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ABSTRACT
In vitro fertilisation (IVF) potentially provides a profoundly abnormal environment for an
embryo. Studies with mice, sheep and cattle have indicated that the culture environment of the
embryo can affect the imprinting of genes and the phenotype of the animal. Recent studies
have suggested that IVF causes a small but increased risk of epigenetic imprinting aberrations
such as Angelman syndrome and Beckwith-Wiedemann syndrome. Our previously published
IVF cohort is taller, has higher levels of growth hormones and a better lipid profile than agematched controls. Mosaicism for the imprinting defect at SNRPN has been observed in
Angelman syndrome. We hypothesised that mosaic imprinting defects may be present in
phenotypically normal individuals conceived using IVF.
DNA samples from peripheral blood were obtained from 66 IVF-conceived children and 69
matched controls. DNA methylation of CpG sites within the Beckwith-Wiedemann syndrome
region (H19, KCNQ1OT1 and IGF2) and the Angelman syndrome region (SNRPN) were
quantified using methylation-sensitive restriction digest followed by real-time quantitative
PCR (MSQ-PCR). Global DNA methylation was also examined by using MSQ-PCR on
Satellite 2 repeats. No differences in the percentage of methylation between the IVF and
naturally conceived children were observed at H19 (P = 0.75; unpaired t-test), KCNQ1OT1
(P = 0.98), SNRPN (P = 0.33), IGF2 (P = 0.44) or Satellite 2 (P = 0.79). These results were
confirmed using bisulfite sequencing.
An individual with Prader-Willi syndrome was identified during the recruitment of this
cohort.

Five Prader-Willi syndrome cases have previously been identified in the IVF

population. The underlying cause of Prader-Willi syndrome was identified to be a deletion of
the chromosome 15q11-q13 region.

This case did not provide evidence that aberrant

methylation can occur during IVF.
Pyrosequencing technology was used to measure the methylation at multiple CpG sites within
H19. No methylation defects were identified at H19 in the IVF group compared to naturally
conceived controls. This technology proved to be prone to inaccuracies and was not used for
subsequent analyses.
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Genome-wide methylation analysis was examined using microarray technology and
methylated DNA immunoprecipitation (MeDIP). Thirteen candidate differentially methylated
genes between the IVF-conceived and control children were identified. Detailed examination
of candidate genes using the Sequenom MassARRAY® EpiTYPER® system did not reveal
any differential methylation at these genes assessed in the IVF and naturally conceived
children.

Although anthropomorphic and endocrinological data suggested a phenotypic

difference between IVF and naturally conceived children, no differentially methylated genes
were identified that could account for these differences.
We concluded that low-level imprinting errors are not a common occurrence in children
conceived using IVF. Our data also provides reassurance that IVF-associated epigenetic
errors are sporadic and rare.
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CHAPTER ONE:
Introduction
1.1.

Epigenetics

Epigenetics describes the changes in gene expression that are caused by mechanisms other
than alterations to the DNA sequence. These epigenetic changes include modifications at the
DNA level, nucleosomal level and chromosomal level.

Our epigenetic complement is

referred to as the epigenome (Callinan and Feinberg, 2006). The two most common types of
epigenetic mechanisms are histone modification and DNA methylation. In addition to their
role in X inactivation, genomic imprinting, gene regulation and tissue-specific differentiation,
epigenetic changes are thought by some to facilitate the interaction between our genome and
the environment (Figure 1.1).
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Figure 1.1. Environment and Epigenetics. The environment can have an affect on the epigenome,
which results in altered gene expression via DNA methylation and/or chromatin remodelling. This can
result in an altered phenotype. It has been hypothesised that the new phenotype should be better suited
to the environment.

1.1.1. Histone Modifications
To enclose a full genome within each cell, DNA must be packaged into a manageable size.
At the same time, important information must be readily accessible. This protein-based
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packaging is referred to as chromatin. DNA can be packaged into two forms of chromatin
that affect gene expression: heterochromatin and euchromatin. Heterochromatin is the most
condensed form of DNA packaging. When DNA is in this heterochromatin formation it is
prevented from being transcribed. Expressed DNA is usually contained within euchromatin.
The main packaging component of chromatin is the nucleosome. Each nucleosome is a
complex of four histone proteins: H2A, H2B, H3 and H4. The histone proteins can be
modified by methylation, phosphorylation, acetylation and ubiquitination to regulate the
chromatin conformation (Jenuwein, 2001; Shilatifard, 2006; Wade et al., 1997). The histone
modifying enzymes regulate gene expression by altering chromatin state. These enzymes
include

histone

acetyltransferases

(HAT),

histone

deactelyases

(HDAC),

histone

methyltransferase (HMTASE) and histone demethylase (Figure 1.2). For example, histone
acetyltransferases acetylate histones, promoting the euchromatin state (Lee, et al., 1993; Perry
and Chalkley, 1982), whereas histone methylation can act as an activation or a repression
signal (Shi et al., 2004; Tsukada et al., 2006).
1.1.2. DNA Methylation
In adult somatic tissues, DNA methylation occurs as the addition of a methyl group to the
fifth position of cytosines that are located next to a guanine. A dinucleotide comprising a
cytosine and a guanine is referred to as a CpG site, where ‘p’ represents the phosphate
backbone of the DNA strand. The CpG dinucleotide is underrepresented in the human
genome, as methylated cytosine can undergo spontaneous deamination to thymine, resulting
in a TpG dinucleotide (Bird, 1980; Lander et al., 2001).

Unlike methylated cytosine,

unmethylated cytosine is deaminated to uracil that is recognised by uracil DNA glycosylase
and repaired to restore the cytosine base (Duncan and Miller, 1980). Some genomic regions
contain clusters of CpG sites are referred to as ‘CpG islands’. CpG islands are frequently
associated with repeat regions, transposable elements and gene-rich regions in the human
genome and regulate gene expression (Eckhardt et al., 2006; Weber et al., 2005). CpG
islands in the promoter regions of some tissue-specific genes are differentially methylated,
indicating that DNA methylation regulates expression of these genes (Song, et al., 2005).
CpG islands are present at around seventy percent of human gene promoters (Saxonov et al.,
2006).
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The regulation of gene expression through DNA methylation is not well understood. It is
hypothesised that there are two mechanisms through which CpG methylation can regulate
gene expression: recruitment of methyl binding domain proteins or interference with
transcription factor binding. In the first instance, methylated DNA recruits histone modifying
enzymes through methyl-binding domain proteins (Nan et al., 1998; Sarraf and Stancheva,
2004). The subsequent histone modifications confer chromatin structure changes and result in
the silencing of gene expression (Richards, 2006). Alternatively, CpG methylation could
interfere with the recognition site of a transcription factor and prevent transcription (Bell and
Felsenfeld, 2000).
1.1.3. Interaction Between Histone Modification and DNA Methylation
DNA methylation is catalysed by DNA methyltransferase (DNMT) enzymes, which enable
the transfer of a methyl group from S-adenosyl-L-methionine (Razin and Cedar, 1977).
Sometimes methylation is primary and other times it is secondary, as a result of histone
modifications. DNA methyltransferases are recruited by methylated histones, which in turn
attract MeCP2, a methyl binding domain protein. This process results in the maintenance of
DNA methylation and the formation of closed heterochromatin, preventing gene expression
(Figure 1.2).
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Figure 1.2. An example of the interaction between CpG methylation and histone modification in the
epigenetic regulation of gene expression (adapted from Szyf, 2009). The nucleosome wrapped in DNA
is shown in blue, acetyl group in orange, lysine tail in yellow, histone methylation in purple and CpG
methylation in pink. The strength of gene expression is indicated by the intensity of the arrow. In
turning off gene expression, first the acetyl group is removed by histone deacetylase (HDAC), followed
by histone methylation by a histone methyltransferase (HMTASE) and DNA is methylated by a DNA
methyltransferase (DNMT). In turning on gene expression DNA is demethylated, histone demethylase
removes histone methylation and histone acetyltransferase (HAT) adds an acetyl group to the histone
tail.
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Genomic Imprinting

Genomic imprinting is a specialised application of DNA methylation, whereby a methylation
mark (imprint) is made on a gamete dependent on the sex of the individual. In this manner,
genomic imprinting silences genes depending on their parent-of-origin. Genomic imprinting
is regulated by epigenetic modifications, specifically the transmission of parental DNA
methylation patterns from the gametes to the embryo. The resulting offspring express only
one copy of the allele of an imprinted gene. A popular theory for the existence of imprinting
is the genetic conflict hypothesis. This hypothesis postulates that because a mothers offspring
are equally related to her, but (due to the possibility of multiple paternity) are not necessarily
equally related to each other, it is in the mothers interest to equally distribute resources to all
her offspring, ensuring the presence of her genes in the next generation. Therefore, the
mother can control distribution of resources by inactivating genes important in fetal growth.
However, it is the fathers best genetic interest to ensure his offspring obtain as many
resources as possible, even at the expense of the half-siblings of his offspring, to ensure that
his genes are passed on to the next generation. This hypothesis is supported by the fact that
the majority of paternally expressed genes, such as IGF2 and PEG3 promote fetal growth.
Therefore imprinting acts to promote the different reproductive interests of the father and the
mother (Moore and Haig, 1991).
Imprints are established in the future gametes (primordial germ cells) of the embryo, early in
development. Many of the imprinted genes are clustered together in the genome reflecting
the influence of imprint control regions of multiple neighbouring genes. The CpG island
regulatory sites that control imprinting are methylated on one parental allele but not the other.
These are referred to as differentially methylated regions (DMRs).

1.3.

Imprinted Genes and Disease

Over forty imprinted genes have been discovered in the human genome (Morison et
al., 2005).

As the dosage compensation mediated by imprinting is required for normal

function and development, aberrant epigenetic regulation or deletion of differentially
methylated regions can have severe consequences. Several disorders have been characterised
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in humans that are the result of abnormal imprinted gene expression. In this project the focus
has been on three of the most common and well-characterised imprinted gene disorders:
Beckwith-Wiedemann syndrome, Prader-Willi syndrome and Angelman syndrome.

The

following is an overview of the epigenetic control of the imprinted loci associated with each
of these syndromes along with a brief overview of the syndromes themselves.
1.3.1. Imprinting Control Elements at 11p15.5 and Beckwith-Wiedemann Syndrome
1.3.1.1. Beckwith-Wiedemann Syndrome
Beckwith-Wiedemann syndrome (BWS; OMIM 130650) is characterised by overgrowth and
predisposition to embryonal malignancies, the most common of which is Wilms tumour, but
individuals can demonstrate a wide range of abnormalities (Weksberg et al., 2003). In eightyfive percent of cases, Beckwith-Wiedemann syndrome is a sporadic disorder (Weksberg
et al., 2009).

The phenotypic variation in Beckwith-Wiedemann syndrome reflects the

genetic heterogeneity that causes the disease: approximately sixty percent of cases are caused
by epigenetic abnormalities at one of the two imprinting centres at 11p15.5. About twenty
percent of Beckwith-Wiedemann syndrome cases are caused by uniparental disomy (UPD),
where the individual carries only paternal copies of chromosome eleven. This uniparental
disomy is likely to have arisen as the result of a rescued trisomy eleven fetus that originally
had two paternal chromosomes and one maternal chromosome. Loss of one of the extra
copies of chromosome eleven restores viability to the embryo. A further ten percent of
Beckwith-Wiedemann syndrome cases are caused by mutations in the CDKN1C gene, while
the cause of the remaining ten percent of cases is unknown (Weksberg et al., 2005). The high
proportion of unknown causes of Beckwith-Wiedemann syndrome implies that other genomic
locations outside of 11p15.5 are also implicated (Bliek et al., 2009b). Duplications and
translocations causing Beckwith-Wiedemann syndrome occur rarely. The wide range of
phenotypes observed in Beckwith-Wiedemann syndrome are caused by both the range of
genomic causes as well as somatic mosaicism (Weksberg et al., 2009). Due to the presence
of mild phenotypes in some individuals, it is possible that Beckwith-Wiedemann syndrome is
more prevalent than currently predicted, as many individuals may appear phenotypically
normal (Weksberg et al., 2009).
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Beckwith-Wiedemann syndrome has an estimated incidence of 1/13,700 live births
(Weksberg et al., 2005) and occurs at the same frequency in males and females. Interestingly,
the incidence of monozygotic twins amongst female Beckwith-Wiedemann syndrome patients
is much higher than that observed in the general population, suggesting a possible association
between the mechanism of monozygotic twinning and Beckwith-Wiedemann syndrome in
females (Bliek et al., 2009a; Clayton-Smith et al., 1992; Olney et al., 1988).
1.3.1.2. The Imprinting Control Elements at 11p15.5
Balanced germ line chromosomal rearrangements and paternal uniparental disomy led to the
speculation that imprinted genes on chromosome 11p15.5 could be involved in BeckwithWiedemann syndrome (Henry et al., 1991; Mannens et al., 1994). A cluster of fourteen
imprinted genes and transcripts is contained within the 11p15.5 region. This region (spanning
approximately one megabase) contains two differentially methylated regions and is comprised
of two imprinting domains (Figure 1.3).
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Figure 1.3. Imprinting at the Beckwith-Wiedemann Syndrome chromosomal region 11p15.5
(modified from Weksberg et al., 2005). The two imprinting control elements (DMR1 and DMR2) are
indicated. Open circles indicate no methylation and filled circles indicate methylation at the DMR.
Genes in red are expressed from the maternal allele, genes in blue are expressed from the paternal
allele and genes in purple are not expressed from the respective allele. The CTCF protein is shown in
light blue and the enhancers are shown in yellow. A green arrow shows interaction between CTCF
protein and the enhancers. Not all imprinted genes within this region are shown. In the presence of
methylation at DMR1 on the paternal chromosome, enhancers can interact with IGF2, which is
expressed. In the absence of methylation at DMR1 on the maternal chromosome, CTCF protein binds
to the DMR1, IGF2 cannot interact with the enhancers and H19 is expressed. DMR2 is unmethylated
on the paternal chromosome and only KCNQ1OT1 is expressed. When DMR2 is methylated on the
maternal chromosome KCNQ1 and CDKN1C are expressed.
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Two imprinting control elements regulate transcription at the 11p15.5 locus: differentially
methylated region one (DMR1) and differentially methylated region two (DMR2; Figure 1.3).
1.3.1.3. Chromosome 11p15.5: Differentially Methylated Region One (DMR1)
H19 and IGF2 expression are controlled by the imprinting control element (DMR1) located in
the upstream promoter region of H19. DMR1 lies 2-4.4 kilobases upstream of H19 at the
telomeric end of 11p15.5. This imprinting control element controls the expression of several
genes, including H19 from the maternal chromosome and IGF2 from the paternal
chromosome. A gain-of-methylation event at DMR1 accounts for approximately five percent
of Beckwith-Wiedemann syndrome cases (Niemitz et al., 2004; Prawitt et al., 2005; Sparago
et al., 2004).
H19 is monoallelically expressed from the maternal allele in both mice and humans
(Figure 1.3). H19 produces an untranslated RNA that is considered to be a tumour suppressor
(Hao et al., 1993). The paternal allele is repressed by DNA methylation (Rachmilewitz et al.,
1992; Zhang and Tycko, 1992). IGF2 (insulin-like growth factor 2) is located over 100
kilobases upstream from H19 and is expressed from the paternal allele (Figure 1.3). Despite
being expressed from opposing alleles, IGF2 expression is regulated in cis by the same
differentially methylated region as H19, as a deletion in the H19 DMR can cause loss of
imprinting of both genes (Thorvaldsen et al., 1998).
Within DMR1 seven 400 bp repeats (B1-7) and two 450 bp repeats (A1-2) have been
identified. It was proposed that the B1 repeat contains the imprinting control element for H19
as it is consistently methylated on the paternally inherited allele (Frevel et al., 1999b).
Subsequent sequence analysis of the 400 bp B repeat sequences revealed a forty-two base pair
element with a high degree of similarity to sequences in the mouse and rat genomes (Frevel et
al., 1999a). These forty-two base pair sequences contain CTCF-binding protein motifs (Bell
and Felsenfeld, 2000; Hark et al., 2000). The CTCF (CCCTC-binding factor) protein acts as
an insulator, which can bind to these forty-two base pair DNA sequences and prevents
interaction with the enhancers located 3´ of H19 (Figure 1.3; (Du et al., 2003; Webber et al.,
1998). CTCF binds in a methylation-sensitive manner; CTCF can only bind to DNA in the
absence of CpG methylation (Figure 1.3) (Bell and Felsenfeld, 2000; Hark et al., 2000;
Kanduri et al., 2000a; Kanduri et al., 2000b). Seven CTCF-protein binding motifs have been
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identified in the human H19 promoter region. It is currently favoured that the sixth CTCF site
(CTCF6) is the germ-line imprinting control element for H19, as it is the only site to have
shown paternal-specific methylation in normal embryonic tissue (Takai et al., 2001). The
absence of methylation at CTCF6 on the maternal allele enables CTCF binding and results in
a physical boundary between IGF2 and the enhancers. This results in H19 expression from
the maternal allele. In the presence of CpG methylation at DMR1, changes in the tertiary
structure of the H19-IGF2 region allow the interaction of IGF2 with enhancers downstream
of H19 (Figure 1.3; Hark and Tilghman, 1998; Webber et al., 1998). Methylation at DMR1
on the paternal allele results in paternal expression of IGF2. A SNP (rs10732516) has been
identified at a CpG (!TpG) within the CTCF6 site, but surprisingly it does not appear to
affect H19/IGF2 imprinting (Frevel, 1999).
The H19 imprinting control element acts as the primary germ-line imprint on the paternal
chromosome; however it does not achieve sustained silencing of the H19 gene postdevelopment. This is achieved by subsequent methylation of the H19 promoter region, which
is stable over many mitotic divisions (Srivastava et al., 2003; Srivastava et al., 2000).
Therefore the methylation of the H19 promoter is referred to as a secondary imprint.
1.3.1.4. Chromosome 11p15.5: Differentially Methylated Region Two (DMR2)
The imprinting control region regulates the imprinting of DMR2 independently of DMR1
(Figure 1.3). DMR2 is located at a CpG island, within intron ten of KCNQ1, that was
identified as maternally methylated in normal samples. Loss of methylation at this site was
observed in Wilms tumour, leading to the identification of this area as an imprinting control
region (Lee et al., 1999b; Mitsuya et al., 1999; Smilinich et al., 1999). The mechanism of
imprinting at DMR2 is not as well characterised.
DMR2 controls the expression of several genes including KCNQ1OT1 from the paternal
chromosome and KCNQ1 and CDKN1C from the maternal chromosome. Loss of methylation
at DMR2 occurs in fifty percent of Beckwith-Wiedemann syndrome patients (Weksberg et
al., 2009). The KCNQ1 gene is maternally expressed and encodes the subunit of a potassium
channel. Paternally expressed KCNQ1OT1 (also referred to as LIT1) is a sixty kilobase noncoding RNA that is antisense to KCNQ1 and its 5´ end overlaps DMR2 (Figure 1.3; Mitsuya
et al., 1999). CDKN1C encodes p57KIP2, which negatively regulates cell proliferation and is
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normally expressed from the maternal allele (Weksberg et al., 2005). CDKN1C is one of
several genes in this region negatively regulated by KCNQ1OT1. Mutations in CDKN1C
account for approximately forty percent of familial Beckwith-Wiedemann syndrome cases as
well as some sporadic Beckwith-Wiedemann syndrome cases (Lam et al., 1999; O'Keefe et
al., 1997). Loss of methylation on the maternal allele at DMR2 is seen in approximately fifty
percent of sporadic Beckwith-Wiedemann syndrome patients (Weksberg et al., 2009). This
loss of methylation leads to a decrease in the expression of CDKN1C that is thought to have a
causative role in Beckwith-Wiedemann syndrome.
In normal cells the maternal allele is methylated at DMR2 and KCNQ1OT1 is not transcribed
(Figure 1.3). The absence of KCNQ1OT1 allows expression of KCNQ1 and other maternally
expressed genes such as CDKN1C (Figure 1.3). The paternal allele is unmethylated, allowing
KCNQ1OT1 transcription (Figure 1.3). KCNQ1OT1 negatively regulates the expression of
several neighbouring genes on paternal 11p15 (Fitzpatrick et al., 2002; Green et al., 2007;
Horike et al., 2000; Lewis et al., 2004; Shin et al., 2008; Umlauf et al., 2004).

The

KCNQ1OT1 RNA transcript has been observed accumulating on chromatin at 11p15.5
suggesting that this may be the mechanism through which KCNQ1OT1 controls the
expression of these adjacent genes (Murakami et al., 2007).
1.3.2. Imprinting Control Element at 15q11-q13, Prader-Willi Syndrome and Angelman
Syndrome
1.3.2.1. Prader-Willi Syndrome
Prader-Willi syndrome (PWS; OMIM 176270) is characterised by low muscle tone and
failure to thrive in infants, which progresses into over-eating and obesity after one year of
age.

Additional

characteristics

include

developmental

and

intellectual

disability,

hypogonadism, short stature, extreme behaviours including temper tantrums and specific
facial characteristics (Cassidy and Driscoll, 2009). The estimated incidence of Prader-Willi
syndrome is 1/15,000-1/30,000 (Cassidy and Driscoll, 2009).
Prader-Willi syndrome is caused by the absence of paternally expressed genes at chromosome
15q11-q13 (Nicholls et al., 1989). Several imprinted genes are contained within the critical
Prader-Willi syndrome chromosomal region at 15q11-q13 (Figure 1.4). A recent study has
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suggested that the absence of the HBII-85 class of small nucleolar RNAs (snoRNAs) within
this region may play an important role in the phenotype of Prader-Willi syndrome (de Smith
et al., 2009). In approximately seventy percent of cases, a de novo deletion of the paternally
derived chromosome 15q is the cause of Prader-Willi syndrome. There are two main deletion
types that cause Prader-Willi syndrome: Type I (7 Mb) and Type II (5 Mb). Both of these
deletions share a common distal break point (Christian et al., 1995) and are discussed in more
detail in Chapter Five. A further twenty-five percent of Prader-Willi syndrome cases are the
result of uniparental disomy of the maternal chromosome (Bittel and Butler, 2005). The
remaining five percent of Prader-Willi syndrome cases are caused by microdeletions at the
imprinting control centre, aberrant imprinting (about one percent of cases) or balanced
translocations (Bittel and Butler, 2005).
1.3.2.2. Angelman Syndrome
Angelman syndrome (AS; OMIM 105830) is characterised by severe mental retardation, lack
of speech, a puppet-like gait, epileptic seizures and a happy personality with inappropriate
laughter. The estimated incidence of Angelman syndrome is 1/10,000-1/20,000 (Williams,
2005).
Angelman syndrome is caused by the absence of maternally expressed genes from
chromosome 15q11-q13. A deletion or rearrangement of locus 15q11-q13 is present in sixty
to seventy-five percent of Angelman syndrome cases (Van Buggenhout and Fryns, 2009).
Between two and five percent of Angelman syndrome cases are caused by uniparental disomy
of the paternal chromosome (Knoll et al., 1991).

A further ten percent of Angelman

syndrome cases are caused by mutations in the UBE3A gene (Van Buggenhout and Fryns,
2009). Imprinting centre methylation defects at 15q11-q13 cause less than five percent of
cases (Van Buggenhout and Fryns, 2009).

The cause of Angelman syndrome in the

remainder of cases is unknown, but may be caused by somatic mosaicism with aberrant
methylation in the crucial tissues such as the brain, where UBE3A is monoallelically
expressed (Nazlican et al., 2004).
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1.3.2.3. The Imprinting Control Element at 15q11-q13
Chromosome 15q11-q13 is the key region involved in Prader-Willi syndrome and Angelman
syndrome.

Prader-Willi syndrome is associated with the loss of paternal allele derived

expression and Angelman syndrome is associated with the loss of maternal expression.
Several genes within the two megabase 15q11-q13 Prader-Willi syndrome/Angelman
syndrome region are imprinted (Figure 1.4).
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Figure 1.4. Imprinting at the Prader-Willi/Angelman syndromes chromosomal region 15q11-13
(adapted from Royo and Cavaille, 2008). An open circle indicates the DMR is unmethylated. A closed
circle indicates the DMR is methylated. The paternally expressed genes are indicated in blue, the
maternally expressed genes are indicated in red and genes that are not expressed from a given
chromosome are shown in purple. The green boxes are U exons. The UBE3A-antisense transcript is
indicated. Not all genes within this region are shown.

