could
cause increased recombination between centromeric regions. Such a phenomenon is

observed in cell lines from patients with ICF syndrome (see section 1.3). However,
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homologous recombination between pericentric satellite sequences is unlikely to be
responsible for the elevated mutation rate observed in the Dnmt1-/- ESCs at the Hprt

gene.

4.4.4 Mutation spectra analysis reveals active retrotransposition in

Dnmt1-/- ESCs

The Dnmt1-/- ESC line was found to display the widest variety of mutation types in
comparison to the other ESC lines, indicating that a wide variety of different
mutational processes were occurring. For example, it was the only cell line to
demonstrate the occurrence of active retrotransposition. As described in section 4.3.2,
a B2 SINE insertion was detected just 5’ of Hprt exon 3 and a B1 SINE/Alu insertion was
detected just 5’ of Hprt exon 6, in clones derived from Dnmt1-/- sham-treated cells. It
was therefore considered that this cell line may have more active retrotransposition as
a result of hypomethylation of endogenous retroviral repeats. However, SINE elements
are thought to utilise the host cell or L1 machinery for transposition, and Southern
blotting revealed that the L1 promoter was most hypomethylated in Dnmt3a3b--/--
ESCs, although in comparison to the tissue controls all of the ESC lines were
significantly hypomethylated at LINE1 elements. Furthermore, the SINE elements
themselves were hypomethylated to a very similar degree in the Dnmt1-/-, Dnmt3a3b-
-/-- and Dnmt3b-/- ESC lines. Thus, we cannot assume that endogenous retroviruses
are active only in the Dnmt1-/- cell line, as insertions may not have been detected in
the other ESC lines simply by chance. Further support for this possibility comes from

the fact that a very similar SINE insertion has previously been described in wild type
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murine ESCs of the E14.1 strain. Tsuda et al (1997) reported the occurrence of a B2
SINE insertion in exon 3 of the Hprt gene, which arose spontaneously during selection
in media containing 6-TG. This insertion was at the 3’ end of Hprt exon 3, whilst the B2
SINE insertion detected in this project was in the intron 5’ of exon 3. However, the
occurrence of both of these insertions within/near the same exon indicates that this
region of the Hprt gene may be a hotspot for SINE insertions. Whether it is simply

coincidental that both insertions at exon 3 were of the B2 subfamily is unknown.

Interestingly, some of the genomic rearrangements described by Chen et al (1998)
during their analysis of 6-TG resistant Dnmt1-/- clones also appear to be insertions of a
few hundred base pairs. It is not known whether they investigated the possibility, but
it is tempting to speculate that rather than observing a high frequency of genomic
rearrangements in the Dnmt1-/- ESCs as reported, Chen et al (1998) actually detected

some insertions of retroviral elements.

In the present study, IAP elements were also found to be significantly more
hypomethylated in the Dnmt1-/- ESCs than any of the other ESC lines. However, due to
the PCR-based methodology used to characterise the mutation types and the large size
of IAP elements, it was not possible to determine whether insertions of these elements
had occurred. Similarly, the occurrence of LINE1 retrotransposition events could not be
detected. If either of these elements actively retrotransposed to generate an insertion
in the Hprt gene, it would most likely manifest as an exonic deletion if it occurred
between the forward and reverse primers of a primer pair, or as an ‘other’ mutation

type if it occurred within the Hprt promoter region or an intron sequence that was not
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covered by a primer pair. Colonies exhibiting such mutation types were not sequenced
in the current study. Thus, it is possible that increased expression of IAP and SINE
elements and activation of endogenous retroviruses that have the capacity to mobilise
SINEs, such as LINE1 elements, may have contributed at least in part to the increased
mutation rate observed in the Dnmt1-/- ESC line, in addition to a possible increased
frequency of homologous recombination. However, the possibility that such insertions

also occurred in the other ESC lines and were simply not detected cannot be excluded.

The high de novo mutation rate in the Dnmt1-/- ESC line was further demonstrated by
the occurrence of second mutation events during the expansion of the sham-treated
clones. For example, one of the ten colonies analysed in the clonal population carrying
the B1 SINE insertion in exon 6, was also found to possess a deletion of exon 4. See
Figure 4-7. Given that the SINE insertion was present in several colonies and the
deletion mutation was only detected in a single colony, it was assumed that deletion of

Hprt exon 4 had arisen at a delayed period after the SINE insertion had occurred.

Other possible reasons for the elevated mutation rate observed in the Dnmt1-/- ESC
line may stem from the roles that DNMT1 plays in DNA repair. For example, DNMT1
has been shown to be recruited to sites of DNA damage repair by PCNA, whilst
DNMT3A and DNMT3B are not (Mortusewicz et al, 2005). It was proposed that DNMT1
is recruited in order to restore the methylation pattern on the repaired strand, and
also to help re-establish chromatin structure and histone modifications (Mortusewicz
et al, 2005). However, it is possible that DNMT1 may play another more central role at

DNA repair sites. For example, it is thought to be involved in mismatch repair (MMR)
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and in maintaining the stability of triplet repeat tracts (Wang and Shen, 2004; Dion et
al, 2008). The exact role of DNMT1 in MMR is not clear. However, Dnmt1-/- ESCs have
been shown to exhibit relatively high levels of microsatellite instability in comparison

to wild type ESCs (Wang and Shen, 2004).

The final major observation made from analysis of the mutation spectrum in the
current study was that the ESC lines with low de novo mutation rates tended to display
either a plateau or an increase in the number of different mutation types observed in
the 3Gy-irradiated clones. Conversely, the Dnmt1-/- cell line, which demonstrated a
wider range of de novo mutations and an elevated de novo mutation rate, appeared to
display a reduced range of mutation types in the 3Gy X-irradiated clones. In addition,
no SINE insertions were observed in the irradiated clones. This is consistent with the
hypothesis that cells and tissues which are intrinsically unstable are often eliminated
from the population after irradiation. This may well be the case for the Dnmt1-/- ESCs,
and may explain why no mutations involving insertion of endogenous retroviral
elements were observed in the 3Gy X-irradiated clones, especially if there is only a

subset of particularly unstable clones containing active retroviruses.

4.4.5 Summary

The results of the mutation rate analysis at the Hprt gene indicate that a low global
level of CpG methylation does not necessarily lead to high levels of genomic instability
as previously thought by Chen et al (1998). Instead, it appears that Dnmt1-/- ESCs are
unstable due to loss of a property specific to DNMT1 that is not shared by the de novo

methyltransferase enzymes. Possible causes of the detected increased mutation rate
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in Dnmt1-/- ESCs include increased illegitimate homologous recombination, retroviral
activation, and loss of the properties of DNMT1 that are required for efficient DNA
replication and repair. The wild type ESC line displayed the classic occurrence of
radiation-induced delayed genomic instability. However, knock out of any of the DNA
methyltransferase enzymes appeared to inhibit transmission of the cellular memory of
the radiation insult through the clonal progeny. This indicates that DNA methylation is
indeed involved in the propagation of radiation induced delayed genomic instability in
the mESC lines used in the present study. However, it is not clear whether the failure
to manifest radiation induced delayed genomic instability is a result of loss of the
DNMT enzymes themselves, or simply a disruption of the normal methylation pattern.
The possible effects of varying DNA methylation levels on cellular capacity for DNA

damage repair will be discussed further in section 5.4.
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5 Chapter 5. Genomic Stability: Frequency of

Aberrations on a Genome-wide Scale

5.1 Introduction

The mutation rate results discussed in chapter 4 are data obtained from analysis of a
single locus: the Hprt house-keeping gene. The data reflects the rate and type of
mutational processes occurring in coding regions of the DNA, which are functionally
very important. However, hypomethylation in the Dnmt KO ESC lines occurs on a
genome-wide scale and is expected to affect the stability of endogenous retroviral

elements and structural satellite repeat sequences as well as coding regions.

Drug-induced genome-wide DNA hypomethylation has been shown to result in
prolonged detection of increased levels of yH2AX foci after irradiation, indicating the
continuous presence of DSBs (Dote et al, 2005). Analysis of the levels of DNA strand
breaks in the ESC lines would therefore provide a useful measure of instability on a
genome-wide scale. A variety of techniques are available to detect and quantify DNA
strand breaks, including yH2AX and 53BP1 foci counting methods, alkaline and neutral
filter elution sucrose gradient sedimentation, pulsed field gel electrophoresis (PFGE)
and single-cell electrophoresis (the comet assay) (Hall, 2000; Iwabuchi et al, 2003;
Rogakou et al, 1998). The comet assay has the advantage of being able to detect both
SSBs and DSBs (in addition to alkali-labile sites), and has high sensitivity in comparison

to PFGE or filter elution sucrose gradient sedimentation. It also requires fewer cells per
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sample and has the ability to measure DNA damage at the single-cell level (Olive and

Banath, 2006; Tice et al, 2000).

For the results presented in this chapter, the comet assay was performed in three of
the mESC lines which had produced distinctive signatures of mutation rate at the Hprt
locus. Analysis was performed 23-25 population doublings after 3Gy X-irradiation or
sham treatment. As such, the level of DNA damage, mostly strand breaks, present in
each of the cell lines at the time of selection for Hprt mutants was determined (see
section 5.3.1). It was hypothesised that global levels of DNA strand breaks would
correlate with mutation rates at the Hprt locus, so that the hypomethylated Dnmt1-/-
cell line would display relatively high levels of endogenous strand breaks, whilst the
wild type ESCs would display increased strand breaks 23-25 PDs after exposure to 3Gy

X-rays.

The comet assay can also be used to measure levels of DNA damage caused as a result
of oxidative stress. This is achieved through conversion of oxidised base lesions (such
as 8-0xo0G) into strand breaks by treatment with enzymes that cut at the site of
oxidised base lesions, such as the glycosylase/endonuclease Fpg (Johansson et al,
2010; Olive and Banath, 2006). Oxidative stress is one of the proposed mechanisms by
which radiation-induced delayed genomic instability is propagated (Wright, 2010), and
oxidative crosslink lesions have been shown to form >10 times more efficiently in
methylated DNA than unmethylated DNA (Cao and Wang, 2007). Therefore, the levels
of oxidative damage were determined in the three ESC lines giving distinctive Hprt

mutation rate signatures 23-25 PDs post sham treatment or exposure to 3Gy X-rays.
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The results are presented in section 5.3.2. It was hypothesised that only the wild type
ESC line would display an elevated level of oxidative DNA damage 23-25 PDs post
irradiation, whilst the Dnmt1-/- ESC line may exhibit higher endogenous levels of

oxidative damage.

Finally, DNA hypomethylation has been associated with an increased frequency of
recombination and cytogenetically detectable chromosome rearrangements in
mammals (Gonzalo et al, 2006; Tuck-Muller et al, 2000). A pilot study was therefore
carried out to provide an indication of whether chromosomal instability may be
occurring in the hypomethylated ESC lines. The results are presented in sections 5.3.3
and 5.3.4. Methylation proficient ESCs (wild type) and the two most hypomethylated
ESC lines (Dnmt1-/- and Dnmt3a3b--/--) were harvested for cytogenetic analysis at two
delayed time points post 3Gy X-irradiation or sham treatment: 10-14 and 23-25
population doublings (PDs). The latter time point corresponds to the delayed period at
which cells were seeded into selective media for detection of mutations in the Hprt

gene.

The frequency of cytogenetically detectable aberrations was assessed in 200-300
metaphases per treatment condition per cell line in order to achieve sufficient
statistical power. Thus, cells were harvested from non-clonal cell populations and
multiple slides were made. Metaphases were visualised using solid staining with
Giemsa, as this staining method permits the preferential detection of aberrations
which are indicative of ongoing genomic instability within a non-clonal cell population.

Asymmetrical aberrations, and non-transmissible complex exchanges involving several
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chromosomes, are easily visible using solid staining (Savage, 1999), whilst the majority

of the symmetrical, transmissible exchanges are not (Savage, 1980).

5.2 Chapter-specific Methods and Materials

5.2.1 Alkaline Single-Cell Gel Electrophoresis (Comet) Assay

5.2.1.1 Slide preparation and cell lysis

Single frosted glass microscope slides were labelled according to the cell samples to be
analysed. They were coated on one side with 1% LE agarose, made with dH20, and laid

flat to dry over night at 37°C.

The next day the cells to be analysed, which had been exposed to sham treatment or
3Gy X-irradiation 23-25 PDs previously, were trypsinised and counted. 60,000 to
240,000 cells per sample were aliquotted into labelled eppendorfs. This provided
sufficient cells to make 6 slides for each sample: 2 x no treatment; 2 x buffer; 2 x buffer
and FPG. The eppendorfs were centrifuged at 1,000rpm for 5 minutes at 4°C, the
supernatant was removed by aspiration and the cells were resuspended in 120ul PBS.
20ul aliquots were transferred into 6 labelled eppendorfs, 1 for each slide, and placed
on ice. In each subsequent step the samples remained on ice to prevent repair of any
single strand breaks, and in dim lighting to prevent light-induced DNA damage. All of
the samples were transported to the x-ray machine in a polystyrene box filled with ice.
Eppendorfs containing control cells prepared in the same manner were irradiated with

0Gy, 5Gy and 10Gy x-rays, whilst remaining on ice. The test samples, which had been
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exposed to sham treatment or 3Gy X-irradiation 23-25 PDs previously, were not

irradiated.

