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Abstract
B-cell Acute Lymphoblastic Leukaemia (B-ALL), a cancer of immature Blymphocytes, is the most common cancer in childhood. This cancer is characterised
by widespread abnormalities of DNA methylation, when compared with noncancerous blood cells.
DNA methylation is a chemical modification of the cytosine residues of DNA, and
only cytosine residues immediately followed by guanine residues (so called CpG
sequences or sites) undergo methylation. Methylation of CpG sites in gene promoter
regions leads to non-expression of the methylated gene.
DNA methylation abnormalities in cancers (such as B-ALL) have received significant
attention over recent years, and have been shown to have significant biological
effects in tumour cells, due to abnormal expression of the aberrantly methylated
genes.
This project aimed to show that the putative tumour suppressor genes, SFRP1 and
PPARG, showed increased DNA methylation in B-ALL cells, when compared with
normal blood cells and that this was associated with reduced expression of these
genes in B-ALL. The methylation of the gene promoters was determined by
bisulphite sequencing and gene expression by qRT-PCR.
The results showed that PPARG and SFRP1 both show increased methylation in the
gene promoter regions of B-ALL cells, when compared with normal blood cells.
SFRP1 has previously been shown to show reduced expression in B-ALL and the
qRT-PCR results showed that the PPAR!-1 transcript from the PPARG gene showed
reduced expression in B-ALL cells, when compared with B-cells from normal blood
as well as normal whole blood. Overall, it was concluded, on the basis of these
results and others’, that SFRP1 and PPARG show reduced expression compared with
normal blood cells, due to promoter methylation in B-ALL.
It has also been suggested in the literature that glucocorticoid drugs (analogues to
the steroid hormone cortisol) can alter the methylation of CpG sites in individual
genes (in non B-ALL cells). This is of interest in the context of B-ALL, as
glucocorticoids are well known to be strong anti-leukaemia agents and are used in BALL treatment. Glucocorticoids are also known to affect the expression of many
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genes, an effect that is compatible with changing the DNA methylation of cells.
Therefore, this project also aimed to show that the glucocorticoid dexamethasone
could induce changes in DNA methylation in many genes within the genomes of BALL cells. Multi-gene methylation was measured using the, relatively new, RRBS
technique with the NALM-6 human B-ALL cell-line with or without exposure to
dexamethasone acting as my model of B-ALL. The results showed a number of
methylation changes throughout the genome, with some particularly strong
methylation changes observed in the promoter regions of the genes SPINT2, GATA3,
IRX5, SOX13, GATM, PDGFA and DOCK10; genes implicated in cancer or in steroidsensitive metabolism (such as energy metabolism). These results suggest that steroids
do indeed alter the DNA methylation of B-ALL cells, which, if these results are
replicated, is a novel mode of action of glucocorticoids in B-ALL treatment.
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CHAPTER 1: INTRODUCTION
Teddy
…for a child with leukaemia
Teddy was not well.
Teddy had been feeling sick.
Teddy had to go to hospital.
Teddy was told that he had too much blood.
Teddy did not miss his friends.
Teddy knew the thermometer was not sharp.
Teddy was not scared of needles.
Teddy said the medicine would make him better.
Teddy closed his eyes at night.
Teddy ate his vegetables.
Teddy’s small girl lay in the corner of his bed.
She was not so sure.
Her eyes were made from round buttons.
The fluff on the top of her head was worn
As though it had been chewed.
Teddy, by Glenn Colquhoun, from Playing
God (2002), reproduced with permission,
courtesy of Steele Roberts publishers.

1.1 Acute Lymphoblastic Leukaemia
Acute lymphoblastic leukaemia (ALL) is, sadly, a disease of childhood (with 75% of
cases occurring in children aged less than six years), causing serious morbidity, and
potentially death, for patients affected by this disease. The poem ‘Teddy’ (almost
certainly about a patient with ALL) describes just how serious a disease that ALL is
for the patients it affects (Colquhoun, 2002; Swerdlow et al., 2008).
As the most common malignancy of childhood, ALL represents about one third of all
paediatric cancers (Harrison, 2011). This disease is a leukaemia, a malignant
proliferation of white blood cells, in this particular case immature lymphoid cells
(precursors of the white blood cells of the lymph nodes, involved in the adaptive
immune response), which presents as a ‘liquid tumour’, with cancer cells
proliferating in the bone marrow and circulating in the bloodstream (as opposed to a
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solid mass of cancerous white blood cells within a lymph node, as seen in the
lymphomas) (Harrison, 2011; Mullighan, 2012; Swerdlow et al., 2008). Overall, the
prognosis for paediatric ALL has improved to the point where there is a greater than
80% cure rate (Mitchell et al., 2010); however, the risks of death or long term
complications from the disease or treatment remain (Harrison, 2011).
Classification, Clinical Features and Morphology
ALL is classified according to the suspected origin of malignant cells; cases represent
a proliferation of either immature B lymphocytes (thus classified as B-cell ALL) or a
proliferation of immature T lymphocytes (thus classified as T-Cell ALL) (Swerdlow
et al., 2008). Of the two, B-cell ALL (B-ALL) accounts for approximately 85% of all
paediatric cases of ALL (and is of primary interest in this project) (Harrison, 2011).
ALL

arises

from

a

neoplastic

proliferation

of

precursor

lymphoid

cells

(lymphoblasts) in the bone marrow, which becomes hypercellular as the neoplastic
cells divide and fill the marrow space (Robbins et al., 2010). Consequently, other cells
within the bone marrow, including megakaryocytes, erythroid cells and normal
white cell precursors are crowded out. This results in clinical features related to
lowered bone marrow function, such as thrombocytopenia (with resultant bleeding
risk), anaemia (with resultant fatigue) and neutropenia (with resultant infection risk);
additionally, the extensive proliferation of neoplastic cells in the marrow can give
rise to bone pain as they expand the marrow spaces (Robbins et al., 2010; Swerdlow
et al., 2008). In addition to proliferating in the marrow, many neoplastic cells are
‘pushed’ out of the marrow into the peripheral circulation, allowing them to been
seen in a peripheral blood film as well as bone marrow samples, as shown in figure
1.1.
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Figure 1.1: Bone marrow aspirate smear (Wright’s stain) from a patient with ALL.
Many neoplastic lymphoblast cells can be seen, with a high nucleus to cytoplasm
ratio
and
homogenous
chromatin.
Source:
http://en.wikipedia.org/wiki/File:Acute_leukemia-ALL.jpg copied under GNU
Free Documentation License.

Genetic Abnormalities
As is universal in cancer, there are a variety of molecular and genetic abnormalities
that distinguish ALL cells from normal lymphocytes or lymphoblasts. Many genetic
abnormalities have been found to be present in cases of B-ALL, with on-going
research continuing to implicate more. These genetic abnormalities are present on a
chromosomal level, with approximately 75% of all cases of B-cell ALL exhibiting
aneuploidy or chromosomal rearrangements (Mullighan, 2012), down to smaller
scale abnormalities, such as cryptic translocations, single gene mutations and
epigenetic abnormalities (Harrison, 2011; Mullighan, 2012).
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Common genetic abnormalities, other than chromosomal aneuploidy, implicated in
B-ALL are gene fusions, caused by translocations. The common translocations
include: t(12;21)(p13;q22), involving the ETV6 and RUNX1 genes, involved in
haematopoiesis; t(1;19)(q23;p13), involving the TCF3 and PBX1 genes, thought to be
involved in lymphoid development; and the t(9;22)(q34;q11) translocation, involving
the BCR and ABL1 genes, and resulting in the formation of the ‘Philadelphia
chromosome’ (Mullighan, 2012; Mullighan et al., 2007). Non-translocation
rearrangement of various genes, including MLL, CRLF2 and immunoglobulin related
genes have also been linked to B-ALL (Mullighan, 2012).
Somatic mutations in individual genes, deletions, amplifications, point mutations
and structural rearrangements, occur in B-cell regulatory genes in up to 40% of cases,
with the most common, PAX5 mutation (leading to reduced PAX5 protein, involved
in early B-cell differentiation), occurring in greater than 31% of cases; however, the
frequency and type of somatic mutations vary according to genetic subtype of B-ALL
(for example: hyperdiploid, ETV6/RUNX1, hypodiploid, etc) (Mullighan et al., 2007).
While B-ALL displays this wide range of genetic abnormalities, it is the epigenetic
abnormalities (epigenetic abnormality being here defined as any alteration of
chromatin from normal that affects gene expression without changing the underlying
DNA sequence) associated with B-ALL, and the abnormalities of DNA methylation
specifically, that are of primary interest in this project. However, it is important to
interpret any epigenetic alterations in the context of the non-epigenetic abnormalities
that exist in B-ALL.

Epigenetic Abnormalities
In addition to classical genetic abnormalities, epigenetic abnormalities have also been
implicated in B-ALL. Indeed, a study by Weeks et al. (2010) showed that an
epigenetic abnormality (namely, promoter hypermethylation) of the gene TES is the
single most common molecular abnormality in paediatric B-ALL.
Abnormalities in DNA methylation, such as TES hypermethylation, are some of the
most commonly studied epigenetic abnormalities in B-ALL and, while TES is the
most common methylation abnormality reported, it is far from the only one. It has
been known for some time that certain regions of the genome, associated with gene
13

promoters, show different patterns of methylation in B-ALL when compared with
normal cells, and that this leads to abnormal expression of these genes (the
mechanics of DNA methylation are discussed more fully later in this chapter). For
example, it has been known for more than 15 years that there is an abnormal pattern
of methylation at the start of the p15 tumour-suppressor gene in a significant number
of B-ALL cases, associated with inactivation of this gene (Herman et al., 1997).
Various similar studies identified methylation abnormalities in individual genes in
B-ALL, such as p73 (Corn et al., 1999), CHD1 (Corn et al., 2000) and CALC1 (Roman et
al., 2001) among others, building up a picture of multiple methylation abnormalities
as a feature of B-ALL.
Subsequent studies then began to look at more the methylation patterns across
several genes in B-ALL. For example, Garcia-Manero et al. (2003) analysed the
methylation patterns of the promoters of seven genes previously reported as
methylated in ALL and found that 93.7% of the cases that were included in their
study showed abnormal methylation in at least one of those genes, indicating that
epigenetic abnormalities are nearly universal in ALL cases. A larger study by
Gutierrez et al. (2003), looking at the methylation patterns of seven gene promoters,
again showed that the vast majority of B-ALL cases displayed demonstrable
methylation abnormalities, and that multiple concurrent methylation abnormalities
are typical of B-ALL; additionally, this study showed that CHD1 promoter
hypermethylation was the single most common molecular abnormality then reported
in B-ALL (present in 72% of cases). These results demonstrated that, even more so
than traditional genetic abnormalities, methylation abnormalities are a common,
unifying feature of B-ALL cases.
The development of techniques able to analyse genome-wide methylation patterns
further added to our understanding of the multiple methylation abnormalities
present in B-ALL cases. Using methylation-specific microarrays (a technique
discussed further later in this chapter), Kuang et al. (2008) found 31 novel genes
abnormally methylated and abnormally expressed in ALL cell lines. Results in the
same study showed that, of 61 pre-treatment ALL cases, all cases showed abnormal
methylation in at least one of these genes (Kuang et al., 2008). More recent genomewide studies by Wong et al. (2012) and Martin-Subero et al. (2009) built on these
findings, suggesting that at least 58 genes are significantly abnormally methylated in
B-ALL cases and that this ‘signature’ of methylation is a defining feature of B-ALL, as
the patterns of promoter methylation demonstrated in these studies allow B-ALL to
14

be distinguished from both normal blood cells and all other major haematological
cancers.
In summary, therefore, it is well known that methylation abnormalities are common
in B-ALL and are important in the biology of this disease.

1.2 DNA Methylation
DNA methylation is one of the most studied epigenetic modifications of chromatin,
with a PubMed search for ‘DNA Methylation’ returning in excess of 40,000 results (as
of August 2013). DNA methylation in vivo is catalysed by the enzyme DNA
methyltransferase and involves the addition of a methyl group to the base cytosine,
onto the 5 carbon position of the cytosine ring, thus forming 5-methylcytosine (Razin
and Riggs, 1980; Singal and Ginder, 1999), as shown in figure 1.2. The action of DNA
methyltransferase is such that only cytosine residues that are immediately followed
by a guanine residue (when running in the 5’ to 3’ direction) may be methylated; this
5’-CG-3’ dinucleotide sequence is referred to as a ‘CpG site’ (‘p’ referring to the
phosphate group between the cytosine and guanine residues) (Singal and Ginder,
1999). Consequently, DNA methylation in eukaryotes is almost exclusively observed
within CpG sites.
CpG sites occur relatively rarely in the human genome, at a frequency of only 23% of
what would be predicted by chance (Singal and Ginder, 1999); however, certain
regions of the genome (normally about 0.5-5 kilo-base-pairs [kb] in length) contain a
much higher frequency of CpG sites, and are known, therefore, as CpG islands
(Deaton and Bird, 2011; Fazzari and Greally, 2004; Singal and Ginder, 1999).
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Figure 1.2: Structure of 5-methylcytosine. Source: PubChem, National Library of
Medicine (US Government). Released to the public domain, with permission to
copy and distribute this image.

DNA Methylation and the Inhibition of Gene Expression
In many cases, CpG islands have been observed to co-locate to regions containing
gene promoters (Deaton and Bird, 2011; Fazzari and Greally, 2004), where they have
the potential to influence the expression of genes. As early as 1975, it was
hypothesised that methylation of CpG sites may influence the expression of certain
genes (Holliday and Pugh, 1975). Since that time, it has become clear that CpG site
methylation, within gene promoter regions, does indeed affect gene expression, with
high levels of methylation leading to inhibition of gene expression (Deaton and Bird,
2011; Jones and Takai, 2001; Razin and Riggs, 1980; Singal and Ginder, 1999).
Therefore, epigenetic abnormalities are important in the context of ALL, because of
the implication that abnormal methylation has for the expression of the affected
genes. Indeed, there has been many reports DNA methylation abnormalities in ALL,
which have been shown to alter the expression of many genes, as discussed in more
detail earlier in the chapter (Bhatla et al., 2012; Chatterton et al., 2010; Narayan et al.,
2011; Shimura et al., 2012; Weeks et al., 2010).
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Use of Bisulphite Conversion in Studies of DNA Methylation
To study DNA methylation, it is necessary to be able to determine whether DNA is
methylated or not (and exactly ‘how methylated’ it is). To this end, many methods of
DNA methylation analysis (such as CoBRA methylation-specific restriction fragment
length analysis, bisulphite sequencing and methylation-specific PCR) exploit the
bisulphite conversion reaction. This is a chemical reaction of DNA with sodium
bisulphite (NaHSO3), whereby unmethylated cytosine residues react with NaHSO3
and undergo an oxidative deamination to form uracil (Hayatsu et al., 1970; Shapiro et
al., 1970); however, 5-methylcytosine residues do not react with NaHSO3 in this way,
remaining unchanged by the reagent. Therefore, the DNA sequence at each CpG
cytosine residue will vary in a methylation-dependent manner after bisulphite
conversion (with unmethylated cytosines being converted to uracil and methylated
cytosines remaining as cytosines) (Clark et al., 1994). This sequence difference can
then be detected by direct sequencing, known as bisulphite sequencing, or through
indirect methods, such as sequence-specific probes (as are used in methylationspecific microarrays), PCR primers or restriction enzymes, that can differentiate
between a methylated and unmethylated bisulphite-converted sequence in order to
determine the methylation pattern of a DNA sequence.
Reduced Representation Bisulphite Sequencing
With the development of, so-called, ‘next-generation’ DNA sequencing (NGS),
bisulphite sequencing analyses were able to extend beyond single gene promoters (as
had been common with bisulphite sequencing using the traditional Sanger
sequencing method) and interrogate many CpG rich areas, many of which are
associated with known gene regulatory regions (Singal and Ginder, 1999; Werner,
2010). As a way to take advantage of the potential for NGS to analyse the
methylation patterns of large proportions of the CpG rich areas of the genome
(through bisulphite conversion coupled with NGS bisulphite sequencing), the
reduced representation bisulphite sequencing (RRBS) technique was developed.