At least six genes within the 15q11-q13 region are imprinted, four of these (SNURF-SNRPN,
NDN, MAGEL2 and MKRN3) are paternally expressed (Soejima and Wagstaff, 2005). Two
of the genes show maternal expression in specific tissues (UBE3A and ATP10A) of which
UBE3A (ubiquitin-protein Ligase E3A) is the most well characterised. UBE3A is imprinted
only in particular regions of the brain (Albrecht et al., 1997). The imprinting centre is located
in the 5" end of the SNURF-SNRPN gene (Figure 1.4).
The SNURF-SNRPN transcript overlaps the UBE3A gene in the antisense direction and
includes 148 exons over a 460 kb sequence (Figure 1.4; Nicholls and Knepper, 2001; Runte et
al., 2001). The first three exons of this transcript encode SNURF (SNRPN-upstream reading
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frame), the function of which is not yet known (Gray et al., 1999). Exons four to ten of this
transcript encode SNRPN (small nuclear ribonucleoprotein polypeptide N), a gene that may
function in pre-mRNA processing (Glenn et al., 1993; Sutcliffe et al., 1994). A group of
snoRNAs are also expressed from this transcript in a paternal-specific manner (Cavaille et al.,
2000; Glenn et al., 1993). The UBE3A-antisense transcript is also contained within the
SNURF-SNRPN transcript (Rougeulle et al., 1998).
Two genes, UBE3A and ATP10A, show maternal expression in specific tissues (Figure 1.4).
UBE3A is transcribed antisense to SNURF-SNRPN (Runte et al., 2001). It is postulated that
imprinting of UBE3A transcript is controlled by the extended SNURF-SNRPN transcript
(Rougeulle et al., 1998; Royo and Cavaille, 2008; Runte et al., 2001). The functions of
UBE3A and ATP10A are unknown, but as UBE3A has brain-specific monoallelic expression it
appears to play a vital role in the phenotype of Angelman syndrome (Yamasaki et al., 2003).

1.4.

X Inactivation

X inactivation is a form of dosage compensation used in mammals to balance the gene
expression levels from the X chromosome that differ between males (XY) and females (XX).
Like imprinting, X inactivation is also mediated in part through epigenetic modifications,
including DNA methylation.
The major regulator of X inactivation is a pair of non-coding RNAs: XIST (X inactive-specific
transcript) and TSIX, which are located on opposing strands of the X chromosome at the X
inactivation centre (XIC). XIST and TSIX are weakly expressed from all X chromosomes
(including in male cells) prior to X inactivation (Lee et al., 1999a). During X inactivation,
one X chromosome will increase the production of XIST and the other X chromosome will
stop expressing XIST. When the XIST gene is expressed from the X chromosome this
chromosome is inactivated (Xi) (Panning, 2008). TSIX negatively regulates XIST and is
expressed from the active X chromosome (Xa) (Lee et al., 1999a).
The Xi chromosome is inactivated by the formation of heterochromatin comprising of
multiple histone modifications and epigenetic marks (Chow and Heard, 2009). Once an X
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chromosome has been inactivated, this state is maintained over subsequent cell divisions in a
stable manner. XIST does not appear to be responsible for the maintenance of the inactivated
state, as the deletion of XIST after X inactivation does not reactivate the Xi chromosome
(Brown and Willard, 1994; Csankovszki et al., 1999). DNA methylation has two important
roles in the maintenance of X inactivation: silencing promoters on the Xi chromosome and
repressing expression of XIST (Payer and Lee, 2008). The importance of DNA methylation is
highlighted by the fact that deletion of Dnmt1, the maintenance DNA methyltransferase,
reactivates Xi chromosomes in mice (Sado et al., 2000).
Approximately fifteen percent of genes on the X chromosome escape X inactivation and an
additional ten percent of genes are variably inactivated between Xi chromosomes (Carrel and
Willard, 2005). These variably inactivated X-linked genes are a potential source of interindividual variability between females and could cause phenotypic differences.

As

inactivated genes are suppressed by promoter methylation, differential methylation on the X
chromosome may exist between X-linked genes in females. X inactivation occurs in the
preimplantation stages of embryo development (van den Berg et al., 2009).

1.5.

DNA Methylation: Mechanisms and Role in Embryonic Development

DNA methyltransferases catalyse DNA methylation and these proteins are conserved
throughout vertebrates, flowering plants, some fungal species and many bacterial species
(Goll and Bestor, 2005). There are two types of DNA methylation: de novo and maintenance.
De novo methylation is the establishment of methylation on unmethylated DNA and is
regulated by the two major DNA methyltransferases, DNMT3A and 3B.

These

methyltransferases share a high sequence homology but are expressed in different tissues and
at different times throughout development (Swales and Spears, 2005).

The DNA

methyltransferases DNMT3A and DNMT3B along with the regulatory factor DNMT3L are
required for the methylation of new imprints during spermatogenesis and oogenesis
(Bourc'his et al., 2001; Hata et al., 2002; Kaneda et al., 2004). DNMT3L itself is unable to
catalyse the addition of a methyl group to a cytosine but instead stimulates de novo
methylation (Kareta et al., 2006).
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Maintenance methylation is performed during DNA replication, where hemimethylated
strands are recognised and modified to give a fully methylated sequence. DNMT1 is the main
maintenance methyltransferase. It can be found in several different forms encoded for by
splice variants. DNMT1s is the somatic cell variant and therefore the most common form,
DNMTp is found in pachytene spermatocytes and DNMT1o is only found in the oocyte and
very early in the preimplantation embryo (Swales and Spears, 2005). DNMT1o has an
important role in maintaining the correct methylation patterns for gene expression after the
genome-wide demethylation events that occur post-fertilisation (Figure 1.5).
These methyltransferases all have an important role in the normal development of the embryo
and gametes, as shown by the phenotypes of knockout mice. Approximately seventy-six
percent of human genes contain a CpG island, giving insight to the extent that gene
expression may be regulated by DNA methylation (Goll and Bestor, 2005). DNMT3A and
3B have the important role of establishing the imprints for the next generation within the
developing embryo, whereas DNMT1 has an important role in maintaining the correct
methylation patterns for gene expression after fertilisation (Figure 1.5).
The enzymes responsible for DNA demethylation have yet to be conclusively identified.
Several putative mechanisms for removing DNA methylation have been proposed, including a
T/G mismatch repair glycosylase that can function as a 5-methylcytosine glycosylase,
cleaving at the methylated CpG site, followed by replacement with an unmethylated cytosine
base (Barreto et al., 2007; Jost, 1993; Zhu et al., 2000). A methylated binding protein two
demethylase isoform b (MBD2b) was identified as able to remove the methyl group from
methylated cytosine, however its function is currently being contested (Bhattacharya et al.,
1999; Hamm et al., 2008; Ng et al., 1999).
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Figure 1.5. The methylation events in the germ line and the developing preimplantation embryo.
Open circles represent the absence of methylation; closed circles indicate methylation is present. Two
genes are shown in this example, an imprinting gene that is maternally methylated (pink) and paternally
unmethylated (blue) and a gene susceptible to promoter methylation (grey). After fertilisation the
paternal contribution to the genome undergoes active demethylation, removing methylation from all
genes (except those that are imprinted and some retrotransposons). DNMT1 (red pentagon) is then
removed from the nucleus and passive demethylation occurs, removing methylation from the maternal
contribution to the genome (except at imprinted genes and retrotransposons). The embryo continues to
develop in the presence of the maintenance DNA methyltransferase DNMT1. Within the developing
embryo, the primordial germ cells (PGCs) locate themselves in the gonads. Once present in the gonads
the PGCs undergo demethylation through an unknown mechanism (orange shape) to remove all
parental imprints. Depending on the sex of the developing embryo these imprints are re-established.
The DNA methyltransferases DNMT3A, DNMT3B and DNMT3L (yellow) are important for
methylation during gametogenesis. Imprint establishment and methylation occurs very early during
spermatogenesis. Imprint establishment in the oocyte does not occur until immediately before
ovulation. Prior to fertilisation, mature gametes are highly methylated and contain the parental
imprints.
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Our knowledge of epigenetic events during early embryo development comes largely from
studies on mice. There are two important epigenetic reprogramming events that occur:
reprogramming in the primordial germ cells (PGCs) and reprogramming in the embryo
(Figure 1.5). Reprogramming in the germ cells is important for resetting of the epigenetic
marks (especially imprints) and may also play a role in minimising the C to T mutation rate
caused by 5-methylcytosine deamination (Duncan and Miller, 1980).

The resetting of

epigenetic marks during germ cells is also important for minimising the transmission of
epigenetic information across generations. Reprogramming of the embryo is important, as
epigenetic aberrations may have occurred during gametogenesis. In addition, differential
DNA methylation may be crucial for cell lineage determination during embryogenesis (Reik
et al., 2001).
Primordial germ cells are highly methylated compared to somatic cells, which may contribute
to their specialised function and highly differentiated state (Bestor, 2000; Dean et al., 2003).
Demethylation of the primordial germ cells occurs when they reach the gonads and results in
removal of DNA methylation at all genomic regions with the exception of some
retrotransposons (Reik et al., 2001). The timing of methylation events in primordial germ
cells is different between sperm and oocytes (Figure 1.5). The methylation events during
spermatogenesis occur much earlier during embryo development, immediately after
demethylation and ending not long after birth (Li et al., 2004). As these methylation events
occur in the male germ line perinatally, these cells will still be many cell divisions away
(estimated at twenty-three per year for the average male) from the final meiosis division that
forms a functional sperm cell (Bourc'his and Proudhon, 2008; Eichenlaub-Ritter et al., 2007).
Conversely in the female germ line, methylation occurs in post-natal growing oocytes and is
not completed until just before ovulation, many years after birth (Bourc'his and Proudhon,
2008; Kono et al., 1996; Lucifero et al., 2004). As the maternal imprints are established
much later and are exposed to fewer cell divisions they may be less vulnerable to C to T
deamination events, which is reflected in the bias towards maternally methylated imprints
(more than fifteen) compared to paternally methylated imprints (three) (Bourc'his and
Proudhon, 2008). The imprinting of various genes is established at different times during
gametogenesis (Geuns et al., 2003; Lucifero et al., 2004; Song et al., 2009; Trasler, 2006).
In mice Dnmt3L expression is observed at the same time as DNA methylation in gametes,
clearly suggesting a role in the mediation of methylation during gametogenesis (Bourc'his et
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al., 2001; La Salle and Trasler, 2006). Interestingly, DNMT3L has an apparently different
role in oogenesis than spermatogenesis.

In spermatogenesis DNMT3L is required for

retrotransposon methylation, but in oogenesis it is required for DNA methylation of
maternally imprinted genes (Bourc'his and Bestor, 2004; Bourc'his et al., 2001; Lucifero et
al., 2007).
Reprogramming of the epigenetic state also occurs in early embryos to remove the
methylation present within the gametes (Figure 1.5). Immediately after fertilisation, the
maternal and paternal genetic contributions to the zygote undergo demethylation in an
asymmetric fashion (Reik et al., 2001). The paternal genome appears to undergo active
demethylation through an unknown mechanism, which is complete before the first DNA
replication event (Mayer et al., 2000; Oswald et al., 2000; Reik et al., 2001). Demethylation
does not affect imprinted loci. It has been shown that many genes important for development
are already hypomethylated (Hammoud et al., 2009). The maternal genome is demethylated
at a much slower rate through passive demethylation, which involves the removal of DNMT1
from the nucleus (Figure 1.5; Reik et al., 2001). However DNMT1o is required for one cycle
of DNA replication in eight-cell mice embryos in order to maintain genomic imprinting
(Howell et al., 2001). Imprinting of SNRPN is recognised as early as the four-cell stage in a
human embryo (Huntriss et al., 1998). De novo remethylation occurs relatively rapidly up to
the blastocyst stage of embryo development (Dean et al., 2003). Methylation is maintained in
the embryo and throughout development by DNMT1. X inactivation is also initiated during
this stage (prior to implantation), occurring in eight-cell mouse embryos (van den Berg et
al., 2009).

1.6.

Developmental Origins of Adult Disease

The hypothesis for the origins of adult disease occurring during fetal development was
proposed in the late 1980’s when Barker and colleagues discovered a correlation between low
birth weight and ischaemic heart disease (Barker et al., 1989). The hypothesis was based on
the theory that during early life humans are labile and able to adapt to their environment,
allowing a broader range of phenotypes than allowed by the genotypes alone. The period of
time during which the human is thought to be the most sensitive to the environment is during
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in utero development, as maternal nutrition and size has been shown to play a vital role in an
offspring’s phenotype and it is commonly understood that the size of the uterus limits the size
of the offspring (Barker, 2003). The original study by Barker has been supported by many
more recent studies on other traits and the possible implications of the Barker hypothesis will
be discussed in the content of this review.

1.7.

Early Environment and Epigenetic Programming in Mouse

Development
DNA methylation has a vital role in the normal development of an embryo. It is hypothesised
that it provides plasticity, allowing the organism to adapt to its environment. Early studies
using the agouti mouse alleles have highlighted the plasticity of epigenetics in controlling
gene expression.
The mouse agouti alleles determine coat colour by regulating the production of black
(eumelanin) and yellow (pheomelanin) pigment in the individual hair follicles. Mice with the
dominant ‘viable yellow’ (Avy), ‘IAPyellow’ (Aiapy), or ‘hypervariable yellow’ (Ahvy) mutant
alleles synthesise more pheomelanin and so have a yellow coat. Each mutation arose through
the insertion of a retrotransposon element (internal A particle, IAP) into different regions of
the agouti gene upstream of the first exon. As a result, the agouti gene is controlled by the
IAP promoter, which causes constitutive expression. In contrast, the wild-type agouti allele is
only expressed for a short period of time within the growth of the hair causing a banding
pattern and an observed brown coat colour. As the IAP element is a retrotransposon, its long
terminal repeat (LTR) can be targeted for silencing by the genome using DNA methylation.
The phenotype ‘pseudo-agouti’ occurs when the long terminal repeat is methylated. This
methylation results in inactivity of the IAP promoter restoring the endogenous function of the
agouti promoter. Since pseudo-agouti dams produce a higher proportion of pseudo-agouti
offspring than do the phenotypically yellow dams (Wolff et al., 1998), it is assumed that the
methylation of the long terminal repeat centre can be inherited. The epigenetic inheritance of
the agouti allele in mice has been investigated to examine for transgenerational affects of
DNA methylation (Morgan et al., 1999). The methylation patterns at the pseudo-agouti locus
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could apparently be passed from mother to offspring, independent of the environment,
showing transmission of the pseudo-agouti epiallele. The transmission of the epiallele via
CpG methylation of the IAP promoter was independently confirmed (Waterland and Jirtle,
2003). However Blewitt and colleagues examined the blastocysts from pseudo-agouti dams
and found this region to be unmethylated (Blewitt et al., 2006). This observation suggested
that other epigenetic modifications such as histone modifications must be transmitted, rather
than DNA methylation.
Importantly, the phenotypic expression of the IAP-insertion agouti mutants can be modified
by maternal diet. Methylation in mammals relies upon dietary methyl donors and cofactors
(such as folic acid and vitamin B12) to supply the methyl groups. Wolff and colleagues
investigated the affect of diet during pregnancy on the offsprings’ agouti phenotype by
comparing the various genotypes of mice fed on diets containing methyl-supplements to those
fed an ordinary diet (Wolff et al., 1998). The dams placed on the diet containing the highest
levels of methyl-supplements had offspring with a new phenotype, ‘almost pseudo-agouti’,
meaning the mice were predominantly brown even though they were isogenic to the yellow
mice. Thus it appeared that the high intake of factors crucial for methylation was able to
hypermethylate the IAP promoters during early embryonic development.
Another mouse gene also affected by IAP transposition, axin fused (AxinFu), was also
examined under different methyl donor supplementation diets (Waterland et al., 2006a).
When the IAP within the AxinFu gene is methylated the mice have normal tails; however when
hypomethylated, AxinFu is driven by the IAP promoter resulting in mice with kinked tails.
Supplementation of dams carrying heterozygous AxinFu mice resulted in lower incidence of
offspring with kinked tails (Waterland et al., 2006a). Crucially these papers showed that the
in utero environment is able to influence the phenotype of the offspring. This is important
when considering the epigenetic programming that occurs during the early stages of
embryogenesis (Figure 1.5).
Mice heterozygous for the IAP agouti allele (Avy/a) have also been used to examine the
dietary effects of Genistein, a phyoestrogen found in soy (Dolinoy et al., 2006). Genistein
has been thought to play a role in the reduced cancer incidence in Asian versus Western
populations, reduced female reproductive health and decreased obesity (Dolinoy et al., 2006;
Lamartiniere et al., 2002; Naaz et al., 2003; Nagao et al., 2001). The Avy/a offspring from
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dams ingesting a Genistein-supplemented diet during pregnancy showed hypermethylation of
six CpG sites in the IAP element and had the pseudo-agouti phenotype (Dolinoy et al., 2006).
This hypermethylation persisted into adulthood and conferred some resistance to obesity,
supporting the Barker hypothesis that the in utero environment influences the adult phenotype
(Dolinoy et al., 2006).
Several studies by Lillycrop and colleagues have implied a correlation between the in utero
nutrition of a developing embryo and its response to dietary input later on in life (Burdge et
al., 2008; Burdge et al., 2009; Gluckman et al., 2007; Lillycrop et al., 2008). These studies
suggest that the in utero environment of an individual can result in persistent phenotype
changes throughout its lifetime and support the Barker hypothesis.
It is not only diet that has been correlated with changes in DNA methylation; behaviour in rats
has also resulted in epigenetic modifications to the genome (Weaver et al., 2004). Rats that
show differences in licking and grooming behaviour directed to pups were examined. The
pups from mothers who licked and groomed more frequently showed more resistance to stress
during adult life (Francis et al., 1999; Liu et al., 1997). These phenotypic differences are
apparently linked to DNA and histone methylation in the glucocorticoid receptor gene, again
suggesting changes in early environment can affect adult life (Weaver et al., 2004). These
methylation changes could be reversed by dietary intervention (Weaver et al., 2005). It is
proposed that external behaviour causes changes to a signalling pathway in the brain, the end
result of which is the recruitment of histone acetyltransferases, methylated DNA binding
protein and a candidate DNA demethylase (Weaver et al., 2007).

However no other

behavioural traits have been identified as causing an epigenetic modification.
These studies strongly suggest that epigenetic modifications can occur as a result of
environmental changes. Furthermore, they have also shown that epigenetic inheritance can
occur, albeit by poorly understood mechanisms, and paved the way for further study into the
inheritance of epigenetics as a cause of human disease. The evidence discussed here reflects
the two distinct mechanisms of epigenetic inheritance, the transgenerational inheritance via
the gametes and the resetting of the epigenetic marks via maternal behaviour (Youngson and
Whitelaw, 2008). In the rat ‘licking and grooming’ model (Weaver et al., 2004; Weaver et
al., 2005) the epigenetic change is transgenerational as a result of the maternal behaviour,
rather than inheritance through the gametes. This is in contrast to the metastable epialleles
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(agouti viable yellow and axin fused) in mice, which are passed transgenerationally as a result
of apparent resistance to epigenetic reprogramming (Blewitt et al., 2006). If maternal diet is
able to affect the embryo’s gene expression, more extreme changes in environment may also
impact on the growing embryo. The observation of epigenetic alterations as a result of
environmental factors in mice led to the search for similar environmental stimuli that may
alter the human epigenome.

1.8.

Early Environment and Epigenetic Programming in Human

Development
The Barker hypothesis based on epidemiological data proposes that the early environment of
an individual during development can predispose to diseases later in life (Barker, 1990, 2003,
2004a, b, c; Barker et al., 1989). A recent study has sought to address the Barker hypothesis
in humans directly, by examining individuals that were conceived during the Dutch Hunger
Winter of 1944-45 (Heijmans et al., 2008).
Individuals conceived during this famine were nutritionally deprived in utero and provided
ideal subjects to examine the effects of altered diet during embryonic growth.

Sixty

individuals conceived during this time of famine were compared to sex-matched siblings who
were conceived outside of this famine window (Heijmans et al., 2008). Methylation at five
CpG sites within the IGF2 differentially methylated region (DMR) were examined and
revealed hypomethylation of the IGF2 DMR in individuals conceived during the famine
compared to the non-deprived siblings (Heijmans et al., 2008). The average difference in
methylation at these sites between the famine exposed individuals and unexposed controls
ranged from 2.3% to 7.2%, indicating subtle changes in methylation levels. As a comparison,
IGF2 DMR methylation was examined in individuals exposed to the famine during late
gestation and showed no indication of hypomethylation (a difference of between 0.3% and
1.7% compared to controls), suggesting that IGF2 DMR methylation was only affected during
a short window of early embryonic development (Heijmans et al., 2008). It is important to
note that the methylation of IGF2 in these individuals was examined six decades after birth,
suggesting that the epigenetic effects of the famine persist throughout the lifetime (Heijmans
et al., 2008). This Dutch famine study has provided the first evidence that environmental
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conditions during early embryo development, namely maternal diet, can lead to a stable
change in DNA methylation in humans.
More recently, Breton and colleagues have examined global and promoter methylation in a
cohort of children exposed to tobacco smoke in utero (Breton et al., 2009).

Aberrant

methylation has been observed in smoking-related lung tumours and may be due to oxidative
stress-induced epigenetic lesions caused by exposure to tobacco smoke (Franco et al., 2008;
Liu et al., 2007; Pulling et al., 2004). In Breton’s cohort, global DNA methylation was
approximated by analysing methylation of retrotransposons (LINE1 and AluYb8).

The

AluYb8 elements were significantly hypomethylated in the exposed children compared to the
controls. DNA methylation in gene promoters was examined using an Illumina GoldenGate
Bead Array, which examined 1,505 CpG sites in 807 promoters and eight genes were
identified as hypermethylated in the exposed children, two of which were independently
validated (Breton et al., 2009). Although the effect on gene expression caused by alterations
in promoter methylation of these genes was not investigated, these results still imply that
epigenetic modifications can occur during early embryo development as a consequence of the
in utero environment.

1.9.

Adult Environment and Epigenetic Programming

Epigenetic aberrations have been implicated in multiple human diseases, most notably cancer.
Changes to the epigenome are hypothesised to be at least partially a result of our interaction
with the environment as we age and reflect the plasticity of the genome to adapt to
environmental changes (Figure 1.1). Environmental changes that have been shown to affect
epigenetic modifications in adults include diet (Jacob et al., 1998; Rampersaud et al., 2000),
smoking (Franco et al., 2008; Liu, H. et al., 2007; Pulling et al., 2004) and pollution (Bollati
et al., 2007).
In support of this, a monozygotic twin study, which examined global DNA methylation and
histone modifications using high-performance liquid chromatography, discovered that these
epigenetic modifications became more dissimilar between monozygotic twins as individuals
aged (Fraga et al., 2005). The increasing differences between global DNA methylation in
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twins across the lifetime are assumed to be caused by the environment impacting on the
epigenome.
A subsequent twin study by Heijmans (Heijmans et al., 2007) examined DNA methylation at
the H19 and IGF2 imprints and found no change in methylation that could be correlated with
age and therefore the environment. These findings, combined with those of the Dutch famine
study, suggest that alterations at imprinted loci may only be susceptible to environmental
changes during early embryo development (Heijmans et al., 2007; Heijmans et al., 2008).
However, other differentially methylated genes may be susceptible to environmental changes
as inferred by Fraga’s monozygotic twin study (Fraga et al., 2005).

1.10. Assisted Reproductive Technologies and Cloning in Animals
It is clear from both mouse and human studies that environmental stimuli have the ability to
alter DNA methylation. Imprinted loci appear to be somewhat protected from the adult
environment, but are more susceptible during the demethylation and remethylation events that
occur at the time of fertilisation. These in utero environmental changes persist over long
periods of time and may have detrimental phenotypic effects on the developing embryo.
During the in vitro fertilisation process, the embryo is exposed to an artificial environment.
Several studies have examined the susceptibility of in vitro fertilised embryos to this change
in environment.
In vitro fertilisation (IVF) and intracytoplasmic sperm injection (ICSI) potentially provide a
profoundly abnormal environment for an embryo. It was observed over a decade ago that
mouse embryos fertilised in vitro and cultured until the blastocyst stage displayed variations
in the imprinting of H19 (Sasaki et al., 1995). Imprinting of H19 has also been compared
using in vitro fertilised mouse embryos cultured on different media (Doherty et al., 2000).
Whitten’s medium was commonly used in the culture of mouse embryos, however it was
known to lead to retarded developmental growth compared to embryos grown in vivo.
Subsequently an optimised medium, KSOM, had been developed (Erbach et al., 1994). These
two media were used to compare H19 imprinting using in vitro fertilised mouse embryos. In
KSOM cultured embryos, monoallelic maternal H19 was expressed, but embryos cultured in
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Whitten’s medium biallelically expressed both the maternal and paternal H19. The culture of
embryos on Whitten’s medium led to the loss of methylation and imprinting on the paternal
allele (Doherty et al., 2000).
Mouse embryos were examined to assess the effects of culture media with or without serum
on the regulation of several growth-related imprinted genes (Khosla et al., 2001a). Embryos
cultured on media containing serum had lower levels of both H19 and IGF2 compared to
control embryos, which were implanted into recipient mothers. In this case it appeared that
the H19 gene had become hypermethylated by culture in the presence of serum. Growth of
mouse embryos on media supplemented with fetal calf serum has also been shown to decrease
the number of viable blastocysts for implantation in addition to affecting the expression of the
imprinted genes Mest/Peg1, Igf2, H19 and Grb10/Meg1 (Fernandez-Gonzalez et al., 2004).
Unpublished data from one group suggests that the media used in human in vitro fertilisation
does not affect H19 imprinting of mouse embryos, unless human serum was added to the
growth media (Gardner et al., 2003). If human serum was added, aberrant imprinting of H19
occurred in almost one third of the mouse embryos examined (Gardner et al., 2003).
The effects of embryo transfer as well as embryo culture on the expression of ten imprinted
genes has been examined in mice (Rivera et al., 2008). In embryos that were transferred to a
pseudo-pregnant dam without embryo culture, aberrant expression was observed in the extraembryonic tissues but not in the embryos themselves. Embryos that were cultured in media
for two to three days and then transferred had aberrant expression of imprinted genes in both
the embryo and the extra-embryonic tissues. The gene most often affected was H19, but
Kcnq1ot1 was affected in some individual embryos. These results suggest that even the
embryo transfer step was sufficient to induce changes to imprinted genes (Rivera et al., 2008).
However it is worth noting that these embryos were not fertilised in vitro and were exposed to
a more rigorous transfer process than is used in human in vitro fertilisation. In vitro cultured
mice have also been identified as showing raised systolic blood pressure and increased levels
of biological markers for hypertension (Watkins et al., 2007).
A recent study interrogated the effects of embryo culture using mice with the metastable
agouti viable yellow (Avy) epiallele (Morgan et al., 2008). Morgan and colleagues showed
that more mice cultured in human in vitro fertilisation media expressed the Avy allele than
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mice that were not exposed to the culture environment (Morgan et al., 2008). The increase in
expression correlated with hypomethylation of the Avy allele, suggesting an epigenetic change
as a result of embryo culture.

