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Summary

SUMMARY

Mouse models that are used to investigate the biological effects of ionising
radiation exposure have shown that different inbred strains respond differently to
radiation exposure. Based on end-points such as time to lethality, repair of DNA
damage and the development of cancers, these strains are defined as radiation-
sensitive or resistant. lonising radiation has been reported to induce a loss of DNA
methylation, a modification of cytosine residues (predominantly when in sequence
with a guanine; termed a CpG) that plays an important role in maintaining genome
stability by influencing the expression of genes through chromatin structure. The
most heavily methylated regions of the genome are found at transposable repeat
elements, where a loss of methylation may result in transposition and increased
genomic instability. It is not known whether the radiation sensitivity that these
animals exhibit is influenced by the modulation of DNA methylation by ionising
radiation. This thesis describes the investigation of the modulation of DNA
methylation of a class of repeat elements known as LINE1 (L1), in three strains of
laboratory mice that differ in radiosensitivity: the C57BI/6 (radiation-resistant),
BALB/c and CBA (radiation-sensitive) mouse strains. A sensitive PCR-based assay
was developed in order to investigate the changes in L1 methylation following
radiation exposure. The L1 assay utilised high resolution melt technology (HRM),
which is able to distinguish between single nucleotide differences in sequences of
DNA following PCR amplification. The L1-HRM assay was demonstrated to be able
to detect differences in heterogeneous CpG methylation as small as 3%; and was

also able to detect changes in methylation between samples that could not be
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Summary

detected by the gold standard method for total genomic 5mdC quantitation (liquid
chromatography mass-spectrometry). Compared with other PCR-based methods for
DNA methylation analysis, the L1-HRM assay was shown to be a sensitive, high
through-put screening tool that did not require post-PCR manipulation in order to

detect differences in methylation between samples.

Following high dose irradiation (1 Gy), the radiosensitive mouse strains (BALB/c and
CBA) exhibited early increases in spleen L1 methylation, which had returned to
sham methylation levels by 14 days following irradiation. Differences in responses
between male and female mice were also observed, with the male CBA mice
demonstrating an earlier response in comparison with the female CBA mice. The
radiation-resistant C57BIl/6 mice demonstrated a late change in methylation, where
a loss of methylation was observed by 14 days following irradiation. The modulation
of L1 DNA methylation was shown to only affect some CpGs within the L1-HRM
assay target region, which was consistent across the three strains. This is the first
analysis of the modulation of murine L1 element CpGs following radiation exposure.
Furthermore, the loss of methylation in the C57BI/6 mice did not result in an
increase in L1 element transcripts. Other murine repeat DNA elements (B1 and
Intracisternal-A particle long terminal repeat elements) were found to display
similar modulation to that of the L1 elements following irradiation. These results
show that strains that differ in radiosensitivity exhibit temporal differences in
repeat element methylation responses following exposure to ionising radiation,
highlighting the importance of timing of analysis, particularly when analysing the

effects of a modulator of DNA methylation that does not appear to affect every
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CpG. This is the first direct comparison of the temporal DNA methylation response

of three strains of mice that differ in radiosensitivity.

Low doses of ionising radiation have been shown to demonstrate a protective role
for endpoints such as DNA damage and tumour progression, termed the
radioadaptive response. The exact mechanism(s) involved in the radioadaptive
response are still being identified, and it has been suggested that stabilisation of the
genome via the modulation of DNA methylation may be involved. Both radiation
exposure and ageing are associated with increased genomic instability, shorter
telomeres and reduced DNA methylation. Studies described in this thesis
investigated whether a low dose radiation (10 mGy) exposure would modulate
repeat element DNA methylation to induce an adaptive response. Following
irradiation, the modulation of L1 and B1 DNA methylation of ageing mice was
monitored over time using peripheral blood (PB) sampling. A decline in PB L1 and B1
element methylation levels was not observed by 420 days (~18 months of age) post-
irradiation; however spleen L1 methylation levels increased with age. No effect of
irradiation was detected on PB and spleen L1 and B1 methylation levels or telomere
length in the ageing mice. These results indicate that there may be an age-threshold
at which repeat element methylation levels decline in ageing animals. Furthermore,
these results suggest that a low dose ionising radiation exposure does not elicit a
long term effect on DNA methylation levels, nor is an adaptive response induced.
This is the first study of the long term effect of a low dose ionising radiation

exposure on DNA methylation levels.
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Summary

Very little is known about the effect of radiation exposure on repeat element DNA
methylation at the doses used in this thesis. This is the first in vivo methylation
study to use low doses of radiation that are in the adaptive response range. The
results obtained using the L1-HRM assay exemplify the dynamic nature of DNA
methylation over time, both in ageing animals and in response to ionising radiation
exposure, highlighting the importance of timing of analysis, tissue type and age of

an animal when interpreting DNA methylation responses to exogenous agents.
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1 INTRODUCTION

Humans are continually exposed to natural background radiation. In Australia, the
average total exposure to background radiation is 2 mSv per year and can include
natural sources of radiation such as cosmic radiation, radioactive elements in the
earth’s crust producing radon gas, and naturally occurring radionuclides found in
food and water. Exposure to radiation from medical procedures such as diagnostic
X-rays, comprise approximately 35% of an average Australian citizen’s total annual

exposure (Figure 1-1).

The current model for radiation risk assessment, termed the linear no-threshold
model (LNT), states that all doses of radiation including extremely low doses, are
harmful. This model suggests a proportional relationship between dose and cancer
risk (as reviewed by Tubiana et al., 2006; 2009). It is becoming increasingly apparent
that the LNT model could lead to incorrect assumptions of safe radiation exposure.
This model is based predominantly on epidemiological data obtained from Japanese
atomic bomb survivors, and a linear extrapolation is used for doses below 100 mSv
(Figure 1-2) and is extrapolated for doses below 100 mSv. Furthermore, the
disparity between the biological effects of low and high dose radiation exposure
indicate that little is still known regarding the mechanism(s) involved in the
response(s) to radiation damage, and the doses that can potentially lead to

radiation-induced cancer.
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Australian annual per capita radiation
dose from natural and medical sources

Medical
diagnostic
0.8 mSv (35%)

Potassium-40
in the body
0.2 mSv (9%)

Radon progeny
0.2 m3v (9%)

Cosmic rays
0.3 mSv (13%)

Terrestrial
0.6 mSv (26%)

Uranium/Thorium
in the body
0.2 mSv (8%)

Figure 1-1: Sources of radiation exposure.

Natural and medical sources of radiation exposure (mSv) in Australia per capita.

Obtained from: http://www.arpansa.gov.au/radiationprotection. Accessed: 10"

July, 2012.

Risk (excess cancers)

Dose above background

High dose epidemiological data

Extrapolatedlow dose data- - - - - -

Figure 1-2: Linear no-threshold model.

The linear no threshold model is based on epidemiolgical data (solid red line), which
is extrapolated for doses less than 100 mSv (broken blue line) and predicts that all
doses of radiation above background exposure increase cancer risk proportionally.
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1.1 Ionising Radiation

Radiation can be categorised as ionising or non-ionising. The classification of
radiation type is based on the amount of energy available for transfer to biological
material. Non-ionising radiation does not have enough energy to directly break
chemical bonds. Examples of non-ionising radiation include microwaves and visible
light. lonising radiation can be categorised as radiation waves (X- and gamma (y)-
rays) or radiation particles such as a- and B-particles. X-rays are a man-made form
of ionising radiation and are produced by energy transitions due to accelerating
electrons. The a- and B-particles and y-rays are naturally occurring forms of ionising
radiation and are emitted from the decay of naturally occurring isotopes. Gamma-
rays can also be produced from atmospheric interactions with cosmic rays. lonising
radiation is biologically hazardous due to its high energy which enables it to disrupt
chemical bonds (as reviewed by the U.S. Envrionmental Protection Agency, 2007a;
2007b; Raabe, 2012). Radiation effects can be classified as “deterministic” or
“stochastic”. The tissue effects of ionising radiation exposure are termed
“deterministic effects”, that is, the direct effects of the ionising radiation exposure
such as organ failure, which occurs when the number of cells undergoing apoptosis
outweighs the ability of the cell to replace them (Edwards and Lloyd, 1998).
“Stochastic effects” of ionising radiation exposure are defined as the damage that
can occur at the DNA level resulting in genomic instability and cancer at a later

time-point (sometimes years) following the irradiation (Edwards and Lloyd, 1998).
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1.1.1 Quantifying ionising radiation

The different types of ionising radiation are classified based on their linear energy
transfer (LET). X-rays are low LET, and can penetrate deep into tissues. However,
they are sparsely ionising and deposit energy randomly. Alpha particles are
considered to be high LET and have the ability to ionise atoms, and are therefore
highly destructive to a cell. Radiation is measured based on activity and exposure.
The activity is measured as a standard international unit (SI) called the Becquerel
(Bg) which is a unit of radioactive decay equal to one disintegration per second.
Exposure to ionising radiation is measured as absorbed dose, equivalent dose and

effective dose (Figure 1-3).

Dose Quantities

Absorbed dose

energy “deposited” in a kilogram of a substance by the radiation

Equivalent dose
absorbed dose weighted for harmful effects of different radiations
(radiation weighting factor w, )

Effective dose
equivalent dose weighted for susceptibility to harm of different lissues
(tissue weighting factor W)

Figure 1-3: Measurement of radiation exposure.

Description of the measurement of radiation exposure of energy deposited in
relation to the type of radiation i.e. a- particles or X-rays and the effect of the
absorbed dose on tissues.

Adapted from: http://www.arpansa.gov.au/radiationprotection/basics/units.cfm.
Accessed: 11" July, 2012.
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Absorbed dose is measured in an S| unit of Gray (Gy). A Gray is the amount of
absorbed energy deposited in one kilogram of mass. Not all types of radiation have
the same biological effect for the same amount of absorbed dose, and therefore a
measurement known as the equivalent dose, a Sievert (Sv) is used. The equivalent
dose is determined by the absorbed dose multiplied by the weighting factor (Wg) of
the radiation type. The weighting factor takes into account that some types of
radiation produce more biological damage compared with others of the same
absorbed dose. For example, X-rays have a Wg of 1, whilst a-particles have a Wy of
20; and hence 1 Gy X-rays equals 1 Sv, while 1 Gy a-particles equals 20 Sv. Finally,
the effect on different tissues and organs that radiation will have is taken into
account when quantifying radiation. This incorporates a tissue weighting factor (W-;
Figure 1-4) to calculate the effective dose (E) to an organ (Sv), which is the
equivalent dose of a radiation type multiplied by the tissue weighting factor. For
example, tissue weighting factors will be used to determine the effective doses that
different types of medical X-rays will have depending on the susceptibility to

radiation-induced damage of the tissues and organs that are being imaged.
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Figure 1-4: Tissue/organ radiation weighting factors.

The weighting factor for human tissues/organs for determining effective doses
following radiation exposure.

Adapted from: http://www.arpansa.gov.au/radiationprotection/basics/units.cfm.
Accessed: 12" July, 2012.

1.2 Biological Effects of Radiation

1.2.1 Mouse models in radiation research

The use of mice in research has become a powerful tool in the elucidation of the
mechanisms that drive diseases such as cancer and diabetes, heart disease, as well
as the effects of exogenous factors such as exposure to chemical carcinogens, diet
and radiation. Mouse models provide insight into physiological and homeostatic
responses that cannot be replicated in vitro. In radiation research, the mouse model
is a particularly useful tool for understanding the effects of radiation on the whole
organism, at the tissue, cellular and DNA level as well as specific systems such as the
immune system. The most commonly used mouse strains in radiation research

include the scid (severe compromised immunodeficiency), C57BI/6, BALB/c and CBA
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mouse strains. Grahn and Hamilton (1957), and Roderick (1963) investigated the
effect of radiation exposure on inbred mouse strains, determining that some were
more sensitive to radiation than others. Both studies demonstrated that the BALB/c
followed by the CBA mouse strain were the most radiosensitive strains, while the
C57BI/6 strain exhibited less sensitivity to the radiation exposure. Scid mice are also
extremely sensitive to radiation exposure due to a lack B and T-cells and
deficiencies in DNA repair pathways. This strain is a good model organism for
investigating the role of the immune system in response to ionising radiation (Fulop
and Phillips, 1990; Biedermann et al., 1991). BALB/c mice also exhibit deficiencies in
DNA repair, and develop radiation-induced mammary cancers, leukaemia and other
solid tumours (Storer et al., 1988; Okayasu et al., 2000). The CBA mouse strain is
most commonly used in the study of leukaemogenesis, demonstrating low
spontaneous leukemic frequency, but upon radiation exposure will develop acute
myeloid leukaemia (AML) similar to human AML subsets (Rithidech et al., 1999).
While described as radiation resistant, C57BIl/6 mice can develop radiation-induced
thymic lymphoma, which is most efficiently induced by repeated exposure to whole
body irradiation with 1.8 Gy (Kaplan and Brown, 1952; Ina et al., 2005), but on the
whole can survive doses of radiation which would induce mortalities in the
aforementioned strains (see Table 1 and Table 2). As a result, numerous studies
have utilised these mice for the investigation of DNA repair pathways (Biedermann
etal., 1991; Okayasu et al., 2000; Yu et al., 2001), the induction of radiation-induced
leukaemia (Plumb, 1998; Boulton, 2001; 2003; Giotopoulos et al., 2006),
haematopoietic recovery (Yuhas and Storer, 1969; Hamasaki et al., 2007) and

differences in p53-mediated apoptosis in response to radiation exposure (Lindsay et
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al., 2007). It should be noted that the three mouse strains discussed, C57BI/6,
BALB/c and CBA, all exhibit functional p53 responses, although the BALB/c strain
has been reported to display reduced transcriptional activity in comparison to the
C57BI/6 mouse strain (Feng et al., 2007; Lindsay et al., 2007). Engineered mouse
strains that contain mutations are also used, such as the Trp53 homozygous mice.
These mice contain a mutated allele of the p53 gene and are used to understand
the role that p53 plays in both radiation-induced carcinogenesis and the low-dose
radioadaptive response (Mitchel et al., 2003; 2004; 2008). Mouse studies are also a

powerful tool for investigating the transgenerational effects of radiation exposure.

Table 1: LDsq.30 of inbred mouse strains following single whole body X-irradiation.

Male Female

Strain LDsg30° SE LDsg.30° SE
BALB/cJ <5.7 5.85 0.12
A/l 5.9 0.2 6.42 0.08
RF/) 6.28 0.2 7.13 0.15
SWR/J 6.29 0.1 6.14 0.06
C57BL/6) 6.5 0.15 6.7 0.06
CBA/J 6.56 0.09 6.89 0.08
C3HeB/IJ 6.76 0.11 6.89 0.07
SIL/) 7.13 0.11 7.74 0.13
C57BR/) 7.29 0.09 7.38 0.08
129/] 7.34 0.1 7.74 0.13

®dose of X-irradiation not specified

Adapted from the Biology of the Laboratory Mouse (Green, 1966)
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Table 2: Days survival following daily whole-body X-irradiation with 10 Gy of the
C57BI/6, BALB/c and CBA mouse strains in a study of twenty-seven mouse strains.

Male Female Ranking in comparison
Strain No. Days SE No. Days SE to other strains”
C57Bl/6 24.58 1.18 23.03 0.42 14/27
BALB/c 17.00 0.45 16.76 0.48 26/27
CBA 16.44 0.56 16.55 0.55 27/27

bAdapted from Roderick (1963)

1.2.2 High dose radiation exposure

1.2.2.1 Tissue effects from high dose radiation exposure

The effects of high dose radiation (HDR) exposure are most apparent in tissues such
as bone marrow, thymus, spleen, gastrointestinal tract and lymphatic tissue —
tissues that display high cellular turnover. HDR changes the tissue
microenvironment, which can affect cell phenotype, tissue structure and signal
transduction. This can result in persistent inflammation, which leads to greater
cellular, and ultimately, tissue destruction (reviewed by Liu, 2010). High enough
doses of radiation (>10 Sv) cause acute radiation sickness and symptoms such as
gastrointestinal disorders can be evident within hours, while other symptoms can
include bacterial infections, haemorrhaging, anaemia, loss of body fluids and
electrolytes (as discussed by the U.S. Environmental Protection Agency, 2007b).
Widespread cell death, or impaired activity within an organ or a tissue will result in
the loss of organ function (as discussed by the Recommendations of the

International Commission on Radiological Protection 2007).



Chapter 1: Introduction

1.2.2.2 Sub-cellular effects from high dose radiation exposure

At the DNA level, there are three main outcomes of radiation exposure: 1) DNA
lesions will result in the cell attempting to repair the damage induced. If the repair
has been error free and the DNA is restored to its normal state, there will be no
consequence to cell fate and therefore no risk of cancer; 2) the cell cannot repair
the resulting DNA damage and programmed cell death (apoptosis) is induced. The
damaged cell is removed and there is no risk of cancer. 3) The cell repairs the DNA
damage, but with errors. The cell may detect the incorrectly repaired DNA and still
activate apoptosis, or it may fail to detect the DNA damage thus allowing the cell to
remain. DNA aberrations and mutations following the initial irradiation can lead to
genomic instability, which is characterised by an increased rate of mutation. While
mutations drive genetic diversity and therefore may not always result in a

deleterious phenotype, genomic instability can lead to cancer.

lonising radiation induced damage primarily affects DNA. This can be via direct or
indirect ionisation of the DNA strands. Direct damage occurs from the electron track
through the cell, causing proton loss of the sugar-phosphate backbone, resulting in
single strand breaks (SSBs), and less frequently, double strand breaks (DSBs) of the
DNA. Oxidation of the bases can lead to modified bases such as 8-hydroxyadenine
and thymine dimers. Indirect damage to DNA following ionising radiation is the
generation of reactive oxygen species (ROS) by the hydrolysis of water producing
singlet oxygen atoms, hydroxyl radicals, superoxide radicals and hydrogen peroxide.
The hydroxyl radicals (OHe) are considered to be the most damaging ROS, and can
also be produced by the reduction of hydrogen peroxide. The hydroxyl radicals

cause damage to the sugar-phosphate backbone, bases and results in SSB and DSBs

10
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also (Figure 1-5). Most damage arising from ROS occurs from the indirect, hydroxyl
radical damage (65% of the induced damage), compared to the damage induced by
direct ionisation (35%) (Table 3)(Ward, 1988; Goodhead, 1989; Ward, 1990;
Goodhead, 1994; Riley, 1994; Ward, 1995; Goodhead, 2009). Complex, clustered
lesions in DNA (damages within one helical turn of each other) or DNA double
strand breaks (DSB) are considered to be the most lethal type of DNA damage
following ionising radiation exposure. Radiation-induced cell death can be due to
errors in, or a lack of DNA repair at sites of damage. Persistent transgenerational
changes to DNA can occur as a result of mutations arising from excessive damage or
errors in repair (Charlton et al., 1989; Goodhead, 1994; Barber et al., 2002; 2006;

Goodhead, 2009; Wright, 2010).

11
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Direct damage

Base modifications Single Strand Break

Double Strand Break

Break hydrogen bonds

Indirect damage

. OH- hydroxide
_Vray e fH H+ hydrogen ion

X ray M ad IOH H® hydrogen
"~ HO? neutral hydroxide

Figure 1-5: Damage to DNA following high dose radiation exposure.

DNA damage can occur following ionising radiation exposure either directly or
indirectly. Direct damage occurs when the electron track occurs through the DNA
causing proton loss to the sugar backbone, causing single strand and double strand
breaks, inducing base damage or breaking the hydrogen bonds between bases.
Indirect damage is the result of ionisation of water molecules, producing reactive
oxygen species, of which the most damaging is the hydroxyl radical. These also
cause damage to the sugar backbone, modify bases and break hydrogen bonds.
Adapted from: http://www.cna.ca/curriculum. Accessed on the 19" September,
2012.
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Table 3: Number of events of the different types of DNA damage that can occur in
a cell following irradiation with 1 Gy X-rays.

Damage Number of events
. . ionisations in cell nucleus 100 000
Initial physical damage o ] )
ionisation directly in DNA 2000
SSBs 1000
8-hydroxyadenine 700
Biochemical damage thymine damage 250
DSBs 40

DNA-protein cross links 150

Adapted from Goodhead (1994)

1.2.2.3 Repair of DNA following high dose radiation exposure

DSBs damage both DNA strands and prevent the use of the complementary DNA
strand as a template for repair, while for SSBs, the complementary strand can be
used as a template for the new strand. Repair of DNA strand breaks is via base
excision repair (BER), nucleotide excision repair (NER), mismatched repair (MMR),
non-homologous end joining (NHEJ), or homologous recombination (HR). BER
repairs non-helix distorting base modifications, abasic sites and SSB. It recognises
and removes the inappropriate bases, while enzymes create an abasic site
intermediate that is cleaved and the gap is filled in. NER can be involved in global
repair or transcription-coupled repair, at places where RNA polymerase elongation
has been blocked, removing thymidine dimers and bulky DNA adducts. MMR
removes small mismatches, insertions and deletions that arise during replication or
recombination. HR uses undamaged sister chromatid templates to repair DNA. DSBs
caused by recombination are repaired by NHEJ machinery (reviewed by van Gent et

al., 2001; Kulkarni and Wilson, 2008). DSBs can also be caused by replication and

13
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V(D)) gene recombination (the process by which immunoglobin genes are
rearranged to create immune diversity). Deficiencies in DNA repair mechanisms,
such as in scid mice, have shown an inability to repair the damage induced by both
V(D)J recombination and radiation (Biedermann et al., 1991). Inefficient DNA repair
as a result of ageing can result in the same accumulation of DSBs as induced by
radiation exposure. Sedelnikova et al (2004) found that there was an accumulation
of DSBs in ageing mice and also in cell cultures that had been allowed to reach
senescence. The accumulation of DSBs in the cultured cells was equivalent to those
induced in cells exposed to HDR. This indicates that regardless of the source of DNA

damage, excessive damage still affects a cell’s ability to repair the damage.

1.2.3 Low dose radiation exposure

According to the LNT model, all doses of radiation above background exposure no
matter how small can increase cancer risk. However, there is increasing evidence
indicating that low dose radiation (LDR) exposure does not elicit the same effect as
high dose radiation exposure (HDR), and in some studies has been shown to be able
to reduce the effect that HDR has on a cell/organism (as discussed by Dauer et al.,
2010). This has been termed the low dose radioadaptive response, and has been
observed in a diverse range of organisms including bacteria, plants, yeast and
animals (as discussed by Sakai et al., 2006). A radioadaptive response is defined as
“A post-irradiation cellular response which, typically, serves to increase the

resistance of the cell to a subsequent radiation exposure” (Valentin, 2007).

14
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The first radioadaptive response experiment reported showed that human
lymphocytes cultured in *H thymidine had less chromosomal aberrations following
exposure to X-radiation than cells exposed to the *H thymidine or X-rays alone
(Olivieri et al., 1984). Since then, many studies have demonstrated that a low dose
of radiation can protect from the DNA damage induced by HDR exposure for a
number of end-points including DNA DSB formation (Stoilov et al., 2007) and
micronuclei (Venkat et al., 2001; Broome et al., 2002; Mitchel, 2006). In animal
studies, low doses have also been shown to reduce intra-chromosomal
recombination in transgenic mice to below endogenous frequencies, as well as
reduce the damage induced by a HDR exposure (Hooker et al., 2004; Day et al.,
2006a; 2006b; Zeng et al., 2006; Day et al., 2007a), even if the high dose is delivered
prior to the low dose (Day et al., 2007b). In one study, it was demonstrated that the
protection induced by the LDR still induced protection from a HDR exposure given 1
year after the LDR exposure, and was also able to reduce the accumulation of
endogenous mutations over the life of an ageing animal (Zaichkina et al., 2006). The
radioadaptive response has also been demonstrated to be cross-adaptive, where
one agent (such as LDR) can induce an adaptive response for a different agent. For
example, conditioning doses of X-rays were demonstrated to be able to reduce
mutations induced by treatment with an alkylating agent in mice (Yamauchi et al.,

2008).

While HDR exposure increases DNA damage and the frequency of mutations, which
can ultimately lead to cancer, LDR has been reported to reduce cancer incidence.
Single or multiple exposure to LDR (50 -100 mGy) has been demonstrated to reduce

the incidence of thymic lymphoma, spontaneous and HDR-induced tumour
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formation, as well as delay tumour formation in mice (Ishii et al., 1996; Mitchel et
al., 2003; 2004; Ina et al., 2005; 2007; 2008). LDR has also been shown to selectively
inhibit damage to non-tumour cells when exposed to HDR in comparison to tumour
cells (Jiang et al., 2008); as well as induce the selective removal of pre-cancerous
lesions (Portess et al., 2007) and reduce neoplastic transformation frequency

(Azzam et al., 1994; 1996; Redpath et al., 2001; ElImore et al., 2008).

There is increasing evidence that the radioadaptive response may involve
stimulation of the immune system, promoting increased efficiency to remove both
damaged and cancerous cells. Exposure to LDR has been shown to increase the
number of tumour tissue-infiltrating lymphocytes (Hashimoto et al., 1999) and
stimulate natural killer cell mediated cytotoxic activity (Cheda et al., 2004). In
addition to increased cytotoxic activity, there have also been reports of increased
proliferation and repopulation of bone marrow/haematopoietic cells following LDR
exposure (Matsubara et al., 2000; Wang and Cai, 2000; Li et al., 2004; Ina et al.,

2005).

1.2.4 Ageing and radiation exposure

Ageing is associated with an increased accumulation of DNA damage and an
increased risk of cancer (as reviewed in Gorbunova et al., 2007; Calvanese et al.,
2009). Age has been shown to influence radiation sensitivity (Lindop and Rotblat,
1962; Vesselinovitch et al., 1971; Sasaki, 1991; Kato et al., 2011), while reduced
effectiveness of the adaptive response in ex vivo cells from elderly individuals has

been observed (Gadhia, 1998). In vitro experiments in rodent cells have
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demonstrated that glial cells from aged rats did not show an adaptive response
compared with the cells from young rats (Miura et al., 2002). In contrast, in vivo
animal studies have shown that age at irradiation does not influence the
radioadaptive response (Zaichkina et al., 2006). The disparity between these
experiments may be due to the endpoints analysed, tissues investigated, animal
models used, dose and dose-rate, and highlights that further investigation on the

relationship between the radioadaptive response and ageing is needed.

1.3 Maintenance of genomic stability

Both ageing and the effect of HDR exposure are characterised by reduced genomic
stability. Genome stability (correct gene expression, protein functions and correct
repair of DNA) is maintained by numerous mechanisms including histone
modifications, telomere caps and DNA methylation. These modifications of DNA are
stably inherited and work synergistically to influence the structure of chromatin,

thereby controlling gene expression.

1.3.1 Chromatin structure

DNA methylation (discussed in Section 1.3.2) along with histone modification marks
have been shown to be involved in the regulation of chromatin structure and

promoter availability to transcriptional machinery, and ultimately gene expression.

Chromatin consists of DNA/protein structures called nucleosomes. The nucleosome

consists of an octamer of four histones — H3, H4, H2A and H2B. Wrapped around
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this octamer is ~147 bp of DNA. The histone proteins have N-terminal tails which
can undergo post-translational modifications (marks) that include acetylation,
methylation, phosphorylation, ubiquitination, sumoylation, ADP-ribosylation,
deimination and proline isomerization. These histone marks influence the
compaction and structure of the chromatin. For example, acetylation of histone H3
is associated with transcription and DNA repair, as it promotes an “open” chromatin
structure, while lysine methylation is associated with repression of gene expression
as it promotes a “closed” chromatin structure (Figure 1-6). CpG methylation also
influences chromatin structure by inducing overwrapping of the DNA around the
histone octamer (reviewed by Lee and Lee, 2011), and acting as a recruiting point
for methyl binding proteins which form a platform. This platform recruits histone
deacetylases (HDAC) that remove acetyl groups from the N-terminal tails, which in
turn recruits histone lysine methyltransferases. It has been reported that these
histone modifications then recruit proteins which bind the de novo DNA
methyltransferases, which become anchored to the nucleosome, enhancing the
repression (Sharma et al., 2011). Therefore, heterochromatin regions are associated
with reduced acetylation, increased histone H3 lysine 9 residue methylation and
CpG methylation, while euchromatic regions are associated with increased
acetylation, and reduced lysine and CpG methylation, and exhibit active

transcription.
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Figure 1-6: Control of chromatin structure by epigenetic modifications.

(A) Transcriptionally active chromatin is characterised by unmethylated cytosines
(CpG) and acetylated histone tails. (B) Methylated cytosine residues (m5CpG) bind
methyl binding domain proteins (MBD) that attract histone deacetylases (HDAC),
which then remove acetyl (Ac) groups from the histone tails. The DNA becomes
coiled into a “closed” chromatin structure carrying the silencing mark histone H3
lysine 9 tri-methylation. Adapted from Gronbaek et al (2007).

It has been shown that chromatin structure influences and is influenced by DNA
repair mechanisms. It has been suggested that DNA damage in heterochromatin
elicits faster repair responses compared to euchromatin due to the topology of the
heterochromatin and the requirement to suppress any reactivation of transposable
elements (Jakob et al., 2011). However, other studies have shown that due to the
tightly compacted nature of heterochromatin, it is repaired later than euchromatin
(Cowell et al., 2007; Goodarzi et al., 2008; Chiolo et al., 2011). Regardless, it is
evident that following DSB formation, the DNA repair protein ATM phosphorylates

the histone H2A variant, H2AX (termed yH2AX). This then provides a docking
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platform for other repair proteins, and also involves “eviction” of the nucleosome
from the damaged DNA region, unwinding the DNA (Xu and Price, 2011). In order to
unwind the DNA, CpG demethylation occurs. At the time yH2AX is recruited to the
site of the DSB, the DNA methyltransferase DNMT1 is also recruited, interacting
with ATM (Mortusewicz et al., 2005; Ha et al., 2011), and other repair proteins such
as GADD45a (Barreto et al., 2007; Lee et al., 2011). The DNA methylating activity of
DNMT1 is inhibited during this process, and leads to active demethylation of CpGs
(Barreto et al., 2007; Lee et al., 2011). Thymine DNA glycosylase (TDG) is also
implicated in DNA demethylation associated with base-excision repair, which results
in destabilisation of the chromatin. The de novo methyltransferases are recruited
during this process and are involved in the regulation of TDG and the subsequent
re-methylation of the DNA (Li et al., 2007). Following DNA repair, besides the
restoration of CpG methylation, chromatin re-assembly and restoration of the

nucleosome requires acetylation of histone H3 (Chen et al., 2008).

Aberrant chromatin structure is associated with cancer, and is generally in the form
of compacted chromatin, exhibiting increased lysine and CpG methylation and
reduced acetylation (Nguyen et al., 2002; Tryndyak et al., 2006; Kondo et al., 2007).
These aberrations result in the incorrect gene expression patterns observed at
proto-oncogenes and tumour suppressor genes. However, heterochromatic regions
begin to exhibit properties of active euchromatin in the form of increased
acetylation and reduced lysine and CpG methylation, which can result in
transposition of repeat elements and microsatellite expansion (Fraga et al., 2005;
Howard et al., 2007; Daskalos et al., 2009; Estecio et al., 2010; Muotri et al., 2010;

Ryu et al., 2011).
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1.3.2 DNA methylation

DNA methylation is a chemical modification to the fifth position of the cytosine
pyrimidine ring. 5-methylcytosine (5mC) is generated when a methyl group from
the universal methyl donor S-adenosylmethionine (SAM) is added via the DNA
methyltransferase enzymes (DNMTs), which catalyse the transfer (Figure 1-7). A
methylated cytosine in the context of DNA will be hitherto known as 5-methyl-
deoxycytidine (5mdC). Methylation of cytosine occurs during DNA replication,
whereby the methylation pattern on the parental DNA strand is copied onto the
newly synthesised strand by the maintenance methyltransferase DNMT1. De novo
methylation, the process whereby a methyl group is added to a cytosine residue
when there is no parental template, is performed by the methyltransferases
DNMT3a and DNMT3b. These DNMTs play a large role in establishing methylation
patterns during development (Costello and Plass, 2001; Curradi et al., 2002; Liang et
al., 2002; Gronbaek et al., 2007; DeAngelis et al., 2008). In mammalian genomes,
approximately 2-10% of cytosines are methylated. DNA methylation mainly occurs
at a cytosine residue that is next to a guanine in sequence, separated by a
phosphate that links the nucleotides. This is termed a CpG dinucleotide.
Approximately 70-80% of the CpGs within the genome are methylated, however the
majority of CpGs located within gene promoters are unmethylated. CpG-rich
regions, known as CpG islands are most heavily methylated within heterochromatin,
regions that contain repeated DNA elements. Heavy DNA methylation is also found
to be involved in imprinting and X-inactivation, and patterns of methylation are
tissue and development specific (Lorenz et al., 1955; Puntschart and Vogt, 1998).

During embryogenesis, the genome undergoes a wave of controlled demethylation,
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following which de novo methylation occurs to establish methylation patterns that

will be maintained.
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Figure 1-7: Methylation of cytosine.

Cytosine residues in DNA are converted to 5-methylcytosine by DNA
methyltransferases (DNMTs). The universal methyl donor S-adenosylmethionine
(SAM), which is converted to S-adenosylhomocysteine (SAH), donates the methyl
group (ringed in red). Adapted from Gronbaek et al (2007).

DNA methylation levels can be altered by ageing (Wilson et al., 1987; Christensen et
al., 2009) or exogenous factors such as diet (e.g. folate, which is a methyl donor),
exposure to chemicals found in pollution (Yauk et al., 2008), cigarette-smoke
(Damiani et al., 2008; Christensen et al., 2009) and asbestos (Christensen et al.,
2009). In response to these modulators, a loss of DNA methylation is commonly
observed and can result in increased mutation rates (Yauk et al., 2008), increased
frequency of cellular transformation and micronuclei formation (small nuclei

formed as a result of damage to chromosomes) (Damiani et al., 2008).

Research has demonstrated that there is a link between DNA damage and altered
CpG methylation. Valinluck et al (2007) reported that inflammation-induced DNA-

damaging products such as 5-chlorocytosine, mimic 5mdC and induce inappropriate
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DNMT1 methylation within a CpG sequence. DNA methylation damage can also
occur due to the conversion of 5mdC to thymine glycol by endogenous ROS, or an
exogenous ROS-inducing agent such as ionising radiation. Oxidation of 5mdC can
result in mismatches within the DNA sequence and can contribute to the increased
number of transition mutations observed at methylated cytosine residues (Figure
1-8). Deamination of 5mdC can be followed by T:G base-excision repair by
glycosylases, which can lead to an inherited loss of methylation at that CpG site
(Slupphaug et al., 2003; Popp et al., 2010). An association between DNA DSBs and
reduced or aberrant DNA methylation has been demonstrated, where a loss of
methylation can result in excess DSB formation following exposure to DNA
damaging agents (Beetstra et al., 2005; Palii et al., 2008). Furthermore, DNMT1 has
been found to co-localise with y-H2AX at sites of DSBs (Mortusewicz et al., 2005;
Palii et al., 2008; Ha et al., 2011), and aberrant DNMT1 protein levels have also
been linked with aberrant de novo methylation of tumour suppressor genes, and
reduced DNA repair (Trasler et al., 2003; Ray et al., 2006; Kondo et al., 2007,

Damiani et al., 2008).
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Figure 1-8: Facilitation of mutations via demethylation of cytosine.

(A) Methylated cytosine within the coding regions of genes may facilitate mutations
by spontaneous hydrolytic deamination to thymine (5mC->T), by exposure to
carcinogens (resulting in CoG—>CpT mutations), or UV-induced thymine adducts
(resulting in CCpG—>TTpG). (B) Abberant methylation of promoters following repair.
Adapted from Gronbaek et al (2007).

1.3.2.1 Methods for the detection of DNA methylation

There are a number of methods that are utilised to analyse CpG methylation. The
choice of technique used is influenced by the experiment being performed, e.g.

determination of the methylation levels at single gene loci vs. total genomic 5mdC.

1.3.2.1.1 Single gene loci

Sodium bisulphite is most often used in the investigation of the methylation status
of CpGs located within the promoters of gene loci. Sodium bisulphite treatment

allows the distinction between cytosine residues that have a methyl group and
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cytosine residues that are unmethylated. Following treatment of DNA with sodium
bisulphite, unmethylated cytosines are converted to a uracil whereas a methyl
group will protect the cytosine from conversion (Frommer et al., 1992; Chen and
Shaw, 1993). This process creates distinct sequences of DNA based on methylation
status. PCR is then predominantly used to assess the methylation status of the
target region (CpGs of interest) (Figure 1-9). The PCR products can be analysed
using Sanger sequencing or pyrosequencing, methylation-specific PCR (MSP) or
combined bisulphite restriction analysis (COBRA). Pyrosequencing detects
pyrophosphate release upon nucleotide incorporation, allowing the level of
fluorescence to be quantified at an individual CpG site. For MSP, separate primers
specific for methylated versus unmethylated DNA are used. The methylation status
of the CpG is then determined based on successful amplification with one of the
primer sets. COBRA utilises methylation-sensitive restriction enzymes to determine
methylation status. Restriction enzymes such as Hpall are chosen based on their
sensitivity to methylated CpGs within the recognition sequence of the enzyme. An
enzyme that would normally be unable to digest unmodified DNA due to the
presence of a methyl group is able to cut DNA following bisulphite modification and
PCR. DNA that was unmethylated prior to bisulphite modification will have a
thymine in the recognition sequence following bisulphite modification and PCR, and
will not be digested. Therefore, the methylation status of a CpG within the PCR
product can be described as being methylated if the PCR product is digested, and

unmethylated if undigested.
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Figure 1-9: Techniques that utilise bisulphite modification to evaluate
methylation levels.

When genomic DNA (gDNA) is treated with sodium bisulphite, cytosine residues that
do not contain a methyl group will be converted to a uracil, while methylated
cytosines will remain as a cytosine. The methylation status of a single gene locus can
be determined following PCR (during which uracil residues are replaced by a thymine
residue) by (A) Sanger sequencing or pyrosequencing of the PCR products (green
arrows indicate sequencing primers); or (B) designing PCR primers that are specific
for methylated CpGs (red arrow) or unmethylated CpGs (blue arrows). If the
unmethylated-specific primers successfully amplify, the target region is
unmethylated, and vice versa. This is known as Methylation-Specific PCR (MSP). (C)
Following PCR, methylation sensitive enzymes can be used to digest the PCR
products. Enzymes that would normally be unable to digest DNA if a methylated
cytosine is within the recognition sequence will be able to digest DNA following
bisulphite modification (red arrow), while unmethylated cytosine residues are
converted to a uracil and the the enzyme no longer recognises the site (broken red
arrow)(COBRA — combined bisulphite restriction analysis).
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Although commonly used in methylation studies as these techniques are rapid and
inexpensive, there are limitations. Pyrosequencing is limited to approximately 30
nucleotides, and is inhibited by the presence of non-CpG single nucleotide
polymorphisms (SNPs). MSP is limited to only one CpG, while COBRA depends on
efficient enzyme activity. Furthermore, in a target region that contains more than
one CpG, heterogeneous methylation needs to be considered. Sanger sequencing
can provide detailed information about the methylation status of individual CpGs
when PCR products are cloned and single amplicons are sequenced, however this is
laborious and low throughput. A post-PCR technique known as high resolution melt
analysis (HRM) is also utilised to determine the methylation status of a target region
that contains more than one CpG. Following quantitative real-time PCR, PCR
products are subjected to increasing temperatures until the DNA strands become
single stranded (ssDNA). Upon becoming single stranded, a fluorophore which was
bound to the double stranded PCR products (dsDNA), is released. The temperature
range at which fluorescence is detected is recorded. DNA that is GC rich requires
greater temperature to break bonds and create ssDNA compared with DNA that is
AT rich. Therefore, following bisulphite modification, DNA that is methylated will
have a greater GC composition than unmethylated DNA, where all unmethylated
cytosines were converted to a uracil. Thus, heterogeneously methylated DNA can
be distinguished from fully methylated and unmethylated DNA, based on melting

properties.
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1.3.2.1.2 Genome-wide methylation

A reduction in total genomic 5mdC levels is a hallmark of cancer, along with the
hypermethylation of certain loci. Hence, genome-wide methods for analysing DNA
methylation are commonly performed in methylation studies. High purity liquid
chromatography (HPLC) was first utilised to assess total genomic DNA methylation
levels. Since then the more sensitive liquid chromatography-mass spectrometry (LC-
MS) has been used. While highly sensitive, these techniques are not able to give the
location of the CpGs that have been modulated, and are not ideal for analysing a
large number of samples. This has led to next generation sequencing platforms
being used to investigate genome-wide DNA methylation changes, to determine
where these changes are occurring. While high-throughput, these platforms can be
expensive and not available to all laboratories, and require complicated

bioinformatics to process the data.

The methylation-sensitive enzyme Hpall and its isoschizomer Mspl are also used in
genome-wide methylation studies. The proportion of DNA that is digested by Hpall
relative to Mspl is used to determine the methylation levels of samples. An
adaptation of this technique is the cytosine extension assay (Pogribny et al., 1999).
Following digestion of the DNA, radiolabelled cytosine is incorporated at the
overhang created by the enzyme, which can then be quantified to determine the
methylation level. This technique relies on efficient restriction digestion of the DNA,

is low-throughput, and requires >1 ug of template DNA, which may not be available.

Genome-wide changes to DNA methylation can also be investigated using the same

techniques that are used for assessing single gene loci methylation. MSP, COBRA,
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Sanger sequencing and pyrosequencing are used to determine the methylation
status of repeat elements such as LINE1 (see Section 1.3.4), as a surrogate marker
of changes to CpG methylation that are occurring across the genome, based on the

fact that these elements are heavily methylated.

A recent report found that depending on the method used, different methylation
data can be obtained for the same samples, particularly if the study is longitudinal
and involves repeat sampling (Wu et al., 2012). Therefore, careful consideration
needs to be taken to determine the most appropriate method for determining
methylation status, taking into account sample size, the amount of DNA available
for analysis, as well as the expected changes in methylation i.e. complete
demethylation/methylation vs. small changes at some CpGs; equipment and

processing time.