5'...C↓CGG...3'
RRBS uses the Msp-1 restriction enzyme, which cuts DNA at every
3'...GGC↑C...5'
restriction site (which contains a CpG dinucleotide); therefore, every restriction
fragment generated has at least one CpG site (at the 5’ overhang). Next, there is a size
selection of restriction fragments, with fragments of 40-220 bp generally being chosen
17

for sequencing (Meissner et al., 2008); therefore, every fragment sequenced has a
CpG frequency of at least one per 220 bases (and most fragments have a significantly
higher CpG frequency than this). This means that the sequenced fragments have a
much higher CpG frequency than the genome in general and are, therefore, more
likely to be sequences from CpG islands. As a result, while only 2.5%
(approximately) of the genome is sequenced, greater than 12% of all CpG sites are
interrogated (approximately 1,000,000 sites in all) and, crucially, sequences from 6090% of all CpG islands are analysed (Chatterjee et al., 2012; Meissner et al., 2008;
Smith et al., 2009).
This ‘reduced representation’ of the CpG rich areas of the genome allows for good
depth of coverage at a relatively low cost, as four libraries may be multiplexed to
each lane on a typical ‘next generation’ sequencer (such as the Illumina HiSeq 2000),
with up to 180 paired-end reads per lane, giving around 40 million reads for just over
$1000NZ per sample, as a typical cost (Chatterjee et al., 2012; Werner, 2010).

1.3 SFRP1 and PPARG
In recent years at least two studies, by Martin-Subero et al. (2009) and Wong et al.
(2012), have looked at potential methylation abnormalities in many genes in ALL
samples. These studies involved the use of bead arrays with methylation-specific
probes (based on the methylation-specific sequence changes induced by the action of
sodium bisulphite) for thousands of gene promoters. The probes used bind either
‘methylated’ bisulphite-converted DNA (that is, they bind the sequences from
bisulphite-converted DNA with methylated CpG sites within the sequence) or
‘unmethylated’ DNA (bind the sequences with unmethylated CpG sites). In this way,
a great many genes could be classified as having methylated or unmethylated
promoter regions, and, by comparing ALL samples with normal controls, differences
in gene-promoter methylation between ALL and normal cells could be inferred.
Both of these studies suggested that the human genes PPARG (peroxisome
proliferator associated receptor gamma) and SFRP1 (secreted frizzled related protein
one) were hypermethylated, compared with normal controls, as is shown in figure
1.3. Furthermore, the study by Wong et al. (2012) also indicated that these genes were
hypermethylated on the basis of a mass-spectrometry based analysis. Therefore,
there is good evidence to suggest that these genes are aberrantly methylated in ALL.
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The results that suggest that the SFRP1 gene promoter is hypermethylated are also
consistent with the results of Reins et al. (2010), which suggested that SFRP1 is
silenced by promoter methylation in ALL (with methylation determined by
bisulphite pyrosequencing and reported as a mean overall methylation value).

Beta	
  Value	
  

A

1.00	
  
0.80	
  

Peripheral	
  Blood/
Marrow	
  
Lymphocytes	
  

0.60	
  

T-‐Cell	
  

0.40	
  

B-‐Cell	
  
T-‐ALL	
  

0.20	
  

B-‐ALL	
  

0.00	
  
0	
  

Beta	
  Value	
  (Measure	
  of	
  
Methylation)	
  

B

20	
  

40	
  
60	
  
Sample	
  Number	
  

80	
  

100	
  

1.00	
  
Peripheral	
  
Blood/
Marrow	
  
Lymphocytes	
  

0.80	
  
0.60	
  
0.40	
  

T-‐Cell	
  

0.20	
  

B-‐Cell	
  

0.00	
  
0	
  

10	
  

20	
  

30	
  

40	
  

50	
  

60	
  

70	
  

80	
  

90	
  

T-‐ALL	
  

Sample	
  Number	
  

Figure 1.3: Derived from Martin-Subero et al. (2009), showing Beta
values (a proportional measure of methylation) for various normal
blood cells and ALL, for the promoter regions of (A) SFRP1 and (B)
PPARG.

PPAR! Structure and Function
PPAR! (the protein product of PPARG) is a nuclear hormone receptor and, like all
nuclear hormone receptors, it is a ligand dependent transcription factor. As such, it
exerts its biological action by altering the expression of target genes at a
transcriptional level (Luconi et al., 2010; Zieleniak et al., 2008).
The PPARG gene itself is located on chromosome 3, at position 3p25 (Wang et al.,
2006; Zieleniak et al., 2008) and consists of nine coding exons (Luconi et al., 2010;
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Zieleniak et al., 2008). Four different isoforms (i.e. four different mRNA transcripts)
exist in humans, with four different promoters identified (Fajas et al., 1997; Fajas et
al., 1998; Sundvold and Lien, 2001). Of these isoforms, PPAR!-1 appears to be widely
expressed, while the other isoforms are predominantly expressed in adipose tissue
and regulate adipogenesis and adipose tissue function, by modulating gene
expression (Zieleniak et al., 2008). In achieving its biological effect, PPAR!, like the
entire PPAR family, must bind the retinoid-X receptor $ (RXR$) to form a dimer,
which, when activated, will bind DNA to act as a transcription factor (Kliewer et al.,
1992).
The in vivo biological ligands for PPAR! have not been completely identified;
however, modified fatty acids, such as the prostaglandins and prostanoids, have
been shown to activate PPAR! (Forman et al., 1995; Kliewer et al., 1995; Tontonoz
and Spiegelman, 2008).
PPAR! has a variety of actions in vivo, influencing biological processes such as
adipose tissue development and differentiation (with PPAR! non-expression leading
to complete lipodystrophy), placental development, cardiovascular development and
disease (including atherosclerosis) (Barak et al., 1999; Lehrke and Lazar, 2005),
metabolic homeostasis (with PPAR! identified as having a major role in insulin
response and is a target in the treatment of diabetes mellitus) (Jonker et al., 2012;
Odegaard et al., 2007; Tontonoz and Spiegelman, 2008; Zieleniak et al., 2008) and
inflammation (Lehrke and Lazar, 2005; Szanto and Nagy, 2008). Despite research into
PPAR! function, the regulation mechanisms for PPAR! expression remain relatively
poorly understood (Zieleniak et al., 2008); however, among other mechanisms, DNA
methylation may play a role in the regulation of PPAR! expression in several tissues
and disease states (Fujiki et al., 2009; Pancione et al., 2010; Tsukamoto et al., 2011;
Zhao et al., 2013).
Structurally, PPAR! contains a ligand-binding domain, a DNA binding domain, a
ligand independent activation domain and a hinge domain (Bain et al., 2007;
Uppenberg et al., 1998; Zieleniak et al., 2008). As mentioned, dimerization with
RXR$ is required for PPAR! to structurally interact with DNA. PPAR! links to
RXR$ via three interfaces (some of which are dependent on the receptor complex
binding DNA) and forms a PPAR!/RXR$/DNA complex, the structure of which
was solved by Chandra et al. (2008).
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PPAR! and Cancer
PPAR! has also been implicated in the biology of various cancers; as early as 1997,
Tontonoz et al. (1997) showed that PPAR! is highly expressed in liposarcoma, and
PPAR! agonists were shown to induce terminal differentiation of the liposarcoma
cells (consistent with PPAR!’s biological effects on adipocytes). Later studies showed
that PPAR! activation could induce differentiation of colon adenocarcinoma (Sarraf
et al., 1998) and breast carcinoma (Mueller et al., 1998) and had an antiproliferative
effect on prostate carcinoma (Kubota et al., 1998). These studies showed that PPAR!
was highly expressed in these cancers, and had an antitumour effect when activated;
however, subsequent research began to link PPAR! loss of function with cancer,
with loss of function mutations found in some colon cancer samples (4 out of 55
samples in one study) (Sarraf et al., 1999), though another study concluded that
PPAR! mutation was a rare event in cancer, after examining various cancer samples
(Ikezoe et al., 2001). Despite this later result, PPAR! expression is thought to be
important in cancer, with low expression levels linked to poorer outcomes in lung
cancer patients (Sasaki et al., 2002). Low expression of PPAR! (determined by
immunohistochemistry) has also been associated with poorer prognosis in breast
cancer (Jiang et al., 2009) and colon cancer (Ogino et al., 2009).
It has also been theorised that PPARG plays a role as an anti-cancer gene in
leukaemias, as induction of differentiation and apoptosis was observed in response
to PPAR! ligands in some (non-ALL) leukaemia cell-lines (Konopleva et al., 2004). It
has also been reported that (at least one transcript variant of) PPAR! is expressed in
ALL, and that PPAR! ligands inhibit ALL cell-lines’ growth (Takenokuchi et al.,
2006; Zang et al., 2004). As such, it is probable that PPAR! expression and/or
activation affect the biology of ALL.
SFRP1 Structure, and Function in Wnt Signalling
SFPR1 is an inhibitor of the Wnt cell-signalling pathway, which is an important
pathway in development and in various diseases. It has a domain analogous to the
Wnt binding domain of frizzled (the receptor for the Wnt proteins) and binds Wnt
proteins to form non-functional complexes while also binding to frizzled itself,
preventing functional interactions of Wnt proteins with frizzled (MacDonald et al.,
2009; Monroe et al., 2012).
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Structurally, SFRP1 contains an amino-terminal signal peptide, a frizzled type
cysteine rich domain (which binds Wnt and is 30-50% identical to the cysteine rich
domain of frizzled) and a carboxy-terminal netrin domain, all of which have been
shown to be important for its Wnt antagonist function (Bhat et al., 2007).
The Wnt signalling pathway classically requires a functional complex (inhibited by
SFRP1) between Wnt proteins and the Frizzled receptor. Frizzled exists at the cell
surface bound to a low-density lipoprotein receptor related protein (LRP) to form a
receptor complex (Logan and Nusse, 2004). Signal transduction involves recruitment
of proteins including dishevelled, axin-½ and glycogen synthase kinase 3# proteins,
among others; however, possibly more importantly, Wnt signal transduction also
involves the disruption of #-catenin degradation (by the recruitment of many of the
proteins required for #-catenin degradation to the Wnt/Frizzled/LRP complex,
away from #-catenin degradation complexes), allowing #-catenin levels to rise and
diffuse into the nucleus, where they can affect gene expression (Logan and Nusse,
2004; MacDonald et al., 2009; Monroe et al., 2012).
SFRP1 and Wnt Signalling in Cancer
The Wnt/#-catenin pathway is important in development (especially segmentation
and body axis development), repair and disease. It promotes cell proliferation and
survival; aiding repair, and (unsurprisingly) promoting cancer cell survival with
increased activity in this pathway (Klaus and Birchmeier, 2008; Polakis, 2000). A
great many cancers are associated with over-activity of the Wnt/#-catenin pathway,
or reduced activity of Wnt/#-catenin pathway inhibitors (such as SFRP1), and the
haematological malignancies are no exception (Klaus and Birchmeier, 2008; Lu et al.,
2004). Chronic lymphocytic leukaemia (CLL), acute myeloid leukaemia (AML) and
ALL are among the cancers that demonstrate increased Wnt/#-catenin function
(Khan et al., 2007; Lu et al., 2004; Ysebaert et al., 2006). In the cases of AML, CLL and
ALL, this has also been associated with silencing of SFRP1 by promoter
hypermethylation (Hou et al., 2011; Liu et al., 2006; Reins et al., 2010). As part of this
project, one of the aims will be to try to replicate the results of Reins et al. (2010) to
confirm that SFRP1 is silenced by hypermethylation in ALL.

22

1.4 Dexamethasone and the Glucocorticoid Drugs
Glucocorticoids are a class of steroid drugs that have biological effects analogous to
the steroid hormone cortisol. In vivo, glucocorticoids elicit various effects from a
range of cell types; however, they have a particularly profound effect on the cells of
the immune system as suppressors of inflammation and the immune response
(Adcock and Ito, 2005). They have also found uses in the treatment of leukaemias,
including ALL (Inaba and Pui, 2010) .
Mode of Action
Glucocorticoids classically act via their interaction with steroid receptors (in this case
the glucocorticoid receptor), which are a class of the nuclear hormone receptors.
Structurally, the glucocorticoid receptor (GR) contains a steroid-binding domain, a
DNA binding domain and two protein-binding activation domains, which are
involved in the receptor’s function as a ligand activated transcription factor (Hayashi
et al., 2004; Karin, 1998). The GR in its inactivated state exists in the cell cytoplasm,
associated with heat-shock-protein 90 (hsp90) and, when activated by steroid
binding, hsp90 dissociates and the receptor forms a GR/GR homodimer and
migrates to the nucleus (Adcock and Ito, 2005; Adcock, 2003; Inaba and Pui, 2010).
Once in the nucleus, the activated GR dimer affects gene expression by interacting
with specific DNA sequences as a transcription factor (to directly regulate the
expression of dozens of identified genes); and by interacting with various other
transcription

factors

(to

regulate

gene

expression

through

protein-protein

interactions with gene-specific transcription factors), notably the pro-inflammatory
transcription factors NF-"# and AP-1 (Adcock, 2003; Beato et al., 1995).
Glucocorticoids subsequently exert a wide range of effects through the regulation of
gene expression, especially in lymphocytes. Within lymphocytes, they reduce the
expression of various inflammatory cytokines, suck as TNF$, IL-1#, and others
through the inhibition of NF-"# and AP-1 (as mentioned); they also are known to
downregulate various pro-inflammatory genes, such as the COX2 gene, the protein
product of which in involved in cytokine synthesis, as well as upregulating antiinflammatory genes, such as the suppressor of cytokine signalling family, resulting
in reduced activation and proliferation of lymphocytes in response to inflammatory
stimuli (Hermoso and Cidlowski, 2003; Rhen and Cidlowski, 2005). Additionally, it is
well known that glucocorticoids will induce apoptosis of both healthy and malignant
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lymphocytes (Smith and Cidlowski, 2010). The mechanism of glucocorticoid induced
cell death is not completely understood; however, increased expression of the proapoptotic gene BCL2L11 or Bim, a member of the BCL-2 family of regulators of
apoptosis, is known to be central to this process, with failure to increase Bim
expression linked to failure of glucocorticoid-induced apoptosis (Bachmann et al.,
2007; Smith and Cidlowski, 2010). Overexpression of Bim directly leads to activation
of the apoptotic cascade; however, has been hypothesised that altered regulation of
metabolic enzymes and genes affecting the intracellular reduction-oxidation balance
may also play a role in the induction of apoptosis by glucocorticoids (Schmidt et al.,
2004).
Overall, the induction of lymphocyte apoptosis by glucocorticoids is important in the
regulation of the immune response, plays a role in the anti-inflammatory action of
glucocorticoids and (of interest to this project) underpins the use of glucocorticoids
in lymphoid cancers, such as ALL (Smith and Cidlowski, 2010).
ALL Treatment and the Use of Glucocorticoids
Glucocorticoids have been an important drug class used in multi-agent
chemotherapy for ALL for many decades now, and remain an integral part of the
cocktail of drugs used currently in the treatment of this cancer (Pearson and Eliel,
1950; Pui and Evans, 2006). Chemotherapy for ALL is usually conducted in three
phases: remission-induction, using a glucocorticoid, vincristine (a vinca alkaloid
chemotherapy agent, which impairs proper cell division) and at least one other
agent; intensification, involving the use of methotrexate (a folate analogue, which
impairs proper DNA synthesis), mercaptopurine (a purine base analogue, which
impairs proper DNA synthesis) and high dose asparaginase (an enzyme which
reduces circulating levels of asparagine in the blood, which ALL cells are unable to
synthesise, thereby starving them of this amino acid), followed by a repeat of the
remission-induction drug cocktail (reinduction); lastly, continuation, involving
administration of methotrexate and mercaptopurine for at least two years; allogeneic
bone marrow transplant is also sometimes used in high-risk cases (O'Marcaigh and
Betcher, 1995; Pui and Evans, 2006; Su et al., 2000; Verma et al., 2007).
In general, the glucocorticoid chosen for use in this treatment regime is either
prednisone (or its active metabolite prednisolone) or dexamethasone, the structures
of which are shown in figure 1.4 (Inaba and Pui, 2010). Of the two, dexamethasone
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shows greater cytotoxic effect against ALL cells, with experiments in vitro suggesting
that approximately 5.5-16.2 times as much prednisone is required to achieve 50%
cytotoxicity against ALL cells when compared with dexamethasone (Inaba and Pui,
2010; Ito et al., 1996; Kaspers et al., 1996).