0.6% low melting point agarose (Invitrogen) was made with 1x PBS and allowed to cool
to 37°C in a water bath. Once at 37°C, 170ul was added to the 20ul aliquot of cells,
briefly mixed by pipetting, and dispensed onto the correspondingly labelled slide in 2
aliquots of 80ul. A 22x22mm coverslip was swiftly placed on top of each aliquot to
form 2 evenly spread squares of gel. The slides were placed on an ice cold metal tray
for 10-15 minutes to set the agarose. The coverslips were gently removed, and the
slides placed in Coplin jars filled with ice-cold lysis buffer containing 1% triton X-100.

They were stored in the dark over night in a polystyrene box filled with ice.

5.2.1.2 Treatment with FPG enzyme

Slides were removed from the lysis buffer, placed on a tray and submersed in ice-cold
dH20 for 5 minutes. The water was removed by aspiration. Trays containing slides to
be treated with buffer or FPG were submersed three times in ice cold Enzyme Reaction
Buffer (ERB) for 5 minutes each time. Slides which were to undergo no treatment were
immersed in fresh ice cold dH20. Care was taken not to disturb the gels, and the trays
were covered with a black sheet of plastic during incubations to prevent any light-

induced DNA damage.

Slides to be treated with enzyme or buffer were laid in moistened black boxes. Those
to undergo no treatment remained in dH20 covered with black sheeting. 50ul ERB was

pipetted onto each gel square on the buffer treatment slides. 50ul of a 1/500 dilution
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of FPG enzyme in ERB was pipetted onto each gel square on the FPG treatment slides.
Fresh coverslips were placed on top of each gel and the slides were incubated for 30

minutes at 37°C in the dark.

5.2.1.3 Electrophoresis

The coverslips were removed and all of the slides were laid lengthwise in an
electrophoresis tank, with the frosted end of each slide towards the anode. The slides
were covered with ice-cold alkali electrophoresis buffer and incubated for 20 minutes
in the dark. Electrophoresis was then carried out at 30V (300mA) for 20 minutes, in the

dark.

After electrophoresis, the slides were removed from the tank and laid on a tray. Each
slide was flooded with 1ml neutralisation buffer and incubated for 20 minutes at room
temperature. The slides were then rinsed by submersion with ice cold dH20. This was
immediately removed by aspiration, and the slides were submersed in fresh dH20 for
a further 10 minutes. The water was removed and the slides were allowed to dry at

37°C over night.

5.2.1.4 Staining and visualisation

The next morning, the slides were rehydrated with dH20 for 30 minutes. The water
was drained and each slide was flooded twice with 1ml freshly made 2.5pg/ml
propidium iodide (PI) solution (Sigma Aldrich, 1mg/ml stock diluted in dH20). After
incubation at room temperature in the dark for 15-20 minutes, excess Pl solution was

drained from the trays and the slides were submersed in dH20. After incubation for

157



20-30 minutes at room temperature in the dark, the water was drained. The slides
were dried in the 37°C oven, and stored in a slide box until image analysis. The slides

can be re-stained if image analysis is not carried out within a few weeks.

Comets were visualised with an Olympus fluorescent microscope at magnification of
x200. Images were captured using an online charge coupled device (CCD) camera and
analysed using Komet 5.0 analysis software (Andor Bioimaging). A total of 200 cells
were analysed per sample per experiment: 50 cells per gel; 2 gels per slide; 2 slides per
sample. The percentage of the cellular DNA contained within the tail of each comet
was calculated by the Komet 5.0 analysis software (% tail DNA). Results are expressed
as the mean + the standard error of the mean (SEM) of three independent

experiments.

5.2.2 Genomic Stability Measured by Frequency of Cytogenetic

Aberrations

5.2.2.1 Preparation and irradiation of cells

For each cell line under analysis, 3x 75cm? flasks of ESCs were grown to 70%
confluence and labelled “Sham” or “3Gy+0hr” and “3Gy+1hr”. They were transported
to the X-ray machine in a polystyrene box and either irradiated with 3Gy x-rays or

sham treated.

As soon as possible after irradiation, the cells in flasks labelled “sham” or “3Gy+0hr”

were trypsinised and counted. 10° cells were seeded into a fresh gelatinised 75cm?
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flask with 15ml complete ES media and incubated at 37°C with 5% CO, until harvesting
9 hours later (see section 5.2.2.3). 500,000 cells were seeded into a gelatinised well of
a 6-well plate with 3ml complete ES media and cultured for several more days to allow
harvesting at delayed time points. The cells in flasks labelled “3Gy+1hr” were placed
back into the 37°C incubator for 1 hour before being trypsinised, counted and re-
seeded as described above. This 1 hour incubation allows cells to repair radiation-
induced DNA damage such as single strand breaks before entering a new round of cell

division (see section 5.3.3).

5.2.2.2 Accumulation of cells in metaphase

One hour prior to harvesting, 45ul KaryoMAX colcemid solution (10pug/ml, GIBCO) was
added to the media in the flask of ESCs (final concentration 0.03ug/ml). The flask was
swirled to mix, and placed back into the incubator. Colcemid is a spindle inhibitor
which arrests cells in metaphase. 1 hour incubation with colcemid, 8 hours after
seeding the cells into a fresh flask, produced the greatest yield of metaphases with

good quality chromosomes in these ESCs.

5.2.2.3 Harvesting

Medium was decanted into a labelled 50ml falcon tube. The cells were washed with
5ml Versene (also decanted into the 50ml falcon tube) and incubated with 2ml trypsin-
EDTA for 5 minutes at 37°C. The trypsinised cells were washed off the surface of the
flask with 5ml media/PBS from the falcon tube, and pipetted into the same 50ml
falcon tube for centrifugation at 5,000rpm for 5 minutes. The supernatant was

removed by aspiration, leaving ~0.5ml. The tube was flicked to resuspend the pellet,
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and 3ml pre-warmed hypotonic solution was added slowly. The solution was
transferred to a labelled 15ml falcon tube and incubated at 37°C for 15 minutes. 2-3
drops of ice cold fresh fixative solution were added to help keep the cells swollen

before centrifuging for 5 minutes at 5,000rpm.

5.2.2.4 Fixation

All but 1ml of the supernatant was discarded using a Pasteur pipette, and the tube
flicked to resuspend the cells. Single drops of fresh ice cold fixative were slowly added
to the tube whilst flicking continually to avoid clumping of the cells. Once 5ml fixative
had been added the samples were placed at -20°C for >30 minutes. Samples were
centrifuged for 5 minutes at 5,000rpm and all but 1ml of the supernatant was removed
with a Pasteur pipette. The samples were flicked to resuspend the pellet, 4ml fresh ice
cold fixative was added, and the sample was centrifuged again at 5,000rpm for 5
minutes. The process of adding fresh fixative and centrifuging was repeated twice
more. Samples were stored at -20°C in a re-sealable plastic bag containing a sachet of

dessicant.

5.2.2.5 Preparing slides

Immediately before use, the fixed cells were centrifuged at 5,000rpm for 10 minutes,
the supernatant was removed, and the cells were resuspended in 1-5ml freshly made
fixative, depending on the size of the pellet. They were kept on ice, and replaced in the

-20°C freezer in a sealed bag with dessicant immediately after use.
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Single frosted glass microscope slides, which had been washed and stored at 4°C in
70% ethanol, were dried with lint-free tissue and labelled. The slides were held over
steam from a clean waterbath (70°C) for 5 seconds, to create a humid surface, before
swiftly pipetting 3x 12l aliquots of cell suspension along the length of the slide. As the
fixative began to dry, Newton’s rings became visible. At this point the slide was held
over steam for a further 3 seconds before being laid flat to dry at room temperature.
The steam aids chromosome spreading. Once dry, slide quality was checked using a
phase contrast microscope to ensure sufficient good quality metaphases were present.

Slides were allowed to age for a few days before staining and mounting.

5.2.2.6 Staining slides

Slide buffer was made by dissolving 1 Gurr phosphate buffer tablet (pH6.8, Invitrogen)
in 1L dH,0. It was stored at 4°C. 55ml slide buffer was added to a Coplin jar containing
4ml Giemsa stain (BDH Labb Supplies, Gurr), and two more empty Coplin jars. Slides
were immersed in Giemsa/buffer solution for 5 minutes before being transferred into
the buffer-only Coplin jars for a few seconds each. The quality of stain on the first slide
was checked under the microscope and the incubation times adjusted accordingly
before proceeding with the remaining slides. Once stained, the slides were left to air
dry at room temperature in a vertical position with the frosted, labelled end of the

slide at the base. Slides were dried for a minimum of 12-24 hours before mounting.

5.2.2.7 Mounting slides

Mounting was carried out in a fume hood. Stained slides were immersed in Xylene

(Fisher Scientific) for 15 minutes-1 hour. Using a glass pipette, 2 drops of DPX
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Mountant for Histology (Fluka BioChemika) were placed onto the slide and a cover slip
carefully dropped on top. Pressure was applied to the coverslip to remove air bubbles,
and excess mountant was removed with blotting paper. Slides were laid flat to dry

inside the fume hood. Once dry, they were stored in a slide box with dessicant.

5.2.2.8 Scoring aberrations

Scoring was carried out using the bright field function and a green filter on a Carl Zeiss
Microscope (Axioskop 2) with 63x and 100x oil immersion lenses (1,25 and 1,30
objectives respectively). The label on each slide was obscured with a coded sticker so
that scoring was blind. Slides were scored in a raster fashion from top left to bottom
right, recording details of the first 120 good quality metaphases for each cell line and
treatment condition. The chromosomes were counted and any visible aberrations
noted and described. The Vernier position was noted for each aberrant metaphase and
a picture was taken using lkaros (MetaSystems) or Smart Capture X (Digital Scientific

UK) imaging software.

5.2.2.9 Statistical Analysis

P values were calculated using the chi-square test, as this method allows the

comparison of different proportions.

162



5.3 Results

5.3.1 Comet assay for strand break damage detection

Essentially, the comet assay involves lysis of single cells embedded in agarose, and
removal of all membranes and the majority of cellular proteins to leave a nucleoid
body composed of supercoiled DNA. The nucleoid bodies are exposed to an unwinding
buffer and subjected to a short period of electrophoresis. This has the effect of causing
the DNA to migrate out of the nucleoid body, to form a ‘comet’ with a head and a tail.
Examples are shown in Figure 5-1. The extent of migration of DNA from the head to
the tail of the comet is dependent upon the degree of coiling of the DNA and also the
integrity of the DNA strands. As such, the proportion of the DNA contained within the
tail of the comet (the percentage tail DNA) is proportional to the combined level of
SSBs, DSBs and alkali-labile sites present within the nucleoid body (Olive and Banath,

2006).

-

Figure 5-1. Comet images obtained using Komet 5.0 analysis software and displaying
increasing levels of DNA damage (% tail DNA) from no damage (A) to high levels of
damage (C).

Using this procedure, the average level of single and double DNA strand breaks in the

wild type, Dnmt1-/- and Dnmt3a3b--/-- ESCs was determined 23-25 PDs after sham

treatment or 3Gy X-irradiation. The results are displayed in Figure 5-2 below,
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expressed as the percentage tail DNA, averaged from 600 cells (200 cells per

experiment, carried out in triplicate).

Single and Double Strand Breaks
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m Dnmt3a3b--/--
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Percentage Tail DNA
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Figure 5-2. Percentage tail DNA of three mESC lines, 23-25PDs post 3Gy X-irradiation or
sham treatment. Results are expressed as an average of 3 independent experiments,
each comprising 200 separate cell measurements. Error bars represent the SEM of the
averages of the 3 independent experiments.

The average level of strand breaks was very similar between all of the cell lines and
treatment conditions analysed. After Bonferroni correction for multiple testing, there
was no significant difference in the average level of strand breaks between any of the

cell lines (p>0.1), or between the 3Gy and sham treatment conditions (p>0.07).
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5.3.2 Comet Assay for oxidative stress damage detection

Fpg is a DNA glycosylase that generates SSBs at sites containing oxidized purines such
as 8oxoG lesions (Maynard et al, 2008). By subtracting the results of cells treated with
buffer alone from those treated with Fpg and buffer, the relative level of Fpg-sensitive
oxidized bases could be specifically assessed. The results are presented in Figure 5-3
below, expressed as the percentage tail DNA averaged from 600 cells (200 cells per

experiment, carried out in triplicate).
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Figure 5-3. Percentage tail DNA of three mESC lines, 23-25PDs post 3Gy X-irradiation or
sham treatment. Results are expressed as an average of 3 independent experiments,
each comprising 200 separate cell measurements. Error bars represent the SEM of the
averages of the 3 independent experiments.

As Figure 5-3 shows, there was more variation in the average level of lesions indicative
of oxidative stress between the cell lines and treatment conditions than the average

level of strand breaks. However, there was also greater variation between and within
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experiments, as reflected by the larger error bars. As a result, after correction for
multiple testing, there was no significant difference in the average level of lesions
indicating oxidative stress induced DNA damage between any of the cell lines (p>0.07),

or between the 3Gy and sham treatment conditions (p>0.06).