1.3.3 Telomeres and genomic stability

The guanine-rich repeated sequences of DNA at the end of chromosomes are called
telomeres, and consist of (TTAGGG)n repeated sequences. Telomeres serve to
prevent degradation of the chromosome ends and to prevent fusion of
chromosomes. The G-rich DNA strand (termed the G-strand) loops and is stabilised
by telomere binding proteins TRF-1 and TRF-2 to form a physical structure at the
end of the chromosome, called a “cap” (Figure 1-10). During replication, the enzyme
telomerase replaces the telomere repeat sequence. Despite this dedicated enzyme,
telomere lengths have been shown to become shorter with each round of cell

division. Telomerase preferentially lengthens the shortest telomeres, leading to the
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observation of varying telomere lengths within individuals and between individuals.
In animal studies, telomere lengths have also been shown to vary depending on the
age and sex of the animal and the tissue investigated (Cherif et al., 2003). DNA
methylation has also been linked with stable telomere length, where a loss of
DNMT1 has been shown to reduce the methylation of the sequences immediately
up-stream of the telomere hexamer repeat sequence (known as the sub-telomeric
region), and results in shorter telomeres (Ng et al., 2009). However, it has also been
reported that a loss of DNMT1 can result in increased telomere length (Gonzalo et
al., 2006). Both these studies indicate that the altered DNA methylation of the sub-
telomeric region results in altered maintenance of telomeres. Furthermore, it has
been demonstrated that altered telomere length can result in increased radiation
sensitivity (Goytisolo et al., 2000; Wong et al., 2000; Masutomi et al., 2005). It has
been hypothesised that the increased radiosensitivity that is observed in ageing
animals may be partly due to reduced telomere length (Drissi et al., 2011).
Supporting the connection between altered telomere lengths and radiosensitivity is
the observation that the radio-sensitive BALB/c mice have “uncapped” telomeres

(Williams et al., 2009).
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Figure 1-10: Structure of telomeres.

The repeated sequences of DNA at the end of chromosomes are known as
telomeres. Telomeres consist of 9-15 kb TTAGGG repeats, with a G-rich leading
strand (blue) and a C-rich lagging strand (red). (A) The G-strand (blue) extends in the
3" direction, forming the G-overhang. (B) The G-strand loops and binds to telomere
binding proteins TRF-1 and TRF-2 which recruit other proteins to stabilise the
telomere. Adapted from O’Sullivan and Karlseder (2010). Shown is the structure of a
human telomere.
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1.3.4 Retrotransposons and genomic stability

Retrotransposons are essentially parasitic sequences of DNA that through evolution
have inserted into the eukaryotic genome. This evolutionary retrotransposition (the
ability to change its position within the genome) has created sequence diversity
through the creation of new mutations. Transposable elements include Long
Interspersed Nucleotide Elements (LINE; L1), Short Interspersed Nucleotide
Elements (SINE, Alu, B1) and Long Terminal Repeat elements (LTR) (such as the
Intracisternal-A-Particle) (Figure 1-11) (Ostertag, 2001; McCarthy and McDonald,
2004; Farkash and Prak, 2006; Fedorov, 2009). Transposable elements can be
described as autonomous or non-autonomous. Autonomous retrotransposons
contain machinery necessary for mobility and are able to insert into other regions of
the genome. Autonomous retrotransposons include LINE1 and LTR (IAP). Non-
autonomous elements include SINE elements (Alu in humans, B1 in mice), and

require LINE1 machinery to move across the genome.

The majority of the retrotransposons in the genome contain mutations and
truncations that have rendered them incapable of transposition, however it has
become evident that there are actively transposing elements within the human and
murine genomes. Faulkner et al (2009) investigated L1 transcripts in the murine
genome and found that 6-30% of mouse RNA transcripts initiate within repeat
elements. Of the non-transposon transcripts from the murine genome, 18% had
transcription start sites that occurred within repeat elements, and only ~5% of
those transcription start sites were retrotransposons. Furthermore, it was evident

that the transcription of the L1 elements varied between cell and tissue types, and
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that the expression of different L1 families was also associated with cell and tissue

type.
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Figure 1-11: Types of retrotransposons.

The types of retrotransposons found in the genome: Long terminal repeat (LTR)
elements such as the murine Intracisternal-A-Particle (IAP). These elements consist
of long terminal repeat elements in the 5" and 3’ UTR, and sequences encoding
proteins involved in their autonomous transcription and retrotransposition.The
autonomous Long Interspersed Nucleotide Elements (LINE1, L1) consist of a 5" and 3’
UTR and open reading frames (ORF) encoding RNA binding proteins and an
endonuclease. The non-autonomous Short Interspersed Nucleotide Elements
(SINE1), B1 elements in the murine genome and Alu elements in the human genome,
require the L1 proteins for transposition, and consist of two monomeric repeats.
Adapted from Ostertag (2001).

L1 elements consist of a 5’ and 3’ UTR, two open reading frames, ORF1 and ORF2,
and are ~6 kb in length. Transcripts of L1 elements have been found to consist of
either ORF1 and 2 or just ORF2. A full-length L1 element is transcribed from its
internal promoter to produce mRNA (Figure 1-12a). The RNA moves to the
cytoplasm where ORF1 and ORF2 proteins (ORF1p and ORF2p) are translated.
ORF1p is an RNA binding protein and is involved in the movement of the mRNA

back into the nucleus, while ORF2p is an endonuclease. Following translation, a

ribonucleoprotein complex forms between the RNA, an ORF2 and one or more
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ORF1 proteins (Figure 1-12b). This complex is an intermediate to retrotransposition.
The L1 ORF2p nicks DNA in a target site, creating a 3'OH (hydroxyl) overhang. The
mMRNA binds to the nicked DNA and reverse transcription takes place from the 3'OH
overhang (Figure 1-12c-d). The newly synthesised cDNA is integrated into the DNA,
following which the second strand is synthesised, creating a new L1 copy (Figure
1-12e-f). This process is known as target-primed reverse transcription and utilises
the “host” cell’s own transcriptional machinery. The SINE elements (human Alu and
murine B1) are shorter repeat elements of approximately 300 bp. Despite being
shorter than L1 elements, and lacking the proteins to actively transcribe and
transpose, Alu/B1 elements are prevalent throughout the mammalian genome and
show recent evolutionary insertions (reviewed in Batzer and Deininger, 2002; Akagi
et al., 2008). Alu/B1 element mobilisation appears to occur using the L1 ORF1 and 2
proteins for retrotransposition, as the sequence in the target site is flanked by
target site sequence duplications that have close similarity to L1 target site
duplications. Furthermore, the 5’UTR region of the Alu/B1 have been found to
contain the ORF2p sequence motif (de Andrade et al., 2011). The IAP Long Terminal
Repeat element (IAP_LTR) is described as an endogenous retrovirus. It contains
overlapping open-reading frames (ORFs) for a group-specific antigen (Gag),
protease (Prt), polymerase (Pol), and terminal LTRs. The Pol genes encode a reverse
transcriptase, ribonuclease H, and integrase to generate proviral complementary
DNA (cDNA) from viral genomic RNA to insert into the target site. Following
transcription, mRNA is moved to the cytoplasm where the particle proteins are
translated (Figure 1-13a-b). Reverse transcription of the mRNA occurs in the

cytoplasm following which the proviral cDNA is shuttled into the nucleus (Figure
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1-13c). The IAP DNA is then incorporated into the target site via integrase, creating
a new IAP copy (Figure 1-13d-e) (Mietz et al., 1987; Kuff and Lueders, 1988; Gaubatz

etal., 1991; Dewannieux et al., 2004).
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Figure 1-12: L1 transcription and retrotransposition.

(A) A full length L1 mRNA (solid line with poly-A tail) is transcribed from its promoter
and moves to the cytoplasm. The L1 open reading frame (ORF) 1 and 2 proteins are
translated (B), following which a ribonucleoprotein complex is formed between the
MRNA (dotted line with poly-A tail), one ORF2p (blue circle) and one or more ORF1p
(green circle). (C) The complex moves into the nucleus where the ORF2p, which is an
endonuclease, nicks one DNA strand in a target site creating a 3’0OH overhang (red
circle). (D) The L1 mRNA binds to the nicked DNA strand following which reverse
transcription takes place using the 3’OH as a priming site to produce L1 cDNA (solid
red line). (E) The ORF2p endonuclease then nicks the other DNA strand and the L1 is
integrated into the target site. (F) DNA synthesis occurs to produce a newly inserted
L1 copy. Adapted from Ostertag (2001).
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Figure 1-13: IAP transcription and retrotransposition.

(A) IAP mRNA (solid line with poly-A tail) is transcribed from its promoter and moves
to the cytoplasm. (B) Translation of the particle proteins occurs, following which the
IAP mRNA is reverse transcribed to proviral cDNA (dotted line) and (C) shuttled to
the nucleus. (D) Proviral DNA is synthesised (box and circle) and (E) integrated into
the target site via integrase (dotted blue line). Adapted from Koito and lketa (2012).

Retrotransposons are located predominantly in heterochromatin and are associated
with high CpG methylation and repressive histone marks, including histone H3
(lysine) K9, K27 and K20 tri-methylation (Martens et al., 2005). However, recent
studies have demonstrated that the repeat elements can be found upstream of
coding genes and have been found to influence, and in some cases, control the
expression of the genes. A well-known example is the A" allele. The Agouti gene
encodes fur coat colour phenotype in mice. Normal Agouti expression results in a
brown (pseudoagouti) phenotype. However, it has been found that there is an IAP
element inserted upstream of the Agouti gene. Active transcription from the IAP

5'UTR promoter produces an alternate transcript which results in the A"
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phenotype. Due to mosaic expression of A", mice vary from agouti/yellow to
pseudoagouti, but can also be mottled in appearance (Morgan et al., 1999).
Silencing of the IAP transcript upstream of Agouti has been demonstrated to be due
to CpG methylation of the 5’UTR, and supplementation with a dietary methyl donor
can produce offspring that shift from agouti to pseudoagouti compared with dams

(Wolff et al., 1998; Cooney et al., 2002; Cropley et al., 2010).

It is well documented that DNA damaging agents can induce a reduction in
methylation of CpGs located within the promoters of the repeat elements and can
result in increased transcript levels. Chemotherapeutic agents such as Etoposide,
which induce double strand breaks and inhibit repair, and 5-aza-2’-deoxycytidine,
an analogue of cytosine that cannot be methylated (Rudin and Thompson, 2001;
Hagan et al., 2003) both induce hypomethylation. Other examples of DNA damaging
agents are chemicals used to manufacture plastics such as Bisphenol A (Dolinoy et
al., 2007), and particulate air pollution (Baccarelli et al., 2009). Hypomethylation of
the repeat element promoters has also been shown to occur following irradiation
(Giotopoulos et al., 2006; Filkowski et al., 2010), and in some reports this has
resulted in an increase in L1 and IAP transcripts (Faure et al., 1997; Farkash et al.,
2006). However, in several reports, following irradiation, an increase in L1
methylation has also been observed (Kaup et al., 2006; Kongruttanachok et al.,
2010; Aypar et al., 2011; Goetz et al., 2011). Hypomethylation of these elements

also occurs with ageing (Barbot et al., 2002; Bollati et al., 2009; Jintaridth and
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Mutirangura, 2010), cancer (Howard et al., 2007; Ogino et al., 2008a; 2008b; Irahara

et al., 2010), and in developmental defects (Wang et al., 2010).

1.4 DNA methylation and radiation exposure

There is only one published report examining the effect of ionising radiation on
promoter CpG methylation at individual loci, where investigators assessed the

methylation levels of the tumour suppressor gene p16™<

and the DNA repair gene
0°-methylguanine-DNA methyltransferase (MGMT)(Kovalchuk et al., 2004a). Nearly
all studies investigating the effect of ionising radiation on DNA methylation levels
have focussed on global DNA methylation levels. Kalinich et al (1989) were the first
to demonstrate a dose dependent decrease in total (global) 5mdC content in cell
lines following irradiation with 0.5 - 10 Gy. Subsequent in vitro studies have
demonstrated variable methylation responses following HDR exposure including
hyper- and hypomethylation, as well as no alteration in methylation levels (Kaup et
al., 2006; Kongruttanachok et al., 2010; Aypar et al., 2011; Goetz et al., 2011;
Armstrong et al., 2012). In vivo studies have also shown variable responses of
murine 5mdC levels following irradiation. Tawa et al (1998) demonstrated that
radiation doses ranging from 4-10 Gy induced a loss of methylation in murine liver.
Other mouse studies have demonstrated that there are tissue and sex differences in
genomic DNA methylation levels following irradiation, as well as the timing of
analysis. A summary of the published in vivo DNA methylation studies using ionising

radiation is presented in Table 4. Of particular note are the differences in radiation

dose, dose-rate, timing post-irradiation and the tissues investigated between the
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studies. For example, a study conducted by Kovalchuk et al (2004a) demonstrated
the importance of timing when 2 h following irradiation with 0.5 Gy at a low dose-
rate (2 mGy/s) did not induce any changes in the liver or muscle tissues of irradiated
mice, however a chronic irradiation at the same dose-rate resulting in an

accumulated exposure of 0.5 Gy, induced a loss of methylation in muscle tissue.

The experiments presented in Table 4 have been performed in C57BI/6 mice, which
are considered to be radioresistant. One study has been conducted to determine if
there is disparity in the modulation of DNA methylation between radioresistant
(C57BI/6) and radiosensitive (CBA) mice (Giotopoulos et al.,, 2006). This study
observed that at 4 days following irradiation with 3 Gy, there was a persistent loss
of methylation in the bone marrow of the CBA mice, which was also observed in
mice at 42 days post-irradiation. No effect was observed in the bone marrow of the
C57BI/6 mice, and spleen tissues from both strains did not demonstrate a loss of
methylation at any time-point investigated. This evidence suggests that the
mechanisms that contribute to the radiation-sensitivity of the CBA mice, as
determined by time to lethality, tumour formation and overall genomic instability

may involve the modulation of DNA methylation and are tissue-dependent.
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Table 4: Summary of published in vivo murine DNA methylation and ionising
radiation studies.

Mouse Change to
Strain Sex Dose Dose Rate  Time Post-Irradiation  Tissue  Methylation Author
i
Levels
spleen n/c
. Tawaetal,
unknown 4,7,10Gy 0.27 Gy/min 24, 48, 72 hours liver N 1998
brain n/c
acute 0.5 Gy 2 mGy/s 2 hours liver n/c
male and muscle n/c Kovalchuk et
female chronic0.5 Gy 50 mGy/day | daily ft.)r 10 daYS;Zho'urs liver n/c al, 2004
(2mGy/s) |followinglastirradiation | muscle J (males)
6 hours s?leen T \l/I
0.5,1,2.5,5Gy| 5Gy/min fver (males)
spleen n/c
4 weeks - .
male and liver n/c Pogribny etal,
female 6 hours spleen NS 2004
. liver { (females)
5Gy 0.5 Gy/min
spleen n/c
4 weeks -
liver n/c
acute 0.5 Gy 2mGy/s 3 hours liver n/c
C578BI/6 spleen N (males) )
male and - Raiche etal,
. liver { (females)
female i 50 mGy/day | daily for 10days; 2 hours 2004
chronic 0.5 Gy (2mGy/s) [following lastirradiation | spleen Y (females)
Y & P 2 (males)
6 hours thymlljs i
5Gy 5Gy/min mhusce 0
4 weeks thymus
male and muscle n/c Koturbash et
female 6 hours thymus N al, 2005
. muscle n/c
5Gy 0.5 Gy/min
thymus { (males)
4 weeks
muscle n/c
acute 0.5G 2 mGy/s 3 hours
male and y v/ - Sz Pogribny etal,
i 50 mGy/day | daily for 10 days; 2 hours | thymus
female | chronic0.5 Gy X ] e N 2005
(2mGy/s) [following lastirradiation
BM n/c
| Giotopol t
unknown 3Gy 0.5 Gy/min 4-42 days Spreen n/c lotopotous &
BM N al, 2006
CBA
spleen n/c
. Fillowski et al,
C578Bl/6 male 2.5Gy 3 Gy/min 4 days testes NE 2010

n/c—no change
N - increase in methylation levels; {, - decrease in methylation levels

DNA methylation plays an important role in establishing gene expression patterns
during development. Hence, the disruption of germline DNA methylation patterns
may affect the genome stability of offspring. The effect of radiation on global DNA
methylation levels in the germline has also been investigated (Table 5). Koturbash
et al (2006) reported that offspring of C57Bl/6 mice irradiated with a whole body
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dose of 2.5 Gy and mated one week following exposure, had reduced methylation
levels in the thymus, but not in spleen or liver tissues. This has also been observed
for the methylation of repetitive elements, where a decrease was detected in the
thymus of offspring following paternal irradiation with 2.5 Gy (Filkowski et al.,

2010).

Table 5: Summary of published in vivo transgenerational murine DNA methylation

and ionising radiation studies.

Mouse Sex of Age of Change to
. irradiated  Dose  Dose-Rate g Tissue  Methylation Author
Strain progeny
parent Levels
I
male and 256G unknown 15 davs slp- cen n;c Koturbash et
female =Y ¥ lver n/c al, 2006
C57Bl/6 thymus J
Filkowski et al
male 2.5Gy | 3Gy/min | 6months | thymus J ! ov;/(s)ll)e al

N - increase in methylation levels; | - decrease in methylation levels
n/c—no change

In some of the experiments found in Table 4, the loss of methylation can be
attributed to a failure of maintenance methylation. Following chronic irradiation
with 50 mGy/ day for ten days, it was shown that there were reduced levels of the
maintenance methyltransferase, DNMT1. This loss of DNMT1 was also associated
with an increase in the accumulation of y-H2AX foci, indicating an association
between a reduction in methylation and DNA DSBs (Pogribny et al., 2005).
Furthermore, there were reduced levels of the de novo methyltransferases
DNMT3a/b, methyl-binding proteins implicated in chromatin compaction, as well as
reduced tri-methylation of histone H4-Lys20. Tri-methylation of histone H4 is

associated with transcriptionally active heterochromatic regions of DNA that are
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generally CpG rich, heavily methylated and contain repetitive elements. Declining
heterochromatin DNA methylation and histone H4-Lys20 methylation levels have

been associated with both cancer and ageing (Fraga et al., 2005).

Taken together, the few in vivo DNA methylation and radiation exposure studies
that have been conducted indicate that very little is known about DNA methylation
responses following irradiation, in particular the temporal and tissue-specific effects
of the radiation-induced modulation and how this contributes to radiation-induced

genomic instability and carcinogenesis.
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1.5 Aims of this thesis

The modulation of DNA methylation, both genomic 5mdC levels and repeat element
methylation, has been shown to be affected by exogenous and endogenous factors
which can result in increased genomic instability. The studies described in this thesis
aimed to investigate repeat element methylation modulation in vivo following X-
irradiation. The first aim of this thesis was to develop a sensitive, high throughput
screening assay that was able to detect changes in methylation of L1 repeat
elements. This assay was then used to investigate the temporal modulation of L1
repeat element DNA methylation in three strains of laboratory mice that differ in
their radiosensitivity. It was hypothesised that the more radiosensitive mouse
strains would elicit greater and more persistent modulation of repeat element DNA
methylation. The assay was also used to monitor changes in peripheral blood L1
DNA methylation levels longitudinally in ageing mice that had been exposed to low
dose X-radiation, with the hypothesis that the adaptive response would reduce, or
prevent the decline in DNA methylation in ageing animals. Overall, the studies in
this thesis sought to further understand the role that the modulation of DNA
methylation plays in radiation-induced genomic instability by investigating the
methylation levels of repeated sequences of DNA, whose demethylation has been

implicated in increased genomic instability.
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2 MATERIALS AND METHODS

2.1 Mouse strains

All experiments described in this thesis involving the use of animals were approved
by the Flinders University Animal Welfare Committee and the South Australian
Pathology/Child Health Network Animal Ethics Committee. The use and transport of
transgenic animals was approved by the Office of the Gene Technology Regulator
(OGTR) Australia and all animals were housed at the Flinders University School of
Medicine Animal Facility and transported according to the OGTR transport
guidelines. Animals were maintained in micro-isolators, on a 12 hour light/ dark
cycle and were quality controlled for viruses, parasites and bacteria. Mice were fed
on a joint stock ration (Gordons Speciality Stockfeeds and Ridley Agriproducts) and

water provided ad libitum.

The C57BI/6 mice used in this thesis are a transgenic mouse strain (pKZ1-C57BI/6)
containing an E. coli B-galactosidase-encoding lacZ gene in inverse orientation with
respect to a chicken B-actin enhancer-promoter (EP) complex, and flanked by Vk2ic
and Jks mouse immunoglobulin recombination signal sequences (Matsuoka et al.,
1991). This strain is used in the laboratory for the study of chromosomal inversions
and is, for all intents and purposes, C57BI/6. The transgenic status of these animals
did not influence the results obtained in this thesis (Table 21, Appendix A). Any

references to C57BI/6 mice used in this study refer to pKZ1-C57BI/6 mice.
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Three month old male and female BALB/c and CBA mice were obtained from the
Australian Resource Centre (Perth, Australia) and the University of Adelaide

(Adelaide, Australia).

2.2 A11 cell line

Archival frozen cell pellets of 5-aza-2’-deoxycytidine (5-aza) treated A1l cells were
used in this thesis. A11 cells are a murine hybridoma cell line that was originally
derived by fusion of pKZ1-C57BI/6 transgenic spleen cells with P3653 murine
myeloma cells (Hooker et al., 2002). Cell culture and 5-aza treatments of the A1l

cells was performed by Tanya Day (Tanya Day, 2006, PhD Thesis).

2.3 Radiation dosimetry and X-irradiation of mice

Radiation dosimetry and irradiations were performed by Chief Physicist A/Prof E.
Bezak (Department of Medical Physics, Royal Adelaide Hospital, Adelaide, South

Australia).

Different radiation doses were delivered by varying source-to-surface distance, lead
or copper attenuators, and irradiation times (Table 6). Dose output calibration of
ionising radiation appliances (Superficial X-ray unit) was performed according to the
Institute of Physics and Engineering in Medicine and Biology (IPEMB) protocol
(Aukett et al., 1996; Aukett et al., 2005). Calibration of the Varian 600 CD
Accelerator was performed according to the International Multinational Atomic
Energy Agency Technical Report Series 398 protocol on standards calibrated in

water (International Atomic Energy Agency, 2000). The actual dose-rate after
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applying distance and filter modifications was verified with a calibrated survey

meter (Victoreen).

Mice were transported to the Royal Adelaide Hospital Radiotherapy Facility
(Adelaide, South Australia) and restrained in a Perspex box (0.5 cm thick Perspex)
with multiple ventilation holes. The mice in the Perspex box were placed upright
against a block of solid water 8 cm thick to provide full backscatter and were
irradiated with whole-body X-beam. C57BIl/6 mice that were irradiated and
analysed 7 hours, 1 day or 7 days later were irradiated with a 100 kVp (8 mm Al half
value layer (HVL)) Philips RT100 SXR superficial X-ray unit. The RT100 SXR X-ray unit
was subsequently decommissioned. BALB/c and CBA mice were irradiated using a 6
MeV X-ray beam from a Varian 600 CD Linear Accelerator. A solid water build-up
layer of 1 cm thickness was positioned on the top of the holder in order to achieve
depth of electronic equilibrium at the mouse surface. Two parallel opposed beams
with gantry rotated at 0° and 180°, radiation field size covering the whole Perspex
holder and a 100 cm source-to-surface distance were used for irradiation. C57Bl/6
mice that were irradiated and euthanised 14 days later were irradiated with a 140
kVp (8mm Al HVL) Gulmay D3150 superficial X-ray unit. Mice used for the low-dose
longitudinal study were irradiated with 10 mGy using the Gulmay D3150 superficial

X-ray unit.

The Perspex box containing the mice was turned over after half the radiation dose
had been delivered and the remaining half of the radiation dose was then delivered
to ensure uniformity of the dose. Mice were returned to the Flinders University

Animal Facility after irradiation and placed in quarantine prior to analysis.
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Table 6: Dosimetry parameters for irradiation experiments.

Philips RT100 SXR and Varian 600 CD Linear

X-ray Machine Gulmay D3150 Accelerator
Dose (mGy) 10 1000 1000
Half Value Layer 8 mm Al* 8 mm Al 1 cm water
Attenuator | 2 mm Cu* n/a n/a
Distance (cm) 172 93.3 100
Dose Rate (mGy/ min) 13.9 179 1000
Irradiation Time (min/ side) 0.36 2.79 0.5
Total Irradiation Time (min) 0.72 5.58 1
*Aluminium
*Copper

n/a — not applicable

2.4 Mouse tissues

2.4.1 Mouse tissue isolation

Mouse tissues (kidney, liver, prostate and spleen) were surgically dissected
following CO, asphyxiation and embedded in cryoprotectant (OCT compound,
Tissue-Tek), frozen on dry ice and stored at -80°C until subsequent DNA extraction

or tissue sectioning.

2.4.2 Isolation of peripheral blood

Peripheral blood (PB) sampling was performed via tail vein puncture. Prior to

sampling, cages were placed in front of a heat lamp for several minutes. Mice were
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then placed in a holding restraint. The tails were swabbed with ethanol and a small
incision was made to the lateral tail vein using a GoldenRod lancet (MEDIpoint Inc).
No more than 100 pL of PB was collected in EDTA-collection tubes (Becton-
Dickinson). Pressure was applied to the wound until bleeding ceased prior to
returning animals to their cages. In some experiments, mice were euthanised

immediately after CO, asphyxiation and tissues were collected as described in 2.4.1.

2.5 Analysis of DNA methylation

2.5.1 Extraction of genomic DNA

Genomic DNA (gDNA) was extracted from animal tissues or cultured cells using the
DNeasy or QIAmp mini kits (Qiagen) following the manufacturer’s instructions (both
kits contain the same reagents). Briefly, 3 x 25 um frozen tissue sections were cut
using a cryostat (Reichert-Jung Cryocut 1800) and placed in a microcentrifuge tube
containing 20 pL of proteinase K and 200 uL of Buffer ATL. Samples were placed at
56°C for 2.5 - 3 h. Tissues were homogenised by vortexing and passed through a 21
gauge needle. Two hundred microlitres of Buffer AL was added to each sample and
vortexed prior to incubation at 70 °C for 10 min. One hundred microlitres of ethanol
was added to each sample, vortexed and applied to the DNeasy mini spin columns.
Supernatant was passed through the columns by centrifugation at 6000 x g for 1
min. Columns were placed into new collection tubes and samples underwent a
series of washes with Buffers AW1 and AW2. DNA was eluted into microcentrifuge
tubes with 100 uL of Buffer EB by centrifugation at 6000 x g for 1 min. Another 100

pL of Buffer EB was added to the columns and incubated at room temperature for 5
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min. Samples were then centrifuged at 6000 x g for 1 min following which the entire
eluate was re-applied to the columns, and incubated at room temperature for 5

minutes before a final centrifugation.

For pelleted cells and frozen blood samples, 200 pL of Buffer AL and 20 puL of
proteinase K was applied to the samples, vortexed and placed at 56°C for 10 min.
The samples were then extracted as for the frozen tissues. For PB samples, DNA was

eluted with a single 100 uL volume.

A Nanodrop 8000 spectrophotometer (Thermo Scientific) was used to determine
concentration and purity of gDNA samples. DNA concentration was calculated using
the equation: concentration (ug/uL) = Absorbance at 260nm (A260) x dilution factor
x 50. A 50 pL aliquot of gDNA (20 uL for PB gDNA) was diluted to a working stock of
10 ng/uL (5 ng/ pL for PB gDNA) that was stored at 4°C. The remaining DNA sample

was stored at -20°C.

2.5.2 Bisulphite modification of genomic DNA

Genomic DNA was bisulphite modified using the Zymo EZ DNA Meth-Gold bisulphite
modification kit (Zymo). Briefly, 130 uL of conversion reagent was added to 200 ng
of gDNA or 40 ng of PB gDNA. Samples were denatured at 98°C for 10 min and
underwent conversion at 64 °C for 2.5 h. Bisulphite converted DNA was chilled at
4°C for 30 min. The converted DNA was bound to a spin column and underwent
wash and desulphonation steps prior to elution. DNA was eluted by centrifugation

at 12 000 x g with 20 pL of Elution Buffer. Modified DNA was stored at -20°C.
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2.5.3 Primer design

Primers (Geneworks) for LINE1 (Long Interspersed Nucleic Elements — 1), BI_Mm
(Mm family of SINE, Short Interspersed Nucleic Elements) and IAP_LTR
(Intracisternal-A-Particle Long Terminal Repeat element) specific for bisulphite
modified DNA were designed using MethPrimer (Li and Dahiya, 2002) (see Chapter
3 and Appendix B). Pyrosequencing primers and assays were designed using the
PSQ Assay Design program (Qiagen). Each primer that was designed specifically for

bisulphite modified DNA failed to amplify unmodified genomic DNA template.

2.5.4 PCR and high resolution melt analysis (HRM)

PCR cycling and HRM were performed on a Rotor-Gene Q (Qiagen). A 20 L reaction
mix consisted of 20 ng equivalent of bisulphite modified gDNA (10 ng for PB gDNA);
and a final concentration of: 1 x EpiTect HRM PCR Master Mix (Qiagen), 0.75 uM
forward primer and 0.75 uM reverse primer (Geneworks), and water (Qiagen).
Cycling conditions for LINE1 PCRs were as follows: 95°C for 5 min followed by 35
cycles of 95°C for 20's, 60°C for 30 s, and 72°C for 20 s. Melt curve analysis was from
73°C to 84°C rising by 0.1°C/2 s. Cycling conditions for B1_Mm and IAP_LTR PCRs
were: 95°C for 5 min followed by 35 cycles of 95°C for 10 s, 52°C for 15 s, and 72°C
for 10 s, for 35 cycles. Melt curve analysis was from 65°C - 80°C rising by 0.1°C/2 s.
Unless stated, all samples underwent two separate PCRs in each experiment and

these were averaged for analyses.
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2.5.5 Calculation of the Net Temperature Shift

Differences in DNA methylation as detected by HRM were calculated using the
average difference between the normalised melt curves of a test sample and the
methylated control, termed the Net Temperature Shift (NTS). Calculation of the NTS
is as follows: within the Rotor-Gene Q program, two normalisation regions (at
temperatures before and after melt peak temperature) were nominated for HRM
analysis. For LINE1, normalisation region 1 was between 74°C-75°C, whilst
normalisation region 2 was between 82°C-84°C. For B1_Mm the regions were: 66°C-
68°C and 79°C-80°C; for IAP_LTR: 70°C-72°C and 78°C-79°C. The subtraction of the
methylated control normalised curve from each test normalised curve was
performed automatically within the Rotor-Gene Q program and the summed
difference of the fluorescence value at each temperature point within the entire
melt range was divided by 100 to obtain the average distance between the curves,

or the NTS (development and analysis of the NTS is discussed in Chapter 3).

2.5.6 Gel electrophoresis of PCR products

PCR products were analysed on a 2% (w/v) agarose gel in 0.5x TBE (Appendix C)
containing 2 pg/ul ethidium bromide. Five pL of PCR product were mixed with 1 pL
of Ficoll loading buffer (Appendix C) prior to electrophoresis. PCR product sizes
were measured against a 100—700 bp ladder (Haematology and Genetic Pathology,
Flinders University and Medical Centre). Gels were subject to electrophoresis in 0.5

x TBE running buffer at 120 V for 40 min. DNA bands were visualised under UV light

52



Chapter 2: Materials and methods

(250-360 nm) and imaged using the GeneGenius Gel Imaging system and Gene Snap

Image Acquisition software (Syngene).

2.5.7 Sequence analysis of PCR products

2.5.7.1 Sanger sequencing

HRM PCR products were purified using the QlAquick PCR purification kit (Qiagen)
and quantified on a Nanodrop 8000 (Thermo Scientific). Sequencing primers are
outlined in Appendix B. Sequencing reactions were performed by the SouthPath and
Flinders Sequencing Facility (Flinders University and Medical Centre, Adelaide,

Australia).

2.5.7.2 Pyrosequencing

Pyrosequencing reactions were performed by EpigenDx (Massachusetts, USA) on a
Qiagen-Pyrosequencing PSQ-MD. HRM-PCR replicates for each sample were
combined and aliquoted into 96-well plates in duplicate (as pyrosequencing
replicates) in a volume of 10 pL. The target regions for analysis and pyrosequencing
primers (see Appendix B) were determined using the PSQ Assay (Qiagen) (see

section 3.1.3.1).
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2.5.8 Liquid chromatography-Mass spectrometry (LC-MS)

2.5.8.1 DNA hydrolysis

Genomic DNA was hydrolysed as outlined in Song et al (2005). Briefly, 200 - 250 ng
of DNA in a volume of 20 uL was denatured at 100°C for 3 minutes and placed on
ice. To the DNA, 2 pL of 0.1 M ammonium acetate (Sigma), pH 5.3, containing 2
units of Nuclease P1 from Penicillium citrinum (Sigma) was added and samples were
incubated at 45°C for 2 h. Following this, 2.2 pL of 1 M ammonium bicarbonate
(Sigma-Aldrich) containing 0.002 units of Phosphodiesterase | from Crotalus
adamanteus venom (Sigma) was added and samples were incubated at 37°C for 2 h.
Finally, 1 unit of calf intestinal phosphatase (Finnzymes) was added and the reaction
was incubated at 37°C for 1 h. Hydrolysed samples were stored at -20°C. Each
sample underwent two separate hydrolysis reactions and the average of the

samples was used in analyses.

2.5.8.2 LC-MS Procedure

LC-MS was performed by Flinders Analytical (Flinders University, Adelaide,
Australia). Briefly, liquid chromatography (LC) separation was performed on a
Waters 2695 HPLC (Milford), at a flow rate of 0.25 mL/min with a column
temperature of 22°C. The LC column was a Waters (Milford) Atlantis T3, 2.1 mm x
150 mm, 5 um particle. Two buffers were used: mobile phase A - 0.1% aqueous
formic acid; and mobile phase B - 0.1% formic acid in acetonitrile. The LC program
was 100% solvent A for 3 min, a linear gradient to 85% solvent A at 15 min, then

back to 100% solvent A at 15.5 min where it was held for 6.5 min for re-
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equilibration. A 20 pL volume of hydrolysed sample was diluted with 100 pL of type
1 water (Millipore Synergy System) and transferred to a 250 uL volume insert inside
a 2 mL LC-MS vial and 10 pL of this solution was injected into the liquid
chromatographer. Mass spectrometry was performed on a Waters Quattro micro,
triple quadruple mass spectrometer (Milford) fitted with an electrospray source.
Positive ion electrospray and multiple reaction monitoring conditions were
determined manually using ribo- and deoxy-ribonucleoside standards at a
concentration of 10 pg/mL in water (dC, 5mdC, C, U, 5mC, T, dA, A, dG and G;
Sigma-Aldrich). Quantitation for 5mdC was monitored with a precursor ion of 242,
fragment ion of 126 with a dwell time of 0.1 s. Cone voltage was 12 V and collision
voltage was 8 V. For dG; the precursor ion was 267.8, the fragment ion was 152,
dwell time was 0.1 s, cone voltage was 12 V and collision voltage was 12 V. Each
sample was injected in duplicate. Percent methylation was calculated based on the

ratio of 5mdC to dG [5mdC/dG].

2.6 Telomere length analysis

Telomere length was assessed using a gPCR method adapted from O’Callaghan and
Fenech (2011). Twenty nanograms of genomic DNA was amplified in duplicate on
either a Rotor-Gene Q (Qiagen) or ViiA™7 (Life Technologies) with murine telomere
repeat sequence and 36B4 primers (for genome copy number determination) in a
master mix containing final concentrations of: 1 x Platinum Taq PCR buffer
(Invitrogen), 10 mM dNTPs (Fisher Biotech), 50 mM MgCl, (Invitrogen), 0.16 units x

SybrGreen | (Life Technologies), 0.1 uM of forward and reverse primer (see
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Appendix B) and 1 x Platinum Tag (Invitrogen) in a total reaction volume of 24 pL.
Cycling conditions were as follows: 94°C for 2 min followed by 35 cycles of 94°C for
15 s, 60°C for 30 s, 72°C for 15 s. Melt curve analysis was from 65°C to 95°C with
0.05°C/ s following 1 cycle at 95°C for 15 s. A standard curve of known telomere
length and known 36B4 copy number/ diploid genome was included in each PCR

(see Appendix E).

2.7 L1 transcript analysis

2.7.1 RNA extraction

RNA was extracted from animal tissues using the RNeasy mini kit (Qiagen) following
the manufacturer’s instructions. Briefly, 3 x 25 um frozen tissue sections were cut
using a cryostat (Reichert-Jung Cryocut 1800) and placed in a chilled
microcentrifuge tube. A1l cell pellets or tissue samples were homogenised with a
21 gauge needle in 350 L of Buffer RLT containing B-mercaptoethanol. Following
the addition of 70% ethanol, samples were bound to a spin column and underwent
a series of washes at 12,000 x g prior to an on-column DNasel treatment (20 uL of
DNasel and 140 pL Buffer RDD; Qiagen). Bound RNA was washed with Buffers RW1
and RPE prior to elution with 40 uL RNAse-free water (Qiagen) after incubation at
RT for 1 min. RNA was stored at -20°C. RNA purity and concentration was assessed
using a Nanodrop 8000 spectrophotometer (Thermo Scientific). RNA concentration
was calculated using the equation: concentration (ug/uL) = Absorbance at 260nm

(A260) x dilution factor x 40.
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2.7.1.1 RNA quality control

Residual gDNA in a RNA sample can give false positive results in quantitative real-
time PCR (qPCR), therefore to assess whether there was any remaining gDNA in the
RNA samples, an aliquot of RNA was used as a template for qPCR (see section 2.7.3
for gPCR protocol). The RNA samples were diluted to 10 ng/ uL with water (Qiagen),

and a volume of 2 plL was used in the PCR.

2.7.1.2 DNasel treatment

RNA samples that demonstrated amplification in a gPCR indicating the presence of
residual gDNA underwent a second DNasel treatment to remove gDNA. Following
the addition of 60 uL of water, 2.5 pL of DNasel and 10 pL Buffer RDD (Qiagen) were
added to the samples and incubated at RT for 10 min. To remove buffer and
digested DNA, RNA was purified via isopropanol precipitation. Briefly, 1 uL of 2
mg/mL glycogen (Sigma) was aliquoted to each sample following which 100 pL of
75% isopropanol was added to the RNA. Samples were mixed by inversion and
incubated at -20°C for 90 min. RNA was pelleted by centrifugation at 12,000 x g for
20 min at 4°C. Supernatant was removed and pellets were washed with 1 mL 75%
ethanol by centrifugation at 12,000 x g for 20 min at 4°C. Ethanol was removed and
pellets were air-dried briefly before the addition of 15 puL of RNAse-free water

(Qiagen). RNA concentration and purity were assessed using a Nanodrop 8000.
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2.7.2 Reverse transcription

RNA (200 — 300 ng) was reverse transcribed using the iScript cDNA synthesis kit
(Bio-Rad), with the addition of 4 pL of 5x iScript reaction mix, 1 pL iScript reverse
transcriptase and water made up to 20 uL. The reaction was incubated at RT for 5
min, 42°C for 30 min and finally, 85°C for 5 min. The cDNA samples were diluted 1/5

with water (Qiagen) and stored at 4°C.

2.7.3 Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed in duplicate using a master mix
containing final concentrations of: 1 x Platinum Taqg PCR buffer (Invitrogen), 10 mM
dNTPs (Fisher Biotech), 50 mM MgCl, (Invitrogen), 0.16 units SybrGreen | nuclei acid
stain (Life Technologies), 0.1 uM of forward and reverse primer (see Appendix B)
and 1 x Platinum Tag (Invitrogen). Target cDNA (2 uL) was amplified in a reaction
volume of 22 pL on an Applied Biosystems ViiA™7 (Life Technologies) using the
following cycling conditions: one cycle at 94°C for 2 min, 35 cycles at 94°C for 15 s,
58°C for 15 s, 72°C for 19 seconds. Melt curve analysis was from 60°C to 95°C with
0.05°C/ s following 1 cycle at 95°C for 15 s. A spleen gDNA sample was screened in
three separate gPCRs to determine the average quantitative threshold cycle (Cq)

value for inclusion in each PCR as a control for reaction efficiency.
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2.7.3.1 Primer design

L1-ORF1 and L1-ORF2 primer sequences were obtained from Muotri et al (2010).
Candidate reference genes were determined using Genevestigator® (Hruz et al.,
2008). Primer sequences were obtained from either PrimerBank
(http://pga.mgh.harvard.edu/primerbank/index.html) or RTPrimerDB
(http://medgen.ugent.be/rtprimerdb/index.php). For primer sequences and

amplicon sizes see Appendix B.

2.7.3.2 Analysis of reference gene stability

Candidate reference genes (Coch, Cpb-1, Gapdh, Pnlip, Pol2rc, Rn18s, and Spi-c) (see
Appendix B) for gPCR normalisation were assessed using geNorm (gBase™*,
Biogazelle) (Vandesompele et al., 2002; Hellemans et al., 2007). Fold expression of

L1-open reading frame (ORF) genes was calculated using the ViiA™7 Comparative Ct

(AACt) function or relative quantification based on RNA input (ACt).

2.8 Western blot analysis

2.8.1 Acid extraction of histone proteins

Histones were isolated from tissue sections as follows. Three fresh frozen tissue
sections (25 um) were cut using a cryostat (Reichert-Jung Cryocut 1800) and placed
in a pre-chilled microcentrifuge tube containing 1 mL of chilled 1 x PBS. Samples
were centrifuged at 12,000 x g for 1 min at RT to pellet tissues in order to remove

cryoprotectant media. Once the supernatant was removed, all subsequent steps
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were performed on ice and all solutions and buffers used were chilled to prevent
protein degradation. Tissues were homogenised in 1 mL histone lysis buffer
(Appendix C) with a 21 gauge needle. Lysates were centrifuged at 4°C at 1500 x g for
5 min. Supernatant was removed and nuclei were washed in 3 x 1 mL with histone
lysis buffer at 4°C for 5 min at 1500 x g. Nuclei were then washed with 1 mL of Tris-
EDTA (Appendix C) and centrifuged for 5 min at 1500 x g at 4°C. Pellets were
resuspended in 100 uL of water. To the pellets, an aliquot of 0.4 N of concentrated
HCl was added followed immediately by vortexing. Samples were incubated on ice
for 1 h. Samples were then centrifuged at 14,000 x g for 10 min at 4°C. The
supernatant was pipetted into a new tube and 1 mL of acetone was added. Samples
were mixed by inversion and placed at — 20 °C overnight. Samples were centrifuged
for 10 min at 4°C at 14,000 x g. The supernatant was discarded, the pellets were air

dried briefly and resuspended in 100 uL of water, and stored at -20°C.