This is concerning, especially when considering that

transposable elements comprise almost half of the human genome (van de Lagemaat et al.,
2003).
Combined these studies provide convincing evidence that the preimplantation environment of
an embryo during in vitro fertilisation has the potential to alter DNA methylation at imprinted
or methylation-controlled loci.
Phenotypic differences have been observed between naturally conceived mice, mouse
embryos cultured in vitro and mice produced as a result of cloning. Cloned mice are often
larger than their naturally conceived counterparts and usually fail to survive (Rideout et
al.,2001). This abnormal phenotype is thought to occur as a result of aberrant epigenetic
reprogramming of the somatic cells that are used during nuclear transfer to produce the cloned
embryo (Dean et al., 2001; Rideout et al., 2001). In this case, the nucleus of the donor cell
must lose the epigenetic modifications to become totipotent like the oocyte. Epigenetic
reprogramming must occur in the short period of time before development of the embryo
begins (Rideout et al., 2001). Embryonic stem cells were proposed as a more viable option as
the cells were totipotent and were thought to require less reprogramming of the epigenetic
state. However mice studies have revealed that aberrant imprinting and phenotypes can still
result from cloning using embryonic stem cells (Feil and Khosla, 1999; Ogawa et al., 2003).
Large offspring syndrome (LOS) has been described in both sheep and cattle after
manipulations of the embryo between fertilisation and development to the blastocyst stage.
Sheep and cattle with large offspring syndrome are often twice the size of normal offspring,
can have problems with suckling and breathing after birth and it has been suggested that
normal organ development is perturbed (Young et al., 1998). Large offspring syndrome is
not restricted to offspring conceived by in vitro fertilisation; it has also been observed in
cloned animals and has been induced by a change in diet in pregnant sheep (McEvoy et al.,
1997).
Young identified the underlying mechanism of large offspring syndrome (Young et al., 2001).
Initially it was hypothesised that IGF2 might play a role in large offspring syndrome, as it
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appeared analogous to Beckwith-Wiedemann syndrome.

However it was identified that

IGF2R expression was reduced between thirty to sixty percent in large offspring syndrome
fetuses compared to the control group. Complete loss of methylation was observed at DMR2
of IGF2R in nine out of twelve large offspring syndrome fetuses. The IGF2R gene is not
imprinted in humans and care must be taken when extrapolating this knowledge to the human
in vitro fertilisation population. However, this study was important in establishing a link
between DNA methylation and the culturing of embryos outside of the womb, indicating that
precise regulation of DNA methylation is vital for the normal development of the embryo.
The aberrant imprinting patterns observed in these large offspring are hypothesised to occur
due to the removal of oocytes before maturation, resulting in the setting of incorrect imprints,
or because the foreign environment perturbs the methylation events that occur early during
embryogenesis.

1.11. Assisted Reproductive Technologies and Epigenetic Programming:
Human Studies
Assisted reproductive technologies (ART) and cloning in animals have indicated that
methylation plays a vital role in gene regulation for the correct development of an embryo,
and that methylation can be perturbed during these processes, especially at imprinted genes.
These studies paved the way for further research into human assisted reproductive
technologies and their consequences on the developing embryo.
1.11.1 In Vitro Fertilisation
Assisted reproductive technologies broadly encompass any procedure that assists with the
conception of a pregnancy. The main focus on assisted reproductive technologies in this
project is in vitro fertilisation (IVF). In vitro fertilisation is the fertilisation of an oocyte by a
sperm outside of the uterus. Oocytes are collected after hormone stimulation (commonly
using clomiphene to increase gonadotrophin, stimulating ovulation) and are then exposed to
sperm in a medium facilitating fertilisation.

A subtype of in vitro fertilisation is

intracytoplasmic sperm injection (ICSI). In the intracytoplasmic sperm injection procedure,
the sperm cell is injected directly into the oocyte for fertilisation. This is distinct from
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standard in vitro fertilisation methods where the sperm penetrates the oocyte “naturally”.
Intracytoplasmic sperm injection is commonly used in cases of male infertility, where low
numbers of sperm or sperm with decreased motility are present. However, the absence of
natural sperm selection by the requirement of the sperm to penetrate the oocyte, as well as the
integration of entire spermatozoon by the oocyte, has led to speculation about the safety of
this technique. Intracytoplasmic sperm injection was used in almost sixty percent of the over
4,500 in vitro fertilisation cycles that were performed in New Zealand in 2006 (Wang et al.,
2008).
1.11.1.1. Embryo Culture
After fertilisation of the oocyte, the zygote is usually cultured in vitro until the blastocyst
stage before being transferred to the uterus. Embryo culture is common for up to four days
(ninety-six hours) post-fertilisation (Cassuto et al., 2003). If multiple oocytes are fertilised
simultaneously it is common for these zygotes to be frozen for subsequent pregnancies. The
main components used in the culture medium for in vitro fertilisation are glucose, amino
acids, ammonium, chelators and macromolecules (serum) and are designed to closely mimic
the reproductive tract (Lane and Gardner, 2007). During the last decade it has become
common to extend the culture time to the blastocyst stage, as this has resulted in an improved
rate of viable pregnancies (Blake et al., 2007). With the extension of the culture time of
embryos during in vitro fertilisation, the media is usually changed several times during
development (Gardner, 2008). Although this is widely accepted as an improvement to the in
vitro fertilisation procedure, no studies have interrogated the potential effects on the
developing embryo. It is important to note that although the general components of the in
vitro fertilisation culture media are known, specific characteristics of the media used in the
fertility clinics are not readily available, as a consequence of the commercial sensitivity
surrounding fertility treatment. The secrecy surrounding culture media is disconcerting when
considering that in vitro fertilisation accounts for up to six percent of births in some European
countries and approximately 450 births (approximately one percent) of births in New Zealand
(Nyboe Andersen and Erb, 2006). If there is a link between in vitro fertilisation and aberrant
methylation, as suggested by animal studies, it could have important effects on our
population.

In New Zealand, in vitro fertilisation is controlled by the Human Assisted

Reproductive Technology (HART) Act 2004 and regulated by the Ethics Committee on
Assisted Reproductive Technology (ECART) and the Advisory Committee on Assisted
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Reproductive Technology (ACART). There is no current requirement to monitor the in vitro
fertilisation population in New Zealand to determine if any detrimental risks exist, which is of
concern when considering the proportion of the population involved.
1.11.1.2. Gamete Culture
Many epigenetic changes are occurring during gametogenesis and embryogenesis
(Figure 1.5). In vitro fertilisation involves culturing of the gametes as well as the developing
embryo outside of the body and putting these cells in a profoundly abnormal environment.
During exposure to this abnormal environment during the epigenetic reprogramming events,
both the gametes and the embryo may be susceptible to aberrant methylation. External
gamete culture is of particular concern for the oocytes, as imprinting is only established
immediately prior to ovulation in these cells (Bourc'his and Proudhon, 2008; Kono et al.,
1996; Lucifero et al., 2004). If maturation of these oocytes is stimulated through the use of
hormones, as is common during in vitro fertilisation, this could affect the establishment of
imprints on genes in the oocytes. The oocytes for in vitro fertilisation are often collected after
hormonal stimulation, usually by a compound called clomiphene. Clomiphene is a selective
estrogen receptor modulator that inhibits the action of estrogen on the hypothalamus, resulting
in increased pituitary gonadotrophin. The increased levels of gonadotrophin cause ovulation
through the stimulation of growth in the ovarian follicle followed by rupture. If premature
maturation of oocytes is occurring as a result of clomiphene treatment it is possible that the
maternal imprints may be affected, resulting in aberrant imprinting of the zygote.
Multiple studies have been performed on children conceived using in vitro fertilisation, as
these children have a high risk of preterm birth, low birth weight and perinatal death (Ceelen
et al., 2008).

Several studies have indicated a small but increased risk of congenital

malformations in the in vitro fertilisation population (Bonduelle et al., 2005; Hansen et al.,
2005; Hansen et al., 2002; Kallen et al., 2005; Reefhuis et al., 2009; Sanchez-Albisua et al.,
2007; Shiota and Yamada, 2009). These studies have not adequately addressed whether
parental age, smoking, obesity, hormonal problems or other underlying pathology may
explain the increased risk to the in vitro fertilisation population. As reviewed below, multiple
studies have examined the in vitro fertilisation population to identify whether in vitro
fertilisation per se causes aberrant methylation, especially at imprinted loci.
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1.11.2. Studies on the Human In Vitro Fertilisation Population: Angelman Syndrome
Manning and colleagues performed the first study into aberrant methylation and imprinting
disorders in children conceived using in vitro fertilisation (Manning et al., 2000). The authors
focused on 15q11-q13 region containing the cluster of imprinted genes associated with
Angelman syndrome and Prader-Willi syndrome. Blood samples from ninety-two children
that were conceived using intracytoplasmic sperm injection were collected directly after birth.
The children were from both twin pregnancies and singleton pregnancies.

No children

presented with the phenotypes of Angelman syndrome or Prader-Willi syndrome. Bisulfite
sequencing analysis was performed on the samples at SNRPN. All ninety-two children
contained both a methylated (maternal) and unmethylated (paternal) SNRPN allele. However,
genotyping analysis was not performed and so the parental origin of these alleles could not be
determined. Although gross changes in methylation were not detected, without the parent-oforigin information for each allele, aberrant imprinting could not ruled out. This study by
Manning and colleagues concluded that intracytoplasmic sperm injection resulted in no
abnormal methylation events at the SNRPN gene in children, but some doubt remained over
the methodology used.
The second study on intracytoplasmic sperm injection and imprinting defects focused on two
unrelated females, both of whom presented with Angelman syndrome (Cox et al., 2002). The
cause of Angelman syndrome in both of these individuals was aberrant methylation at
SNRPN. One of these individuals appeared to be a mosaic for the imprinting defect. A
further case of Angelman syndrome conceived using intracytoplasmic sperm injection was
discovered a year later (Orstavik et al., 2003). The cause of Angelman syndrome in this
female was also aberrant imprinting at SNRPN. Aberrant methylation usually accounts for
less than five percent of all sporadic Angelman syndrome cases. These studies added weight
to the argument that in vitro fertilisation could increase the risk of imprinting defects, as these
three individuals all had aberrant methylation causing Angelman syndrome. As the imprint at
SNRPN is only established at or after fertilisation, it may mean that it is more susceptible to
the early environment of the embryo and implicates the in vitro fertilisation process in altering
methylation (El-Maarri et al., 2001).
A study was performed examining congenital malformations in thirty-four children conceived
using intracytoplasmic sperm injection and thirty-nine naturally conceived controls (Sanchez-
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Albisua et al., 2007). In total, nine intracytoplasmic sperm injection conceived children
presented with a congenital abnormality compared to two naturally conceived controls. One
of the affected intracytoplasmic sperm injection conceived children presented with Angelman
syndrome caused by an imprinting defect at SNRPN. The Sanchez-Albisua study provided
additional evidence for increased congenital abnormalities in the in vitro fertilisation
population, in addition to suggesting a possible link between Angelman syndrome and in vitro
fertilisation.
A further study into Angelman syndrome and in vitro fertilisation was based on a cohort study
gathered from the German Angelman Syndrome Support Group (Ludwig et al., 2005). The
study identified sixteen Angelman syndrome children from sub-fertile couples (with a time
until pregnancy of more than two years and/or infertility treatment). Among these children,
four (twenty-five percent) showed an imprinting defect as the cause of Angelman syndrome.
In contrast, imprinting defects occur in less than five percent of sporadic Angelman syndrome
cases. In those couples that took more than two years to become pregnant and who also had
infertility treatment, the relative risk was twice as high than was expected and lower than
when infertility was removed as a factor. This hinted at a possible common cause for subfertility and imprinting disorders, as the risk to children born to sub-fertile couples without
assisted reproductive treatment was equal.
1.11.3. Studies on the Human In Vitro Fertilisation Population: Beckwith-Wiedemann
Syndrome
Maher and colleagues showed an increase in Beckwith-Wiedemann syndrome after in vitro
fertilisation (Maher et al., 2003b). This study was observational and relied on reviewing the
notes of patients who had been referred to the Beckwith-Wiedemann Syndrome Research
Group in Birmingham University. Six of the 149 patients (four percent) had been conceived
using in vitro fertilisation (three using ICSI and three using IVF). Using the intracytoplasmic
sperm injection and in vitro fertilisation birth rates within the United Kingdom, these
technologies accounted for one percent of births in the general population. If the incidence of
Beckwith-Wiedemann syndrome in both groups was similar, it was expected that 1.7 of the
149 Beckwith-Wiedemann syndrome patients would have been conceived by in vitro
fertilisation. The presence of six patients in this study was over three times the number
expected. Two of the cases were examined further and showed a loss of methylation on the
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maternal allele at KCNQ1OT1.

As patients were not asked directly about assisted

reproductive technology treatments, it is possible that this study could be underestimating the
prevalence of in vitro fertilisation associated Beckwith-Wiedemann syndrome, as conception
details may not have been recorded for some individuals. The Maher group study added
further weight to the hypothesis that aberrant methylation occurs during in vitro fertilisation.
DeBaun and colleagues carried out a similar investigation based on the availability of a
Beckwith-Wiedemann Syndrome Registry at the National Cancer Institute in America
(DeBaun et al., 2003). Seven children with Beckwith-Wiedemann syndrome were identified
as having been born after in vitro fertilisation and samples were obtained from six patients.
Five of the individuals (seventy percent) were identified as having abnormal imprinting at
KCNQ1OT1 and one at H19. This was slightly higher than expected, as imprinting errors
have been reported to account for up to sixty percent of Beckwith-Wiedemann syndrome
cases. As the aberrant methylation occurred on the maternal allele, it was proposed that errors
were occurring during the culture of the oocyte (DeBaun et al., 2003). The authors proposed
a minimum six-fold increase in Beckwith-Wiedemann syndrome in the in vitro fertilisation
population, based on the numbers observed in this study.
The DeBaun group then expanded on this study by investigating the type of assisted
reproductive technology the mothers of Beckwith-Wiedemann syndrome patients had
undergone, to determine whether there was any direct link between infertility treatment and
Beckwith-Wiedemann syndrome (Chang et al., 2005).

This study was based on the

hypothesis that the culture medium may provide a link between Beckwith-Wiedemann
syndrome and assisted reproductive technologies, as had been observed in animal studies
(Doherty et al., 2000; Khosla et al., 2001a,b).

Records of fertilisation treatment were

obtained for twelve of the mothers and all had been treated at different medical centres. Ten
had undergone in vitro fertilisation and of these five were the result of intracytoplasmic sperm
injection. The only common treatment between these twelve mothers was the ovulation
stimulant. Unlike the animal studies mentioned previously, the authors concluded that the
culture medium did not appear to influence the prevalence of Beckwith-Wiedemann
syndrome.

Instead oocyte stimulation appeared causative.

However with such a small

sample size and the reliance on medical records the true causative factors could be masked.
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Gicquel and colleagues reported a further examination of Beckwith-Wiedemann syndrome in
the in vitro fertilisation population (Gicquel et al., 2003). Gicquel examined 149 BeckwithWiedemann syndrome patients and found that seventy percent had epigenetic abnormalities
(Gicquel et al., 2003).

Six of the Beckwith-Wiedemann syndrome patients were born

following in vitro fertilisation (two conceived by ICSI) and all showed demethylation of
KCNQ1OT1, which is usually the cause of half of all sporadic Beckwith-Wiedemann
syndrome cases. Based on French Ministry of Health data the representation of in vitro
fertilisation in the Beckwith-Wiedemann syndrome population (four percent) was more than
three times that of the general population (just over one percent), again indicating a tentative
link between in vitro fertilisation treatment and Beckwith-Wiedemann syndrome.
The Halliday group performed the first case-control study investigating BeckwithWiedemann syndrome and in vitro fertilisation (Halliday et al., 2004).

All Beckwith-

Wiedemann syndrome cases in Victoria (Australia) had been analysed in the same laboratory.
For each Beckwith-Wiedemann syndrome case born between 1983 and 2003, four live-born
controls, born within one month of the affected child, were randomly selected from the
Victorian Perinatal Data Collection Unit.

Of the thirty-seven Beckwith-Wiedemann

syndrome cases and 148 matched controls, in vitro fertilisation led to the conception of four
cases (10.8%) and one control (0.67%). The authors determined the absolute risk of having a
live-born baby with Beckwith-Wiedemann syndrome conceived by in vitro fertilisation to be
about nine times greater than the risk of a live-born baby with Beckwith-Wiedemann
syndrome conceived naturally. In the three Beckwith-Wiedemann syndrome patients studied,
all showed loss of maternal methylation at KCNQ1OT1, supporting the findings of the
previous studies.
1.11.4. Studies on the Human In Vitro Fertilisation Population: Beckwith-Wiedemann
Syndrome, Angelman Syndrome and Prader-Willi Syndrome
In Denmark a cohort study comparing all singleton children born from January 1995 to
December 2001 was established that grouped children according to the use of in vitro
fertilisation (Lidegaard et al., 2005). A total of 442,349 naturally conceived children and
6052 children conceived using in vitro fertilisation. These children were then followed until
the end of 2002 and examined for various imprinting diseases. No children born using in
vitro fertilisation were identified as having an imprinting disease. This study did not suggest
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a link between in vitro fertilisation and aberrant imprinting.

However the spectrum of

disorders was wider than examined in the previous studies and the small population size may
have limited the power of the study.
A broader study was carried out comparing the rates of major malformations in infants
conceived by assisted reproductive technologies to infants conceived naturally over two
periods of time (Merlob et al., 2005). The study did not specifically focus on imprinting
disorders but on a wide range of major malformations in live births, stillbirths and
terminations delivered after twenty weeks gestation. During the first period (1986-1994) the
prevalence of major malformations in the assisted reproductive group was over twice that of
the naturally conceived group (9.35% versus 4.05%). In the second period (1995-2002) the
same trend was observed with assisted reproductive technology conceived infants having a
major malformation prevalence of 9.0% compared to 5.18% in naturally conceived infants.
Although this study provided no specific information on imprinting disorders, the authors
concluded that the increased prevalence of major malformations in infants conceived using
infertility treatment was cause for concern. This study did not adjust for preterm births, low
birth weight or multiple births, which can lead to increased malformations and are more
prevalent in the in vitro fertilisation population (Ceelen et al., 2008).
An examination of in vitro fertilisation conceived individuals in Sweden was performed using
birth register details (Kallen et al., 2005). Kallen identified an increased risk of fifty percent
for congenital malformations in the in vitro fertilisation population, which was attributed to
parental characteristics and multiple births, rather than the assisted reproductive technology
procedure itself (Kallen et al., 2005). Interestingly, this study identified one Prader-Willi
syndrome individual and one Silver-Russell syndrome individual, both of whom were
conceived using intracytoplasmic sperm injection (Kallen et al., 2005). The cause of these
imprinting disorders in each individual was not examined.
A British study surveyed patients with Beckwith-Wiedemann syndrome, Angelman
syndrome, Prader-Willi syndrome and transient neonatal diabetes for assisted reproductive
technology use during conception (Sutcliffe et al., 2006). A total of seventy-nine replies were
received from patients with sporadic Beckwith-Wiedemann syndrome, of which eleven were
conceived using assisted reproductive technologies including in vitro fertilisation (one case),
intracytoplasmic sperm injection (five cases) or fertility drugs (five cases).

On the
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assumption that no other Beckwith-Wiedemann syndrome patients in the reply group were
conceived by assisted reproductive technologies and including all the families to whom the
questionnaire was sent regardless whether a reply was received, the assisted-conception birth
rate in this group was five percent. Similarly for Angelman syndrome, seventy-five patients
with sporadic Angelman syndrome replied and three had a history of assisted reproductive
technology (one IVF case), giving an assisted-conception birth rate of 0.8%. For Prader-Willi
syndrome, 163 patients with sporadic Prader-Willi syndrome replied and nine were conceived
by assisted reproductive technologies including ICSI (two cases) and fertility drugs (seven
cases), giving an assisted-conception birth rate of two percent. A maximum estimate of 0.8%
of births resulting from IVF/ICSI conceptions in the United Kingdom during the period of
1991-2002 was obtained. The only group showing an increase in the proportion of IVF/ICSI
conceptions were the Beckwith-Wiedemann syndrome group (2.9% CI 1.4-6.3% compared to
the expected 0.8%).

All eight Beckwith-Wiedemann syndrome assisted reproductive

technology conceived children that were analysed showed a loss of methylation at the
maternal KCNQ1OT1 locus, again suggesting the problem lay at the oocyte level. Combined
with the previous studies, the results seem to indicate that the incidence of BeckwithWiedemann syndrome is increased in the assisted reproductive technology population.
A Dutch study also surveyed families with a child with Beckwith-Wiedemann syndrome,
Angelman syndrome or Prader-Willi syndrome to question their use of assisted reproductive
technologies and additional questions on any fertility problems (Doornbos et al., 2007). No
Angelman syndrome cases were identified as conceived using in vitro fertilisation, two
Prader-Willi syndrome cases (one ICSI, one IVF) and four in vitro fertilisation conceived
Beckwith-Wiedemann syndrome cases were identified. All four of the Beckwith-Wiedemann
syndrome individuals in the study had hypomethylation at KCNQ1OT1. Both of the PraderWilli syndrome cases were the result of deletions. Additional cases of all the syndromes were
observed when including hormone stimulation of ovulation and artificial insemination as
assisted reproductive technologies. By taking into account the reported fertility issues the
authors concluded that infertility was more likely to be the cause of increased imprinting
disorders in the population than the in vitro fertilisation procedure (Doornbos et al., 2007).
A second British study was also performed by survey, this time interrogating families with a
child born after in vitro fertilisation in order to identify any children with BeckwithWiedemann syndrome or Angelman syndrome (Bowdin et al., 2007). In this manner it was
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hoped to uncover a proportion of in vitro fertilisation conceived children with mild,
undiagnosed symptoms (Bowdin et al., 2007).

Those children identified as potentially

affected by Beckwith-Wiedemann or Angelman syndromes were asked to come to the clinic
for further consultation, resulting in the examination of forty-seven children. One BeckwithWiedemann syndrome child had been previously diagnosed and was shown to have
hypomethylation at KCNQ10T1.

Blood samples of the other three children with some

phenotypic criteria of Beckwith-Wiedemann syndrome showed no indication of loss of
methylation at KCNQ1OT1.

A further child with features of Angelman syndrome was

examined but aberrant methylation was not detected at SNRPN. The authors conclude, on the
identification of one Beckwith-Wiedemann syndrome child from 1523 children surveyed, that
although the risk of this syndrome may be increased the absolute risk of BeckwithWiedemann syndrome is low (Bowdin et al., 2007).
A small screening study by Neri and colleagues to examine methylation at SNRPN in fiftythree children conceived using intracytoplasmic sperm injection revealed no abnormal
methylation in this group (Neri et al., 2008). This group also performed expression analysis
of genes implicated in Beckwith-Wiedemann syndrome on placentas from twenty-four
assisted reproductive technology conceived children and twenty naturally conceived children
(Neri et al., 2008). No abnormal expression was identified at IGF2, KCNQ1OT1, H19 or
CDKN1C.

Methylation levels were not examined in these samples.

The experimental

approach and type of assisted reproductive technology used in the conception of the samples
was not given.
In the most recent examination of Beckwith-Wiedemann syndrome and in vitro fertilisation,
Lim and colleagues sought a link between the phenotype of an individual and the cause of the
disease (Lim et al., 2009). Although no clear link between phenotype and loss of methylation
at KCNQ1OT1 could be established, the authors observed that all but one of twenty-five
Beckwith-Wiedemann syndrome patients conceived using in vitro fertilisation had this
epimutation, a rate much higher than the fifty percent expected (Lim et al., 2009). This
observation supports the hypothesis that in vitro fertilisation may cause aberrant methylation.
Two additional cases of Beckwith-Wiedemann syndrome have been described as occurring
after intracytoplasmic sperm injection (Gomes et al., 2007; Yoon et al., 2005). One of the
Beckwith-Wiedemann syndrome cases was identified as having hypomethylation of
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KCNQ1OT1 (Gomes et al., 2007), whilst the cause of the second case remains unknown
(Yoon et al., 2005).
Rossignol and colleagues hypothesised that other imprinted loci may be affected by aberrant
methylation in those Beckwith-Wiedemann syndrome patients presenting with KCNQ1OT1
imprinting defects, especially in those patients conceived using in vitro fertilisation
(Rossignol et al., 2006).