5.3.3 Frequency of structural cytogenetic aberrations

Many cell types are contact inhibitive and will accumulate in G1 phase of the cell cycle
when grown to high density in the culture flask. This allows the majority of the cells to
be irradiated at the same phase of the cell cycle. Re-seeding the cells in a lower
concentration post irradiation then stimulates them to undergo a new round of cell
division (Nilausen and Green, 1965). Thus, the cells are synchronised and a high mitotic
index should be obtained at the next mitosis. Some research groups allow an
incubation period of >1 hour post irradiation before re-seeding the cells. This enables
the cells to repair any potentially lethal radiation-induced DNA damage before they
enter a new round of cell division, and as such significantly increases their survival in

comparison to cells allowed no recovery period (Kano and Little, 1984).

However, the ESCs used in the present study are not contact-inhibitive, and do not
accumulate in G1 phase when grown to confluence (Burdon et al, 2002). Therefore, it
is questionable whether the presence of the 1 hour recovery period would make any
difference to the results. To investigate this possibility, at the 10-14 PD time point post
treatment, the 3Gy X-irradiated cells grown from cultures plated immediately after
irradiation and 1hr post irradiation were analysed separately. The results between the

cells with/without a recovery period were not statistically different (p>0.05). Thus,
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they were added together and used as a single “3Gy” treatment condition. At the 23-
25 PD post treatment time point only the cells permitted the 1 hour recovery period

were used.

Approximately 120 cells or metaphases (40 per slide) were scored at each time point
for each treatment condition for each of the wild type, Dnmt1-/- and Dnmt3a3b--/--
ESC lines. Thus, >200 metaphases were scored per cell line at the 23-25 PD time point,
and >300 metaphases were scored per cell line at the 10-14 PD time point due to the
inclusion of an extra treatment condition (1 hour recovery post 3Gy) at this time point.
Table 5.1 and Table 5.2 list the precise number of metaphases scored for each cell line
and treatment group. The number of chromosomes in each metaphase were counted
and recorded, and have been analysed in section 5.3.4. The presence and number of
any visible structural aberrations were also recorded. Tables of the raw data, detailing
the numbers of each aberration observed can be found in appendix 7.3. lllustrations of

the appearance of each aberration type are displayed in appendix 7.4.

Table 5-1 and Table 5-2 list the frequency of metaphases containing any detectable
structural aberrations for each time point. At the 10-14 PD time point there was no
significant difference in the frequency of total structural aberrations between any of
the cell lines, or between the sham and 3Gy treatment groups (p>0.22) as calculated
using the chi-square test. The same was true for the later time point of 23-25 PDs
(p>0.39). In addition, there was no significant difference in the frequency of structural
aberrations between the two time points (p>0.14). The average number of aberrations

per metaphase was also not significantly different between any of the cell lines or
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between the sham and 3Gy treatment conditions at the 10-14 PD time point (p>0.12)

or the 23-25 PD time point (p>0.27).

10-14 PD Total Metaphases Average Ratio of
number of with number of chromatid to
metaphases | structural | aberrations per chromosome
scored aberrations metaphase type aberrations
Cell line/condition % (+95% Cl)
Wild Type Sham 119 12 0.15+0.07 0.8
Wild Type 3Gy 238 9 0.10+0.04 1.1
Dnmt1-/- Sham 118 14 0.19+0.08 0.4*
Dnmt1-/- 3Gy 248 12 0.15+0.05 0.9
Dnmt3a3b-/- Sham 120 11 0.13+0.07 1.5
Dnmt3a3b-/- 3Gy 232 16 0.20+0.06 1.6

Table 5-1. Frequencies and ratios of structural cytogenetic aberrations observed 10-14
population doublings (PD) post irradiation with 3Gy X-rays or sham treatment. *The
ratio of chromatid to chromosome aberrations is significantly different between the
sham and 3Gy treatment groups for Dnmt1-/- (p=0.024 after Bonferroni correction).

23-25 PD Total Metaphases Average Ratio of
number of with number of chromatid to
metaphases | structural aberrations chromosome
scored aberrations | per metaphase | type aberrations
Cell line/condition % (+95% Cl)
Wild Type Sham 119 15 0.17+0.08 0.8
Wild Type 3Gy 139 13 0.14+0.07 1
Dnmt1-/- Sham 119 15 0.20+0.08 0.9
Dnmt1-/- 3Gy 120 11 0.14+0.07 1.1
Dnmt3a3b-/- Sham 119 13 0.18+0.08 0.8
Dnmt3a3b-/- 3Gy 120 10 0.13+0.07 1

Table 5-2. Frequencies and ratios of structural cytogenetic aberrations observed 23-25
population doublings (PD) post irradiation with 3Gy X-rays or sham treatment.
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The proportion of chromatid-type to chromosome-type aberrations observed in the
wild type cell line was comparable at both time points, and did not differ significantly
between the 3Gy and sham treatment groups. The ratio of chromatid to chromosome
type aberrations observed in the Dnmt3a3b--/-- ESCs also did not differ significantly
between the treatment groups. However, a significantly elevated ratio of chromatid-
type aberrations were observed in the Dnmt3a3b--/-- ESC line in comparison to the
wild type ESCs at the 10-14 PD time point (p=0.003). This difference is not thought to
reflect an effect of global hypomethylation, as the difference was found to be even
greater between the Dnmt3a3b—/-- and Dnmt1-/- ESC lines (p=4x10'7). In addition, the
ratio of chromatid-type aberrations displayed by the Dnmt3a3b--/-- cell line was
significantly lower at the 23-25 PD time point (p=0.02). Thus, it is possible that the
elevated ratio of chromatid-type aberrations observed at the 10-14 PD time point was

an anomaly.

A trend was apparent at both time points, in which 3Gy X-irradiated ESCs appear to
display a higher proportion of chromatid-type aberrations than unirradiated ESCs. This
shift in the ratio was small in the wild type and Dnmt3a3b--/-- cell lines. However, the
Dnmti1-/- cell line displayed a significantly higher proportion of chromatid-type
aberrations in the 3Gy treated cells compared to the sham treated cells, at the 10-14

PD time point (p=0.008). This will be discussed further in section 5.4.3.

To enable more detailed analysis of the structural cytogenetic aberrations observed,
they were grouped according to classifications defined by John Savage (Savage, 1999).

The results are displayed in Figure 5-4. No significant difference was observed in the
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frequency of any class of structural aberration between any of the cell lines or
treatment groups, after correction for multiple testing (p>0.11). The same was true
when the aberrations were grouped simply into either exchanges or discontinuities,
regardless of chromosome- or chromatid-type (p>0.14). In addition, there was no
significant difference in the frequency of aberrations in each class between the two

time points for each cell line (3Gy or sham) (p>0.11).

The structural aberrations observed in the present study were re-grouped into those
cited in the literature as being transmissible forms and those cited as being non-
transmissible forms (Savage, 1999). Only four transmissible aberrations were detected
in total: one chromatid-type reciprocal translocation in the 3Gy-treated Dnmt3a3b--/--
cell line at the 10-14 PD time point (see Figure 5-5 A); and an aberration involving the
appearance of abnormally long satellite arms, which was observed once in the 3Gy-
treated wild type cells, 8 times in the 3Gy-treated Dnmt1-/- cells, and 5 times in the
sham-treated Dnmt1-/- cells (see example in Figure 5-5 B). Thus, the long satellite arm
aberration was observed almost exclusively in the Dnmt1-/- cell line (p=0.001). It was
seen multiple times at the 23-25 PD time point, but was not noted at the 10-14 PD
time point (p=0.0003). Accordingly, it was counted only once towards the total

aberration frequency for each cell line/treatment condition in which it was observed.
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Figure 5-4. Classifications of structural cytogenetic aberrations as defined by Savage

(1999). The results are displayed as the number of each class of aberration observed
per 100 metaphases. Graph A displays the results 10-14 PDs post treatment; Graph B
displays the results 23-25 PDs post treatment.
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Figure 5-5. Mitotic spreads of Giemsa-stained chromosomes from the Dnmt3a3b-/-
ESC line 10-14 PDs post 3Gy X-irradiation, showing a chromatid-type reciprocal
translocation (A) and the Dnmt1-/- ESC line 23-25 PDs after sham treatment, showing a
chromosome with very long satellite arms.

Several complex exchanges involving the satellite arms of three or more chromosomes
were observed in the hypomethylated Dnmt knock out ESC lines, at both time points,
irrespective of the treatment condition. No such aberrations were observed in the wild
type cell line. These complex exchanges between three or more different
chromosomes are unlikely to be transmitted to daughter cells in an intact state due to
mechanical separation problems encountered during mitosis (Savage, 1980). Examples

are shown in Figure 5-2 below.

172



S

Figure 5-6. Dicentric, tri-centric and tetra-centric chromosome-type aberrations
observed in Giemsa-stained metaphase spreads of Dnmt1-/- and Dnmt3a3b--/--
mESCs.

The frequencies of the three aberration types observed that appear to involve
associations or exchanges of the satellite arms (long satellite arms, dicentrics and
complex satellite exchanges) were combined. The results are displayed for each cell

line/treatment condition and time point in Figure 5-7.

The difference in the frequency of each of these aberrations between the wild type
and the Dnmt-/- cell lines, or between the sham and 3Gy treatment groups, was not
statistically significant when analysed individually (p>0.13). The aberrations were
subsequently grouped together as associations or exchanges of the satellite arms, and
the time points and treatment conditions were combined. This revealed that the
elevated frequency of aberrations observed in the Dnmt3a3b--/-- ESC line in
comparison to the wild type cell line, was bordering on significant (p=0.051). However,
the frequency of associations or exchanges involving the satellite arms that were
observed in the Dnmt1-/- ESC line was not significantly different to that of the wild

type cell line (p=0.3).
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Figure 5-7. Graphs showing the frequency of chromosome aberrations involving
associations or exchanges of the satellite arms at the 10-14 PD and 23-25 PD time
points (graphs A and B respectively). Frequencies are expressed as the number of
aberrations per 100 metaphases scored.
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Finally, a multi-radial chromosome was observed in a single metaphase which showed
a high level of background damage, indicated by the presence of multiple breaks and
fragments. This metaphase, shown in Figure 5-8, was observed at the 23-25 PD time

point, in the wild type cell line which had been exposed to 3Gy X-irradiation.

’
-

Figure 5-8. A: Giemsa stained metaphase harvested 23-25 population doublings post
exposure to 3Gy X-irradiation in the wild type ESC line. The multi-radial chromosome is
indicated by an arrow. B: Giemsa-stained chromosomes from a patient with Fanconi
anaemia following treatment with the crosslinking agent mitomycin C. The
characteristic quadri- and tri-radial chromosome aberrations are indicated by arrows.
Image from Howlett et al (2005). See License Agreement in appendix 7.5.
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5.3.4 Frequency of numerical chromosome aberrations

In addition to structural aberrations, the frequency of numerical chromosome
aberrations was also noted during the analysis. Haploid metaphases could not reliably
be distinguished from overspread metaphases, so any metaphases with a chromosome

count of <35 were excluded from the analysis. The results are shown in Figure 5-9.
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Figure 5-9. Graphs illustrating the percentage of metaphases scored for each cell line
and treatment condition which were diploid (n=40), polyploid or aneuploid. A separate
graph has been constructed for each time point.
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At both the 10-14 PD and 23-25 PD time points, the treatment condition (sham or 3Gy)
had no discernable effect on the frequency of numerical chromosome aberrations
(p>0.11). There were, however, significant differences in the frequency of numerical
aberrations between the cell lines. The wild type cell line showed a significantly higher
frequency of aneuploid metaphases than either of the Dnmt knock out (KO) cell lines
(p<0.02 and p<0.0005 for the 10-14 PD and 23-25 PD time points respectively). The
frequency of aneuploidy was not significantly different between the Dnmti1-/- and
Dnmt3a3b--/-- cell lines (p=0.08 and p=0.07 for the early and late time points
respectively). In addition, the frequency of polyploid cells did not differ significantly
between any of the cell lines or treatment conditions (p>0.09). Finally, there were no
significant differences in the frequency of numerical chromosome aberrations

between the two time points for each cell line and/ or treatment condition (p>0.15).

The level of aneuploidy in the Dnmt3a3b--/-- cell line is slightly higher at the 10-14 PD
time point than at the 23-25 PD time point. The methylation level of this cell line
decreases with increasing passage number (see Figure 3-4). At the 10-14 PD time point
the Dnmt3a3b--/-- ESC line is p#31, and p#41 by the 23-25 PD time point. Thus, the
methylation level of this ESC line would have decreased slightly between the two time
points. Furthermore, the methylation level of the Dnmt3a3b--/-- cell line was lower
than that of the Dnmt1-/- cell line at both time points and it displays a lower frequency
of aneuploidy. Possible mechanisms responsible for the comparatively low frequency
of aneuploidy observed in the Dnmt1-/- and Dnmt3a3b--/-- ESC lines compared to the

wild type are discussed in section 5.4.6.
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Figure 5-10. Graphs showing the spread of chromosome counts in each of the cell lines
at the 10-14 PD and 23-25 PD time points. A. Wild type ESCs; B. Dnmt1-/- ESCs; and C.