2.8.2 Determination of protein concentration

Lysates containing histones were quantitated using the Pierce BCA (bicinchoninic
acid) protein assay kit as per the manufacturer’s instructions. Briefly, BSA protein
standards were prepared from a stock concentration of 2000 pg/mL and serially
diluted using sterile 1 x PBS. The concentration range of the standards was: 2000,
1500, 1000, 750, 500, 250, 125 and 25 pg/mL. Twenty-five micro-litres of either
sample or standard were pipetted into the well of a clear flat bottomed 96-well
plate (Nunc). Two hundred micro-litres of working reagent consisting of 50 parts

BCA Reagent A to 1 part BCA Reagent B were added to each well. Plates were gently
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vortexed and incubated at 37°C for 30 min. Absorbance was measured at 562 nm
on a microplate reader (VERSA.x mMmicroplate reader, Molecular Devices).
Concentration of protein samples was determined using a standard curve of

absorbance versus concentration of BSA standards.

2.8.3 Gel Electrophoresis of protein lysates

Proteins were separated via gel electrophoresis using a Bio-Rad Criterion™
electrophoresis system and Criterion™TGX™ Stain-Free pre-cast gels as per the
manufacturer’s instructions. Pre-cast gels were Tris-Glycine Laemmli-like gels with a
trihalo compound that enables visualisation of protein bands on both gels and PVDF

blots.

Briefly, Criterion""TGX™ Stain-Free pre-cast gels were placed into the gel tank and
a Tris/SDS/Glycine running buffer added (Appendix C; Flinders Proteomics Facility).
Ten micrograms of acid extracted histone lysate was loaded onto the gels with 4 x
SDS loading buffer containing dithiothreitol (DTT) (Appendix C; Flinders Proteomics

Facility). Samples were run at 300 V for 20 minutes.

Prior to semi-dry transfer, proteins were visualised on the gels using the Bio-Rad
Gel-Doc Imaging System. The trihalo fluorescent compound within the gels was

activated using UV light.
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2.8.4 Semi-dry transfer of proteins

Proteins were transferred to low-fluorescence PVDF using the Bio-Rad Trans-Blot®
Turbo™ Transfer System. Briefly, Criterion™TGX™ Stain-Free pre-cast gels were
removed from the casing and equilibrated in 1 x Transfer Buffer for 10 min
(Appendix C; Flinders Proteomics Facility). Two pieces of extra-thick blotting paper
(Bio-Rad) (2.4 mm) were briefly equilibrated in 1 x Transfer Buffer. PVDF membrane
was first activated by wetting with methanol and then equilibrated in 1 x Transfer
Buffer. A transfer sandwich was assembled in a Trans-Blot® cassette as follows: 1 x
blotting paper, PVDF, gel, 1 x blotting paper. Air bubbles were removed from the
sandwich to ensure even transfer using a roller. Proteins were transferred at 25 V/1

A for 30 min.

Following transfer, membranes were imaged to determine efficiency of protein

transfer. Protein bands were visualised as for gels as described in Section 2.8.3.

2.8.5 Detection of proteins

2.8.5.1 Antibody detection of proteins

PVDF membrane was rinsed briefly in RO water. Blots were then blocked at RT for
90 min in 1 x TBS-T (Appendix C) containing 5% skim milk powder, with gentle
agitation. Blots were incubated at 4°C for two days in 1 x TBS-T/1% skim milk
powder containing 1/2500 polyclonal rabbit anti-H3me3K9 (tri-methylation of the
lysine 9 residue on histone H3) antibody (Abcam) with gentle agitation. Blots were
then rinsed at RT in 1 x TBS-T three times for 10 min. Blots were incubated at RT for

90 min in 1/3000 dilution of HRP-conjugated goat anti-rabbit antibody (Abcam).
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Unbound antibody was removed from the blots by 4 x 5 min rinses in 1 x TBS-T at
RT. Blots were then incubated in 2 mL of enhanced chemiluminescence (ECL)
reagent (Pierce) for 5 minutes and imaged using the Fuji LAS-4000 imager using

auto-settings for ECL.

2.8.5.2 Quantitation of protein bands

Histone protein bands were quantitated as outlined in Aldridge et al (2008). Briefly,
antibody-stained histone bands were normalised to account for variations in
loading of samples using the mean intensity of all total histone H3 protein bands on
an individual gel. Quantification of tri-methylation of lysine 9 residue on histone H3

was expressed as a ratio of histone H3 antibody band/mean of total histone H3.

2.9 Immunohistochemistry

2.9.1 Preparation of tissue sections

Frozen mouse spleen tissues were cut at -20°C using a Cryocut 1800 cryostat (Leica,
USA) at a thickness of 5 um per section. Sections were transferred to

aminopropylethoxysilane (APES; Sigma)-coated glass slides (Appendix C).

2.9.2 Detection of spleen T-cells

Following mounting onto APES-coated slides, sections were fixed in 2%

formaldehyde at RT for 10 min. Slides underwent three washes for 5 minutes each
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with Phosphate Buffered Saline (PBS) (Sigma) at RT while shaking. Tissues were
incubated at RT for 1 h in blocking solution (Appendix C) in a humidified chamber.
One hundred microliters of primary antibody (hamster anti-mouse CD3e; Becton-
Dickinson Pharmingen) diluted 1/100 in 1% goat serum (Sigma) was placed onto
each spleen section and incubated overnight at 4°C. One slide was incubated
overnight in 1% goat serum, without primary antibody to serve as a control for the
secondary antibody. Primary antibody was washed from slides six times in PBS for 2
min each wash. Sections were then incubated at 37°C for 1 h in a humidified
chamber with 100 pL of secondary antibody per slide (FITC-goat anti-hamster;
Abcam) that had been diluted 1/200 in 1% goat serum. Unbound secondary
antibody was removed from tissue sections by 6 x 2 min washes in PBS. Slides were
dried briefly at RT and coverslipped using Vectashield mounting medium containing
4, 6-diamidino-2-phenylindole (DAPI; Vector Laboratories) and stored at -20°C until

analysis.

2.9.3 Microscopy of spleen sections

Ten fields per spleen section (two sections per mouse) were examined using an
Olympus AX70 epifluorescent microscope. Images of fields were captured using an
ORCA high resolution digital camera (Hamamatsu Photonics, Japan). DAPI-labelled
cells were visualised using a Chroma 31000 filter (peak excitation 340-380 nm, peak
emission 435-485 nm; dichroic mirror 400 nm) and FITC-labelled cells were
visualised using a Chroma 31001 NB filter (peak excitation 470-490 nm, peak

emission 515-545 nm; dichroic mirror 505 nm).
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Total T-cell areas per field were identified using a CellProfiler™ software pipeline
(Carpenter et al., 2006) (see Appendix F for pipeline). Mean T-cell area frequency
per mouse was calculated as the average total T-cell area/total DAPI-labelled cells

of the two spleen sections per mouse.

2.10 Statistical analysis

Data were analysed using the statistical program IBM SPSS Statistics (version 17,
IBM Corp.). The effect of multiple treatment groups and the analysis of methylation
differences between mouse tissues were first tested by ANOVA, with Bonferroni
post-hoc analysis used to compare means between groups where equal variance
was assumed. When sample numbers were unequal, Games-Howell post-hoc
analysis was used. Linear bivariate correlations were analysed using Pearson
correlation. The effect of treatment at a single measurement compared with sham-
irradiated mice was analysed using the Independent samples T-test. Analyses of
methylation changes over time for a single mouse in the longitudinal study were
analysed using a general linear model multivariate analysis of variance
(MANOVA)(Edwards, 2000) and repeated measures analysis. In all cases P <0.05 was
considered significant. All means are displayed with error bars representing *1

standard error of the mean.
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3 DEVELOPMENT AND VALIDATION OF A
MURINE LINE1 DNA METHYLATION HIGH
RESOLUTION MELT ASSAY

Increasingly, mouse models are being used to study the acute and transgenerational
effects of exogenous modulators of global DNA methylation such as diet (Finnell et
al., 2002; Sauer et al., 2010; Vanhees et al., 2011), chemical carcinogens (Koturbash
et al., 2011), ionising radiation (Tawa et al., 1998; Pogribny et al., 2004; Raiche et
al., 2004; Pogribny et al., 2005; Giotopoulos et al., 2006), as well as the study of
DNA methylation in ageing animals (Singhal et al., 1987; Barbot et al., 2002).
Accordingly, there is an increasing need for sensitive, robust, inexpensive and high
throughput methods for the detection of changes to murine global DNA
methylation levels. While High Performance Liquid Chromatography (HPLC) and
Liguid Chromatography-Mass Spectrometry (LC-MS) are considered two of the gold
standards for assessing total methylated cytosine content due to their high
sensitivity, accuracy and reproducibility, they are low-throughput due to the
requirements of sample preparation, lengthy analysis procedures, and cost per
sample. More recently, whole genome sequencing and array technologies such as
the Illumina, SOLID (Invitrogen), and 454 platforms (Applied Biosystems) have been
used to investigate global CpG methylation. While these platforms are able to
determine the methylation status of thousands of genes at the single CpG site-level
offering the highest level of resolution, they are not amenable for screening large

numbers of experimental samples and the technology is not available to all
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laboratories. Another common sequencing-by-synthesis technique used in
methylation analysis is pyrosequencing, which offers information regarding the
proportion of methylated cytosines in a target sequence. While this also is a
powerful tool, it is limited by the size of the target region and cannot be used to

analyse highly polymorphic sequences.

Approximately 2-10% (Gama-Sosa et al., 1983) of the cytosine residues in the
mammalian genome are methylated (5-methyl-deoxycytosine; 5mdC),
predominantly when in sequence with a guanine (termed a CpG dinucleotide) and
largely within transcriptionally silent regions of the genome. CpG-rich regions within
transcriptionally active gene promoters are generally unmethylated although it has
been reported that only key CpGs within the promoter region need be
(un)methylated to exert control on gene expression (Cropley et al., 2010). In cancer,
DNA methylation changes can occur at individual genes, or across the genome
(global methylation), resulting in transcriptionally silent regions becoming
demethylated, leading to transcriptional activation, or transcriptionally active

regions rendered silent by aberrant increases in DNA methylation.

The most heavily methylated regions of the genome are DNA sequences belonging
to repetitive DNA elements, which comprise approximately 45% of the mammalian
genome (Lander et al., 2001), of which 20% consist of Long Interspersed Elements-1
(LINE1, L1)(Lander et al., 2001; Ostertag, 2001; Fedorov, 2009). Short Interspersed
Elements (SINE) and Long Terminal Repeat elements (LTR) are also distributed
throughout the genome and are found to be highly methylated. These repeat

elements can contain full length coding regions that upon demethylation may result
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in transposition across the genome, which can cause disruption to gene expression
and in some cases, disease (Scott et al., 1987; Furano et al., 1988). There are also
reports that loss of repeat element methylation can be an early event in
carcinogenesis or tumour progression. For example, loss of methylation at
intracisternal-A particle (IAP) repeat elements in mice results in active transcription
and transposition leading to insertion of the IAP element into the genomic locus of
Notch-1. This retrotransposition induces expression of an oncogenic transcript of
Notch-1 in thymic tumours (Howard et al., 2007). In several cases, it has been
reported that a loss of methylation at repeat elements has resulted in increased
chromosomal instability as well as the enhanced development of colorectal cancer,
non-small cell lung cancer and bladder tumours (Gaudet et al., 2003; Estecio et al.,
2007; Ogino et al., 2008a; Ogino et al., 2008b; Yamamoto et al., 2008; Igarashi et al.,

2010; Saito et al., 2010; Wolff et al., 2010).

High resolution melt (HRM) PCR is now being used in methylation studies and is
capable of detecting single nucleotide differences based on differences in melting
temperatures (Ririe et al., 1997). The widespread nature and high CpG density of L1
elements has resulted in the utilisation of L1 elements to investigate changes in
DNA methylation at multiple locations within the genome (Yang et al., 2004; Bollati

et al., 2009; Stanzer et al., 2010).

The focus of this thesis is to study changes in murine L1 element DNA methylation
levels following exposure to ionising radiation — a modulator of DNA methylation.
Thus the first aim of this thesis was to develop an assay that could detect changes

to L1 methylation across the genome that was high throughput and also had the
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capacity to detect small changes in DNA methylation between animals. This chapter
describes the development of a HRM assay that is capable of detecting small

changes in murine L1 methylation.

3.1 Results

3.1.1 Design of a murine L1 repeat element high resolution melt assay

3.1.1.1 Identification of murine LINE1 repeat element

The forward primer to a murine L1 element (Accession number: D84931.1) from
Kato et al (2007) (see Appendix B) was used as a query sequence for a BLAT search
(http://genome.ucsc.edu/) to identify a murine L1 element sequence that could be
used to design PCR primers. The Kato primer sequence was found to align with a
murine L1 repeat element Md family subunit T sequence. A target CpG island (a
region of DNA sequence that contains more than 50% clustered CpGs) containing 13
CpGs upstream of the Kato primer binding site (located within open reading frame 2
(ORF2) of the consensus sequence) was identified using MethPrimer (Li and Dahiya,

2002).

3.1.1.2 Primer Design

The primers designed for this assay were created to be unbiased to the methylation
status of the repeat elements. It was hypothesised that by creating the assay in this
manner, all elements across the genome would be amplified regardless of their

methylation status. The target L1 region contained 13 CpGs and was predicted to
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produce a 192 bp PCR product (Appendix B). Bisulphite modified and unmodified
murine genomic DNA were amplified with specific primers using annealing
temperatures based on the predicted Tm of the primers and the protocol outlined

by the EpiTect HRM PCR kit (Qiagen; see Chapter 2).

Figure 3-1 shows that the conditions used for PCR produced a single product that

could only be amplified from bisulphite-modified genomic DNA.

unmodified H20

Figure 3-1: Agarose gel analysis of L1 PCR products.

L1-PCR products were run on a 2% agarose gel. Bisulphite modified and unmodified
murine spleen genomic DNA was amplified using conditions outlined in Chapter 2
and subjected to agarose gel separation to determine specificity of the PCR. The red
arrow indicates the 200 bp molecular weight marker band. The predicted size of the
L1-PCR product from bisulphite modified genomic DNA is 192 bp.

3.1.1.3 Sequence analysis of LINE1 repeat elements

The L1-PCR products were separated by gel electrophoresis. The PCR bands were
excised, purified and DNA sequenced using Sanger sequencing. The sequencing
results confirmed that the primers were amplifying a murine L1 sequence.
Sequence analysis of L1-PCR products identified six non-CpG nucleotide positions
with more than one defined peak on the sequence chromatogram, indicating
potential sequence variation. Using the unmodified-specific L1 primer sequences,

the mouse genome was searched by in silico PCR (http://genome.ucsc.edu/) to
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identify the predicted pool of L1 template sequences. Alignment of twenty
randomly selected in silico PCR results (from >100 sequences) revealed ten
nucleotide positions with sequence variation and that the frequency of the minority
variants occurred in 5% to 40% of the analysed templates (Table 7) (Figure 3-2).
Sequence variants 2, 5, and 7 occurred at the guanine base in CpG dinucleotides
and as a result, 10 - 15% of the L1 elements did not contain a CpG at these sites. All
six sequence variants identified from the sequencing of PCR products were

observed in the twenty in silico predicted L1 template sequences.

Table 7: Frequency of sequence variants detected at 10 nucleotide positions in the
L1-HRM target sequence.

Sequence Frequency in alignment of 20 Detected in L1-PCR product
Variant Type random in silico PCR results DNA sequencing

1 G>T 10% (T) (2/20) No
2 G>A 10% (A) (2/20) Yes

T>C 5% (C) (1/20) No
3 T>G 5% (G) (1/20) Yes
4 G>A 5% (A) (1/20) No
5 G>A 15% (A) (3/20) Yes
6 T 5% (A) (1/20) No
7 G>A 10% (A) (2/20) Yes
8 G>A 30% (A) (6/20) Yes
9 G>A 40% (G) (8/20) Yes
10 C>A 5% (A) (1/20) No

Unmodified genomic DNA specific L1 primers (F_unmod_mLINE1 and R_unmod_mLINE1)
were used in an in silico PCR analysis (UCSC Genome). Twenty randomly selected in silico
PCR results were aligned and the frequencies of sequence variants detected in the alignment
in comparison to the L1-HRM PCR target sequence are shown.
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ACAGCCTCTGGAACAGGCAGAAGCACAGAGGGGCTGAGGCAGCACCCTKTGTGGGCCGGG|
CpG 1

IGACAGCCRGCCACCKTCCGGRCCRGAGGACAGGTGCCYRCCCGGCTGGGGAGGCGRCCTA
2 3 4 5 6 7

IAGCCACAGCAGCAGCGGTCGCCATCTTGGTCCGRGACCCGCCGAACTTAGGAAATTAGT(]
8 9 10 11 12

[TGAACAGGTGAGAGGGTGCGCMAGAGAACCTGACAGCTTCTGGAIACAGGCAGAAGCACAG
13

Figure 3-2: The L1 sequence confirmed by DNA sequencing.

The location of sequence variants in the target L1 region (boxed region) in
unmodified genomic DNA identified from both sequence analysis of L1-PCR products
(amplified with F_unmod_mLINE1 and R_unmod_mLINE1) and in silico PCR analysis
are shown in bold, numbered 1-10 in blue and characterised as an R (A/G), K (T/G)
or M (A/C). CpGs are shaded and numbered in black 1-13.

3.1.1.4 Development of PCR methylation controls

Universal Methylated Mouse DNA (Zymo Research) was used as a methylated
genomic DNA control. A LINE1 unmethylated control DNA was made as follows. L1
sequences from unmodified Universal Methylated DNA were amplified using
F_unmod_mLINE1 and R _unmod _mLINE1 (see Appendix B). The resulting PCR
products were purified (see Section 2.5.7) and bisulphite modified. During PCR
amplification, any CpG that contained a methylated cytosine would be
unmethylated in the final PCR product as methyl groups are not restored during PCR
amplification. Thus the final PCR product would resemble unmethylated DNA and
on bisulphite modification every cytosine within a CpG would be converted to a

UpG.
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3.1.1.5 High resolution melt analysis of control DNA

The methylated, unmethylated, and a 50% mixture of the methylated and
unmethylated control samples were analysed by HRM following PCR with primers
unbiased for methylation status in order to verify that sequence differences due to
cytosine composition could be detected by HRM. As expected, the melt curve
analysis showed that the methylated control had a higher melt temperature range
compared with the unmethylated control DNA (Figure 3-3A). The 50% mixture had a
melt temperature range that was between the two control DNA samples. The graph
of the negative first derivative of the melting curve (-dF/dT) showed that the
methylated and unmethylated control samples had only one major melt peak each,
with the methylated control melting at a higher temperature compared to the
unmethylated control (Figure 3-3B). The 50% mixture of the two control DNA
samples showed melt peaks for both control DNA samples. Smaller peaks were
observed which are considered to represent low melting heteroduplexes, some
non-specific amplification products and residual primer dimer. As the unmethylated
control sample template in the PCR was a purified PCR product, rather than a
genomic DNA template, the melt peak was smoother, representing the absence of
low-level non-specific amplification, which was verified by gel electrophoresis (data

not shown).
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Figure 3-3: High resolution melt analysis of control DNA.

Melt curve analysis following amplification with the methylation-status unbiased L1
primers (F_unbiased_mLINE1 and R_unbiased_mLINE1). (A) The HRM normalised
melt curve and (B) the negative first derivative melt curve (-dF/dT), was performed
on methylated (red) and unmethylated (green) control DNA as well as a 50%
(methylated: unmethylated control) methylated sample (blue).

3.1.2 Detection of demethylation using the L1-HRM assay

3.1.2.1 Detection of demethylation induced by 5-aza treatment

Heterogeneous patterns of methylation at any individual CpG dinucleotide have

been observed following modulation of methylation with exogenous agents or
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during carcinogenesis (Eads et al., 2000; Weeks and Morison, 2006; Suzuki et al.,
2007; Candiloro et al., 2008; Zhang et al., 2008; Fandy et al., 2009; Gebhard et al.,
2010; Rand and Molloy, 2010; Stanzer et al., 2010). In order to investigate if
heterogeneous methylation patterns across numerous L1 elements distributed
throughout the genome could be detected with this assay, genomic DNA isolated
from A1l mouse hybridoma cells that had been treated with two different low
doses (0.125 uM or 0.5 uM) of the chemical demethylating agent 5-aza-2’-
deoxycytidine (5-aza) was utilised. HRM is used to detect single nucleotide
polymorphisms (SNPs). Therefore, it was important to determine if there were
differences in sequence due to non-CpG SNPs that could affect the melt curves of
the samples. Analysis of the melt curves for L1 elements amplified from bisulphite
unmodified genomic DNA revealed no difference in melt curves between the 5-aza
and vehicle control (DMSO) treated samples (Figure 3-4). This result indicated that
the identified non-CpG sequence variants were not influencing the melt curves, and
that any differences detected following bisulphite modification were due to

cytosine content.

The melt curves of the samples from each treatment group could be distinguished
from the melt profile of the methylated control DNA, however, no significant
difference in melting temperature between the 5-aza treated cells and the vehicle

treated control cells was observed (Figure 3-5).
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Figure 3-4: Melt curve analysis of unmodified genomic DNA.

Bisulphite unmodified gDNA (10 ng) from vehicle (blue), 0.125 uM (purple) and 0.5
UM (orange) 5-aza treated A11 cells (n = 3-5 samples per treatment group) was
amplified with bisulphite unmodified-specific and unbiased for methylation status L1
primers and subjected to melt curve analysis. Unmodified methylated control gDNA
isin red.
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Figure 3-5: Detection of 5-aza induced partial demethylation of murine L1
elements in Al11 cells using methylation-status unbiased L1 primers.

The normalised HRM melt curve (n = 5 samples per treatment group; n = 3 samples
is displayed) for the vehicle control (DMSO) (blue), 0.125 uM (purple) and 0.5 uM
(orange) 5-aza treated A11 cell line genomic DNA along with the methylated (red)
and unmethylated (green) controls following bisulphite modification and
amplification with the methylation-status unbiased L1 primers.
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3.1.2.2 Biasing of PCR primers to enhance sensitivity

It has been proposed in several reports that PCR primers may need to enrich for
methylated or unmethylated templates to increase sensitivity to detect small
methylation/demethylation events within a large pool of heterogeneously
methylated templates (Wojdacz and Hansen, 2006; Wojdacz and Dobrovic, 2007;
Kristensen et al., 2008). Using this approach, a new forward and reverse primer pair
was designed to match the bisulphite-modified sequence of an unmethylated CpG
dinucleotide at the 3’ end of each oligonucleotide. Thus, the same region could now
be amplified with a methylation-status unbiased primer pair (not selective for
methylation status) or an unmethylated-biased primer pair (preferentially
amplifying L1 sequences with both flanking CpG sites unmethylated). Using the
unmethylated-biased primers, a distinct, dose-dependent difference in melt curves

was observed (Figure 3-6A).
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Figure 3-6: Detection of 5-aza induced partial demethylation of murine L1
elements in Al11 cells using unmethylated-biased L1 primers.

(A) The normalised HRM melt curve and (B) the difference plot (inset is the
difference graph with the unmethylated control included) for the vehicle control
(DMSO) (blue), 0.125 uM (purple) and 0.5 uM (orange) 5-aza treated A11 cell line
genomic DNA along with the methylated (red) and unmethylated (green) controls
following bisulphite modification and amplification with the unmethylated-biased
primers L1 (one PCR replicate for each of the n = 4-5 samples is displayed).
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3.1.2.3 Statistical analysis of methylation differences between samples

using the Net Temperature Shift

In order to statistically quantify the differences in melt curves observed, a means of
deriving the methylation index of a sample based on the melting profile of the
amplicons was devised. Within the Rotor-Gene Q software, normalised melt curves
of all samples were generated. Following this, a control sample was selected (in this
instance, the methylated control DNA) and a difference plot of the melt curves
compared to the methylated control was generated (Figure 3-6B). The difference
plot fluorescence value at each temperature point (0.1°C intervals from 74°C to
84°C for a total of 100 readings) within the melt curve was exported to Microsoft
Excel. All values within the melt curve were summed and divided by 100 to give the
Net Temperature Shift (NTS) value. A greater negative NTS value indicates a greater
shift from the methylated control, and thus a less methylated sample. Using the
NTS, a significant dose-dependent demethylation of the L1 elements for samples
treated with 5-aza compared to the vehicle control (P <10”) and between the two

5-aza doses (P <10™) was observed (Figure 3-7).
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Figure 3-7: Quantitation of methylation differences using the Net Temperature
Shift.

Based on the difference plot of normalised fluorescence from the methylated
control, the normalised fluorescence at each temperature point on the melt curve
was used to calculate the mean NTS of the 5-aza treated samples for the L1
elements (n = 4-5 samples per treatment group). *P <0.05 compared to the vehicle
control; *P <0.05 compared to the 0.125 uM treated 5-aza samples. Error bars
represent 1 SE.

3.1.3 Validation of L1-HRM assay

3.1.3.1 Pyrosequencing

The L1-HRM PCR products were pyrosequenced in order to determine if all CpGs
within the L1-HRM amplicon in the 5-aza treated samples underwent demethylation

in comparison to the vehicle control (Figure 3-8).
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ACAGCCTCTGGAACAGGCAGAAGCACAGAGGGGCTGAGGCAGCACCCTKTGTGGGCCGGG|
CpG 1

IGACAGCCRGCCACCKTCCGGRCCRGAGGACAGGTGCCYRCCCGGCTGGGGAGGCGRCCTA
2 3 4 5 6 7

I[AGCCACAGCAGCAGCGGTCGCCATCTTGGTCCGRGACCCGCCGAACTTAGGAAATTAGTC
8 9 10 11 12

[TGAACAGGTGAGAGGGTGCGCMAGAGAACCTGACAGCTTCTGGAACAGGCAGAAGCACAG
13

Figure 3-8: Schematic diagram of the L1 pyrosequencing target sequence.

The pyrosequencing primer is highlighted by the green arrow and the region
pyrosequenced is shown in green.The location of sequence variants in the target L1
region (boxed region) in unmodified genomic DNA identified from both sequence
analysis of L1-PCR products (amplified with F _unmod mLINE1 and
R_unmod_mLINE1) and in silico PCR analysis are shown in bold, numbered 1-10 in
blue and characterised as an R (A/G), K (T/G) or M (A/C). CpGs are shaded and
numbered in black 1-13.

Pyrosequencing of CpGs 7 - 12 revealed that each of the six CpG sites in the DNA
from the 0.125 uM and 0.5 uM 5-aza treated cells displayed significantly less L1
methylation than the vehicle control (P <0.05), and that there was dose-dependent
demethylation of each CpG (P <0.05) (Figure 3-9A). The mean percent of L1
methylation across all six CpGs revealed a significant dose-dependent reduction in
L1 methylation with increasing concentration of 5-aza and a significant difference
between all treatments (P <10) (Figure 3-9B). Comparison of the 0.125 pM and 0.5
UM 5-aza treated samples demonstrated that CpG 9 had the greatest reduction in
methylation compared to the other CpG sites analysed (1 - 28% loss of methylation;
P <107), and in comparison with the CpGs from the vehicle control treated samples

(30 - 40% loss of methylation; P <10”). Between the 0.125 pM and 0.5 UM 5-aza
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samples the biggest difference in methylation was observed for CpG 12 (11.4%

difference; P <10™).
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Figure 3-9: Pyrosequencing of 5-aza treated A11 cells L1-HRM PCR products.

(A) The percent methylation of each CpG was plotted for each 5-aza concentration
(vehicle - blue, 0.125 uM - purple and 0.5 uM - orange) or control DNA status (red —
methylated control, green — unmethylated control). (B) The mean methylation of all
CpGs pyrosequenced (7-12) was plotted versus 5-aza concentration. *P <107
compared to the vehicle control; *P <0.05 compared to the 0.125 uM treated 5-aza
samples (n = 4-5 samples per treatment group). Error bars represent 1 SE.

3.1.3.2 Liquid chromatography-mass spectrometry

Liquid chromatography-mass spectrometry (LC-MS) was used to assess total
genomic 5mdC content in the 5-aza treated A1l samples for comparison with the
L1-HRM assay. A significant reduction in total genomic 5mdC content compared
with the vehicle control for both 0.125 uM and 0.5 uM treated samples was
observed (P <10) (Figure 3-10). Unlike the HRM assay and pyrosequencing, the LC-
MS method was unable to distinguish differences in DNA methylation between the

0.125 uM and 0.5 uM 5-aza treated cells. Bivariate correlations with 5-aza dose for
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the three assays showed equal and significant negative correlations (P <0.01) for
NTS vs. 5-aza dose (Pearson correlation coefficient: -0.952) and pyrosequencing
mean methylation vs. 5-aza dose (Pearson correlation coefficient: -0.952), with a
weaker but still significant negative correlation (P <0.01) between LC-MS 5mdC
content vs. 5-aza dose (Pearson correlation coefficient: -0.391). The NTS and
pyrosequencing mean methylation levels were highly and significantly correlated
with each other (Pearson correlation coefficient: 0.913; P <0.01), while the 5mdC
content by LC-MS, which is not specific for L1 methylation, showed less
concordance with the other two methods (Pearson correlation coefficient: LC-MS

and NTS, 0.387; LC-MS and pyrosequencing mean methylation, 0.377; P <0.01).
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Figure 3-10: Analysis of total genomic 5mdC content in 5-aza treated A11 cells.

Genomic DNA samples (n = 4-5 per treatment group) were analysed by liquid
chromatography — mass spectrometry (LC-MS) for total genomic 5mdC content and
mean percent methylation (5mdC/dG ratio) for each treatment group plotted (*P
<0.05). Error bars represent 1 SE.
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3.1.3.3 Sensitivity, reproducibility and linearity of the L1-HRM assay

The sensitivity, reproducibility and linearity of the L1-HRM assay were determined.
Various ratios of genomic DNA from the 0.5 pM 5-aza treated and vehicle treated
samples were made (prior to bisulphite modification) to create heterogeneously
methylated samples with predicted mean L1 methylation levels (based on
pyrosequencing measurements) between 45.4 and 75.6%. These methylation values
represented the highest and lowest methylation levels of the vehicle and 5-aza
treated samples. Linear regression analysis on the standard curve indicated that the
NTS was highly linear compared to the predicted L1 methylation levels of the
samples (P <0.001; R® = 0.992) (Figure 3-11). Bonferroni corrected post-hoc analysis
revealed that with the number of replicates used here, an absolute difference of 3%
mean L1 methylation or greater could be detected between two mixes of
heterogeneously methylated DNA (P <0.05). Comparison of these DNA mixtures by
L1-HRM was performed for two separate bisulphite modification reactions and two
HRM-PCR runs per modification (shown in Table 8) and revealed that neither
bisulphite modification batch nor PCR run made a significant contribution to the
overall variance (MANOVA, P <0.05), with the variance largely explained by the

predicted methylation levels of the various mixtures (P <0.01).
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Figure 3-11: Linearity of L1-HRM assay.

Linear regression analysis was performed on the mean NTS for samples of a
standard curve (R2 =0.992; P <0.001). The standard curve was made from mixtures
of the vehicle and 0.5 uM 5-aza treated A11 samples (75.6, 75.45, 75.3, 75, 74.09,
72.58, 69.56, 66.54, 63.52, 60.5 and 45.4% methylated) using the mean
pyrosequencing values for the two samples. The unmethylated control DNA (~3%
methylated) was also included in the L1-HRM PCR reactions. The samples underwent
two separate bisulphite modifications and were amplified with the unmethylated-
biased primers in two separate PCR reactions per bisulphite modification, prior to
melt analysis.
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3.1.4 Application of the HRM methylation assay to other murine repeat

elements

3.1.4.1 SINE1 and IAP_LTR repeat elements

As 5-aza is a general demethylating agent, the effect of the treatment at other
repeat elements was investigated in the 5-aza treated A11 hybridoma cells. Primers
specific for mouse B1 (Short Interspersed Elements; SINE family, Mm) and
Intracisternal-A particle Long Terminal Repeat elements (IAP_LTR) (Lane et al.,
2003) were designed to be used in the HRM assay. Due to the small size and
number of CpGs within the B1 repeat element (primers were located within the first
92 bp of the ~130 bp monomeric repeat unit), unmethylated-biased primers to
enhance the sensitivity of detection where unable to be designed, and therefore
primers were unbiased for methylation status. The IAP_LTR element primers were
able to be biased for unmethylated CpGs to enhance sensitivity (IAP_LTR; located
within the 5’LTR of the IAP promoter) (Figure 3-12). For both the B1 and IAP
elements, there was a significant difference in the NTS of the 0.125 uM and 0.5 uM
5-aza treated samples compared with the vehicle control (P <10”) (Figure 3-13).
Both repeat elements showed strong correlation with the L1 elements (P <0.01);
with the IAP_LTR demonstrating greater correlation with the L1 elements than the

B1 elements (Table 9).
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A
IAGCCGGGCGTGGTGGCGCACGCCTTTAATCCCAGCACTCGGGAGGCAGAGGCAGE
ICGGATTTCTGAGTTCGAGGCCAGCCTGGTCTACAAAGTGAGCTCCAGGAC

B
TAATATGGGTGGCCTATTTGCTCTTATTAAAAGGAAAGGGGGAGATGTTGGGAGCC

ACGCICCACATTCGCCGTTACAAGATGGCGCTGACAGCTGTGTTCTAAGTGGTAAAC
IAMAATAATCTGCGCATGTGCCGAGGGTGGTTCTCCACTCCATGTGCTCTGCCTTCCC|
ICGTGACGWCAACTCGGCCCATGGGCTGCAGCCAATCAGGGAGTGACACGTCCTAGG|
[CGAAATATAACTCTCCTAAAAAAGGGACGGGGTTCGTTTTCTCTCTCTCTTGCTTC

Figure 3-12: Murine B1 and Intracisternal-A-Particle Long Terminal Repeat
element sequences.

The target consensus sequence of the (A) murine B1 and (B) murine IAP_LTR repeat
elements (boxed region) are shown with the CpGs shaded in grey. Sequence
polymorphisms are depicted as a W (A/T).
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Figure 3-13: Demethylation of B1 and IAP_LTR repeat elements after 5-aza
treatment.

The mean NTS of the 5-aza treated samples for murine B1 family Mm repeat
element (B1_Mm) amplified with unbiased primers, and the Intracisternal- A-
Particle Long Terminal Repeat (IAP_LTR) elements amplified with unmethylated-
biased primers following bisulphite modification of genomic DNA (n = 4-5 samples
per treatment group) (*P <10” compared to the vehicle control). Error bars
represent 1 SE.
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Table 9: Pearson correlation of L1, B1 and IAP repeat element NTS values for the
5-aza treated A11 cell line samples.

Pearson Correlation Coefficient

Treatment LINEL Bl Mm IAP_LTR

Treatment (vehicle, 0.5 uM, 0.125 uM) 1 -0.937* -0.482*  -0.750*
LINE1 -0.937* 1 0.672* 0.868*
Bl _Mm -0.482* 0.672* 1 0.801*
IAP_LTR -0.750* 0.868* 0.801* 1
*P <0.01

3.2 Discussion

Analysis of the methylation levels of L1 elements using HRM presents a challenge
due to the number of CpGs within the CpG islands, and the abundance and
sequence diversity of L1 elements throughout the genome. Methylation profiles will
be heterogeneous and will produce complex melt curves that cannot be quantified
by comparison to a standard curve of methylated/unmethylated DNA. The first aim
of this thesis was to utilise HRM technology in order to detect small changes in DNA
methylation to L1 elements throughout the genome that may result from
perturbations to the homeostatic environment following both low and high dose

radiation exposure.

3.2.1 Detection of demethylation using the L1-HRM assay

HRM analysis of bisulphite modified DNA templates is used to investigate DNA

methylation, with various quantitative calculations of methylation levels employed.
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These calculations range from comparing Cq values to a standard curve (Kristensen
et al., 2008; Stanzer et al., 2010), a calculation based on the temperature at which
half of the PCR products have melted (Smith et al., 2009), measuring the height of
the differential fluorescence melt peak from a nominated control (Malentacchi et
al., 2009), TagMan™ probe technology (Eads et al., 2000) and single dilutions of
complex melt curves (Candiloro et al., 2008). In these assays, the methylation of a
sample is calculated by comparison to a standard curve that is generated using
completely methylated and unmethylated control DNA (Eads et al., 2000; Candiloro
et al., 2008; Kristensen et al., 2008; Lorente et al., 2008; Malentacchi et al., 2009;
Smith et al., 2009; Stanzer et al., 2010). With the exception of Stanzer et al (2010),
all assays were utilised to investigate gross changes in CpG methylation at single
genomic loci in cancer samples. In this thesis, as a proof-of-principle, the chemical
demethylating agent 5-aza was used to demonstrate the detection of L1
demethylation using HRM. Treatment with 5-aza causes significant reduction in
total genomic 5mdC levels (Jittermann et al., 1994; Mund et al., 2005). In this
study, the doses of 5-aza used were 2-20 fold lower than doses reported in the
literature that induce almost complete loss of DNA methylation (Jittermann et al.,
1994; Mund et al., 2005; Palii et al., 2008; Smith et al., 2009). Furthermore, the A1l
cells underwent only one cell division. It was proposed that only one cell division
following treatment with low concentrations of 5-aza treatment would cause partial
demethylation resulting in increased heterogeneity across the L1 elements. Initial
analysis of the resulting melt curves following amplification with primers unbiased
for L1 methylation status demonstrated demethylation of the 5-aza treated cells

compared with vehicle treated cells but no difference between the two 5-aza doses
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(0.125 uM and 0.5 uM). To enhance the detection of small differences in
methylation, primers were biased for unmethylated CpGs within the primer binding
sites to enrich for the small proportion of samples that had undergone partial
demethylation, hypothesising that CpGs within the target region would also have
undergone some partial demethylation. When these primers were applied to the
same 5-aza treated samples, a difference in the melt curves of the two different 5-
aza doses was observed, indicating that the biased primers were capable of
detecting changes in GC content of the L1 elements following bisulphite

modification that were too small to be detected by the unbiased primers.

In order to quantify these differences, a novel means of measuring the difference in
melt temperature between samples following PCR was devised — termed the Net
Temperature Shift (NTS). The NTS quantifies changes in methylation (based on the
GC content of the amplicons) compared to a control sample, rather than
determining mean percent methylation of a target region, and incorporates all
products that melt at each 0.1°C interval within the melt range for an amplified
sample. By analysing the data obtained at all points within the melt curve, all
products that are melting are included in the final index of methylation. This
approach enables non-uniform melt profiles to be more accurately analysed in
comparison to other reported methods for analysing HRM data, for example, the
T50 (Smith et al., 2009) or the differential fluorescence peak (Malentacchi et al.,

2009), where only a single point in the melt curve is measured.
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3.2.2 Validation of HRM assay detection of methylation differences

It has been reported that 3’ end primer biasing can introduce amplification-bias-
induced false positive results, and can lead to the overestimation of the number of
methylated or unmethylated samples (Wojdacz and Hansen, 2006; Wojdacz and
Dobrovic, 2007; Wojdacz et al., 2008a; Wojdacz et al., 2008b). However, analysis of
the L1-HRM PCR products by pyrosequencing confirmed that the L1 elements
amplified by the biased primers were heterogeneously methylated and that primer
biasing did not enrich for L1 elements that were completely unmethylated at all
CpGs. The mean methylation of all CpGs within the L1 target region analysed by
pyrosequencing confirmed that there was dose dependent demethylation with 5-
aza treatment compared to vehicle treated control cells, however it also
demonstrated that the level of demethylation induced by 5-aza was not uniform
across all of the CpGs. The non-CpG sequence variation of the L1 elements
restricted the pyrosequencing analysis to only 6 out of the 13 CpG dinucleotides. As
HRM will detect non-CpG polymorphisms there is the potential for these non-CpG
variants to influence the melting profiles of the amplified L1 elements. When the
L1-HRM assay was applied to bisulphite-unmodified gDNA from the 5-aza treated
Al11 cells following amplification with bisulphite-unmodified and methylation
status-unbiased specific L1 primers, there was no difference in the melt curves of
the unmodified genomic DNA (gDNA). This demonstrated that differences in the
melt curves of the bisulphite modified 5-aza treated samples were due CpG

differences.

Application of the assay to two other murine repetitive DNA elements

demonstrated that the assay design can also be applied to other repeat elements.
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The number of CpGs available for analysis within the smaller B1 elements precluded
the design and use of unmethylated-biased primers to the enhance sensitivity of
detection, while the IAP_LTR element primers were able to be biased for
unmethylated CpGs to enhance sensitivity. Although not significant, the IAP_LTR
elements appeared to display a greater NTS difference between the 0.125 uM and
0.5 puM treated 5-aza samples relative to the B1 elements. While this may provide
further evidence that biasing can increase the sensitivity to detect small changes in
cytosine content, it could also indicate that the number of CpGs within a target
region influence sensitivity. Biasing of primers for these elements to investigate
demethylation following 5-aza treatment has not been reported, with only two
studies investigating demethylation of B1 (Jeong and Lee, 2005) and IAP_LTR
(Brunmeir et al., 2010) elements following 5-aza treatment with doses ranging from
0.2 -1 puM. In both of these reports, only 3 CpGs were analysed compared to the 7

that were analysed in this thesis, and primers were not biased.

While good correlation between the L1-HRM assay and the LC-MS data was
observed, the HRM assay is specific for L1 methylation, and may not reflect changes
in cytosine content occurring elsewhere. The demonstration of methylation
differences between the two 5-aza doses using the L1 assay suggests that either
there is a difference in GC content at the L1 elements that is not reflected in the
total genomic 5mdC content, indicating that L1 elements are more sensitive to 5-
aza induced demethylation, or, that the L1 assay has greater sensitivity to detect
small changes in DNA methylation. L1 elements have been shown in other studies
to be relatively resistant to 5-aza induced demethylation compared to other

sequences in the genome (Bender et al., 1998). This suggests that the L1 assay is a
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sensitive assay capable of detecting changes in L1 DNA methylation across the

genome.