Forty Beckwith-Wiedemann syndrome patients with loss of

methylation at KCNQ1OT1, including eleven patients conceived using in vitro fertilisation,
were examined.

Three of the in vitro fertilisation-conceived patients showed

hypomethylation of the IGF2 DMR2 or SNRPN, as did seven of the naturally conceived
controls.

This study did not indicate that in vitro fertilisation causes more epigenetic

disruptions than natural conception.
1.11.5. Studies on the Human In Vitro Fertilisation Population: Silver-Russell Syndrome
Silver-Russell syndrome (OMIM #180860) is characterised by intrauterine growth
retardation, poor postnatal growth, abnormal craniofacial features (triangular face) and other
minor malformations. Silver-Russell syndrome is purported to be an imprinting disorder and
has been linked to genes on both chromosome eleven and chromosome fifteen.
Hypomethylation at DMR1 on chromosome 11p15.5 (the H19/IGF2 DMR) has been
implicated in Silver-Russell syndrome, in contrast to hypermethylation at the same region that
is associated with Beckwith-Wiedemann syndrome.
Due to epigenetic aberrations at this common imprinted loci and the observation of increased
Beckwith-Wiedemann syndrome in the in vitro fertilisation population, investigators sought
to examine Silver-Russell syndrome in the in vitro fertilisation population. Three cases of
Silver-Russell syndrome have been identified in children conceived using in vitro fertilisation
(Kagami et al., 2007; Kallen et al., 2005; Svensson et al., 2005). Two of these Silver-Russell
syndrome cases have not been examined for hypomethylation at H19 DMR1 (Kallen et al.,
2005; Svensson et al., 2005). The third case showed no hypomethylation at H19 DMR1, but
mild hypermethylation at the PEG1/MEST locus was observed, however the role of this
region in Silver-Russell syndrome is unknown (Kagami et al., 2007). As these Silver-Russell
syndrome cases were described on a case-by-case basis with no reference to naturally
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conceived controls, it is difficult to know whether this syndrome is increased in the in vitro
fertilisation population.
1.11.6. Conclusions from the In Vitro Fertilisation Population
In total, studies performed on children conceived using in vitro fertilisation have identified
approximately nine Angelman syndrome cases, five Prader-Willi syndrome cases, at least
thirty Beckwith-Wiedemann syndrome cases and three Silver-Russell syndrome cases. The
most convincing evidence for an increased incidence of imprinting aberrations in the in vitro
fertilisation population comes from the apparent increased incidence of Beckwith-Wiedemann
syndrome, especially cases caused by hypomethylation of KCNQ1OT1, and the higher than
expected occurrence of Angelman syndrome cases with imprinting aberrations at SNPRN.
However, these studies are all limited by the fact that they are retrospective studies that may
be influenced by the response rate within the in vitro fertilisation population or may fail to
identify affected individuals. To accurately identify the risk, if any, to the in vitro fertilisation
population, prospective studies are needed that follow children from conception for a
minimum of several years.

1.12. Methylation and Mosaicism
Mosaicism reflects the presence of both normal and aberrant cells within an individual.
Mosaicism may lead to the presence of aberrant cells in a specific tissue type or decrease the
severity of the disease by producing a minimal level of normal protein. In the context of this
project the focus is on mosaicism for aberrant methylation of a gene and can be considered as
mosaicism within the same tissue type. The degree of mosaicism can depend on the time at
which the methylation error occurred. If the error occurs early during embryogenesis, more
tissues are likely to be affected and the disease would be expected to be more severe.
Mosaicism may also result from the rescue of aberrant methylation that originated from the
parental gamete. In this case, the earlier the aberrant methylation state is rescued, the fewer
tissue types that will be affected and the phenotype is expected to be less severe.
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A number of Angelman syndrome cases with imprinting defects have been reported that show
atypical symptoms (Buiting et al., 2003; Camprubi et al., 2007; Gillessen-Kaesbach et al.,
1999; Nazlican et al., 2004). The symptoms of these individuals have ranged from mild
Angelman syndrome to the phenotypic features of Prader-Willi syndrome, leading to
misdiagnosis.
In the first study to identify mosaicism for methylation at SNRPN, the methylation pattern for
seven patients identified as having Prader-Willi syndrome was examined (Gillessen-Kaesbach
et al., 1999). All seven of these patients presented with the hypomethylation pattern at
SNRPN typical of Angelman syndrome. However, five of these patients showed some degree
of methylation of SNRPN, indicating mosaicism for the expected imprinting pattern. Those
patients without methylated SNRPN presented with a more severe phenotype.

These

molecular results were in conflict with the phenotypic data, which had suggested the presence
of Prader-Willi syndrome.

Gillessen-Kaesbach’s study indicated that mosaicism for the

Angelman syndrome imprinting defect exists and can result in atypical features. Buiting
identified that almost a third of Angelman syndrome patients examined presented with a
degree of methylation at SNRPN (Buiting et al., 2003). Six of the patients with mosaicism
had atypical Angelman syndrome whilst ten presented with the typical phenotype. In an
additional study on four atypical Angelman syndrome patients, two were identified with
mosaic imprinting defects (Camprubi et al., 2007).
Nazlican and colleagues also found that about one third of Angelman syndrome patients with
imprinting defects were mosaic for normal methylation at SNRPN (Nazlican et al., 2004).
The proportion of normally methylated cells in the mosaic individuals was estimated using
real-time PCR and it was found that the Angelman syndrome cases had up to forty percent
normally methylated cells (Nazlican et al., 2004). Although not statistically significant, there
appeared to be a correlation between the severity of the disease and the number of abnormal
cells, where those individuals with the highest proportion of abnormal cells showed the most
severe symptoms. The high proportion of normally methylated cells in affected individuals
was unexpected (Nazlican et al., 2004). To result in cellular mosaicism, the imprinting defect
needed to occur after fertilisation or be derived from the germ line but rescued during the
post-fertilisation growth stage of embryo. This would mean that different tissues contain
different proportions of affected cells. The severity of Angelman syndrome is postulated to
be dependent on the proportion of affected cells within the brain tissue, where UBE3A is
monoallelically expressed (Nazlican et al., 2004).

An additional conclusion from these

40 Introduction

results is that a child must have at least sixty percent abnormal cells to manifest the clinical
features of Angelman syndrome.

Therefore, it is possible that a far greater number of

children with sub-clinical Angelman syndrome are present in the population.
Cellular mosaicism for methylation of H19 has also been identified in children with an
overgrowth phenotype (Morison et al., 1996). The overgrowth phenotype is similar to that
which is observed in Beckwith-Wiedemann syndrome, however these children show no other
phenotypes of this disorder. Four children with overgrowth were studied and all were shown
to over express the growth factor IGF2. Three of these children showed aberrant methylation
of H19 in a proportion of their peripheral blood cells, indicating that they were mosaic for this
aberration.
Combined these studies suggest that mosaicism for imprinting defects is possible and indeed
common when considering the imprinting defects that cause Angelman syndrome. In general,
individuals mosaic for imprinting defects show a less severe phenotype than homogeneous
individuals. In some cases this mosaicism resulted in a completely different phenotype (more
similar to Prader-Willi syndrome) than was predicted based on the molecular data (that
indicated Angelman syndrome).

1.13. Aims of the Study
The previously described studies have indicated an increase in some imprinting disorders as
the result of assisted reproductive technologies. Although only a small number of Angelman
syndrome children have been identified as conceived using in vitro fertilisation, the fact that
they have the rarest form of the disorder caused by methylation errors rather than uniparental
disomy indicates that the findings are important. There is no evidence for an increase in
Prader-Willi syndrome in children born from in vitro fertilisation but as larger studies are
undertaken this may change. Arguably the most compelling evidence is provided by the
studies on Beckwith-Wiedemann syndrome, which indicate prevalence is much higher in the
in vitro fertilisation population than in the naturally conceived population. The fact that in
almost all of these Beckwith-Wiedemann syndrome patients the disorder is the result of
aberrant methylation at KCNQ1OT1 (DMR2) implicates an error in the maternal imprint,
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which is known to be established only during late oocyte maturation. Hormone stimulation
used during in vitro fertilisation may disrupt the normal DNA methylation process in the
oocyte by inducing rapid maturation, leading to an increase in imprinting disorders passed
down from the maternal line.
It has been over thirty years since the birth of the first in vitro fertilisation conceived child in
1978, yet little is known about the long-term health affects of this conception technique. The
use of in vitro fertilisation and other assisted reproductive technologies is increasing and
currently accounts for approximately two percent of births in Western countries (Nyboe
Andersen et al., 2008).
The identification of mosaicism for imprinting defects in Angelman syndrome and an
overgrowth disorder, combined with the increased incidence of Beckwith-Wiedemann
syndrome and Angelman syndrome after in vitro fertilisation led to the hypothesis that lowlevel epigenetic abnormalities may be common in phenotypically normal individuals
conceived using in vitro fertilisation. In this study I aim to examine the imprinted loci
implicated in Beckwith-Wiedemann syndrome, Angelman syndrome and Prader-Willi
syndrome for low-levels of aberrant imprinting in individuals conceived using in vitro
fertilisation.
The embryo culture studies in animals would suggest that there is a correlation between
imprinting and the environment of the embryo during the early stages of development. It
could well be that although the increase in imprinting disorders is small there may be more
subtle changes to the genome resulting in as yet unknown phenotypes or alterations that do
not directly affect the phenotype. It is situations like these that have led to the hypothesis that
the observed affects may just be the tip of the iceberg and as in vitro fertilisation conceived
children are examined more closely more aberrant epigenetic modifications may be found
(Maher et al., 2003a). As methylation is known to play a role in cancer, even small changes
in methylation status could potentially have substantial long-term consequences.
To examine these differences an in vitro fertilisation cohort recruited by Dr Harriet Miles and
colleagues at the New Zealand National Research Centre for Growth and Development was
utilised (Miles et al., 2007). This cohort comprised of healthy pre-pubertal children aged four
to ten years old (Section 2.1). The in vitro fertilisation children were recruited from Fertility
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Associates (Auckland, New Zealand) and were conceived using either standard in vitro
fertilisation or intracytoplasmic sperm injection. Only children conceived from fresh embryo
transfer between January 1995 and December 2000 were included in the study. Matched
controls were obtained by requesting that the in vitro fertilisation conceived individual was
accompanied by a naturally conceived friend or sibling. In this way it was hoped to control
for

socioeconomic

background,

age,

sex

and

ethnicity.

Endocrinological

and

anthropomorphic data was collected on these cohorts and revealed that the in vitro
fertilisation children were taller, had higher levels of growth hormones and a better lipid
profile than the naturally conceived controls (Table 1.1; Miles et al., 2007).
Table 1.1. Statistically Significant Phenotypic Parameters Between In Vitro Fertilisation and Naturally
Conceived Individuals. Mean ± SEM (Miles et al., 2007).
Parameter
Mid-Parental Height
Corrected Standard Deviations
IGF-II (#g/L)
IGFBP-1 (#g/L)
High Density Lipoproteins
(HDL; mmol/L)
Triglycerides (mmol/L)

Naturally Conceived
(N = 71)

IVF Conceived
(N = 69)

P Value (ANOVA)

0.51 ± 0.11

1.05 ± 0.11

0.0001

772.8 ± 24.0

850.3 ± 24.2

0.03

121.5 ± 5.8

104.4 ± 5.9

0.05

1.53 ± 0.04

1.67 ± 0.04

0.02

0.78 ± 0.04

0.65 ± 0.04

0.02

Other epigenetically regulated genes may be aberrantly methylated during the in vitro
fertilisation process. The observation of phenotypic differences between in vitro fertilisation
conceived children and naturally conceived controls in Dr Miles’ cohort led to speculation
that these differences may be caused by epigenetic modifications. An additional aim of this
study is to use a genome-wide approach to examine global DNA methylation for differences
between in vitro fertilisation conceived and naturally conceived individuals that may account
for these phenotypic differences. As a consequence of these methylation investigations, this
study also aimed to critically evaluate the techniques and technologies available for DNA
methylation analysis.
In vitro fertilisation potentially provides one of the most profoundly abnormal environments
that humans are exposed to. By analysing imprinted genes such as H19, KCNQ1OT1, IGF2,
SNRPN and other genes known to have a role in development in children conceived by in
vitro fertilisation and naturally conceived controls it is hoped that the true extent (if any) of
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aberrant methylation will be determined. This will provide a better understanding of in vitro
fertilisation treatment and its putative affect on early human development.
During the course of this study I aim to:
•

Examine the methylation status of the imprinted genes involved in BeckwithWiedemann syndrome (H19, KCNQ1OT1 and IGF2) and Angelman syndrome
(SNRPN) to determine whether low-level aberrant methylation is common after in
vitro fertilisation.

•

Characterise the cause of Prader-Willi syndrome in an individual conceived using in
vitro fertilisation.

•

Determine whether in vitro fertilisation is associated with altered levels of methylation
through the use of a genome-wide analysis.

•

Critically examine the current technologies used to quantify DNA methylation.

CHAPTER TWO:
Materials and Methods
2.1.

The In Vitro Fertilisation Cohort

H. Miles, P. Hofman and W. Cutfield (Miles et al., 2007) collected the cohort which
comprised of healthy, pre-pubertal children between the ages of four and ten years old who
were conceived using in vitro fertilisation (IVF) and were born at term (greater than thirty-six
weeks gestation) after singleton pregnancy. The Auckland Ethics Committee provided ethics
approval and written consent was obtained for all subjects. Blood samples were taken from
consenting individuals.
The in vitro fertilisation subjects living in Auckland were recruited from Fertility Associates
(Auckland, New Zealand). One of two types of in vitro fertilisation treatment was used in
conceiving these children: standard in vitro fertilisation or intracytoplasmic sperm injection
(ICSI). In all in vitro fertilisation conceived children in our cohort, the father was the sperm
donor. The numbers of children conceived using in vitro fertilisation and intracytoplasmic
sperm injection in the cohort are shown (Table 2.1)
Table 2.1. The Number of Children Conceived Using In Vitro Fertilisation and Intracytoplasmic Sperm
Injection Consenting to Blood Samples.
IVF Type
In vitro Fertilisation (IVF)
Intracytoplasmic Sperm Injection (ICSI)

Males
16
14

Females
18
18

All in vitro fertilisation children were all conceived using fresh (not frozen) embryo transfer
between January 1995 and December 2000. Embryos had been cultured on one of two brands
of growth media: Medicult (N = 52) or Scandinavian Science IVF (ScandIVF; N = 17) and
supplemented with human serum albumin. The embryos were transferred into the mothers’
uterus on day two, when the embryos were at the two to six-cell stage. A total of sixty-six in
vitro fertilisation children provided blood samples.
The in vitro fertilisation children were asked to bring a friend (or a naturally conceived
sibling) to the clinic to make up the control group. To document that the controls were as
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well matched as possible, socio-economic status, post-codes, school decile, age, sex and
ethnicity were recorded. Diet for the preceding three days was also recorded for children in
both groups.

By recording these features it was hoped to limit the differences in

environmental stimuli that may alter human phenotype between the in vitro fertilisation and
the naturally conceived children by establishing whether they were from similar home
environments.

A total of sixty-nine control subjects (thirty-four girls, thirty-five boys)

provided blood samples.
During collection of the in vitro fertilisation cohort, an individual with Prader-Willi syndrome
was identified. Whilst not eligible for the in vitro fertilisation study, blood samples were
taken to look for epigenetic abnormalities in this case. Parental blood samples were obtained
for genetic analysis as well as samples from an in vitro fertilisation conceived sibling (who
was conceived using frozen embryo transfer and therefore was ineligible for this study). A
second sibling also conceived using in vitro fertilisation was included in the cohort.
2.1.1. Extraction of DNA from Peripheral Blood
Dr Harriet Miles performed all initial DNA extractions while I performed replicate DNA
extractions.

The following DNA extraction method was adapted from Jackie Ludgate

(personal communication).
2.1.1.1. Lysis of Cells
4 mL blood was mixed with 8 mL of 0.15 M ammonium chloride for 5-10 min in a 15 mL
plastic Falcon tube to lyse cells. After centrifuging for 10 min at 2000 rpm the supernatant
was discarded and a further 6 mL of ammonium chloride was added. The solution was then
centrifuged at 2000 rpm for a further 10 min and the supernatant discarded. The resulting
leukocyte pellet was washed with 4 mL 10 mM NaCl/10mM EDTA and cell clumps broken
up by repeated pipetting. This suspension was centrifuged for 10 min at 2000 rpm after
which excess NaCl/EDTA was removed and, if required, the pellet was frozen at -20°C.
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2.1.1.2. DNA Extraction
The leukocyte pellet was resuspended in 50 µL 10 mM NaCl/EDTA. 2.8 mL 6 M GuHCl
was added, followed by 200 µL 7.5 M ammonium acetate and mixed by pipetting until
dissolved. 40 µL 10 mg/mL proteinase K and 20% sodium sarcosyl was added and the
mixture was incubated overnight in a 37°C water bath. The mixture was then cooled to room
temperature, and after the addition of 1 mL ice-cold chloroform, vortexed and left to stand for
1 min. After centrifugation for 3 min at 2500 rpm, the upper layer was collected. Two times
the volume of ice-cold 96% ethanol was added and the tube inverted until precipitated DNA
was visible. The tube was centrifuged at 2500 rpm for 15 min and the supernatant discarded.
The remaining pellet was washed in 2 mL fresh 70% ethanol and centrifuged at 2500 rpm for
a further 5 min. The supernatant was discarded and the pellet left to dry by standing the tube
upside-down on a paper towel. The resulting DNA pellet was resuspended in 200 µL TE
buffer and transferred to a 1.5 mL eppendorf tube. If the DNA was still viscous a further 100200 µL of TE was added. The tube was washed with 50 µL TE buffer. The resulting DNA
was stored at 4°C.
Tris EDTA (TE) Buffer (pH 7.6) (Sambrook et al., 1989)
10 mM TrisCl (pH 7.6)
1 mM EDTA (pH 8.0)
2.1.1.3. Quantification of DNA
The concentration and the quality of the DNA was measured by applying 1.5 #L onto a
NanoDrop ND_1000 Spectrophotometer (NanoDrop Technologies).

48 Materials and Methods

2.2.

Polymerase Chain Reaction Conditions

2.2.1. Standard PCR Mixes
2.2.1.1. PCR Mix A
The following 25 #L standard mix was used for PCRs on genomic DNA unless specifically
stated:
10 x GeneAmp PCR Buffer II (ABI, Cat. #N808-0249)
MgCl2 (25 mM)
dNTPs (2.5 mmol/L)
Primer Forward (10 #M)
Primer Reverse (10 #M)
AmpliTaq Gold® DNA Polymerase (ABI, Cat. #N808-0249)
MilliQ H2O
DNA (10 ng/#L)
For a negative control MilliQ H2O was included in place of DNA.
!

2.50 #L
1.50 #L
1.25 #L
1.25 #L
1.25 #L
0.25 #L
16.00 #L
1.00 #L

2.2.1.2. PCR Mix B
The following 20 #L standard mix was used for PCRs on bisulfite-converted DNA unless
specifically stated:
10 x GeneAmp PCR Buffer II (ABI, Cat. #N808-0249)
MgCl2 (25 mM)
dNTPs (2.5 mmol/L)
Primer Forward (10 #M)
Primer Reverse (10 #M)
AmpliTaq Gold® DNA Polymerase (ABI, Cat. #N808-0249)
MilliQ H2O
Bisulfite DNA
For a negative control MilliQ H2O was included in place of DNA.
!

2.0 #L
1.6 #L
1.6 #L
1.0 #L
1.0 #L
0.2 #L
10.6 #L
2.0 #L

2.2.2. Optimisation of PCR
All PCRs were optimised for annealing temperature and magnesium chloride concentration.
5% DMSO was included in the reaction for some problematic PCRs. The optimal conditions
for each PCR are contained within the primer tables throughout this chapter.
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2.2.3. UV Irradiation Treatment of Bisulfite PCR
To minimise the risk of contamination of PCR products UV irradiation was used. It has
previously been shown that 5 min UV irradiation of a PCR master-mix greatly diminished
contamination (Sarkar and Sommer, 1990). All bisulfite PCRs were set up in a PCR hood
(with a UV lamp) and using dedicated pipettes. The hood, pipettes, filter tips, tubes and racks
were all irradiated with UV light for a minimum of 10 min before proceeding with PCR set
up. The master-mix containing all components except for template DNA was irradiated for 5
min, template DNA was added and PCR cycling commenced.
2.2.4. Standard PCR Cycling Conditions
The standard cycling conditions were performed on a PTC-200 Peltier Thermal Cycler (MJ
Research) as follows:
Enzyme Activation:
35* Cycles of:

95°C for 10 min
94°C for 30 sec
(Annealing Temperature)°C for 30 sec
72°C for 30 sec
Final Extension:
72°C for 6 min
* The number of cycles was increased to 40 for all bisulfite PCR reactions.
2.2.5. Visualisation of PCR Products
5 #L of PCR product was combined with an equal volume of xylene cyanol loading dye. A
2% agarose gel was prepared by combining 2% SeaKem® LE Agarose (Lonza, Cat. # 50004)
in 1 x TAE buffer containing ethidium bromide (10 mg/mL). 0.1 #g of 1 Kb Plus DNA
Ladder™ (Invitrogen, Cat. #10787-018) was loaded onto each gel. 8-16 well gels were run
for up to 30 min at 100V in 1 x TAE buffer containing ethidium bromide (10 mg/mL). 100well gels were run under the same conditions for 60 min. Products were visualised in the gels
under UV light and photographed using the BioRad GelDoc or the BioRad Molecular
Imager® FX.
Xylene Cyanol Loading Dye (Sambrook et al., 1989)
0.25% bromophenol blue
0.25% xylene cyanol FF
15% Ficoll in water
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Store at room temperature.
50 x Tris-acetate (TAE) Buffer (Sambrook et al., 1989)
242 g Tris base
57.1 mL glacial acetic acid
100 mL 0.5 M EDTA (pH 8.0)
Make up to 1 L using ddH2O.
Dilute 1:50 using ddH2O before use.

2.3.

Methylation-Sensitive Quantitative PCR (MSQ-PCR)

A technique referred to as methylation-sensitive quantitative polymerase chain reaction
(MSQ-PCR) was developed in the Cancer Genetics Laboratory as a means to rapidly assess
DNA methylation at a single CpG site (Fukuzawa et al., 2004). DNA is first digested with a
methylation-sensitive restriction enzyme. When digested DNA is compared to a “mock”
digest, reduction in template number by enzyme cleavage is reflected by a reciprocal increase
in the number of cycles required to reach a specified amount of PCR product.