A

B

C

Figure 1.4: The structures of (A) the steroid hormone cortisol, (B) the synthetic
glucocorticoid prednisone, and (C) the synthetic glucocorticoid dexamethasone.
Source: PubChem, National Library of Medicine (US Government). Released to
the public domain, with permission to copy and distribute this image.

Dexamethasone also has good CNS penetration (increasingly important as cranial
radiotherapy is becoming less widely used), with the use of dexamethasone
appearing to reduce the incidence of CNS relapse, when compared with prednisone
or

prednisolone;

however,

overall

efficacies

of

dexamethasone

and

prednisone/prednisolone appear to be similar if the prednisone/prednisolone to
dexamethasone dose ratio is greater than seven (Inaba and Pui, 2010; Pui and Evans,
2006). For the purposes of my experiments, however, I have chosen to work
exclusively with dexamethasone.
Possible Epigenetic Effects of Glucocorticoids
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Although not considered a ‘classical’ biological action of the glucocorticoid drugs,
there is some evidence that these substances may have an effect on DNA methylation
in vivo. For example, glucocorticoid exposure in utero has been associated with
changes in DNA methylation in certain regions of the genome (Crudo et al., 2012).
Additionally, there have been recent studies suggesting that psychiatric conditions,
such as chronic stress disorders, may be associated with changes in DNA
methylation and that these changes may be mediated by glucocorticoids, which have
raised plasma concentrations in stress disorders (Hunter, 2012; Lee et al., 2010; Yang
et al., 2012). One study has reported the glucocorticoid budesonide may affect
methylation in animal models of lung cancer (Pereira et al., 2007) and neural stem
cells may also be affected by corticosteroids via epigenetic mechanisms, potentially
via altering methyltransferase expression (Bose et al., 2010). There has also been
some evidence suggesting glucocorticoids affect DNA methyltransferase 1
expression in pituitary adenoma cells, and that there is subsequent glucocorticoid
associated gene demethylation (Yang et al., 2012).
However, possibly the most compelling evidence for glucocorticoid-induced
methylation change comes from the Grange laboratory of the French Institut Jacques
Monod du Centre National de la Recherche Scientifique, who have studied the liverspecific Tyrosine Aminotransferase gene (Tat), the expression of which is regulated
by glucocorticoid hormones (Kress et al., 2001). Stable demethylation of the Tat
gene’s glucocorticoid responsive element (GRU) in rat hepatoma cells was
demonstrated in response to dexamethasone exposure over three days, with no
change outside the GRU (Kress et al., 2001; Thomassin et al., 2001). Furthermore, this
dexamethasone-induced demethylation was associated with faster response of the
Tat gene to subsequent exposure to dexamethasone (i.e. quicker expression of Tat
after glucocorticoid exposure) (Thomassin et al., 2001). Subsequent study has
suggested that this glucocorticoid-induced Tat methylation involves an active
demethylation mechanism, rather than simply being due to lack of methylation
maintenance by DNA methyltransferases (Kress et al., 2006). The group also further
demonstrated demethylation of the Tat gene’s GRU using a hairpin bisulphite
construct of the region, allowing CpG sites on both strands of the GRU region to be
analysed without segregation, giving more detailed information on the nature of the
methylation changes after glucocorticoid exposure (Kress et al., 2006). Taken
together, the Grange group’s studies on Tat possibly represent the strongest evidence
available that the methylation of steroid-dependent gene promoters can be altered by
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exposure to glucocorticoids, with intriguing implications for the biology of ALL cells,
which express many steroid responsive genes (Inaba and Pui, 2010).
Therefore, given that there is some evidence to suggest that glucocorticoids may
affect DNA methylation in (at least) some cell types, along with the fact that
glucocorticoids have a significant effect on ALL cell function (shown by their efficacy
in the treatment of ALL) and that there are known methylation abnormalities in ALL,
I hypothesise that glucocorticoids may affect DNA methylation in ALL cells. The
potential for glucocorticoids to affect DNA methylation is also consistent with their
well-known ability to affect gene expression (Adcock and Ito, 2005).

1.5 Aims Of The Project
The aims of this project, given the above, are as follows:
1. To demonstrate that the promoter regions of SFRP1 and PPARG are
hypermethylated in ALL cells, compared with normal peripheral blood cells.
2. If aim (1) can be achieved, to show that hypermethylation of these gene
promoters corresponds to decreased gene expression in ALL cell lines.
3. To demonstrate a change in DNA methylation in gene promoter regions in
ALL cell lines following the administration of the synthetic glucocorticoid
dexamethasone.
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CHAPTER 2: METHYLATION ANALYSIS OF
SFRP1 AND PPARG PROMOTERS
2.1 Introduction
As mentioned in chapter 1, the gene promoters of PPARG and SFRP1 are suggested
to show increased methylation in B-ALL, when compared with normal blood cells,
based off the results of multi-gene bead arrays (Martin-Subero et al., 2009; Wong et
al., 2012). I therefore hypothesised that the experiments presented in this chapter
would show that there is demonstrably increased methylation in the SFRP1 and
PPARG promoters of B-ALL cells compared with normal controls. This is potentially
biologically important as these genes are considered to be tumour suppressor genes,
and gene silencing by promoter methylation may, therefore, promote cell
proliferation and leukaemogenesis, in the context of ALL (Klaus and Birchmeier,
2008; Mansure et al., 2009; Polakis, 2000). The evidence for the tumour suppressor
actions of theses genes was described in chapter 1.
As is laid out in this chapter, the methylation of the promoter regions of SFRP1 and
PPARG were analysed by bisulphite sequencing (which was described in depth in
chapter 1). This technique gives some advantages, when analysing single genes, over
the bead arrays of Martin-Subero et al. (2009) and Wong et al. (2012). Most notably,
by sequencing multiple copies of the promoter regions of these genes it gives better
depth of coverage for each sample analysed, at single CpG resolution, than the bead
arrays, giving a more complete picture of the methylation pattern within the areas of
the gene promoters that were analysed. Additionally, this techniques allows the
findings of Martin-Subero et al. (2009) and Wong et al. (2012) to be independently
confirmed (or refuted) and the frequency of SFRP1 and PPARG promoter
hypermethylation to be independently estimated.
Overall, this chapter attempts to achieve aim (1) of this project, to demonstrate that
the promoter regions of SFRP1 and PPARG are hypermethylated in ALL cells,
compared with normal peripheral blood cells, using an accurate and established
technique to analyse promoter methylation with single CpG resolution.
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2.2 Materials and Methods
DNA Samples and Cell Lines
The two cell lines used for methylation analysis, REH and NALM-6 were sourced
from ATCC. Both cell lines are of B-ALL origin (Hurwitz et al., 1979; Rosenfeld et al.,
1977). The cell lines were thawed at 37°C, after storage in liquid nitrogen. Cells were
grown and maintained in RPMI liquid media (Gibco, Life Technologies),
supplemented with 10% Fetal Bovine Serum (FBS), 4.5 g/L glucose and sodium
pyruvate. The cultures were incubated at 37°C with 5% CO2 and the cell-cultures
were maintained for a maximum of one month before discarding them, to ensure
that unacceptable genetic drift from the stock cells did not occur.
DNA samples were also sourced from ALL cells kept alive as xenografts in immune
deficient (SCID/NOD) mice. These xenograft samples were generously provided by
the Locke lab in Sydney, Australia, where they were maintained in the mice as
previously described by the laboratory (Liem et al., 2004). The xenograft samples
represented 13 ALL cases, of which 9 were of B-ALL lineage and 4 T-ALL, and they
were used in bisulphite sequencing experiments to determine the methylation
patterns of the SFRP1 and PPARG promoter regions. Four non-matched DNA
samples from normal peripheral blood were also sourced as controls, with DNA
extracted from blood using the protocol below.
DNA Extraction From Blood and Cell-Lines
Four millilitre whole blood samples were mixed with 36 mL of 0.17 M NH4Cl, to lyse
the red blood cells, relying on the fact that red blood cells are more susceptible to
hypotonic shock than other blood cells, and will, therefore, be lysed in mildly
hypotonic solutions. The resulting suspension was then centrifuged at 2000 rpm for 8
min and the supernatant discarded. Alternatively, 15 mL cell cultures were simply
centrifuged at 500rpm for 5 min, and the supernatant discarded. The cell pellets were
then suspended in 2 mL lysis buffer and incubated overnight at 37°C with 20 U/%L
proteinase K.
One millilitre of chloroform, at -20°C, was then mixed with the sample, the resultant
mixture was spun at 2000 rpm for eight minutes, and the aqueous layer was taken.
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The DNA was precipitated by adding 200 %L of 3 M NaOAc and 4 mL of 100%
ethanol, and the resultant suspension was centrifuged at 2000 rpm for eight minutes.
The supernatant was then drained without disturbing the DNA precipitate, the DNA
was washed in 70% ethanol, and it was then re-spun. The supernatant was drained
and residual ethanol was allowed to evaporate before the DNA precipitate was
resuspended in 400 %L TE.
Bisulphite Conversion of DNA
All bisulphite conversion reactions were carried out using the Zymo DNA
Methylation-Gold kit (Zymo Research) according to the manufacturer’s instructions.
As the sodium bisulphite reacts with only unmethylated cytosine residues in single
stranded DNA, the DNA was thermally denatured in the presence of the sodium
bisulphite salts, using a Bio-Rad DNA Engine thermal cycler (Bio-Rad Laboratories);
reaction conditions were 94°C for 10 min, 72°C for 2 hours 30 min then storage at 4°C
for up to 20 hours. DNA samples were purified using DNA binding spin columns
provided in the kit and eluted in 10 %L of the provided elution buffer.
PCR Amplification of SFRP1 and PPARG
To analyse potential differences in promoter methylation between ALL cells and
normal peripheral blood cells, the sites of interest for PPARG and SFRP1, which were
areas of the CpG rich promoter regions of these genes, had to be amplified from
bisulphite converted DNA. Primers were designed, with help from Robert Weeks
(Department of Pathology) using the MethPrimer website (Department of Urology,
University of California San Francisco http://www.urogene.org/methprimer/) by
entering the sequences of the promoter regions of the two genes into the website
programme. Primer sequences were chosen that did not cross CpG sites, in order to
to amplify the regions of interest regardless of whether the DNA was methylated or
not. Having primers crossing CpG sites would have introduced the potential for
mismatches in the primer binding site, depending on CpG site methylation.
This

gave

the

primer

sequences

for

GTGGGTTATAAGAAGATGGTGTTGT

SFRP1

as

and

forward:
reverse:

CCTTACCTTAAAACTTAAAAACTTC, giving a product size of 340 bp (containing
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CpG

sites).

The

primer

sequences

TTATTGGAAAGAATATTTTGGGAAG

for

PPARG
and

were

forward:
reverse:
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CTAAAAATAAAAATAAAAATAAAAATAAAAAC, giving a product size of 360
bp (containing 37 CpG sites). Figure 2.1 shows the positions of the amplified
fragments, relative to the transcription start sites of the genes of interest and to
nearby CpG islands (using a Blat search on the University of California, Santa Cruz,
genome

browser

http://genome.ucsc.edu/cgi-

bin/hgBlat?hgsid=328750019&command=start).

A

A

B

Figure 2.1: Position of amplified regions of interest (black bars, labelled as ‘Blat
Sequence’) relative to the transcription start sites of the genes of interest (with
arrows indicating direction of transcription) and CpG Islands. (A) SFRP1
promoter region map; (B) PPARG promoter region map: the two PPARG
transcripts shown correspond to transcript variants one and four.

PCR conditions were optimised for temperature and (for PPARG only) magnesium
ion concentration, as shown in figures 2.1. All optimisation experiments were
conducted using bisulphite converted DNA from normal peripheral blood and,
unless otherwise stated, used the thermal cycling conditions of 94°C for 10 min; 40
cycles of 94°C for 30 s, reaction-specific annealing temperature for 30 s and 72°C for 1
min; followed by a final step of 72°C for 5 min. All thermal cycling was performed
using the Bio-Rad DNA Engine thermal cycler (Bio Rad Laboratories). All PCR
reactions were carried out in 20 %L reaction volumes, which each contained 2 %L
FastStart 10× PCR buffer (Roche), 0.2 %L FastStart Taq polymerase (Roche), 1 %L each
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of the reaction-specific forward and reverse primers, 1 %L of target bisulphiteconverted DNA, 1 %L of dNTPs (2.5 %M), MgCl2 at the optimised concentration and
Mili-Q PCR quality water. Using the results shown in figure 2.2, the PCR reaction for
SFRP1 was optimised to an annealing temperature of 51.7°C and a magnesium ion
concentration of 1.5 mM, whilst the PPARG reaction was optimised to an annealing
temperature of 50.9°C and a magnesium ion concentration of 2.25 mM. These
conditions were used in subsequent experiments involving these PCR reactions.

Figure 2.2: (A) Gel image showing products of PCR reactions using primers for
the PPARG promoter region, performed with 1.5 mM magnesium ion
concentration. Each well is labelled with the annealing temperature used in that
well’s reaction (in °C, L=ladder). (B) Gel image showing products of PCR
reactions using primers for the SFRP1 promoter region; layout and conditions are
the same as in (A). (C) Gel showing products of a PCR reaction using primers for
the PPARG promoter region, at a 50.9°C annealing temperature, with each well’s
reaction performed at the indicated magnesium ion concentration (in mM). All
gel images were captured under UV light using ethidium bromide to visualise
DNA. Gels are 2% agarose and were electrophoresed at 100 V for 20min after
loading the PCR products.
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Gene Cloning and Bisulphite Sequencing of Amplified Regions
After successful PCR amplification of the regions of interest within the PPARG and
SFRP1 promoters, from bisulphite-converted DNA from each of the cell-line,
xenograft and normal blood samples collected, the PCR products were inserted into
the genome of bacterial cells and cloned, using the TOPO TA Cloning Kit for
Sequencing (Invitrogen, Life Technologies), according to the manufacturer’s
instructions. This kit used the TOPO TA Plasmid vector as a cloning vector and
MACH1 Chemically Competent Escherichia coli as bacterial hosts. Transfection was
aided by topoisomerase enzymes bound to the plasmid vector at the site where the
PCR product was incorporated into the plasmid vector, catalysing the insertion. E.
coli cells were then heat-shocked at 42°C, in the presence of the plasmid vector, to
induce them to take up the plasmid DNA.
After transformation, the bacteria were grown on selective solid medium agar plates
containing 100 %g/mL ampicillin. Selection of transfected bacteria was based on an
ampicillin resistance gene within the plasmid vector (therefore allowing only those
bacteria that had taken up the vector to survive on plates containing ampicillin) and
by placing the PCR product insertion site within a lethal gene, ccdB (thus, only
bacteria that had taken up a plasmid with a PCR product ligated into the insertion
site would survive, as PCR product insertion would disrupt the lethal gene). The
plates were then incubated overnight at 37°C.
As there was evidence of primer-dimer forming in the original PCR reactions (see
figure 2.2), individual bacterial colonies from the cloning reaction were screened by
PCR, using primers flanking the PCR product insert site of the TOPO TA vector, to
determine if the individual colonies had incorporated a product with the correct
length. Up to twenty-four colonies from each sample (be that cell-line, xenograft or
blood) were selected for screening (where the cloning reaction yielded fewer than
twenty-four colonies, all colonies were screened). Up to twelve colonies for each
sample, which could be demonstrated to have incorporated the correct PCR product,
were then transferred to liquid LB-broth medium (containing 100 %g/mL ampicillin)
and cultured at 37°C overnight, shaking horizontally at 200 rpm.
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Plasmid DNA from each bacterial colony (each representing an individual clonal
population) was recovered from the bacteria using the Zymo Plasmid Mini-Prep kit
(Zymo Research), according to manufacturer’s instructions. Two microlitres of each
plasmid DNA preparation was sent for sequencing, along with 3 %L of a 1 %M
solution containing a sequencing primer flanking the PCR product insertion site
(giving 5 %L volumes for the sequencing reactions), allowing the PCR product within
the plasmid vectors to be sequenced. Therefore, a maximum of twelve separate
clonal sequences were possible for each sample. The Genetic Analysis Service of the
University of Otago performed sequencing of the samples by the Automated Sanger
method using the ABI 3730xl DNA Analyser (Applied Biosystems, Life
Technologies).
Successful sequences of the bisulphite converted PCR products were then analysed
using the QUMA Internet-based methylation analysis software (Quantification Tools
for Methylation Analysis, Riken http://quma.cdb.riken.jp/), which interrogated
each CpG site in the amplified sequence against a reference sequence from the
human genome, to determine if CpG Cytosine residues had been converted to Uracil
(which was read as Thymine in the sequencing reaction), indicating an unmethylated
CpG site; or if CpG Cytosine residues had remained unconverted by the bisulphite
conversion reaction, indicating a methylated CpG site. Thus, this allowed the
methylation patterns of the amplified regions for each of the samples to be
determined with single CpG site resolution.