3.2.3 Reproducibility, sensitivity and linearity of the L1-HRM assay

Irahara et al (2010) analysed the precision and reproducibility of pyrosequencing to
detect methylation differences, which is reported to be one of the most sensitive
methods for methylation analysis. They demonstrated that variability arising from
bisulphite modification ranged from 1.2 — 4.2%, and run to run variation for the
pyrosequencing reactions ranged from 1.9 — 3.8% of the detected mean CpG
methylation. The L1 assay presented here was shown to be as sensitive as the gold
standard methods, with a 3% difference in NTS between samples detected. The
sensitive nature of the L1-HRM assay as a result of biasing the primers was further
demonstrated by the strong correlation of the assay with the pyrosequencing
results. Assessment of the effect of PCR and bisulphite modification reaction
variability on detection of methylation differences confirmed that the differences
detected between samples was not due to inherent PCR or bisulphite modification

variability, but due to differences in cytosine content.

In their human LINE1 element specific HRM assay, Stanzer et al (2010) reported that
although linear, their assay had a low dynamic range, i.e. smaller methylation
differences between samples were more difficult to detect. They surmised that this
could in part be due to sequence variation between individuals at CpGs that may
have undergone evolutionary deamination with conversion of the CpG’s to TpG,

resulting in a higher “background noise”. From analysis of the consensus L1
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sequence presented here, it was shown that: 1) the sequence variants occurred at a
low frequency; 2) there was no significant difference in the melt curves of non-
bisulphite modified gDNA; and 3) there was good correlation of the HRM data with
LC-MS. Compared with pyrosequencing, the L1 assay is not as limited by the
presence of non-CpG sequence variants or the size of the target region. The target
region of a pyrosequencing assay is restricted to ~30 nucleotides, whereas the L1
assay as designed in this thesis incorporates an entire CpG island consisting of 13

CpGs spanning 192 bp (of the ~6 kb L1 element).

Tse et al (2011) in their paper describe a human LINE1 HRM assay. In their assay,
the linearity of the assay was examined using ratios of completely methylated and
unmethylated control DNA samples, and demonstrated a strong correlation
between the predicted methylation level and HRM generated methylation value. A
similar result was reported by Stanzer et al (2010) for their human LINE1 HRM
assay. However, unlike the assay described in this thesis, the ability of the assays
described by Tse et al (2011) and Stanzer et al (2010) to detect differences in
melting temperature between heterogeneously methylated samples was not
investigated. The murine L1-HRM assay developed here demonstrated a strong
correlation with predicted methylation levels, and demonstrated linear detection of
heterogeneously methylated samples ranging from 45 — 75% methylated. Based on
previous reports of L1 methylation changes, complete demethylation of the repeat
elements would not be expected in response to exogenous and endogenous
modulators of DNA methylation, but it would be likely that changes would be
heterogeneous (Estecio et al., 2007; lIgarashi et al., 2010; Irahara et al., 2010;

Stanzer et al., 2010; Aporntewan et al., 2011).
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3.2.4 Conclusion

In summary, the murine L1-HRM assay provides the ability to quantitatively
measure L1 DNA methylation changes where individual CpG methylation data or
mean percent (%) methylation is not sought. The assay has been shown to be
reproducible and has the ability to detect small changes in methylation between
heterogeneously methylated samples, providing a useful assay for studying
methylation changes at repeat elements in response to exogenous agents in a
mouse model. In experiments where limited template is available, or many samples
need to be screened, the L1 assay provides a high-throughput, reproducible, in-
house technique to screen for changes in DNA methylation. In subsequent chapters,
the L1-HRM assay has been utilised to investigate the L1 methylation changes in
response to both high and low dose radiation exposure, in particular the temporal
nature of DNA methylation changes (Chapter 4), and the response of L1 methylation
in ageing animals that were exposed to a low dose of radiation in early life (Chapter

5).
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4 ANALYSIS OF REPEAT ELEMENT DNA
METHYLATION CHANGES IN MOUSE
STRAINS WITH DIFFERING RADIATION
SENSITIVITIES FOLLOWING EXPOSURE TO
IONISING RADIATION

Studies have demonstrated that different inbred mouse strains respond differently
to radiation exposure. The BALB/c, CBA and C57BI/6 strains are the most commonly
utilised mouse strains in radiation research, and are classified as radiation-sensitive
(BALB/c and CBA) or radiation-resistant (C57BI/6). Their differences in
radiosensitivity have been determined by investigating end-points such as time to
lethality (Grahn and Hamilton, 1957; Kallman, 1962; Roderick, 1963; Lindsay et al.,
2007), chromosomal aberrations (Ponnaiya et al., 1997; Hamasaki et al., 2007),
deficiencies in DNA repair (Biedermann et al., 1991; Okayasu et al., 2000; Hamasaki
et al., 2007) and the development of radiation-induced malignancies (Storer, 1967;

Giotopoulos et al., 2006; Jackson et al., 2011).

DNA methylation is generally a stably inherited modification to DNA that affects
gene expression by influencing chromatin structure, and is considered to be a key
player in maintaining genome stability. It has been proposed that modulation of
DNA methylation, namely a loss of methylation, may be involved in the

development of radiation-induced malignancies (Giotopoulos et al., 2006).

A number of studies have been conducted to investigate DNA methylation

responses following radiation exposure. The majority of research has been
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conducted in the radioresistant C57BI/6 mouse strain with variable results. Table 4
(Chapter 1; page 41) outlines the experiments published to date investigating
modulation of DNA methylation following ionising radiation exposure in vivo using
mouse models. In these studies the liver, thymus, muscle and testis all display
increases and decreases in global DNA methylation levels following doses ranging
from 0.5 to 10 Gy. It also appears that these changes occurred quite early (<6 h)
following irradiation. Many of the tissues and time-points demonstrate no change;
some show a gain of methylation, while other studies demonstrate that the changes
are dependent on whether the animal is male or female. The various studies also
used a range of methods (HPLC, cytosine extension assay, methylation-specific PCR)
to analyse methylation levels. The different methods, time-points of analysis,
radiation doses, dose-rate and tissues investigated makes it difficult to compare
studies. Although the BALB/c, CBA and C57BI/6 mouse strains have been compared
for other markers of genomic stability (such as chromosomal aberrations) following
irradiation based on radiation-sensitivity status, only one study has investigated
whether radiation-sensitivity influences the modulation of DNA methylation. In
comparing C57BI/6 and CBA mouse strains, Giotopoulos et al (2006) demonstrated
that there was no difference in the baseline genomic DNA methylation levels of the
tissues investigated (spleen and bone marrow) using HPLC, with only the bone
marrow from the CBA mice demonstrating a change (loss) of methylation following
irradiation with 3 Gy X-rays. These results suggest that tissue-specific modulation of
DNA methylation following ionising radiation exposure may be influenced by the
radiosensitivity of the mice. The aim of this chapter was to further investigate if

radiosensitivity influences the modulation of DNA methylation in vivo by directly
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comparing three mouse strains that differ in their radiosensitivity. This study was
performed using the L1-HRM assay described in Chapter 3. It was hypothesised that
increased radiation-sensitivity would influence the modulation of L1 DNA
methylation, with the more radiosensitive mice (BALB/c and CBA) exhibiting a
greater loss of L1 DNA methylation compared to the radioresistant C57BIl/6 mice.
The L1 methylation levels of the spleen, a radiosensitive organ that has been shown
to exhibit differences between the strains for other experimental end-points, was

investigated in male and female mice at various time-points following irradiation.

4.1 Results

4.1.1 L1 methylation levels in mouse spleen 6-7 days following 1 Gy X-

irradiation

Changes in L1 methylation were investigated in the spleen tissues of radioresistant
C57BI/6 and radiosensitive BALB/c and CBA mice 6-7 days following whole body
irradiation with sham (0 Gy) and 1 Gy X-rays. Both male and female BALB/c mice
irradiated with 1 Gy demonstrated a marked increase in L1 methylation compared
with sham-irradiated mice (male: P <107; female: P = 0.040) (Figure 4-1), as did
female CBA mice (P = 0.009). The BALB/c and CBA experiment was conducted twice,
with the same result observed for both experiments. Figure 4-1 shows the mean of
the two irradiation experiments for the BALB/c and CBA mice. Neither the 1 Gy
treated male CBA mice nor the male or female C57BI/6 mice demonstrated

significant changes in L1 methylation level compared with the sham-irradiated mice.
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Figure 4-1: Spleen tissue L1 methylation
in BALB/c, CBA and C57BI/6 mice 6-7
days following irradiation with 1 Gy X-
rays.

BALB/c, CBA and C57BI/6 spleen tissue
mean L1 NTS 6-7 days following sham
(blue) or 1 Gy (orange) X-irradiation from
male (n = 4-5 per treatment group) and
female (n = 5 per treatment group) mice.
L1 methylation was analysed following
bisulphite modification of gDNA and
amplification with L1 unmethylated-
biased primers. The graphs for the
BALB/c and CBA mice represent the
mean of the vresults from two
independent irradiation experiments.
The effect of 1 Gy compared to sham-
irradiation was analysed using the
Independent Samples  T-test, with
significance achieved at P <0.05. Error
bars represent 1 SE.
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4.1.1.1 Pyrosequencing analysis of spleen L1-HRM assay samples from male

BALB/c and female CBA mice 6 days following 1 Gy X-irradiation

Pyrosequencing was used to determine the methylation levels at CpGs 7-12 of the
L1-HRM PCR product target region in the male BALB/c and female CBA mice. The
male BALB/c mice were analysed as these mice demonstrated the largest change in
methylation following irradiation, while the female CBA mice were chosen as the
male CBA mice did not demonstrate a change following irradiation. C57BI/6 mice
were not analysed as this strain did not demonstrate a change in L1 methylation
levels following irradiation. Compared to sham-irradiated mice, male BALB/c mice
treated with 1 Gy demonstrated significant increases in methylation at CpGs 7, 9, 10
and 12 (Table 10 and Figure 4-2A). The female CBA mice did not demonstrate
significant differences between the treatment groups at any CpG, however they
displayed a similar pattern of CpG methylation to that observed in the male BALB/c
mice. For both the female CBA and male BALB/c mice, CpG 7 was the least
methylated CpG and CpG 12 was the most methylated of the CpGs analysed. The
mean methylation (Figure 4-2B) of all the CpGs analysed by pyrosequencing
revealed a significant difference of 2.34% in methylation between the sham and 1

Gy irradiated male BALB/c mice (P = 0.013).
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Table 10: L1 CpG methylation levels (%) for male BALB/c and female CBA mice 6
days following 1 Gy X-irradiation using pyrosequencing.

Dose
oGy’ 1Gy»
Strain Strain
CpG
BALB/c CBA BALB/c CBA
7 55.09 55.91 58.40 58.92
8 58.48 58.82 59.33 59.07
9 69.60 72.29 72.60 75.21
10 75.85 78.44 77.65 79.97
11 68.18 70.05 70.06 70.86
12 79.16 82.55 82.36 84.58
Mean 67.73 69.68 70.07 71.44
SD 1.14 3.85 1.19 1.35
*n=4-5
An=5
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Figure 4-2: LC-MS and pyrosequencing analysis of spleen methylation levels in
male BALB/c and female CBA mice 6 days following 1 Gy X-irradiation.

The effect of sham (0 Gy; blue) and 1 Gy (orange) X-irradiation on male BALB/c (n =
4-5 per treatment group) and female CBA mice (n = 5 per treatment group) spleen
tissue DNA methylation at indvidual CpGs within the L1 element CpG island (CpGs 7-
12) was analysed by pyrosequencing. (B) The mean methylation of all CpGs
pyrosequenced in the sham and 1 Gy irradiated male BALB/c and female CBA mice.
The effect of 1 Gy compared to 0 Gy was analysed using the Independent Samples T-
test, with significance achieved at P <0.05. Error bars represent 1 SE.
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4.1.2 LC-MS analysis of male BALB/c and female CBA mouse spleen total

genomic DNA methylation levels 6 days following 1 Gy X-irradiation

The total 5-methylcytosine (5mdC) content of splenic genomic DNA 6 days following
1 Gy and shame-irradiation was determined for the male BALB/c and female CBA
mice using LC-MS (Figure 4-3). There was no significant difference in genomic 5mdC

between the treatment groups for either strain.
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Figure 4-3: LC-MS analysis of total splenic genomic DNA methylation levels in male
BALB/c and female CBA mice 6 days following 1 Gy X-irradiation.

Total genomic 5mdC content in spleen tissue of male BALB/c (n = 4-5 per treatment
group) and female CBA mice (n = 5 per treatment group) 6 days following irradiation
with sham or 1 Gy X-rays was analysed using LC-MS. Percent methylation was
calculated as the ratio of 5mdC/dG. Error bars represent 1 SE.
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4.1.3 B1 and IAP repeat element methylation levels of male and female

BALB/c and CBA mouse spleen 6 days following 1 Gy X-irradiation

The mouse strains that demonstrated changes in L1 methylation were investigated
for changes at other murine repeat elements. Spleen B1 and IAP_LTR element
methylation changes in response to 1 Gy X-irradiation were also investigated in the
BALB/c and CBA mice. The male BALB/c mice demonstrated a significant increase in
B1 element methylation following 1 Gy irradiation (P = 0.014). A significant
difference in B1 and IAP_LTR methylation for the female BALB/c mice and the male

and female CBA mice was not detected (Figure 4-4).
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Figure 4-4: B1 and IAP repeat element methylation in spleen tissues from BALB/c
and CBA mice 6 days following 1 Gy X-irradiation.

BALB/c and CBA spleen tissue mean NTS of B1 (B1_Mm) and Intracisternal-A-
Particle Long Terminal Repeat (IAP_LTR) elements 6 days following sham (blue) or 1
Gy (orange) X-irradiation from male (n = 4-5 per treatment group) and female (n = 5
per treatment group) mice. B1 and IAP methylation was analysed following
bisulphite modification of gDNA and amplification with methylation-status unbiased
B1 or unmethylated-biased IAP_LTR primers. The effect of 1 Gy compared to sham-
irradiation was analysed using the Independent Samples T-test, with significance
achieved at P <0.05. Error bars represent 1 SE.
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4.1.4 Analysis of temporal spleen methylation changes in C57Bl/6 mice

following 1 Gy X-irradiation

Previous studies have investigated the effect of high dose radiation exposure on
total genomic 5mdC levels using the C57BI/6 mouse strain (Table 1, page 41). These
studies analysed methylation levels at time-points ranging from 6 hours to 4 weeks
post- irradiation and demonstrated that methylation levels varied at the different
time-points. As no change in L1 methylation levels was observed at 7 days post-
irradiation in the C57BI/6 mice, L1 methylation levels in the spleen were
investigated at time-points ranging from 7 h to 14 days following irradiation with 1
Gy. Archival frozen tissues were utilised for these experiments. Each time-point
represents an individual irradiation experiment with its own sham-irradiated
control, this data were normalised to the mean of the sham-irradiated mice for

each experiment.

A significant increase in L1 methylation was observed 1 day following irradiation
with 1 Gy compared to sham-irradiated mice (P = 0.048) (Figure 4-5). By 3 days
post- irradiation, L1 methylation levels had returned to that of the sham-irradiated
mice. By 14 days post- irradiation, a significant loss in L1 methylation was detected
for mice treated with 1 Gy (P = 0.001). Although there was an even distribution of
male and female mice across the treatment groups for each time-point, there were

not enough mice of each sex in each treatment group to analyse for sex differences.
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Figure 4-5: L1 methylation levels in C57BI/6 spleen tissue up to 14 days following
irradiation with 1 Gy X-rays.

C57BI/6 mouse spleen tissue L1 methylation levels were analysed 0.3 days (7 h) to
14 days following sham-irradiation (blue) or irradiation with 1 Gy (orange) X-rays (n
= 4-6 per treatment group) following bisulphite modification of gDNA and
amplification with unmethylated-biased primers. Data were normalised to the mean
NTS of the sham-irradiated mice at each time-point. The effect of 1 Gy compared to
sham-treatment was analysed using an Independent Samples T-test, with
significance achieved at P <0.05. Error bars represent 1 SE.

4.1.4.1 Pyrosequencing analysis of spleen L1 methylation changes in

C57BIl/6 mice 1 and 14 days following 1 Gy X-irradiation

Pyrosequencing revealed no difference between the treatment groups at 1 day
post-irradiation at individual CpGs (CpGs 7-12) within the L1-HRM target region
(Figure 4-6A). Regardless of radiation dose, CpG 12 had statistically greater
methylation compared with all CpGs (P <10™ vs. CpGs 7, 8 and 11; P = 0.006 vs.
CpGY; P = 0.027 v CpG10; ANOVA with Bonferroni post-hoc analysis), while CpG 8

was the least methylated compared with all CpGs (P <10® vs. CpGs 9, 10 and 12; P =
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0.001 vs. CpG7; P = 0.006 vs. CpG11; ANOVA with Bonferroni post-hoc analysis). At
14 days post-irradiation, there was a significant reduction in methylation at CpGs 7,
9 and 12 (P = 0.009, P = 0.005 and P <10~ respectively) within the L1-HRM target
region (Figure 4-6B). There was a significant reduction in the mean methylation of
all CpGs pyrosequenced (P <107) for 1 Gy irradiated mice compared to sham-

irradiated mice 14 days post-irradiation.
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Figure 4-6: Pyrosequencing analysis of spleen methylation levels from C57BI/6
mice 1 and 14 days following irradiation with 1 Gy X-rays.

The effect on the methylation of CpGs 7-12 within the L1 HRM-PCR target region (A)
1 day (n = 5 per treatment group) and (B) 14 days (n = 6 per treatment group)
following sham (blue) and 1 Gy (orange) X-irradiation was analysed using
pyrosequencing. The difference in methylation between sham and 1 Gy at each CpG
was assessed using the Independent Samples T-test, with significance achieved at P
<0.05. Error bars represent 1 SE.
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4.1.4.2 LC-MS analysis of spleen tissue genomic DNA from C57Bl/6 mice 1

and 14 days following 1 Gy X-irradiation

No change in 5mdC content was detected by LC-MS in the spleen tissues of C57BI/6
mice 1 (Figure 4-7A) and 14 (Figure 4-7B) days following irradiation with sham and 1

Gy X-rays.
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Figure 4-7: LC-MS analysis of spleen genomic 5mdC levels from C57BI/6 mice 14
days following irradiation with 1 Gy X-rays.

Total genomic 5mdC levels in the spleen tissues of sham or 1 Gy X-irradiated
C57BI/6 mice (A) 1 day (n = 5 per treatment group) and (B) 14 days (n = 6 mice per
treatment group) following irradiation was assessed using LC-MS. Error bars
represent 1 SE.
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4.1.4.3 Spleen B1 and IAP element methylation levels in C57Bl/6 mice 14
days following 1 Gy X-irradiation

The greatest difference in L1 NTS in the C57BI/6 mice was observed between sham

and 1 Gy irradiated mice at 14 days following irradiation. Therefore, the

methylation levels of the B1 and IAP_LTR elements at this time-point were also

analysed (Figure 4-8). A significant loss of methylation at the IAP_LTR elements was

observed (P = 0.003). While not significant (P = 0.059), the B1 elements also showed

a trend towards a loss of methylation.
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Figure 4-8: C57BI/6 mouse spleen tissue B1 and IAP element methylation 14 days
following irradiation with 1 Gy X-rays.

C57BI/6 mouse spleen tissue mean NTS of B1 and IAP_LTR repeat elements 14 days
following sham (0 Gy) or 1 Gy X-irradiation (n = 6 per treatment group) was
analysed following bisulphite modification of gDNA and amplification with
unbiased-B1 and unmethylated-biased IAP_LTR primers. The effect of 1 Gy
compared to 0 Gy was analysed using an Independent Samples T-test, with
significance achieved at P <0.05. Error bars represent 1 SE.
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4.1.4.4 Pyrosequencing analysis of the methylation changes at all CpGs
within the L1-HRM assay target sequence in the spleens of C57Bl/6
mice 14 days following 1 Gy X-irradiation
Following the observation that the loss of methylation at CpGs 7-12 within the L1
target region was not uniform across all CpGs 14 days following 1 Gy X-irradiation,
the methylation levels of CpGs 2-6 was assessed. However, the cluster of non-CpG
SNPs at the 5’ end of the L1-HRM target amplicon inhibited the design of a suitable
assay that could pyrosequence CpGs 2-6 (see Section 3.1.3.1). Therefore, in order to
assess the methylation levels of CpGs 2-6, the dispensation order of the
pyrosequencing assay was altered so that the SNPs that occur at the beginning of
the L1 amplicon were not included in the assay. Briefly, where a SNP occurred in the
sequence, for example, in the case of an A/G, rather than an R being placed at the
nucleotide position indicating to the pyrosequencing assay program (Pyro Q-CpG)
that at that particular location within the target sequence there could be an A or a
G (Figure 4-9A), the dominant SNP was placed first in the sequence followed by the
less common base (Figure 4-9B). This proved to be a successful approach with all 11
CpGs (not including the CpGs located within the primer binding sites) being

successfully pyrosequenced (Figure 4-10).
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A
SNP 1 2 3 4 5
GTTGAGGTAGTATTTTKTGTGGGTCGGGGATAGTCRGTTATTKTTCGGRTCRGAGGATAGGT
6 7 8
GTTYRTTCGGTTGGGGAGGCGRTTTAAGTTATAGTAGTAGCGGTCGTTATTTTGGTTCGRGA

TTCGTCGAA

SNP 1 2 3 4 5
GTTGAGGTAGTATTTTGTTGTGGGTTGGGGATAGTCAGGTTATTGT TTCGGAGTCAGGAGGA
6 7
TAGGTGTTCTAGTTCGGTTGGGGAGGCGAGTTTAAGTTATAGTAGTAGCGGTCGTTATTTTG
8
GTTCGAGGATTCGTCGAA

Figure 4-9: L1 pyrosequencing dispensation sequence.

The L1 target sequence (shown here as the bisulphite modified sequence) for
pyrosequencing analysis was altered in order to sequence CpGs 2-12. (A) The L1
sequence containing the non-CpG SNPs within the target pyrosequencing region.
The SNPs are shown in bold and represented as a K (G/T), R (A/G) or a Y (T/C) and
numbered 1-8. (B) The altered target sequence to incorporate the SNPs. The altered
SNP sites are in bold and underlined with the dominant nucleotide of the SNP
appearing first in sequence. CpGs 1-12 are shown and shaded in grey.

CpGs 2 (P = 0.014), 3 (P = 0.004), 4 (P = 0.004) and 5 (P = 0.002) were less
methylated 14 days following irradiation with 1 Gy (Figure 4-10A). For CpGs 2 -5, 7,
9 and 12 there was a significant difference in methylation between sham and 1 Gy
irradiated mice of 3.7 — 5.4% (P <0.05). The mean methylation of all the CpGs (2 -
12) demonstrated that there was a 3% loss of methylation within the L1 element in
the spleen tissues of mice treated with 1 Gy compared to sham-irradiated mice (P =
0.010) (Figure 4-10B). An attempt was made at pyrosequencing CpGs 2 - 6 from the
spleens of mice analysed 1 day following 1 Gy X-irradiation, but needed to be

repeated to confirm the results.
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Figure 4-10: Pyrosequencing analysis of all CpGs within the L1 CpG island of spleen
samples from C57BI/6 mice 14 days following irradiation with 1 Gy X-rays.

(A) The effect of sham (0 Gy; blue) and 1 Gy (orange) X-irradiation on L1 methylation
levels in the spleens of C57BIl/6 mice (n = 6 per treatment group) 14 days following
irradiation was assessed by pyrosequencing CpGs 2-12 of the L1-HRM PCR products.
(B) The mean methylation of all CoGs pyrosequenced was determined. The effect of
1 Gy compared to sham-treatment was analysed using an Independent Samples T-
test, with significance achieved at P <0.05. Error bars represent 1 SE.
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4.1.4.5 L1 promoter analysis

Lee et al (2010b) reported that within the mouse L1 promoter, two transcription
factor binding sites, Ying Yang-1 (YY1) and E2F, appear to be conserved. Athanikar et
al (2004) reported that human L1 elements require YY1 for transcription. Analysis of
the L1 consensus promoter from this study using  TFSearch
(http://www.cbrc.jp/htbin/nph-tfsearcg) demonstrated the presence of several
intact YY1 (CGGTCGCCATCTTGGT) and E2F (CAGAGAA) transcription factor binding
sites. One YY1 binding site was located within the L1 amplicon sequence and
incorporated CpGs 8 and 9 (Figure 4-11A). It has been reported that besides
needing intact YY1 binding sites, the L1 promoter also needs to contain a minimum
of 2 monomer repeat sequences (DeBerardinis and Kazazian, 1999). Comparison of
the consensus L1 promoter sequence features (monomer positions and YY1 and E2F
binding sites) with that reported by Lee et al (2010b) for mouse L1 promoters
(Figure 4-11B and C) demonstrated that the L1 promoter sequence from this study
has the same structure as the actively transcribed L1 elements described by Lee et
al (2010b). Furthermore, the target L1 sequences amplified in this study are from
the T family, reported to be the L1 elements most capable of being transcribed

(DeBerardinis et al., 1998; Naas et al., 1998).
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CpG 1 2 3 4 5 6 7
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Figure 4-11: Analysis of the L1 promoter sequence.

The promoter sequence downstream of the L1 amplicon sequence was analysed for
features reported to be associated with actively transcribed L1 elements. (A) The
promoter sequence is shown with the L1 amplicon sequence highlighted in bold and
the CpGs shaded grey and numbered 1 - 13. Transcription factors YY1 (solid red box)
and E2F (solid green box) binding sites are shown within Monomers 3 (dark blue
outline), 2 (light blue outline) and 1 (red outline). (B) The schematic of the mouse L1
promoter by Lee et al (2010b). The vertical lines indicate the position and numbering
of repeat sequence monomers; the boxes represent the transcription factor binding
sites, YY1 (solid red box) and E2F (solid green green). The corresponding position of
the CpG island in relation to the transcription start site (ATG) is illustrated by the
light blue box. (C) Schematic of the consensus L1 promoter from this study. The
complete promoter sequence and ORFs 1 and 2 are in Appendix D.

Primers specific for the L1 open reading frame 1 (ORF1) and open reading frame 2
(ORF2) sequences were used to investigate the transcription of the L1 repeat
elements (Muotri et al., 2010) (see Appendix B for primer sequences and Appendix
D for location within the L1-HRM assay promoter sequence). Gene expression
studies require multiple stably expressed reference genes (RGs) for qPCR data
normalisation (Bustin et al., 2010). Therefore, 7 RGs were chosen based on previous

use in our laboratory (pol2rc), historically used RGs (Gapdh and Rn18s), and genes
selected using the program Genevestigator® (Coch, Cpb-1, Pnlip and Spic-c). Briefly,

®

Genevestigator™ is an open access program whereby researchers can deposit gene

expression data and microarray studies. These studies are grouped by species,
treatments, tissues and other variables. The program has been designed for the
identification of genes that are unaffected by treatment and other experimental
variables that may be suitable as RGs. A RG is one which remains unaffected by

treatment and is expressed at similar levels to the target genes. Therefore, a spleen

116



Chapter 4: Analysis of the modulation of DNA methylation in the BALB/c, CBA and C57BI/6 mouse strains

cDNA sample was screened with all candidate RGs (data not shown). RGs were
automatically excluded if they had poor amplification or failed to amplify at the Tm
which was specific for the ORF primers. The ORF primers amplified very early
compared with the RG primers. One RG (Rn18s) failed to amplify under the
conditions which were specific for all of the other primers, while Cpb-1 and Pnlip
had poor/late amplification. For all L1 transcript experiments, the candidate RGs
Gapdh, Pol2rc, Coch and Spi-c were included in the assay. The most stable RGs to
which the data could be normalised were determined using geNorm, within the

program gbase™"".

Spleen tissue RNA from mice culled 14 days following irradiation with sham or 1 Gy
was amplified for the four RGs (Gapdh, Pol2rc, Coch, and Spi-c). GeNorm analysis
determined that Coch and Pol2rc were the two most stable RGs and thus all data

were normalised to these genes (data not shown).

There was no significant change in the level of ORF1 or ORF2 transcripts observed
following irradiation with 1 Gy (Figure 4-12). Samples were analysed in two separate
reverse-transcription and gqPCR experiments. The transcript levels did not correlate

with the pyrosequencing mean methylation or LC-MS data (Table 11).
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Figure 4-12: L1 transcript levels in the spleen tissues of C57BI/6 mice 14 days
following irradiation with sham or 1 Gy X-rays.

The relative L1 ORF 1 (primer sets a and b) and ORF2 (primer sets a and b) transcript
levels were analysed in the spleens of C57Bl/6 mice (n = 4-5 mice per treatment
group) 14 days following sham (blue) or 1 Gy (orange) X-irradiation. gBase™* was
used to normalise gPCR data values to the geometric mean of the reference genes

Coch and Pol2rc (Hellemans et al., 2007). Error bars represent 1 SE.

Table 11: Correlation of L1 transcript levels with LC-MS and pyrosequencing mean
methylation.

ORFla ORF1b ORF2a ORF2b
correlation P- correlation P- correlation P- correlation P-
coefficient® value | coefficient® value | coefficient* value | coefficient’  value
LCMS -0.286 0.493 0.071 0.867 0 1 0.048 0.911
Pyro* 0.317 0.406 0.517 0.154 0.517 0.154 0.217 0.579

*Spearman’s rho non-parametric analysis
*Mean methylation of all CpGs pyrosequenced

To determine if a loss of methylation at the L1 promoter was associated with
increased L1 transcription, 5-aza treated A1l cell line samples (see Section 3.1.2)
were analysed. For all 7 RGs, an effect of 5-aza treatment was observed, and thus all
7 RGs were unsuitable for data normalisation. Therefore, expression data was

normalised to RNA input using the ACt method. Only one primer set for each L1-

118



Chapter 4: Analysis of the modulation of DNA methylation in the BALB/c, CBA and C57BI/6 mouse strains

ORF was analysed. The L1-ORF1 transcript levels were not significantly altered
following treatment with 0.5 UM 5-aza. Although not significant (P = 0.066), there
was a trend towards increased L1-ORF2 transcript levels following treatment with

0.5 uM 5-aza compared to the vehicle treated cells (Figure 4-13).
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Figure 4-13: L1 transcript expression in 5-aza treated A11 cells.

The relative expression of ORF1 and ORF2 transcripts were analysed in A11 cells 24 h
following treatment with vehicle control (DMSO — blue) or 0.5 uM 5-aza (orange) (n
= 3). Relative quantification of L1 transcript quantity was calculated based on RNA
input (ACt). Error bars represent 1 SE.

4.1.4.6 Analysis of histone H3 tri-methylation in the spleens of C57Bl/6 mice
14 days following 1 Gy X-irradiation

DNA methylation along with histone modifications influences chromatin structure.

Heavily methylated regions of the genome are associated with repressive histone

marks, such as the tri-methylation of histone H3 lysine 9 residue (H3me3K9). A

preliminary experiment was performed to assess the relative abundance of

H3me3K9, by Western Blot analysis in the C57BI/6 mice 14 days following
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irradiation with sham or 1 Gy (Figure 4-14A). In the mice treated with 1 Gy, there
was a trend towards a loss of tri-methylation at lysine 9 (P = 0.054) (Figure 4-14B).
However, the experiment needs to be repeated due to the uneven loading of

sample, evident in the total histone H3 band (upper panel).
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Figure 4-14: Analysis of histone H3 tri-methylation in spleen tissue of C57BI/6
mice 14 days following 1 Gy X-irradiation.

The tri-methylation of histone H3 lysine 9 (H3me3K9) in C57Bl/6 mice 14 days
following sham or 1 Gy X-irradiation (n = 6 per treatment group). (A) Histone
proteins were acid extracted from three 25 uM frozen spleen sections, quantitated
and 10 ug of lysate loaded onto a Criterion"™TGX™ Stain-Free pre-cast gel. Proteins
were transferred to PVDF and probed with a rabbit anti-H3me3K9 antibody. The gel
(top row) was imaged and total histone H3 protein was used as a loading control to
normalise antibody band intensity (bottom row). (B) The H3me3K9 band intensity
was normalised to the mean of the total H3 gel band and fold relative abundance of
1 Gy X-irradiated mice (orange) was normalised to the mean of the sham-irradiated
mice (blue) of two western blot experiments. The effect of 1 Gy compared to sham-
treatment was analysed using an Independent Samples T-test, with significance
achieved at P <0.05. Error bars represent 1 SE.
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4.1.5 Analysis of spleen temporal L1 methylation changes in BALB/c and

CBA mice following 1 Gy X-irradiation

Changes to spleen L1 methylation at a time-point prior to and after 6 days following
sham or 1 Gy X-irradiation were analysed in the BALB/c and CBA mice for
comparison with the results observed for the C57BI/6 mice in Section 4.1.4, and to
the data obtained at 6 days following irradiation observed for the BALB/c and CBA

mice in Section 4.1.1.

At 1 day post-irradiation, female BALB/c and male CBA mice demonstrated a
significant increase in L1 methylation following irradiation with 1 Gy (female
BALB/c: P <10; male CBA: P = 0.008). The male BALB/c (P = 0.106) and the female
CBA (P = 0.256) mice did not demonstrate a significant increase at 1 day following
irradiation with 1 Gy. As discussed in Section 4.1.1, the male (P <10”) and female (P
= 0.040) BALB/c and the female CBA (P = 0.009) mice demonstrated a significant
increase in methylation at 6 days post-irradiation with 1 Gy. The male CBA mice did
not demonstrate a change following irradiation at 6 days (P = 0.340). By 14 days
following irradiation with 1 Gy, there was no difference in L1 methylation levels

compared to sham-irradiated mice in either strain (Figure 4-15).
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Figure 4-15: BALB/c and CBA L1 methylation levels 1, 6 and 14 days following
irradiation with 1 Gy X-rays.

The spleen tissue L1 methylation levels of male (n = 4-5) and female (n = 5) BALB/c
and CBA mice 1, 6 and 14 days following sham (blue) or 1 Gy (orange) X-irradiation
was analysed following bisulphite modification and amplification of gDNA with
unmethylated-biased primers. Data was normalised to the mean NTS for the sham-
irradiated mice for each time-point. The effect of 1 Gy compared to sham-treatment
was analysed using an Independent Samples T-test, with significance achieved at P
<0.05. The 6 days post-irradiation data is from Figure 4-1. Error bars represent 1 SE.
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4.1.6 Tissue L1 methylation levels of untreated BALB/c, CBA and C57Bl1/6
mice
Kidney, liver, peripheral blood (PB), prostate and spleen gDNA from 2-3 month old
male and female BALB/c, CBA and C57BI/6 mice were analysed using the
unmethylated-biased L1 primers (Figure 4-16). Analysis of the NTS values revealed
strain, tissue and gender differences in L1 methylation levels; with the PB samples
displaying the highest L1 methylation and the spleen tissue the lowest L1
methylation for male and female mice from the three strains. In all mice, the order
of L1 methylation from highest to lowest was as follows: PB> kidney2> liver2
prostate> spleen. For BALB/c mice, higher methylation was also observed in the
male kidney (P = 0.030) and spleen (P = 0.010) tissues compared to the females, and
for CBA mice, higher methylation was observed in the male kidney (P = 0.010), PB (P
= 0.010) and spleen (P = 0.028) tissues relative to female mice (P <10, ANOVA with
Bonferroni post-hoc analysis). For C57BI/6 mice, there was no difference in L1
methylation levels in any of the tissues studied between the male and female mice.
The female CBA mice demonstrated greater L1 methylation levels compared to both
the BALB/c and C57BI/6 female mice for all tissues except the spleen; while the
male CBA mice demonstrated higher L1 methylation of the kidney, liver, PB and
prostate tissues compared to both the BALB/c and C57BI/6 male mice (P <107,
ANOVA with Bonferroni post-hoc analysis). There was no difference in the spleen L1
methylation levels for the male and female mice from all three strains. Across the
strains and for both male and female mice, the order of highest to the lowest L1

methylation levels for all tissues was CBA >BALB/c >C57BI/6.
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Figure 4-16: L1 methylation in
various tissues from the BALB/c,
CBA and C57BI/6 mouse strains.

The L1 methylation levels in the
kidney, liver, peripheral blood
(PB), prostate and spleen tissues
of untreated 2-3 month old male
(n = 5) and female (n = 5) (A)
BALB/c, (B) CBA and (C) C57Bl/6
mice was assessed following
bisulphite  modification and
amplification with the
unmethylated-biased primers.
Error bars represent 1 SE.
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A comparison of the methylation-status unbiased primers on the male BALB/c
tissues showed hierarchy of tissue L1 methylation that correlated with the NTS for
the unmethylated-biased primers (Figure 4-17; P <0.01, Pearson correlation).
However, the methylation-status unbiased primers did not demonstrate significant
differences in L1 methylation between all tissues. For example, the spleen was less
methylated at L1 elements compared with all other tissues when analysed with the
unmethylated-biased primers (ANOVA, with Bonferroni post-hoc; P <0.05); whereas
the unbiased primers only demonstrated significant lower L1 methylation of the
spleen when compared with the PB samples (ANOVA, with Bonferroni post-hoc; P =

0.045).
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Figure 4-17: Analysis of male BALB/c tissue panel with methylation-status
unbiased L1 primers.

The L1 methylation levels in the kidney, liver, peripheral blood (PB), prostate and
spleen tissues of untreated 2-3 month old male (n = 5) BALB/c mice was assessed
following bisulphite modification and amplification with the methylation-status
unbiased primers. Error bars represent 1 SE.
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4.1.7 Tissue responses 6 days following 1 Gy X-irradiation in male and

female BALB/c and CBA mice

The L1 methylation levels of tissues other than the spleen in the BALB/c and CBA
mice (kidney, liver, prostate and PB) were analysed to determine if there were
changes in L1 methylation 6 days following 1 Gy X-irradiation similar to those
observed previously in the spleen (Table 12). There was no significant difference in
L1 methylation levels between the two treatment groups for these tissues. PB
sampling was performed 3 days prior to irradiation to establish base line
methylation levels and for comparison to the 6 day PB samples. There was no
significant difference between the pre- and post-irradiation blood samples (Table
13). Archival spleen tissues were used for the C57BI/6 study in Section 4.1.1

however other tissues from these mice were not available for analysis.

Table 12: Mean L1 NTS for tissues from BALB/c and CBA mice treated with 1 Gy X-
rays.

Male (n = 4-5) Female (n = 5)
Dose (Gy) 0 1 0 1
Mean Mean Mean Mean
D D D
Strain Tissue NTS >D NTS > NTS > NTS >

Liver -6.74 0.47 -6.36 04 -4.86 0.33 -5.41 0.61
BALB/c Kidney -3.32 0.26 -3.61 0.51 -3.91 0.51 -3.43 0.25
Prostate -5.87 0.55 -5.67 0.97 n/a

Liver | -3.67 0.24 -3.68 0.34 -3.45 0.64 -3.97 0.7

CBA Kidney -2.14 0.55 -2.57 0.82 -3.18 0.47 -3.28 0.65
Prostate -4.27 0.62 -4.17 0.7 n/a

NTS — net temperature shift
n/a — not applicable
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Table 13: Mean L1 NTS for peripheral blood samples from BALB/c and CBA mice
treated with 1 Gy X-rays.

Male (n = 4-5) Female (n = 5)
Dose (Gy) 0 1 0 1
Mean Mean Mean Mean

Strain Days NTS SD NTS SD NTS SD NTS SD

(-) 3 -2.90 1.36 -2.86 1.39 -2.79 1.35 -2.97 1.03
BALB/c

(+) 6° -2.84 1.40 -2.58 1.23 -2.52 0.95 -2.55 1.14

(-) 3 -2.49 0.80 -2.32 1.01 -1.99 1.05 -1.84 1.23

CBA
(+) 6 -2.41 1.33 -1.98 0.94 -2.08 0.86 -2.31 0.74

NTS — net temperature shift
" PB sample taken 3 days prior to irradiation
® PB sample taken 6 days following irradiation

4.1.8 Immunohistochemical analysis of spleen tissue cell populations

It was possible that the change in L1 methylation observed in the spleen tissues
following 1 Gy X-irradiation was not the result of changes in CpG methylation, but
due to a change in cell population of the spleen resulting in selection of cells with
higher (or lower) L1 methylation levels. Therefore spleen sections from the male
BALB/c and CBA mice 6 days following irradiation with 1 Gy were analysed with a
pan-T cell (CD3¢g) marker. Figure 4-18 depicts an example of a positive staining T-cell
area in the spleens of sham-irradiated BALB/c (Figure 4-18A and C) and CBA (Figure
4-18B and D) mice. Two spleen sections were cut and examined per mouse, with
ten random fields per slide photographed. A CellProfiler™ pipeline (Lamprecht et
al., 2007) (see Appendix F) was created to determine T-cell stained areas (Figure
4-19). Firstly, non-DAPI stained nuclei areas were masked (Figure 4-19A-B (i)). Areas

that demonstrated positive FITC/CD3e staining that also demonstrated DAPI
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staining were highlighted as T-cell areas (Figure 4-19A-B (ii)), following which the

intensity of the T-cell areas was determined (Figure 4-19A-B (iii)).

-

Figure 4-18: Dectection of splenic T-cells in male BALB/c and CBA mice using
immunohistochemistry.

Five um frozen spleen sections were cut and stained with a pan-T-cell marker (CD3¢;
FITC) and counterstained with DAPI to identify nuclei. Shown are merged images
(DAPI — blue; T-cell — green/FITC) taken on a 10x objective lens for a (A) BALB/c and
(B) CBA mouse; and merged images taken on a 20x objective lens for a (C) BALB/c
and (D) CBA mouse. Scale bars represent 100 um.
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Figure 4-19: CellProfiler™ identification of splenic T-cells.

CellProfiler™ analysis of a (A) low intensity T-cell area and (B) a high intensity T-cell
area. DAPI-stained nuclei were identified and non-stained areas masked (i) prior to
identification of T-cell areas (ii — outlined in green). The intensity of the T-cell stained
areas was then determined (iii). The colours represent different areas of cells
identified as positive staining and are arbitarily assigned to aid identification.