Dnmt3a3b--/-- ESCs.
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In addition to the differing overall frequency of aneuploidy between the ESC lines, the
mean chromosome number was also slightly different. This is illustrated by the spread
of the chromosome counts for each cell line, displayed in Figure 5-10. The spread of
chromosome numbers in the metaphases was consistent at both time points for each
cell line. As Figure 5-10 shows, the majority of the aneuploid metaphases detected in
the wild type ESCs, have extra copies of one or two chromosomes, forming a skewed
distribution. In the Dnmt1-/- ESCs, the spread of aneuploidy appeared to follow a
much more normal/Gaussian distribution. There was a roughly equal distribution of
gain and loss of chromosomes in the aneuploid metaphases, with gain or loss of just
one chromosome being most common. The spread of aneuploidy was tightest in the
Dnmt3a3b--/-- ESCs, with the majority of metaphases displaying aneuploidy in this cell

line arising as a result of loss of a single chromosome.
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5.4 Discussion

5.4.1 Global hypomethylation does not alter the level of endogenous or

delayed DNA damage measured by the comet assay

Global levels of DNA damage (mainly strand breaks) were measured using the alkaline
comet assay with the aim of characterising the effect of DNA hypomethylation on a
genome-wide scale. The alkaline comet assay was used, rather than the neutral comet
assay, due to its increased sensitivity for detecting low levels of DNA damage (Speit et
al, 2004). Three of the mESC lines (wild type, Dnmtl-/- and Dnmt3a3b--/--) were
analysed 23-25 PDs post 3Gy X-irradiation or sham treatment. This delayed time point
is equivalent to that at which cells were seeded into selective media for detection of
mutations in the Hprt gene. As such, a direct comparison could be made between the
genome-wide levels of strand breaks and the types and rates of mutations detected at

the Hprt locus.

Previous studies demonstrate that treatment of tumour and lymphocyte cell lines with
drugs that induce genome-wide DNA hypomethylation or inhibit histone deacetylation,
results in a persistence of elevated levels of yH2AX foci after irradiation compared to
untreated control cells (Camphausen et al, 2004; Camphausen et al, 2005; Dote et al,
2005; Stoilov et al, 2000). This indicates either inhibition of DSB repair (Dote et al,
2005) or de novo formation of new DSBs. Based on these observations it was expected
that the hypomethylated Dnmti-/- and Dnmt3a3b--/-- ESC lines used in the present
study would show increased endogenous levels of strand breaks in comparison to the

wild type ESCs. The Dnmtl-/- ESC line, in particular, was postulated to exhibit a
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significantly higher frequency of strand breaks due to its roles in DNA damage repair
(see section 1.3), and the elevated spontaneous mutation rate observed in this cell line

at the Hprt locus.

As shown in Figure 5-2, each of the ESC lines analysed displayed a percentage tail DNA
value of 6-7%. This is similar to the endogenous levels of strand breaks detected in
murine bone marrow (6.3% tail DNA) and slightly higher than the levels in kidney (5.2%
tail DNA) (Oshida et al, 2008). However, the level of endogenous strand breaks
detected in the sperm of unirradiated mice is higher still (~10% tail DNA) (Haines et al,
2002). Thus, there appears to be a trend of increasing levels of strand breaks in tissues
with lower methylation levels. However, care should be taken when comparing results
between different studies. Nevertheless, the results of this project are within the

expected range.

No significant difference was observed in the level of endogenous strand breaks
between the wild type and Dnmt KO cell lines. Therefore, if the level of DNA
methylation does affect the level of strand breakage in the ESC model system, this
occurs at a level that is below the resolution of the comet assay. Nevertheless, this
finding does not contradict those of the studies by Dote et a/ (2005) and Stoilov et al
(2000), as treatment with Zebularine or iHDACs did not induce significantly increased
levels of yH2AX foci in comparison to untreated control cells in the absence of
irradiation. Nor did it elevate the level of yH2AX foci induced initially by irradiation.
Rather, hypomethylation or hyperacetylation appeared to inhibit the ability of the cells

to repair the radiation-induced DNA damage (Camphausen et al, 2004; Camphausen et
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al, 2005; Dote et al, 2005; Stoilov et al, 2000). It was suggested that this could be a
result of altered activity or expression of the proteins required for efficient DNA
damage response (Stoilov et al, 2000). Indeed, administration of Zebularine or iHDACs
has been shown to alter the expression of key DNA repair genes (Ku70, Ku86, DNA-
PKcs) and cell cycle and apoptosis regulatory proteins (p16, p21) in unirradiated cell

lines (Cheng et al, 2004; Munshi et al, 2005).

In this project, no significant difference was detected in the level of DNA damage
(SSBs, DSBs and ALSs) between the sham and 3Gy-treated cells. This indicates that the
elevated mutation rates observed at the Hprt locus in the wild type ESCs 23-25 PDs
post 3Gy X-irradiation, and in the Dnmt1-/- ESCs in both sham and 3Gy treatment
conditions, are not a result of increased levels of strand breaks. It also indicates that, in
contrast to the study by Dote et al (2005), DNA hypomethylation does not suppress
the cellular DNA repair capacity. However, the extent of alterations in gene expression
observed by Cheng et al (2004) and Munshi et al (2005) as a result of Zebularine or
iHDAC treatment were cell-type specific. Interestingly, the induced alterations in gene
expression and increases in radiosensitivity were greater in tumour cell lines than
normal controls, possibly reflecting cell/tumour-specific differences in the

transcriptional control of DNA repair (Cheng et al, 2004; Munshi et al, 2005).

In addition, it should be noted that the delayed time point used in this project was
much longer than the 24 hour time point used by Dote et al (2005). Thus, a comparison
is being made between the levels of strand breaks persisting in the original irradiated

cells (Dote et al, 2005) and the levels of strand breaks persisting in the progeny of the
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irradiated cells after 23-25 population doublings. DNA DSB repair exhibits a rapid
component with a half-life of 5-30 minutes and a slow component with a half-life of 1-
20 hours (Wang et al, 2001). The fast component is thought to correspond to the NHEJ
repair process, and deficiency in proteins involved in NHEJ causes an increased number
of DSBs to be repaired with slow kinetics (DiBiase et al, 2000; Wang et al, 2001). It is
therefore possible that Zebularine-induced hypomethylation caused changes in gene
expression that resulted not in an inability to repair DSBs, but a shift in the repair
mechanism to one with much slower kinetics. As such, an elevated level of DSBs would
be present in the cell lines 24 hours post irradiation, as reported by Dote et al (2005).
The possibility that an inhibition of DNA repair would have been seen within the first
24 hours after X-irradiation in the hypomethylated ESC lines in this project cannot be

ruled out, and is something that could be investigated in the future.

Alternatively, the apparent deficit in cellular repair capacity observed by Dote et al
(2005) may reflect an effect specific to Zebularine-induced hypomethylation.
Treatment resulted in a significant level of G2 cell cycle arrest (Dote et al, 2005),
suggesting that the covalent attachment of Zebularine to the DNA methyltransferase
enzymes (Champion et al, 2010) may generate obstacles for the cellular replication
machinery, resulting in damage formation during S phase. Such an effect would not be

seen in the hypomethylated cell lines used in this project.
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5.4.2 Radiation-induced delayed genomic instability at Hprt in wild type

ESCs is not a result of increased oxidative damage

Oxidative stress is one of the proposed mechanisms by which radiation-induced
delayed genomic instability is propagated (Wright, 2010). Several studies indicate that
methylated DNA is a preferential target for adduct-forming physical and chemical
mutagens, such as BPDE and solar UV light, in comparison to unmethylated DNA
(Denissenko et al, 1997; Tomassi et al, 1997; Yoon et al, 2001; You et al, 1999). In
addition, oxidative intrastrand cross link lesions have been shown to form >10 times
more efficiently in methylated than unmethylated DNA, suggesting that the presence
of methylation at CpG dinucleotides can lead to increased levels of certain types of
oxidative damage in response to oxidative stress (Cao and Wang, 2007). Furthermore,
Amouroux et al (2010) found that oxidation of guanine to form 8-oxoG results in
preferential recruitment of the BER machinery to euchromatin regions and almost
complete exclusion from heterochromatin in Hela cells. Moreover, the induction of a
compact chromatin state using hypertonic shock triggered by sucrose resulted in

inhibition of the repair of 8-oxoG (Amouroux et al, 2010).

Based on these observations, it was expected that the wild type ESC line, which was
the only cell line to demonstrate the occurrence of radiation-induced delayed genomic
instability at the Hprt locus, would exhibit elevated levels of oxidative stress 23-25
population doublings (PD) post irradiation with 3Gy X-rays. This hypothesis was

investigated using a modified form of the alkaline comet assay described in section

184



5.2.1 which incorporates a glycosylase enzyme (Fpg) that converts oxidized purines

such as 8-0xoG into strand breaks (Tchou et al, 1991).

In contrast to expectations, the results revealed no significant difference in the
average level of lesions indicating oxidative-stress between the wild type and
hypomethylated ESC lines, or between the sham and 3Gy treatment groups. Thus, it
appears that the radiation-induced delayed genomic instability observed at the Hprt
locus in the wild type cell line is not a result of persistently increased levels of oxidative
stress. However, the oxidative lesions detected in the present study were those
oxidised purines such as 8-oxoG, which could be converted to strand breaks by the
glycosylase enzyme, Fpg. Thus, it is possible that the crosslink lesions observed at
elevated levels in methylated DNA by Cao and Wang (2007) were simply not detected

in this project.

Alternatively, the difference between the results of this project and those of Cao and
Wang (2007) could reflect the fact that whilst genomic DNA has been the substrate in
this project, Cao and Wang (2007) used synthetic DNA fragments to demonstrate the
link between methylation levels and oxidative damage. Thus, the possible influences of
higher order chromatin structure and the radical-scavenging abilities of histone

proteins (Milligan et al, 2004) have not been taken into account.

Finally, ESCs are reported to differ from somatic cells in their response to DNA damage
(see section 1.5), including damage caused by oxidative stress (Maynard et al, 2008).

Endogenous levels of the oxidative lesion 8-oxoG have been shown to be significantly
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lower in hESCs than fibroblasts. In addition, hESCs were found to repair Fpg-sensitive
oxidative DNA lesions more rapidly (Maynard et al, 2008). Another group has shown
that mESCs have superior antioxidant capacity in comparison to various differentiated
murine cells (Saretzki et al, 2004). Furthermore, as hESCs differentiate, major
antioxidant genes become down-regulated and ROS levels increase (Saretzki et al,
2008). Thus, it is possible that whilst somatic cells manifest radiation-induced delayed
genomic instability at least in part through oxidative stress, the occurrence of such
lesions are not detected in elevated levels in ESCs due to their increased capacity for

repair of such damage.

5.4.3 Structural Cytogenetic Aberrations

A pilot study was performed using a non-clonal bulk culture method. The analysis was
designed to complement the mutation rate results generated at the Hprt locus, within
the time frame of this PhD. As such, the wild type, Dnmt1-/- and Dnmt3a3b--/-- ESC
lines, which gave distinctive Hprt mutation rate results, were analysed 23-25 PDs after
exposure to 3Gy X-rays or sham treatment. A natural extension of this work would

involve a more detailed analysis of cultures derived clonally from single irradiated cells.

The presence of transmissible chromosome aberrations in a non-clonal bulk culture
does not necessarily indicate the occurrence of ongoing genomic instability, as it is not
possible to determine whether they have arisen de novo or simply been transmitted
clonally through the progeny. The staining method used in this project, however,
preferentially allowed detection of unstable or non-transmissible aberrations

characterised either by gross structural abnormalities or the presence of gaps, breaks
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and fragments. See appendix 7.4. In addition, the cell cycle and growth curve data
presented in sections 3.2.3 and 3.2.4 demonstrate that the ESC lines exit cell cycle
arrest around 24 hours, and cycle normally within 5-10 days (<10 PDs) post 3Gy X-
irradiation. Furthermore, quiescence cannot be induced in undifferentiated ESCs
(Burdon et al, 2002). Therefore, it can be assumed with reasonable confidence that
any unstable or lethal aberrations observed in this project are indicative of ongoing
instability, rather than indicative of the presence of radiation-induced aberrations in
cells which have simply arrested or delayed. A total of 4 transmissible aberrations were
detected in this project. When similar aberrations appeared multiple times in a single
culture, they were counted as a single, possibly transmissible aberration (ie, the long

satellite arms).