For

quantitative PCR, the amount of PCR product is quantified by using fluorescent probes or
dyes that reflect the amount of double stranded DNA present. MSQ-PCR has been shown to
be accurate to within five percent (Oakes et al., 2006).
All primers and probes were designed using Primer Express software v2.0® (ABI, Cat.
#4330710). All primers used for MSQ-PCR were at a concentration of 20 mM.
Table 2.2. Primer Sequences for MSQ-PCR Assays.
Gene Target

Primer Name

H19 CpG1
H19 CpG1
H19 CpG15
H19 CpG15
KCNQ1OT1
KCNQ1OT1
SNRPN
SNRPN
IGF2
IGF2
Satellite 2
Satellite 2

H1933F2
H1933R2
H19_CpG15_F
H19_CpG15_R
DMR.F2
KvDMRR8
SNRPN.F2
SNRPN.R2
1078F
1078R
Sat2F
Sat2R

Primer
Number
2940
2941
3412
3413
2363
2973
2465
2466
2603
2604
3285
3286

Primer Sequence 5"# 3"
GGC CCT AGT GTG AAA CCC TTC TC
CAG GCG GTG AGA CCG AAG GA
TTC GCC CGT GGA AAC GT
GAT AAT GCC CGA CCT GAA GAT C
GAG GGC CCA CAG CAG TGT
CAG TTC TCT GCG TGA TGT GTT CA
ACT GAC CGC TCC TCA GAC AGA T
AGC GAG TCT GGC GCA GAG T
AAC AGG GCA GCC TGT CCA AC
CTG CCT AGA GCT CCC TCT TTC
CTC ATG AAA TTG AAA TGG ATG G
GTC CAT TCG ATG ATT CCA TCT
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Table 2.3. TaqMan Probe Sequences for MSQ-PCR Assays
Gene Target
H19 CpG1
H19 CpG15
KCNQ1OT1
SNRPN

Sequence (5´ FAM# 3" TAMRA)
AAT ACC CAT G TG CTA TGC AAG AGC CCC
CAC CCA AGC CAC GCG TCG C
CCG CTG TCC TCA CGC GGT CAC
CGG CCG CCG GAG ATG CCT

2.3.1. Methylation-Sensitive Digest of DNA for Analysis of Imprinted Genes
Stock solutions were made of sample DNA at 50 ng/µL in H2O. A 70 #L solution of each
DNA sample in restriction enzyme buffer was prepared:
DNA (50 ng/#L)
10 x SuRE/Cut Buffer L (Roche, Cat.# 11417975001)
MilliQ H2O

5.2 #L
7.0 #L
57.8 #L

32 µL of this solution was aliquoted into each of two 0.2 mL tubes. To one tube 1 µL of
50% glycerol was added (mock digest). To the other tube 1 µL (10 units) HpaII (Roche, Cat.
#10656330001) was added. Both samples were incubated for 3-16 h at 37°C followed by
storage at 4°C.
2.3.2. Methylation-Sensitive Digest of DNA for Analysis of Satellite 2
Stock solutions were made up of sample DNA at 5 ng/µL in H2O. For each sample, two of
the following were set up in 0.2 mL tubes:
DNA (5 ng/#L)
10 x NEBuffer 4 (NEB, Cat. #R0519)
MilliQ H2O

2.0 #L
3.0 #L
24.5 #L

To one tube 0.5 µL BstBI (NEB, Cat. #R0519) was added and to the other 0.5 #L
50% glycerol was added (mock digest). The samples were then incubated at 65°C for 16 h
followed by storage at 4°C.
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2.3.3. Quantitative PCR of Digested and Mock-Digested DNA
Each MSQ-PCR reaction was set up as shown below. All dispensing of DNA and PCR
master mix was performed using the CAS-1200™ automated PCR setup robot (Corbett
Robotics). Each PCR was performed in triplicate, resulting in a total of six reactions per
sample.
2.3.4. Standard MSQ-PCR Mix
A 20 #L MSQ-PCR reaction was set up as follows:
2 x Absolute™ QPCR Mix (ABgene, Cat.#AB-1132)
Forward Primer (20 #M)
Reverse Primer (20 #M)
TaqMan Probe (10 #M)
Digested/Mock DNA

10.0 #L
0.6 #L
0.6 #L
0.4 #L
8.4 #L

The following amendments were made to some of the reactions: for KCNQ1OT1 the TaqMan
Probe volume was increased to 0.5 #L; in SNRPN 10 #M forward primer was used; for IGF2
the TaqMan probe was substituted with 0.3 #L 10 x SYBR Green I (Invitrogen, Cat. #S7563)
and 0.2 #L MilliQ H2O; for Satellite 2, 10 #L Platinum qPCR Supermix UDG with Rox
(Invitrogen, Cat. #11743-500) was used in place of the ABgene Rox Mix and 0.3 #L
10 x SYBR Green I (Invitrogen, Cat. #S7563) with 0.2 #L MilliQ H2O in place of a TaqMan
probe.
DNA standards were included in each MSQ-PCR run. For imprinted genes, the standards
comprised of 200 ng, 100 ng, 50 ng and 25 ng of DNA with 1 x SuRE/Cut Buffer L. For
Satellite 2, the standards comprised of 6.25 ng, 3.1 ng, 1.5 ng and 0.75 ng DNA in 8.3 #L
with 1 x NEBuffer 4.
MSQ-PCR was performed on an ABI PRISM® 7900HT (Applied Biosystems) instrument on
a 384-well block. The SDS 2.1 software (Applied Biosystems) was used to create an absolute
quantification program that cycled through the following:
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Enzyme Activation:
40 Cycles of:

95°C for 15 min
95°C for 15 sec
60°C for 60 sec

If SYBR Green was used as the detector, a dissociation stage was added to the end of the
MSQ-PCR run to examine primer specificity. The production of a dissociation curve allows
the examination of the melting point (Tm) of the resulting DNA.

The fluorescence is

measured and a immediate decrease is observed once Tm is reached as at this point the DNA
becomes single-stranded. Using this it is possible to examine whether primer-dimer or nonspecific PCR products are formed during the Q-PCR. The dissociation stage comprised of the
following:
Denaturation:
Annealing:
Denaturation:

95°C for 15 sec
60°C for 15 sec
95°C for 15 sec

2.3.5. Calculation of Percentage of Methylation
The default parameters were used for the threshold and threshold cycle (Ct) on the ABI
PRISM® 7900HT (Applied Biosystems) instrument. The threshold of the real-time PCR
reaction is the level of signal that is statistically significant from the baseline measurements
(which are taken at cycles 3-15 of the real-time reaction). The threshold value was set within
the exponential increase in fluorescence (Heid et al., 1996). The default threshold setting was
0.2 for all MSQ-PCR runs.
The threshold cycle (Ct) is the cycle at which the fluorescent signal of the PCR reaction
crosses the threshold. The Ct is inversely related to the amount of starting template – the
greater the amount of template the more quickly the Ct will be reached. Therefore the Ct can
be used to calculate the DNA copy number as the amount of product doubles after each cycle.
2.3.5.1. Imprinted Genes
The mean and standard deviations of the Ct values were calculated for the triplicate reactions.
Combined standard deviations were calculated for each sample by squaring standard
deviations for the “mock” and the digested Ct values, adding them and taking the square root
of the resulting number. If the combined standard deviation of both the digested and the
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“mock” digested DNA for a sample was greater than 0.2, the outlying Ct value was discarded
or the sample was repeated. The DNA standards of known concentration were used to
generate a standard curve by taking the log of the amount of DNA and plotting it against the
Ct value. The slope of the line was calculated and a run discarded if the slope was outside of
the range of -1.1 to -0.9. The intercept of the graph was also calculated. The percentage of
methylation was determined as shown (Equation 2.1).

Log2 [DNA] = (Mean Ct – Intercept)
Slope
Concentration of Amplifiable DNA = 2[DNA]
Proportion of Methylated DNA = Concentration of Amplifiable DNADigested
Concentration of Amplifiable DNA “Mock Digest”
Equation 2.1. The equation used to calculate methylation from the MSQ-PCR reaction for
imprinted genes.

The MSQ-PCR was performed twice on each sample and the mean used in the final data. The
percentage methylation was plotted as dot plots and the mean, standard error of the mean and
unpaired t-tests with 95% confidence intervals were calculated using Prism (GraphPad, 2005).
2.3.5.2. Satellite 2 DNA
The mean Ct value and standard deviations of the triplicates were calculated. Combined
standard deviations were calculated for each sample by squaring standard deviations for the
“mock” and the digested Ct values, adding them and taking the square root of the resulting
number. If the combined standard deviation of both the digested and the “mock” digested
DNA for a sample was greater than 0.2, the outlying Ct value was discarded or the sample
was repeated.

!Ct = Mean Ct “Mock” Digest – Mean Ct BstBI digested
Proportion of Methylated DNA = 2!Ct
Equation 2.2. The equation used to calculate methylation from the MSQPCR reaction for Satellite 2.
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The change in Ct (!Ct) was calculated by subtracting the mean Ct value for digest DNA from
the mean Ct value for “mock” digest DNA (Equation 2.2). The reverse log of the !Ct was
then used to calculate the proportion of methylated DNA. The percentage methylation was
plotted as dot plots and the mean, standard error of the mean and unpaired t-tests calculated
using Prism (GraphPad, 2005).
2.3.6. Identification of Outliers
All methylation data was combined for each gene in order to identify the threshold values for
outlying individuals. At each gene the upper and lower quartile values were calculated using
Microsoft Excel. The interquartile range (IQR) was calculated by subtracting the lower
quartile from the upper quartile. The outlier thresholds were calculated as shown (Equation
2.3). Individuals above or below these threshold values were identified as outliers.

Lower Outlier Threshold = Lower Quartile – (Interquartile Range ! 1.5)
Upper Outlier Threshold = Upper Quartile + (Interquartile Range ! 1.5)
Equation 2.3. The calculation of outlier thresholds to identify aberrant methylation
from the MSQ-PCR results.

2.4.

Bisulfite Sequencing

Bisulfite sequencing is based on the selective deamination of cytosine but not 5methylcytosine by sodium bisulfite. As a consequence unmethylated cytosines are converted
to uracils (Frommer et al., 1992).

Regions of interest can be amplified using PCR of

bisulfite-converted DNA. After PCR, the uracil bases will be present as thymine bases.
These differences can be visualised by sequencing the PCR product, thereby characterising
DNA methylation at all CpG sites within an amplimer of up to 500 bp. To identify allelespecific methylation, the PCR products can be cloned before sequencing. This is especially
useful for imprinted genes as the genotype of each sequence can be compared with
methylation to identify changes to individual alleles. The bisulfite sequencing method is
shown (Figure 2.1).
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Figure 2.1. Outline of the bisulfite sequencing protocol. Template DNA is treated with sodium
bisulfite, which deaminates unmethylated cytosines to uracils. This results in non-complementary
DNA strands. The region of interest is amplified using PCR. During amplification uracil bases are
replaced by thymine bases. The PCR product is then integrated into a vector and transformed into
competent E.coli cells. Plasmid DNA is extracted from E.coli colonies grown on selective media.
Each E.coli colony will contain clonal copies of one region of interest, which is sequenced directly
from plasmid DNA.

2.4.1. Genotyping for Informative Individuals
Individuals with aberrant methylation at H19, KCNQ1OT1 or SNRPN as determined by MSQPCR were selected as candidates for bisulfite sequencing. To detect aberrant imprinting the
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parent alleles must be distinguishable; therefore only individuals that were informative for
SNPs were selected for bisulfite sequencing. Genotyping was performed using sequencing
for H19 and SNRPN and by using a restriction fragment length polymorphism (RFLP) assay
for KCNQ1OT1.
2.4.2. Genotyping Using Sequencing
Frevel had previously designed primers for genotyping at H19 (Frevel, Mathias A. E., 1999).
A PCR using primers 995 and 996 was set up and performed using the previously established
conditions (Frevel, Mathias A. E., 1999). The SNPs within this region were: rs10732516,
rs2071094, rs2107425, rs4930098 and rs11042167.
Table 2.4. Primer Sequences for H19 Genotyping.
Primer Name

Primer Number

H19R15
H19F15

996
995

Primer Sequence
GGG GAT CTC GGC CCT AGT GTG AAA
GGG ATT TGG GGG CTG TCC TTA GAC

New primers were designed for rs220029 within the SNRPN MSQ-PCR amplimer using
Primer3 (Rozen and Skaletsky, 2000).
Table 2.5. Primer Sequences for SNRPN Genotyping.
Primer Name

Primer Number

rs220029_F1
rs220029_R1

3620
3621

Primer Sequence
CAC AAC AGC AAG CCT CTG AA
CTG ACG CAT CTG TCT GAG GA

Annealing
Temperature
62°C

The SNRPN genotyping PCR was set up using PCR Mix A and using the standard cycling
conditions (Section 2.2).
2.4.2.1. Purification of PCR Products for Sequencing
After visualising the products in an agarose gel, the remaining PCR product was purified
using the PureLink™ PCR Purification Kit (Invitrogen, Cat. #K3100-01) following the
manufacturer’s protocol. Briefly, 4 volumes of PureLink™ Binding Buffer was added to the
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PCR product and mixed well. The sample was then added to a PureLink™ Spin Column and
centrifuged at 13200 rpm for 1 min. The flow-through was discarded and 650 #L Wash
Buffer added to the column followed by centrifugation at 13200 rpm for 1 min. The flowthrough was discarded and the sample spun for a further 1 min at 13200 rpm. 50 #L Elution
Buffer was placed on the column and incubated for 1 min at room temperature followed by
centrifugation at 13200 rpm for 2 min. The quantity of DNA was measured on a NanoDrop
ND_1000 Spectrophotometer (NanoDrop Technologies) and samples diluted to 1 ng/#L for
subsequent sequencing. Remaining purified PCR product was stored at -20°C.
2.4.2.2. Sequencing Reaction
The sequencing reaction was performed using the forward and the reverse primer for each
amplimer (Tables 2.4 and 2.5). The sequencing reaction was carried out using components
from the ABI PRISM BigDye Terminator v3.1 Cycle Sequencing Ready Reaction Kit with
!

!

AmpliTaq DNA Polymerase, FS (ABI, Cat. #4337455) as follows:
!

Big Dye v3.1 Terminator Mix
5 x Sequencing Buffer
Purified PCR Product
Primer (1 pmol/#L)
MilliQ H2O

1.0 #L
0.8 #L
2.0 #L
2.0 #L
4.2 #L

The sequencing reaction was performed in a GeneAmp® PCR System 9700 Thermal Cycler
(ABI) as follows:
Denaturation:
25 Cycles:

96°C for 1 min
96°C for 30 sec
50°C for 15 sec
60°C for 4 min

The reaction was then purified using an ethanol/sodium acetate precipitation. For each
reaction 31.25 #L 95% Ethanol, 1.5 #L 3M NaOAc (pH 4.6) and 7.25 #L MilliQ H2O was
added and incubated for 30 min in the dark at room temperature. The tubes were then spun in
an Eppendorf 5810R centrifuge at 3250 rpm for 45 min. The supernatant was removed by
spinning the tubes upside down on a paper towel at 500 rpm for 1 min. 150 #L fresh 70%
ethanol was added to each reaction and the mixture spun for 10 min at 3250 rpm. The
supernatant was removed as above and the samples air-dried overnight in the dark.
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The samples were then couriered to the Alan Wilson Centre for Molecular Ecology and
Evolution (Massey University, Palmerston North) and sequenced on the ABI PRISM® 3730
Genetic Analyser (Applied Biosystems). Alternatively 10 #L of Hi-Di™ Formamide (ABI,
Cat. #4311320) was added to each tube and vortexed thoroughly to redissolve the reaction.
The sequencing was then performed immediately on the ABI PRISM® 3100 Genetic Analyser
(Applied Biosystems) located at AgResearch Molecular Biology Unit, Department of
Biochemistry, University of Otago.
2.4.2.3. Sequence Analysis
The chromatograms were examined and SNPs genotyped using 4Peaks (Griekspoor and
Groothuis, 2005).
2.4.3. Genotyping Using a Restriction Fragment Length Polymorphism (RFLP) Assay
Individuals with aberrant methylation at KCNQ1OT1 as determined by MSQ-PCR were
selected for genotyping. Primers were designed around the SNP rs11023840 using SNP
Cutter (Zhang et al., 2005).
Table 2.6. Primer Sequences for KCNQ1OT1 Restriction Fragment Length Polymorphism Genotyping.
Primer Name
rs11023840_F1
rs11023840_R1

Primer Number
3616
3617

Primer Sequence
GAG GGC CCA CAG CAG TGT C
AAA GTG ATG TGC CGT GTC CTG T

Annealing Temp.
62°C

The PCR was set up using PCR Mix A (Section 2.2.1.1), however only 1 #L MgCl2 (1.0 mM)
was used per reaction. The standard cycling conditions were used (Section 2.2.4).
A restriction digest was then set up for each individual as follows:
KCNQ1OT1 PCR Product
10 x Buffer A (Roche, Cat. #10239275001)
MilliQ H2O
Either:
AluI (10 U/#L)
Or:
50% Glycerol

5 #L
2 #L
13 #L
1 #L
1 #L
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The digest and “mock” digest were then incubated at 37°C overnight. The resulting product
was run on a 2% Agarose gel at 100 V for 20 min. AluI cut the 309 bp PCR product into a
96 bp and a 213 bp fragment if an allele had a thymine at rs11023840. The PCR product
remained uncut if an allele had a cytosine. Heterozygous individuals were selected for
bisulfite sequencing.
2.4.4. Bisulfite Conversion Methods
2.4.4.1. The Naked DNA Method
The following protocol was adapted by Rob Weeks (Cancer Genetics Laboratory) from
several previously published methods (Clark et al., 1994; Frommer et al., 1992; Grunau et al.,
2001; Warnecke et al., 2002).
A 100 #L restriction digest of 2.5 #g genomic DNA was set up using 5 #L PstI (NEB, Cat.#
R0140) and 10 #L 10 x NEBuffer 3 (NEB, Cat.# R0140) followed by incubation at 37°C for
16 h. The sample was then heated at 99°C for 5 min followed by the addition of 5 #L 6.3 M
NaOH and incubated at 50°C for 15 min. 1 mL 5 M bisulfite solution was added and the
sample evenly divided in to 200 #L PCR tubes. The following cycle was repeated for 16 h in
a thermocycler: 95°C for 5 min, 55°C for 90 min. The DNA was then cleaned using the
Wizard® DNA Clean-Up System (Promega, Cat.#A7280) following the manufacturers
protocol. The DNA was eluted twice in 30 #L TE buffer. The samples were then made to an
equal volume of 120 #L using TE buffer, 6 #L 6.3 M NaOH was added and the samples
incubated for 5 min at room temperature. 5 #L glycogen (Roche, Cat. #901393), 60 #L 10 M
NH4OAc and 588 #L 96% ethanol were added and incubated at -20°C overnight to precipitate
the DNA. The samples were centrifuged at 13000 rpm for 30 min and the supernatant
discarded. The pellet was washed with 500 #L 70% ethanol and centrifuged for a further
5 min at 13200 rpm. The supernatant was discarded and the pellet left to dry. The DNA was
resuspended in 50 #L TE and stored at 4°C.
5 M Bisulfite Solution
9.5 g Na2S2O6
3.7 mL 2 M NaOH
2.5 mL 1 M Hydroxyquinone
H2O to 20 mL
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2.4.4.2. The Agarose Bead Method
Rob Weeks (Cancer Genetics Laboratory) developed the following protocol based on Olek’s
protocol (Olek et al., 1996), to minimise DNA degradation and incomplete conversion. The
restriction digest of DNA was set up as per the naked DNA method. The digested sample was
heated at 99°C for 5 min followed by the addition of 5 #L 6.3 M NaOH and incubated at
50°C for 15 min. An equal volume of melted 3.2% NuSieve® GTG® Agarose (Lonza, Cat.
#50080) was added to the sample. 10 mL of mineral oil (Sigma, Cat. #M5904) was added to
a 15 mL Falcon tube on ice. The agarose/DNA mixture was added to the ice-cold mineral oil
in ~10 #L droplets. The beads were then allowed to cool on ice for 30 min. All but ~2 mL of
mineral oil was removed from the tubes and 2 mL of 5 M bisulfite solution was added to the
beads. The beads were incubated at 55°C with gentle inversion once after 1 h of incubation,
followed by incubation at 55°C for 16 h in the dark. The bisulfite solution was removed and
2 mL TE buffer added to the beads and left to wash for 15 min. This wash step was repeated
a further five times. The beads were washed twice in 5 mL of 0.2 M NaOH for 15 min at
37°C. 1 mL of 1 M HCl was mixed gently with the final NaOH wash mixture to neutralise
the solution. The beads were washed once for 15 min in 1 mL TE buffer and twice for 15 min
in 1 mL H2O. All liquid was removed and the beads stored at 4°C for a maximum of two
weeks. A single bead was used for each PCR reaction.
2.4.4.3. The MethylEasy™ DNA Bisulfite Modification Kit
The commercially available MethylEasy™ DNA Bisulfite Modification Kit (Human Genetic
Signatures, Cat #ME001) was trialled to minimise DNA loss and speed up the bisulfite
conversion process. The kit was originally tested with 25 ng, 50 ng, 1 #g or 2 #g of starting
genomic DNA in a 20 #L reaction. After optimisation 25 ng was used for all conversions.
The following protocol was used for bisulfite conversions, based on the MethylEasy™
Method A. 2.2 #L 3 M NaOH solution was added to 25 ng DNA in a volume of 20 #L,
mixed well and incubated for 15 min at 37°C. 208 #L Reagent #1 was mixed with 0.08 g
Reagent #2 and was added to the DNA/NaOH solution. 200 #L mineral oil (Sigma, Cat.
#M5904) was overlaid on the tubes and the sample incubated at 37°C for 5 h. The sample
was removed from underneath the mineral oil and added to 2 #L of glycogen (Roche, Cat.
#901393) in a new tube. 800 #L Reagent #4 was added and mixed well by pipetting at least
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15 times. 1 mL 100% isopropanol was slowly added to the tube and vortexed. The sample
was incubated at 4°C for 1 h followed by centrifugation at 4°C for 20 min at 13200 rpm. The
supernatant was removed and 0.5 mL fresh 70% ethanol was added to the pellet. The sample
was centrifuged at 4°C for 12 min at 13200 rpm. The ethanol was removed and the pellet left
to air-dry at room temperature for at least 15 min. This pellet was resuspended in 20 #L
Reagent #3. Finally, the sample was incubated at 95°C for 30 min. Converted DNA was
stored at -20°C.
2.4.4.4. The EZ DNA Methylation-Gold™ Kit
A second commercially available bisulfite conversion kit was also used, the Zymo EZ DNA
Methylation-Gold kit (Zymo Research, Cat. #D5005). This kit was originally tested with
25 ng, 50 ng, 250 ng, 500 ng, 1 #g or 2 #g of starting genomic DNA in a 20 #L reaction and
250-500 ng was used for all future sample conversions.
The conversions were performed using the manufacturers protocol as follows. The CT
Conversion Reagent was prepared by adding 900 #L H2O, 300 #L M-Dilution Buffer and
50 #L M-Dissolving Buffer and vortexing intermittently for 10 min.
Conversion Reagent was enough to convert 10 samples.

Each tube of CT

In a PCR tube 130 #L CT

Conversion Reagent was added to 250-500 ng DNA in 20 #L H2O. The solution was then
incubated as follows using a PCR thermal cycler:
Denaturation:
Conversion:
Hold:

98°C for 10 min
64°C for 2.5 h
4°C for up to 20 h

600 #L M-Binding Buffer was added to a Zymo-Spin™ IC Column. The sample was added
to the column containing buffer and mixed by inversion. The sample was centrifuged at
13200 rpm for 30 sec and the flow-through discarded. 100 #L M-Wash Buffer was added to
the column and centrifuged at 13200 rpm for 30 sec. 200 #L Desulphonation Buffer was
added to the column, incubated for 20 min at room temperature and then centrifuged at
13200 rpm for 30 sec. 200 #L M-Wash Buffer was added to the sample, centrifuged at
13200 rpm for 30 sec and the flow-through discarded. A further 200 #L M-Wash Buffer was
added to the column and centrifuged for another 30 sec at 13200 rpm. The column was
transferred to a clean 1.5 mL tube, 10 #L M-Elution Buffer was added and left to stand at

Materials and Methods 63

room temperature for 2 min. The sample was centrifuged at 13200 rpm for 1 min to elute the
DNA. Bisulfite DNA was stored at -20°C for up to one month.
2.4.5. PCR Amplification of Bisulfite-Converted DNA
2.4.5.1. Bisulfite Primer Design
Primers were designed using the online tool MethPrimer (Li and Dahiya, 2002) and primers
3706 and 3707 were designed unaided. Frevel had previously designed primers 1091-1099
(Frevel, 1999c). All primers were checked for sequence specificity using the online tool
methBLAST (Pattyn et al., 2006).
2.4.5.2. H19 Nested PCR
Initial bisulfite PCRs using H19 were performed using primers for a nested PCR as
previously published (Table 2.7; Frevel et al., 1999b). The first 30 cycles of PCR were
performed with the outer primers (1099 and 1093) and the second 30 cycles performed with
the inner primers (1096 and 1091).

Table 2.7. H19 Nested PCR Primer Sequences for Bisulfite-Converted DNA.
Primer Sequence

Annealing
Temperature

Primer Name

Primer Number

H198771r

1099

H196978f

1093

H197877F

1096

GTA GGG TTT TTG GTA GGT ATA GAG

50°C

H198380r

1091

CAC TAA AAA AAC AAT TAT CAA TTC

50°C

CCA AAC ATT ATA AAA AAA ACT AAC
ACA AAA TCC
GAG ATG AGA GGA GAT ATT TGG GGG
ATA GTG AAG

50°C
50°C

2.4.5.3. PCR Amplification of H19, KCNQ1OT1 and SNRPN
The primers and conditions used for bisulfite PCRs are shown (Table 2.8). PCRs were set up
using PCR Mix B and 40 cycles (Section 2.2).
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Table 2.8. Primer Sequences for PCR of H19, KCNQ1OT1 and SNRPN Using Bisulfite-Converted DNA.
Primer Name

Primer
Number

H19bis7878F

3473

H19bis8193R

3474

KvDMR1bisrev_F2

3646

KvDMR1bisrev_R2

3647

KvDMR1bisrev_STOP_F

3648

KvDMR1bisrev_STOP_R

3649

KvDMR1bisrev_F1

3614

KvDMR1bisrev_R1

3615

KvDMR1bis_F5

3706

KvDMR1bis_R5

3707

SNRPNbisrev_F1

3618

SNRPNbisrev_R1

3619

Primer Sequence

Annealing
Temp.