Analysis of the mean T-cell area of 1 to 10 random fields (roving mean) was
performed to determine the number of fields required to obtain a stable and
accurate T-cell frequency (Figure 4-20A). Comparison of the mean T-cell area of 6
fields versus 10 fields per spleen section indicated that a stable frequency was
achieved with a minimum of 6 fields, with no statistical difference between the
mean frequency of 6 fields and 10 fields per spleen section for each mouse (P >0.05)

(Figure 4-20B).

The mean T-cell area of spleen tissues from sham and 1 Gy treated male BALB/c and
CBA mice was determined (Figure 4-21). There was no significant difference in the
mean splenic T-cell area between the treatment groups for either strain. The CBA
mice had significantly more splenic T-cells (34 £7%) compared to the BALB/c mice
(24 £10%) (P = 0.013, Independent Samples T-test). A positive correlation between
mean L1-NTS and the mean T-cell area was observed (Pearson correlation
coefficient = 0.526; P = 0.004), indicating that mice with the highest L1 methylation

had the highest T-cell areas (Figure 4-22).
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Figure 4-20: The roving mean of T-cell areas in BALB/c spleen.

(A) Ten random fields per slide were photgraphed on a 10x objective lens. The
coloured lines represent the roving mean of T-cell frequency (T-cell area/ DAPI area)
per field as determined by CellProfiler for an indvidual slide/mouse (n = 9 mice). (B)
The roving mean of 6 and 10 fields per slide photgraphed on a 10 x objective lens
were compared for 10 slides (n =5 mice; 2 slides per mouse). There was no statistical
difference in the mean T-cell frequency between 6 and 10 fields. Ten fields per slide
were examined to ensure that the T-cell area frequency analysed represented a
stable frequency.
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Figure 4-21: Mean splenic T-cell staining area frequency of male BALB/c and CBA
mice.

Two 5 um frozen spleen sections from male BALB/c (n = 9 per treatment group) and
male CBA mice (n = 5 per treatment group) 6 days following sham (blue) and 1 Gy
(orange) X-irradiation were cut and stained with a pan-T-cell marker (CD3€) and a
DAPI counter stain. Ten random fields were photographed on a 10x objective lens
and the T-cell area frequency (T-cell stained area/DAPI area) was determined. Error
bars represent 1 SE.
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Figure 4-22: Correlation of NTS and splenic T-cell area frequency.

Pearson correlation was used to assess the relationship between mean L1 NTS and
T-cell frequency for each of the male BALB/c (n = 18) and CBA (n = 10) mice 6 days
following sham and 1 Gy X-irradiation.

132



Chapter 4: Analysis of the modulation of DNA methylation in the BALB/c, CBA and C57BI/6 mouse strains

4.2 Discussion

Radiation-sensitive mouse strains such as the BALB/c and CBA strains have been
shown to exhibit persistent, radiation-induced DNA damage compared to the
radiation-resistant C57BI/6 strain. Furthermore, ionising radiation has been
demonstrated to induce a loss of total genomic 5mdC in the radiosensitive CBA
mice compared with the radioresistant C57BI/6 mice. It was hypothesised here that
the more radiosensitive strains would also exhibit a greater loss of L1 DNA

methylation following radiation exposure.

4.2.1 Strain differences in response to irradiation

This is the first study to analyse the temporal L1 methylation response of three
mouse strains with varying radiation sensitivity following high dose radiation
exposure. A loss of L1 element DNA methylation is reported to induce genomic
instability due to the transcription and transposition of the elements (Hagan et al.,
2003; Howard et al., 2007). Here, it was demonstrated that there are strain and sex
differences influencing the temporal modulation of spleen L1 DNA methylation
following irradiation. All three strains exhibited an early increase (1 day) following
the irradiation, which was also sex-specific. Radiation will cause a stress effect on
the cells it interacts with. Genes involved in DNA repair are induced by both
environmental and physiological stresses (Liebermann and Hoffman, 2008). It has
been reported recently that rapid changes to the genome can occur following
stress. Hunter et al (2009; 2013) reported increased methylation of histone H3

lysine 9 residues following the induction of restraint stress in rats as early as 2 hours
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and persistent out to 7 days, and further examination revealed that the methylation
was of histones associated with heterochromatin. This histone mark is associated
with increased DNA methylation also. The increased methylation of L1 elements at
1 day following irradiation reported in this thesis may be a stress response to
prevent increased DNA damage that could result from transposition of the repeat
elements. Increases in methylation at a repeat element following irradiation have
been reported for Agouti mice irradiated (with low dose radiation) in utero. It was
proposed that the increased methylation, which resulted in the normal
pseudoagouti phenotype, was a protective mechanism against the morbidities
associated with the Agouti phenotype (Bernal et al., 2012). However, it is likely that
the increased methylation that was detected in all three strains is a temporary
response to the irradiation as both the 1 Gy irradiated BALB/c and CBA mice
exhibited no change in L1 methylation at 14 days in comparison to the sham-
irradiated mice. The radioresistant C57BI/6 mice demonstrated a reduction in
methylation at 14 days. Of the C57BI/6 mouse studies listed in Table 4 (Chapter 1,
page 41), both increases and decreases in total genomic methylation levels have
been demonstrated at early and late time-points following irradiation, however the
temporal response of repeat element methylation has not been investigated. It is
possible that the subsequent reduced methylation detected in the C57BI/6 mice at
day 14 could be the result of remaining, unrepaired DNA damage that is the result
of a failure, or an inability to restore methyl groups to CpG sites. The latest time-
point post-irradiation investigated previously to detect a loss of methylation was 4
weeks (Pogribny et al., 2004; Koturbash et al., 2005). In these studies, only thymus

tissue exhibited a reduction in total genomic methylation, while spleen and liver
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tissue did not. It is unclear, based on the literature as to whether the reduction in L1
methylation observed in the spleen tissue of the C57BI/6 mice is permanent. Later
time-points need to be investigated to determine if the reduction in L1 methylation
persists, indicating a long-term effect of irradiation. While the study performed by
Giotopoulos et al (2006) did not detect a change in splenic total 5mdC in CBA mice
up to 42 days post-irradiation, long-term effects on spleen L1 methylation levels
should also be investigated in the BALB/c and CBA mouse strains. When spleen
samples from this study were analysed using a method for quantitating total
genomic 5mdC (LC-MS), no change in total genomic 5mdC levels was observed in
the spleen tissues of the 1 Gy treated mice, regardless of the strain, sex or time
post-irradiation. As demonstrated in Chapter 3, the L1 assay can sensitively detect
changes in methylation of the L1 elements that cannot be distinguished in overall
5mdC levels by LC-MS. While the changes in L1 methylation are likely to be at many
sites across the genome, they may be relatively small in total and therefore not
reflected in the total genomic 5mdC levels. Detection of changes in the B1 and IAP
elements also confirms a more generalised effect of the irradiation on CpG

methylation modulation.

Comparisons of the responses of the three strains for other endpoints following
irradiation have been performed previously. It has been reported that different
gene pathways are activated following irradiation with 200 mGy in C57BI/6 and
BALB/c strains, with chromatin remodelling and signal transduction pathways
demonstrating the most diversity between the two strains (Mukherjee et al., 2010).
Furthermore, the three strains investigated in this thesis do exhibit differences in

DNA repair following exposure to >100 mGy ionising radiation, such as reduced
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levels and reactivity of repair proteins for the BALB/c mice compared with the

C57BI/6 mice (Ponnaiya et al., 1997; Okayasu et al., 2000; Hamasaki et al., 2007).

The DNA methyltransferases have been shown to be linked with DNA repair
processes (Gontijo et al., 2003; Mortusewicz et al., 2005; Li et al., 2007; Valinluck
and Sowers, 2007; Chiolo et al., 2011; Ha et al., 2011; Lee et al., 2011; Armstrong et
al., 2012), however it has not been reported whether there are tissue and strain
differences in the expression of the DNA methyltransferases following DNA damage.
A comparison of the mRNA expression and protein levels of the DNMTs in different
tissues and strains in irradiated and sham-irradiated mice would be informative.
Investigation of DNMT protein levels by Western Blot analysis was attempted in this
thesis, but was not successful. Further optimisation was required and could not be
performed within the time-frame of this candidature. Analysis of the DNMT mRNA
levels was also not investigated due to time constraints. There have been reports
that have shown a relationship between p53 and the maintenance
methyltransferase, DNMTL. It has been reported that p53 is involved in the control
of DNMT1 activity, whereby up-regulation of p53 represses DNMT1 (Peterson et al.,
2003; Esteve et al., 2005; Park et al., 2005). As mentioned in Section 1.2.1, the three
strains investigated in this thesis exhibit differences in p53 function and expression
levels (Feng et al., 2007; Lindsay et al., 2007), however a direct comparison has not
been performed. It is possible that the methylation differences observed in this
thesis could be due to the influence of p53 on the DNMTs, although a direct link is

yet to be established.

136



Chapter 4: Analysis of the modulation of DNA methylation in the BALB/c, CBA and C57BI/6 mouse strains

Strain differences in normal de novo methylation activity has been demonstrated,
with the de novo methylation occurring at different chromosomal locations for the
strains investigated (Schumacher et al., 2000). A role for the de novo
methyltransferases in the modulation of radiation-induced DNA methylation
changes has been shown, where a loss of DNA methylation in the testes of C57BI/6
mice correlated with down regulation of DNMT3a but not DNMT1 following
irradiation with 2.5 Gy (Filkowski et al., 2010). Murine L1 elements have also been
shown to exhibit strain-specific polymorphisms which are distributed non-randomly
through the genome, contributing to strain genetic variation (Akagi et al., 2008),
and a recent study has also reported that both tissue type and genomic location of
the L1 element influences its methylation level (Ekram et al., 2012). Thus, the
differences in L1 methylation responses observed here between the strains may be
influenced by differences in both DNA methyltransferase activity linked with DNA
repair, and differences in the chromosomal locations of the L1 elements affected by

the radiation exposure.

In un-irradiated mice, differences between the three strains for baseline
methylation levels in various tissues were demonstrated, with the C57BI/6 strain
displaying the lowest tissue L1 methylation levels compared to the BALB/c and CBA
strains, while the CBA strain had the highest. The exception was the spleen, where
there was no difference between the strains. It has previously been demonstrated
that total genomic 5mdC levels in spleen are similar in CBA and C57BI/6 mice
(Giotopoulos et al., 2006). This study is the first report of the methylation levels for
a panel of tissues from more than one mouse strain, and the data correlates with

the hierarchy of tissue 5mdC levels previously reported for the C57BI/6 strain
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(Vanyushin et al., 1973; Gama-Sosa et al., 1983; Tawa et al., 1998; Giotopoulos et
al., 2006). These results suggest that the hierarchy of tissue L1 methylation is
common across the mouse strains. This is the first report of the L1 methylation
levels for a tissue panel from BALB/c, CBA and C57BI/6 mice, and the first time
peripheral blood (PB) methylation levels have been analysed. Using both the
methylation-status unbiased and unmethylated-biased L1 primers, the PB was
shown to be more methylated at L1 elements compared with other tissues. It was
found that the PB samples demonstrated reduced and stochastic amplification with
the unmethylated-biased L1 primers compared to amplification with the
methylation-status unbiased L1 primers (data not shown). It was hypothesised that
there were reduced target sites for the unmethylated-biased L1 primers due to the
high methylation level of the PB, resulting in the stochastic amplification of
technical and biological replicates. PB L1 methylation levels are commonly used in
human studies to monitor the modulation of methylation by exogenous factors, and
have been reported to be highly methylated (Estecio et al., 2007; Bollati et al., 2009;
Irahara et al., 2010; Jintaridth and Mutirangura, 2010; EI-Maarri et al., 2011; Woo
and Kim, 2012; Wu et al., 2012), as was observed for the murine samples used in
this thesis. Only archival tissues from irradiated C57BI/6 mice were used in this
thesis, and tissues other than the spleen were not available to study. Analysis of a
tissue panel from both male and female BALB/c and CBA mice irradiated with 1 Gy
demonstrated no detectable effect on L1 methylation in any of the tissues 6 days
post-irradiation. It is possible that the radiosensitivity of the spleen may influence
the methylation responses observed. The spleen is a radiosensitive organ due to its

high cellular turnover, the process of which has been demonstrated to influence the
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radiation sensitivity of a tissue/organ (Dixon, 1985; Liu et al., 2011a). Furthermore,
it has been suggested that the high cellular turnover of a tissue influences it DNA
methylation levels, with highly proliferative tissues exhibiting lower total genomic
5mdC (Ehrlich et al., 1982; Gama-Sosa et al., 1983). It has also been shown that
there are regions of the genome that are differentially methylated in different
tissues, and that these regions respond differently to exogenous modulators of DNA

methylation (Christensen et al., 2009; Song et al., 2009).

It is possible that dose-rate as well as the genetic background of the mice used in
this study may have influenced the results observed, as the BALB/c and CBA mice
were irradiated at a dose-rate of 1 Gy/ min, while the archival C57BI/6 mice had
received 1 Gy at a dose-rate of 179 mGy/ min. The methylation studies reported in
the literature used doses ranging from 0.5 Gy to 10 Gy, as well as low-dose chronic
irradiation to a total dose of 0.5 Gy; with dose-rates ranging from 2 mGy/ s to 5 Gy/
min (see Table 4, page 41). One study which compared the effect of dose-rate on
time to lethality in the BALB/c and C57BI/6 strains indicated that the C57BI/6 mice
were more affected by the dose-rate compared to the BALB/c mice (Kallman, 1962).
The C57BI/6 mice were more sensitive to a higher dose-rate, while the BALB/c mice
demonstrated a similar LDsg across the dose-rates investigated. Vesselinovitch et a/
(1971) demonstrated that the development of cancers in C57BI/6 mice following
irradiation was tissue specific at different doses. Liver tumours had reduced
incidence at higher X-ray doses, while the rate of haematopoietic cancers such as
leukaemia and lymphoma increased when dose was increased. Haematopoietic
tissues were observed to be more sensitive to the radiation exposure. In the studies

investigating the effect of irradiation on DNA methylation responses, there is no
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consistency in the results showing an effect of dose-rate, except for the studies that
demonstrated a loss of methylation, either a high dose (> 3 Gy) or high dose-rate (>
3 Gy/ min) was used. There is evidence showing that dose-rate can induce
differences in the rate of DNA repair (reviewed in Vilenchik and Knudson, 2000). At
a lower dose-rate, the time taken to deliver the dose increases, compared with the
time of exposure for a higher dose-rate. However, for doses between 100 mGy/min
and 1 Gy/min, the initial chemical processes in response to the radiation exposure,
such as the generation of reactive oxygen species will occur, but the irradiation
times to deliver a dose of 1 Gy are not considered long enough for the repair of DNA
damage or any other processes to have begun (discussed by Steel, 1997). As the
three mouse strains exhibit differences in sensitivity to dose-rate, experiments
using 179 mGy/ min on the BALB/c and CBA mice, and 1 Gy/ min on the C57BI/6
mice are needed to determine if the differences in L1 methylation modulation are
influenced by the dose-rate used. In addition, the archival C57BI/6 mouse spleen
tissues analysed in this study were irradiated with X-ray energies ranging from 100 —
140 kVp, while the BALB/c and CBA mice were irradiated with 1 Gy using 6 MeV X-
rays. It is unlikely that the energy of the X-rays used to deliver the 1 Gy would have
had an effect on the results observed in this thesis, as it is generally accepted that
all X-ray energies have the same relative biological effectiveness (E. Bezak, personal
communication), and experimentally, it has been demonstrated that initial DNA
damage is not different between X-ray energies for the same dose (Gomolka et al.,

2005).

Strain differences in splenic cell populations have been reported, with CBA mice

demonstrating a greater T-cell:B-cell ratio compared to BALB/c mice, while C57BI/6
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mice have an equal ratio of T- and B-cells (Forni, 1988). It is possible that the
increases in methylation observed following irradiation may not be due to de novo
methylation of CpGs within the L1 elements of cells originally residing in the spleen,
but instead due to changes in splenic cell populations resulting in a greater
proportion of more highly methylated cells migrating into the spleen following
irradiation. Comparison of the male BALB/c mice (which exhibited the greatest
increase in methylation) and the male CBA mice (which exhibited no change in
methylation) 6 days following irradiation was performed, with no difference in the
proportion of T-cells in the spleen for either strain between sham and 1 Gy
irradiated mice. The CBA mice exhibited more T-cell positive areas compared with
the BALB/c mice which were consistent with the literature (Forni, 1988; de Haan et
al., 1997). Although there was no significant difference in T-cell frequency between
the sham and 1 Gy treated mice, T-cell frequency did correlate with the L1 NTS,
whereby those mice with higher L1 methylation had a higher frequency of T-cell
areas. This indicates that L1 methylation levels in the spleen are influenced by
differences in cell population. The influence of T-cell subtypes on methylation levels
cannot be discounted as it is possible that there was a disproportionate increase in
subtypes of T-cells following the radiation exposure. It has been shown in C57BI/6
mice irradiated with 1 Gy that there were differences in T-cell subtype populations
compared with the sham-irradiated mice (Harrington et al., 1997). Meissner et al
(2008) reported that B-cells are more methylated (~17%) compared to T-cells
(~11%), and as B-cell frequency was not investigated in this thesis, the increase in
methylation due to B-cell frequency cannot be excluded. As L1 NTS did correlate

with T-cell area, and T-cell sub-type and B-cell frequencies have not been

141



Chapter 4: Analysis of the modulation of DNA methylation in the BALB/c, CBA and C57BI/6 mouse strains

investigated, splenic cell population influences on DNA methylation levels cannot be

excluded and warrants further investigation.

4.2.2 Sex differences in L1 methylation levels in response to X-irradiation

In the BALB/c and CBA mouse temporal studies, the male CBA mice exhibited early
increases in L1 methylation following irradiation in comparison to female CBA mice.
For the Bl elements, only the male BALB/c exhibited an increase following
irradiation. Recently, it was shown that male offspring of dams irradiated with
doses ranging from 7 — 760 mGy exhibited increased methylation of the IAP
element upstream of the Agouti locus compared with female mice (Bernal et al.,
2012). Differences in global DNA methylation levels following irradiation between
male and female C57BI/6 mice have been reported (Kovalchuk et al., 2004a;
Kovalchuk et al., 2004b; Pogribny et al., 2004; Besplug et al., 2005; Cassie et al.,
2006), but this is the first time different methylation responses between sexes in
other mouse strains have been detected. It has previously been hypothesised that
the methylation responses may be influenced by sex-hormones. In one animal
study, it was observed that there were differences between ovarectomized and
hormonally normal female C57BI/6 mice for global DNA methylation and DNMT
protein levels following 0.5 Gy X-irradiation. The ovarectomized female mice
demonstrated similar liver DNA methylation levels and expression of the de novo
DNMTs to that of male mice. Spleen methylation levels were unaffected by
hormone levels, however male and female mice did display differences in spleen

methylation levels following irradiation (Raiche et al., 2004). Similarly, in humans it
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was shown for PB that L1 methylation levels are different between males and
females, however unlike the mouse study, did not appear to be affected by
hormonal cycles and/or hormone levels (EI-Maarri et al.,, 2011). These studies
suggest that the sex-based differences in spleen L1 methylation observed in this
thesis may not be due to the influence of sex hormones. No effect of irradiation was
observed in other tissues for both the male and female mice used in the study
presented here, however there were baseline differences in L1 methylation levels
between the sexes. This is the first report of differences in L1 methylation levels
between male and female mice from across different mouse strains, and the first
report of differences in the temporal modulation of L1 methylation following

ionising radiation exposure.

4.2.3 Analysis of the effect of changes in methylation to the L1 promoter

Analysis of the L1-HRM assay consensus promoter sequence revealed that it
displays the same structure as actively transcribed L1 promoters described by Lee et
al (2010b). The L1-HRM assay consensus promoter contains 3 monomeric repeats
upstream of the start codon of ORF1, and within these repeats contains three Ying-
Yang 1 (YY1) and two E2F transcription factor binding sites, with one YY1 and one
E2F binding site found within the L1-HRM assay target sequence. YY1 has been
shown to be necessary for human L1 transcription (Athanikar et al., 2004). The
proteins involved in driving murine L1 transcription are yet to be determined,
however, as the murine L1 promoters contain intact YY1 binding sites, these are

proposed to be the proteins involved in transcription. A 2.8% reduction in
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methylation at 7 of the 11 CpGs located within the HRM assay L1 promoter, with
one of the CpGs located within the YY1 binding site, was observed in C57BI/6 mice
14 days post-irradiation with 1 Gy. However, no change in L1 transcript levels was
detected in these mice. YY1 has been found to be methylation-sensitive in its
binding to other repeat element promoters such as the IAP element (Satyamoorthy
etal., 1993). However, Hata and Sakaki (1997) reported that at human L1 promoter-
reporter constructs, CoG methylation at the YY1 binding site has little effect on the
binding of YY1, but that methylation of other CpGs within the promoter are critical
for correct transcription and transposition. Furthermore, it has been demonstrated
that a loss in methylation at a promoter does not always correspond to an increase
in transcript levels. Howard et al (2007) observed that in DNMT1 null mice that
exhibited genomic hypomethylation, there was no increase in the levels of the IAP
element transcript until tumours had developed, with transcripts found only in the
tumour tissue. Also, in another report, ~25% demethylation by 5-aza was
demonstrated to result in an 80-fold increase of IAP transcripts in vitro, with only a
2-fold increase in B1 element transcripts and no change in L1 transcript levels
(Brunmeir et al., 2010). Four of the 11 CpGs within the HRM assay L1 promoter
were unaffected by irradiation. It is possible that these CpGs are involved in the
repression of transcription, and modulation of the methylation of these CpGs is
critical. Evidence suggesting that all CpGs of the L1 promoter need to be modulated
in order to affect transcription was demonstrated in the 0.5 uM 5-aza treated A1l
cells, where although not significant, there was an increase in ORF2 transcript levels
that corresponded with an 18-40% loss of methylation at the 6 CpGs

pyrosequenced, which reflected an overall ~30% loss of total 5mdC content (as
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detected by LC-MS). The greatest loss of methylation was at the CpG located within
the YY1 binding site (¥40% compared with the vehicle control). The male BALB/c
mice that demonstrated an increase in methylation 6 days following irradiation had
increased methylation at 4 of the 6 CpGs pyrosequenced. Three of these CpGs were
the same as those affected in the C57BI/6 mice 14 days post-irradiation. This is the
first report of the effect of radiation exposure on individual CpGs within a murine L1
promoter, and the first to demonstrate that between mouse strains, the same CpGs
are resistant to, or affected by radiation exposure. As the CpG located within the
YY1 binding site showed decreased methylation at 14 days post-irradiation, it would
be interesting to determine if this reduction in methylation affects the binding of
YY1 to the L1 promoter. It would also be of interest to pyrosequence the other
time-points analysed for all strains. This would provide information regarding CpGs
that are repeatedly affected by radiation exposure, and may lead to identifying
crucial sequences within the L1 promoter. The region studied in this thesis is
derived from one monomer of the L1 promoter, and therefore the other monomers
of the L1 promoter should also be assessed using the HRM assay and
pyrosequencing to understand the overall effect of the radiation exposure on the L1
promoter region. To the best of my knowledge, this has not been assessed before in
any organism. Overall, the data suggests that a relatively small reduction in
methylation at the L1 element promoter does not result in an immediate increase in

L1 transcript levels.

It is possible that the radiation exposure altered the transcript levels of the B1 and
IAP repeat elements. As mentioned, Brunmeir et al (2010) reported that following

~25% loss of methylation, L1 element transcript levels were unchanged, while B1
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and IAP elements were increased. For the 14 days post-irradiation samples, a
greater difference in NTS was observed for the IAP_LTR elements than the L1 and
B1 elements following 1 Gy irradiation. This suggests that the IAP elements were
more affected by the radiation exposure and thus it would be interesting to assess

the transcript levels.

Changes in DNA methylation are associated with changes of other epigenetic
modifiers such as histone proteins, which affect chromatin structure and ultimately,
gene expression (Razin, 1998; Geiman and Robertson, 2002; Fraga et al., 2005;
Kondo et al., 2007; Fan et al., 2008; Sugimura et al., 2010). The tri-methylation of
lysine 9 on histone H3 (H3me3K9; known as a histone mark) is associated with
tightly compacted heterochromatin, and is found at heavily methylated sequences
of DNA such as L1 elements (Martens et al., 2005; Peng and Karpen, 2009). Losses in
DNA methylation have been associated with a reduction of this histone mark. When
the levels of H3me3K9 were assessed in the spleens of the C57BI/6 mice 14 days
following irradiation with 1 Gy, reduced H3me3K9 levels were detected (P = 0.054).
While this suggests that the 1 Gy radiation exposure is affecting heterochromatin
structure, resulting in less compacted chromatin, this was a preliminary experiment
that needs to be repeated to verify this observation. It is possible that if time-points
later than 14 days post-irradiation had been analysed, an increase in L1 transcripts
might have been detected due to relaxation of the chromatin surrounding the

repeat elements and increased accessibility to transcription factors.
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4.3 Conclusion

This is the first study to directly compare the modulation of repeat element

methylation in three strains of laboratory mice that differ in their radiosensitivity.

The results did not support the hypothesis that the most radiosensitive strains
would demonstrate the greatest loss of L1 element DNA methylation following
ionising radiation exposure. However, it was demonstrated that both male and
female mice from the radiosensitive BALB/c mice underwent modulation of L1 DNA
methylation compared with the less radiosensitive CBA and the radioresistant
C57BI/6, suggesting that modulation of repeat element methylation may be
influenced by radiation sensitivity. While the exact mechanism and biological
outcome of the changes in DNA methylation observed are still to be elucidated, this
study provides the first evidence that radiation exposure elicits time-dependent
changes in repeat element methylation levels that are influenced by the genetic

background and sex of the mice.
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5 LONGITUDINAL STUDY OF REPEAT
ELEMENT METHYLATION IN PERIPHERAL
BLOOD IN RESPONSE TO LOW DOSE
RADIATION

Age-associated changes in genomic stability are well documented for end-points
such as the accumulation of unrepaired DNA lesions, reduced levels of proteins
involved in maintaining genome integrity, changes in telomere length, and a loss of

DNA methylation (reviewed by Calvanese et al., 2009; reviewed by Gonzalo, 2010).

Telomere shortening is associated with ageing, whereby with each round of cell
division, the telomere caps are replaced, but begin to lose fidelity until the
telomeres are too short to prevent the degradation of DNA or the fusion of
chromosomes, following which cells undergo cell cycle arrest, apoptosis or
senescence. DNA methylation maintains genomic stability by preventing the
expression of genes that can promote carcinogenesis (proto-oncogenes) as well as
preventing the expression of transposable elements. In ageing mice, the gradual
loss of DNA methylation has been shown to correlate with a gradual increase in
transcription and subsequent retrotransposition of transposable elements such as
L1, B1 and IAP (Maegawa et al.; Mays-Hoopes et al., 1986; Gaubatz et al., 1991;
Barbot et al., 2002). Human studies have shown that in older individuals (>60 years
of age), there is also loss of methylation at these repeat elements (Bollati et al.,
2009; Calvanese et al., 2009; Jintaridth and Mutirangura, 2010; Liu et al., 2011b),

and a strong correlation of a loss of LINE1 methylation with cancers such as colon
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cancer, where an association between LINE1 hypomethylation and disease
progression has been demonstrated (Fahrner et al.,, 2002; Ogino et al., 2008b;
Christensen et al., 2009; Daskalos et al., 2009; Igarashi et al., 2010; Saito et al.,

2010; Wolff et al., 2010).

Shortened telomere length, DNA hypomethylation as well as increased cellular age
can enhance radiation sensitivity to high dose radiation exposure, leading to
increased radiation-induced damage that can ultimately result in either increased
cell death or the initiation of cancer (Lindop and Rotblat, 1962; Sasaki, 1991;
Gadhia, 1998; Beetstra et al., 2005; Shuryak et al., 2010; Drissi et al., 2011; Kato et
al., 2011). In contrast, low doses of radiation (<100 mGy) can increase longevity in
mice as well as suppress the development of cancers (Lorenz et al., 1955; Mitchel et
al., 2003; Mitchel et al., 2004; Ina et al., 2005; Sakai et al., 2006; Mitchel et al.,
2008), and reduce the level of endogenous DNA damage that accumulates with age
(Zaichkina et al., 2006). This is termed a low-dose radioadaptive response. In other
studies, increased age at irradiation has been demonstrated to reduce the efficacy

of the low-dose radioadaptive response (Gadhia, 1998; Miura et al., 2002).

Given that the radioadaptive response has been shown to stimulate a long-term
reduction in age-related accumulation of endogenous DNA damage as well as
increase longevity, and that ageing is associated with a decline in repeat element
DNA methylation, the aim of this chapter was to determine if the radioadaptive
response could reduce or prevent the decline in L1 and Bl element DNA
methylation associated with ageing, when the low dose of radiation was delivered

to young mice. In order to investigate changes in the repeat element DNA
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methylation levels over time following low dose irradiation, ageing mice were
monitored using serial blood sampling. Telomere length in the ageing mice was also
investigated to determine if the adaptive response could prevent age-related

telomere shortening.

5.1 Results

5.1.1 Longitudinal study of repeat element DNA methylation in mice up to

299 days following 10 mGy X-irradiation (Longitudinal Study #1)

5.1.1.1 Outline of study

Changes in mouse PB L1 methylation levels over time following whole body
irradiation with 0 mGy (sham) or 10 mGy X-rays were studied. Ten C57BI/6 mice
were allocated to each treatment group, and three days prior to irradiation, mice
were weighed and a tail-vein peripheral blood (PB) sample was taken. Three days
following irradiation, and at various time-points up to 299 days post-irradiation,

mice were weighed and underwent PB sampling (outlined in Figure 5-1 and Table
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Figure 5-1: Outline of longitudinal study.

Twenty C57BI/6 mice underwent tail-vein peripheral blood (PB) sampling three days
prior to irradiation with sham or 10 mGy X-rays (red arrow; n = 10 per treatment
group). PB samples were taken at various time-points following the irradiation
(black arrows).
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Table 14: Age of mice at PB sampling in longitudinal study (#1) up to 299 days
post-irradiation with 10 mGy X-rays.

Dose (mGy)
0 10
Time post-irradiation (d) n Age(months) SD | n Age(months) SD
Male |5 4.36 041 |5 3.95 0.75
3 Female | 5 4.05 0345 4.40 0.46
3 Male |5 4.56 041 |5 4.15 0.75
Female | 5 4.25 0.34 |5 4.60 0.46
14 Male |5 4.92 041 |5 4.51 0.75
Female | 5 4.61 0.34 |5 4.96 0.46
Male |5 5.94 041 |5 5.53 0.75
44 Female | 5 5.63 0.34 |5 5.98 0.46
g Male |3 7.04 0.49 | 5 6.77 0.75
Female | 5 6.88 0.34 | 5 7.23 0.46
206 Male |3 11.18 0.49 | 3 11.14 0.97
Female | 5 11.02 0.34 | 5 11.37 0.46
545 Male |2 12.22 0.60 | 3 12.32 0.97
Female | 5 12.20 0.34 | 5 12.55 0.46
599 Male |2 14.00 0.60 | 3 14.09 0.97
Female | 5 13.98 0.34 |5 14.32 0.46

n = number of mice

5.1.1.2 Analysis of mouse weight and repeat element methylation changes

following 10 mGy X- irradiation

At the final time-point of 299 days post-irradiation, the mean age of male and
female mice was 14.05 (+0.06) and 14.15 (+0.24) months respectively. By 85 days
post-irradiation, only three sham-irradiated male mice remained, and therefore
male and female mice were not analysed separately. Repeated measures analysis of
weight change over time revealed that there was a significant increase in weight for
mice in both treatment groups (P <10), but no effect of irradiation on the weight

changes over time (P = 0.725) (Figure 5-2).
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Figure 5-2: Mean weight over time of mice irradiated with sham and 10 mGy X-
rays up to 299 days post-irradiation.

Twenty C57BIl/6 mice (n = 10 per treatment group) irradiated with sham (blue) or 10
mGy (green) X-rays were weighed 3 days prior to, and at various time-points
following irradiation (7 < n < 10 per treatment group). Error bars represent 1 SE.

Due to the number of PB samples collected over the course of the study, it was not
feasible to bisulphite modify all samples at the same time due to the equipment
available and the time required. The samples were also unable to be run in the
same HRM-PCR due to the size limitation of the PCR machine. Therefore, samples
were randomly allocated to a bisulphite modification group and then re-distributed
to a HRM-PCR group (Figure 5-3). This randomisation was necessary to remove any
variation that could occur between different bisulphite modification reactions and

PCRs.
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Figure 5-3: Outline of sample randomisation for HRM analysis.

PB gDNA samples were randomly allocated to a bisulphite modification group.
Following bisulphite modification, samples were then randomly allocated to a PCR
group prior to PCR and HRM analysis. Spleen samples were all bisulphite modified in
the same reaction and underwent PCR and HRM analysis in the same PCR run.

Based on the logistics of analysing all samples up to 299 days post-irradiation, the
L1 methylation of samples from time-points -3 to 85 days were initially analysed. An
analysis of variance on the NTS data obtained demonstrated that there was
variation in L1 NTS between samples due to PCR group allocation (P <10), but this
was not the cause of the differences in NTS observed for an individual mouse over
time. Multivariate analysis indicated that there was no significant difference in NTS
of the pre- and post-irradiation bleeds up to 85 days post-irradiation (P = 0.282), nor

was there an effect of irradiation on L1 NTS (P = 0.656) (Figure 5-4).
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Figure 5-4: Mean PB L1 NTS of mice up to 85 days post-irradiation with 10 mGy X-
rays.

C57BI/6 mice had a tail-vein PB sample taken three days prior to and at time-points
up to 85 days following irradiation (7 < n < 10 per treatment group) with sham
(blue) or 10 mGy (green) X-rays. Following extraction and bisulphite modification, PB
gDNA was amplified with unmethylated-biased L1 primers and the mean NTS was
determined. Error bars represent 1 SE.

PB samples were taken at subsequent time-points of 206, 245 and 299 days post-
irradiation (as outlined in Figure 5-1 and Table 14). As no effect on L1 methylation
was observed at time-points prior to 85 days post-irradiation, analysis of both L1
and B1 element methylation levels were conducted on samples from -3, 85, 206,
245 and 299 days post-irradiation. Due to the small number of male mice remaining
by 299 days post-irradiation, male and female mice were not analysed separately.
Mouse-to-mouse variation in NTS for both L1 and B1 repeat elements at each time-
point was detected, with increases and decreases in NTS observed for individual
mice from both treatment groups (P <0.05) (Figure 5-5). No significant effect of

irradiation on the changes detected over time was observed (P >0.05) (Table 15).
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Figure 5-5: PB L1 and B1 element NTS of mice up to 299 days post-irradiation with
sham or 10 mGy X-rays.

Three days prior to, and at various time-points following irradiation with sham or 10
mGy X-rays, C57Bl/6 mice (7 < n < 10 at each time-point) underwent tail-vein PB
sampling. Following extraction and bisulphite modification, gDNA was amplified
with L1 unmethylated-biased or methylation-status unbiased B1_Mm primers and
mean NTS was determined. Coloured lines represent individual mice.
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Table 15: Analysis of changes in PB L1 and Bl element NTS up to 299 days
following irradiation with 10 mGy X-rays.

P-value
Changes in NTS over time L1 B1
Individual mice <107* <10°*
0 mGy <107* <10°*
10 mGy <107* <10°*
0 mGy vs. 10 mGy 0.933 0.350

*Repeated measures analysis; P <0.05

No significant difference between sham and 10 mGy irradiated mice was observed
for mean L1 NTS at each time-point (P >0.05). For Bl elements, there was a
significant difference in NTS between sham and 10 mGy irradiated mice at 299 days
post-irradiation, with the 10 mGy mice showing less methylation (P = 0.032) (Figure
5-6). While the B1 NTS of the sham-irradiated mice at 299 days was not significantly
different to the pre-irradiation samples, the mice irradiated with 10 mGy exhibited
reduced methylation at 299 days compared with the pre-irradiation samples (P =

0.016; repeated measures analysis).
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Figure 5-6: Mean L1 and B1 element NTS of PB samples up to 299 days following
irradiation with sham or 10 mGy X-rays.

Three days prior to, and at various time-points following irradiation with sham
(blue) or 10 mGy (green) X-rays, C57Bl/6 mice (7 < n < 10 per treatment group)
underwent tail-vein PB sampling. Following extraction and bisulphite modification,
gDNA was amplified with L1 unmethylated-biased or methylation-status unbiased
B1_Mm primers and the mean NTS for samples at each time-point was determined.
The difference in mean NTS between sham and 10 mGy irradiated mice at each
time-point was analysed using the Independent Samples T-test. The difference in
NTS between time-points was assessed using repeated measures analysis.
Significance was achieved at P <0.05. Error bars represent 1 SE.
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The spleen NTS was analysed for the mice remaining at the end of the study (299
days post-irradiation). All samples were included in a single PCR experiment (as
outlined in Figure 5-3). There was no significant NTS difference between sham and

10 mGy irradiated mice for both L1 (P = 0.773) and B1 elements (P = 0.936) (Figure

5-7).
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Figure 5-7: Spleen NTS of L1 and B1 elements from mice 299 days post-irradiation
with sham and 10 mGy X-rays.

The mean NTS of spleen gDNA from C57BI/6 mice 299 days following irradiation
with sham (n = 7) or 10 mGy (n = 8) X-rays was determined following extraction,
bisulphite modification and amplification with unmethylated-biased L1 and
methylation-status unbiased B1_Mm primers. Error bars represent 1 SE.

The C57BI/6 PB samples were more highly methylated in comparison with the other
mouse tissues analysed (Figure 4-16). It was hypothesised that due to the greater
level of methylation of the PB L1 elements, there were fewer targets for the
unmethylated-biased primers to bind to, resulting in stochastic amplification and
increased variability between technical and biological replicates. In this study, PB

samples exhibited late amplification with the unmethylated-biased L1 primers
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(mean Ct 24.8; SD = 1.35) in comparison to amplification with the methylation-

status unbiased primers (mean Ct 18.8; SD = 1.8) (data not shown).

5.1.2 Longitudinal study of repeat element DNA methylation in mice up to

420 days following 10 mGy X-irradiation (Longitudinal Study #2)

5.1.2.1 Outline of longitudinal study #2

A second longitudinal study was conducted with the aim of analysing sham and 10
MGy irradiated mice at time-points greater than 299 days post-irradiation, through
to old age (>18 months of age). Based on the final numbers of mice that remained
by 299 days in longitudinal study #1, the number of sham and 10 mGy irradiated
mice was increased to 20 per treatment group (10 males and 10 females per
treatment group). As performed in the previous study, a PB sample was taken three
days prior to irradiation. PB sampling and weight measurements were taken at the
same time-points up to ~299 days (297 days) as for longitudinal study #1. The mice
then had a final PB sample and weight measurement taken prior to euthanasia, at

420 days post-irradiation (Figure 5-8 and Table 16).
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Figure 5-8: Outline of second longitudinal study.

Forty C57BI/6 mice underwent tail-vein peripheral blood (PB) sampling three days
prior to irradiation with sham (0 mGy) or 10 mGy X-rays (n = 20 per treatment
group; red arrow). PB samples were taken at various time-points (black arrows)
following the irradiation.
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Table 16: Age of mice at PB sampling in longitudinal study (#2) up to 420 days
post-irradiation with 10 mGy X-rays.

Dose (mGy)
0 10

Time post-irradiation (d) n Age(months) SD | n Age(months) SD
Male | 10 4.94 0.89 | 10 4.66 1.05

3 Female | 10 4.27 0.87 | 10 4.19 0.72
3 Male | 10 5.14 0.89 | 10 4.85 1.05
Female | 10 4.46 0.87 | 10 4.39 0.72

14 Male | 10 5.53 0.89 | 10 5.25 1.05
Female | 10 4.86 0.87 | 10 4.78 0.72

Male | 10 6.52 0.89 | 10 6.23 1.05

4 Female | 10 5.84 0.87 | 10 5.77 0.72
- Male | 10 7.83 0.89 | 10 7.55 1.05
Female | 10 7.16 0.87 | 10 7.08 0.72

506 Male | 10 11.81 0.89 | 9 11.72 0.89
Female | 10 11.13 0.87| 9 11.04 0.77

545 Male | 8 13.20 0.86 | 8 13.01 0.95
Female | 10 12.42 0.87 | 9 12.32 0.77

597 Male | 8 14.91 0.86 | 8 14.72 0.95
Female | 10 14.12 0.87| 9 14.03 0.77

420 Male | 8 18.95 0.86 | 6 18.61 1.05
Female | 9 18.11 0.90| 9 18.07 0.77

5.1.2.2 Weight changes of male and female mice over time

At the end of the study, the mean age of both male and female mice was 18.53
(+0.6) and 18.34 (+0.4) months, respectively. There was no effect of irradiation on
the changes in weight observed over time (P >0.05; Table 17). Analysis of weight
change over time revealed that there were significant differences in weight
between mice (P <10°). By 420 days post-irradiation, there was an increase in the
mean weight of male mice (4.13 g) irrespective of treatment compared to the pre-
irradiation mean weight (P <10™). Female mice also exhibited an increase in mean
weight (5.09 g) regardless of treatment group compared to the pre-irradiation

mean weight (P <10”) (Figure 5-9; Table 17).
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Figure 5-9: Mean weight over time for male and female mice irradiated with sham
and 10 mGy X-rays.

Male (6 < n < 10 per treatment group) and female mice (9 < n < 10 per treatment
group) irradiated with sham (blue) or 10 mGy (green) X-rays were weighed three
days prior to, and at various time-points up to 420 days following irradiation.

Table 17: Analysis of changes in mouse weight up to 420 days post-irradiation
with 10 mGy X-rays.