5.4.4 Cytogenetic instability did not correlate with hypomethylation and

was not observed at a delayed period after 3Gy X-irradiation

There was no significant difference in the frequency of total structural aberrations
between any of the cell lines, between the sham and 3Gy treatment groups, or
between the two time points. In addition, the proportion of aberrations that were
chromosome-type was very similar to the proportion of chromatid-type aberrations
(~50:50 ratio) for most of the cell lines. The occurrence of ongoing chromosomal
instability in cultures of cells is indicated by the presence of a persisting chromatid-
type aberration frequency on a background of chromosome-type aberrations (Kadhim
et al, 1995; Savage, 1999). Thus, these results indicate that cytogenetic instability was

not observed in any of the ESC lines analysed, in either treatment group.
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It has been shown that X-rays are a relatively inefficient inducer of chromosomal
instability in comparison to high LET radiation such as a-particles (Kadhim et al, 1992).
However, several previous studies have demonstrated that delayed cytogenetic
instability can be induced after exposure to X-irradiation (Holmberg et al, 2001;
MacDonald et al, 2001; Marder and Morgan, 2003). Possible reasons for the difference
between these studies and the results of the current project include the fact that the
predominant types of mutation observed in these studies using either FISH
(MacDonald et al, 2001; Marder and Morgan, 1993) or G-banding (Holmberg et al,
1993) were symmetrical aberrations such as transmissible translocations, deletions or
insertions, which solid staining cannot reliably detect (Savage, 1980). In addition,
susceptibility to radiation-induced chromosomal instability is strongly influenced by
genetic factors (Watson et al, 1997) with some mouse strains being susceptible whilst
others are relatively resistant (Ponnaiya et al, 1997; Watson et al, 2001). Thus, it is
possible that ESCs derived from the 129SvJ strain of mouse simply do not display

chromosomal instability in response to X-irradiation.

Nevertheless, for each of the ESC lines analysed in this project, a trend was apparent at
both time points, in which 3Gy X-irradiated cells appeared to display a higher
proportion of chromatid-type aberrations than unirradiated cells. The possibility that
this may indicate a slight elevation of instability-induced cytogenetic aberrations in the
3Gy X-irradiated samples was considered. However, the only cell line in which this shift
in contribution to total mutations was statistically significant was the Dnmt1-/- cell

line, at the 10-14 PD time point: a significantly higher proportion of chromosome-type
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aberrations were observed in the sham treatment group compared to the 3Gy
treatment group. This may indicate that a higher proportion of the DSBs introduced in
the sham-treated Dnmt1-/- cell line may occur prior to DNA synthesis, rather than
during or after DNA synthesis (Hall, 2000; Savage, 1999). However, at the 23-25 PD
time point, the ratio of chromatid-type to chromosome-type aberrations in the Dnmt1-
/- sham cells was very similar, with both types contributing roughly 50% of the total
aberrations. Thus, the increased proportion of chromosome-type aberrations observed

at the 10-14 PD time point may simply be an anomaly.

It is also interesting that the two hypomethylated ESC lines demonstrated highly
contrasting ratios of chromatid to chromosome type aberrations in comparison to the
wild type ESC line at the 10-14 PD time point (see table Table 5-1). These contrasts
were not sustained at the later time point. However, it may indicate that the
hypomethylated ESCs exhibit greater fluctuations in the ratio of chromatid and

chromosome type aberrations than do wild type ESCs.

Previous groups have observed almost exclusively chromatid-type aberrations in
unirradiated somatic cells (Kadhim et al, 1995). However, the unirradiated ESCs in this
project displayed a near 50:50 ratio of chromatid-type to chromosome-type
aberrations. This disparity may reflect intrinsic differences between the cell lines. For
example, in somatic cells, the vast majority of de novo aberrations are thought to arise
as a result of interference with, or abnormality in, the process of DNA replication,
leading to the formation of chromatid-type aberrations at the next mitosis (Savage,

1999). However, ESCs lack an efficient G1 checkpoint, which usually delays progression
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into S phase in response to DNA damage such as strand breaks (Nelson and Kastan,
1994). Thus, it is possible that increased replication of chromatid-type strand breaks
could occur, resulting in an increased frequency of chromosome-type aberrations in

ESCs.

Moreover, it is possible that the checkpoint deficiencies characteristic of ESCs could
cause a higher overall frequency of de novo cytogenetic aberrations in these cell lines.
Indeed, in the study by Kadhim et al (1995) the unirradiated control somatic cell lines
demonstrated a lower frequency of total cytogenetic aberrations (<4 aberrations per
100 metaphases) than the control ESCs in this project. Alternatively, the elevated
frequency of cytogenetic aberrations observed in this project may simply reflect
previous observations that rodent cells have a higher level of de novo chromosome

instability than human cells (Tanaka et al, 2008).

The aberrations observed were grouped in Figure 5-4 according to the classifications of
chromosome-type and chromatid-type exchanges and discontinuity defined by John
Savage (1999). See appendix 7.4. There was no significant difference in the frequency
of any class of structural aberration between any of the cell lines or treatment groups,

or between the two time points.

5.4.5 Aberrations of the satellite arms were more frequent in

hypomethylated ESCs than wild type ESCs

Although the aberration frequencies indicate that cytogenetic instability was not

observed in any of the ESC lines analysed, some interesting observations were made.
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For example, a presumably transmissible aberration was observed that was
characterised by the appearance of abnormally long satellite arms. All of the
chromosomes in mice are acrocentric (Mouse Genome Sequencing Consortium, 2002).
The p arms are composed entirely of large blocks of repeated DNA (Garagna et al,
2002), consisting of the major satellites, the minor satellites, one or both of two
sequences called tL1 and TLC, and the telomeric repeats (Kalitsis et al, 2006).
Unfortunately, the use of solid staining does not permit the identification of the extra
DNA sequences that appear to be present in the p arms of the long satellite arm
aberration. However, the aberration arose independently in three separate cultures
(Dnmt1-/- sham, Dnmt1-/- 3Gy and wild type 3Gy), and was only detectable at the 23-
25 PD time point, indicating that it developed in each culture as a result of selective
advantage. Thus, it is tempting to speculate that it may represent a small translocation
containing a chromosomal region encoding genes which confer a proliferative

advantage.

Selection pressure for aberrations which confer proliferative advantage is one
mechanism proposed to lead to selection for tumourogenic cells in constantly
renewing tissues (Savage, 1980). For example, allelic loss on chromosome 2 is
observed in >95% of radiation-induced murine acute myeloid leukaemias (Hayata et al,
1983; MacDonald et al, 2001). The long satellite arm aberration was observed almost
exclusively in the Dnmt1-/- ESC line, in both treatment groups (5 times and 8 times
respectively), and only once in the wild type cells that had been exposed to 3Gy X-rays.

The significantly higher frequency of the aberration in Dnmtl-/- ESCs (p=0.001)
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indicates that selection for this aberration occurred earlier in Dnmt1-/-. In addition, it
was observed in both sham and 3Gy X-irradiated cells, possibly suggesting an elevated
de novo mutation rate. As such, this observation reflects the results of the previous
chapter, in which the Dnmt1-/- ESC line was shown to have an increased de novo
mutation rate in comparison with the other ESC lines. Furthermore, the occurrence of
the long satellite arm aberration in the wild type cells exposed to 3Gy X-rays also

correlates with the occurrence of genomic instability at the Hprt locus.

Alternatively, it is tempting to speculate that the long satellite arm aberration may
have arisen as a result of abnormal elongation of the telomeres, by permitting
increased access of telomerase to the telomere or stimulation of an alternative
telomere lengthening mechanism (ALT) (Blasco, 2005). It has been proposed that the
heterochromatic marks present in telomeric and sub-telomeric chromosome regions
act as negative regulators of telomere elongation (Blasco, 2005), and several studies
demonstrate that loss of repressive histone modifications in mice coincides with
aberrant telomere elongation (Garcia-Cao et al, 2002; Garcia-Cao et al, 2004; Gonzalo
et al, 2006). Furthermore, a study by Gonzalo et al (2006), demonstrated that the
same Dnmtl-/- and Dnmt3a3b--/-- mESCs analysed in this thesis show significant loss
of DNA methylation at the sub-telomeric and pericentric satellite sequences, and
display abnormally long telomere sequences in comparison to the wild type ESCs
(Gonzalo et al, 2006). Moreover, the number of long telomeres was found to increase
with passage number in the Dnmt3a3b--/-- cell line (Gonzalo et al, 2006), which

progressively loses methylation with increasing passage number (see Figure 3-4). In
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order to test the hypothesis that the long satellite arm aberration is a result of sub-
telomeric DNA hypomethylation and abnormal telomere elongation, FISH could be
conducted using probes specific to the telomeric repeats. However, it is unlikely that
abnormal telomere elongation would be visible cytogenetically as such a large increase

in satellite arm length.

Another interesting observation in the present study was that both hypomethylated
Dnmt1-/- and Dnmt3a3b--/-- ESC lines displayed complex exchanges or associations
involving the satellite arms of three or more chromosomes, whilst the wild type ESC
line did not. See Figure 5-6 and Figure 5-7. It is unlikely that such aberrations would be
transmissible through mitosis in an intact state. Therefore they were assumed to have
arisen de novo. Tri- or tetra-centric chromosome-type aberrations are usually only
occasionally seen at high levels of overall damage (Savage, 2002). However, the
complex satellite exchanges or associations were observed at similar frequencies in
both unirradiated and irradiated Dnmt KO ESCs. Additionally, the frequency of these
aberrations did not decrease significantly between the two time points analysed. Thus,
the instability mechanism causing these aberrations appears to be specific to the Dnmt

KO ESC lines rather than specific to the delayed effects of X-irradiation.

Use of the solid staining method in this project means that it has not been possible to
determine exactly where, within the satellite arms, the fusions have occurred which
caused the multicentric chromosome aberrations. It is tempting to speculate that
these aberrations, and possibly also the long satellite arm aberrations, have arisen as a

result of increased homologous recombination. DNA methylation has been proposed

193



to protect the genome from illegitimate recombination (Bender, 1998; Chen et al,
1998; Maloisel and Rossignol, 1998), and increased frequencies of telomeric sister
chromatid exchanges (T-SCEs) were observed in Dnmt1-/- and Dnmt3a3b--/-- ESCs by
Gonzalo et al (2006). T-SCEs arise as a result of homologous recombination (HR)
between telomeres on sister chromatids and can result in the lengthening of one
telomere at the expense of another (De Lange, 2005). HR can also cause uncapping of
the telomere via removal of the protective t-loop structure (Wang et al, 2004).
Critically short or uncapped telomeres are recognised as DNA DSBs, and if repaired by
the NHEJ machinery, can result in chromosome fusions (Van Steensel et al, 1998),
complex aberrations (Gagos and Irminger-Finger, 2005) and the formation of

multicentric chromosomes (Artandi et al, 2000; Hande et al, 1999).

Repetitive sequences contain the majority of the methylated cytosines found in
mammalian cells (Yoder et al, 1997) and have been found in at least some instances to
be hotspots for recombination (Edelmann et al, 1989; Jeffreys et al, 1999). Southern
blot analysis of the minor satellite region in the mESCs in this project revealed that the
Dnmt1-/- and Dnmt3a3b--/-- ESC lines are hypomethylated in comparison to the wild
type ESCs (see Figure 4-8). Given the apparent correlation between methylation levels
and homologous recombination, it is possible that hypomethylation of the minor
satellite sequences in the Dnmtl-/- ESCs could cause increased recombination
between centromeric regions. Such a phenomenon is observed in cell lines from
patients with ICF syndrome, resulting in the generation of multiradial chromosomes

(Ehrlich et al, 2006; Tuck-Muller et al, 2000). However, this hypothesis is purely
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speculative and further work is required to determine the actual mechanism behind

the long satellite arm and multicentric chromosome aberrations.

Finally, it should be noted that a total of 500-600 metaphases were analysed for each
ESC line, and a total of 6 complex satellite associations/exchanges and 14 long satellite
arm aberrations were observed. Thus, although these aberrations occurred almost
exclusively in the hypomethylated Dnmt1-/- and Dnmt3a3b--/-- cell lines (see appendix

7.3), their frequency was not significantly higher than in the wild type ESC line.

Contrary to expectations, no mutli-radial star-shaped chromosomes resembling those
characteristic of lymphocyte cell lines from patients with ICF syndrome were observed
in the hypomethylated ESC lines. This is not entirely surprising, however, as there is
thought to be a cell-type specificity to this chromosomal instability (Ehrlich et al, 2006).
The pronounced cytogenetic aberrations observed in mitogen-stimulated lymphocytes
derived from patients with ICF syndrome are observed at negligible frequencies in

other tissues (Ehrlich et al, 2001; Maraschio et al, 1989), and possibly also in mESCs.

Nevertheless, a different kind of multi-radial chromosome was observed, which
occurred in a single metaphase containing a high level of background damage. See
Figure 5-8. This metaphase was observed at the 23-25 PD time point, in the wild type
cell line which had been exposed to 3Gy X-irradiation, and is very similar to the typical
radial chromatid-type aberrations found in cells from patients with Fanconi Anaemia
(FA), a disorder characterised by genomic instability and hypersensitivity to cross-

linking agents (Knipscheer et al, 2009). Such multi-radial chromosomes are also

195



frequently observed to occur in chromosomes from patients with other chromosome
breakage syndromes, particularly Bloom syndrome (Hickson et al, 2001). The FA and
BLM proteins are involved in the repair of DNA interstrand crosslinks (ICLs) via
replication-coupled repair during S phase (Knipscheer et al, 2009). Thus, it is possible
that this single cell carried a mutation in one of the genes involved in the repair of DNA

inter-strand cross links.