25mM
MgCl2
(!L)

59°C

1.6

56°C

1.2

59°C

2.0

59°C

1.6

51°C

1.6

59°C

2.0

ATA TGG GTA TTT TTG GAG GTT T
ACT TAA ATC CCA AAC CAT AAC A
TAT GAG GTA TTG GTT GGG TGT
GAG
AAA TCC CAA ATC CTC AAA AAT
AAA C
TAA GTA TGA GGT ATT GGT TGG
GTG TGA G
TAA AAC AAT AAA AAC TTC AAA
ACA TCC C
GTA TGA GGT ATT GGT TGG GTG
TGA G
AAC AAT AAA AAC TTC AAA ACA
TCC C
GTT TGG AYG TTT ATA GGT TTT
TAT AT
AAT ATA CCR TAT CCT ATC ATT
AAC C
TTG TAA TAG TGT TGT GGG GTT T
CAC AAC AAC AAA CCT CTA AAC A

To remove any primer-dimer the PCR product was cleaned using the DNA Clean &
Concentrator™-5 kit (Zymo Research, Cat. #D4003). 5 volumes of DNA Binding Buffer was
added to the PCR product and transferred to a Zymo-Spin™ Column. The sample was then
centrifuged for 30 sec at 13200 rpm and the flow-through discarded. 200 #L Wash Buffer
was added to the column and centrifuged for 30 sec at 13200 rpm. This was repeated once.
Finally, the PCR product was eluted from the column by adding 6 #L H2O, incubating for
2 min at room temperature and centrifuging at 13200 rpm for 1 min.

DNA was used

immediately for cloning or stored at -20°C.
2.4.5.4. Checking for PCR Bias
Bias was often observed in the ratio of methylated:unmethylated alleles after bisulfite
sequencing. A PCR bias of up to thirty-fold has previously been described (Warnecke et al.,
1997). Therefore an assay was designed to examine the PCR products prior to cloning. As
the GC content of an amplimer increases, so too does the annealing temperature. In bisulfiteconverted DNA, the methylated allele has more cytosines than the unmethylated allele and
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therefore the methylated allele has a higher melting point (Guldberg et al., 1998). The assay
used here was designed for use on the ABI PRISM® 7900HT (Applied Biosystems), but a
similar method has been published using a LightCycler (Worm et al., 2001). The assay was
set up as follows:
PCR Product
10 x SYBR Green I (Invitrogen, Cat.#S7563)
ROX Reference Dye (Invitrogen, Cat. #12223-012)
MilliQ H2O

5.00 #L
0.15 #L
0.20 #L
4.65 #L

The reaction was then cycled through the following conditions:
Stage 1:
Stage 2 (x2 cycles):
Stage 3:

50°C for 30 sec
60°C for 15 sec
60°C for 10 sec
95°C for 15 sec
60°C for 15 sec
95°C for 15 sec

Due to the requirements of the ABI PRISM® 7900HT SDS 2.0 software, stage two comprised
of two identical temperature steps. Dissociation curves were then visually checked using the
SDS 2.0 software. The presence of both methylated and unmethylated alleles were reflected
by two dissociation curves. One curve indicated preferential amplification of either the
methylated or the unmethylated allele.
2.4.6. Cloning of Bisulfite-Converted DNA PCR Products
2.4.6.1.

Cloning With the TOPO TA Cloning® Kit Using One Shot® Phage-Resistant

Competent Cells
Cloning of the PCR products was performed using the TOPO TA Cloning® Kit for
Sequencing using either One Shot® TOP10, DH5$™-T1R, Mach1™-T1R or OmniMAX™
(KCNQ1OT1 only) Competent Cells (Invitrogen, Cat.# K4575-01, Cat. #K4595-01, Cat.
#C8620-03 or Cat. #C8540-03). 2.0 #L purified PCR product (or H2O for the no DNA
control) was added to 0.5 #L Salt Solution and 0.5 #L TOPO®, mixed gently and incubated at
room temperature for 5 min. The reaction was then placed on ice. 2.0 #L of the PCR
product/vector mix was added to 25 #L competent cells, mixed gently and incubated on ice

66 Materials and Methods

for 30 min. The cells were then heat-shocked at 42°C for 30 sec using an Eppendorf®
Thermomixer Comfort (Sigma, Cat. #T3317) and immediately transferred to ice for 2 min.
125 #L room temperature S.O.C medium was added and the cells incubated at 37°C for
1 hour with shaking horizontally at 300 rpm in the Eppendorf® Thermomixer. Pre-warmed
(37°C) LB plates containing 100 #g/mL Ampicillin (initially) or 100 #g/mL Kanamycin
(more recent experiments) were used for spreading. The One Shot® OmniMAX™ 2 T1
Phage-Resistant transformed cells were spread on kanamycin plates also containing
200 #g/mL IPTG. The transformed cells were spread on two plates, 90 #L on one and 45 #L
on the other. The plates were then incubated at 37°C overnight.
Luria-Bertani (LB) Medium and Agar (Sambrook et al., 1989)
Tryptone
10 g
Yeast Extract
5g
NaCl
10 g
Agar (optional)
15 g
MilliQ H2O to 1 L
The LB agar was then autoclaved and cooled to approximately 55 °C before adding the
appropriate antibiotics. Agar was poured into Petri dishes (20 mL per dish) and left to set
overnight followed by storage at 4 °C for up to 2 weeks. Autoclaved LB broth was stored at
room temperature and antibiotics were only added immediately before use.
100 mg/mL Ampicillin
1 g Ampicillin Sodium Salt (Sigma, Cat. #A2804-50MG)
10 mL 50% methanol
Ampicillin was aliquoted in to 500 #L amounts and stored at -20°C. Each aliquot was used
once before being discarded.
50 mg/mL Kanamycin
0.5 g Kanamycin (Sigma, Cat. #K1637)
10 mL MilliQ H2O
Aliquoted into 500 #L amounts and stored at -20°C. Each aliquot was used once before being
discarded.
100 mmol/L IPTG
0.238 g IPTG
Make to 10 mL with H2O
40 #L was spread on each plate 1 h prior to use.

Materials and Methods 67

2.4.6.2. Screening Colonies for Inserts
Screening PCRs using the primer sequences from the TOPO TA Cloning® Kit for Sequencing
(Table 2.9) were then set up to determine whether the clones contained the desired inserts.
Table 2.9. M13 Primer Sequences for PCR-Screening of Clones.
Primer Name
M13forwardTOPO
M13reverseTOPO

Primer
Number
2924
2925

Primer Sequence

Annealing
Temperature

GTA AAA CGA CGG CCA G
CAG GAA ACA GCT ATG AC

55°C

A PCR was set up for each colony as follows:
10 x GeneAmp PCR Buffer II (ABI, Cat. #N808-0249)
MgCl2 (25mM)
dNTPs (2.5 mmol/L)
M13 Forward (10 #M)
M13 Reverse (10 #M)
AmpliTaq Gold® DNA Polymerase (ABI, Cat. #N808-0249)
MilliQ H2O
!

2.0 #L
1.2 #L
1.0 #L
1.0 #L
1.0 #L
0.2 #L
13.6 #L

Desired colonies were picked from the cloning plate using a p200 pipette and tip, streaked on
to a new agar plate divided into a grid of 100 spaces and then mixed into the PCR reaction.
The PCR was then performed using the standard 35-cycle protocol (Section 2.2.4). 10 #L of
PCR product was visualised in an agarose gel.
2.4.6.3. Liquid Culture of Colonies
If the colony contained the insert of interest it was selected for liquid culture. 600 #L LB
broths containing 100 #g/mL Ampicillin or 50 #g/mL Kanamycin were set up for use with
downstream plasmid preparation. The liquid culture was set up and colonies of interest added
by using a p200 pipette and tip and picking the colony from the numbered 100-grid plate.
The TOP10, DH5$™-T1R and OmniMAX™ cultures were incubated overnight at 37°C with
300 rpm horizontal shaking. The Mach1™-T1R cultures were incubated under the same
conditions for 4 h.
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2.4.6.4. Extraction of Plasmid DNA
The extraction of plasmid DNA from culture was performed using the Zyppy™ Plasmid
Miniprep Kit (Zymo Research, Cat. #D4020) as follows: 100 #L 7 x Lysis Buffer was added
to 600 #L liquid culture and inverted 6 times to mix. 350 #L cold Neutralisation Buffer was
added and the tube inverted until the solution was completely yellow. The sample was
centrifuged at 13200 rpm for 4 min and the supernatant transferred in to a Zymo-Spin™ II
column.

The column was centrifuged for 15 sec at 13200 rpm and the flow-through

discarded. 200 #L of Endo-Wash Buffer was added to the column and centrifuged for 15 sec
at 13200 rpm. 400 #L Zyppy™ Wash Buffer was added to the column and centrifuged for 30
sec at 13200 rpm. 30 #L Zyppy™ Elution Buffer was added directly to the column, left at
room temperature for 5 min and eluted in to a clean 1.5 mL tube by centrifugation for 1 min at
13200 rpm. The DNA quality and quantity was then measured using a NanoDrop ND_1000
Spectrophotometer (NanoDrop Technologies). Purified plasmid DNA was then stored at 4°C.
2.4.6.5. Combined Bisulfite and Restriction Assay of KCNQ1OT1 Clones
A combined bisulfite and restriction assay (CoBRA) was designed for KCNQ1OT1 to analyse
the clones before sequencing to determine the degree of methylation of the insert (Xiong and
Laird, 1997). After PCR, 10 #L of the M13 PCR product was digested in 20 #L containing 2
#L 10 x NEBuffer 3 and 1 #L AciI (NEB, Cat. # R0551S). The digest was incubated at 37°C
for 3-16 h. AciI cleaves DNA at CCGC sites, so only the methylated allele should be cleaved.
10 #L of the resulting product was run on an agarose gel.
2.4.7. Sequencing of Cloned Bisulfite Products
Sequencing reactions were performed as explained previously (Section 2.4.2.2).
Approximately 100 ng of plasmid DNA was used for each sequencing reaction. The M13
reverse primer (2925) was used for each sequencing reaction.
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2.4.8. Analysis of Bisulfite Sequencing Results
During the course of this project several different programs were trialled to analyse the
bisulfite sequencing results. All sequence files were originally edited using 4Peaks to identify
the M13 primer sequences and to remove the plasmid sequence (Griekspoor and Groothuis,
2005).
The BiQ Analyzer program was used for initial analyses (Bock et al., 2005). Edited bisulfite
conversion sequences were converted to FASTA format files and opened in the BiQ
Analyzer. This program discarded sequences that contained less than 90% conversion rate
and also discarded sequences that were predicted to be duplicates based on the location of
unconverted cytosines. Unfortunately this function often meant sample size was diminished,
so each analysis was done both with and without removal of duplicate sequences.
The online analysis program MethTools was used for the majority of bisulfite sequence
analyses (Grunau et al., 2000). For MethTools to be used, the sequences of interest all had to
be full length compared to the reference genomic DNA sequence. To achieve this the
sequences edited using 4Peaks were aligned against the genomic DNA sequence using the
MacVector® program. The sequence gaps and ambiguities were then edited using 4Peaks.
The sequences were saved as a single FASTA format file that also contained the genomic
DNA sequence and uploaded on to the MethTools website for processing using the default
settings (Grunau, 2000). The bisulfite sequence diagrams for methylation levels at each CpG
site were used as a template to create figures to display bisulfite sequencing results.

2.5.

Microsatellite Analysis

Microsatellites were examined to determine whether there was loss of heterozygosity (i.e.
uniparental disomy or deletion) in the Prader-Willi syndrome individual. Parental blood
samples were collected by Dr Harriet Miles in Auckland and sent to Dunedin for DNA
extraction. DNA extraction was performed as explained previously (Section 2.1.1).
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2.5.1. Primer design
Tetranucleotide markers were identified using the University of California, Santa Cruz
(UCSC) Genome Browser (Kent et al., 2002). The heterozygosity was determined using
Invitrogen MapPairs and the most heterogeneous markers in this region were selected for
microsatellite investigation (Invitrogen, 2005). Primer sequences for microsatellite markers
were provided from the UCSC Genome Browser database, except for the Tyrosine
Hydroxylase primers that were already available in our laboratory (Morison, Ian M., 1996).
The primer sequences are shown (Table 2.10).
Table 2.10. Primer Sequences for Microsatellite Analysis.
Primer
Name

Primer
Number

D15S817.F

2996

D15S817.R

2997

D15S128.F

2998

D15S128.R

2999

D15S1021.F

3000

D15S1021.R

3001

D15S818.F

3279

D15S818.R

3280

D15S230.F

3281

D15S230.R

3282

D11S1977.F

3225

D11S1977.R

3226

D11S1981.F

3223

D11S1981.R

3224

TH.R

221

TH.F

222

Sequence
GCA CCA ATA GGC TAG
ACA CG
AGC TTT ACA TGG CAT
GTG GT
GCT GTG TGT AAG TGT
GTT TTA TAT C
GCA AGC CAG TGG AGA
G
CCT GGC AGG TGG AAG
T
ACA AAG ATT AAC CTC
TAT GTT TTC G
TGT GCA TCC TCT ATG
TCC CT
GCT AAG ATG GCG CCA
TTG
AAG CCA ATT ATT TGA
AAT AAA ACC
ATT TTG CCA AAT GAC
AGC AT
GCT TCT GTT GTT TGC
CAT TT
CTT GGA TTG TTT GAC
CCA TC
AAT TCC TTT ACT CCA
GAA AGG
CAG ATT TCT GCT TTC
CCA GA
ATT CAA AGG GTA TCT
GGG CTC TGG
GTG GGC TGA AAA GCT
CCC GAT TAT

Annealing
Temp. (°C)

Chromosome
Band

Heterozygosity

15q11.2

0.84

15q11.2

0.79

15q11.2

0.79

15q24.1

0.81

15q26.2

0.89

11p14.1

0.90

11p15.1

0.83

11p15.5

0.78

55
55
55
55
48
48
55
55
55
55
50
50
50
50
60
60
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2.5.2.

32

P-Labelled PCR

To radioactively label PCR products, !32P-dCTP was incorporated into the PCR master mix.
Each PCR was set up as follows:
10 x GeneAmp PCR Buffer II (ABI, Cat. #N808-0249)
25 mM MgCl2 (ABI, Cat. #N808-0249)
dNTPs (2.5 mmol/L)
!32P-dCTP
Forward Primer (10 #M)
Reverse Primer (10 #M)
AmpliTaq Gold® DNA Polymerase (ABI, Cat. #N808-0249)
MilliQ H2O
DNA (10 ng/#L)
For a negative control MilliQ H2O was included in place of DNA.
!

2.0 #L
1.2 #L
1.0 #L
0.2 #L
1.0 #L
1.0 #L
0.2 #L
11.4 #L
2.0 #L

5% DMSO was added to the PCR for D11S1977. The standard 35 cycle PCR conditions
were used (Section 2.2.4).
2.5.3. Polyacrylamide Gels
The radioactively labelled PCR products were diluted 2:1 in 95% formamide dye and
denatured at 95°C for 5 min followed by incubation on ice. 2 #L was loaded on to a prewarmed (40°C) 6% polyacrylamide gel made with 1 x TBE buffer.

The gel was

electrophoresed at 40°C and 75 W for 2-2.5 h. The gel was then attached to Whitman paper,
dried and exposed to Kodak X-OMAT film or Fujifilm BAS-1500 BioImager plates.
5 x Tris Borate (TBE) Buffer (Sambrook et al., 1989)
54 g Tris base
27.5 g Boric acid
20 mL 0.5 M EDTA (pH 8.0)
Make up to 1 L using ddH2O.
Dilute 1:5 using ddH2O for use.
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2.6.

Pyrosequencing (Centre National de Génotypage, Paris)

Pyrosequencing was used to quantify methylation using bisulfite-converted DNA. While the
sequencing of cloned bisulfite-converted DNA provides information across multiple CpG
sites, the cloning step means that the results are not quantitative. Pyrosequencing reads are
typically around 250 bp in length, which means that multiple CpG sites can be examined
(Dejeux et al., 2009).

As bisulfite DNA is sequenced directly (without cloning) the

methylation can be quantified at each CpG site. In addition, direct sequencing improves the
efficiency: a single sequence provides more quantitative information than ten to twenty
sequences from clone-based sequencing.
Pyrosequencing relies on a ‘sequencing-by-synthesis’ method, where nucleotide incorporation
is detected. The pyrosequencing methodology is based on the release of pyrophosphate (PPi)
upon incorporation of nucleotides into DNA in the presence of Mg2+ as shown (Equation 2.4;
Nyren, 1987).

(DNA)n + dNTP ! (DNA)n+1 + PPi
Equation 2.4. The pyrosequencing reaction resulting
in the release of pyrophosphate.

Therefore the amount of pyrophosphate is directly proportional to the amount of nucleotide
incorporation. Pyrophosphate can be used by ATP sulfurylase to produce ATP. This ATP
provides the energy necessary for luciferase to oxidise D-luciferin to oxyluciferin. Emitted
light is then detected using a charge-coupled device (CCD) camera (Dejeux et al., 2009;
Ronaghi et al., 1996). As the incorporation of each nucleotide is going to produce light, in
order to identify the specific base emitting light (and therefore the sequence produced), each
nucleotide is added separately to the reaction. Unincorporated nucleotides are degraded with
apyrase before the addition of the next nucleotide to prevent any contamination by the
previously added nucleotide (Ronaghi et al., 1998). This ensures that only one nucleotide is
present in the reaction at any point in time and therefore the sequence can be accurately
determined.
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2.6.1. Preparation of DNA for Pyrosequencing Reactions
DNA samples (1.5 #g in TE buffer) from each individual in the cohort was sent to Dr Jorg
Tost’s laboratory at The Centre National de Génotypage (CNG) in Evry, France. Samples
were shipped at room temperature.
2.6.1.1. Bisulfite Conversion of DNA
Hafida El Abdalaoui at the Centre National de Génotypage performed bisulfite conversion of
1.5 #g DNA using the MethylEasy™ High Throughput Bisulfite Assay Kit (Human Genetic
Signatures, Cat. #MEHT003) following the manufacturer’s protocols. The resulting bisulfiteconverted DNA was then diluted to 20 ng/#L.
2.6.2. Production of Template DNA for Pyrosequencing Using PCR
All PCR protocols were pre-established in the Tost laboratory at the Centre National de
Génotypage (Dejeux et al., 2009; Dupont et al., 2004; Tost et al., 2006a; Tost et al., 2007).
Duplicate PCRs were performed for two of the repeat regions within H19: CTCF3 and
CTCF6. The reverse primers were biotin labelled in order to purify the PCR products
downstream. One PCR template can be used for multiple pyrosequencing reactions (serial
pyrosequencing), as the template DNA remains unaltered (Tost et al., 2006a).

This is

particularly useful since the thermal instability of the enzymes used in pyrosequencing
restricts length of the sequence reads to 250 bp. By using several pyrosequencing primers
across a PCR amplicon, methylation can be quantified across regions of up to 500 bp.
Table 2.11. Primer Sequences for PCR Amplification of Sample DNA for Pyrosequencing Analysis.
Primer Name

Primer Sequence

H19_5598f22

TTG GTA GGT ATA GAA ATT GGG G

H19_5811_9r25

ACA CCT AAC TTA AAT AAC CCA
AAA C

H19Bis_7881_f

TGG GTA TTT TTG GAG GTT TTT TT

H19_8097_9r23

ATA AAT ATC CTA TTC CCA AAT AA

CTCF Site

Amplimer
Size

Annealing
Temperature

CTCF3

214 bp

58.5°C

CTCF6

215 bp

57 °C
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The H19 CTCF3 PCR was set up in 96-well plates as follows:
10 x PCR Buffer (QIAGEN, Cat. # 203203)
MgCl2 (25 mM)
dNTPs (8 mM)
Primer Forward (10 #M)
Primer Reverse (10 #M)
HotStarTaq DNA Polymerase (QIAGEN, Cat. # 203203),
Bisulfite DNA (20 ng/#L)
MilliQ H2O

2.50 #L
1.60 #L
1.25 #L
0.50 #L
0.50 #L
0.40 #L
1.00 #L
17.25 #L

The H19 CTCF6 PCR was set up under the same conditions except that 0.75 #L of each
primer was used.
The PCRs were then performed on an Eppendorf 96-Gradient Mastercycler using the
following cycles:
Enzyme Activation:
50 Cycles of:
Final Extension:

95°C for 15 min
95°C for 30 sec
(Annealing Temperature)°C for 30 sec
72°C for 15 sec
72°C for 4 min

PCR product (5 #L) was visualised on an ethidium bromide stained 1.5% agarose gel using
1 x TBE buffer.
2.6.3. Purification of PCR Products and Set-Up of the Pyrosequencing Reaction
40 #L Binding Buffer (10 mM Tris-Cl, 2 M NaCl, 1 mM EDTA, 0.1% Tween 20; pH 7.6), 33
#L MilliQ H2O and 2 #L of Streptavidine Sepharose™ HP beads (GE Healthcare, Cat. #175113-01) were added to 5-10 #L PCR product on a 96-well plate. The amount of PCR
product used was dependent on the strength of the product seen in the agarose gel. The plates
were sealed using aluminium plate seals (Sorenson™, Cat. #36890) and mixed on an
Eppendorf thermomixer at 1400 rpm for 10 min.
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A PSQ HS 96-well plate (Biotage, Cat. #40-0028) was set up for the pyrosequencing reaction.
11.6 #L Annealing Buffer (20 mM Tris-acetate, 2 mM Magnesium-acetate; pH 7.6) and 0.4
#L of the appropriate 10 pmol/#L pyrosequencing primer (Table 2.12) were added to a PSQ
HS plate. This pyrosequencing plate was added to the PyroMark Vacuum Prep Workstation
(Biotage, Cat. #60-0203) that provided trough positions for all the working solutions and
included the Vacuum Prep Tool.
Table 2.12. Primer Sequences for the Pyrosequencing Reactions.
Primer Name
H19_CTCF3_pyro1f20
H19_CTCF3_pyro2f17
H19_1c_psq
H19_3_psq
H19_5b_psq

Primer Sequence
GTA GTA TAT GGG TAT TTG TG
GTG GAT TTA AAA GTG GT
TTT ATY GTT TGG ATG G
GTA GGT TTA TAT ATT ATA
GTT TYG GGT TAT TTA AGT TA

CpG Sites
Interrogated
CpG2-4
CpG 5-11
CpG 3-8
CpG 9-14
CpG 15-18

CTCF Site
CTCF3
CTCF6

The Vacuum Prep Tool comprises of 96 metal probes with filters to capture the streptavidin
beads. The tool was connected to the vacuum and incubated in MilliQ H2O for 20 sec. The
probes were then placed into the PCR product mix until the vacuum removed all remaining
solution. At this stage the streptavidin beads were visible on the filters. The probes were then
placed in a trough of fresh 70% ethanol for 5 sec. The probes were then transferred in to a
trough of Denaturation Solution (0.2 M NaOH) that was flushed through the filters for 5 sec.
The probes were moved to the trough of 1 x Washing Buffer (10 mM Tris-acetate; pH 7.6) for
a further 5 sec. The Vacuum Prep Tool was then removed from all solutions and completely
inverted to remove the last of the remaining liquid. The vacuum pump was then switched off
and the tool placed in to the pyrosequencing plate. The tool was shaken vigorously to
displace the beads into the solution. The probes were then washed in MilliQ H2O.
2.6.4. The Pyrosequencing Reaction
The plates were either stored at 4°C for up to two days or used immediately for
pyrosequencing. Prior to sequencing, the plate was incubated at 80°C for 2 min using the
PSQ 96 Sample Prep Thermoplate (Biotage, Cat. #60-0123) and allowed to cool to room
temperature. Pyrosequencing was performed on a PyroMark™Q96MD system using the
PyroGold SQA reagent cartridge kit (Pyrosequencing AB, Cat. #40-0045). A paper tissue
dampened with MilliQ H2O was placed in the machine to maintain humidity.

Each
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pyrosequencing run was set up using the Pyro Q-CpG™ software (Biotage, Cat. #60-260).
The primer sequence and bisulfite-converted sequences were uploaded and the dispensation
order was automatically assigned.
2.6.5. Pyrosequencing Analysis
Analysis was conducted using the Pyro Q-CpG™ software. Wells were automatically colourcoded by the Pyro Q-CpG™ software depending on the quality of the sequence (blue = good,
yellow = check manually, red = bad). The Pyrogram® charts were printed for all samples in
order to analyze sequence quality at each CpG site (Figure 2.2).

Analysed Sequence

Percentage Methylation

Intensity (a.u.)

Dispensation Order
Base Number

Figure 2.2. An example Pyrogram® from the H19_CTCF3_pyro1f20 reaction. The analysed sequence
indicates the bisulfite-converted DNA sequence. The percentage methylation is contained within a blue
box indicating the results are of good quality. The dispensation order is along the X axis and shows the
order in which the bases are shown. E = enzyme and S = substrate for background checking before
pyrosequencing analysis begins. The intensity is shown in arbitrary units (a.u.).

Using the Pyrogram® details, CpG sites with a peak height of 500 or less were discarded. If
one CpG peak in a sample was close to 500 and the percentage methylation was similar to the
other CpGs within the same amplimer, the data was included. The percentage methylation
data for each CpG site within each sample was then imported into Microsoft Excel. The
methylation data from the serial pyrosequencing of each CTCF site were combined in order to
show the methylation across each genomic region.
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2.7.

Methylated DNA Immunoprecipitation and Promoter Microarrays

Until recently there have been no techniques available to measure genome-wide DNA
methylation. High-performance liquid chromatography (HPLC) has been used to quantify the
total amount of methylated cytosine in the genome but this level cannot be correlated to
specific regions of the genome and only large-scale changes can be detected.
Methylated DNA immunoprecipitation (MeDIP) uses a monoclonal antibody that specifically
binds to methylated cytosines, an anti-5-methylcytosine antibody (Reynaud et al., 1992).
Treating DNA with anti-5-methylcytosine antibody enriches for methylated DNA.