Changes in weight over time P-value
Individual mice <10°*
Male 0 mGy 0.049*
10 mGy <10°*
0 mGy vs. 10 mGy 0.370
Individual mice <10°*
Female 0 mGy <1O-z*
10 mGy <10™*
0 mGy vs. 10 mGy 0.567
Male vs. Female <10°*

*Repeated measures analysis; P <0.05
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5.1.2.3 Analysis of the effect of irradiation and ageing on peripheral blood
genomic DNA up to 420 days following irradiation with 10 mGy X-

rays

5.1.2.3.1 Telomere length of peripheral blood genomic DNA

Mean length per telomere (kb) (MLT) was analysed for the pre-irradiation bleed (-3
days; 4.2 + 0.8 months of age) and 420 days post-irradiation (18.2 + 0.8 months of
age) PB samples using a standard curve of known telomere lengths (Figure 5-10A)
(O'Callaghan and Fenech, 2011). Only mice that were alive at the last PB sampling
were analysed for both time-points (n = 31Y). Sixty-one percent (19/31) of the mice
analysed had a significant difference in telomere length between the two time-
points (P <107; repeated measures analysis) (Figure 5-10B). An effect of irradiation
at either time-point was not detected for both male and female mice (P >0.05)
(Figure 5-11 and Table 24 in Appendix E). There was no significant difference in MLT

between male and female mice (P = 0.222).

! The total number of mice remaining at the end of the study was n = 32, however one mouse was
unable to be analysed due to limited DNA obtained
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Figure 5-10: Telomere length of individual male and female mice pre- and post-
irradiation with 10 mGy X-rays.

Following extraction, PB gDNA was amplified with murine telomere repeat sequence
and 36B4 (for genome copy number determination) primers. (A) A representative
standard curve used to calculate absolute telomere length per PCR. A synthesised
oligonucleotide containing (TTAGG).4 repeats was serially diluted 1/5 from 5.41 x
10® to 6.92 x 10° kb to create a standard curve of known total telomere length (see
Appendix E). Adapted from O’Callaghan and Fenech (2011). Grey boxes represent
standards, coloured boxes represent individual mice. (B) Length per telomere (kb)
was calculated as a ratio of total telomere length and diploid genome copy number,
divided by the total number of telomeres on 40 pairs of murine chromosomes for
male (n = 6-8) and female (n = 9) mice three days prior to and 420 days post-
irradiation with sham or 10 mGy X-rays. Coloured lines represent individual mice.
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Figure 5-11: Mean telomere length of male and female mice pre- and post-
irradiation with 10 mGy X-rays.

Following extraction, PB gDNA was amplified with murine telomere repeat sequence
and 36B4 (for genome copy number determination) primers. Length per telomere
(kb) was calculated as a ratio of total telomere length and diploid genome copy
number, divided by the total number of telomeres on 40 pairs of murine
chromosomes. Mean telomere length of sham (blue) and 10 mGy (green) irradiated
mice three days (-3) prior and 420 days post irradiation divided by sex. Numbers in
bold in each column indicates the number of mice (n). Error bars represent 1 SE.

5.1.2.3.2 Analysis of L1 and B1 element methylation changes up to 420 days

post-irradiation with 10 mGy X-rays

As no significant change was detected in NTS between the pre-irradiation and
samples for the time points up to 299 days post-irradiation in the first longitudinal
study, only three time-points were chosen for the analysis of L1 and B1 element
methylation changes in longitudinal study #2, -3 days (pre-irradiation bleed), 297

days (to compare with longitudinal study #1) and the final time-point of 420 days
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post-irradiation. PB samples were randomly divided into different bisulphite
modification groups and then randomly assigned to a HRM-PCR group (as was
performed in longitudinal study #1). The samples in the second longitudinal study
were amplified with the methylation-status unbiased L1 primers based on the low-
level amplification observed with the unmethylated-biased L1 primers in
longitudinal study #1. As there was a greater sample size of mice in this study, male
and female mice were able to be analysed separately. For both L1 and B1 elements
there were significant differences in NTS detected with time, with increases and
decreases detected for, and between individual mice (P <0.05; Table 18) (Figure 5-
12A and B). No significant effect of irradiation on the L1 and B1 NTS changes over
time was observed for either male or female mice, and there was no significant
difference in NTS between male and female mice (P >0.05; Table 18: Analysis of
changes in PB L1 and Bl repeat element NTS in male and female mice up to 420
days post-irradiation with 10 mGy X-rays). Sham-irradiated female mice
demonstrated increased B1 NTS at 297 days post-irradiation compared with 420
days post-irradiation (P = 0.013; Table 18) that was not observed for 10 mGy

treated female mice.
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Figure 5-12: PB NTS for L1 and Bl elements for mice up to 420 days post-
irradiation with sham or 10 mGy X-rays.

The NTS of PB gDNA from C57BI/6 mice at -3, 297 and 420 days following irradiation
with sham or 10 mGy X-rays (15 < n < 20 at each time-point) was assessed following
extraction, bisulphite modification and amplification with methylation-status
unbiased (A) L1 and (B) B1_Mm primers. Coloured lines represent individual mice.
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Table 18: Analysis of changes in PB L1 and B1 repeat element NTS in male and
female mice up to 420 days post-irradiation with 10 mGy X-rays.

P-value
Changes in NTS over time L1 B1
Individual mice 0.001* <10°*
Male 0 mGy 0.519 0.825
10 mGy 0.506 0.916
0 mGy vs. 10 mGy 0.337 0.828
Individual mice <10°* <10°*
0 mGy 0.918 0.013*
Female
10 mGy 0.173 0.363
0 mGy vs. 10 mGy 0.518 0.196
Male vs. Female 0.652 0.779

*Repeated measures analysis; P <0.05

No difference in mean L1 and B1 NTS between sham and 10 mGy irradiated mice

was detected at any time-point except for a decrease in L1 NTS of 10 mGy irradiated

male mice at 420 days post irradiation (P = 0.024), however this group was not

significantly different to the pre-bleed samples (Figure 5-13A and B). A significant,

inverse correlation (Pearson correlation coefficient -0.206; P = 0.033) between L1

and B1 NTS for all PB samples analysed was observed (Figure 5-14). This indicated

that mice that exhibited high L1 NTS had low B1 NTS and vice versa.
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Figure 5-13: Mean PB NTS for L1 and B1 elements from mice up to 420 days post-
irradiation with sham or 10 mGy X-rays.

The mean NTS of PB gDNA at -3, 297 and 420 days following irradiation with sham
(blue) or 10 mGy (green) X-rays was assessed following extraction, bisulphite
modification and amplification for male (n = 6-10) and female (n = 9-10) mice. (A)
The mean L1 NTS (amplified with methylation-status unbiased primers), and (B) the
mean NTS for B1_Mm repeat elements. The difference in NTS between sham and 10
mGy irradiated mice at each time-point was analysed using the Independent
Samples T-test with significance achieved at P <0.05. Error bars represent 1 SE.
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Figure 5-14: Correlation of L1 and B1 element NTS for PB.

Pearson correlation was used to assess the relationship between L1 (unbiased
primers) and B1 (unbiased primers) element NTS for PB samples (n = 107) from sham
and 10 mGy irradiated male and female mice at -3, 297 and 420 days post-
irradiation.

5.1.2.4 Analysis of the effect of 10 mGy X-irradiation and ageing on spleen

genomic DNA from mice at 420 days post-irradiation

5.1.2.4.1 Telomere length of spleen genomic DNA

The MTL of spleen gDNA from male and female mice (n = 32) at the end of the study
(420 days post-irradiation; 18.2 +0.8 months of age) was analysed. There was no
significant difference in MTL between male and female mice (P = 0.125). Irradiation
had no effect on the MTL by 420 days post-irradiation for male and female mice
(male mice: sham vs. 10 mGy; P = 0.397; female mice: sham vs. 10 mGy; P = 0.193).
To assess the effect of age on spleen MTL, the MTL of the mice at the end of the
study were compared to a cohort of young untreated 2 month old male and female
mice (n = 10). There was no difference between the sham or 10 mGy irradiated mice

and the young mice (P >0.05; multivariate analysis of variance; see Table 25 in
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Appendix E; Figure 5-15), although the older mice demonstrated greater variability

for MTL compared with the younger mice.
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Figure 5-15: Analysis of spleen telomere length at 420 days post-irradiation with
sham or 10 mGy X-rays compared to young untreated mice.

Following extraction, spleen gDNA was amplified with murine telomere repeat
sequence and 36B4 (for genome copy number determination) primers. Length per
telomere (kb) was calculated as a ratio of total telomere length and diploid genome
copy number, divided by the total number of telomeres on 40 pairs of murine
chromosomes. Mean telomere length of male and female mice 420 days post-
irradiation with sham (blue) or 10 mGy (green) X-rays was compared to the mean
telomere length of untreated 2 month old male and female mice (white). Numbers
in bold indicate the number of mice (n). Error bars represent 1 SE.

5.1.2.4.2 Spleen tissue L1 and B1 element methylation 420 days following

irradiation with 10 mGy X-rays

There was no significant difference between sham and 10 mGy irradiated mice for
male and female spleen L1 and B1 NTS 420 days following irradiation (P >0.05)
(Figure 5-16). The L1 NTS of the spleens from the mice at the end of the study (420

days post-irradiation; ~18 months of age), were compared to the L1 NTS of the
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young untreated mice (2 months of age). A significant increase (P <107) in L1
methylation was detected for the sham and 10 mGy irradiated mice compared with
the untreated young mice. Due to time constraints, B1 element methylation levels

of the young mice were not analysed.
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Figure 5-16: Spleen L1 NTS of mice 420 days post-irradiation compared with
untreated young mice and analysis of B1 element NTS of mice 420 days post-
irradiation with sham and 10 mGy X-rays.

The mean L1 and B1 element NTS of sham (blue) irradiated male (n = 8) and female
(n =9), and 10 mGy (green) irradiated male (n = 6) and female (n = 9) mice 420 days
following irradiation was analysed following extraction, bisulphite modification and
amplification with unmethylated-biased L1 and unbiased B1_Mm primers. L1 NTS
was compared to the mean NTS of untreated 2 month old (black) male (n = 5) and
female (n = 5) mice. The difference between untreated, sham and 10 mGy irradiated
mice was analysed using an ANOVA, with Games-Howell post-hoc analysis.
Significance was achieved at P <0.05. *P <10°compared with untreated mice. Error
bars represent 1 SE.
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5.2 Discussion

The aim of this chapter was to use repeated PB sampling of mice in order to
determine if a) there were age-associated changes in PB repeat element
methylation levels and telomere lengths; and b) a low dose radiation exposure
influenced the age-associated changes to the telomere lengths and methylation at

the repeat elements.

5.2.1 Analysis of variation in NTS between PCRs

Initially, in longitudinal study #1, PB samples from the time-points -3 to 85 days
post-irradiation were analysed in order to determine if there was an early effect of
the irradiation, and to determine the variation that may have occurred due to the
randomisation of the samples during bisulphite modification and PCR. Although a
significant difference in NTS due to day-to-day PCR variation was detected between
PCR groups (Table 19) which was also observed for repeat PCRs performed on the
samples (data not shown), multivariate analysis demonstrated that the day-to-day
variation in NTS between PCRs was not the cause of the changes in L1 NTS over
time detected for individual mice. This indicated that any significant difference in

NTS between the samples was greater than the PCR variation.
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Table 19: Mean difference in L1 NTS between bisulphite modification and PCR
groups for PB samples up to 85 days post-irradiation amplified with the
unmethylated-biased primers.

Mean NTS
Group Mean difference
Number n NTS SE between groups P-value
Bi.51:||ph'ite 1 104 -4.18 0.146 0.07 0.736
modification 2 94 -4.11 0.153
PCR 1 997 -4.90 0.085 151 <105
2 99 -3.39 0.159

Aincludes PCR controls

*Independent Samples T-test; with significance achieved at P <0.05

In Chapter 3 it was shown that biasing the L1 primers for unmethylated CpGs within
the primer binding sites enhanced the ability to detect small differences in NTS
between samples. It was also observed that a significant change in L1 NTS between
samples was reproducibly detected regardless of day-to-day variation in NTS values
that occurs between different PCRs. However, it was found that the PB samples
amplified later with the unmethylated-biased primers in comparison with
amplification with the methylation-status unbiased L1 and B1 primers (Section
5.1.1.2, page 161). It has been reported that amplification of limited DNA
sample/targets can result in stochastic fluctuation between the reaction replicates
(Walsh et al., 1992). It is possible that the reduced number of targets due to the
high methylation level of the PB and the limited input DNA could have contributed
to the late and variable amplification of the PB DNA samples observed with the
unmethylated-biased primers. Despite reducing the sensitivity to detect small
differences between samples, longitudinal study #2 was conducted with the
methylation-status unbiased L1 primers as the number of target binding sites

should be increased, improving amplification and reducing stochastic variation.

173



Chapter 5: Longitudinal study

Differences in PB mean NTS between the randomly assigned PCR groups was also
observed for the methylation-status unbiased L1 primers (Table 20). The difference
in NTS between PCR groups amplified with the methylation-status unbiased primers
was smaller than in longitudinal study #1, suggesting that there may have been less
day-to-day PCR variation between PCRs conducted with the methylation-status

unbiased L1 primers.

Table 20: Comparison of the mean L1 NTS for three PCR groups from longitudinal
study #2 amplified with the methylation status-unbiased primers.

Mean NTS
PCR Mean PCR difference
group n NTS SE groups between groups SE P-value
1 33 0.77 0.171 1 2 0.536 0.328 0.315
2 34 1.30 0.188 1 3 0.266 0.325 1
3 35 0.50 0.300 2 3 0.802 0.323 0.044*

*ANOVA with Bonferroni post-hoc analysis; significance achieved at P <0.05

While there were differences between the two longitudinal studies due to the
number of mice used, the L1 primers used to analyse the samples and the final
time-point of analysis, the same dose and dose-rate was used for both studies and
the mice were from the same breeding colony and housed under the same
conditions. Therefore, DNA samples from both studies could be compared in future

experiments.

This is the first study to monitor changes in repeat element methylation within
individual animals by repeated blood sampling. Other studies have compared

cohorts of mice from different age groups in order to determine differences in
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methylation in tissues such as the liver (Singhal et al., 1987; Wilson et al., 1987,
Barbot et al., 2002; Cherif et al., 2003; Sauer et al.,, 2010). While syngeneic,
individual mice can respond differently following exposure to an exogenous
modulator. For example, following maternal supplementation with folate, Agouti
mice littermates can display a spectrum of the Agouti phenotype (Cropley et al.,
2010). The discordant changes between animals may occur at different time-points,
and a cross-sectional study such as comparing two cohorts from a single time-point
may miss this information, whereas longitudinal studies such as that performed
here will be more likely to detect such changes. A limiting factor for a longitudinal
study, such as the one reported in this thesis, is the number of samples that can be
analysed in any one PCR. Ideally, a platform that can analyse >100 samples would
be needed so that all samples are amplified in the same PCR to reduce PCR

variation.

5.2.2 The longitudinal effect of 10 mGy X-irradiation on telomere length
and repeat element methylation in spleen and peripheral blood up

to 420 days post-irradiation

Gross physiological effects of the irradiation on the young mice were not apparent,
and the weight changes/range were consistent with previous reports of ageing
C57BI/6 mice (Rowlatt et al., 1976). PB samples exhibited intra-and inter-animal
variation in NTS for both L1 and Bl elements methylation and telomere length.

Telomere shortening has been reported to be an age-related phenomenon. At the
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end of this study mice were in early old-age (~18 months; the age range for old-age
is 17-24 months), and an age-related decline in telomere length was not detected. It
was observed that female mice had greater variability in telomere length compared
with male mice, with the trend of increased telomere length at old age (see Table
24 in Appendix E). While differences in telomere length between male and female
inbred mice in normal ageing tissues has not been reported, some wild mouse
strains with similar telomere lengths to humans exhibit gender differences in
telomere lengths with ageing, with longer telomeres detected in female mice
compared with male mice (Coviello-McLaughlin and Prowse, 1997). In rats, 15-
month old males have been shown to have shorter telomeres in the kidney and liver
than females (Cherif et al., 2003). Variation in telomere length with ageing of up to
100 kb in genetically identical inbred animals including mice, has been previously
reported, supporting the increased variation reported in this thesis (Starling et al.,
1990; Coviello-McLaughlin and Prowse, 1997; Cherif et al., 2003; Roberts et al.,
2011). Human PB telomere lengthening with age has been observed in individuals
ranging from 30-70 years of age, where sampling occurred 10 years apart, although
the mean change in telomere length was a reduction of length, and there was no
difference between males and females (Nordfjall et al., 2009). While telomere
shortening with age is well established in humans, it is has not been conclusively
shown for inbred mice, as was reported in this thesis. It has been proposed that this
is due to the longer length of murine telomeres (<150 kb) compared with human
telomeres (<100 kb), and thus shortening of the telomeres is not easily detected
(Coviello-McLaughlin and Prowse, 1997; Cherif et al., 2003). A lack of telomere

shortening in the aging mice might also be attributed to the observation that mice
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express high levels of telomerase and can therefore restore telomere lengths to a
greater extent than humans, who express relatively low levels of telomerase
(Prowse and Greider, 1995). It would be of interest to determine if there is up-
regulation of telomerase in the ageing mice or following irradiation from the study
performed here. This is the first report of PB telomere length changes over time
within individual mice. Studies of mouse cells in vitro have shown that cells with
shorter telomeres exhibit increased sensitivity to high dose radiation exposure
(Drissi et al., 2011), while studies utilising mice deficient in telomerase reported
radiation sensitivity only occurred following several generations, when telomeres
were sufficiently shorter compared to wild type mice (Goytisolo et al., 2000; Wong
et al., 2000). There are no comparative studies to that reported in this thesis
investigating the effect of low dose radiation exposure and alteration of telomere

length.

The effect of a low dose of ionising radiation or the effect of ageing on murine PB L1
methylation levels has not been previously reported. No effect of irradiation on PB
L1 methylation levels was observed at any time-point. The repeated PB sampling
performed in this thesis provides the first murine experiment that reports age-
associated intra-individual variation in repeat element methylation. Human studies
have shown intra-individual variation in PB repeat element methylation levels, with
both losses and gains in methylation with age or in response to exogenous
modulators (Bollati et al., 2009; lintaridth and Mutirangura, 2010; El-Maarri et al.,

2011; Woo and Kim, 2012; Wu et al., 2012), as was observed for low dose ionising
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radiation exposure here. A recent report has demonstrated that inter- and-intra
individual variation exists for specific L1 element sequences located within the
promoters of various genes. It was observed that tissues with high levels of
transcriptional activity, such as the liver, exhibited more variable DNA methylation
levels of the repeat elements, which were more obvious in adult mice compared
with 1-week old pups (Ekram et al., 2012). These observations provide support that
the variation detected in PB L1 and B1 element NTS between animals with ageing,
and suggest that the intra- and inter-animal fluctuation could be influenced by the
location of the L1 and B1 elements. However, this is the first murine longitudinal

study of methylation levels and thus there are no comparative studies.

In longitudinal study #1, a significant reduction in B1 NTS was detected in mice
irradiated with 10 mGy compared with sham-irradiated mice at 299 days post-
irradiation. No difference in NTS was detected between the pre-irradiation and 299
days post-irradiation PB samples for the sham-irradiated mice, however the 10 mGy
irradiated mice exhibited reduced Bl methylation at 299 days post-irradiation
compared to the pre-irradiation PB samples (Figure 5-6). This was not observed for
longitudinal study #2. It is possible that the smaller samples size of longitudinal
study #1 contributed to the difference in mean NTS between the treatment groups.
A significant reduction in the L1 NTS of male mice irradiated with 10 mGy compared
with sham-irradiated mice at 420 days post-irradiation was detected in longitudinal
study #2 (Figure 5-13A). It is possible that the difference between the treatment
groups may have increased if the study had continued past 18 months of age.

Neither group was significantly different to the pre-irradiation bleeds, indicating
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that while there was no overall decline in L1 methylation by 420 days, the two

groups were exhibiting different trends of the repeat element methylation.

There are no comparative mouse studies investigating PB repeat element
methylation levels or the effect of a low dose radiation exposure. The NTS values
for the L1 elements of all PB samples, regardless of PCR group, demonstrated an
inverse correlation with the NTS values of the B1 elements. This indicated that even
with the observed PCR variation between the PCR groups, changes were occurring
at two different types of repeat elements in different chromosomal locations that
were amplified in different PCRs. These changes displayed trends for each mouse,
with mice with high L1 methylation displaying low B1 methylation and vice versa,
indicating that the results observed for individual mice were not due to technical
variability, but due to a biological response. There is no comparative data in the
literature to suggest why there would be an inverse relationship between L1 and B1
methylation levels in the PB samples, however it has been found that the proximity
of the human B1 homologue, Alu, to L1 elements can influence the methylation
status of the L1 elements (Kang et al., 2006). One hypothesis for the inverse
correlation is that while the B1 elements on their own are unable to transpose, they
can utilise the L1 machinery, and are found to move more easily through the
genome than L1 elements (Ostertag, 2001). Thus, tightening control of the L1
elements through methylation could result in less of a need to methylate the B1
element promoters. This correlation of the repeat element methylation levels
requires further investigation. It would be informative to perform bisulphite
sequencing in order to analyse individual repeat element sequences for mapping in

order to determine the location of the repeat elements.
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The majority of the murine ageing studies have demonstrated a loss of methylation
in the liver with age, occurring around 24 months of age, and these studies have
been cross-sectional. In this thesis, a cross-sectional study of spleen L1 NTS of young
and old mice was conducted, where increased L1 methylation with age was
observed for the mice at the final time-point of 420 days post-irradiation (~18
months of age). Increases in total genomic and repeat element methylation levels
with ageing have been reported previously. In mice, Singhal et al (1987) observed a
decrease in liver 5mdC levels (by HPLC) by 24 months of age, which was then
followed by an increase that persisted until the end of the study (30 months of age).
A human study reported that CpG island-rich regions, such as L1 repeat elements,
exhibited increased methylation with age compared with CpG island-poor regions
(Christensen et al., 2009). Due to time-constraints, other tissues such as the liver
were not able to be analysed for comparison with the other mouse studies, nor
were the mice able to be analysed past ~18 months of age. It would be of interest
to investigate the methylation levels of other tissues such as the liver, from the old
mice remaining at the final time-point in this thesis to determine if there are tissue
differences in response to both ageing and the irradiation. It would also be
informative to analyse the methylation levels of the livers using LC-MS, and as a
control for age-related methylation decline, investigate loci reported to undergo
age-related losses in methylation as well as other repeat elements such as the IAP
elements, which have been reported to undergo a loss of methylation and
increased transcription in ageing animals (Barbot et al., 2002). These experiments

would indicate if there is an age-threshold for when a decline in methylation occurs.
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As mentioned previously, a significant change in PB methylation levels was not
detected by the end of the study, although fluctuation in the NTS was detected over
time. It is not known whether the fluctuations in NTS are due to changes in white
blood cell population. Retrospectively, it would have been useful to perform blood-
smear histology at each PB sampling in order to determine if there had been gross
changes in the white blood cell (WBC) population over time. It has been reported
that in mice following low dose irradiation (75 mGy), an increase in WBC population
at 48 hours post-irradiation was detected, but lower doses of 25 mGy and 50 mGy
did not induce a change in cell population (Wang and Cai, 2000; Li et al., 2004).
Furthermore, a study on WBC populations in ageing mice (>24 months of age) did
not detect a significant change in total WBC with age, however a modest increase in
lymphocyte population was observed in the oldest mice (Silini and Andreozzi, 1974).
Several studies have shown that baseline PB methylation levels are influenced by
the population of cells in blood samples in humans (e.g. granulocytes vs. white
blood cells) (Wu et al., 2011; 2012). Flow cytometry for WBC types would have been
useful to confirm if there had been changes in cell population that may have
influenced methylation levels, but would have been difficult due to limited blood

samples.

Dose-rate has been demonstrated to have an influence on endpoints such as
chromosomal aberrations and the resulting DNA repair (Vilenchik and Knudson,
2000; Loucas et al.,, 2004; Tubiana et al., 2006). High dose radiation DNA

methylation studies (as discussed in Section 1.4) have also reported different effects
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on DNA methylation in different tissues depending on dose-rate. The one ageing
study that demonstrated that a single low dose exposure could prevent ageing-
associated increases in endogenous DNA damage used a dose of 100 mGy
(Zaichkina et al., 2006). The dose of 10 mGy used in this thesis has been
demonstrated in the literature to induce an adaptive response in vivo for other
endpoints, and is similar to doses received from CT scans. It is possible that a low
dose of 10 mGy does not have any long term effects on either DNA methylation or
telomere length. Alternatively, it is possible that the mice were not old enough for
large changes in DNA methylation to be detected, and that an adaptive response
may have been observed if the mice had been older than 18-months of age. While
there are no comparative human studies investigating the effects of low dose
radiation exposure on PB repeat element methylation, reports have demonstrated
that exposure to low-level environmental pollutants induced <1% reduction in
methylation at both the L1 and Alu repeat elements 180 days following exposure. In
the human study, only 3 CpGs were analysed for the repeat elements in comparison
to the 13 CpGs sites interrogated for the L1 elements and the 7 for the B1 elements
presented in this thesis (Madrigano et al., 2011). It is yet to be determined what the

biological consequence of a <1% loss of repeat element methylation is.

5.3 Conclusion

There is much concern about the long term effects that may arise from the
exposure to low doses of radiation, such as the 10 mGy used here (Valentin, 2007).

Overall, an age-associated decline in repeat element methylation was not observed
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at 18 months of age, while increased L1 methylation was observed in the spleens of
the male and female mice irrespective of treatment, at the end of the study
compared to young mice. Furthermore, no effect of the low dose radiation
exposure was detected for either the repeat element methylation levels or
telomere lengths. This is also the first report of murine PB telomere length changes
in ageing animals and demonstrated there is also increased intra-individual
variation in PB telomere length similar to that observed in human studies. This is
the first study to longitudinally analyse age-associated changes and the effect that a
low dose of 10 mGy has on repeat element methylation levels of murine PB
samples, with the results indicating that a low dose ionising radiation exposure does

not induce permanent changes in repeat element methylation levels.
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6 GENERAL DISCUSSION

lonising radiation induces DNA damage by direct ionisation of nucleotide bases and
sugars or indirectly by generating reactive oxygen species, both potentially resulting
in DNA strand breaks. However it has been shown that DNA damage can also occur
in the form of the modulation of DNA methylation, a modification of cytosine that is
involved in chromatin structure stability and the control of gene expression. lonising
radiation can affect DNA methylation by direct ionisation of the cytosine residue
resulting in deamination, by the failure of a methyl group to be replaced following
DNA repair due to mutation of the cytosine to a thymidine, and through 8-
hydroxyguanine adducts and other DNA lesions inhibiting the activity of the DNA
methyltransferases (DNMTSs) (Riley, 1994; Turk et al., 1995; Krivokapic et al., 2008).
These effects of ionising radiation on DNA methylation can be enhanced by the
location of the DNA i.e. heterochromatin vs. euchromatin, the proliferative state of
the tissue, and the tissue type. Aberrant DNA methylation has been shown to be
involved in the tumour initiating processes for some cancers in both mouse and
human studies (Bender et al., 1998; Gaudet et al., 2003; Tryndyak et al., 2006;
Ogino et al., 2008a; Daskalos et al., 2009; Igarashi et al., 2010; Aporntewan et al.,
2011). However, it is less clear whether the modulation of DNA methylation is the
cause of the radiation-induced genomic instability that can result in carcinogenesis.
Certainly, tumour growth is successfully retarded when 5-aza induced
demethylation renders the cancer cells more susceptible to radiation therapy,
indicating that a loss of methylation is involved in the radiation-induced cell death

(Dote et al., 2005).
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Chapter 6: General discussion

A hallmark of cancer is the hypermethylation of tumour suppressor genes, but an
overall loss in genomic 5mdC content (as reviewed by Baylin et al., 2001). The time
required between the hypermethylation of loci and the initiation of cancer
following radiation exposure is still unclear, but it must involve a cascade of events
including histone modifications and the recruitment of methyl-binding proteins and
methyltransferases, and it is likely that the hypermethylation of these loci occurs at
a later time-point than the immediate DNA repair processes that occur following
the irradiation. In this thesis, high dose ionising radiation (1 Gy) was demonstrated
to modulate the CpG methylation levels of repetitive DNA elements located
throughout the genome, and the modulation was demonstrated to be temporal.
Investigation of total genomic 5mdC using LC-MS indicated that the radiation did
not cause a change to the overall global DNA methylation levels, and suggests that
the modulation of the L1, B1 and IAP element methylation represents a change in
the distribution of the CpGs that are methylated, and may reflect small, localised
changes in CpG methylation. It is likely that these localised changes are linked to the
DNA repair responses at the repeat elements. There is mounting in vitro evidence
indicating that the DNMTs play a crucial role in, and are affected by, the repair
processes that occur following DNA damage, particularly for DNA DSBs, and that the
resulting methylation changes are transient (Mortusewicz et al., 2005; Barreto et
al., 2007; Li et al., 2007; Damiani et al., 2008; O'Hagan et al., 2008; Ha et al., 2011;

Lee et al., 2011; O'Hagan et al., 2011; Sharma et al., 2011; Wong et al., 2011).

The pyrosequencing data from Figure 4-10A may suggest a potential mechanism for
the modulation of CpG methylation at the L1 elements that was observed in this

thesis. The majority of the loss of methylation 14 days following irradiation was
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found to occur within the 5" end of the L1 CpG island. This region incorporates 5
CpGs and also contains the majority of the non-CpG SNPs. It is possible that CpG
sites have been altered due to: C>T deamination; the less common nucleotide of
the SNP being replaced in the repaired strand resulting in a failure of the DNMTs to
recognise the site; or a DNA lesion (such as an adduct) inhibiting the activity of the
DNMTs to restore the methyl group (Turk et al., 1995; Valinluck and Sowers, 2007;
O'Hagan et al., 2011). There is evidence also, that implicates hemi-methylation
states influencing the repair process. During repair, one strand remains methylated
to act as a template for the newly synthesised strand. If mutations have occurred,
the new strand may not be re-methylated (Liang et al., 2002; Jeong et al., 2009; Lee
et al., 2011). Alternatively, it has been suggested that increases in methylation
following repair are the result of previously hemi-methylated regions undergoing
full methylation (James et al., 2003; Cuozzo et al., 2007; O'Hagan et al., 2008; Lee et
al.,, 2010a), and could be a possible mechanism for the transient increased
methylation observed in this thesis. The transience in methylation levels that was
observed in Chapter 4 may also be due to the de novo DNMTs associating with
base-excision repair proteins and methylating CpGs — which are later recognised as
incorrectly methylated following which the methyl group is removed. There is
evidence in the literature demonstrating that this can occur (Li et al., 2007; Shen et
al., 2010). However, the increase in L1 methylation observed in some mice was also
detected at 6 days post-irradiation, and may indicate that some de novo
methylation remained following repair. Re-methylation of repeat elements has also

been linked with “methylation-spread”, where the restoration of methyl groups or
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de novo methylation triggers the spread of methylation to neighbouring regions

resulting in increased methylation levels (Woodcock et al., 1997; Zhang et al., 2012).

The LC-MS and L1-HRM assays used here to detect changes in CpG methylation are
detecting different methylation events. LC-MS provides an overall measure of
genomic methylation levels but does not give the location and distribution of the
CpGs in relation to transcription start sites and gene loci which can influence, and
be influenced, by DNA repair and methylation spread. While the L1-HRM assay was
demonstrated to be more sensitive in detecting changes in methylation not
detected by LC-MS, the assay also does not give an indication as to the
chromosomal locations of the L1 elements undergoing changes in methylation.
Therefore, it would be useful to utilise next generation sequencing platforms or
bisulphite sequencing in order to determine if there are chromosomal locations or

specific sub-families of the L1 elements that are affected by the irradiation.

It has been proposed that the gradual loss of methylation in ageing cells is due to
the accumulation of increased damage from normal metabolic processes and
reduced fidelity of repair. It is plausible that the fluctuations in PB L1 methylation
levels over time detected by the L1-HRM assay described in this thesis were the
result of normal DNA repair mechanisms resulting from endogenous oxidative
damage, or DNMT activity linked to the cell cycle. Future studies could utilise flow
cytometry to assess the cell cycle stage in splenic cells prior to genomic DNA
extraction and assessment of L1 methylation levels using the L1-HRM assay. It has
been shown that a low dose irradiation can induce an adaptive response and

stimulate DNA repair mechanisms; however an adaptive response has not been
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demonstrated for the modulation of DNA methylation. This study did not observe
an effect of the 10 mGy irradiation on L1 or B1 methylation levels over time. It is
possible that the up-regulation of the repair machinery by the low dose irradiation
does not impact DNA methylation regulation, or that the changes in methylation
were not large enough for an adaptive response to be observed. This is, however,
the first report demonstrating that a low dose of 10 mGy does not elicit a

detectable effect on repeat element methylation levels in ageing animals.

The increases in methylation observed in Chapter 4 may therefore represent
transient up-regulation of normal processes that have little or no impact on L1
repression. This normal fluctuation in methylation levels may explain why a change
in L1 transcript levels was not observed in the mice demonstrating a loss of CpG
methylation following irradiation. Based on the literature, it was proposed that
following high dose radiation exposure, a loss of methylation would be observed at
the L1 elements. In this study it was demonstrated that the changes were transient,
influenced by the genetic background, gender of the mice and the tissues
investigated. Even so, the long term effects of high dose radiation exposure and the
effect of dose-rate on DNA methylation are still largely unknown. Furthermore,
while there is some evidence linking the modulation of DNA methylation to the DNA
repair pathways, in vivo mechanisms are yet to be determined. It has not been
demonstrated if the CBA, BALB/c and C57BI/6 mouse strains exhibit differences in
DNMT expression and activity, and would be of interest to investigate if the changes
in methylation are associated with de novo DNA methyltransferase activity. Also,
chromatin-immunoprecipitation (ChIP) experiments would provide information on

the proteins, such as the DNMTs, DNA repair-associated proteins and the
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transcription factor YY1, that are associating at the L1 elements. ChIP-sequencing
could also be performed, which would give a detailed analysis of the sequence and
chromosomal locations of the L1 elements that are undergoing methylation
changes, and data on specific sequences within the L1 promoter that the proteins
bind to. The temporal studies performed in this thesis demonstrated short-term
effects of high dose radiation exposure. Therefore, similar studies should be
conducted investigating longer times post-irradiation to understand if the transient
changes in methylation that occurred within 14 days following the irradiation
exposure are maintained for a limited period of time, or if a more permanent
change to the methylation levels occurs. There is emerging evidence that the
modulation of DNA methylation is also influenced by other epigenetic mechanisms
such as histone protein marks and non-coding RNAs (ncRNAs). It has been
demonstrated that repeat elements can produce ncRNA transcripts (such as long-
ncRNAs and piwi-RNAs) that regulate the methylation of the L1 promoters as well as
surrounding areas (Reuter et al., 2011; Blackwell et al., 2012). At present, the effect
of irradiation on ncRNAs is unknown, although ncRNAs have been demonstrated to
be associated with DNA repair machinery. A recent investigation of Alu repeat
element ncRNAs found that the ncRNAs bound and interacted with DNA repair
proteins such as DDB1 and PARP, as well as chromatin modifying proteins such as
SOX6 and INO8O (Blackwell et al., 2012). However, most of these associations have
been demonstrated in embryonic cells and it is unclear whether the same processes

occur in adult somatic tissues.
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The studies described in this thesis demonstrate the importance of timing of
analysis in methylation studies. They also highlight that a high dose of 1 Gy can
induce transient changes in the methylation levels of transcriptionally repressed
DNA elements, despite the accepted dogma that a high dose of radiation will cause
a permanent loss of DNA methylation, and indicate that the dose of radiation also
needs to be considered in DNA methylation studies. Furthermore, this is the first
report to show that a low dose radiation exposure (10 mGy) does not permanently
alter repeat element DNA methylation levels or telomere lengths in ageing mice,
changes which have been associated with age-related genomic instability and
increased cancer risk. Also, this thesis describes the first murine longitudinal study

to utilise PB sampling to monitor changes in DNA methylation in ageing mice.

The results from this thesis have expanded the knowledge in the relatively small
field of radiation effects on DNA methylation, exemplifying the complex nature of
methylation responses at repetitive DNA elements. The studies described in this
thesis highlight that further work is required to understand the link between DNA

methylation modulation and the response to ionising radiation.
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APPENDIX A: ANALYSIS OF THE EFFECT OF
C57BL/6-PKZ1 TRANSGENIC STATUS ON NTS

The effect of the transgenic status of the pKZ1-C57BI/6 on L1 NTS was analysed

(Table 21). There was no difference in the mean L1 NTS between pKZ1-C57BI/6

transgenic and non-transgenic mice.

Table 21: Independent samples T-test analysis of pKZ1-C57BI/6 transgenic status.

#

Transgenic Status N Mean SE P-value
Transgenic 60 -7.06 0.12
0.726
Non-transgenic 21 -6.97 0.23

*Mice from Section 4.1.4 were used for the analysis.
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APPENDIX B: PCR PRIMERS

All primers are shown 5’- 3.

Bold typeface indicates bisulphite modified bases and biased CpG sites are

underlined. *Denotes primers that contain a 5’ biotin tag.

Unmod denotes primers specific for bisulphite-unmodified DNA; mod denotes
primers specific for bisulphite modified DNA; unbiased denotes primers unbiased
for methylation status; and unmethylated denotes primers specific for

unmethylated CpGs.

HRM PRIMERS

Kato

F_Kato TAG GAA ATT AGT TTG AAT AGG TGA GAG GGT
LINE1

Unbiased

F_unmod_mLINE1 GGG CTG AGG CAG CACCCT GTG TG
R_unmod_mLINE1 TCC AGA AGCTGT CAG GTTCTCTGG C
F_unbiased_mLINE1* GGT TGA GGTAGTATTTIGTGT G
R_unbiased_mLINE1 TCC AAA AACTAT CAAATTCTCTAAC

Both unbiased primer sets produce a 195 bp amplicon containing 13 CpGs.

Unmethylated
F_umod_unmeth_mLINE1 GCT GAG GCA GCACCCTGT GTG GGCC
R_umod_unmeth_mLINE1 TCC AGA AGCTGT CAG GTT CTC TGG CGC
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Appendix B: PCR primers

F_unmeth_mLINE1* GTT GAG GTAGTATITTGT GTG GGTT
R_unmeth_mLINE1 TCC AAA AAC TAT CAA ATT CTC TAA CAC

Both unmethylated-biased primer sets produce a 193 bp amplicon that contains 11

CpGs.

B1 Mm

F_unmod_unbiased B1_Mm AGC CGG GCG TGG TGG
R_umod_unbiased B1_Mm CTT TGT AGA CCAGGCTGG CCTC
F_mod_unbiased B1_Mm AGT YGG GYG TGG TGG
R_mod_unbiased B1_Mm CTT TAT AAACCAAACTAACCTC

Both B1_Mm primer sets produce a 92 bp amplicon containing 7 CpGs. A'Y denotes

a degenerate nucleotide — eithera Cor T.

IAP LTR

F_unmod _unmeth_IAP_LTR CCA CATTCG CCG TTA CAA GAT GGC
R_unmod _unmeth_IAP_LTR CAC CTA AAAACATATCACT

F_mod _unmeth_IAP_LTR TTATAT TTGTTG TTATAAGATGGT
R_mod _unmeth_IAP_LTR CAC CTA AAA CAT ATCACT

Both IAP_LTR primer sets produce a 141 bp amplicon that contains 6 CpGs.

SEQUENCING PRIMERS

R_pyroprimer TAT TCAA ACT AAT TTC CTA A
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Appendix B: PCR primers

gqRT-PCR PRIMERS

L1-ORF1

mL1-ORFlaFw ACTCAAAGCGAGGCAACACTAGA
mL1-ORFlaRv GTTCCAGATTTCTTTCCTAGGGTTTC
mL1-ORF1bFw AGGCTACTATACCCAGCCAAACTCT
mL1-ORF1bRv TACTTTGGTTTCTCCCTCTATGATAATTG

Both the L1-ORF1a and 1b primer sets produce a 54 bp amplicon.

LI1-ORF2

mL1-ORF2aFw CCTCCATTGTTGGTGGGATT
mL1-ORF2aRv GGAACCGCCAGACTGATTTC
mL1-ORF2bFw CTGGCGAGGATGTGGAGAA
mL1-ORF2bRv CCTGCAATCCCACCAACAAT

The L1-ORF2a primer set produces a 62 bp amplicon, while the L1-ORF2b primer set

produces an amplicon of 55 bp.

Coch (Coagulation Factor C homologue)

F_Coch TGGCACTAATGTTGGGAATTGG

R_Coch TTCACTGGCTTGAACGAGACC
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Appendix B: PCR primers

The Coch primers were obtained from PrimerDB (ID: 145966715b3) and produce a

62 bp amplicon.

Cpbl (carboxypeptidase B1)

F_Cpbl CGTGCAAGTGGACACAGCTA

R_Cpbl TCCATGCCTCTATCGTTTCCC

The Cpb1 primers were obtained from PrimerBank (ID: 56550070b3) and produce a

58 bp amplicon.

Gapdh (glyceraldehyde-3-phosphate dehydrogenase)

F_GAPDH GTATGACTCCACTCACGGCAA

R_GAPDH CTTCCCATTCTCGGCCTTG

The Gapdh primers were obtained from PrimerBank (ID: 126012538b3) and

produce a 55 bp amplicon.

Pnlip (pancreatic triacylglycerol lipase)

F_Pnlip TTGGAAGGATCACAGGGTTGG

R_Pnlip TGAATTGCGTCCACAAACTGAG

The pnlip primers were obtained from PrimerBank (ID: 42476138b3) and produce a

103 bp amplicon.
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Appendix B: PCR primers

Polr2c (polymerase (RNA) Il (DNA directed) polypeptide C)

F_Polr2c CCAATTCCATTCGGAGGGTCT

R_Polr2c ATGGCTATTATGGGCACCTCT

The Polr2c primers were obtained from PrimerBank (ID: 253735706b2) and produce

a 49 bp amplicon.

Rn18s (ribonucleotide protein subunit 18)

F_Rn18s CGGACAGGATTGACAGATTG

R_Rn18s CAAATCGCTCCACCAACTAA

The Rn18s primers were obtained from RTPrimerDB (ID: 3879) and produce an 83

bp amplicon.