5.4.6 Hypomethylation correlates with reduced frequency of aneuploidy

In addition to structural aberrations, the frequency of numerical chromosome
aberrations was analysed. The treatment condition (sham or 3Gy) was not found to
have any effect on the frequency of numerical chromosome aberrations. However, the
wild type cell line did display a significantly higher frequency of aneuploid metaphases

than either of the Dnmt KO cell lines, at both time points.

It has been well documented that human and murine ESCs grown in culture for long
periods of time tend to develop very high levels of aneuploidy (Liu et a/, 1997; Longo et
al, 1997; Mitalipova et al, 2005). Longo et al (1997) demonstrated that the proportion
of euploid metaphases dropped significantly with time in culture from roughly 100% at
passage 5 to only 20-30% by passage 25 in three different ESC lines derived from a
129sv male embryo. This figure correlates very neatly with the approximately 80%
level of aneuploidy observed in the WT cell line in the present study. However, both
Dnmt1-/- and Dnmt3a3b--/-- ESC lines displayed significantly lower frequencies of

aneuploidy (see Figure 5-9).
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The high level of aneuploidy in ESCs is thought to be due to decreased functioning of
the decatenation and mitotic spindle assembly checkpoints in comparison to somatic
cells (Damelin et al, 2005; Mantel et al, 2007). The spindle assembly checkpoint (SAC)
blocks anaphase and is required for correct chromosome segregation in somatic cells.
However, in mESCs the SAC is only transiently functional and after a prolonged period
of SAC activation, rather than undergoing p53 mediated apoptosis as somatic cells do,
mMESCs re-enter mitosis irrespective of their chromosome number. This results in

polyploid/aneuploid daughter cells (Mantel et al, 2007).

Although this explains the high level of tolerance for aneuploidy in ESCs, as observed in
the wild type cell line, it does not explain the cause of the aneuploidy, or why
significantly lower levels were detected in the Dnmt1-/- and Dnmt3a3b--/-- cell lines.
One of the main mechanisms through which aneuploidy is thought to arise in ESCs is
the deficiency of another cell cycle checkpoint called the decatenation checkpoint

(Damelin et al, 2005).

The decatenation checkpoint occurs in the G2 phase of the cell cycle but is
independent from the G2/M DNA damage checkpoint. Its function is to delay entry
into mitosis if the chromosomes have not been sufficiently decatenated or
disentangled by topoisomerase Il (topo Il). Decreased efficiency of the decatenation
checkpoint means that cells are able to complete mitosis in the presence of entangled
chromosomes, resulting in aneuploidy in the daughter cells. As with SAC, efficiency of

the decatenation checkpoint increases upon ESC differentiation (Damelin et al, 2005).
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Previous research groups have shown that the activity of topo Il can be inhibited by
the presence of DNA cytosine methylation (Leteurtre et al, 1994; Boos and Stopper).
The studies by Leteurtre et al (1994) and Boos and Stopper (2001) were conducted
using bacterial plasmid DNA, or synthesized PCR fragments. Therefore, the results are
independent of mammalian higher order chromatin structure and indicate that simply
the presence of a methyl group on the cytosine base is enough to reduce topo Il
efficiency. It was proposed that the altered topological conformation of methylated
DNA may disturb the interaction of enzymes like topo Il with DNA (Boos and Stopper,

2001).

If the results of the studies by Leteurtre et al (1994) and Boos and Stopper (2001) can
be extrapolated to mammalian genomic DNA, the inhibition of topo Il by the presence
of DNA methylation could potentially explain the low levels of aneuploidy observed in
the hypomethylated Dnmt1-/- and Dnmt3a3b--/-- ESC lines. It is tempting to speculate
that wild type ESCs enter mitosis in the presence of entangled chromosomes, as the
deficient decatenation checkpoint does not delay the cell sufficiently to allow
completion of decatenation before mitosis. In the hypomethylated Dnmt KO ESCs,
however, the reduced methylation level may allow more efficient processing of the
DNA by topo I, resulting in more efficient decatenation and disentanglement of the
chromosomes prior to mitosis, and a correspondingly reduced incidence of aneuploidy

in the daughter cells.

At the 10-14PD time point in this experiment, the wild type ESCs were p#46 and the

Dnmt1-/- and Dnmt3a3b--/-- ESC lines were p#22 and p#23 respectively. Therefore, it
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could be argued that the higher proportion of aneuploidy observed in the wild type
cell line was due to its higher passage number. However, during the course of the
experiment, all three cell lines underwent 10 passages between the 10-14 and 23-
25PD time points. Therefore, based on the data in previous literature (Longo et al,
1997; Liu et al, 1997), a decline in the proportion of euploid metaphases should have
been observed in all cell lines throughout the course of the experiment. However, no
significant difference was observed in the level of aneuploidy between the two time
points for any of the cell lines, indicating that the level of aneuploidy observed for each
cell line is stable. Thus, it is unlikely that the differing levels of aneuploidy between the
wild type and Dnmt KO ESC lines is a result of their differing passage numbers at the

commencement of the experiment.

In addition, the passage numbers of the Dnmt KO ESC lines may be under-estimated. It
is thought that the passage numbers supplied when the cell lines were received
represent the number of passages the cells had undergone since the lines were
established. If this is the case, their true passage number will be higher, as it is the sum
of the passage number of the wild type cell line before targeting, plus the number of
passages it underwent during targeting and establishment, plus the number of

passages since the cell line was established.

A trend was noted whereby the level of aneuploidy in the Dnmt3a3b--/-- cell line was
slightly higher at the 10-14 PD time point than at the 23-25 PD time point. The
methylation level of this cell line decreases with increasing passage number (see Figure

3-4), and there are 10 passages between the two time points. The reduction in
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aneuploidy between the two time points was not statistically significant. However, this
may simply be because the difference in methylation between the two time points was

not large enough to observe an effect.

Cells were also frozen at the first metaphase after treatment, when the experiment
was carried out. These cells have not been used for analysis of structural cytogenetic
aberrations, as it was deemed unnecessary based on the results of the later time
points. However, as these Dnmt3a3b--/-- cells are p#23, they have a higher
methylation level than the cells analysed at the 10-14 PD time point. Thus, a natural
extension of this work would be to make slides of the Dnmt3a3b--/-- cells that were
harvested at the first metaphase after treatment (p#23) and analyse the level of

aneuploidy.

5.4.7 Chromosome gains/losses formed a cell line-specific trend

In addition to the differing overall frequency of aneuploidy observed between the ESC
lines, the mean chromosome number also varied slightly (see Figure 5-10). The
majority of the aneuploid metaphases detected in the wild type ESCs have extra copies
of one or two chromosomes, forming a skewed distribution. In the Dnmt1-/- ESCs,
however, the spread of aneuploidy followed a normal/Gaussian distribution, with
roughly equal preference for gain and loss of chromosomes. Additionally, gain or loss
of more than one chromosome was very rare. The tightest spread of aneuploidy was
observed in the Dnmt3a3b--/-- ESC line, in which the majority of aneuploid

metaphases arose due to loss of a single chromosome.
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The same trend in the spread of characteristic aneuploid chromosome numbers was
observed in these ESC lines by Gonzalo et al (2006). Furthermore, consistent gain or
loss of the same chromosomes has been observed recurrently in human and mouse
ESCs maintained for long periods in culture (Mitalipova et al, 2005; Liu et al, 1997).
Trisomy 8 is a particularly common recurrent aneulpoidy that has been observed in
cultures of mESCs (Liu et al, 1997). Interestingly, it was found to confer a selective
growth advantage on the cells, resulting in depletion of euploid cells during further

culture (Liu et al, 1997).

Thus, although the staining method used in the present study does not permit
identification of the chromosomes present in each metaphase, it is possible that the
selection pressures exerted by the different ESC lines resulted in preference for
different chromosomes. It is tempting to speculate that certain genes required to
maintain pluripotency and restrict differentiation may be expressed at elevated levels
in the hypomethylated Dnmt KO ESC lines, whilst in the wild type cells, selective
pressure for increased expression of these genes could result in selection for gain-of-
chromosome type aneuploidy. In order to test this hypothesis, a technique with higher
resolution, such as G-banding or FISH, would be required to identify the chromosomes
present in the metaphases, and identify any recurring karyotypical abnormalities which

may be characteristic of the cell lines.
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5.4.8 Summary

DNA hypomethylation does not appear to affect the level of DNA damage in ESCs,
either before or at a delayed period after irradiation, as measured by the alkaline
comet assay. Thus, the increased de novo mutation rate observed in the Dnmt1-/- ESC
line at the Hprt gene and the radiation-induced delayed genomic instability observed
in the wild type ESC line are unlikely to be a result of increased levels of DNA strand

breaks and alkali labile sites (ALS).

In addition, no significant difference was found in the average level of Fpg-sensitive
lesions between the wild type and hypomethylated ESC lines, or between the sham
and 3Gy treatment groups. Thus, it appears that the radiation-induced delayed
genomic instability observed at the Hprt locus in the wild type cell line is not a result of
persistently increased levels of oxidative stress. However, it is possible that this reflects
the fact that ESCs appear to have a particularly stringent damage response to oxidative

DNA damage (Maynard et al, 2008; Saretzki et al, 2004; Saretzki et al, 2008).

The pilot study undertaking cytogenetic analysis of the wild type and Dnmt KO ESC
lines indicates that no statistically significant alterations in chromosomal instability
were observed either between hypomethylated and wild type ESC lines or between
cells exposed 23-25 PDs previously to 3Gy X-rays or sham treatment. However, the
resolution of the staining method used was reasonably low, restricting the range of
aberrations that could be identified in comparison to techniques such as chromosome
banding or FISH. Furthermore, two aberration types were identified which occurred

almost exclusively in the hypomethylated Dnmt1-/- and Dnmt3a3b--/-- ESCs. These
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aberrations both involved the satellite arms, and it is speculated that they may have
arisen as a result of homologous recombination between satellite sequences or
translocation of a sequence which confers a proliferative or survival advantage.

Further work is required to investigate these hypotheses.

High passage ESCs normally display a high frequency of aneuploidy due to deficiencies
in the SAC and decatenation checkpoints. This was seen in WT ESCs but was found to
be reduced in the hypomethylated Dnmti-/- and Dnmt3a3b--/-- cell lines. It is
speculated that the elevated frequency of aneuploid metaphases observed in the wild
type ESCs compared to the hypomethylated ESC lines may reflect the inhibitory effect
of DNA methylation on the activity of topo Il, as observed by previous groups in vitro.
Finally, a characteristic preference for gain or loss of specific numbers of chromosomes
was observed in each cell line, which may reflect differing selection pressures for

proliferation and maintenance of pluripotency.
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6 Chapter 6. Discussion

Exposure to ionising radiation can damage DNA and results in genome destabilisation
(Barber et al, 2006; MacDonald et al, 2001). Genomic instability is a hallmark of many
cancers and is thought to be one of the mechanisms leading to tumourigenesis
(Nowell, 1976; Loeb, 1991; Lengauer et al, 1998). Multiple cancers demonstrate global
DNA hypomethylation in comparison to normal tissue controls (Wahlfors et al, 1992;
Lin et al, 2001; Kim et al, 1994) and several studies have established a correlation
between DNA hypomethylation and increased genomic instability (Chen et al, 1998;
Tuck-muller et al, 2000). Furthermore, global hypomethylation has been correlated
with increased radiosensitivity (Dote et al, 2005; Narayan et al, 2000), and ionising
radiation has itself been demonstrated to reduce methylation levels (Giotopoulos et al,

2006; Pogribny et al, 2004; Raiche et al, 2004; Tawa et al, 1998).

The aim of this project was to investigate the apparent correlations between DNA
hypomethylation, radiosensitivity and genomic instability. A murine embryonic stem
cell system was used, allowing analysis of the impact of complete inactivation of each
of the three main active mammalian DNA methyltransferase enzymes. The global
methylation level of the ESC lines was characterised before and after irradiation, as
were the proliferation rates and cell cycle characteristics. The ESCs were then
investigated for differences in radiosensitivity and genomic stability, both at a specific

gene locus and on a genome-wide scale.
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6.1 Radiosensitivity does not correlate with hypomethylation

Chapter 3 investigated the roles played by each of the three main murine DNA
methyltransferase enzymes in cellular radio-response. The DNA methylation level of
the wild type ESCs is similar to that of bone marrow, one of the least methylated of all
adult somatic tissues, and the Dnmt KO ESC lines displayed varying degrees of
hypomethylation. None of the cell lines exhibited radiation-induced DNA
hypomethylation. However, this phenomenon appears to be cell- and tissue-type
specific, and has previously only been demonstrated in somatic cells (Pogribny et al,

2004; Raiche et al, 2004; Tawa et al, 1998).