2.3 Results
Bisulphite Sequencing of SFRP1 and PPARG Promoter Regions
The methylation plots for the promoter regions of SFRP1 and PPARG in ALL cell
lines, ALL xenografts and normal peripheral blood samples are shown in figures 2.3
and 2.4.
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Figure 2.3: Methylation plots of Xenograft, Cell-Line and Normal Peripheral
Blood SFRP1 regions. (A) Cell line samples, REH and NALM-6 (top to bottom).
(B) B-ALL xenograft samples, samples B1-B9 (top to bottom). (C) T cell ALL (TALL) xenograft samples, samples T1-T4 (top to bottom). (D) Normal control
samples, samples C1-C4 (top to bottom). Within each plot, each row indicates a
successfully sequenced SFRP1 clone, while each column indicates an individual
CpG site within the amplified region (of which there are 26). Black dots indicate a
methylated CpG site, while white dots indicate an unmethylated CpG site.
Crosses indicate a sequencing error at a site.
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As can be seen in figure 2.3, the amplified region of SFRP1 shows significantly higher
methylation in the ALL samples (either cell line or xenograft) compared with normal
peripheral blood. This hypermethylation is observed with both B-ALL and T-cell
ALL (T-ALL), although there is possibly slightly lower methylation in the T-ALL
samples compared to the B-ALL samples. The methylation observed in my region of
interest for the ALL and control samples is also much higher than was reported in
the study by Reins et al. (2010); however, I am interrogating a slightly different
region (my region being just downstream of the transcriptional start site, while their
study looked at regions upstream of the start site).
Another explanation is that, as whole blood is a mixed cell tissue, there is one (or
more) cell type within normal blood that has a methylated SFRP1 promoter. One of
the weaknesses of this experiment is that the control samples are of mixed cell
populations rather than pure B-cells and it is not possible to demonstrate, with the
results shown here, that the methylated clones do not represent B-cells with
methylated SFRP1 promoters.
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Figure 2.4: Methylation plots of Xenograft, Cell-Line and Normal Peripheral
Blood PPARG regions. (A) Cell line samples, REH and NALM-6 (top to bottom).
(B) B-ALL xenograft samples, samples B1-B9 (top to bottom). (C) T cell ALL (TALL) xenograft samples, samples T2-T4 (top to bottom). (D) Normal control
samples, samples C1-C4 (top to bottom). Within each plot, each row indicates a
successfully sequenced SFRP1 clone, while each column indicates an individual
CpG site within the amplified region (of which there are 37). Black dots indicate a
methylated CpG site, while white dots indicate an unmethylated CpG site.
Crosses indicate a sequencing error at a site.

As seen in figure 2.4, the amplified region of PPARG also displays hypermethylation
in the B-ALL samples, but not T-ALL samples, compared with normal peripheral
blood (as seen in figure 2.4). The cell lines REH and NALM6 had higher methylation
than the B-ALL xenografts. The T1 T-ALL xenograft sample is not shown here as the
cloning reaction failed to produce any viable E. coli colonies for sequencing.
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While the control samples here are mixed cell whole blood, as with the SFRP1
promoters, there are no clones showing significant methylation from the normal
blood samples. This makes less likely that B-cells are methylated in the PPARG
promoter, as one would expect by chance that several of the sequenced clones would
represent sequences from B-cells in peripheral blood (B-cells are 7% of all
leukocytes). Additionally, the results of Martin-Subero et al. (2009) reported that the
PPARG promoter is unmethylated in B-cells. However, due to the control samples
being mixed cell populations, it is not possible to conclusively demonstrate that Bcells are unmethylated based on these results alone.
However, despite the issues with using whole blood as a control, both of my genes of
interest can be considered show have increased promoter DNA methylation in BALL compared to normal blood cells, as expected from the results of Wong et al.
(2012) and Martin-Subero et al. (2009), indeed my results (summarised in figure 2.5),
match those of Martin-Subero et al. (2009) quite well (see figure 1.3). The results also
show that there are similar levels of promoter methylation between T-ALL and BALL samples for SFRP1, but that there is a significant difference in promoter
methylation in PPARG, which also matched the results of Martin-Subero et al. (2009)
and Wong (2010), see figure 1.3.
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Figure 2.5: Graphs summarising the methylation percentages found in the samples
for (A) SFRP1 and (B) PPARG. Weighted means are the proportion of all CpG sites
interrogated for each sample type that are methylated (thus, samples with more
successfully sequenced clones receive higher ‘weightings’, and influence the mean
more strongly).

The main advantages that the SFRP1 and PPARG methylation results presented here
have, beyond replicating the earlier results, is that the bisulphite sequencing
technique allows us to determine the methylation pattern of my region of interest,
with single CpG resolution and to give depth of resolution at each site, using
multiple cloned sequences (as opposed to a beta value, which is a proportional
measure of overall methylation at a single site). These results also enable one to
independently determine the approximate frequency of SFRP1 and PPARG
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hypermethylation in B-ALL, which is high. Of the samples tested, 100% of all B-ALL
and T-ALL samples display greater than 50% SFRP1 promoter methylation (with
normal blood samples all at less than 40% methylation), while 73% of B-ALL samples
displayed greater than 40% PPARG promoter methylation (with T-ALL samples all
at less than 7% methylation, and normal blood all less than 6% methylation). Finding
that such a high proportion of B-ALL cases seem to show hypermethylation in the
PPARG and SFRP1 promoter regions is also interesting, as there are now a growing
list of genes that are reported to be hypermethylated in many or most cases of BALL, and the implications of these observations for the biology of B-ALL are
discussed in chapter five.
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CHAPTER 3: EXPRESSION OF SFRP1 AND
PPAR!
3.1 Introduction
As was shown in chapter 2, the B-ALL samples that were tested showed very high
levels of methylation in the PPARG and SFRP1 promoter regions. Hypermethylation
is generally associated with gene silencing (Singal and Ginder, 1999), as was
described in chapter 1, and methylation abnormalities are considered to be important
in cancer biology because of the effect that methylation has on gene expression
(Baylin and Jones, 2011). However, the methylation abnormalities in the SFRP1 and
PPARG promoters, shown in chapter 2, do not demonstrate that there is abnormal
expression of these genes.
Based on the methylation results for the two genes, I hypothesised that there would
be reduced expression of SFRP1 in all ALL samples, while there would be reduced
expression of PPAR! in B-ALL cells (but not T-ALL cells), when compared with
normal cells. Indeed, Reins et al. (2010) have previously shown that there is reduced
expression of SFRP1 in ALL cases, associated with promoter hypermethylation.
As described in this chapter, the expression of PPAR! and SFRP1 were determined
by real-time RT-PCR. This is a quantitative, highly established and accurate
technique for detecting and quantifying specific mRNA sequences (Dundas and
Ling, 2012; Ginzinger, 2002). As such, by using this technique to detect and quantify
the amount of mRNA for a gene, expression can be determined at the transcriptional
level (i.e. one can infer that if there are more mRNA sequences detected that the gene
shows increased expression at the transcriptional level). This is an appropriate
technique to use to determine that the promoter hypermethylation observed in BALL cells correlates with reduced expression of these genes, as hypermethylation is
associated with gene silencing at the transcriptional level (Singal and Ginder, 1999).
As was mentioned in chapter 1, the PPARG gene produces four transcript variants,
and hence four different mRNA sequences, each from a separate promoter (Zieleniak
et al., 2008). This means that there are four different targets that can be detected by
RT-PCR; as described in this chapter, it was decided that the PPAR!-1 transcript is
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the most appropriate to analyse, as it is most immediately downstream of the area of
the PPARG gene that was analysed in chapter 2. Therefore, in this chapter it was
really PPAR!-1 expression, rather than overall PPAR! expression, that was
determined.
Overall, this chapter attempts to fulfil aim (2) of this project; to show that
hypermethylation of the PPARG and SFRP1 promoters corresponds to decreased
gene expression in ALL cell lines and xenografts.

3.2 Materials and Methods
Samples
The same cell-lines and xenograft samples as were used in my methylation analyses
were used for the expression analyses. Richard Lock (Leukaemia Biology
Programme, Children’s Cancer Institute, Sydney, Australia) generously provided
RNA from the ALL xenografts, while RNA samples from blood leukocytes were
extracted from fresh whole blood and cell-line RNA was extracted directly from cellcultures.
RNA Extraction from Whole Blood
Fresh 4 mL whole blood samples were collected from a normal control (the same
normal subject represented in the methylation analyses as C1) using heparin as an
anticoagulant. Two 1.2 mL samples from each blood sample were then transferred to
15 mL centrifuge tubes and 6 mL of 0.8 M ammonium chloride (NH4Cl) was added,
to lyse the erythrocytes. This method relies on the greater susceptibility of
erythrocytes to hypotonic shock than leukocytes, leading to erythrocyte lysis in a
mildly hypotonic solution, while leaving the leukocytes (which contain the entire
functional mRNA content of whole blood) intact.
The suspensions were then spun at 400×g for ten minutes at 4°C and the
supernatants discarded, the cell pellet was resuspended in a further 6 mL of 0.8 M
NH4Cl and the suspensions spun at 400×g, with the supernatants again discarded.
The cell pellets were then lysed in 600 %L of QIAGEN buffer RLT, and vortexed to
ensure complete lysis. The resultant lysis mixture was then homogenised using the
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QIAshredder

Homogenisation

Kit

(QIAGEN),

according

to

manufacturer’s

instructions. RNA could then be extracted using the RNeasy RNA Extraction Kit
(QIAGEN), according to the manufacturer’s instructions.

RNA Extraction from Purified B-Lymphocytes
A fresh 16 mL whole blood sample was taken from one normal control (C1 in the
methylation analyses) using EDTA as an anticoagulant. Ficoll-Paque (GE Healthcare)
density gradient centrifugation was then performed on the sample to separate
mononuclear leukocytes from granulocytes. The mononuclear layer was harvested
and B-cells separated using MACS Human CD19 MicroBeads (Miltenyi Biotech) on
the AutoMACS Cell-Separator (Miltenyi Biotech), exploiting magnetic beads that
bind to the CD19 molecules on the surface of B-cells, allowing them to be separated
from the other mononuclear leukocytes using a magnetic field. The purified B-cells
were then lysed using QIAGEN Buffer RLT and homogenised using the
QIAshredder Homogenisation Kit (QIAGEN), according to the manufacturer’s
instructions. RNA could then be extracted using the RNeasy RNA Extraction Kit
(QIAGEN), according to the manufacturer’s instructions.
cDNA Conversion
Conversion of RNA to cDNA was carried out using the High Capacity RNA-to-DNA
Kit (Applied Biosystems, Life Technologies), according to the manufacturer’s
instructions.
Gel based RT-PCR
To determine if observed differences in methylation between normal and ALL cells,
within the PPARG and SFRP1 promoters, corresponded to lower levels of gene
transcription, reverse-transcriptase PCR reactions (RT-PCR) was carried out on the
samples, allowing SFRP1 and PPAR! mRNA in the samples to be detected.
Primers and fluorescent probes specific for SFRP1 and the PPAR!-1 transcript
variant (chosen as PPAR!-1 is the transcript variant most immediately downstream
from the promoter region used in the methylation analyses), and suitable for gel
based and quantitative PCR, were acquired from Integrated DNA Technologies (IDT)
as standardised PrimeTime assays. A B2M assay was also acquired from the same
43

source for use as a control gene. This gene was chosen as it is stably expressed in
both leukaemia and normal blood cells, and is therefore suitable as a control gene to
normalise the expression of SFRP1 and PPAR! against (Beillard et al., 2003). The
DNA templates used in the RT-PCR reactions were the cDNA samples produced
from xenograft, blood and cell-line RNA.
Primer sequences within the standardised assays were, for PPAR!-1, forward:
TTCGTTAAAGGGGCTGACTCTCG and reverse: GTGGCCGCAGATTTGAAAG;
and for SFRP1, forward: CTTTTATTTTCATCCTCAGTGCAAAC and reverse:
CAATGCCACCGAAGCCT. These primers give expected product lengths of 86 bp
for PPAR!-1 and 129 bp for SFRP1.
The PCR reaction used the Takara 2× PCR ready mix with ROX and SYBR-green
dyes, at 10 %L per 20 %L reaction; the 20× PrimeTime or TaqMan probe-and-primers
assay mixes (specific to each gene transcript), at 1 %L per 20 %L reaction; the cDNA
samples, at 1 %L per 20 %L reaction; and Mili-Q PCR quality water, taking up the
remaining volume. Cycling conditions were 95°C for five minutes, followed by
fourty cycles of 95°C for 10 s, 60°C for 30 s and 72°C for 20 s and a cooling step of
40°C for 10 min.
For gel-based RT-PCR, each sample to be tested (either cell-line, xenograft or blood
cDNA) was loaded with each of the different primer/probe assays, thus creating
three reaction series. The reaction mix and cycling conditions were as above, with
thermal cycling performed using a Bio-Rad DNA Engine thermal cycler (Bio-Rad
Laboratories). PCR product was then loaded into a 2% agarose gel with ethidium
bromide (a UV fluorescent molecule that binds DNA) and electrophoresed in a gel
tank at 100 V for 20 min, allowing PCR products to be visualised as bands under UV
light.
Real Time RT-PCR
Gel-based RT-PCR has limitations for providing gene expression results, such as
problems resolving differences between short expected products and primer-dimer
bands, the inability to exploit the product-specific hydrolysis probes in the assays
(which gives greater accuracy in the detection of the correct product) and the
inability to quantify the expression level. Therefore, generating definitive gene
expression results requires the use of real-time PCR technology.
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The primer/probe assays were used in the same manner as for gel-based PCR except,
as SYBR green fluorescence interferes with the FAM fluorescent reporter of my
hydrolysis probes; instead, the Takara 2× PCR ready mix without SYBR Green or
ROX was used. Other than the change in the PCR ready mix, the reaction volumes
and concentrations were the same as for the gel based PCR, as were the thermal
cycling conditions.
The Roche LightCycler 480 qPCR platform was used to perform all of the real time
experiments.