Spi-c (transcription factor spi-c)

F_Spi-c CACCAATCCGTACAGAACATAGC

R_Spi-c TTCCTCCCTTTTGCTGGAAGA

The Spi-c primers were obtained from PrimerBank (ID: 165932334b3) and produce a

70 bp amplicon.
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Appendix B: PCR primers

TELOMERE ASSAY PRIMERS

Telomere

TeloF CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT
TeloR GGCTTGCCTTACCCTTACCCTTACCC TTACCCTTACCCT

The telomere amplicon has a minimum length of 74 nucleotides.

Telomere oligonucleotide standard

(TTAGGG)14

The telomere oligonucleotide standard is 84 nucleotides in length.

36B4 (large ribosomal protein, P0)

m_36B4F ACTGGTCTAGGACCCGAGAAG

m_36B4R TCAATGGTGCCTCTGGAGATT

The 36B4 primers produce a 78 bp amplicon.

36B4 oligonucleotide standard

ACTGGTCTAGGACCCGAGAAGACCTCCTTCTTCCAGGCTTTGGGCATCACCACGAAAATCT

CCAGAGGCACCATTGA

The 36B4 oligonucleotide standard is 77 nucleotides in length.
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APPENDIX C: SOLUTIONS AND BUFFERS

All chemicals used were of analytical grade.

AGAROSE GEL ELECTROPHORESIS

0.5 x Tris-Borate EDTA (TBE) Buffer

45 mM Tris base
45 mM Boric acid

1 mM Sodium EDTA

2% Agarose gel

2% (w/v) of agarose (Scientifix, Australia) in 0.5 x TBE Buffer

6 x Ficoll Loading Buffer

0.25% (w/v) Bromophenol Blue

15% (v/v) Ficoll (Pharmacia type 400)

WESTERN BLOT

Histone Lysis Buffer

0.01 M Tris-HCl pH 6.5

0.05 mM Sodium Bisulphite
1% Triton X-100

0.01 M MgCl,

8.6% sucrose
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Appendix C: Solutions and buffers

Tris-EDTA

0.01M TrispH 7.4

0.013 M EDTA

1 x Running Buffer

0.025 M Tris base
0.192 M Glycine

0.06% SDS

4 x Loading Buffer

8% SDS

40% Glycerol

0.4 MDTT

0.08% Bromphenol Blue

0.25 M Tris HCI

1 x Transfer Buffer

0.025 M Tris
0.192 M Glycine
20% Methanol

0.05% SDS
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Appendix C: Solutions and buffers

10 x Tris Buffered Solution (TBS)

0.154 M Trizma HCI
1.37 M NaCl

pH 7.6

1 x TBS-Tween (TBS-T)

1 x TBS solution

0.001% Tween-20

IMMUNOHISTOCHEMISTRY

APES solution

2% (v/v) aminopropylethoxysilane (APES) in absolute ethanol.

2% Formaldehyde

Prepared from 4% paraformaldehyde.

Blocking Solution

0.1% Tween-20

5% Goat serum
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APPENDIX D: L1 PROMOTER AND ORF
SEQUENCES

3331 AACAGGTGAGAGGGTGCGCECAGAGAACCTGACAGCTTCTGGAACAGGCAGAAGCACAGAGGGGCTGAGGCAGCACCCTKTGTGGGCCGGG

3421 GACAGCCRGCCACCKTCCGGR|CCRGAGGACAGGTGCCYRCCCGGCTGGGGAGGCGRCCTAAGCCACAGCAGCAGCGRIICCROMIBIEEN

3511 |CCGRGACCCGCCGAACT TAGGAAATTAGTCTGAACAGGTGAGAGGGTGCGC CCTGACAGCTTCTGGAACAGGCGGAAGCACAG|

3601 |AGGCGCTGAGGCAGCACCCTTTGTGGGCCGGGGACAGCCAGCCACCGTCCGGI ACCGGAGGACAGGTGCCCGCCCGGCTGGGGAGGCGGCT

3691 [TAAGCCACAGCAGCAGEEIOABOANBIMEEICCGAGACCCGCCGAACTTAGGAAATTAGTCTGAACAGGTGAGAGGGTGCGCCAGAGAA

3781 CCTGACAGCTTCTGGAACAGGCAGAAGCACAGAGGCGCTGAGGCAGCACCCTTTGTGGGCCGGGGACAGCCGGCCACCTTCCGG JACCGGA

3871 [GGACAGGTGCCCACCCGGCTGGGGAGGCGECCTAAGCCACAGCAGCACHBEIDEBBMIBIMBENCCCGAGACTCCAAGGAACT TAGGAAT]

3961 |TTAGTCTGCTTAGGTGAGAGTCTGTACCACCTGGGAACTGCCAAAGCAACACAGTGTCTGAGAAAGGTCCTGTTTTGGGCCIATCTTCTTC

4051 GGCCAGGAGGAGGTCCAAATACAAGATATCTGCGCACCTTCCCTGTAAGAGAGCTTGCCAGCAGAGAGTGCTCTGAGCACTGAAACTCAG

4141 AGGAGAGAATCTGTCTCCCAGGTCTGCTGATAGACGGTAACAGAATCACCAGAAGAACAATCTCTAAACAGAGTCAACTATAACTACTAA

4231 CTCCAGAGATTACCAGATGGCGAAAGGTAAACGGAGGAATCTTACTAACAGGAACCAAGACCACTCACCATCACCAGAACCCAGCACACC
~M=-A=-K=-G==K-=R==R=-N=-L=-T=-N=-R--N--Q-=D=-H--§=-P=-S--P-—E--P--S--T--P

4321 CACTTCGCCCAGTCCAGGGGACCCCAACACACCTGAGAACCTAGACCTAGATTTAAAAGCATATCTCATGATGATGGTAGAGGACATCAA
~-T=-8--P-=8--P=-G=-D--P=-N--T==P—-E--N--L--D--L--D--L—-K=-A-=Y=-L--M--M--M--V--E--D--1--K

4411 GAAGGACTTTAATAAATCACTTAAAGAAATACAGGAGAACACTGCTAAAGAGTTACAAGTCCTTAAAGAAAAACAGGAAAACACAATCAA
~—K=-D=-F=-N--K==S=-L--K=-E==1==Q=-E=-N-=T=-A--K--E--L--Q--V--L--K--E--K--Q--E--N--T--1--K

4501 ACAGGTAGAAGTCCTTACAGAAAAAGAGGAAAAAACATACAAACAGGTGATGGAAATGAACAAAACCATACTAGACCTAAAAAGGGAAGT

--Q--V--E--V--L--T--E--K--E--E--K--T--Y--K--Q--V--M--E--M--N--K--T--1--L--D--L--K--R--E--V
mL1-OrflaFw

4591 AGACACAATAAAGAAAACTCAAAGCGAGGCAACACTAGAGATA ATAGATTTGAGCATCAGCAA

--D--T--1--K--K--T--Q--S--E--A--T--L--E--1--E--T--L--G--K--K--S--G--T--1--D--L--S--1--S--N

4681 CAGAATACAAGAGATGGAAGAGAGAATCTCAGGTGCAGAAGATTCCATAGAGAACATCGGCACAACAATCAAAGAAAATGGAAAATGCAA
——R==1-=Q==E=-M=—E=-E=-R== 1 -=S==G==A==E=-D==S=- I ==E-=N== 1 ==G==T=-T=- [ ==K=-E--N--G--K--C--K

4771 AAAGATCCTAACTCAAAATATCCAGGAAATCCAGGACACAATAAGAAGACCAAACGTACGGATAATAGGAGTGGATGAGAATGAAGATTT
—=K==1==L==T==Q=-N=-I=-Q=-E-=1-=Q==D==T-=I==R=-R==P=-N--V--R== I == | =—G=-V=-D--E--N--E--D--F

4861 TCAACTCAAAGGTCCAGCAAACATCTTCAACAAAATTATTGAAGAAAACTTCCCAAATCTAAAGAATGAGATGCATATGAACATACAAGA
~=Q--L-=K==G=-P=-A=-N== I ==F==N==K== I == | ==E=~E=-N==F==P==N==L~=K=-N=-E=-M-~H--M--N-= 1 --Q--E

4951 AGCCTACAGAACTCCAAATAGACTGGACCAGAAAAGAAATTCCTCCCGACACATAATAATCAGAACATCAAATGCACTAAATAAAGATAG
——A==Y=-R==T=-P=-N=-R=-L--D--Q--K-=R=-N==S==S=-R=-H-= I == 1 == | ==R=-T==S=-N--A--L--N--K--D--R

5041 AATACTAAAAGCAGTAAGGGAAAAAGGTCAAGTAACATATAAAGGCAAGCCTATCAGAATTACACCAGATTTTTCACCAGAGACTATGAA
--1--L--K--A--V--R--E--K--G--Q--V--T--Y--K--G--K--P--1--R--1 --T--P--D--F--S--P--E--T--M--K
mL1-OrflbFw
5131 AGCCAGAAGAGCCTGGACAGATGTTATACAGACACTAAGAGAACACAAACTGCAGCCCAGGCTACTATACCCAGCCAAACTCT
--A--R--R--A--W--T--D--V--1--Q--T--L--R--E--H--K--L--Q--P--R--L--L--Y--P--A--K--L--S--1--1

5221 TTCCACGACAAAACCAAATTCACGCATTATCTCTCCACGAATCCAGCCCTTCAAAAGATAATAACAGA
——1=—E-—G--E--T--K=-V==F=-H--D==K=-T=-K==F==T=-H-=Y—--L=-S=-T=-N--P--A--L--Q--K-—- I - I --T--E

5311 AAAAAACCAATACAAGAACGGGAACAACGCCCTAGAAAAAACAAGAAGGTAATCCCTCAACAAACCTAAAAGAAGACAGCCACAAGAACA
-—K=-N--Q--Y=-K=-N--G--N--N--A--L--E--K--T--R--R-

5401 GAATGCCACCTTTAACAACTAAAATAACAGGAAGCAACAATTACTTTTCCTTAATATCTCTTAACATCAATGGTCTCAACTCGCCAATAA
~M=-P==P=-L=-T==T=-K=-1==T==G==S=-N=-N=-Y=-F==S=-L -~ I ==S=-L--N-= I ==N--G=-L--N--S--P-— I --

5491 AAAGACATAGACTAACAAACTGGCTACACAAACAAGACCCAACATTTTGCTGCTTAAAGGAAACTCATCTCAGAGAAAAAGATAGACACT
K=-R--H--R=-L--T==N=-W--L--H--K=-Q--D--P=-T=-F-=C~-C=-L--K-~E--T--H--L--R--E--K--D--R--H--

5581 ACCTCAGAATGAAAGGCTGGAAAACAATTTTCCAAGCAAATGGTATGAAGAAACAAGCAGGAGTAGCCATCCTAATATCTGATAAGATTG
Y-L=-R=-M--K=-G=-W--K=-T== I ==F==Q=~A=-N-=G=-M=-K--K=-Q--A==G--V=-A-= I -=L=— 1 ~=S--D--K-- I =

5671 ACTTCCAACCCAAAGTCATCAAGAAAGACAAGAAGGGACACTTCATTCTCATCAAAGGTAAAATCCTCCAAGAGGAACTCTCAATTCTGA
D-=F=-Q=—P=-K==V—= I ==K==K==D=-K=-K==G=—H-=F ==l ==L == 1 ==K==G~K == I ==L ~=Q==E=—E~-L--S—— I -—L -

5761 ATATCTATGCTCCAAATACAAGAGCAGCCACATTCACTAAAGAAACTTTAGTAAAGCTCAAAGCACACATTGCGCCTCACACAATAATAG
N==1==Y=-A=—P=-N==T=-R==A-=A=-T==F==T=—K==E==T==L=-V=-K=-L-—K=-A-—H-= | == A= —P=—H=-T=— | -— | -
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Appendix D: L1 promoter and ORF sequences

5851 TGGGAGACTTCAACACACCACTTTCACCAATGGACAGATCATGGAAACAGAAACTAAACAGGGACACACTGAAACTAACAGAAGTGATGA
V==G=-D==F==N==T=-P=—-L==S=-P=-M--D--R==S=-W--K=-Q=-K==L-=N-=R==D==T=-L=—K=-L-~T=-E--V--M--

5941 AACAAATGGATCTGACAGATATCTACAGAACATTTTGTCCTAAAACAAAAGGATATACCTTCTTCTCAGCACCTCATGGTACCTTCTCCA
K=-Q--M--D=-L--T==D==1==Y=-R==T==F=-C-=P=-K=-T==K=-G=-Y--T--F=-F-=S--A--P--H--G--T--F--S—-

6031 AAATTGACCACATAATAGGTCACAAATCAGGCCTCAACAGATTCAAAAATATTGAAATTGTCCCATGTATCCTATCAGATCACCATGCAC
K=-1--D--H--1--1-=G--H--K==S--G=-L--N--R=-F=-K=-N==1=—E-= I ==V=-P=~C—= I ==L --S--D-~H--H--A—-

6121 TAAGGCTGATCTTCAATAACAAAATAAATAACAGAAAGCCAACATTCACATGGAAACTGAACAACACTCTTCTCAATGATACCTTGGTCA
L--R--L-=1==F=-N==N--K==1==N==N=-R=-K-=P==T=-F==T=-W--K-=L--N--N--T--L--L--N--D=-T--L--V--

6211 AGGAAGGAATAAAGAAAGAAATTAAAGACTTTTTAGAGTTTAATGAAAATGAAGCCACAACGTACCCAAACCTTTGGGACACAATGAAAG
K=-E--G--1--K=-K=—E-=1=-K=-D==F=-L--E-~F=-N=-E--N--E--A-=T=-T==Y=-P=-N--L--W--D=-T--M--K--

6301 CATTTCTAAGAGGGAAACTCATAGCTATGAGTGCCTTCAAGAAAAAACGGGAGAGAGCACATACTAGCAGCTTGACAACACATCTAAAAG
A==F==L-=R==G==K==L= I ==A=-M==S=~A-=F==K==K=—K=-R=-E=-R=-A-—H-=T==§==S=-L=~T==T=—H--L--K--

6391 CTCTAGAAAAAAAGGAAGCAAATTCACCCAAGAGGAGTAGACGGCAGGAAATAATCAAACTCAGGGGTGAAATCAACCAAGTGGAAACAA
A=-L--E--K-=K==E=-A=-N==S=-P=-K=-R-=S==R=-R=-Q=-E=- I == I ==K==L==R==G=—E == [ =-N=-Q--V--E-=T--

6481 GAAGAACTATTCAAAGAATTAACCAAACGAGGAGTTGGTTCTTTGAGAAAATCAACAAGATAGATAAACCCTTAGCTAGACTCACTAAAG
R-=R=-T==I=-Q=-R==1-=N==Q==T=-R==S=—W=-F=—F-—E-K== I ==N=-K== I ==D==K-=P==L = A= -R=-L-~T--K—--

6571 GGCACAGGGACAAAATCCTAATTAACAAAATCAGAAATGAAAAGGGAGACATAACAACAGATCCTGAAGAAATCCAAAACACCATCAGAT
G=—H=-R=-D=-K==1-=L==1==N=—K== I ==R==N==E-=K==G==-D=— I ==T==T=-D=-P-—E-—E-= 1 =—Q—=-N--T-- I -—R—-

6661 CCTTCTACAAAAGGCTATACTCAACAAAACTGGAAAACCTGGACGAAATGGACAAATTTCTGGACAGATACCAGGTACCAAAGTTGAATC
S——F=-Y--K--R=-L-=Y==8=-T=-K==L-~E=-N--L--D=-E--M--D=-K--F==L--D=-R-=Y==Q--V--P--K--L--N--

6751 AGGATCAAGTTGACCTTCTAAACAGTCCCATATCCCCTAAAGAAATAGAAGCAGTTATTAATAGTCTCCCAGCCAAAAAAAGCCCAGGAC
Q--D--Q--V—--D=-L--L--N==8=-P==I==S=-P=-K--E=-1=—E-~A--V-- I ==N==S=-L--P--A--K--K--S--P--G--

6841 CAGACGGGTTTAGTGCAGAGTTCTATCAGACCTTCAAAGAAGATCTAACTCCAGTTCTGCACAAACTTTTTCACAAGATAGAAGTAGAAG
P—-D--G--F=-S--A-—E--F=-Y--Q--T=-F--K--E=-D--L--T=-P--V--L--H--K--L-~F=-H--K-= I --E--V--E -

6931 GTATTCTACCCAACTCATTTTATGAAGCCACTATTACTCTGATACCTAAACCACAGAAAGATCCAACAAAGATAGAGAACTTCAGACCAA
G-=l==L=-P=-N==S=-F==Y=—E=-A--T== I ==T=-L-= 1 =—P=—K==P=-Q--K=-D=-P--T—-K-= 1 =—E--N--F=-R--P—

8731 AAATGCAAATCAAAACAACCCTGAGATTCCACCTCACACCAGTGAGAATGGCTAAGATCAAAAATTCAGGTGACAGCAGATGCTGGCCAG
E--M--Q-=1=-K==T=-T==L--R==F=-H--L-=T=-P=-V--R=-M-~A--K=- 1 ==K=-N-=S=-G--D--S--R--C——W--R--

mL1-Orf2bFw mL1-Orf2aFw
8821 GATGTGGAGAAAGAGGAACACTCCTCCATTGTTGGTGGGATTGCAGGCTTGTACAACCACTCTG TCAGAA

G=—-C--G--E--R==G==T==L—=L=-H==C-W=-W--D==C==R==L~-V=-Q=-P==L-—-W--K-=S=-V--W--R--F--L--R—

8911 AATTGGACATAGTACTACCGGAGGATCCAGCAATACCTCTCCTGGGCATATATCCAGAAGATGCCCCAACTGGTAAGAAGGACACATGCT
K==L==-D=—I==V==L-=P=—E==D==P=-A=—I==P==L-=L-=G== I ==Y=—P=—E=-D=-A-—P--T==G=-K--K--D--T--C—-

9001 CCACTATGTTCATAGCAGCCTTATTTATAATAGCCAGAAACTGGAAAGAACCCAGATGCCCCTCAACAGAGGAATGGATACAGAAAATGT
S—-T=-M-—-F==l=-A--A--L-=F--I==I==A=-R=-N=-W=-K--E--P=-R--C==P-=S=-T=-E-~E--W-— I -=Q--K--M--

9091 GGTACATCTACACAATGGAGTACTACTCAGCTATTAAAAAGAATGAATTTATGAAATTCCTAGCCAAATGGATGGACCTGGAGAGCATCA
W-=Y=—1==Y=-T=-M=-E--Y==Y==S=-A-= I -=K=-K=-N-=E=~F=-M-~K=~F=-L-~A-~K=-W--M--D--L--E--S—- 1 --

9181 TCCTGAGTGAGGTAACACAATCACAAAGGAACTCACACAATATGTACTCACTGATAAGTGGATACTAGCCCAAAACCTAGGATACCCACG
I--L--S--E--V--T--Q--S--Q--R--N--S--H--N--M--Y-=S—-L-- 1 -=S--G--Y~-

CpG sites are shaded in grey and numbered 1-13. The HRM unmethylated-biased
primer sites are represented by an underline. The L1 amplicon sequence is in bold.
SNPs within the L1 amplicon are represented by an R, K or M. Monomer sequences
are indicated by a dark blue border (monomer 1), light blue (monomer 2) or a

brown border (monomer 3). Text highlighted in green indicates an E2F transcription
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Appendix D: L1 promoter and ORF sequences

factor binding site, while red text indicates an YY1 transcription factor binding site.

Amino acid sequence is shown below nucleotide sequence within the two ORFs.

ORF1 is highlighted by a green box, while ORF2 is highlighted with a purple box.
ORF1 and 2 forward primer sequences are shown in blue, while reverse primer

sequences are shown in pink.
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Appendix E: Telomere length and genome copy number calculations

APPENDIX E: TELOMERE LENGTH AND
GENOME COPY NUMBER CALCULATIONS

Telomere length and 36B4 genome copy number were determined as outlined in
O’Callaghan and Fenech (2011) from standard curves created using the

oligonucleotide standards.

Calculation of Telomere Length

To calculate the length of the Telomere oligonucleotide standard the following

calculations were performed:

The oligonucleotide has a MW of 26667.2 and is 84 bp. Therefore the weight of 1 x

molecule is:
MW/ Avogadro’s number = 26667.2/6.02 x 10%
= 0.44 x 10%g
STD A has 141.6 pg of oligo/ pL (see Table 22)
=141.6 x 10"%g/0.44 x 10°*°
=3.22 x 10° molecules
Therefore, the amount of Telomere sequence = 3.22 x 10°x 84 bp

The length of telomere STD A/ pL = 2.7 x 10° kb.
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Appendix E: Telomere length and genome copy number calculations

Telomere oligonucleotide standards

Table 22: Telomere olignuclotide standard lengths.

per ul per reaction
Concentration Dilution
STD (pg/uL) Factor # mol length (kb) # mol length (kb)
A 141.6" 5 3.22E+09 2.70E+08 6.44E+09 5.41E+08
B 28.32 25 6.44E+08 5.41E+07 1.29E+09 1.08E+08
C 5.664 125 1.29E+08 1.08E+07 2.57E+08 2.16E+07
D 1.1328 625 2.57E+07 2.16E+06 5.15E+07 4.33E+06
E 0.22656 3125 | 5.15E+06 4.33E+05 1.03E+07 8.65E+05
F 0.045312 15625 | 1.03E+06 8.65E+04 2.06E+06 1.73E+05
G 0.0090624 78125 | 2.06E+05 1.73E+04 4.12E+05 3.46E+04
H 0.00181248 390625 | 4.12E+04 3.46E+03 8.24E+04 6.92E+03

*Standard A is a dilution of the stock oligonucleotide (708 pg/uL).

Calculation of genome copy number

To calculate genome copy number the following calculations were performed (as
for the Telomere oligonucleotide standard) for an oligonucleotide standard for the

36B4 gene:

The oligonucleotide has a MW of 23606 and is 77 bp. Therefore the weight of 1 x

molecule is:
MW/ Avogadro’s number = 23606/6.02 x 10%3
=3.92x10%%
STD A has 936.8 pg of oligo/ pL = 936.8 x 10%g/3.92 x 10%°
=2.39 x 10 copies

Therefore, there are 1.19 x 10™° diploid genome copies/ pL of STD A.
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Appendix E: Telomere length and genome copy number calculations

36B4 oligonucleotide standards

Table 23: 36B4 oligonucleotide standard copy numbers.

per ulL per reaction
Concentration  Dilution # copies/ diploid # copies/ diploid

STD (pg/nL) Factor # copies genome # copies genome
¢ 37.472 125 9.56E+08 4.78E+08 1.91E+09 9.56E+08
D 7.4944 625 1.91E+08 9.56E+07 3.82E+08 1.91E+08
E 1.49888 3125 3.82E+07 1.91E+07 7.65E+07 3.82E+07
F 0.299776 15625 | 7.65E+06 3.82E+06 1.53E+07 7.65E+06
G 0.0599552 78125 | 1.53E+06 7.65E+05 3.06E+06 1.53E+06
H 0.01199104 390625 | 3.06E+05 1.53E+05 6.12E+05 3.06E+05
I 0.002398208 | 1953125 | 6.12E+04 3.06E+04 1.22E+05 6.12E+04
J 0.000479642 | 9765625 | 1.22E+04 6.12E+03 2.45E+04 1.22E+04

"STDs A-B were not included in the 36B4 standard curve.
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Appendix E: Telomere length and genome copy number calculations

Telomere lengths of mice from longitudinal study of methylation in PB in

response to low dose radiation

Table 24: Mean length per telomere of PB samples from Chapter 5 (Section
5.1.2.3.1).

Dose Mean Tel
(mGy) Time post-irradiation (d) n length (kb) SD
0 0 8 34.02 29.41
420 8 18.02 13.28
Male

10 0 6 14.78 5.96
420 6 14.17 10.47

0 0 8 18.83 5.80

420 8 12.78 7.90

Female

10 0 9 15.08 8.07
420 9 19.12 10.56

Table 25: Mean length per telomere of spleen samples from Chapter 5 (Section
5.1.2.4.1).

Age Mean Tel length

Dose (mGy) (months) n (kb) SD

untreated 2 5 13.18 0.63

Male 0 8 22.90 16.01
18.2 (£0.8)

10 6 10.17 5.52

untreated 2 5 14.74 2.20

Female 0 9 43.45 40.92
18.2 (£0.8)

10 9 21.26 19.32
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APPENDIX F: CELLPROFILER™ PIPELINE

The CellProfiler pipeline used to identify T-cell areas of spleen sections is as follows:

1.

3.

DAPI images were used to identify cells using Otsu global 2-class
thresholding; where weighted variance was minimised.
There was a threshold correction factor of 1, with lower and upper bounds

of the threshold of 0 and 1 respectively;

FITC images were identified following masking of the DAPI image i.e. regions
not stained by DAPI were removed by masking. Primary objects were
identified in the masked FITC images with a minimum and maximum
diameter set at 30-500 pixel units. A 2-class Otsu global threshold with a
correction factor of 1 was used, with lower and upper bounds of the

threshold of 0.15 and 1, respectively. Weighted variance was minimised.

Image area occupied was measured in the objects of the masked FITC image.
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APPENDIX G: PUBLICATIONS ARISING FROM
THIS THESIS

Sensitive quantitative analysis of murine
LINE1 DNA methylation using high resolution
melt analysis

Michelle R. Newman,' Benjamin J. Blyth,' Damian J. Hussey,” Daniel Jardine,! Pamela ). Sykes'* and Rebecca ). Ormshby!

'Hematalkogy and Geretic Pathology: *Department of Surgery: Flinders Universify and Medical Centre; Flinckers Snalytical Flinders Universgy; Gecond Park;
Adelside. 55 Sustralis

Key words: DNA methylation, LINEL high resolution mele analysis, mouse tissue methylation, heterogeneous methylation

Abbreviations: HEM. high resolution mele; PCR., polymerase chain reaction: 3-aza, 3-aza-2-deoxyoyridine; L1, LINEL long
i:||.|.-|.'r5s|:l|.'m|.'|J elements; NTS, net termperature shif; LC-M5, |i.¢.|ui.d n'.'|:|r\c|u|:u.L|.'-Eru|n]|.y-|:|1u.'is spectrometry; B, pl.'ripllcrﬂ blaad

We present here the first high resolution melt (HRM) assay to gquantitatively analyze differences in murine DNA
rethylation levels utilizing CpG methylation of Long Interspersed Elements-1 (LINET or L1). By calculating the integral
difference in melt temperatune betwean samples and a methylated contral, and biasing PCR primers for unmethylated
Cpias, the assay demonstrates enhanced sensitivity to detect changes in methylation in a cell line treated with low doses
of 5-aza-2'-deawycytidine (S-aza). The L1 assay was confirmed to be a good marker of changes in DNA methylation of L1
elemants a1 multiple regions across the genome when compared with total 5-methyl-cytodine content, meaurad by
Liquid Chromatography-Mass Spectrometry (LC-M5), The assay design was also used to detect changes in methylation at
ather murine repeat elements (B1 and Intracistemal-&-particke Long-terminal Repeat elernents). Pyrosequencing analysls
revealed that L1 rmethylation changes were nan-unifarrm across the CpGs within the L1-HAM target region, demonstrating
that the L1 assay can detect small changes in CpG methylation among a large pool of heterogeneously methylated
DA templates. Application of the assay to various tissues from Balbvc and CBA mice, including previously unreported
peripheral blood (PB), revealed a tssue hierarchy (from hypermethylated to hypomethylated) of PE > kidney = liver =
prodtate = spleen, CRA mice demanatratied oversll greater methylation than Balbfe mice snd male mice demonstrated
higher tissue methylation compared with female mice in both strains. Changes in DNA mathylation have bean reported
to be an early and fundarmental event in the pathogenesis of many human diseases, Induding cancer. Mouse studies
dasigned ta identify modulatars of DNA mathylation, the critical doses, relevant tirme paints and the tissuas affected are
limited by the bow throughput nature and exorbitant cost of many DNA methylation assays. The L1 assay provides a high
throughput, inexpensive and sensitive screening tool for identifying and characterizing DMA mathylation changes to L1
elements at multiple regions across the genorme.

Introduction

Approximarely 2<10% of the cyrosine residues in the mamma-
lian genome are methylated (S-methyl-decuyoytosine: 5-mdC),
predominantly when in sequence with a guanine (termed a CpG
dinuclestide) and largely within transcriprionally silent regions
of the genome, CpG-rich regions within oranscriptionally active
gene promoters are generally unmethylaced, although it has been
reported that anly key CpGs within the prometer region need o
be funimethylated 1o exert control on gene expression.' In cancer,
DA methylation changes can ecour ar individual genes, or acros
llll.' EEI'IIJI'I:IL' Ilgl.‘:"l:\:l I'I'H.'II'I.}'I.It.":IIJ:l, n.".'iu]ti.ng il'l lTiTL‘I'.TiPTi':mI.I}'
silent regions becoming demethylated, leading o rranscriprional
acrivation, or regions that are normally rranscriprionally active
rendered silent by abecrant increases in DNA methylation.

*Conespondence ta: Famels . Sykes; Emal: pamosylkes@finders sduau
Subemited: D231, Bevised: 11AT; Accepied: 11/21°71
herpeiids dod ang 10416150 7118815

o2 Epigenetics

The most heavily methylated regions of the genome are DNA
sequences belonging o repetitive DNA elemenes, which com-
prise approzimately 45% of the mammabian genome,* of which
20% consist of Long Interspersed Elements-1 (LINE] or L1357
Short Interspersed Elements (SINE) and Long-terminal Repeat
elemenes (TR} are alse distributed throughaut the penome and
can be methylared, These repean elements can contain full lengrh
coding regions that, upon demethylation, may sesult in transpo-
sition across the genome, which can result in disruprion o gene
expression and, in some cases, disease.™® Loss of repear element
methylarion can be an carly event in carcinogenesis or tumor pro-
Bmﬁsil:ll'l. ]:-:sr I.'IIII'I'IPII.'. I.l::ﬁ} 1:1"‘ I'IIL'IJI?IHIJ.L'II'I at il.'ll r:lr.'ish.'m:l-."n I:lilr'
ricke (IAP} repeat elements in mice results in acoive rranscription
and cransposition keading w insertion of the LA clement into
the genomic locus of Noeck-f. This recrotransposition induces

Volume 7 lssue 1
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Appendix G: Publications arising from this thesis

1. AESEARCH PAPER

cxpression of an oncogenic transcript of Newd-J in thymic
tumors.” In several cases, it has beoen reported that a loss of meth-
ylatien at repeat ebements has resulted in increased chromasomal
instabilicy as well as the enhanced development of colorectal can-
cer, non-small cell lung cancer and bladder mmors.* ™

[ncreu_si.ngl}-. mouse masdels are |:lui.ns peed o slud:r the acute
and transgenerational effects of exogenous modulaters of ghobal
[¥MA methylation such as dier,” ™ chemical carcinogens,” ion-
izing radiation, " as well as the study of DA methylation in
Sgil'lg SII'III'I'IHIS.'“"'II' Ai;{nrdingh‘, l:h:rc is an iﬂcl’fﬂ&ll’lg I'Iftd. FQT
sensitive, robust, inexpensive and high throughpur methods for
'IIL' dl."\'.".'t-ﬂ.'lll IJr-i.'I'IH.I'IEL'! L4 EI.‘J.'AII. DN.I& n".'t]l}'lit;l.'ll'l I.C\'L'IS. Whik
High Performance Liquid Chromarography (HFLC) and Ligquid
Chromatography-Mass Specrromerry (LC-MS) are considered
twin of the gold standards for assessing otal methylated cytosine
comtent duse 1o cheir high senstviry, accuracy and reproducibilicg,
they are low-throughpur due ra the requirements of sample prep-
aration, lengthy amalysis procedures and cost per sample. Maore
IEEEI'I.TI}'., wl'll.'lk g\enm‘ne qulming Hl'bd :l.r.r.::.r rElTI'I.I'IﬂI.f%J‘E! .“.II:I'I
a5 the Mieming, SOLIE {(Invitrogen) and 454 placforms (Applicd
Biosystems) have been uwsed to investigare global CpG methyla-
tion. While these platforms are able to determine the methylaton
starus of thousands of genes ac the single CpG site-level offering
the highest level of resolution, they are nor amenable for screen-
III'Ig Ii.l'g! J'IIII'I'I'.'ET!' 1:IFEIEIETi ﬂﬂl'lli.l SII'I'IPIE"S =.|'|I'J tI'I.E Iﬂ'ﬂhﬂ(*:lg:‘r i.‘
not available to all laborasorics, Another commen sequencing by
synthesis technique used in methylation analysis is pyrosequenc-
ing, which ofters information abaout the proportion of methylated
cytosines in a target sequence. While this is also & powerful tool,
it is limied by the size of the targer region and cannor be used o
analyze highly palymorphic sequences.

High resolution mele (HREM) PCR 15 mow being wsed in
methylatien studies and is capable of derecting single nucleotide
differences based on differences iin :lle’]tillg. tt:mpuuturus." The
widespread nature and CpG density of L1 elements has resulied
in the urilization of L1 elernents ro investigare changes in DNA
methylation at multiple locations within the genome ™ We
have dﬂ:l{lp:d a HREM-PCR w0 quz.nl;il:al'iwh- decect m:rh}-ha
tion changes o heterogeneously methylared murine L1 repear
clements as a surrogare marker of widespread aleerations o DINA
methylation levels. The L1 assay caloulates the inregral differ-
ence in the mele curves of a sample compared with the methyl-
ated control sample {eemed the Ner Temperamure Shifi-NTS),
pm\':il:':ing a .5EI'L5.Iri'\'E., l'l.LiI'I.Tir.II.I\"E megasurement nrdiﬂ"ﬂ?ﬂl’lfﬂ.‘ iI'I
methylation, Using the NTS calculation, che assay was shown
w0 detect dose-dependent demethylation of L1 elements induced
by a chemical demethylating agent. Applicarion of the assy
o various tissues from two commen inbred laboratery mouse
seezins—Balb/c and CBA, demonstrared thar the assay could
detect difterences in methylation berween tissue samples that
had not been reated with a demethylating agene. We repore, for
the first time, the relative methylation levels of peripheral blood
xlrnples ijl'l i.'IJI'I'IFil rEI'J wll]'l I'Jl]wr murirl.e tl‘ﬂuﬂ. WI'II'.CI'I WeTe
highly mechylaced in boch mouse serains, The abaliny v quant-
warively measure methylarion of mouse PB samples using a high
throwghput and sensitive sereening assay provides a powerful wol

warwlandeshicsdencecom

for assessing changes to methylation in response m cxogenous
and endogenous modulators of methylation in comparison 1o
human studies where repeated sampling of subjeces is required,

Results

LI-HRM assay design. We aimed o develop a high-throughpur,
quantitative assay for the decection of DINA methylation changes
by analyzing the Cpila methylation swatus of murine LINED (L1}
repeat elements using PCR high-resolution mels curve analysis
{HEM). The forward primer o a murine L1 element {Accession
II.'I.I.I.'IIIJL'I': DS'—{I"J.;L” rmlll. KJ.NJ (59 HJ.'“'I'I WS uml s a I'.IIJ\'.'I;F
sequence for a BLAT search {genome.ucsc.edu). A rarger CpG
island (containing 13 CpiGs) upstream of the Kato primer bind-
ing site [located within the open reading frame 2 (ORF2) of the
consensus sequence] was wentified using MerhPrimer™ and can-
didare primer sequences thar did nor contain CpGs were then
used to perform an in slice PCR (genomecscedu). Primer
I'IIIFS“EI'E chn:rrl l'ﬂ.‘ﬂl.‘l. on TI'IE ﬁl.'ll'l'll.'ﬂr n"g'emmil: |n|:ar'lnr.|s FI'EI'
dicted wo amplify wich the candidate primer pair indicaring wide-
spread coverage of the L1 clements, The primers were found 1o
amplify L1 elements at numenous locations on each mouse chro-
mosome (data not shown). Successful amplifcation of murine L1
clernents was confiemed by DMNA sequence analysis,

HRM iml:"ﬂi! i!' IIHI Ty dlsl'l:nguish hEl’\\ﬂl‘l .5i.|'|EI.E l'IIJI'_'IEﬂ'
nide differences based on the melting wemperatires of ampli-
cons. " EHSE HEM can be used w differentizee berween
methylated and unmethylated DMA - following trearment of
genomic DMNA with sodium bisulphire. DNA thar is heav-
ily methylated will remain cytesine-rich following bisulphire
madification, whereas less methylated DINA will contain a bower
GC—content due o the presence of uracil in place of the original
unmethylared cyrosines, These sequence changes result in mel-
in5 tﬂnpcru.tum diﬁmnr.u I:d.uu 18] rJi:n'.emu:E: in the amount
af thermastable GC), Methylared mouse genomic conrrol DNA
amd an unmethylared contral were amplified with the F_wnbi-
aied_mIINED and B_wnbiared mil INET primers, A 50% mix-
and amplificd. As expecred, che melt curve analysis showed that
the methylared conerol had a higher mele temperature range com-
pared with the unmerhylared contral DNA. The 50% mixture
had a melt cemperature range siuared berween the two control
DA samples (Fig. 1A). The graph of the negative fisse derivative
af the melsing curve {-dF/AT) (Fig. 1B) showed that the methyl-
ated and unmethylated control samples had only ome melr peak
cach, wheseas the 50% mixoure of the two coneol DNA samples
had two mele peaks representative of ench of the control DNA
samples.

Derection of hererogencous DMNA demethylation induced
by a chemical demethylating agent. Mot all CpGoislands will
have complere demethylacion ar every CpGoand chis will resule
in a heterogencous partern of methylation ar any individual CpG
dinuclentide #- In onder to :in\-us‘ti.g.l.te i srmall d\anﬁu in
methylation parterns across numercus L1 elements distribured
throughour the genome could be devecred with this assay, a mouse
hybridoma cell line was reated with two different low doses

Epigenetics 9k
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Figure 1. Detection of differences in L1 methylation. Melt cunve analysis fallowing amplification with the unbiased L1 peimers (F_unddased_miINET
and A_wniiased mLINET) (A) The HRM normalized melt curvee and (B) the first derivative melt curve -dFAT) was performed on methylated {red) and
unmethiylated (green) control DA as wiell as a 504% {methylatedunmethylated control) methylated sample (blue).

(0,125 whd and 0.5 wM) of the chemical demethylating agent
S-aza-2 -deswyoyidine (3-aza). The mele curves of the samples
from each rrearment group could be distinguished from the melt
profle of the methylated control DINAL A signihcant difference
in melting temperature between the 5-aza weared cells and the
wvehicle (DS rreared control cells was not derected (Fig, ZA).
1t has been prupumd 1 several reports, that to increase A.emiti.vit}'
w detect small mechylacon/demerhylarion events within a large
pool of hererageneously methylaved remplares, PCR primers may
need to enrich for methylated or unmethylaved templates -
Using this approach, a new forward and reverse primer pair
was designed to macch the bisulphite-modified sequence of an
unmﬂh:rhm] C]JG dinucleatide at the 3 end of each u'.ili.ﬁmnnﬂe'-
avide. Thus, the same region could now be amplified with an
unbiased-primer pair (not selective for methylation status) or an
unmethylued-biased primer pair [Fl\\'.'l:l':rl.'ll.iil“}' :ull.]JJif}'il:lg L
sequensces with bath Hanking Cpl sices unmethylared), Using
the unmethylated-biased primers, a distiner. dose-dependene dif-
ference in melt curves was observed for the samples treated with
ﬁ-’HJ‘J cnrrlpa r:l.‘l I-'c'I.TI'I []'I.E '\'EI'IiI:IE cone m| ﬂl'ltd I'IEmﬂl'l E]'E mwio
3-aza doses (Fig. 2B and Cl All LI-HRM assays were subse-
quently peeformed using the unmethylaed-biased primess unless
atherwise stated.

Searisival analyic of mevhplation differences berween samples
ssiig vhe st temperanre it In order 1o stavistically quancfy
ThE di"TEI'EI'II’_'EF I.I'I I'I'I.EII ourves lﬁbﬁﬂ'ﬂ'ﬂj. & Imeans -:l"'dcri.\':ing II\E
methylation index of a sample hased on the melting profile of
amplicons was devised. Within the Rowe-Gene () software,
normalized melt curves of all amples were generated. Following
this, & control sample was selected {in this instance, the meth-
vlated comtrol DNAY and a difference plor of the melr curves
compared with the methylated control was generared (Fig. 20).
The difference plot fluorescence value ar each remperature point
{0,017 imrervals from 74—-84°C for a votal of 100 readings) within

thie melt ewrve was E:l.purbed o Microselt Excel. All values within

Epigenetics

thie mele curve were summed and divided by 100 to give the Met
Temperature Shifc (MT5) value (Table 513, A greater negarive
MTH value indicates a grearer shift from the methylared con-
trol and, thus, a less methylated sample. Using the NTS, a sag-
nificant dese-dependent demerhylacion of the L1 elements for
samples treated with $-aza compared with the wehicle centrol
l:]'.! < 10 and between the twa S-aea doses I:p o 1) was observed
(Fig, 3A).