No significant differences in radiosensitivity were observed between the wild type and
Dnmt KO cell lines, indicating that global DNA hypomethylation does not increase
radiosensitivity in mESCs. This is in contrast to the results of previous groups, using
somatic and tumour cell lines (Dote et al, 2005; Narayan et al, 2000). However,
differentiated cell lines are less likely to undergo apoptosis in response to DNA damage
in comparison to ESCs (Roos et al, 2007). All five ESC lines displayed an exponential
survival curve, which is thought to reflect their high propensity for apoptosis (Clutton
et al, 1996; de Waard et al, 2003). Therefore, it is tempting to speculate that the high
level of apoptosis has masked the effect of reduced methylation levels on
radiosensitivity in the Dnmt KO ESC lines. It would be interesting, therefore, to induce
differentiation in the mESC lines and then determine the effect of Dnmt KO on
radiosensitivity. Nevertheless, the de novo methyltransferase enzymes, DNMT3A and

DNMT3B, may play a minor role in modulating sensitivity to X-rays in mESCs, as
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absence of one was found to have a modest radioprotective effect, whilst KO of both

resulted in comparative radiosensitisation.

The Dnmt KO ESC lines showed no significant differences in growth rate or cell cycle
characteristics in comparison to the wild type, both in unirradiated and X-irradiated
cells. In response to 3Gy X-irradiation the ESCs bypassed the G1 checkpoint and
arrested in G2/M. The cells began to exit G2/M checkpoint arrest by 24 hours post 3Gy
X-irradiation, and displayed a normal cell-cycle distribution by 5-10 days after
irradiation. After release from radiation-induced cell cycle arrest, the slope of the
growth curve increased in all cell lines, possibly reflecting the processes of

repopulation or culture adaptation.

6.2 Lack of DNMT1, but not DNMT3A or DNMT3B, leads to an
increased de novo mutation rate

Chapter 4 analysed the mutation rate and spectrum of the five mESC lines at the X-
linked Hprt gene locus. This revealed an approximately 10-fold elevation of de novo
mutation rate in the Dnmt1-/- ESCs in comparison to the wild type ESCs. This is in
agreement with previous work undertaken by Chen et al (1998). However, the de novo
mutation rates of the Dnmt3a-/-, Dnmt3b-/- and Dnmt3a3b--/-- ESC lines were not
significantly different from that of the wild type cell line. Based on the data provided in
Figure 3-4, the Dnmt3a3b--/-- ESC line had a very similar level of DNA methylation to
the Dnmt1-/- ESC line at the time of selection for Hprt mutations. Therefore, it is

unlikely that the elevated mutation rate detected in the Dnmt1-/- ESC line is a result of
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global hypomethylation as previously reported (Chen et al, 1998). Rather, it appears to
be a result of the absence of a property or function specific to DNMT1. One potential
mechanism that could be investigated is the possibility that absence of functional
DNMT1 results in increased frequencies of replication fork stallage. This could be
analysed using 2D gel electrophoresis to visualise replication intermediates, as

described in Friedman and Brewer (1995).

Finally, the Dnmt KO ESCs used in this project contain large deletions in the catalytic
region. Such deletions may potentially alter the structural conformation of the DNMT
protein and prevent it from carrying out other possible roles required for normal cell
function. This effect could be assessed by rescuing the Dnmt1-/- ESC line with wild type
and mutant Dnmt1 minigenes, as described in Damelin and Bestor (2007). The mutant
Dnmt1 minigene contains only a 2bp mutation in the catalytic domain, which is not
thought to affect protein conformation (Damelin and Bestor, 2007). Analysis of the
Hprt mutation rate in Dnmtl-/- ESCs rescued with these minigenes would permit
determination of whether the elevated mutation rate originally observed was as a
result of loss of DNA methylation specific to the function of DNMT1, or loss of another
non-catalytic function. This work has been started, but unfortunately electroporation

was unsuccessful.
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6.3 Radiation-induced delayed genomic instability is observed

in wild type ESCs, but not in Dnmt deficient ESCs

The wild type ESC line demonstrated a 5-fold increased mutation rate 23-25 PDs after
exposure to 3Gy X-rays in comparison to sham treated wild type control cells. This is
characteristic of the occurrence of radiation-induced delayed genomic instability.
However, this phenomenon was not observed in any of the Dnmt KO lines: the
mutation rates of the 3Gy X-irradiated clones were not significantly different to the de
novo mutation rates. This indicates that absence of the DNA methyltransferase
enzymes, or disruption of the normal methylation pattern, may potentially inhibit the

mechanism behind radiation-induced delayed genomic instability.

To our knowledge this is the first direct demonstration of a requirement for specific
DNA methylation patterns and/or the DNA methyltransferase enzymes in the
propagation of radiation induced delayed genomic instability. The correlation of
reduced levels of DNA methylation with apparently increased genomic stability after a
radiation insult could be viewed as contrary to expectations. However, methylcytosine
is known to be a preferential target for oxidative crosslink and adduct-forming
mutagens in comparison to unmethylated cytosine (Cao and Wang, 2007; Denissenko
et al, 1997; Yoon et al, 2001; You et al, 1999). In addition, there are several more
speculative explanations. For example, radiation exposure has been shown to result in
site-specific increases in DNA methylation as well as global hypomethylation (Kaup et
al, 2006; Koturbash et al, 2005). Thus, if radiation induced delayed genomic instability

is mediated by epigenetic dysregulation of genes involved in the DNA damage
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response, the reduction of methyltransferase enzymes in the Dnmt-/- ESCs may reduce
this effect. Finally, it is possible that the lower levels of DNA methylation and
associated binding proteins in the Dnmt-/- ESCs may permit increased access to the
DNA for proteins involved in the DNA damage response (Amouroux et al, 2010). This
latter hypothesis may well be true for topo ll, as indicated by the reduced frequency of
aneuploidy in the Dnmt-/- ESCs. Future studies could be designed to test these

hypothesese in the ESC lines.

Finally, the results of this project indicate that radiosensitivity and genomic instability
are mediated by independent mechanisms in ESCs, as the cell line which displayed the
greatest level of instability at the Hprt locus (Dnmt1-/-) was no more radiosensitive

than the wild type cell line, which displayed a significantly lower Hprt mutation rate.

6.4 Mutation spectra analysis reveals a link between non-
contiguous exonic deletions and hypomethylation or
radiation exposure

Characterisation of the mutation types observed at the Hprt locus in each of the ESC
lines was carried out in an attempt to better understand the mechanisms that may be
responsible for their differing mutation rates. The ESC lines with low de novo mutation
rates displayed either no change or an increase in the number of different mutation
types observed in the 3Gy-irradiated clones. However, the Dnmt1-/- cell line, which
demonstrated a wider range of de novo mutations and an elevated de novo mutation

rate, appeared to display a reduced range of mutation types in the 3Gy X-irradiated
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clones. This is potentially consistent with the hypothesis that cells and tissues which
are intrinsically unstable can be eliminated from the population after irradiation.
However, this is unlikely to be true for the ESC lines containing KOs of the de novo
methyltransferase enzymes, DNMT3A and/or DNMT3B, as they exhibited a similar de

novo mutation rate to the wild type cells.

The mutation spectra of each ESC line 23-25 PDs after 3Gy X-irradiation roughly
resembled the de novo mutation spectrum. Interestingly, however, multiple deletions
of non-contiguous exons were observed in the sham-treated clones from the two most
hypomethylated ESC lines (Dnmt1-/- and Dnmt3a3b--/--), and in all of the ESC lines in
clones derived from 3Gy X-irradiated cells. Previous research groups have associated
such mutations with the occurrence of radiation-induced delayed genomic instability
(Caron et al, 1997; Mognato et al, 2001; Romney et al, 2001), and suggested they may
have arisen as a result of recombinational repair of DSBs (Balestrieri et al, 2001). Thus,
it is possible that the most hypomethylated ESC lines (Dnmt1-/- and Dnmt3a3b--/--)
may display increased levels of DNA DSBs and/or illegitimate recombination. This
remains to be investigated. However, previous studies indicate that DNA methylation
may play a role in suppressing recombination (Chen et al, 1998; Maloisel and

Rossignol, 1998).

Repetitive sequences such as retroviral elements and satellite repeats contain the
majority of the methylcytosine in mammalian cells (Yoder et al, 1997) and can be
hotspots for recombination (Edelmann et al, 1989; Jeffreys et al, 1999). Southern blot

analysis revealed that the Dnmtl1-/- ESC line was significantly hypomethylated in
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comparison to the wild type ESCs at minor satellite sequences and Alu elements. In
addition, L1 elements were hypomethylated in all ESC lines. Recombination between
the pericentric minor satellites is unlikely to be responsible for the elevated mutation
rate observed in the Dnmt1-/- ESC line at the Hprt gene. However, detection of the
presence of large retroviral elements, such as IAP and L1, in the Hprt gene was not
achieved with the PCR-based approach used in this project. Nevertheless, several SINE
insertions were detected in the Dnmt1-/- ESCs indicating the occurrence of active

retrotransposition in this hypomethylated cell line.

The high de novo mutation rate in Dnmt1-/- ESCs was further demonstrated by the
occurrence of secondary mutation events during expansion of the sham-treated clones
containing SINE insertions. It is possible that loss of the properties of DNMT1 that are
required for DNA replication and repair may contribute to the increased mutation rate
of the Dnmt1-/- ESC line (Dion et al, 2008; Mortusewicz et al, 2005; Wang and Shen,

2004).

6.5 Global hypomethylation does not alter the level of
endogenous or delayed DNA damage measured by the
comet assay

Chapter 5 investigated genomic instability on a genome-wide scale in the wild type,
Dnmti1-/- and Dnmt3a3b--/-- ESC lines 23-25 PDs post 3Gy X-irradiation or sham
treatment. In this way, a direct comparison could be made between the markers of

genomic instability and the types and rates of mutations detected at the Hprt locus.
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The Dnmti1-/- and Dnmt3a3b--/-- cell lines displayed no significant difference in the
level of endogenous DNA damage compared to the wild type cells, as measured by the
alkaline comet assay. In addition, the level of damage was not significantly different
between cells that had undergone sham treatment and cells that were exposed to 3Gy
X-irradiation. Thus, DNA hypomethylation does not affect the combined level of SSBs
DSBs and alkali-labile sites (ALS) in ESCs, either before or at a delayed period after
irradiation. Furthermore, the increased de novo mutation rate observed in the Dnmt1-
/- ESC line at the Hprt gene and the radiation-induced delayed genomic instability
observed in the wild type ESC line are unlikely to be a result of increased levels of such

DNA damage.

6.6 Radiation-induced delayed genomic instability at Hprt in
wild type ESCs is not a result of increased oxidative damage

Oxidative stress is one of the proposed mechanisms by which radiation-induced
delayed genomic instability is propagated (Wright, 2010), and several studies indicate
that methylated DNA is a preferential target for oxidative crosslink and adduct-forming
physical and chemical mutagens in comparison to unmethylated DNA (Cao and Wang,
2007; Denissenko et al, 1997; Tomassi et al, 1997; Yoon et al, 2001; You et al, 1999).
However, no significant difference was found in the average level of Fpg-sensitive
lesions between the wild type and hypomethylated ESC lines, or between the sham
and 3Gy treatment groups. Thus, it appears that the radiation-induced delayed
genomic instability observed at the Hprt locus in the wild type cell line is not a result of

persistently increased levels of oxidative stress. The discrepancy between these results
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and those of the previous studies, which used DNA substrates lacking mammalian
higher order chromatin structure, may reflect the impact of factors such as the radical-
scavenging abilities of histone proteins (Milligan et al, 2004). Alternatively, it may
reflect the fact that ESCs appear to have a particularly stringent damage response to

oxidative DNA damage (Maynard et al, 2008; Saretzki et al, 2004; Saretzki et al, 2008).

6.7 Cytogenetic instability did not correlate with
hypomethylation and was not observed at a delayed
period after 3Gy X-irradiation

A pilot study was carried out using a non-clonal bulk culture method to assess the
frequency of cytogenetic aberrations indicative of genomic instability in the wild type,
Dnmt1-/- and Dnmt3a3b--/-- ESC lines 23-25 PDs post X-irradiation or sham treatment.
No significant difference was found in the frequency of total structural aberrations
between any of the cell lines, between the sham and 3Gy treatment groups, or
between the two time points. In addition, the proportion of aberrations that were
chromosome-type was very similar to the proportion of those that were chromatid-
type (~50:50 ratio). This indicates that cytogenetic instability was not observed in any
of the ESC lines, in either treatment group. However, susceptibility to radiation-
induced chromosomal instability is strongly influenced by genetic factors (Ponnaiya et
al, 1997; Watson et al, 2001), and previous research groups have also found a disparity
between the ability of X-rays to induce instability at the Hprt locus and on a

cytogenetic scale (Harper et al, 1997). Furthermore, whilst indicators of genomic
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instability such as elevated levels of recombination, SCEs, gene mutations and ESTR
mutations are all thought to be related, genomic instability characterised by
chromosomal instability (CIN) is thought to occur independently (Lengauer et al, 1998;

Limoli et al, 1997).