Mathematical Determination of Relative Expression of SFRP1 and PPAR! using
qRT-PCR Results and Standard Curves.
Real-time PCR detects the progress of a PCR reaction by the use of fluorescent
markers, in this case, fluorescent probes which bind my target cDNA sequence and
are hydrolysed by DNA polymerase as this sequence is amplified, releasing a
fluorescent marker molecule bound to the probe (FAM, in this case) which can be
detected by the machine (with the machine detecting one free FAM fluorescent
molecule for every copy made of my amplified sequence). As such, qPCR results are
expressed as the amount of fluorescence at the end of each PCR amplification cycle,
with accumulated fluorescence indicating the total number of copies amplified by the
reaction. For the purposes of most experiments, the number of cycles taken to reach
an arbitrary threshold amount of accumulated fluorescence (known as Ct) is used to
quantify gene expression by qRT-PCR. The fluorescence value used to calculate the
Ct is always chosen so that fluorescence in each reaction is exponentially
accumulating when it passes this value (i.e. the PCR reaction is only limited by the
number of template copies available). This fluorescence value is directly proportional
to the number of copies made from the template DNA, which exponentially
accumulate and are affected by the starting concentration of template DNA and the
PCR reaction efficiency.
To determine the reaction efficiency of each of my three reactions (for #2M, SFRP1
and PPAR!) standard curve experiments were carried out, using serial five-fold
dilutions of peripheral blood cDNA with each of the primer/probe assays. The
logarithm of the standard concentrations against the measured Ct value could then
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be graphed for each of the three RT-PCR gene assays. This theoretically gives a
straight line, as an exponential function will give a straight line when plotted using a
logarithmic axis, the equation of which can be expressed as Ct = x. log[C]+ m , where x
is the slope of the line (which will be negative), [C] is the original cDNA template
concentration (which is directly proportional to overall cDNA concentration) and m
is a constant value. The values of x and m are fixed values specific to each individual
reaction.
The data generated by the standard curve experiments could then be used in
quantification experiments to quantify relative target gene expression in samples of
unknown loading concentration. This is done by taking the Ct values for the
reference reaction (the #2M assay) and the target reaction (either the PPAR! or
SFRP1 reaction) in a quantification experiment. Given two samples, a positive control
sample ‘a’ (such as peripheral blood) and a sample of interest ‘b’ (such as a B-ALL
xenograft), Ct values for the reference and target reactions can be generated. From
the previously generated standard curves relating to the target and reference reaction
assays, Ct R a = x log[At]+ m , and Ct R b = x log[Bt]+ m , where CtRa is the Ct value for the
reference gene for sample a, and CtRb the same Ct value for sample b, [At] is the
original cDNA template concentration of sample a, [Bt] is the original cDNA
template concentration of sample b, and x and m are the slope and constant of the
reference standard curve respectively. As the reference gene is chosen such that both
samples will express it equally, the original template concentrations [At] and [Bt] are
related to the original overall cDNA concentrations [A] and [B] by the same constant
of proportionality, such that [At] = k[A] and [Bt] = k[B] . Therefore, by substitution,
we can express the difference in Ct values between the two samples for the reference
reaction as:

ΔCt R = (x log(k[A]) + m) − (x log(k[B]) + m) ∴
ΔCt R = x(log(k[A]) − log(k[B]) ∴

ΔCt R = x(log

k[A]
[A]
[A] ΔCt R
) = x log
∴log
=
k[B]
[B]
[B]
x

Next, the Ct values for the target gene are compared between the two samples.
Similar to the reference assay, the standard curve for the target assay dictates that
46

CtT a = y log[At]+ n and CtT b = y log[Bt]+ n where CtTa is the Ct value for the target
gene for sample a, and CtTb the same Ct value for sample b, [At] is the original cDNA
template concentration of sample a, [Bt] is the original cDNA template concentration
of sample b (different to the [At] and [Bt] for the reference gene above) and y and n
are the slope and constant of the target gene standard curve respectively. The target
gene is a gene that would be expected to be differentially expressed between the two
samples. Thus, there are likely to be different constants of proportionality likening
template cDNA concentrations to original overall cDNA concentrations between my
two samples, and this can be expressed as [At] = k1[A] and [Bt] = k2 [B] . As we wish to
normalise expression against sample a, the positive control, we let k1=1 and k2 be
some proportion of k1. Therefore, using substitution, we can express the difference in
the Ct values between the samples for the target gene as:

ΔCtT = (y log(k1[A]) + n) − (y log(k2 [B]+ n) ∴
ΔCtT = y(log[A]− log(k2 [B])) ∴

ΔCtT = y log

[A]
[A]
= y(log
− log(k2 ))
k2 [B]
[B]

And by substitution using the equation generated using the reference assay,

log

[A] ΔCt R
=
, we can express the above equation as:
[B]
x

ΔCtT = y(

ΔCt R
− log(k2 )) ∴
x

ΔCtT ΔCt R
=
− log(k2 ) ∴
y
x

log(k2 ) =

(
ΔCt R ΔCtT
∴k2 = 10
−
x
y

ΔCt R ΔCtT
−
)
x
y

; where, as mentioned, k2 is the expression of

the target gene by the sample of interest, normalised against the positive control.
Generation of a qRT-PCR Standard Curve
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As gel-based RT-PCR indicated that there was potential for genomic DNA to bind to
the primer/probe mixes, I conducted a PCR experiment whereby the primer/probe
assays for SFRP1 and PPAR!-1 were tested with DNase-treated HL-60 myeloid
leukaemia cell-line cDNA, provided by Abdul Alsaleh (Department of Pathology,
Dunedin School of Medicine) and normal peripheral blood genomic DNA. The
experimental conditions for this test were as laid out above for Real-Time RT-PCR,
except that thermal cycling was carried out in the Bio-Rad DNAEngine thermal
cycler (Bio-Rad Laboratories) and the reaction products were visualised by gel
electrophoresis at 100 V for thirty minutes using a 2% agarose gel containing
ethidium bromide, as is shown in figure 3.1. This image demonstrates that my SFRP1
primers amplify a great many products when exposed to genomic DNA, including a
short product, near the length expected (129 bp) for the specific product that the
assay is supposed to amplify from cDNA, possibly indicating the presence of a
pseudogene. However, the PPAR!-1 primers did not amplify any products from
genomic DNA but amplified a clear product of the correct length (86 bp) from the
HL-60 cDNA.

Figure 3.1: Gel image of RT-PCR for PPARG assay with HL-60 cDNA and whole
blood genomic DNA (PH and PG respectively) and SFRP1 assay with HL-60
cDNA and genomic DNA (SH and SG). L indicates the 100 bp ladders, the arrow
is pointing to the 100 bp mark, with subsequent bands at 100 bp intervals.
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Based on these results, it was decided to proceed with generating a standard curve
only for PPAR!-1, where genomic DNA contamination would not affect the results.
Figure 3.1 also shows that the PPARG primers amplify a strong product from HL-60
cDNA, so this was used as positive control DNA (to spare the peripheral blood
cDNA). The standard curve experimental conditions were as described above for
Real Time RT-PCR reactions, using both the B2M and PPARG assays. The template
cDNA was a series of five serial five-fold dilutions of the stock HL-60 cDNA, with
each standard template concentration run with both the B2M and PPARG assays in
triplicate. The LightCycler software automatically determined an appropriate
threshold level of fluorescence and calculated the Ct values for the samples. The
amplification plots for the reactions with the B2M and PPAR!-1 assays are shown in
figure 3.2, while the data generated by the experiment are presented in tabulated
form in table 3.1.
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Table 3.1: Tabulated data showing relative HL-60 cDNA concentration and
Ct for each well run with the B2M primers/probe and the PPAR!-1
primers/probe.
Name

Ct

B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M

23.96
23.88
23.76
26.73
26.5
26.87
30.19
29.81
30.17
33.87
34.07
34.06
38.72
39.12
38.35
Not Amplified
Not Amplified
Not Amplified

Name

Ct

PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1

31.43
31.12
31.23
33.93
33.27
32.95
35.56
35.18
36.42
35.93
36.98
37.01
Not Amplified
Not Amplified
38.33
Not Amplified
Not Amplified
Not Amplified

Relative Concentration
(Stock cDNA=1)
1
1
1
0.2
0.2
0.2
0.04
0.04
0.04
0.008
0.008
0.008
0.0016
0.0016
0.0016
0
0
0

Relative Concentration
(Stock cDNA=1)
1
1
1
0.2
0.2
0.2
0.04
0.04
0.04
0.008
0.008
0.008
0.0016
0.0016
0.0016
0
0
0
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Figure 3.2: Amplification plots (fluorescence over cycle number) for the different
standard HL-60 cDNA concentrations with the B2M assay (above) and PPAR!-1
assay (below). Relative template concentrations are indicated on the graphs.
Green indicates that threshold fluorescence wasn’t reached.

Using these data, standard curves can be generated for the B2M and PPAR!-1 could
be generated and these are shown below in figure 3.3. This gave a slope of -5.2973
cycles/log[C] for B2M and -2.4489 cycles/log[C] for PPAR!-1.
51

A

45	
  

Average	
  Cycles	
  to	
  Threshold	
  

40	
  
35	
  
30	
  
y	
  =	
  -‐5.2973x	
  +	
  23.265	
  
R²	
  =	
  0.99005	
  

25	
  
20	
  
15	
  
10	
  
5	
  
0	
  

-‐3	
  

-‐2.5	
  

-‐2	
  

-‐1.5	
  

-‐1	
  

-‐0.5	
  

0	
  

log(Concentration	
  Relative	
  to	
  Stock)	
  

45	
  

B
Average	
  Cycles	
  to	
  Threshold	
  

40	
  
35	
  

y	
  =	
  -‐2.4889x	
  +	
  31.587	
  
R²	
  =	
  0.9802	
  

30	
  
25	
  
20	
  
15	
  
10	
  
5	
  
0	
  

-‐3	
  

-‐2.5	
  

-‐2	
  

-‐1.5	
  

-‐1	
  

-‐0.5	
  

0	
  

log(Concentration	
  Relative	
  to	
  Stock)	
  

Figure 3.3: Standard curves plotted for (A) the B2M assay and (B) the PPAR!-1
assay, showing the straight-line transformation when plotting the Ct values over
the logarithm of the cDNA concentration relative to stock.

The standard curves were successfully generated; however, due to the very late
amplification of the PPARG assay along with some replicates not being amplified,
using HL-60 cDNA, it was decided to test other cell lines, to try and find a cell line
with more expression (as a more highly expressing positive control can allow more
spread across the amplification plot and hopefully produce a better standard curve).
The leukaemia cell-lines NALM-6 (B-ALL), REH (B-ALL), MOLT-4 (T-ALL), HL-60
(AML) and Jurkat (T-ALL) were tested, expecting that NALM-6 and REH would
52

have low expression of PPAR!-1 based on the hypermethylation of the PPARG
promoter observed in these cell lines. This selection had the added benefit that it
allowed the expression of PPAR!-1 to be determined in this range of leukaemia cell
lines by the highly accurate qRT-PCR. To the best of my knowledge, an experiment
has not been published in the literature determining PPAR!-1 expression in these
cells lines by qRT-PCR.
Each cell line cDNA sample, kindly provided by Abdul Alsaleh (Department of
Pathology, Dunedin School of Medicine), was diluted to an approximately equal
concentration of input RNA and qRT-PCR amplification of each was carried out in
triplicate for both the PPAR!-1 and B2M assays. The results shown in figure 3.4 show
that Jurkat is the cell line with the highest expression of PPAR!-1, with expression
calculated using the equation described earlier in the chapter, k2 = 10

(

ΔCt R ΔCtT
−
)
x
y

, with

expression normalised against HL-60 and the values of x and y determined from the
standard curves in figure 3.3.
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Figure 3.4: Expression of PPAR!-1 for the five cell lines tested, normalised
against HL-60 expression.
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As Jurkat was determined to have the highest level of expression for PPAR!-1, Jurkat
cDNA was used in the second standard-curve experiment. This experiment was
carried out using six serial five-fold dilutions of Jurkat cDNA and the template
samples for the experiment and the reaction conditions were as laid out above for
real-time PCR reactions. Sufficient Jurkat cDNA was made using RNA provided by
Robert Weeks (Department of Pathology, Dunedin School of Medicine) according to
the method for cDNA conversion above. The second set of standard curves is shown
in figure 3.5, with the data from the experiment in table 3.2.
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Figure 3.5 Standard curves for (A) the B2M assay and (B) the PPAR!-1 assay.
Concentrations are relative to undiluted Jurkat cDNA (undiluted cDNA is
equivalent to 554ng/%L starting RNA).
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Table 3.2: Data from the standard curve experiment using serial dilutions of
Jurkat cDNA.
Assay

PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1
PPAR!-1

Relative
Concentration
(Stock
cDNA=1)
1
1
1
0.2
0.2
0.2
0.04
0.04
0.04
0.008
0.008
0.008
0.0016
0.0016
0.0016
0.00032
0.00032
0.00032

Ct

Assay

26.04
25.95
25.81
28.2
28.22
28.13
30.86
30.67
30.38
33.02
32.6
32.51
34.19
34.7
34.7
36.19
36.26
36.31

B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M
B2M

Relative
Concentration
(Stock
cDNA=1)
1
1
1
0.2
0.2
0.2
0.04
0.04
0.04
0.008
0.008
0.008
0.0016
0.0016
0.0016
0.00032
0.00032
0.00032

Ct

20.19
20.18
20.16
22.28
22.31
22.27
25.01
24.96
24.92
27.51
27.58
27.47
30.12
30.31
29.83
32.37
32.34
32.17

This second set of standard curves was much higher quality, and the slopes of these
standard curves were used to calculate all the subsequent expression data, using the
method described in ‘Mathematical Determination of Relative Expression of SFRP1
and PPARγ using qRT-PCR Results and Standard Curves’ earlier in the chapter.
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3.3 Results
Gel-based RT-PCR Results
Figure 3.6 shows PCR product from the gel-based RT-PCR reaction, using ALL
Xenograft samples and one normal peripheral blood positive control, loaded in to 2%
agarose gel, with ethidium bromide marker, and electrophoresed at 100 V for 15 min
to capture the gel image shown.

B2M

PPAR!-1

SFRP1

Figure 3.6: Gel Electrophoresis image for B-ALL xenografts (labelled B1-B9), TALL xenografts (labelled T1-T4), normal peripheral blood (labelled PB) and
water (labelled Wa); each run with the B2M, PPAR!-1 and SFRP1 specific
primers in separate reactions (as labelled on the left of the image).

As is typical of RT-PCR products, the expected product lengths are relatively short
(86 bp for PPAR!-1, 129 bp for SFRP1, 90 bp for B2M). The control gene B2M, as
expected, shows stable expression in all the xenograft samples and peripheral blood,
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as demonstrated by dark bands of approximately 100 bp, as opposed to the shorter
and less intense band in the water lane (probably indicating non-specific product,
such as primer-dimer).
The water lane of the PPAR!-1 reaction series also demonstrates a slightly shorter
and significantly less intense band compared with peripheral blood, possibly
indicating primer-dimer, and this shorter and lighter band is also seen in all of the BALL xenografts; however, the T-ALL xenograft samples T1 and T4 show dark, longer
bands, similar to the peripheral blood lane, while there seems to be the longer
product in the T3 sample lane (along with a slight increase in intensity); although the
size differences are somewhat difficult to resolve on this gel (a challenge which can
be overcome with quantitative RT-PCR by the use of probes specific for the correct
product). This would suggest that there is expression of the PPAR!-1 transcript in
peripheral blood (previously shown to have an unmethylated PPAR!-1 promoter),
variable expression in T-ALL xenografts (shown to have unmethylated promoters)
and little expression in B-ALL xenografts (shown, largely, to have methylated
promoters).
The SFRP1 series produced two long non-specific bands, probably due to nonspecific binding of the primers to genomic DNA contamination. This limits any
conclusions that can be drawn from the SFRP1 series as binding of primers to
genomic DNA may produce many different length products (as is seen on this gel).
However, if a conclusion were to be guessed at, the blood lane, and possibly B-ALL
7, demonstrates a shorter product of about the expected size, possibly indicating
expression of SFRP1 in blood and one of the fifteen ALL samples. The long products
are also absent from the blood lane, perhaps suggesting that higher levels of SFRP1
mRNA (which has higher affinity for the primers than genomic DNA, due to its exact
complementary sequence) are ‘using up’ the primers, which would otherwise
amplify the long products. However, any conclusions from the SFRP1 series on this
gel are of low quality due to the non-specific genomic products that are present,
especially as figure 3.1 demonstrated that SFRP1 primers might form a short product
from genomic DNA of about the same length as the expected product.
While one may try to draw guess at expression of PPAR!-1 and SFRP1 of the basis of
this gel image, definitive expression results require the use of quantitative RT-PCR
using product-specific fluorescent probes, as it is difficult to show the difference
between the PCR product and primer-dimer on this gel image. Therefore, this gel
57

image does not allow me to conclude that there is reduced expression of SFRP1 and
PPAR!-1 in B-ALL.
qRT-PCR Results
As can be seen in figure 3.7, the T-ALL cell lines Jurkat and MOLT-4 are the highest
expressing cell-lines tested, with the B-ALL cell-lines REH and NALM-6 showing
little or no expression. This is the same figure as figure 3.4 but with expression values
recalculated using the standard curves shown in figure 3.5. This result matches what
would be expected based on the methylation data presented in figure 2.5 (B), which
showed that the PPARG promoter is unmethylated in T-ALL cases, allowing
expression, and methylated in B-ALL cases (including specific data on REH and
NALM-6), theoretically silencing expression.
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Figure 3.7: Recalculated expression of PPAR!-1 for the MOLT4, Jurkat, HL60,
REH and NALM-6 cell-lines. Expression is as a proportion of HL-60 expression.