The

methylation-enriched DNA can then be used for microarray-based experiments to identify
genes that are methylated and to gauge the degree of methylation at particular regions of the
genome.
The Aviva Systems Biology DNA Selection and Ligation (DSL) 20K promoter array platform
was selected. There were several advantages with using the DSL platform. The target
sequences spotted on the microarray were designed around the promoter regions of genes.
The methylation levels of promoters can control gene expression by switching it on in the
unmethylated state and off in the methylated state. The ability of methylation to control gene
activity is generally restricted to promoters containing an intermediate level of CpG density
(Ball et al., 2009; Weber et al., 2007). Had CpG island arrays been used these promoters with
intermediate CpG densities may not have been included. In addition, the Aviva Systems
Biology method would be predicted to enhance specificity by the use of targeted probes, with
the requirement for a pair of twenty base pair probes to bind followed by a ligation step.
Finally, the amplification of target DNA using T3 and T7 primers avoids preferential
amplification of particular sequences, as all probes should be amplified at the same efficiency.
The MeDIP-DSL microarray approach is shown (Figure 2.3).
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Figure 2.3. The Aviva Systems Biology methylated DNA immunoprecipitation (MeDIP)
and DNA selection and ligation (DSL) assay. 10 !g of genomic DNA is fragmented by using
a frequent cutter restriction enzyme (NlaIII). 9.5 !g of digested DNA was incubated with a
5-methylcytosine antibody to enrich for methylated DNA. The remaining digested DNA was
untreated and used as the input sample. The samples were biotinylated for downstream
purification, followed by incubation with the 20K promoter probe set, comprising of a pair of
20 bp probes per target. The probes were ligated using Taq DNA ligase. Bound probes and
DNA were removed using streptavidin-coated magnetic beads. Atto 550 (green) labelled T7
primers were used to amplify and label input DNA. Atto 647 (red) labelled T7 primers were
used to amplify and label the MeDIP DNA. The samples were hybridised to 20K human
promoter glass microarray slides. Green spots represented genes with low methylation,
yellow spots represented genes with medium methylation and red spots represented genes
with high methylation.
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2.7.1. Selection of Samples and Pooled Array Design
Female samples were selected for MeDIP-DSL so that methylation associated with
X inactivation could be examined. The in vitro fertilisation children in the cohort showed
phenotypic differences to the naturally conceived children including a better lipid profile,
high levels of growth hormones and increased height (Miles et al., 2007). To maximise the
likelihood of identifying differentially methylated genes in our cohort, the most
phenotypically different in vitro fertilisation conceived females were selected. Measurements
of height were used to identify the in vitro fertilisation conceived individuals for analysis, as it
was the largest phenotypic difference between the in vitro fertilisation and the naturally
conceived control females (Miles et al., 2007).

Height was measured using standard

deviations that were calculated by comparing the child’s height with mid-parental heights
(Mid-parental height standard deviations; MPH-sds). Dr Harriet Miles calculated the MPHsds values (Miles et al., 2007). Those in vitro fertilisation conceived females with the highest
MPH-sds were selected for analysis. Naturally conceived control females were matched in
age to the selected in vitro fertilisation conceived individuals irrespective of their MPH-sds.
The samples were then pooled in groups of twelve (Table 7.1). Pooling had two main
advantages. Firstly, a degree of variation in methylation levels between individuals was
expected. By pooling samples it was hoped to reduce the majority of this variation to a
background level and enable the identification of genes that are differentially methylated in
the in vitro fertilisation conceived group. Secondly, it would enable a larger number of
samples to be analysed without increasing the cost of our experiment. There were two in
vitro fertilisation pooled groups and two naturally conceived control pooled groups. MeDIP
was performed on a pool of DNA samples for children conceived by in vitro fertilisation and
one pool of DNA from naturally conceived control subjects for each of the two paired arrays.
2.7.2. Methylated DNA Immunoprecipitation (MeDIP)
Methylated DNA immunoprecipitation was performed using the following protocol based on
the Aviva Systems Biology DNA Methylation ChIP-DSL protocol (version 1.4).
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2.7.2.1. NlaIII Digestion
A restriction digest for fragmentation of the DNA was set up as follows:
Genomic DNA
10 x NEBuffer 4 (NEB, Cat. # R0125L)
Bovine Serum Albumin (100 #g/mL; NEB, Cat. #R0125L)
MilliQ H2O
NlaIII (NEB, Cat. #R0125L)

10 #g
20 #L
10 #L
200 #L
20 #L

The sample was incubated at 37°C for 3 h followed by 20 min at 65°C.
2.7.2.2. Purification of Digested DNA
Digested DNA was purified using a QIAquick PCR purification kit (QIAGEN, Cat. #28104)
as follows: 1100 #L of Buffer PB (QIAGEN, Cat. #19066) was added to the digested sample
and mixed. Each sample was split into two spin columns. The samples were centrifuged at
13200 rpm for 1 min and the flow-through discarded. 750 #L Buffer PE was added and
centrifuged for 1 min at 13200 rpm. The flow-through was discarded and the sample spun for
a further 1 min at 13200 rpm. Final elutions were performed for each column by incubating
for 15 min with 25 #L MilliQ H2O followed by a spin for 1 min at 13000 rpm. This final step
was repeated for each column to achieve two elutions.
2.7.2.3. Removal of ‘Input’ DNA
The DNA concentration of each elution was determined by measuring 1.5 #L on a NanoDrop
ND_1000 Spectrophotometer (NanoDrop Technologies). The elutions were combined and
500 ng was removed and stored at -20°C as the “input” sample for the subsequent use on the
microarray. The remainder of the DNA was used for immediate immunoprecipitation.
2.7.2.4. Immunoprecipitation of Methylated DNA Using Anti-5-Methylcytosine
The NlaIII digested DNA was denatured by heating at 95°C for 10 min followed by
immediate incubation on ice for 2 min. The volume was adjusted to 150 #L with PBS
containing 0.05% Triton X-100 pH 7.0 (Sigma, Cat. #T-9284). 5 #g of anti-5-methylcytosine
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antibody (ASB, Cat. #AVAMM99021) was added and the sample mixed at 4°C on a rotating
platform overnight.
40 #L Zymed Rec-Protein G-Sepharose® 4B Conjugate beads (Invitrogen, Cat. #10-1241)
were added and incubated on a rotating platform at room temperature for 1 h. The beads were
washed by transferring into a 15 mL Falcon tube containing 5 mL PBS and mixed by
pipetting. The sample was centrifuged at 2000 x g for 4 min and the supernatant discarded.
This wash step was repeated a further two times. A final wash step was performed in 1 mL
TE buffer and the mix transferred to a 1.5 mL eppendorf tube.

The beads were then

centrifuged at 10000 rpm for 4 min and the supernatant discarded. 50 #L Elution Buffer
(ASB, Cat. #AK-0503) was added and incubated at 65°C for 15 min with vortexing every
2 min. The tubes were then spun for 30 sec at 13200 rpm and the supernatant collected. This
was repeated a further two times and the supernatants pooled.
The immunoprecipitated DNA was purified using the QIAquick PCR purification kit
(QIAGEN, Cat. #28104) as follows: 750 #L Buffer PB (QIAGEN, Cat. #19066) was added to
the sample and mixed. The sample was transferred to a spin column and centrifuged at
13200 rpm for 1 min. The flow-through was discarded and 750 #L Buffer PE added to the
spin column and was centrifuged for 1 min at 13200 rpm. The flow-through was discarded
and the sample centrifuged for 1 min at 13200 rpm. Final elutions were performed for each
column by incubating for 15 min with 25 #L MilliQ H2O followed by a spin for 1 min at
13000 rpm. This elution step was repeated resulting in two elutions for each sample.
The two elutions for each sample were combined and concentrated using a speed-vacuum for
1 hour. MilliQ H2O was added to the concentrated elutions to make a total volume of 20 #L
and left to resuspend for 2 h. The samples were then vortexed briefly and spun for 1 min at
13200 rpm to pellet any remaining proteins to the bottom of the tube. In subsequent steps
care was taken to avoid the protein pellet.
The DNA concentration for each sample was determined by measuring 1.5 #L on a
NanoDrop ND_1000 Spectrophotometer (NanoDrop Technologies). The sample was either
used immediately for DNA biotinylation or stored at -80°C.
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Phosphate Buffered Saline (PBS) (Sambrook et al., 1989)
8 g NaCl
0.2 g KCl
1.44 g Na2HPO4
0.24 g KH2PO4
Dissolve in 800 mL ddH2O and adjust pH to 7.4 with HCl. Add ddH2O to 1 L. Sterilise by
autoclaving.
2.7.3. Aviva Systems Biology DNA Selection and Ligation (DSL)
The Aviva Systems Biology ChIP-DSL protocol (version H20K 2.0) was used for the
subsequent steps. All reagents were included in the DSL-H20K Kit (ASB, Cat. #AK-0504)
unless stated otherwise.
2.7.3.1. Biotinylation
In a PCR tube MeDIP DNA or input DNA was made to 18 #L with MilliQ H2O and was
combined with 1 #L ! DNA (100 ng/#L) and 1 #L PHOTOPROBE® Biotin. The samples
were heated to 95°C for 10 min using a PCR machine. 60 #L ddH2O was added and the
samples transferred to a 1.5 mL eppendorf tube. 80 #L 0.1 M Tris-HCl pH 9.5 was added and
mixed well.

160 #L 2-butanol was then added and vortexed vigorously followed by

centrifugation at 13200 rpm for 3 min. The upper phase was discarded and an additional
160 #L 2-butanol added to the lower phase. The upper phase was discarded leaving the
aqueous phase that was transferred into a clean 1.5 mL tube. 10 #L 10 M Ammonium
Acetate was added followed by 2 #L 1 M MgCl2, 1 #L glycogen and 200 #L ice cold ethanol.
The samples were mixed well and incubated overnight at -20°C.
The samples were centrifuged at 4°C at 13200 rpm for 20 min. The pellet was washed with
0.5 mL cold 70% ethanol and centrifuged for a further 5 min at 4°C at 13200 rpm. The
supernatant was removed and the pellet left to air dry at room temperature for 30 min or until
all ethanol had evaporated. The DNA was resuspended in 10 #L TE buffer.
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2.7.3.2. Annealing and Ligation
Streptavidin-coated magnetic beads were prepared by washing 5 #L with 150 #L 2 x Binding
Buffer and then incubating in a 96-well magnetic plate holder for 2 min. The buffer was
carefully removed, and the wash step repeated.
The following reaction was set up in a PCR tube:
Biotinylated DNA
H20K-Oligo-Mix and
2 x Binding Buffer

10 #L
10 #L
20 #L

The samples were incubated in a PCR machine at 95°C for 10 min followed by 45°C for
30 min.

5 #L streptavidin-coated magnetic beads were added to each sample whilst

incubating at 45°C. The samples were then incubated with the beads at 45°C for 1.5 h.
The beads were washed in the magnetic plate holder with 180 #L DSL Wash Buffer that was
pre-warmed at 45°C. The liquid was carefully removed using a pipette and the wash step
repeated twice more with DSL Wash Buffer. A final wash step was performed with 150 #L
1 x Taq DNA Ligase Buffer (NEB, Cat. #M0208S) pre-warmed to 45°C. The beads were
resuspended in 40 #L 1 x Taq DNA Ligase Buffer containing 1 #L Taq DNA Ligase (NEB,
Cat. #M0208S) and incubated at 45°C for 1 h. The tubes were placed in to the magnetic plate
holder and beads were left to settle for 2 min. The supernatant was removed and the beads
washed twice with 180 #L 45°C DSL Wash Buffer. The beads were resuspended in 40 #L
MilliQ H2O and mixed well.
The samples were eluted by heating the beads to 95°C for 10 min followed by incubation on
ice for 5 min. The samples were placed on the magnetic plate holder and left to settle for
2 min. The supernatant was transferred in to a clean 0.6 mL tube and the samples were stored
at -20°C overnight.
2.7.3.3. PCR Amplification and Labelling of DSL Products
Two PCRs were set up according to the manufacturer’s protocol. The first was to determine
the quality of the DSL reaction.

The second PCR is to label the DSL products with

fluorescent dyes for visualisation on microarrays.
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The first PCR was set up as follows:
10 x GeneAmp PCR Buffer II (ABI, Cat. #N808-0249)
MgCl2 (25 mM)
dNTPs (2.5 mmol/L)
T7 Primer (30 #M)
T3 Primer (30 #M)
Sample
AmpliTaq Gold® DNA Polymerase (ABI, Cat. #N808-0249)
MilliQ H2O
!

2.5 #L
1.5 #L
0.5 #L
0.5 #L
0.5 #L
2.0 #L
0.4 #L
17.1 #L

The PCR was performed on a PTC-200 Peltier Thermal Cycler (MJ Research) using the
following conditions:
Enzyme Activation:
25 Cycles of:
Final Extension:

95°C for 5 min
95°C for 30 sec
54°C for 2 min
72°C for 2 min
72°C for 5 min

5 #L of PCR product was visualised on an ethidium bromide stained 2% agarose gel. If a
band was detected, the labelling PCR was set up as follows:
10 x GeneAmp PCR Buffer II (ABI, Cat. #N808-0249)
MgCl2 (25 mM)
dNTPs (2.5 mmol/L)
T3 Primer (30 #M)
Either:
15 #M Atto 550-T7 Primer (Input DNA only)
Or:
15 #M Atto 647-T7 Primer (MeDIP DNA only)
Sample
AmpliTaq Gold® DNA Polymerase (ABI, Cat. #N808-0249)
MilliQ H2O
!

2.5 #L
1.5 #L
0.5 #L
0.5 #L
1.0 #L
1.0 #L
4.0 #L
0.4 #L
14.6 #L

The PCR cycling conditions were the same as the first PCR but for a total of 30 cycles.
5 #L of PCR product was visualised on an ethidium bromide stained 2% agarose gel. The
remainder of the product was kept away from light and immediately used for hybridisation to
microarray slides.
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2.7.4. 20K Promoter Microarray Hybridisation
2.7.4.1. Blocking of Microarray Slides
Blocking buffer and three pre-wash solutions were contained within the Hybridization Kit
(ASB, Cat. #AK-0505) and were diluted in MilliQ H2O according to the manufacturer’s
instructions.
Blocking buffer was pre-warmed to 50°C. The H20K microarray slide (ASB, Cat. #AC0020) was placed into the Pre-Wash Solution 1 and shaken gently using an upside-down
pendulum motion for 5 min at room temperature. The slide was then moved into the PreWash Solution 2 and shaken gently for 2 min. This step was repeated with the second PreWash Solution 2. The slide was transferred into Pre-Wash Solution 3 and shaken gently for
10 min then transferred into fresh MilliQ H2O for 1 min with gentle shaking. The slide was
placed into the pre-warmed Blocking Buffer for 15 min at 50°C followed by rinsing for a
further 1 min in fresh MilliQ H2O. Finally, the slide was dried with the label nearest the
bottom of the Falcon tube by centrifugation at 2000 rpm for 2 min or until no droplets
remained on the slide.
2.7.4.2. Hybridisation to Microarray Slides
The pre-washed microarray slide was placed face-up in a hybridisation chamber containing
40 #L of MilliQ H2O to maintain humidity.

A scale drawing had been made of the

microarray area, which was placed under the chamber to ensure the entire area was covered
by the hybridisation mixture. A 220 x 600 mm Lifter cover slip was cleaned using 100%
isopropanol and a lint-free wipe and placed over the microarray area.
The hybridisation mixture was prepared in a 1.5 mL amber tube as follows:
Hybridisation Solution
Atto-550-labelled DSL sample (Input)
Atto-647-labelled DSL sample (MeDIP)
Sterile H2O

30 #L
10 #L
10 #L
10 #L
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The samples were mixed well and incubated in the dark at 95°C for 5 min followed by
immediate incubation on ice for 2 min. The samples were centrifuged briefly at maximum
speed. 55 #L of the hybridisation mixture was loaded on to the microarray by slow pipetting
at one corner of the cover slip, ensuring an even spread across the area and avoiding the
formation of bubbles under the cover slip. The slide chamber was then assembled and
incubated face up in a 50°C water bath for 16 h.
2.7.4.3. Microarray Washing
Solutions were prepared according to the manufacturer’s instructions in 50 mL amber Falcon
tubes and were sterilised using 0.2 #m syringe filters.
The Wash Solution was pre-warmed to 50°C. Using tweezers the slide was removed from the
hybridisation chamber and dipped into the first tube of Wash Solution to remove the cover
slip. The slide was immediately transferred into the second tube of Wash Solution and rotated
at 16 rpm on a vertical turntable for 15 min. The slide was then washed twice in 0.2 x SSC
solutions with gentle shaking for 1 min. The slide was transferred into 0.1 x SSC and washed
twice for 1 min with gentle shaking. Finally the slide was centrifuged in a Falcon tube with
the label at the bottom end at 2000 rpm for 5 min. The slide was immediately scanned.
2.7.4.4. Scanning of the Microarray Slide
The microarray slide was scanned using a GenePix® 4000B scanner (Molecular Device) and
the GenePix® Pro 6.0 software. The slides were scanned at 5 #m with a PMT of 660 for both
channels. The GenePix array list (GAL) file was provided by Aviva Systems Biology. The
results were saved as GenePix results (GPR) files and imported in to Microsoft Excel.
2.7.5. Data Analysis
2.7.5.1. Statistical Analysis of MeDIP-DSL Microarray Data
The statistical analyses of all data were performed by Dr Sarah Song, a bioinformatician in
the Cancer Genetics Laboratory (Department of Biochemistry, University of Otago) in
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conjunction with advice from Dr Simon Andrews (Babraham Bioinformatics, Cambridge,
United Kingdom).
The two-channel spotted microarray data set was analysed to detect changes in the
methylation level between the in vitro fertilisation and the naturally conceived control groups.
All analyses were performed in R using the Bioconductor packages (Gentleman et al., 2005;
Gentleman et al., 2004). Normalisation was performed using both the within-array Loess
(Yang et al., 2002b) and between-array quantile normalization methods, implemented in the
LIMMA package, without background correction (Smyth et al., 2007; Yang and Thorne,
2003). Genes undergoing changes in methylation level between the in vitro fertilisation and
the naturally conceived control group were detected using the Linear Models for Microarray
Data (LIMMA) method (Smyth et al., 2007), and the significance of the changes were then
adjusted by False Discovery Rate controlling method (Benjamini and Hochberg, 1995).
2.7.5.2. Selection of Candidate Differentially Methylated Genes
The data were split into two groups: genes that were more methylated in the two in vitro
fertilisation pooled arrays and genes that were more methylated in the two naturally
conceived pooled arrays. Genes were deemed “methylated” if they had a fold change greater
than or equal to 1.2. Genes were deemed “unmethylated” if they had a fold change of less
than or equal to 0.83 (1/1.2). Candidate genes were selected for further study if they were
“methylated” in the naturally conceived control pooled arrays but “unmethylated” in the in
vitro fertilisation cohort, and vice versa.
The probe sequences were then obtained from Aviva Systems Biology for all candidate genes
to obtain the sequence of the region that showed differential methylation. As the Aviva
Systems Biology array was designed in 2005, many promoter regions interrogated were from
predicted genes that failed subsequent validation. Genomic DNA sequences 800 bp upstream
and 200 bp downstream from the transcription start site of the genes of interest were obtained
from PromoSer (Halees et al., 2003). If the probe sequence was not contained within the
sequence obtained from the PromoSer database due to subsequent revision of the human
genome, the genomic DNA was obtained from GenBank using a BLAST search (Benson et
al., 1999).
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The CpG density within the 1000 bp sequence of interest was measured. Genes with a CpG
density of 2-9% (10-45 CpG sites) were targeted. Firstly, this avoids technical artefacts
caused by preferential antibody binding to regions with a high number of CpG sites (Keshet et
al., 2006; Weber et al., 2005; Weber et al., 2007). Secondly, low-density CpG promoters are
normally methylated and high-density CpG promoters are normally unmethylated (Ball et al.,
2009; Fouse et al., 2008; Weber et al., 2007), indicating that CpG methylation may not have a
role in regulating the expression of genes with such promoters.

Promoters with an

intermediate level of CpG density have been shown to have the best correlation between
methylation state and activity (Ball et al., 2009; Weber et al., 2007). In Dr Simon Andrews’
experience, genes with promoters that have intermediate-density CpG levels (2-9%) showed
the best validation of methylation after identification using a similar MeDIP microarray
approach to ours (Farthing et al., 2008). Therefore in the gene lists of “methylated” and
“unmethylated” genes, only those with a CpG density between 2-9% were selected as
candidate genes for further analysis.
Within the list of candidate differentially methylated genes with intermediate CpG density
were several genes on the X chromosome. Other X chromosome genes that indicated a
degree of differential methylation (but did not reach the 1.2 fold cut-off) were identified. Of
these genes, those that have been previously shown to be variably inactivated (Carrel and
Willard, 2005) were included for further analysis. This is discussed in further detail in
Chapter Seven. Pathway analysis was performed on the list of candidate genes using the
Gene Annotation Tool to Help Explain Relationships (GATHER; Chang and Nevins, 2006).
Genes that were differentially methylated between the in vitro fertilisation and the naturally
conceived control pools and contained intermediate-level CpG density, or were somewhat
differentially methylated between the in vitro fertilisation and the naturally conceived control
pools and had been previously identified as variably inactivated during X inactivation
comprised the candidate differentially methylated gene list.
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2.8.

Quantitative Methylation Analysis Using the Sequenom

MassARRAY® EpiTYPER® Platform
The Sequenom MassARRAY® EpiTYPER® platform (referred to here on as Sequenom) has
become a gold-standard technique for the quantification of methylation at specific regions of
the genome. The system is based on mass spectrometric analysis of bisulfite-converted PCR
product, which has been reverse-transcribed to RNA followed by cleavage in a base-specific
manner (Figure 2.4; Ehrich et al., 2005).
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Figure 2.4. The Sequenom MassARRAY EpiTYPER® Platform (adapted from Ehrich et al., 2005).
Genomic DNA is treated with sodium bisulfite prior to PCR. After PCR unmethylated cytosines (red)
appear as thymines whereas methylated cytosines (blue) remain as cytosines. Reverse transcription is
performed and methylated sequences now contain guanines at CpG site where unmethylated sequences
contain adenines. Guanines are 16 Daltons heavier than adenines and so a mass change is observed.
The fragment mass is 16 Daltons greater for every guanine change, therefore two methylated CpG sites
are reflected in a 32 Dalton mass change.

Like pyrosequencing, the Sequenom system allows the interrogation of multiple CpG sites
simultaneously from bisulfite-converted DNA PCR product. It is also highly quantitative.
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2.8.1. Sequenom Primer Design
Primers were targeted to either the Aviva Systems Biology probe region from the promoter
microarrays or to CpG islands closest to the proposed promoter region as determined by
UCSC Genome Browser (Kent et al., 2002). Primers were designed for bisulfite-converted
DNA using methPrimerDB or EpiDesigner (Pattyn et al., 2006; SEQUENOM, 2008). The
maximum amplicon length was set to 500 bp. Tags were incorporated in to the primers to
enable reverse transcription and the RNase A reaction, as per the EpiTYPER® Application
Guide (Figure 2.5; version 1, March 2006).

5´

3´
!"#$""$"!#"!$!"!$"$"###%

"#""##!$%%

!"#"$%"&'"(")*+",-.,&/$-0"$&

5´

3´
"##""#"#"#%%%

12$34$5&'"(")*+",-.,&/$-0"$&

Figure 2.5. Primer tags for Sequenom MassARRAY® EpiTYPER® assays. On the reverse primer the
blue sequence denotes the T7-promoter tag and the green sequence provides a constant 5´ fragment for
the downstream RNase A reaction. The tag on the forward primer helps to balance the primer length.

2.8.2. Bisulfite Conversion of Genomic DNA
Bisulfite conversion was performed using the following method and reagents from the
EZ DNA Methylation™ Kit (Zymo, Cat. #D5001). In a PCR tube, 1 #g of genomic DNA
was made up to 45 #L with MilliQ H2O and 5 #L Dilution Buffer was added. The sample
was incubated at 37°C for 15 min. 100 #L CT Conversion Reagent was added to each sample
and briefly vortexed. The sample was then incubated as follows:
Denaturation:
Conversion:
Repeat for 20 cycles

95°C for 30 sec
50°C for 15 min

The sample was incubated on ice for 10 min before 400 #L Binding Buffer was added and
mixed by pipetting. The sample was loaded on to a Zymo-Spin I column and centrifuged at
13200 rpm for 30 sec. The flow-through was discarded, 200 #L M-Wash Buffer was added
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to the column and centrifuged at 13200 rpm for 30 sec. 200 #L Desulphonation Buffer was
added to the column and left at room temperature for 15 min followed by centrifugation at
13200 rpm for 30 sec. 200 #L M-Wash Buffer was added to the column and centrifuged at
13200 rpm for 30 sec. The flow-through was discarded. A further 200 #L M-Wash Buffer
was added to the column and centrifuged for 1 min at 13200 rpm.