To demonstrare thar mechylarion changes were not restricred
wr L1 elements and that che asay design could be applied o
ocher repeat elements, the NTS caleulation was applied 1o ampli-
con melt curves from two other DNA repear elements: mouse
Bl (Share |nt:'.r:|.|-£rml Elements; SINE ru.n:lily. Mm; bocased
within the first 92 bp of the <130 bp monomeric repear unir}
and Incracisternal-A particke Long-terminal Repear elernenes®
{IAP_LTR; located within ehe SLTR af the 1AP promoter)
{Fig. 3B and C). For both the Bl_Mm primers, which were
unbiased for methylation, and che unmethylated-biased 1AP_
LTR element primers, there was a significamt difference in the
NTS of the (0,125 oM and 005 M S-aza treated szmple: CoN -
pared with the vehicke control (p < 0.03), Both repear clements
showed strong coerelation with the L1 demenis ip < 001 with
the [AP_LTR demonstrating greater correlasion with che LI ele-
ments than the Bl clements (Table 52},

Validation of the LI-HRM assay. fo sifive POR e asaly-
55 rg,l".f..l’ repeat elemsens SEUERCES, S-ﬂiuumx zn:.|:|.-six of LI.PCR
preducts identified six non-CpGonucleotide positions with more
than one defined peak on the sequence chromatogram {data
not shown), indicating potential sequence vanaton. Using che
original unbiased L1 primer sequences, the mouse genome was
searched by in silico PCR (genome.scscoedu) to identify the pre-
dicted pool of L1 template sequences. Alignment af 20 rancdomly
selected in silice PCR results revealed ren nuclearide posicions
with sequence variation and thar the frequency of the minoricy
varianis occumed in 5—4U% ucrthu u.|:|u|rur] temphbes [Tal:le
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Flgure 2. Detection of 5-aza induced partlal demerthy lation. Vehacle
conirgl [DMED) (bluel, 0125 M [pumple) and 0.5 uM lorange} 5-aza
treaved AT cell line geromic DA was amplifed following bisulphite
modification with the unbiased L1 primers and subjected along with
thi marthylated fred) and unmaethylated (graen) cantrobs to melt analy-
si5, (A] the normalized HAM melt curve in = 3 samghes pes traatment
group is displayed], The samples were then am plified with unmethyd-
ated-bixsed primers. Melt analysis was perfarmed an the PCR products.
(B} The normalized HRM curve and (£ the difference graph fone PCA
replicate for each of the n = 4-5 sampdes is displayed); inset is the differ-
ence graph with the unmethylated control induded.
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23, Sequence variants 2, 5 and 7 eccurred ar the guanine base in
Cpls dinucleorides (Fig. 4A) and as 2 result, 10-15% of the L1
elements did nos contin 2 Cpla at these ares. All gx sequence
variants identified from the sequencing of PCR products were
abserved in the 20 in silico predicred L1 emplare sequences.

Comparizan of te LI-HRM away with pyrosequencing and
LM, Ivwas necessary to determine whether the differences in
melting remperarures observed were due o differences in cyro-
sine compaosition following bisulphite modification and not the
resuls of differences in non-CpG sequence vananons (Table 2).
Analysis of the melr curves For L1 elements amplified from bisul-
phite unmodified genomic DNA revealed no difference in melt
curves berween the S-aza and vehicle control rreared samples (dara
not shownd, This indicated thar che identified sequence variancs
were not influencing the differences in mele curves observed, and
thar the differences were due 1o cytosine content fol lowing basul-
phire modification. To confirm this, the LI-HREM PCR products
were subjected o pyrosequencing. Pyrosequencing of CpGa 7-12
l:Fig. -'i.ﬁ.:l revealed that each of the sax CPG siges in the NA
from the (1235 b and 0.5 pbd 3-aza rreaced cells displayed sip-
nificandy less L1 methylation than the vehicle conerol (Fig, 4B,
The mean percent of L1 methylation across all six Cplas revealed
a significant dose-dependent reducrion in L1 methylation wich
increasing concentration of $-aza (Fig. 4C) and a significant dif-
ference berween all treatments (p < 107}, Cpls 9 demonstrated 2
greater reduction in methylation compared with the sther CpG
sites analyzed in the 5-aza teared samples and in comparison
with the vehscle contral I:Fis. 4B,

Ligquid Chromarography-Mass Spectromerry (LC-MS) was
used o assess wotal genomic 3-mdC content for comparison with
the NTS detection of demethylation. A significant reduction in
wal genomic 3-md conrent compared with the vehicle control
for both 0,125 b and 0.5 M ocared samples was observed
I:Hg. 40, Unlike the HRM FET=iY and Py rIdeﬂ.rI.lEl'll’.‘]ll!{. thi
LC-MS mechod was wnable ro distinguish differences in DNA
methylation berween the 0,125 pM and 0.5 pM 5-aza creaed
cells. Bivariate correlations with 3-aza dose for the three assavs
{Tabkle 31 showed rq_ll.al and &:igniﬁc.an‘r n:ga:iw: correlations for
MWTS ws. F-aza dose and pyrosequencing mean methylation vs.
F-ara dose, with a weaker o sill significane negative correlation
hetween LC-MS S-md(C content ve. %-pza dose. The NTS and
prrosequencing mean methylation levels were highly and signifi-
cantly coreclated with cach other, while the 5-mdC conrent by
LC-ME, which 15 not specibic for L1 mechvlanion, showed les
cancordance with the other two mechods.

Linearity of the LI-HEM asay Various raties of genomic
DNA from ehe 0.5 F.M %-ara created and vehicle treated sa mp|e:
were made [prior o bisulphite modification) w creare hereroge-
neously methylared samples with predicied mean L1 methylarion
bevels (based on pyrosequencing measurements) berween 454
and 75.6%. These DINA mixtures were then subjecred to the
LI-HEM assay o west the sensitivicy and lincaricy of the assay.
]_.EI'IE'J.E reglﬂxinn un:]:.r.':i.s L)) tI'IE Slll'll'lll'd. curve iﬂIJI.L'H.mj thﬂ.t
thie TS was highly linear compared wirh the predicred L1 meth-
ylation bevels of the samples (p = 0.001; RY = 0.992) (Fig. 4E).
Baonferroni corrected post-hoc analyss revealed that with the
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Figure 3, Juantitation of methylation differences using the Net Temgeratune Shift. The normalized flusrescence at each temparature point an the
redt curve were wsed 1o calculate the mesn NTS af the 5-aza reated samples far (A] L1, (B) murine B family Mim (B1_Mml and [C} Intracisternal-Parti-
cle & Long-terminal Repeat (LWP_LTR) repest elements (n = 4-5 samples per treatment growp) (*p < 10 compared with the vehicle contral; *p < 005

number of replicates used here. an absolute difference of 3% mean
L1 mechylation or grearer could be detecied berween two mixes
of heterogencously methylated DMNA (p = 0.05). Comparison of
th!m ENA mixtum h}' ]_I.'HR.‘N'! Was PEEH&".T]EI’J H:lr Wik SEI'H.'
rare bisulphite moedification reacrions and two HRM-PCR runs
per modification {shown in Table 4) and revealed thar neither
bisulphite modification barch nor PCR run made a significant
comtribution to the overall variance (ANOWA, p < 0053, with the
variance largely explained by the prediceed methylation levels of
the varows mixiunes I:p < 'I:I.f!l:l.

Degection of tissue and sex specific methylation levels in
murine tissues, The LI-HEM assay was then used o detece L1
methylation differences between samiples that had not undergone
Seaza induced demethylarion, bur were expecred 1o be of differing
{L1) mechylation levels, based on previous reports in references
20, 22 and 47, Mouse strain, gender and the tissues analyzed
I'I.i\l'ﬂ I'IEE‘J'I ﬂhml'l'l o ]'IZ'J'E l'“FFEI'EI'II:E: il'l glﬁhﬂ] DN.I& m-er|1}'|1ri.ﬂ-n
lewels, Thercfore, genomic DA from male and female Balbfc
and CBA mice were analyzed using the unmethylaed-biased L1
primers, Analysis of the NT3S values revealed char chere were boch
strain and sex based differences in L1 methylation levels; with the
peripheral blood samples (PB} displaying the highest L1 methyla-
l'il.'ll'l i.l'ld l]w SPI&I’I tinu: g\ennmil: DNA tI'IE hm‘l. ITI. 1” m;:ﬂ,
the order of L1 methylation from hypermethylated w hypo-
methylared was as follows: PBekidneysliversprostatesspleen
{Fig. 5A). For Balb/c mice, higher methylation was observed in
the male kidney (p = (L03) and spleen (p = 0.01) oissues com-
pared with the females, and for CBA mice, higher methylation
wis observed in the male kidney (p = 001}, PB (p = (L01) and
spleen {p = 0LOZE] nissues relarive o female mice. The CBA mice
demonsrrated higher L1 methylation of the kidney, liver and B
Higiues conmpi red with the Balbde mce [F < 0.05). A Lmnpuriml

G Epigenetics

of the unbaased primers with che unmethylated-binsed primers
on the male Balb/c vissues (Fig. 5B} showed hierarchy of tissue
L1 methylation char correlared with che NTS for the unmethyl-
ated-biased Pr.imr.rs I:p < 00, Pearson correlation)}; however, the
unbiased primers did not demonstrate agnificant differences in
L1 methylation berween all rissues. For example, the spleen was
hypomethylated at L1 elements comprared with all sther tssues
when analyzed with the unmethylaned-biased primers {(ANOVA,
p < 0.05); whereas the unbiased primers enly demonstraved sig-
aihcane L1 |:|:r|.1|.1n:|ut]|5.-|=tiun of the .\Fleun when Lulnpﬂ.md. with
the PB samples (ANOVA, p = 0,045),

Discussion

HEM analysis of bisulphite modified DMNA templaces is wsed 1o
investigate DMA methylation, with various quantitative caloula-
riﬂl'lﬁ ﬂF TI'IErI'I:f'IJ.Tim IE'I'EIS emp|n}1ﬂ:|. TI'IEE l:II.CIJ]HIiﬂI'I! mng\e
from comparing Cq values to a standard curve,™* a caloulation
based on the emperatuse acwhich hall of the PCR producrs have
melted,” measunng the heighe of the differental feorescence
mele peak from a neminated conorol” Taghdan™ probe tech-
nology” and single dilutions of complex melt curves™ In these
AREVE, the methﬂaricm of a ::mp]u 15 caleulated h} :nmpn.r.iscm
i a standard curve char is generared using complerely methylaned
and unmethylated control DNASSH0ES With the excep-
tion of Stanzer et al.** all assays were utilized o investigare gros
changes in CpG merhylarion ar single penomic leci in cancer
samples. Analysis of the methylation levels of L1 elements using
HREM presents a unigque challenge due to the number of CpiGs
within the CpG islands and the sbundance and sequence diver-
sity of LIME] elements throughour the genome. Methylarion
Puﬁks wi]l bﬂ' IIEIE'.N.'FKE'JEIJIJS ulﬂj 'H'il.l Pml’l‘l.l.i.! I'.'I.'!III.]JIEI I.'I'IEIt

2846
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| Flgure 4, For figure lagend, see page 98,

curves that canngr be quantified by comparison to a sandard
curve of methylatedfunmeshylared DNA. Our aim was o wri-
Iize HRM rechnology 1o derect small changes in DNA methyla-
tion tor L1 elermnents throughout the genome that can result from

wareJandesbicsdencecom Epigenetic:

F‘Irur}ﬁlt.ﬂ:ﬁﬂs [E5] t!'ﬂ: hnm!!l*tﬂlj: Eﬂ'«'i“’l’lml’!ﬂl SIJI'JI as EI'I.EmiL:I
or radiarion exposure, dierary changes and aging in mouse stud-
ies. As a proof-of-principle, the chemical demethylaring agent

F-aza was used to demonstrate the detection of L1 demethylation

a7
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Figure 4 (See previous pagel. Confumation of the detection of 5-aza mduced demsethylation by the L1-assay, (A} The LT sequence as confiemed by
DINA sequending. The lecation of sequence variants in the tanget L region (boxed region) in unmaodiied genamic DNA identified from bath seguence
analysis of L1-PCR prod ucts amplified with F_wnimod_mLWE! and B_wnmod_mLME} and in silico POR analysis (see Table 2] are shown in bold, num-
bered 1-10 in blue and characterized as an R (5G], B {TAG] or M (4], Cpis are shaded and numbered in black 1<13. The L1-HRM FCR preducts in =
4-5 sarnples per treatment group fram n = 1 bisalphite medification and PCR reaction) were then subjected to pyrosequending. The pyrosequencing
primer i highlighted by the green arrow and the region pyrosequended is shown in green (5] The gercent methylation of each CpG was plotted and
s¢parated by S-aza concentration (vehicle, blue; 0125 uM, purple and 0.5 uM, crange] or control DNA status {red, methylated control; green, nmeth-
ylated contred), (€) The mean methylation of all CpGs pyrosequenced [7-12] was plotted s, 5-aza concentration (*p < W compared with the vehide
contrel; ‘g < 0,05 companed with the 0.125 M treated 5-aza samgles). (D) Genamic DNA samples fn = 4-5 per reatment groug) were subjected to
Ligjuid Chresmatography-Mass Spectrometry [LC-MS) and mean percent methylation [5-mdCdG ratio) for each trestment group plotbed (*p < 005) [E)
Linear regression analysis was performed on the mean MTS far sampdes of 2 standard curve (R = 0.982; p < 0.001]. The standard curve was made from
miatunes of the wehicle and 0.5 pM 5-aza treated A11 samiples (75,6, 545, 75.3, 75, 74,08, 72,58, 69,56, 86.54, 63,52, 60.5 and 45.4% methylated) using
the mean pyrosequending values for the two samgles, The unmethylated cortral DRA (3% methylated) was also inch ded in the L1-HAM POR reac-
ticns. The samples und erwent taa separate bisulphite medificati ons and were amplified with the unmethy lated-biased primers in teo separate PCR

reactions per bisul phite modification, prior to melt anakysis.

wiing HEM. Treatment with 5-aza induces signil'mam changes
r tatal genomic SomdC levels," ™ In chis stody, lower doses af
3-aza were used e orear the A1 cells, which underwent anly one
cell division in order to induce ow level demethylation, as would
be expecred following low bevel exposure o exogenous or endog-
enous modulators of DN A mechylation. We proposed thar rrear-
ment would cause partial demethylation resuliing in increased
h.crercigzneil:}- across the L1 elements. Intiial .:lulysis of the resuli-
ing mel curves following amplificarion with primers unbiased for
LI methylation status demonscraced demethylation of the 5-aza
ereated cells compared with vehicle treated cells bur no difference
berween the two 5-aza doses. To enhance the derection of small
differences in methylation, primers were biased for unmethyl-
H.mj E]TGT Within l]w Ell'i meer Hn.di.ng ﬂ.tEK Lo Eﬂril:l'l. FL'IF tI'IE Ama II
proportisn of samples that had undergone partial demeshylarion,
hypothesizing thar CpGs within the arger region would also
have undergone some parsal demethylation. When these primers
were applied 1o the same 5-aza treared samples, we saw differ
ences in the melt curves of the 5-aza reated samples indicaring
that the biased primers were cagable iﬂFSEILEi.ii\'\El}' detecting small
changes in GC content of the L1 elements fallowing bisulphire
madification, In order vo quantify chese small differences, we
devised 3 means af |:||.¢:|§uri:||E the difference in melt temperature
berween samples following PCRaermed the Ner Temperature
Shift (NT5), The NTS quaneifies changes in methylation (based
an the GO content of the amplicons) compared with a control
HI'I'IFJE. rarh:r TI'IHI'I I.'IETEH'I.'IITIII'IE mean FII.'TEEI'“' m.crl'l}'hr'lnn I'Ir
a rarger region, and incorporaces all produces char melt ar each
(10 interval within the mele range for an amplified sample. By
analyzing the data obwmined at all poines within the mele curve,
all products thar are melving are included in the final index of
methylation. This approach enables non-uniform melr profiles
e e more accuraely analyzed in compansen o other reporned
methods for anabyzing HRM dara, for example, the T530,*" or the
differential Auosescence peak,™ where only a single poine in the
melt curve 15 measured.

It has been reported char 3 end primer biasing can introduce
arnplificarion bias-false-positive resulis.® 4% However, analy-
sis of the LI-HRM PCR products by pyrosequencing confirmed
that the L1 elements amplified by the biased primers were hetera-
gencously methylared and thar primer biasing did net enrich for
L1 elements char were Lmnpletu":\r um:lu:l:ll].-LIth atall Cl.aIGs. The

S Epigenetics

mican methylation of all CpGs within the L1 arger region ana-
Iyzed by pyrossquencing conhrmed that there was dose depen-
dent demerhylarion with 3-aza trearment compared wich vehicle
reated contral cells; however, it also demanstrated that the level
of demethylation indsced by S-aza was nos uniform across all of
the CpGs, The sequence heterogeneiny of the L1 elements anising
from nen-CplG sequence variants restricoed the pyrosequencing
inil:r'.‘.lﬁ e MI}' ﬁ our I.'IE.I]'E I.ﬂ CI'IG d;nlmlﬂ(”idﬂ‘. A! HRM i!
used to decect non-Cpis polymorphisms, there is cthe patential for
these non-Cpls varianis o influence the melting profiles of the
amplified L1 elements. However, che HRM data showed correla-
rion with total 5-mdiC content as determined by LC-MS, which
demonstrated a significan, negative correlation with 3-aza dese,
indicating that che assay is detecting sequence differences arising
from cymosine content following bsulphite moedificacon racher
than differences due 1o sequence diversicy. While we observed
good correlation between the L1 assay and the LO-MS daea, che
assay 15 specific for LI methylarion and may noc reflect changes
in cyrosine content occurring elsewhere, The demonstration of
methylation differences between the two 5-aza doses using the
L1 assay suyrgests that encher there iz a difference in GO conene ar
the L1 elements char is not reflecred in che wotal genomic 3-mdC
oiabent, i.nrjir."gli.ns that L1 elements are more denditive o 5-;11:
induced demethylacion, or thar the L1 assay has grearer sensigiv-
ity to dewect very small changes in DNA methylation, L1 ele-
ments have been shown in other studies w be relatively resistam
[ (1] ﬁ-’ﬂ:‘J il'll'll.ll:ﬂd dn.‘merl'l:r'h.ﬁm\ CI.'II'I'IFIH I'El.'l WIII'I. nrl‘ler .5EI.'I.I|.E|'IEE!
in the genome.™ This suggests thar the L1 assay is a sensivive assay
capable of derecting changes in LI DNA methylation across the
EEHI.'II'I'IE.

[rahara er al® analyzed the precision and reproducibilicy
aof pyrosequencing o detect methylation differences, which is
reported to be one of the most sensitive methods tor methylation
analysis. They demonstrated thar variabilicy arising from basul-
phite modification ranged from 1.2—4.2%, and run o run varia-
tion tor the pyrosequencing reactions ranged from 1.9-3.8% m3
the derected mean CpG methylanion, The L1 assay presenned
here was shown 1o be as sensitive as the gold standard methods.
with a 3% difference in NTS between samples deteceed, The
sensitive nature of the LI-HRM assay as a result of baasing the
primers was furcher demonstrated by the strong correlation of the
assay with the m‘muquﬂwing resules. Assessment of the effect of

Viokume 7 lssue 1

257



Appendix G: Publications arising from this thesis

A Balbi'c CBA
Hale Female Hale Frmale
0.0
ey E3 " .
] : i
g o » i : f
E E X I} ¥
=5.0 I
-nn E
-10.0
c 2 = £ = = i:-*v f = B2 o4
] -] m ® 3
PERf PECQy oBEct orecqd
Tiasus
B unmetindabed arbiased
(e
20 - -
1 =
)
E-tﬂ'-{
I;I-:i..nn- I :
I
-B0
=1000
SRR EERE
SR A
Tissus

Figure 5, Detection of tisswe and sex specific methylation levels in murine tissiees, (A The mean NTS of L1 elements was used to assess DNA math-
ylation levels in the Kidney, liver, peripheral blood (PEL prostate ard spleen tissues of mabe in = 51 and female in = 5) Balbv'c and J8A mace following
bisulphite modification and amplification with the unmethylated-bissed primers. [E) The mean NTS of the kidney, liver, PB, prostate and spleen of

male Balkvc mice when amplified with the unblased primers for compartsen with the unmethylated-blased primers,

PCR and basulphite madifcation reaction vartahilicy on detec-
tion of mechylanion differences confirmed thar the differences
detected berween samples was not due o inherent PCR or bisul-
p]li.te rmnjiﬁut;un vzriu.]:-i]'lt}'.. bt due ta d.i}'ﬁr\e’nuﬂ in u}'l:-:mirbe
COntEnt,

Compared with pyrosequencing. the L1 assay is nor limiced
by the presence of non-C pla sequence variants or the size of the

wararlandeshicsdence com
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rarget region. The targer region of a pyrosequencing assay is
restricted ro - 30 nucleondes, whersas the L1 assay incorporates
an entire CpG island consisting of 13 CpGs spanning 192 bp
lh:-f' the -& kb L1 element) and, as we have demonstraied, does
not appear o be influenced by the presence of the sequence
variants, Economically. the cost o pyrosequence (including
specially designed biotin labeled primers, PCR, PCR product
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purification, and che prrosequencing analysis cost) is far greacer
than performing an in-house PCR reaction with HEM analysis.

Applicarion of the asay to twe other munne repeticive DNA
clements demonstrared thar the assay design can alse be applicd
o ather repear elements. The number of CpGs available for
amalysis wichin the smaller Bl elements precluded the design and
use of biased primers to enhance senmicivity of detecoion, while
the LAP_LTR elerment primers could be biased for unmethylared
CFGx o enhance mn:ﬂilivi.t:r. While nast :dgn:iﬁs:unt. the ]A.P_
LTR elements displayed a grearer NTS difference between the
123 M and 0.5 pM reared 5-aza samples relarive o the Bl
clements. While this may provide further evidence that biasing
Can increase r|'|r n:nsil:nril;}' [ex] de‘fﬁr $|'|'IH.II CI'IH ng\es i.l'l r}'mi“
content, it could also indicare thar the number of CpGs wichin a
warget region influence sensitiviey.

e then applied the L1 assav o vanous tissue samples iso-
lared from owe different mouse strains that have been shown o
have differences in genomic 5-mdC levels. Our assay revealed
rizsue and gender specihic differences in L1 methylation congs-
rent with the lieerarure™ ™ where spleen is reported o be hypo-
methylated when compared with other tissses, in two inbred
labewatory mowse serains (Balbdc and CEA) thar are commanly
used in global DNA methylacion soudies 7% The L1 DNA
methylation levels of murine peripheral blood have nor previously
been reported, however it is commemnly used to measure methyla-
vion changes in humans, % The LI-HRM assay is amenable
e the analysis of the small volumes of bloed obrained during
"JII '!’EITI HEEI’J.‘ JII(“\'II'L!: I.'EI'*HIEI'J. HHNJ 5l r.rl.r.!hrLg iml PEEJF['IET:]
blood methylation levels o be monnored ar various time poanes
from the same mouse.

In summary, che awmay provides the ability o quanttasively
measure L1 DNA methylation changes where individual Cpl
methylation dara or mean percent (%) methylarion is nor soughe.
The assay will provide a useful tool for the ongoing investiga-
tion of the rranscriprional conrod of DNA repear elements and
their impact on genomic stabilicy. Furthermore, we propose thar
the LI-HEM assay i5 a high throughput and inexpensive screen-
ing methad for che imvestiganion and idennificaron of small bur
potentially disease-initiating aberrant methylation changes in
in vive mouse models of diseases such as cancer. The assay can
:|.|m I'II!' 'IIm'l (48] Iﬂ“ﬂiga“! Chll‘lgﬂ! r|11r accur “i'h Hg]‘l'lg., or il'l
response o rrearment with or exposure t genotexing for com-
parison with human studies, which often wilize serial blood
sampling to memitor changes to L1 mechylacion ar mulople con-
centrations and time points.

Materials and Methods

Cell culrure. AT1 murine hybridoma cells were originally derived
by fusion of C57BI6-pEE] transgenic spleen cells with P3653
murine myeloma cells.™ A1l cells were grown in suspension in
RPMAL 1640 media supplemented with 3% FCS (car # 10099-141
Invitrogen], 50 IUYml penicillin and 50 pg/ml serepromycin
fear & 13070-063, Invitrogen) at 37°C wich 5% CO, Cells were
passaged twice weekly,
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S-aza-2-deoxycytidine treatment. A1l cells were culoured ar
a concentration of 2 x 10° during exponential growth phase in
10 mL RPMI 1640 {Flinders University and Medical Centre}
na 25 em® vissue culture fask (MNunc), Cells were treared for
24 b wich 0,125 pM er 0.5 pdd S-aza-2'-deoxyevtidine (5-aza;
cat #AJG50, Sygma-Aldoch) in DM (o # DE41E, Sigma-
Aldrich} or vehicle control {0,1% DMMSOY (n = 5 Hasks per trear-
ment group] and then centrifuged for 5 min ar 1,200x g, the
media removed 1:!5.- aspint;cpn and washed with 10 mL RIPMI
160, Cells were resuspended ar a density of 2 x 107 cells per mlL
in BEPMI 1640 and culrured for a further 72 b before pellering
for DINA extraction.

Mice. Three-month old male and female Balbl/c and CBA
mice (Animal Besource Cenrre, Perch, Australia) were barrier
maintained in micro-isolavors at the Flinders University Animal
Howuse with 2 12 h hgheidark cvcle, Food and warer were given ad
libiturn, All experiments were appreved by the Flinders University
and Dnstioute of Medical and Vererinary Science Animal Welfase
Committees,

Tissue collection, [mmediarely prior wo suthanasia, mice were
placed in a holding reavraine. The wails were swabbed with etha-
nel anad 3 small incision was made to the laceral tail vein using 2
GoldenRod lancer (MEDIpoint Inc.b, Mo more than 100 L of
peripheral blood (FB) was collected in EDTA-collection tubes
{Bectin-Dickinson and Company). Pressure was applied o che
wound until bleeding ceased and animals were recurned o cheir
cages. Mice were then cuthanized by CO, asphyxiation and
'iﬂufﬁ were Lnllﬂ'ﬂwd ﬂ.I'Hj Fl.'ﬂ'ﬁl'l anen i.l'l GET I'.T;I-‘)leﬂ'f_'tint
(Tissue-Tek). Tissues were stored ar -80°C and PB samples were
stored ar -20°C unril DNA excaction.

DMA samples. Genomic DNA was extracted from cells and
missues using the QlAmp DMNA Mini exeracrion kit ((agen).
DMA was extraceed from three fresh frozen tissue secrions
(25 pM) cut u:in5 a cryoatat lfR:leLerl-_]ung Cr}-uuu.l. 1800) ar
from the frozen blood samples. as per manufacrurer’s insoruc-
tions except char DINA was elured with 2 x 100 pL aliquors of
Buffer AE. For FB samples, DNA was euted in 1 x 100 pL ali-
cuest of Butfer AE. DMA was quantibed using a Nanadrop BO0H)
{Thermo Scientific).

Bisulphite moedification. Genomic DMNA (200 ng for all
nlﬂ[}k‘, 'i“ I'Ig +V.1T D‘H} Was l'ﬂﬂllp]\lTE I'I'I.I'H'IIFII.'L'I. IIQII'Ig I.IH ?.:rrrm
Research EZ DINA Medhylaion-Gold kic (Zymo Research) as
per manubfacturer’s instructions. Modified DMNA was dilused
with warer {Quagen, Hilden, Germany) to 10 ngdpL (rheorerical
amount based on genomic DNA conceneration input into che
bisulphite modification reaction). Unbess staed, all DNA under-
WENT CWCr SEPII.'JLE hisul]'.!hibe J'I'I':Hli.r'ifltilﬁl'l re:n:ti.-:ms.

Primers, Primers (Geneworks) for LINEL {Long Interspersed
Mucleie Elements-11, Bl_Mm (Mm family of SINE, Shor
Interspersed Mucleic Elements) amd IAP_LTR (Intracisternal-
A-Particle Long Terminal Repeat element) specific for bisul-
phite modified DNA were designed wsing  MethPrimer*
Pyrosequencing primers and assays were designed wang the P50
Amsay Design program {Qiagen), Table 1 owtlines the primer
sequences and amplicon sizes. Each primer that was designed
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Table 1. Primer sequences

Primer biasing Primer

F_kats
F_unimed_miLINET
R_unmod_mLIKE]

F unbiased mLINET"
i_unblased_maINET
F_umaod_nmeth_mLINE1
A_umcd_unmath_mLINET
F_ummath_mLINET*
F_unmeth_mLINET
A_pyroprimer
F_unemod _unbiased_B1_Mm
R_umod_unbiased_B1_Ma
F_mind _unbiased _B1_Mm
A_mad_unbiased BEl_Mm
F_unmod _unmeth_|AP_LTR
F_ummod _unmeth_IAP_LTR
F_misd _unmeth_KWP_LTR
R_mad _unmeth_I&P_LTR

unbiased

unmathylated

o (L E
TAG GAA ATT AGT TTG ART AGG TGA GAG GGT
GG CTG MGG CAG CAC CCT 6TG TG 195 bp
TEC AGA AGE TGT CAG GTT CTC TGG C
GOGT TGA GGT AGT ATT TTG TGT G "
TCC AfA ARC TAT CAA ATT CTC TARC Ll
GLT GAG GEA GOA COC TRT GTG GGCC ——
TCC AGA AGE TGT CAG GTT CTC TGG CGC 7
GTT GAG GTAGTATTT TGT GTG GGT T 193 bp
TOC ARA ARCTAT CAR ATT CTC TAR CAC
TAT TCAR ACT ART TTC CTA A
AGC CHG GOG THG TRG
CTT TGET AGA CCA GOC TEG CCT C HxhA
AGT VG0 GYG TGH TEG !
CTT TAT AAA CCA ARC TAA CCT C S2bp
OCA CATTOG COG TTA CAA GAT GGC
CAC CTA AARA ACATAT CACT ke
TTATAT TTG TTG TTA TAA GAT GG T ° 11 bp
CACCTA ARA CAT ATC ACT

Al primers were dessgned using MethPrimer and UCSC Genomie Broweser. Bold typeface indicates bisul phite modified bases ard biased CpiG sites ane
undieslingd, Abbreviation: unbiased, unblased for methylated or unmathylated bsulphite modfied genamic DMA; unmath, unmeshylated-biased
primers; unmad, unmaodilied genemic DA spedfic primers; B1_Mm, mouse B element, famay Mrc IAF_LTR, Intracistemal-A-paicle Long-terminal

Repeat slement. *Frimers contain a 5 biokn tag.

Table 2. Frequency of detected varlants in L1 target sequence

Frequency in alignment Detectedin
S e ofZBrandominslica PON  L1-PCA prodaict
e resulis NA sequencing
1 G=T 0%, (Th {2200 o
2 G=A 107% [A) 27200 e
. TsC 5% () [1420] na
TG 546 (6] (1420 yeu
4 GxA 5% (A (14200 na
5 GxA 199 [A) (1200 yes
& geT 536 (A] (1420} na
? G i 107 () {2200 yes
a8 G A A% (A [&530) WEE
q G A% (iG] [8530) WEE
10 Cxh 5% (A) (1420 na

Unmodified genamic DN& specific L1 primers IF_wvamad_mLiWET and &_
wirned_mLINEN] were used in an in silico POR analysis (UCSC Genomel
Twenty randomly selected in silico PCR results were aligned and the fre-
quencies of sequence varlants detected in the alignment in camparson
fo thve L1-HRM FCR target sequence ane shown,

xr.!ul.iﬁc:ll}- tar busulphice modified DMNA failed o =mp]if}-
unmadifed genamic DNA emplare,

PCR. MCR cycling and HEM were performed on a Retor-
Gene Q) {Quagen). A 20wl reaction mix consisted of 20 ng

wars landeshiosdence com

equivalent of bisulphite modified MA (10 ng of bisulphite
madified PR DMNA) and a Anal concentration of: 1x EpiTect
HEM PCR Master Mix (car # 59445, Qiagen), 0.7% pM forward
primer and 0.7% phd reverse primer, and warer (Qiagen). Cycling
comditions for LINE] were as follows: 95°C for 5 min followed
by 35 cycles of 95°C for 20 sec, 60°C for 30 sec and 72°C for
20 see. Melt curve analysis occurred from 73°C 1o B4°C rising
by 0102 see. Cyeling conditions for B1_Mm and IAP LTR
were: 95°C for 5 man followed by 3% cycles of 95°C for 100 sec,
52°C for 15 sec and 72°C for 10 sec for 35 cycles. Melr analysis
accurred from 65°C-80°C rising by 0.1°C/2 sec. Each mample
WHas J.mI'IIIEEI.'l in '.'IIII'I“I:JFE ]'.\Er ITR I'ﬂul'il'll'l. I..II'IIEM !rﬂl'ﬂ'l, H]I
samples underwent two separate PCR reactions,

Contral DNA.  Universal Methvlared  Mouwse DMA
feac # ¥ 2, Zymo Research) was wsed as a meshylared genomic
[OMA conrrol. Mean methylation of the methylated coneral was
determined 1o be 6% (£1.3) by pyrosequencing and contain 2
SemdC content of 5% (£1.44) h?' LC-MS. A LINEI I.'II1I'I'bEI:|1.}'|.-
ared control DMNA was made as follows, LINE] sequences from
unmodified Universal Mechylated DNA were amplified using
F unmed mifNED and ® pomod ool INET (see Table 1), The
PR produces were purified wsing the QlAquick PCR purifica-
tion kit as per manufacrurer’s inseructions (Chiagen) and 200 ng
of the purified PCR products were subjeceed to bisulphite modi-
ficarion and purificarion as described above for genomic DINA.
Pyrosequencing analysis was perfermed o confirm thar cach
C|:r|:; Wik u:||.n:||.'|:]|5.-|ah:wl amd was determined o have a mean
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Table 3, Correlatian of HAM assay with pyrosequencing and LC-MS

Treatment
Treatment 1
Pyrasequending [mean methylation] 0952
HRM 0552
LCMS 03015

Pearson Correlation Coefficient
HRM LCME Pyroseguencing Imean Fylatien)
-la5se" -0 -Re5T
0.3 Q377 1
1 0.387 0o 3=
Q3a7=" 1 0377

Analysis of the ability af the L1-HREM assay to detect glotal DNA demethylation in samples treated with 5-aza when compared with pyrosequencing
analysis of L1-HRM PCR products and LE-M3E analysis of genomic DN& methylation |**p < 0u01),

Tabde 4, L1-HRM imer- and inira-asaay variation

Bisulphite madiication rescian £1 Eisulphite modification reaction 22
Swrpte Msan
mean mesh RCAR1 PCR 2 PCR1 PFCRZ 5D
N Mean NTS 5D Mean NTS &0 HTS
WTS S0 NTS &0 NTS S0 NTS  SD
1540 080 008 885 025 | 043 067 | -w04a 008 -0se o0 | s aan [ ead o
EOLS0 -7.oa oazr =TT on T.E2 .51 =T28 0.08 TG ool T2 a.08 =742 035
B3.52 -GE7 008 A2 0 857 043 | Fa0 005 08 oo | 724 023 || 6B DS
G554 -B24 oz -5A% 013 =6.07 .25 -4.84 034 -EE1 ko] 583 a2 .45 [EER]
E9.56 560 008 483 000 [ 537 047 | 560 008 540 009 | 5500 044 | 538 050
T258 A6 012 4ms o -2 0S| A1 oo0 AN 0oa [ AN any || B om
400 524 003 470 o000 [ 487 038 | 523 oM M oO7 | 514 @3 S0 DR
7500 525 003 403 10 B4 086 | 478 005 EF 006 [ 4TI ot || 487 med
T =471 oar 468 013 -4.70 .02 474 akik] 464 ke ] -4 53 a.ar =46 oar
T5A5 S05 008 46T 00 488 027 | 473 004 48 D4 | 480 008 || 483 oA
TESD -5 [akak] -4.03 o2 -4.56 078 -4.70 008 4.6 (R ] -4.73 0.04 -4.B5 050
Tha Sazh slerdasd cunve mada fom metunas of e sehick and 0.5 ub! 5-a2a teted A1 sampkes [758, 7545, 753,75, T4040, 72 58 A0 26, 6554 6352 805 and 45.4%

mathylated) using the mass pyrosequencng welues ke B beo asmpbe. wae uesd o

Arseag infra- snd niee-assay warabily. Esch sampks underwem g speests baulpsile

magibcations and teo separals HAM-PCH runs with beo PCRE reaction dupbcales per BAM-PCH,

methylation of 3% representing background nodse level. The
ﬁl'lil.l Prudll.i.'l Wils IJIIIJLLI'J iJI water to il.i.'IJI'ILL'JIlL-J.Li.‘:III ik w]l.i\'.'ll ‘IIL'
Co tquantificarion cyeled range was within thar of test samples.
The unmethylated control DNA was incleded in cach HEM-
PCR as a quality control sample.

SEFL..HI'IE:I'IE .::r|=|:|.'sis. H.R.M PCR FII'L'EI.IICIS wWeTe PIJTiFII:'I.'l lllil'lg
the QlAquick PCR purification kit (Chagen) and quantified on
i Nn:uﬂnrp 000 [ Thermo SCiL'ILlil.;L']. SI.'I.'llJ\.'IH.'iI'IE [.r:ril:lu.'r: ane
cutlined in Table 1. Sequencing reactions were performed by the
SeuthPach and Flinders Sequencing Facility (Flinders University
and Medical Cenere, Adelaide, Australia). For PUIOSEqUEnCIng.
HEM PCR reaction replicares for each sample {n = 5 per treat-
ment growpl were comibined and aliguored into 96-well plares in
duplicare in a volume of 10 pL and sent 1o EpigenDa (MA) For
H.I'IIII:FL.IL ona Qiﬂgﬂ'ﬂ'[’!«'"ilﬂ[lﬂ.‘ﬂdﬂg pEQ'}bd D.

Liguid chromarsgraphy-mass spectrometry (LC-MS), D8A
fpedvedysis. Genomic IMA was hydrolyzed a5 outlined in Song et
al. Briety, 250 ng of DNA in a volume of 20 wL was denarured
ar 100°C for 3 min and placed on ke, To the DNA, T pl of
0.1 M ammonium acerate (car # AT33L Sigma-Aldrich), pH
5.3. L':nl.tililli.l'lg'_ l IJI:I.It! NIJL]L';LTI." P] FD:“I.'I ‘uf.l”:ﬂ'ﬂ.ellrl:ﬂ'm E'ﬂ.:.l'n"ﬂh'.’u'l
{car ¥N8630, Sigma-Aldrich} was added and samples were incu-
bared ar 45°C for 2 h. Following this, 2.2 pL of 1 M ammo-
nium  bicarbonate (cat # 09830, Sigma-Aldrich) containing
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L0062 units of Phosphodicsterase | from Crovalfis adamaniens
wvepom [cat # P3243, Hig:nu-}'ﬁM.riL]l.:l wind added and s::ll:l]:-h.':i
were incubared ar 37°C for 2 h. Finally, 1 unir of calf intesoinal
phospharase {car # F201-5, Finnzymes) was added and the reac-
tion was incubated at 3750 for 1 b Hydrolyeed samples were
Erl'll't‘fl an 1““(._. F.:l'.l'l s.zrnp]n: 1 ncl-.'rwrnr o WFI.'I rare I'I}‘r‘ rn|}'sis
reactions,

L{.'.'{'ing PI’CN'E{I"ITFE". L{_-'his WS FLTEUrJlltd IJ:|' FIiII.i]Ln
Analytical (Flinders Universicy, Adelaide, Auvstraliap, BrieHy,
Liguid chromarography {LC) separarion was performed on a
Waters 2695 HPLC (Milfosd), ar a flow race 0f 025 mLimin wich
a collumn temperature of 22°C, The LC column was 2 Warters
Atbamtis T3, 2.1 mm x 150 mm, 5 pm paricle (car # 1860037306,
Milford). Two buffers were used: mobile phase A-0.01% aqueous
formic zced (cai # 06440, Fluka) and maobile ph.:s.r: B-d), 1% For-
mic agid in aceronirile, The LC program was 100% sobent A for
3 min, a linear gradicnr ro 85% solvent A ar 15 min then back to
100 solvent A at 15.% min where it was held for 6.5 min for re-
equilibration, A 20wl volume of hydrolyzed sample was dilued
with 100 L of vrpe | warer {car # SYNSYOODW W, Milliporc
S:f'l'll.'l!"!c' S?’.‘ll.'ﬂl'l} ill.ll lTilurI.'Tl'l.'d b a QGD 28 L 'r":\]”:l'lf iJILI.'TI ]-l'lﬁi.d.l.'
a 2 ml LC-MS vial and 10 pL of this selution was injected into
the L, Mass Specoromerry was performed on a Warers Cuatoro

micra, triple quadruple mass spectrometer [Milfard) fitted with
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an elecrrospray source, Positive jon clectrospray and  muliple
seaction monioring conditions were derermined manually using
ribonuclesssde and decxyribonuclesside standards at 2 con-
centration of 10 pgfml in warer (dC, car # D3897; C, car #
C122106; U, car # U3730; 3mC, car # Ma234; T, car # T9250;
A, car & D7400; A, car & AD251; G, car # D7 145; and G, car #
G675 Sigma-Aldrichs 5-mdC, car & N-1044, Jena Bioscience),
Cruantitation for 5-mdC was monitered with a precursor ion of
242, fugmunl jon af 126 with a dwell time af (L1 wee. Cone volt-
age was 12V and colliston voltage was 8 V. For dG; the pre-
cursor jon was 267.8, the fragment ion was 152, dwell rime was
(1 sec, come volage was 12V and collisien \'uh:Ec wis 12 W
Each sample was injected in duplicare. Percent methylaiion was
caleulared as the ratio of 5-mdC o 4G [5-mdiC/dG ).
Caleulation of methylation differences and staristical anal-
yses. Differences in DINA methylarion as detecred by HRM
were calculated wsing the average difference berween the mele
curvis of a test sample and the methylated control, wermed e
Wt Te:rnp-em'rul\e Shife ¢WNTR), such that = n:g:::iv: WNTE resules
from a shift of a sample’s normalized melt curve w che befr of the
normalized melt curve of the methylued conrol and indicares
thar the sample is less methylated. Caloulaton of che WNTS is as
follows: within the Rotor-Gene O program, rwo normalization
regions (ar ternperarures before and after melr peak emperature)
were nominated for HRM analysis. For LINEL normalization
region 1 was berween 74-75"C, while normalization region 2 was
berween 32-847C, For B1_Mm the regions were: 66—08°C and
T9-80°C; for [AP_LTR: 70-72°C, TR-79°C. The subtraction af
the methylated control normalized curve from each st normal-
ized curve was performed awomarically within the Rome-Gene
) program and the summed difference of the Auorescence value

ar each remperature poing (007 inervals) wathin the entire
melt range was divided by 100 w0 obain the average distance
between the curves, or the WT3. Dama were analyzed using che
staistical program SPS3S Staristics (version 17, SP5S Inc.). The
effect of trearment group and the analysis of methylation differ-
ences between mouse tissues was first tested by ANOWVA, wich
Bonferroni post-hoc analysis used o compare means berween
groups. Linear bivariane correlations were analyzed using Pearson
correlation. In all cases p < 0005 was conssdered ﬁgniﬁc:nt. All
mieans are displayed with error bars representing +1 standard
errar of the mean,
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