Figure 3.8 on the next page shows the expression data for the non cell-line samples
(peripheral blood, B-cells and xenografts). This experiment was carried out using the
methods described in ‘Real Time RT-PCR’ above.
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Figure 3.8: Expression of PPAR!-1 in the non cell-line samples (whole
peripheral blood, B-cells, B-ALL xenografts and T-ALL xenografts).
Expression has been normalised against B-cell expression.

As is shown in figure 3.8, all the B-ALL xenograft samples showed lower expression
of PPAR!-1 than normal B-cells, while T-ALL samples showed variable expression.
This is consistent with the methylation results shown in figure 2.5, which show
hypermethylation of the PPARG promoter in B-ALL samples and lower levels of
PPARG methylation in T-ALL. The methylation vs. expression data are displayed in
figure 3.9 for those samples where methylation and expression data are available for
PPARG/PPAR!-1. Overall, these results suggest that PPAR!-1 shows reduced
expression in B-ALL associated with hypermethylation of the gene promoter; the
implications of this finding are further discussed in chapter five.
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Figure 3.9: Plot of the methylation of the PPARG promoter, as shown in
figure 2.5, against the PPAR!-1 expression of samples B1-B9, T2-T4 and
C1, normalised against B-cell expression.
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CHAPTER 4: ASSESSING THE EFFECT OF
DEXAMETHASONE ON THE DNA
METHYLATION OF B-ALL CELLS.
4.1 Introduction
This chapter describes the experiments carried out to determine whether
dexamethasone alters the DNA methylation pattern of B-ALL cell-lines. This is
slightly different to the earlier chapters, which describe the methylation and
expression of single genes to gain some insight into the biology of these genes in BALL disease. Instead, this chapter attempts to show that there is an epigenetic
dimension in the response to glucocorticoids. However, the principle that changes in
DNA methylation are likely to impact the molecular biology of B-ALL cells (through
transcriptional silencing) forms the basis for these experiments, as it does for the
earlier experiments concerning SFRP1 and PPARG.
It was considered worthwhile trying to show that glucocorticoids change the
methylation patterns of B-ALL cell-lines, as this could be a potential novel mode of
action of this drug class, a drug class that is used to treat various diseases due to their
anti-inflammatory effects and their effectiveness as part of the treatment of various
blood cancers, including ALL (Inaba and Pui, 2010). Additionally, as glucocorticoids
(which are analogous to the naturally occurring hormone cortisol) also have
significant effects on normal lymphocytes (as well as malignant ones), there could be
implications for the epigenetics of the normal immune system, which is known to be
important in immune system function (Smith and Cidlowski, 2010; Suarez-Alvarez et
al., 2012).
The hypothesis that glucocorticoids may alter the methylation of cells is based on
single gene studies in non-ALL cells, as described in chapter 1. In particular, the
results of (Thomassin et al., 2001) show that dexamethasone will demethylate a
region of the Tat gene in liver cells. However, to the best of my knowledge, there are
no published results that analyse the effects of glucocorticoids on DNA methylation
using single CpG resolution techniques at a genome-wide level, nor are there
published results analysing the epigenetic effects of steroids in ALL. The experiments
described in this chapter attempt to do just that, by using the multi-gene RRBS
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technique (described in chapter 1) to compare the methylation patterns of NALM-6
B-ALL cells cultured with and without the synthetic glucocorticoid dexamethasone.
Overall, this chapter attempts to fulfil aim (3) of this project, to demonstrate a change
in DNA methylation in gene promoter regions in ALL cell lines following the
administration of the synthetic glucocorticoid dexamethasone.

4.1 Materials and Methods
Dexamethasone
Powdered dexamethasone (>97%) was purchased from Sigma-Aldrich for use in the
cell culture experiments. One hundred milligrams of Dexamethasone were dissolved
in 50 mL of absolute ethanol to create my stock solution of dexamethasone with a
concentration of 2 mg/mL. This stock solution was then used to give the desired
concentrations of dexamethasone for cell cultures. Control cultures had an equivalent
volume of absolute ethanol (without dexamethasone) added to culture.
Cell culture of NALM-6 with Dexamethasone
NALM-6 B-ALL cells were used for this experiment, and were maintained, as
described earlier in chapter 2, at 37°C, with 5% CO2, in RPMI liquid medium with
phenol red (Invitrogen, Life Technologies), supplemented with 10% FBS and 4.5 g/L
glucose. I searched the literature for previous research demonstrating the response of
NALM-6 cells to various concentrations of dexamethasone, in order to determine
that NALM-6 cells are steroid-responsive and to determine the concentration of
dexamethasone that gives the maximum antiproliferative effect without causing
death of all cells. Useful growth curves were published by Bachmann et al. (2007),
which demonstrated that NALM-6 proliferation was maximally inhibited by
dexamethasone concentrations of approximately 5×10-7 M (≈200 ng/mL) or greater,
with concentrations of up to 1×10-5 M (≈4 %g/mL) still not causing total cell death.
To confirm that our NALM-6 cells responded as described to these concentrations of
dexamethasone, the cells were incubated for three days in separate 10 mL cell
cultures, comprising two control cultures (without dexamethasone), and two
cultures with dexamethasone at 250 ng/mL and 500 ng/mL (both of which were
expected to give the maximum response from the NALM-6 cells), and counted at 24,
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48 and 72 hours by microscopy using a manual haemocytometer. Cell viability was
determined by the addition of trypan blue to the samples (as living cells exclude
trypan blue and remain unstained, while dead cells are stained blue by the dye). The
results from this experiment are shown in figure 4.1 and demonstrate that the
NALM-6 cells responded to the added dexamethasone.
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Figure 4.1: Cell cultures of NALM-6 cells with dexamethasone. The four cell
cultures consist of two control cultures (labelled control 1 and control 2), a 250
ng/mL dexamethasone culture and a 500 ng/mL dexamethasone culture
(labelled 250ng/mL and 500 ng/mL respectively). The graph shows the cell
counts for each cell culture at 24, 48 and 72 hours.

On the basis of this experiment, it was decided that 250 ng/mL dexamethasone
(compared with the no dexamethasone control) would be used in the cell cultures to
study potential epigenetic effects of the steroid. Two control cell-cultures and two
cell-cultures with 250 ng/mL dexamethasone were incubated for three days before
extracting DNA from the cell cultures for analysis.
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Cell-Line DNA Extraction and Library Preparation for RRBS
After incubation, the two control cultures were pooled together and the two cultures
with dexamethasone were pooled. Two DNA samples were then extracted separately
from each pooled culture, using 5×106 cells per extraction. DNA extractions were
carried out using the QIAmp DNA Mini and Blood Mini Kit (QIAGEN) according to
the manufacturer’s instructions for cell culture.
The method previously described by Chatterjee et al. (2012) was used when
preparing DNA libraries from the DNA extracted from the cell cultures. Four 50 %L
dilutions of the DNA samples were taken (one from each cell culture), each
containing 2.5 %g of DNA, and these were each incubated with 10% Msp-1 solution
(20 U/%L) and 10% NEB Buffer-4 (with remaining volume made up with Mili-Q
H2O) at 37°C overnight. The DNA was then purified using the QIAquick PCR
Purification Kit (QIAGEN), according to the manufacturer’s instructions.
In order to repair the ‘sticky’ overhanging ends resulting from Msp-1 digestion, end
repair was carried out using the TruSeq DNA Sample Preparation Kit’s end repair
solution (Illumina). The DNA was purified after incubation, using the MinElute PCR
Purification Kit (QIAGEN), according to the manufacturer’s instructions.

The

protocol also required the addition of poly-A tails to the 3’ ends of my DNA
fragments. This adenylation step was carried out using the TruSeq A-tailing Mix
(Illumina) according to the manufacturer’s instructions.
Separate DNA adaptors, containing unique sequences, were then ligated to the DNA
libraries. A different adaptor sequence for each of the four libraries was used, as this
allowed each individual library to be recognised after all four were multiplexed to
the same sequencing lane of the Illumina HiSeq 2000’s flow cell. This adaptor ligation
step was carried out using the TruSeq DNA adaptor numbers 18 (GTCCGC), 23
(GAGTGG), 25 (ACTGAT) and 27 (ATTCCT) for the first and second control libraries
and first and second dexamethasone treated libraries respectively. The ligation
protocol involved incubating the TruSeq DNA adaptor and TruSeq Ligase mix
(Illumina) with the QIAquick kit elution buffer (QIAGEN) at 30°C for 10 minutes.
DNA was then purified using AMPure XP magnetic beads (Agincourt, Beckman
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Coulter), which bind DNA, followed by separation of the beads from the supernatant
on a magnetic stand and DNA elution in TE buffer.
After DNA purification, the first gel-based size selection was carried out, for
fragments of 40-220 bp length. As the poly-A tails and DNA adaptors add about 110
bp to the lengths of the fragments in the libraries, the selected fragment sizes of the
adenylated and adaptor ligated fragments were 150-325 bp, as this corresponds to
fragments of 40-220 bp from the original digestion. The gel size selection was carried
out by loading a 3% NuSeive gel (Lonza) with 25 bp marker (Invitrogen, Life
Technologies) and the DNA libraries. Gels were run at 50 V for 90 min before gel
extraction and the gel extraction was subsequently performed under UV light, using
the 25 bp marker as a guide to excise the appropriate fragments. The gel excisions
can be seen in figure 4.2. DNA fragments within the excised gel segments were then
purified using the QIAquick Gel Extraction Kit (QIAGEN), according to
manufacturer’s instructions.
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Figure 4.2: NuSeive gel after first size selection, showing the excised segments of
the gel. Note that very short DNA fragments have been selected to achieve the
required CpG enrichment. Samples are arranged, from left to right, as 25 bp ladder
(L), first control sample (C1), second control sample (C2), first dexamethasonetreated sample (D1), second dexamethasone-treated sample (D2) and second 25bp
ladder (L). The arrow indicates the 125 bp band of the ladder, with subsequent
bands appearing at 25 bp intervals.

The purified DNA fragments were then bisulphite converted using the ZymoTech
EZ DNA Methylation Kit (Zymo Research), according to the manufacturer’s
instructions.
After bisulphite conversion, small-scale ‘semi-quantitative’ PCR was carried out on
samples of the purified fragments, to determine the optimum number of cycles for
later large-scale PCR. The PCR reactions were carried out in 12 %L volumes,
containing 1.2 %L 10× PhuTurbo Cx Reaction Buffer (Stratagene), 0.55 %L PfuTurbo
Cx HotStart DNA Polymerase, 1.25 %L dNTPs, 1.25 %L bisulphite converted DNA
(from previously) and the remaining volume Milli-Q water. Two reactions were
carried out per sample with different cycle numbers. Cycling conditions were 95°C
for 2 min followed by cycles of 95°C for 30 s, 65°C for 30 s and 72°C for 45 s, with one
reaction from each sample undergoing 15 cycles and the other 20 cycles. Lastly, all
reactions had a cool down step of 72°C for 5 min followed by storage at 4°C. The
products of the reactions were run on a Criterion pre-cast gel (Bio Rad Laboratories)
at 100 V for 100 min in 1×TBE buffer with a 25 bp marker (Invitrogen, Life
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Technologies). Following the gel run, the gel was immersed in 100 mL of the 1×TBE
running buffer with 10 %L of SYBR-Green-I nucleic acid gel stain (Life Technologies)
and gently agitated for 30 min. The gel was then visualised under UV light, with
SYBR green acting as the reporter by binding to dsDNA and fluorescing, as shown in
figure 4.3.

Figure 4.3: Criterion precast gel image showing small-scale PCR for optimisation
of PCR cycle number for library preparation for sequencing. The four samples are
labelled C1 and C2 for the first and second control samples, respectively, and D1
and D2 for the first and second dexamethasone treated samples respectively, with
25bp ladder lanes labelled L. As labelled, the samples run for fifteen cycles are
arranged on the left of the samples run for twenty PCR cycles.

From the result of this PCR reaction, I estimated that the large scale PCR should run
for eighteen cycles (as fifteen cycles shows too little amplification, while twenty
shows non-specific amplification). Thus, cycling conditions for the large scale PCR
were 95°C for 2 min followed by 18 cycles of 95°C for 30 s, 65°C for 30 s and 72°C for
45 s, then a cool down step of 72°C for 5 min followed by storage at 4°C. The PCR
reaction mixes were the same as for the small scale PCR above; however, to give
enough PCR products, eight identical reactions were run for each of the four
samples. PCR products for each sample were then pooled and purified using the
MinElute PCR Purification Kit (QIAGEN), according to manufacturer’s instructions.
67

Following PCR purification, a second gel-based size selection was performed to
remove primers and primer-dimer from the samples. This was done using the same
method as the first size selection, by loading each of the four samples into a 3%
NuSeive Gel (Lonza) with 25 bp marker (Invitrogen, Life technologies) and running
in an electrophoresis tank at 100 V for 60 min. The 150-325 bp fragments were then
excised from the gel under UV light the DNA fragments were purified from the
excised gel using the MinElute Gel Extraction Kit (QIAGEN) according to
manufacturer’s instructions. The second size selection is demonstrated in figure 4.4.

Figure 4.4: NuSeive gel image after second size selection, demonstrating that
fragments of 150-325 bp lengths have been excised from the gel. Lanes are
labelled as Ladder (L), first and second control samples (C1 and C2 respectively)
and first and second dexamethasone treated samples (D1 and D2 respectively).
The arrow indicates the 125 bp marker band, with subsequent marker bands at 25
bp intervals.

The libraries were then analysed using the Agilent High Sensitivity DNA Kit
(Agilent) according to manufacturer’s instructions. This generated traces of DNA
staining intensities against fragment lengths, which are shown in Figure 4.5, as well
as calculating the average fragment length within the libraries. The Qubit DNA
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spectrophotometer (Invitrogen, Life Technologies) was also used to calculate overall
DNA concentrations (in grams per litre) for the libraries.
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Figure 4.5: Traces of DNA staining intensity against fragment length for: (A) first
control library, (B) second control library, (C) first dexamethasone treated library
and (D) second dexamethasone treated library; recreated gel images created by the
bio-analyser are shown next to the sample traces. (E) Shows the concentrations of
each library and the volumes used to create 10 %L of 10 nM stock solutions.
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These data were used to calculate the concentrations of the libraries in nM, which
then allowed 10 nM stock solutions of the libraries to be prepared for sequencing,
using

the

equation C(nM ) =

C(ng/µ L )
0.00065 × l(bp)

(where

C(nM)=Concentration

in

nM,

C(ng/%L)=Concentration in ng/%L and l(bp)=Average fragment length in bp) to calculate
the concentration of my libraries in nM, and VLibrary =

100
CLibrary(nM )

(where VLibrary is the

volume of each library to be diluted in 10 %L for the 10 nM stock and CLibrary(nM) is the
concentration of the library in nM), to calculate the volume of the library to be
diluted in 10 %L to create the 10 nM stock solution.
After dilution to 10 nM, the libraries were sent to New Zealand Genomics Limited
for sequencing on the Illumina HiSeq 2000 (Illumina) and the samples were
multiplexed and run on the same lane of the sequencer’s flow cell.
Data Processing
Sequencing data were demultiplexed back to four separate samples using the
sequences of the ligated DNA adaptors, and returned from NZGL in the form of
zipped (compressed) Unix Executable Files, and associated fast quality control data.
The sequencing data from the Illumina HiSeq 2000 is in the form of 100 bp (or fewer,
if a fragment is shorter than 100 bp) reads, and are paired end (that is, can sequence
5’-3’ or 3’-5’ starting at either end of a DNA fragment) while the fast quality control
analyses the average sequence quality (using a Phred Score) for each base in the 100
bp reads. The fast quality control analyses are displayed in figure 4.6.
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Figure 4.6: Box and whisker plots of 100 bp sequence quality (Phred Score) of
reads at each base position, with overlaid moving average. Numbers 1,2,3 and 4
correspond to the first control, second control, first dexamethasone treated and
second dexamethasone treated samples respectively. Green represents high
quality, yellow medium quality and red low quality (arbitrary designations).