6.8 Aberrations of the satellite arms were more frequent in
hypomethylated ESCs than wild type ESCs

Some interesting observations were made from the cytogenetic pilot study, which
indicate that certain mutational mechanisms may be operating to a greater extent in
the hypomethylated cell lines than in the wild type ESC line. Specifically, a small
increase in the frequency of aberrations involving the satellite arms of the
chromosomes was observed in the hypomethylated ESC lines (Dnmtl-/- and
Dnmt3a3b--/--) compared to the wild type. These aberrations included the occurrence
of abnormally long satellite arms and complex exchanges/associations occurring
between the satellite arms of 3 or more chromosomes. Such tri- or tetra-centric
chromosome-type aberrations are normally only seen at high levels of overall damage
(Savage, 2002). However, they were observed in both X-irradiated and unirradiated
ESCs, indicating that the causal mechanism is specific to hypomethylation rather than

irradiation.

Unfortunately, the use of solid staining did not permit the determination of the cause
of these aberrations. However, several possibilities exist including translocation of a

chromosomal region encoding genes which confer a selective advantage, or increased
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frequencies of rearrangements or homologous recombination at the major and minor
satellite repeats due to hypomethylation, as occurs in cell lines from patients with ICF

syndrome (see section 1.3).

Several research groups have demonstrated a possible link between DNA methylation
levels and recombination (Dominguez-Bendala and McWhir, 2004; Maloisel and
Rossignol, 1998), indicating that DNA hypomethylation, such as that induced in the
Dnmt1-/- and Dnmt3a3b--/-- ESCs, may potentially result in increased frequencies of
recombination at repeated regions throughout the genome (Gonzalo et al, 2006). This
possibility could be investigated in the ESC lines using FISH to detect non-clonal
aberrations, such as translocations and exchanges, arising in clonal cultures.
Furthermore, the use of FISH could help to determine the cause of the long satellite

arm aberration observed in the hypomethylated cell lines.

6.9 Hypomethylation correlates with reduced frequency of
aneuploidy

In addition to structural aberrations, the frequency of numerical chromosome
aberrations was analysed. Treatment condition (sham or 3Gy) was not found to have
any effect on the frequency of numerical chromosome aberrations. However, the wild
type cell line displayed a significantly higher frequency of aneuploid metaphases than
either of the Dnmt KO cell lines, at both time points. The development of aneuploidy is
a common occurrence in ESCs maintained for long periods in culture (Liu et al, 1997;

Longo et al, 1997; Mitalipova et al, 2005), due to very transient functioning of the
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mitotic spindle assembly checkpoint in comparison to somatic cells (Damelin et al,

2005; Mantel et al, 2007).

One of the main mechanisms through which aneuploidy is thought to arise in ESCs is
via deficiency of the decatenation checkpoint (Damelin et al, 2005), allowing cells to
complete mitosis in the presence of entangled chromosomes (Damelin et al, 2005).
DNA topoisomerase |l (topo Il) is responsible for the decatenation or disentanglement
of chromosomes prior to mitosis (Wang, 2002), and previous research groups have
shown that the interaction of topo Il with DNA is reduced by the presence of DNA
cytosine methylation (Leteurtre et al, 1994; Boos and Stopper, 2001). It is therefore
tempting to speculate that the hypomethylated ESC lines are able to undergo more
efficient decatenation prior to mitosis than the wild type ESCs can, resulting in lower

levels of aneuploidy.

If it is true that simply the presence of a methyl group can inhibit the efficiency of topo
I, then it is also possible that similar effects may be seen with other DNA repair
proteins. Assuming this hypothesis was true, the reduced levels of DNA methylation in
the Dnmt KO ESC lines may permit greater access and more efficient interaction of the
DDR proteins with the DNA, resulting in more effective repair. This could appear in
Figure 4-2 as a reduction in the occurrence of radiation-induced delayed genomic
instability, whilst in actual fact it may simply reflect an increased capacity to repair the
damage. This hypothesis could be tested in the future by analysing the rate of
formation and repair of DNA damage in each of the ESC lines, using the comet assay,

YH2AX or 53BP1.
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Speculating further, if reduced methylation levels permit more efficient repair of DNA
damage in the Dnmt KO ESC lines, then this may also partly explain the lack of variation
in radiosensitivity. It may also explain why loss of a single de novo methyltransferase

enzyme, particularly DNMT3A, results in apparently increased radioresistance.

6.10 Chromosome gains/losses formed a cell line-specific trend

In addition to the differing overall frequency of aneuploidy, the mean chromosome
number also varied between the ESC lines. The reason for the differing spread of
characteristic aneuploid chromosome numbers is unclear. However, the same trends
were observed in these ESC lines by Gonzalo et al (2006), and recurrent trisomies have
been proposed to be a result of selection for specific abnormalities which confer a
proliferative advantage (Liu et al, 1997; Mitalipova et al, 2005). Further investigation
using FISH could establish the identities of the characteristic gained and lost
chromosomes observed in each of the ESC lines, and their possible roles in conferring

selective advantage could be assessed via a candidate gene approach.

6.11 Final conclusions

Global genomic DNA hypomethylation per se does not cause increased radiosensitivity
or genomic instability in mESCs. However, the de novo DNA methyltransferase
enzymes may be involved in determining radiosensitivity, and absence of functional
DNMT1 results in a ten-fold increase in mutation rate at the Hprt locus. This instability

may be a result of increased illegitimate homologous recombination, retroviral
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activation, or loss of the properties of DNMT1 that are required for efficient DNA

replication and repair.

No instability was observed on a genome-wide scale as indicated by the frequency of
strand breaks and cytogenetic aberrations. However, observations made during
cytogenetic analysis indicate that elevated levels of recombination may occur in the
hypomethylated Dnmtl-/- and Dnmt3a3b--/-- ESC lines. Further investigation is
required on this point. Radiation-induced delayed genomic instability was observed in
the wild type ESC line at the Hprt locus. However, none of the Dnmt KO ESC lines
exhibited this phenomenon, indicating that disruption of the normal methylation
pattern, or functional absence of any of the DNA methyltransferase enzymes, may
disrupt the mechanism responsible for propagating radiation-induced delayed genomic
instability. Alternatively, it could be speculated that the lack of observed radiation-
induced delayed genomic instability in the Dnmt KO ESC lines could be a result of
reduced levels of DNA methylation permitting more efficient repair of DNA damage.
Notably, the hypomethylated Dnmt1-/- and Dnmt3a3b--/-- cell lines were found to
display lower levels of aneuploidy than the wild type cell line, possibly as a result of
more efficient decatenation by topo Il prior to mitosis. However, this theory is

speculative and requires further investigation.

Finally, the lack of radiosensitivity in the ESC line which demonstrated significantly
increased genomic instability at the Hprt locus (Dnmtl-/-) indicates that genomic
instability and sensitivity to ionising radiation are mediated by independent

mechanisms.
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The results of this project highlight the importance of extending this work, to better
understand the effects of cancer treatments involving radiotherapy and/or treatment
with hypomethylating drugs. Radiotherapy is a valuable and effective cancer treatment
due to its ability to cause DNA damage and cell death (Joiner et al, 2009). Drugs that
induce genome-wide hypomethylation can be used to increase tumour radiosensitivity
(Dote et al, 2005). However, the long term biological effects of demethylating drugs for
normal tissues are currently unknown. This project has demonstrated that catalytic
inactivation of the maintenance methyltransferase, which is the main DNMT expressed
in somatic cells (Li et al, 1992), results in a 10-fold increase of mutation rate at coding
genes. Given that 5-azacytidine, 5-azadeoxycytidine and Zebularine all exert their
effect by forming a covalent complex with, and effectively trapping, the DNMTs
(Champion et al, 2010, Zhou et al, 2002) the use of such drugs could potentially lead to

genomic instability and eventually carcinogenesis.

Finally, DNMT3A and DNMT3B are expressed at very low levels in most mammalian
somatic tissues (Lei et al, 1996). However, expression of a range of abnormally spliced
DNMT3B transcripts is a common occurrence in cancer cells, as is altered gene
expression (Beaulieu et al, 2002; Ostler et al, 2007; Wang et al, 2006a and 2006b). The
results of this project indicate that whilst absence of a single de novo
methyltransferase enzyme causes slight but consistent radioresistance, loss of both
DNMT3A and DNMT3B causes comparative radiosensitisation. Therefore, it is tempting

to speculate that drugs which target both DNMT3A and DNMT3B specifically could
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potentially increase tumour cell radiosensitivity whilst minimising the effect of induced

genomic instability on normal cells.
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7 Appendices

7.1 Appendix 1
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Example of the cell selection/gating processes carried out during cell cycle analysis by
flow cytometry. The example shown is of unirradiated J1 (wild type) ESCs. A: Cell
debris is excluded using forward-angle light scatter (FSC) and side-angle light scatter
(SSC) to select for cells within a certain size and shape limit. B: Aggregates are excluded
by selecting for cells within the appropriate area (FL2-A) and width (FL2-W) parameters
of their fluorescence peak. C: The gated cells are plotted as a DNA histogram displaying
the number of cells per Pl fluorescence intensity (FL2-A). D: Analysis of the data by
ModFit software determines the proportion of the cells in each phase of the cell cycle.
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7.2 Appendix 2

Photographs of the ESC lines growing on gelatinised culture dishes, taken at 10x
maghnification. None of the ESC lines display any obvious differences in morphology. A:
Wild Type ESCs. B: Dnmt1-/- ESCs. C: Dnmt3a3b--/-- ESCs. D: Dnmt3a-/- ESCs. E:
Dnmt3b-/- ESCs.
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7.3 Appendix 3

10-14 PDs Chromosome-type Aberrations Chromatid-type Aberrations Other
Exchanges Discontinuity |Exchanges Discontinuity
Reciprocal Translocation Interchange Intrachanges
Inter-arm Intra-arm Complex
Total
Metaphases Centric |Interstitial |Long Long Gaps, Beaks, Reciprocal Centric Interstitial |Isochromatid |Gaps, Breaks, |Satellite
Cell line/condition |Scored Dicentric |Ring Deletion |Chromosome |Satellites |Fragments Dicentric [Translocation |Ring Dicentric |Deletion |Deletion Fragments |Associations
Wild Type Sham 119 4 0 0 1 0 5 0 0 0 0 0 0 8 0
Wild Type 1hr
Recovery 120 3 0 0 0 0 4 0 0 0 0 0 0 6 0
Wild Type Ohr
Recovery 118 0 0 0 0 0 4 0 0 0 0 0 0 6 0
Dnmti-/- Sham 118 2 0 0 0 0 13 0 0 0 0 0 0 6 1
Dnmti-/- 1hr
Recovery 130 3 0 0 1 0 74 0 0 0 0 0 0 8 0
Dnmtl-/- Ohr
Recovery 118 5 0 0 0 0 3 0 0 0 0 0 0 9 0
Dnmt3a3b-/- Sham 120 4 0 0 0 0 2 1 0 1 0 0 1 6 0
Dnmt3a3b-/- 1hr
Recovery 112 7 0 0 0 0 2 1 0 0 0 0 0 10 1
Dnmt3a3b-/- Ohr
Recovery 120 4 0 0 0 0 4 0 1 0 0 0 0 15 1

Table of raw data 1: the number of each cytogenetic aberration type observed at the 10-14 PD time point post treatment with 0Gy or 3Gy X-
rays.
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23-25PDs Chromosome-type Aberrations Chromatid-type Aberrations Other
Exchanges Discontinuity |Exchanges Discontinuity
Reciprocal Translocation Interchange Intrachanges
Inter-arm Intra-arm Complex

Total

Metaphases Centric |Interstitial [Long Long Gaps, Beaks, Reciprocal Centric Interstitial |Isochromatid | Gaps, Breaks, | Satellite
Cell line/condition |Scored Dicentric |Ring Deletion |Chromosome [Satellites |Fragments Dicentric |Translocation |Ring Dicentric |Deletion |Deletion Fragments |Associations
Wild Type Sham 119 3 0 0 0 0 8 0 0 0 0 0 0 9 0
Wild Type 1hr
Recovery 139 3 0 0 0 1 6 0 0 0 0 0 0 10 0
Dnmt1-/- Sham 119 3 1 0 0 5 7 0 0 0 0 0 0 11 1
Dnmti-/- 1hr
Recovery 120 4 0 0 0 8 3 1§ 0 0 0 0 0 8 0
Dnmt3a3b-/- Sham 119 7 0 0 0 0 5 0 0 0 0 0 1 8 1
Dnmt3a3b-/- 1hr
Recovery 120 4 0 0 0 0 3 0 0 0 0 0 0 7 1

Table of raw data 2: the number of each cytogenetic aberration type observed at the 23-25 PD time point post treatment with 0Gy or 3Gy X-

rays.
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7.4 Appendix 4

Chromosome-type Aberrations
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Figure 1. The appearance of each type of chromosome-type aberration. Adapted from
Savage (1999). Only discontinuity and some asymmetrical exchanges (dicentrics and
centric rings) are visible using solid staining. Interstitial deletions were difficult to
detect reliably, and the symmetrical exchanges were not visible.

Chromatid-type Aberrations
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Figure 2. The appearance of each type of chromatid-type aberration. Adapted from
Savage (1999). All forms of discontinuity and interchanges are readily detectable using
solid staining, as are inter-arm centric rings and dicentrics. However, inversions,
duplications and deletions were very difficult to detect.
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