The Phred Quality Scores displayed in figure 4.6 were calculated automatically by
the Illumina sequencer, and are defined as Q = −10 log(P) where Q is the Phred
Quality score and P is the probability of a sequencing error (thus, a score of 10
indicates 90% accuracy in base calling, 20 indicates 99% accuracy and so on). On the
basis of these results, it was decided to disregard sequences after 95 bp for the
control samples and 90 bp for the dexamethasone treated samples (so-called ‘quality
trimming’) to enhance effective mapping of the sequences to the human genome by
removing low-quality sequences. This was, therefore, the first step of data processing
after decompression of the sequencing files. This and all subsequent data processing
was carried out using the dsm2864 remote server, run by the Dunedin School of
Medicine, via Mac Terminal commands. These commands were performed as laid
out in the manual ‘Processing RRBS samples: a User Guide’ (Stockwell, 2013).
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After quality trimming, the adaptor ‘barcode’ sequences were digitally removed. The
sequences were then mapped against the (bisulphite converted) reference human
genome, with between 33% and 67% of sequences mapping uniquely to the genome,
as shown in table 4.1.

Table 4.1: Mapping statistics for the four samples, ‘sequences’ refers to the 100
bp reads produced by the Illumina HiSeq machine.
Sample
Control 1
Control 2
Dex 1
Dex 2

Total
Sequences
7594930
7084395
4579718
3687381

Sequences Mapped
Uniquely
2534318
4703582
2717915
1706805

Mapping
Efficiency
33.40%
66.40%
59.30%
46.30%

Mapped sequences, in the form of .sam files, were then imported into Integrated
Genome Viewer for graphical analysis of the data. Mapped reads were graphically
aligned against known RefSeq genes (and their associated introns and exons). These
mapped reads could be compared with the positions of Glucocorticoid Response
Elements (GREs), as reported by Reddy et al. (2009), who determined the positions of
glucocorticoid receptor binding within the genome of the human A549 lung
carcinoma cell-line by the use of ChIP sequencing, identifying 4392 areas of
glucocorticoid binding. The same paper also reported the use of RNA sequencing of
the same cell line to identify 234 genes with significant changes in expression after
glucocorticoid administration; additionally, Yu et al. (2010) reported the
glucocorticoid responsive genes for the 3T3-L1 mouse adipocyte cell-line using the
same method (unfortunately, comparable data were not able to be found within the
PubMed database for ALL cells). By comparison with the published data, it could be
determined

if

any

fragments

showing

methylation

differences

between

dexamethasone treated and control samples were near the published glucocorticoid
responsive genes or GREs. It was expected expected that major differences would be
more likely to occur in steroid responsive areas of the genome; however, due to the
fact that the two papers above did not investigate steroid responsive genes in B-ALL
cell it is possible that the steroid responsive areas of the NALM-6 genome do not
exactly match the published lists. Thus, all fragments were included in the main
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analysis, and fragments of interest could be manually compared with the published
lists.
Table 4.1 shows the mapping data for the RRBS samples. As is shown, the number of
fragments and the mapping efficiencies for the libraries are relatively low, when one
considers that the sequencer may produce a maximum of 40,000,000 sequences per
library. This may be due to the presence of non-mapping sequences in the libraries
(for example, primer dimer that wasn’t completely removed by the size selection
process) or low sequencing efficiency. In order to overcome the relatively low
number of mapped reads and increase power in the comparison, the two control
groups were fused and analysed together, as were the two dexamethasone-treated
groups.
For systematic analysis of the data, .sam files were sent to Aniruddha Chatterjee
(Department of Pathology, Dunedin School of Medicine, University of Otago) and Dr
Peter Stockwell (Department of Biochemistry, University of Otago) for analysis using
the

DMAP

software

package

(Differential

Methylation

Analysis

Package,

Department of Biochemistry, University of Otago). This software package analysed
the files to produce methylation data on each library fragment, which could be
related to nearby genes and CpG islands.
Fragments (that is the 40-220 bp restriction fragments created by Msp-1 digestion)
were chosen as the basic unit of analysis. Fragments were only included in the
analysis if they contained at least two CpG sites and had at least ten reads covering
at least two CpG sites within the read. This left 152,824 fragments meeting the
conditions for the combined control samples and 93,143 fragments for the combined
dexamethasone-treated samples. The DMAP software was able to then use a Fisher’s
Exact Test to compare fragments with more than a two-fold methylation change and
calculate a p-value for each of these differences. This statistical method is the same as
was used by Li et al. (2010) to analyse multi-gene methylation data (in their case,
whole genome bisulphite sequencing).

4.2 Results
Of the fragments that met the above inclusion criteria for both the control and
dexamethasone treated samples, 4279 fragments showed a greater than two-fold
difference (for example, 2% to 4%, or 100% to 50%). Of these fragments, 201 met the
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test of significance of a p-value less than 0.00001 (chosen arbitrarily such that one
would expect fewer than ten fragments to met this threshold purely by chance). This
list of 201 fragments is available as supplementary on request. Table 4.2 shows the
fifty

most

significantly

differentially

methylated

fragments,

between

the

dexamethasone-treated and control samples, which were found by my analysis; as
such, this table shows fragments with a calculated p-value of <3.6×10-10.
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Table 4.2: The fifty fragments with the most significant differences in methylation
between the dexamethasone treated and control samples, with their genomic
positions.
Chromosome
Number
1
1
7
8
10
16
21
15
19
1
5
7
18
1
2
1
11
12
1
17
22
16
11
14
12
2
10
9
8
17
10
10
10
1
18
1
3
9
2
9
17
4
21
2
20
14
10
19
17
17

Fragment Start
Position
16971164
32226205
32768167
28480510
8097589
54965172
18985140
45670837
38755092
211589822
17031712
556958
48494295
154531085
225907351
204042709
77300674
118407134
24069720
4440147
50745901
50582655
118938349
36003158
3069284
11485424
103892887
27573377
145016779
38519407
101296777
13570218
5855504
12079260
22931811
15736141
15140589
135905537
676838
114937423
28706383
165878149
38738601
172379361
52209658
103851520
82213984
609127
81038238
62492706

Fragment End
Position
16971261
32226295
32768280
28480599
8097688
54965285
18985258
45670950
38755177
211589909
17031801
557065
48494377
154531175
225907439
204042822
77300766
118407236
24069804
4440253
50746013
50582774
118938458
36003266
3069404
11485532
103893026
27573491
145016914
38519519
101296913
13570310
5855602
12079365
22931914
15736272
15140684
135905625
676937
114937507
28706471
165878218
38738688
172379476
52209758
103851645
82214093
609215
81038352
62492794

P Value
0
0
0
0
0
0
0
1.78E-40
1.90E-28
1.12E-21
2.73E-21
1.29E-19
1.96E-19
2.30E-19
3.36E-19
7.56E-19
4.66E-17
4.99E-17
6.25E-16
5.57E-15
1.81E-14
1.97E-14
3.50E-14
3.51E-14
3.91E-14
4.63E-13
4.96E-13
9.67E-13
2.03E-12
2.68E-12
3.31E-12
4.72E-12
8.19E-12
8.19E-12
9.35E-12
1.02E-11
1.84E-11
1.92E-11
2.17E-11
2.56E-11
3.82E-11
5.75E-11
6.39E-11
8.56E-11
1.04E-10
1.05E-10
1.12E-10
1.73E-10
2.56E-10
3.59E-10

Nearest Downstream Gene
Name
AL137798.1
BAI2
LSM5
EXTL3
GATA3
IRX5
BTG3
GATM
SPINT2
DTL
BASP1
PDGFA
ELAC1
UBE2Q1
DOCK10
SOX13
AQP11
RFC5
TCEB3
SPNS2
PLXNB2
NKD1
HYOU1
INSM2
TEAD4
ROCK2
PPRC1
C9orf72
PLEC
GJD3
GOT1
BEND7
GDI2
MIIP
ZNF521
EFHD2
ZFYVE20
GTF3C5
TMEM18
SUSD1
TMIGD1
C4orf39
DSCR3
CYBRD1
ZNF217
MARK3
TSPAN14
HCN2
METRNL
POLG2
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Of these genes, a good example of differential methylation observed, between the
dexamethasone-treated and control samples, was in a fragment at the promoter of
the SPINT2 gene (the ninth most significantly differentially methylated fragment in
this table). The protein product of SPINT2 is a serine protease inhibitor, notably an
inhibitor of activators of Hepatocyte Growth Factor (HGF). HGF promotes cell
proliferation, and SPINT2 is therefore considered a putative tumour suppressor
gene, with epigenetic silencing of this gene implicated in cancers such as
medulloblastoma and gastric carcinoma (Dong et al., 2010; Kongkham et al., 2008).
Additionally, overexpression of the HGF activator Matriptase has been recently
observed in B-cell leukaemia cell lines (Gao et al., 2013), indicating that the HGF
pathway activator may be important in leukaemia, as it is in liver, breast and
prostate cancers (List, 2009).

A
Control Sample

Dexamethasone Treated Sample

B

Figure 4.7: (A) ‘Sashimi’ plots, generated by the integrated genome viewer, for the
dexamethasone treated and control samples for the SPINT2 fragment showing
coloured bars at each CpG site; the height of the bar indicates the number of reads
at the site and the proportion of the bar that is red and blue indicated the
proportion of the reads showing the site as methylated and unmethylated
respectively. The paired groupings are the same CpG site, as the Cs in a CpG are
displaced by one nucleotide in the sense vs. the antisense strand, due to the
complementary binding of the strands. (B) The context of the SPINT2 fragment
(according to the UCSC genome browser) at the start of exon one, indicating that
the fragment is inside a CpG island (green track in genome browser image).
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Based on the RRBS analysis, SPINT2 was shown to be significantly hypomethylated
(p=1.90×10-28) in the dexamethasone-treated sample, compared with the control
sample, indicating possible dexamethasone induced demethylation as shown in
figure 4.7. This suggests that this inhibitor of the leukaemogenic HGF pathway may
be freed from epigenetic silencing by dexamethasone.
Other genes of interest with significant changes in methylation include DOCK10, a
gene expressed in B-cells in response to the cytokine interleukin-4 (Yelo et al., 2008);
PDGFA, a gene in the glucocorticoid responsive Platelet-Derived Growth Factor
signalling pathway (Yu et al., 2010); GATM, an enzyme involved in creatinine
synthesis in energy metabolism (Braissant et al., 2005); SOX 13, a developmentally
important transcription factor (Wang et al., 2005) (Reddy et al. (2009) reported that
several of the SOX family are glucocorticoid responsive, though not SOX13 itself);
IRX5, a potential tumour suppressor in prostate cancer and Wilm’s Tumour
(Mengelbier et al., 2010; Myrthue et al., 2008); and GATA3. All of these genes showed
a decrease in methylation in the dexamethasone treated sample compared to the
control sample similar to that observed with SPINT2, as shown in table 4.3.
Additionally, the fragments showing these changes are all within CpG islands and
within 1 kb of the transcription start site of the associated gene (with the exception of
the PDGFA and GATA3 fragments), so can be considered to be promoter associated.

Table 4.3: The number of methylated and unmethylated CpGs within reads mapped
to fragments near the start of PDGFA, GATM, SPINT2, SOX13, DOCK10, GATA3 and
IRX5, for the control and dexamethasone treated samples.
Control

Dexamethasone Treated

	
  

Gene

Methylated
CpG Count

UnMethylated
CpG Count

Methylated
CpG (%)

Methylated
CpG Count

UnMethylated
CpG Count

Methylated Difference
CpG (%)
(%)

PDGFA
GATM

380
325

341
142

52.7
69.6

47
15

188
136

20.0
9.9

32.7
59.7

SPINT2

144

120

54.6

14

177

7.3

47.3

SOX13

286

223

56.2

47

172

21.5

34.7

DOCK10

141

107

56.9

198

577

25.6

31.3

GATA3

477

346

58.0

123

447

21.6

36.4

IRX5

429

435

49.7

50

182

21.6

28.1
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One of these genes, GATA3, is a particularly interesting gene in the context of B-ALL,
as a polymorphism (leading to a non-functional protein) in this gene has been
identified as being a predisposing factor for B-ALL; additionally, GATA3 has been
previously identified as a putative tumour suppressor gene (associated with
increased incidence of B-ALL and worse disease prognosis) (Migliorini et al., 2013).
The detailed data on the GATA3 fragment are shown in figure 4.8.

A
Control Sample

Dexamethasone Treated Sample

B

Figure 4.8: (A) Sashimi plots of the GATA3 fragment, laid out as in figure 4.7. (B)
The genomic position of the GATA3 fragment according to the UCSC genome
browser, at an intron/exon boundary, within a CpG island (green track in
genome browser image).

The detailed data for the other genes in table 4.3 are shown in figures 4.9-4.13,
showing that the fragments analysed are within CpG Islands, near the start of the
gene. Additional methylation data, such as single CpG resolution methylation data
for each read mapped to these fragments, is available upon request.
While the seven genes in table 4.3 do not include all of the many methylation
changes found, these fragments are good examples of marked methylation changes
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within CpG islands. In particular, the changes in fragments associated with the
SPINT2 and GATA3 genes are of interest due to SPINT2’s involvement in a pathway
implicated in B-cell cancers and GATA3’s direct implication in B-ALL. However,
these are not the only tumour-related or leukaemia-related genes that are associated
with differentially methylated fragments in my results. These genes have been
singled out as examples due to the low calculated p-values for the methylation
differences and their biological interest.

A
Control

Dexamethasone Treated

B

Figure 4.9: (A) Sashimi plots of the IRX5 fragment, laid out as in figure 4.7. (B) The
genomic position of the IRX5 fragment according to the UCSC genome browser,
at the start of exon 1, within a CpG island (green track in genome browser image).

A
Control

Dexamethasone Treated

B

Figure 4.10: (A) Sashimi plots of the DOCK10 fragment, laid out as in figure
4.7. (B) The genomic position of the DOCK10 fragment according to the UCSC
genome browser, at the start of exon 1, within a CpG island (green track in
genome browser image).
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A
Control

Dexamethasone Treated

B

Figure 4.11: (A) Sashimi plots of the GATM fragment, laid out as in figure
4.7. (B) The genomic position of the GATM fragment according to the UCSC
genome browser, at exon 1, within a CpG island (green track in genome
browser image).
A
Control

Dexamethasone Treated

B

Figure 4.12: (A) Sashimi plots of the SOX13 fragment, laid out as in figure 4.7.
(B) The genomic position of the SOX13 fragment according to the UCSC
genome browser, within the gene body and within a CpG island (green track in
genome browser image).
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A
Control

Dexamethasone Treated

B

Figure 4.13: (A) Sashimi plots of the PDGFA fragment, laid out as in figure 4.7. (B)
The genomic position of the PDGFA fragment according to the UCSC genome
browser, within the gene body and within a CpG island (green track in genome
browser image).

Overall, the results shown are promising, suggesting that there may be significant
methylation changes, in genes important in the biology of B-ALL, associated with
exposure to dexamethasone. Replication of these results in subsequent experiments
is important, however.
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CHAPTER 5: CONCLUSIONS AND
DISCUSSION
5.1 Methylation of SFRP1 and PPARG, and the Broader
Epigenetic Changes in ALL.
As was shown in figures 2.3 and 2.4, SFRP1 and PPARG were shown to be
hypermethylated in B-ALL and, in the case of SFRP1, T-ALL cells when compared
with normal peripheral blood.
This confirms the results of Wong et al. (2012) and Martin-Subero et al. (2009), with a
single CpG resolution technique. The promoter methylation of SFRP1 and PPARG
strongly suggests that these genes are part of the ‘methylation signature’ of B-ALL
(and T-ALL); that is, the distinctive methylation differences between B-ALL and
normal cells. The results also suggest that a high proportion of B-ALL cases display
hypermethylation of these gene promoters; as mentioned in chapter 2, 100% of all BALL and T-ALL samples display greater than 50% SFRP1 promoter methylation
(with normal blood at less than 40% methylation), while 73% of B-ALL samples
display greater than 40% PPARG promoter methylation (with T-ALL samples all at
less than 7% methylation, and normal blood less than 6% methylation).
These data suggest that methylation abnormalities in the PPARG and SFRP1
promoter regions are very common events in B-ALL (and T-ALL in the case of
SFRP1); for comparison, the single most common reported genetic mutation is PAX5
mutation, reported in 40% of cases and the single most common translocation is
t(12;21)(p13;q22) or ETV6-RUNX1, reported in up to 25% of cases (Mullighan, 2012).
The single greatest limitation, however, with these results is that the control samples
are a mixed cell population rather than pure B-cells. It is therefore difficult to rule out
the possibility, especially with the SFRP1 results, that the methylated clones in the
control samples are from the B-cells in whole blood, indicating that SFRP1 promoter
methylation is present in normal cells and not a cancerous abnormality; however, the
results of Reins et al. (2010) and (Martin-Subero et al., 2009) indicate that SFRP1 is
unmethylated in normal B-cells. With the PPARG results, the fact that that the
analysis picked up no significantly methylated clones makes it less likely that B-cells
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are methylated in normal blood; additionally, the results of Martin-Subero et al.
(2009) indicate that PPARG is unmethylated in B-cells.
These results also follow the report by Weeks et al. (2010), which confirmed that the
gene TES, initially suggested to be hypermethylated by the bead array study of
Martin-Subero et al. (2009), was methylated in at least 93% of B-ALL cases.
Additionally, several other methylation abnormalities suggested by the array studies
of Wong et al. (2012) and Martin-Subero et al. (2009) have recently been confirmed as
extraordinarily common in ALL. For example, hypomethylation of the CTGF gene
was reported to exist in 75% of B-ALL cases (Welch et al., 2013), while NOTCH3 and
HES5 have also been reported to be frequently hypermethylated, with methylation of
70% and 71% of samples respectively (Kuang et al., 2013).
These reports confirming some of the 58 to 115 genes indicated to have significant
methylation changes from normal blood cells by Martin-Subero et al. (2009) and
(Wong et al., 2012), as well as the data presented in this report, lead to the
conclusions that DNA methylation abnormalities are the most common molecular
abnormalities that exist in B-ALL, that methylation abnormalities in B-ALL (and TALL) are common at many gene loci and that the pattern of DNA methylation in BALL may be a ‘genetic fingerprint’, allowing differentiation of B-ALL cells from
normal blood cells and other haematological neoplasms based on the promoter
methylation of certain genes. The results for PPARG demonstrate this last point, as
hypermethylation of the PPARG promoter differentiated B-ALL from both normal
blood and T-ALL. Equally, TES is also hypermethylated in B-ALL cells but not TALL or normal blood cells (Weeks et al., 2010).
Given that the data are beginning to paint a picture of frequent and distinctive
methylation changes in B-ALL, it is not beyond the realms of possibility to use
methylation of a few distinctive genes as a marker for B-ALL, for monitoring of
minimal residual disease, for example. At present, monitoring of minimal residual
disease consists of qPCR assays to detect the immunoglobulin (Ig) gene
rearrangement specific for the patient’s ALL cells, PCR assays for common
translocations (if exhibited by the patient’s ALL cells) and flow-cytometry to detect
abnormal immunophenotypes within blood cell populations (Bruggemann et al.,
2010; Inaba et al., 2013). Of these techniques, detection of unique Ig rearrangements is
highly standardised and highly sensitive; however, it requires the development and
optimisation of a unique real-time assay for each patient, which is relatively resource
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intensive (Bruggemann et al., 2010; Coustan-Smith et al., 2011). In contrast, detection
of fusion genes from translocations is limited to those cases that display the
translocation being detected (only up to 25% of cases) (Mullighan, 2012). In contrast,
detection of a few specific epigenetic changes, using PCR based techniques, has the
potential to create standardised assays that can detect ‘epialleles’ (differentially
methylated genes) from patient samples to quantitatively monitor residual disease.
Indeed, the Morison group (Department of Pathology, Dunedin School of Medicine)
has been developing a qPCR assay to detect methylated TES epialleles from ALL
cells (Foster et al., 2012); however, this has not reached the level of sensitivity
required for residual disease detection. Nevertheless, this PCR assay, which
specifically amplifies methylated gene promoters, is a proof of concept that can be
extended to other genes commonly displaying methylation abnormalities in ALL,
such as SFRP1 and PPARG.
Beyond detection of residual disease, the role of these methylation changes in B-ALL
(and indeed T-ALL) is an interesting issue to address. The fact that there are
methylation abnormalities occurring in so many genes in such a high proportion of
B-ALL cases (many of the above genes have been shown to be abnormally
methylated in >70% of cases) is remarkable, and begs the question of how and why
does this occur? The traditional explanation has been that these are acquired
epigenetic changes that allow expression of proto-oncogenes previously silenced by
methylation or, conversely, that silence tumour-suppressor genes by methylation as
part of the pathogenesis of ALL. Indeed, Martin-Subero et al. (2009) explicitly
referred to the methylation changes that they reported as acquired ‘de novo’
changes. Thus, if many very common epigenetic changes were arising de novo in BALL, it would imply either that every (or nearly every) ‘pre-ALL’ B-lymphoblast
needs to acquire a certain number of independent ‘methylation mutations’ (changes
from normal methylation) in key genes (such as SFRP1, PPARG, TES, CTGF, and
others) or that there is a very common or upstream event in B-ALL leukaemogenesis
that then leads to the multiple distinctive methylation changes observed.
However, the many methylation changes observed might also be explained by a cellof-origin hypothesis, as proposed by Ian Morison (Morison, 2013). According to the
Morison hypothesis, rather than being acquired de novo methylation changes, the
methylation pattern observed in B-ALL may indicate a hypothetical cell-of-origin
that physiologically displays most of the epigenetic features of B-ALL, which persist
in any cancerous daughter cells (i.e. ALL cells). This cell of origin is theorised to be a
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proliferative precursor B-cell that exists in the developing embryo and/or fetus that
would normally disappear during development; however, it is thought that rare
molecular events may promote the survival of these proliferative cells beyond when
is developmentally appropriate, leading to B-ALL disease (Morison, 2013). This
would put B-ALL in the same category as many other childhood cancers, such as
Wilms Tumour, infantile haemangioblastoma, neuroblastoma and others, as being a
cancer of a persistent precursor cell (Brodeur, 2003; Itinteang et al., 2011; Scotting et
al., 2005).
In order to test this hypothesis, one would have to search for cells displaying the
epigenetic features seen in B-ALL cells in normal developing blood cells, and then
see these cells disappear after a certain point in development. On the basis of the
results in this report, both SFRP1 and PPARG would be good genes to include as
epigenetic markers of such a cell, as they have been shown to be hypermethylated in
a high proportion of B-ALL cells.
Therefore, as stated, the results presented in this report confirm that PPARG and
SFRP1 are highly methylated in the majority of B-ALL cases and, as such, are genes
that make up the ‘epigenetic signature’ of this cancer.

5.2 Expression of SFRP1 and PPARG
As the commercial assay used to determine SFRP1 expression was demonstrated to
show nonspecific binding to genomic DNA, making it unsuitable for use with RNA
preparations potentially containing trace genomic DNA, the results of Reins et al.
(2010), which show that SFRP1 is down regulated in B-ALL, shall be accepted for the
purposes of this project. However, to the best of my knowledge, no published
experiments have shown reduced expression of PPAR!-1 in B-ALL specifically, after
showing that the upstream region of the transcription start site is hypermethylated in
this cancer.
Firstly, the results shown in figure 3.7 show that there is very little expression of
PPAR!-1 in the B-ALL cell lines, with relatively high expression in T-ALL cell lines,
matching what would be expected based on the methylation results for the PPARG
promoter in T-ALL and B-ALL (figure 2.5). Additionally, this figure provides novel
biological information about these commonly used cell lines, as a highly accurate
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technique has been used to determine the expression of the PPAR!-1 transcript
variant.
As is shown in figures 3.7 and 3.8, both cell-lines (REH and NALM-6) and B-ALL
xenografts show reduced expression of PPAR!-1 when compared with whole
peripheral blood, normal B-cells or T-ALL cell-lines or samples. These data support
the hypothesis that the PPAR!-1 transcript variant is silenced by hypermethylation
in B-ALL.
The exact expression values shown may be affected by inaccuracies in the standard
curve, as some variation from the true standard curve slopes is possible (due to small
pipetting errors and errors in measurement); however, the high quality of the second
standard curve set generated (very tight Ct values for each dilution and a highly
linear relationship on the standard curves) allows high confidence in the standard
curves that were used for quantification. Additionally, even very large changes in the
slope of the standard curve would not affect the observed hypoexpression in B-ALL
samples. Therefore, it is reasonable to conclude, as has been done, that B-ALL
samples do indeed show reduced expression of PPAR!-1. This result, in turn, shows
that there is a biologically significant effect (reduced gene expression) associated
with PPARG promoter hypermethylation in B-ALL, just as there is an effect of SFRP1
promoter hypermethylation reported by Reins et al. (2010). Whether this biological
effect represents an acquired change in gene expression during leukaemogenesis or
represents the expression profile of the B-ALL cell-of-origin, however, remains to be
seen.

5.3 Epigenetic Effects of Glucocorticoids
The RRBS experiment to determine whether glucocorticoids could affect methylation
patterns within B-ALL cells was the most ‘cutting edge’ (if I may use that phrase)
experiment of this project, as there are no previous experiments published in the
literature that show any epigenetic effects of glucocorticoids within B-ALL cells
specifically, nor experiments that use a reliable single-CpG resolution technique to
look at the effects of glucocorticoids on the methylation of many genes
simultaneously. The results of this novel experiment have allowed a list of candidate
genes that may show methylation changes in response to dexamethasone, within BALL cells, to be written. However, it is important to recognise that the results shown
86

are only from a single experiment (albeit using a powerful method), and replication
of the results with NALM-6 and other cell lines in the future will give more statistical
power to determine that dexamethasone has an effect on DNA methylation in key
genes.
The list of candidate genes, possibly affected by dexamethasone treatment, was
drawn from the most statistically significant differences seen between the RRBSdetermined methylation of the dexamethasone treated and control samples, to
ensure the least probability that the differences could have been observed by chance.
As laid out in the results section (4.2), SPINT2, IRX5, GATM, PGDFA, DOCK10,
GATA3 and SOX13 have been singled out as the seven most interesting genes, as
there are highly differentially methylated fragments (the p values for the methylation
differences between dexamethasone treated and control fragments are all less than
7.57×10-19) within CpG islands near the start of these genes; however, as shown in
table 4.2, there are many highly significant differences in methylation between
dexamethasone treated and control fragments, potentially implicating changes in
many genes (as would be consistent with the fact that glucocorticoids affect the
expression of many genes). The large numbers of differences associated with
dexamethasone treatment are encouraging, and make it more likely that there are
real methylation changes associated with dexamethasone treatment. Additionally,
striking demethylation was observed in genes such as SPINT2 and GATA3, which
have been previously implicated as tumour suppressors in B-cell cancers. Therefore,
it is plausible that demethylation of such genes is involved in the anti-leukaemic
effect of glucocorticoids. These results may suggest a possible novel (epigenetic)
mode of action of the glucocorticoid drug class within the context of B-ALL
treatment. Additionally, specific changes in cell-line DNA methylation in response to
a synthetic hormone might provide a good model for scientific investigation of the
physiological and pathological processes involved in the maintenance of DNA
methylation in a cell.
Firstly, however, replication of the results is required confirm that dexamethasone
does indeed induce changes in methylation in B-ALL cells; as previously mentioned,
it is not possible to definitively claim that this is the case on the basis of one
experiment. The results shown do, however, seem to support my original hypothesis.
The replication of these results would then raise further questions; for example, how
dexamethasone treatment could lead to the observed methylation changes. As shown
in table 4.3, the most interesting methylation changes are dexamethasone associated
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demethylations, which are similar to what was observed by Thomassin et al. (2001)
in the Tat gene; however, it is impossible to know from the results in chapter 4
whether these are cell-replication dependent or replication independent (though
Kress et al. (2006) suggested that the changes in the Tat gene were replication
independent). Additionally, if changes in methylation in B-ALL cells are observed in
response to dexamethasone, one might hypothesise that normal lymphocytes also
display such methylation changes, as glucocorticoids have significant biological
effects in normal lymphocytes as well as malignant ones (Smith and Cidlowski,
2010), and that such glucocorticoid induced methylation changes may be important
in the biology of the normal immune system.
More fundamentally, these results also raise the question of whether the methylation
changes observed are part of the process of changing the expression of steroid
responsive genes or are a consequence of gene activation (i.e. is methylation a cause
or an effect of glucocorticoid dependent changes in gene expression). It is possible
that methylation changes are primary effects of glucocorticoid exposure involved in
the initial steroid response; however, it may be that the methylation changes are a
later effect of prolonged glucocorticoid exposure, and that the changes in
methylation lead to long-term increases in expression of theses genes. Alternatively,
it is also possible that any changes in methylation associated with glucocorticoid
exposure are simply a bystander effect, and not truly biologically important for the
cell’s response to glucocorticoids.
Regardless of the unanswered questions, the results do seem to show a novel
epigenetic response to dexamethasone, which may be important in the action of this
anti-leukaemia drug, and I look forward to seeing these results confirmed or refuted
in subsequent experiments.

5.4 Summary of Conclusions and Future Directions
In summary, it can be concluded that, within the caveats of the experiments carried
out and accepting that whole peripheral blood is an imperfect control sample to use
for methylation studies, the promoter region of SFRP1 is hypermethylated in both TALL and B-ALL cells, while the promoter region of PPARG is hypermethylated in BALL cells but not T-ALL cells or normal blood. Hypermethylation of SFRP1 is known
to be associated with reduced expression of SFRP1 in ALL cells when compared with
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normal lymphocytes according to Reins et al. (2010). It can also be concluded on the
basis of the results in chapter 3 that hypermethylation of the PPARG promoter is
associated with reduced expression of PPAR!-1 in B-ALL cells, when compared with
normal B-cells.
In future experiments, the methylation patterns of the promoter regions of SFRP1
and PPARG should be determined for isolated B-cells to confirm that B-cells display
unmethylated promoters. After this, one might expect the functional significance of
the reduced SFRP1 and PPAR!-1 expression in B-ALL to be investigated. For
example, by transfecting copies of SFRP1 and PPARG into B-ALL cell-lines and
inducing high expression of these genes, one might determine if reactivation of these
genes has an observable effect (on cell proliferation or survival) in B-ALL cells. One
might also see the use of knockout or gene-trap mice, to observe the effects of
reduced SFRP1 or PPAR! expression in a whole animal model.
As SFRP1 and PPARG seem to be hypermethylated in most B-ALL cases, they may
also be useful markers of any cell with a ‘pre-ALL’ epigenetic profile, if one were to
look for a potential B-ALL precursor cell (as was discussed earlier in this chapter).
Regarding glucocorticoid-induced methylation changes in B-ALL, the results are
encouraging, with multiple interesting methylation changes observed between
dexamethasone treated and control cell-lines. However, this is only a single
experiment and an attempt to replicate these results is the most immediate future
experiment that is required.
If it can be confirmed that there are consistent changes in DNA methylation in
NALM-6 cells, associated with dexamethasone exposure, the experiment could be
extended to other ALL cell-lines as well as normal lymphocytes to determine if
changes in DNA methylation are a universal feature of the lymphocyte response to
glucocorticoids.
I eagerly await the results of these future experiments, and I hope that the
knowledge that they can provide will add to our understanding of this disease. After
all, better treatment of disease is often a result of better understanding of disease
processes.
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