The column was

transferred to a clean 1.5 mL eppendorf tube. 30 #L MilliQ H2O was added directly to the
column and left to incubate at room temperature for 15 min followed by centrifugation at
13200 rpm for 1 min. The elution step was repeated to obtain a total elution volume of 60 #L
bisulfite treated DNA.
2.8.3. PCRs for Sequenom Analysis
The primer pairs for analysis of the genes of interest using the Sequenom platform are shown
(Table 2.13). These sequences exclude the primer tags shown in Figure 2.5.
2.8.3.1. Optimisation of Bisulfite PCR for Sequenom
It was necessary to optimise the PCR reactions for each gene in order to ensure that only the
desired product was produced and to minimise the amount of primer-dimer present. Large
amounts of primer-dimer have the potential to interfere with the Sequenom assay, as the
primer sequences can still be reverse transcribed and cleaved. In this case, cleavage products
matching the beginning and the end of the amplicon sequence will be present in the assay.
The amount of signal present is used to determine spectra quality for quality control. The
presence of primer-dimer can decrease the accuracy of the Sequenom assay by increasing the
amount of apparent signal, suggesting enough product is present for analysis even in samples
with insufficient PCR template (van den Boom and Ehrich, 2009).

Multiple primer

combinations and PCR optimisation was used to limit the amount of primer-dimer present
where possible.
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Table 2.13.
Platform.

Primer Sequences For Genes Analysed Using the Sequenom MassARRAY® EpiTYPER™

Gene Name

Primer
Tag

Primer
Number

F

3797

R

3798

F

3793

R

3795

F

3794

R

3796

F

3782

R

3792

F

3780

R

3779

F

3785

R

3786

F

3787

R

3788

F

3818

R

3829

F

3820

R

3831

F

3822

R

3834

F

3823

R

3836

F

3826

R

3837

LOC388665

P148_A4

INSL5

JPH4

STK19

SYP

ARHGAP24

MAGIX
(CpG Island 1)

MAGIX
(CpG Island 2)

MOSPD1

BCOR

BEX1
F
WWC3
R

3828
3839

Sequence 5´ to 3´
ATT ATT GTG GGA GTA
GTT TAG TTG
CAA CAT AAC ACC CTT
CAT TCT CTC
TTG TTT TTT GGG AAA
GTG AAG GAG TAG T
ACC AAA AAC AAA AAC
AAA CTC AAA ACC
TTG TTG AGT TTG AGG
GAT TTT TTT T
CCA AAA AAA CAT CTA
TTT TTA TCA TCT C
GAG GAT AGT GGA TTT
AGT GGA TAT T
AAA AAT AAA TAT AAA
AAC TAA AAA AAC
GAA GGG GGT TAT GAA
GTA GGG GTA ATT
AAC TAA CTA ACA AAA
ACC ATA ATA AC
TGA TAT TTT GGG GAT
GGT GTG AGT T
TAC AAA CCC TTC CCC
CAC CTA AA
TTG GTT TGG TGT TTT
GTG ATT TTT G
TTA CAA AAA ACA TCT
CCT CCC CCT C
TTT TAG AGT GGA AAA
AGG AGT TAG TT
ACT TCC TCT ACT CCC
CTT AAA AAT C
GTG TTT TTT TAG GAT
ATT TGG GGA A
AAC CTA AAA ATA CCC
CTC AAA ATA CC
TTT TTT AGG TAA AGA
GAG TAA AGT TGA GG
ACC CCA AAA TCT AAC
CAA CTA ATA
ATT TAT TTT TGG GGG
TTT ATA ATT T
AAA AAA ACT ATA AAA
ACC CCC AAC C
TGA GTT TTT GTT GGT
TTA GTT AGG G
AAA AAT ACA AAC CCT
CCC AAA TAA C
TTT TAG GGT TTT GAT
TAA GAA TGG A
TAA AAA CAA ACT TCT
CCA ACT CCA A

MgCl2
(mM)

Annealing
Temp.

Product
Length
(bp)

1.5

60°C

310

1.5

59.4°C

273

1.5

60°C

475

4.5

53.9°C

281

1.5

53.9°C

307

1.5

60°C

330

1.5

65°C

349

1.5

58.8°C

300

1.5

59.4°C

330

1.5

59.4°C

344

1.5

58.3°C

453

1.5

58.3°C

460

1.5

60°C

491
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All PCR primers were initially trialled at a range of temperatures (50-65°C) to maximise the
likelihood of amplifying the desired genomic region. For any primers where product could
not be produced after altering the temperature, the PCR was performed at 50°C under a range
of MgCl2 conditions. Magnesium is required for PCR as it complexes with DNA to aid in
both primer annealing and polymerase activity.
The presence of ample PCR product was necessary. Low concentrations of PCR product
result in a low amount of template for the Sequenom assay. If low template is present, failure
to reach the signal intensity threshold may occur and the reaction will not pass the in-built
spectrum quality controls. Prior to analysis using Sequenom, PCR products were visualised
on an ethidium bromide stained 2% agarose gel in order to determine whether sufficient PCR
product was present.
2.8.3.2. PCR Reaction Conditions for Sequenom
Each 15 #L PCR was set up as follows:
10 x Hot Star Buffer (QIAGEN, Cat. #203205)
dNTP Mix (25 mM)
Hot Star Taq (QIAGEN, Cat. #203205)
Forward Primer (1 #M)
Reverse Primer (1 #M)
MilliQ H2O
Bisulfite DNA

1.50 #L
0.12 #L
0.12 #L
3.00 #L
3.00 #L
4.26 #L
3.00 #L

All PCRs were performed on a C1000™ Thermal Cycler (BioRad) with a ramp rate of
2.0°C/sec as follows:
Enzyme Activation:
45 Cycles of:
Final Extension

94°C for 15 min
94°C for 20 sec
(Annealing Temperature)°C for 30 sec
72°C for 1 min
72°C for 3 min

5 #L of the PCR product was visualised on an ethidium bromide stained 2% agarose gel.
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2.8.4. Processing of Sequenom Reactions
All reagents for the following protocols were contained within the T-Cleavage
MassCLEAVE™ Reagent Kit (Sequenom, Cat. #10129.1) unless otherwise stated.

The

protocols were modified from the EpiTYPER® Application Guide (Sequenom, version 1,
March 2006).
2.8.4.1. Shrimp Alkaline Phosphatase Treatment
PCR products were transferred into a 384-well plate (ABgene, Cat. #AB-1384). A shrimp
alkaline phosphatase (SAP) treatment was used to remove phosphate groups from
unincorporated dNTPs. The SAP solution was prepared for each reaction by diluting 0.3 #L
SAP with 1.7 #L RNase-free ddH2O. The solution was vortexed thoroughly. 2 #L of SAP
solution was added to each reaction and the 384-well plate centrifuged at 1000 rpm for 1 min.
The 384-well plate was then incubated in an ABI PRISM® 7900HT (Applied Biosystems) as
follows:
Enzyme Activity:
Enzyme Inactivation:

37°C for 20 min
85°C for 5 min

2.8.4.2. T-Cleavage and RNA Transcription
The T-Cleavage transcription/RNase A solution was prepared as follows:
RNase-free ddH2O
5 x T7 Polymerase Buffer
T-Cleavage Mix
DTT (100mM)
T7 RNA & DNA Polymerase
RNase A

3.21 #L
0.89 #L
0.22 #L
0.22 #L
0.40 #L
0.06 #L

5 #L of the T-Cleavage transcription/RNase A solution was added to each well of a new 384well plate using a Matrix 12-Channel Electronic Pipette (Thermo Scientific, Cat. #2019).
2 #L of the SAP treated PCR product was added to the new plate containing T-Cleavage
transcription/RNase A solution and incubated at 37°C for 3 h. The remaining SAP treated
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PCR product was stored at -20°C. At the end of the 3 h incubation, the plate was stored at
-20°C overnight before processing.
2.8.4.3. Purification of Product and Spotting the Arrays
The following steps of the protocol from the EpiTYPER® Application Guide were performed
by Tim Manly at the AgResearch Centre for Reproduction and Genomics (CRG) facility in
Invermay, Mosgiel, Dunedin. The samples were diluted in 20 #L H2O and Clean Resin
(Sequenom, Cat. #10117) was added to each well. The plates were rotated at 3200 g for
5 min to thoroughly mix the resin. The resin is used as a purifier and removes residual buffer
from the samples. The samples were then dispensed on to a Spectro CHIP® (Sequenom, Cat.
#10117) using the MassARRAY® Nanodispenser. The plate run was then programmed using
the EpiTYPER® software.
2.8.5. Analysis of Sequenom Data
The resulting data was analysed using the EpiTYPER® software. The data consisted of visual
representation (Epigrams) and numerical data of the percentage of methylation at individual
CpG sites. The spectra quality of each reaction was checked. Samples missing data at more
than three CpG sites within an amplimer were considered to be of poor quality and were
discarded. Where a specific CpG site within an amplimer gave no results in greater than
thirty percent of samples, it was deemed unreliable and the data not used.
The major limitation to Sequenom assays is the location of the cleavage points in an
amplicon. If each CpG site is located within a different cleavage fragment and if each
cleavage fragment is of a distinct mass, accurate methylation data for a CpG site should be
obtained. However where multiple CpG sites are contained within one cleavage fragment, it
is not possible to determine the extent to which each CpG site is methylated, as the mass shift
cannot be attributed to one CpG site in particular.
This problem is confounded by the Sequenom method of determining the methylation at a
CpG site. The EpiTYPER® software calculates a ratio of methylated:unmethylated template
based on peak heights (Equation 2.5). If multiple CpG sites are contained within a cleavage
fragment and only one of these sites is methylated, all sites in the fragment will be assigned a

96 Materials and Methods

level of methylation (Coolen et al., 2007). For this reason, the Sequenom assay has a
tendency to overestimate (or underestimate) CpG methylation.

Methylation of fragment with n CpG sites =

Peak1 + Peak2 + …..Peakn
Peakunmeth + Peak1 + Peak2 + …..Peakn

Equation 2.5. Formula used by the Sequenom MassARRAY® EpiTYPER® software to
calculate the DNA methylation level of a fragment (Coolen et al., 2007). Peak represents
the signal-to-noise ratio of either the unmethylated peak (Peakunmeth) or one of the
methylated peaks from the fragment of interest. If any of the CpG sites in a fragment are
methylated, a methylation value will be associated with the fragment

A similar problem is observed when the peaks of multiple cleavage fragments containing
different CpG sites are similar (overlapping) or identical (duplicate). Overlapping peaks
occur when two fragments of different sequence have a similar mass. Duplicate peaks arise
where two fragments have identical sequences and therefore identical masses. The results
from overlapping and duplicate sequences were discarded as it was not possible to accurately
determine the methylation status of the CpG sites of interest.
The sensitivity of the Sequenom assay is determined in part by the ability of the MALDI-TOF
mass spectrometer machinery to detect the cleavage fragments.

The default Sequenom

settings detect a minimum cleavage fragment size of 1500 Daltons (approximately four
nucleotides) and a maximum fragment size of 9000 Daltons (approximately twenty-seven
nucleotides). In addition, the smaller a cleavage fragment is, the more likely there are to be
cleavage fragments with the same mass.

Coolen and colleagues have found that for

sequences with a mass of less than 1700 Daltons (around five nucleotides) the peak call was
inaccurate and therefore recommended increasing the minimum cleavage fragment cut-off to
1700 Daltons (Coolen et al., 2007). These cut-offs have been applied to this study.
The mean percentage methylation was calculated for each sample using Microsoft Excel.
Box and whisker graphs and unpaired t-tests were calculated using Prism® (GraphPad, 2005).

CHAPTER THREE:
Methylation-Sensitive Quantitative PCR Analysis of Imprinted
Genes and Satellite 2
3.1.

In Vitro Fertilisation and Imprinting Aberrations

There are two elements of in vitro fertilisation (discussed in Section 1.11.1) that have the
potential to cause aberrations of the imprinted genes: gamete maturation and in vitro culture
of the developing embryo. Concerns have been raised over the putative increase in some birth
defects amongst children conceived by in vitro fertilisation. These concerns mostly related to
the increase in the imprinting disorders Beckwith-Wiedemann syndrome and Angelman
syndrome (Bowdin et al., 2007; Cox et al., 2002; DeBaun et al., 2003; Doornbos et al., 2007;
Gicquel et al., 2003; Halliday et al., 2004; Lidegaard et al., 2005; Lim et al., 2009; Ludwig et
al., 2005; Maher et al., 2003b; Manning et al., 2000; Merlob et al., 2005; Moll et al., 2003;
Neri et al., 2008; Orstavik et al., 2003; Sanchez-Albisua et al., 2007; Sutcliffe et al., 2006).
As described in Chapter One, a disproportionate number of Beckwith-Wiedemann syndrome
and Angelman syndrome cases resulted from hypomethylation at KCNQ1OT1 and SNRPN
respectively.
3.1.1. Mosaicism and Imprinting Defects
Some Angelman syndrome cases with imprinting defects present with an atypical phenotype
(Buiting et al., 2003; Camprubi et al., 2007; Gillessen-Kaesbach et al., 1999; Nazlican et
al., 2004). DNA methylation analysis has revealed that most atypical cases are caused by
imprinting aberrations at SNRPN and many present with a degree of normally methylated
alleles (Buiting et al., 2003; Camprubi et al., 2007; Gillessen-Kaesbach et al., 1999; Nazlican
et al., 2004). The observation of both methylated and unmethylated alleles was unexpected
and suggests that the individuals may have a mosaic population of cells, with some containing
normal and others aberrant imprinting at the Angelman syndrome locus. In a study on
twenty-four Angelman syndrome patients with imprinting aberrations, affected individuals
presented with up to forty percent normally methylated cells, suggesting that patients with
less than sixty percent abnormal cells could be clinically normal (Nazlican et al., 2004). In
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support of this hypothesis, the mosaic Angelman syndrome cases with higher proportions of
normally methylated cells tended to have a milder phenotype (Nazlican et al., 2004).
3.1.2. Hypothesis
The existence of mosaic individuals with less severe Angelman syndrome phenotypes led us
to hypothesise that there may be variation in the methylation of SNRPN and other imprinted
genes.

If in vitro fertilisation does disrupt the establishment of normal methylation,

phenotypically normal children could show low-levels of mosaicism in peripheral blood for
imprinting defects. The Angelman syndrome and Beckwith-Wiedemann syndrome cases that
have been reported after in vitro fertilisation may represent the extreme ends of an aberrant
methylation scale, whereas phenotypically normal individuals may contain low-level mosaic
epigenetic defects (Maher et al., 2003a). If in vitro fertilisation does affect establishment or
maintenance of DNA methylation then it was hoped that this would be reflected in the
methylation status of imprinted genes. To examine this, the imprinted genes involved in
Beckwith-Wiedemann syndrome (KCNQ1OT1, H19 and IGF2) and Angelman syndrome
(SNRPN) were selected. To interrogate global DNA methylation for changes as a result of in
vitro fertilisation, Satellite 2 repeat DNA was also examined.

3.2.

Methylation-Sensitive Quantitative PCR

The methylation-sensitive quantitative PCR (MSQ-PCR) technique was developed in our
laboratory (Fukuzawa et al., 2004) and has been subsequently published as a method for
quantifying DNA methylation (Bruce et al., 2008; Oakes et al., 2006; Oakes et al., 2009).
This technique enables a rapid, quantitative approach to measure the methylation at a single
CpG site. The MSQ-PCR method is cost-effective and efficient, enabling the examination of
methylation at multiple genes across all individuals within the cohort.
The MSQ-PCR technique is based on a restriction digest with a methylation-sensitive
restriction enzyme that cannot cleave DNA at a methylated CpG site. Following digestion,
the DNA is amplified using quantitative PCR.

The amount of amplifiable DNA

(uncut/methylated DNA) is compared with a parallel DNA sample that has not been treated
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with the restriction enzyme.

The relative amount of amplifiable DNA remaining after

cleavage compared to undigested DNA can be calculated by using the number of cycles taken
to reach a fluorescent threshold (the Ct value). This fluorescent threshold reflects that an
identical amount of amplified DNA is present in both samples. From these Ct values, the
percentage methylation at the interrogated CpG site can be calculated. For example, if a site
is fifty percent methylated, the DNA treated with a methylation-sensitive restriction enzyme
will be cut specifically at unmethylated CpG sites (fifty percent of the CpG sites). This
reduces the amount of amplifiable template DNA by half, compared to a sample that has not
been treated with a restriction enzyme. Therefore it should take the digested sample one extra
cycle of PCR before the equivalent (threshold) amount of PCR product is produced.
In the assays for the imprinted genes TaqMan probes were used. The TaqMan probes are
formed with a reporter dye (FAM) at the 5´ end and a quencher dye (TAMRA) at the 3´ end.
The FAM dye is quenched by the TAMRA dye when the probe is intact. Upon PCR the
bound probe is degraded and the FAM dye fluorescence is unhindered. It is the measurement
of this FAM dye compared to the background dye ROX that is used to calculate the amount of
PCR product. For the IGF2 and Satellite 2 assays a TaqMan probe was unable to be designed
and so SYBR Green I was used to quantify the PCR product. SYBR Green I binds to double
stranded DNA.

As the amount of PCR product increases so too does the amount of

fluorescence from SYBR Green I. The sequence-specific binding of a TaqMan probe can
increase the specificity of the assay compared to SYBR Green I.

3.3.

MSQ-PCR Analysis of H19

H19 is regulated by one of two differentially methylated regions on chromosome 11p15.5.
The expression of H19 is regulated by the first differentially methylated region (DMR1) on
chromosome 11p15.5, located within the H19 promoter. Methylation of this DMR1 on the
paternal allele prevents CTCF protein from binding. This facilitates the interaction of the
upstream IGF2 gene with enhancers that are located downstream of H19 (Figure 1.3). The
interaction of IGF2 with enhancers enables IGF2 expression. Conversely, the maternal allele
is unmethylated at DMR1. This allows the CTCF protein to bind and H19 is expressed. A
gain of methylation on the maternal allele at DMR1 accounts for approximately five percent
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of Beckwith-Wiedemann syndrome cases (Niemitz and Feinberg, 2004; Prawitt et al., 2005;
Sparago et al., 2004).
MSQ-PCR assays were designed close to the sixth CTCF binding site within the B1 repeat at
H19 (Figure 3.1). The CpG site at CTCF6 itself was not examined due to the presence of a
polymorphism (rs10732516). Quantification of H19 methylation was obtained by examining
a CpG site denoted as CpG1 (based on its position in the bisulfite sequencing amplimer in
Chapter Four). Primers H1933F2 (2940) and H1933R2 (2941) were used to amplify a ninety
base pair fragment surrounding one HpaII restriction site (CCGG). It was not necessary for
the TaqMan probe to overlap this HpaII site, as cleavage at the unmethylated CpG prevents
amplification of the template DNA.
H19 gene sequence reverse stran
Monday, 16 March 2009!!1:49 PM
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Figure 3.1. The MSQ-PCR assays for H19 within the B1 Repeat. Primers are show in pink, TaqMan
probes in green. The CTCF6 binding site is shown in blue. Open circles indicate positions of CpG
sites. HpaII cut sites are indicated on the sequence.

.
Dr Harriet Miles performed some initial H19 CpG1 MSQ-PCR assays.

Repetition of

aberrantly methylated samples and quantification of late additions to the cohort were
completed myself. The MSQ-PCR results for H19 CpG1 are shown (Figure 3.2). The
difference between the in vitro fertilisation and naturally conceived control groups was
analysed using an unpaired student’s t-test with a confidence interval of 95%.
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Figure 3.2. H19 CpG1 MSQ-PCR results. Each data point represents the mean percentage methylation
result for one individual from a minimum of two separate MSQ-PCR assays. The horizontal line
represents the mean percentage methylation within each group. There is no difference in the mean
percentage of methylation in the control children compared to the IVF children. The numbers of
hypomethylated (<40.5%) and hypermethylated (>60.5%) individuals are similar in each group.

There was no difference in the mean percentage methylation between the naturally conceived
control children (49.75 ± 0.87 (SEM), N = 67) and the in vitro fertilisation conceived children
(49.93 ± 1.06, N = 54; P = 0.90). The majority of individuals across both groups had
methylation levels of 40.5% – 60.5% that was deemed to be the normal range using the
calculated outlier thresholds based on the interquartile range (Section 2.3.6). Individuals
<40.5% or >60.5% were considered outliers with aberrant methylation at H19 CpG1. A
similar number of outliers were observed in each group (four individuals in the naturally
conceived control group and three individuals in the in vitro fertilisation group). In each
group, one individual was hypermethylated while the remaining outliers were
hypomethylated.
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Due to the number of outliers at the H19 CpG1 site an additional assay was designed around a
second site, CpG15. Primers H19_CpG15_forward (3412) and H19_CpG15_reverse (3413)
were used to amplify a 115 bp fragment containing a HpaII site (Figure 3.1). The MSQ-PCR
results for H19 CpG15 are shown (Figure 3.3).

The difference between the in vitro

fertilisation and naturally conceived control groups was analysed using an unpaired student’s
t-test with a confidence interval of 95%.
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Figure 3.3. H19 CpG15 MSQ-PCR results. See Figure 3.2 for legend details. There is no difference in
the mean percentage of methylation in the control children compared to the IVF children. The numbers
of hypomethylated (<40%) and hypermethylated (>62%) individuals are similar in each group.
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There was no difference observed in the mean percentage of methylation at H19 CpG15
between the naturally conceived control group (51.51 ± 0.71, N = 67) and the in vitro
fertilisation group (51.23 ± 0.53, N = 64; P = 0.75). The majority of individuals across both
groups had methylation levels between 40% – 62% that was deemed to be the normal range
using the calculated outlier thresholds (Section 2.3.6). Individuals <40% or >62% were
considered outliers with aberrant methylation. In the naturally conceived control group, three
individuals showed hypermethylation compared to one individual in the in vitro fertilisation
group. No individuals showed hypomethylation.
To examine the consistency of methylation across CpG sites, the results for CpG1 were
compared to the results for CpG15 (Figure 3.4). A similar spread in the data was observed at
CpG15 as for CpG1 in both the naturally conceived control and the in vitro fertilisation
groups. The outliers were not consistent; individuals showing aberrant methylation at one
CpG site were within the normal range at the other. By combining the two sites together it
appears that there are no individuals with aberrant imprinting at H19.
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Figure 3.4. Comparison of methylation between H19 CpG1 and CpG15 in both the naturally
conceived (A) and IVF (B) groups. Each dot represents the mean percentage of methylation for one
individual. A line links the results for each individual at CpG1 and CpG15. Each outlier is within the
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3.3.1. Variation in Methylation of H19
The MSQ-PCR results showed variation in the degree of methylation at two CpG sites in the
CTCF6 binding site of H19 (Chapter Three). This was unexpected as it was hypothesised that
each individual would show fifty percent methylation at H19. At one of the CpG sites
(CpG1), methylation levels that varied from fifteen to eighty-four percent were observed.
The MSQ-PCR results from this study are not the only indication that a degree of variation in
methylation levels exists at H19. Bisulfite sequencing of adult blood and fetal tissues around
the promoter site of H19 revealed that a few alleles had aberrantly methylated CpG sites on
otherwise normal alleles (Vu et al., 2000).

Sandovici and colleagues examined the

methylation patterns around the sixth CTCF binding site in H19 in peripheral blood in threegenerational families (Sandovici et al., 2003). The Sandovici study found that a degree of
maternal methylation at H19 was present in some individuals. Furthermore, this abnormal
methylation pattern was present in other members of the same family, suggesting that the trait
may be heritable and transgenerational.

Based on these results, it was suggested that

approximately seven percent of the population have aberrant methylation of CpG sites on
their maternal allele in at least ten percent of their peripheral blood lymphocytes (Sandovici et
al., 2003).
Heijmans and colleagues have shown methylation levels of less than fifty percent at two CpG
sites near the transcription start site of H19 (Heijmans et al., 2007) and a further study has
indicated some variation in H19 methylation is present in bisulfite sequencing data from
peripheral blood samples (De Castro Valente Esteves et al., 2006).

The variation in

methylation in H19 is not restricted to human samples, as incomplete methylation of the
paternal H19 allele has been shown in bisulfite sequencing data from the mouse (Engel et al.,
2006).
Together, these studies indicated that a greater amount of epigenetic variation is present
upstream of H19 than would be expected for an imprinting control region. As the majority of
these results were obtained using bisulfite sequencing the observed variation could be an
artefact of the methodology (Chapter Four).
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3.4.

MSQ-PCR Analysis of KCNQ1OT1

The expression of KCNQ1OT1 is regulated by the second differentially methylated region on
chromosome 11p15.5, DMR2.

DMR2 is located 5´ of the KCNQ1OT1 gene and is

methylated on the maternal allele.

Methylation of DMR2 prevents transcription of

KCNQ1OT1 and instead KCNQ1 is expressed. The paternal allele of DMR2 is unmethylated
and so KCNQ1OT1 is expressed. Loss of methylation at the imprinting control centre at
KCNQ1OT1 is the most common cause of Beckwith-Wiedemann syndrome, accounting for
around half of all sporadic cases (Lee et al., 1999b; Weksberg et al., 2009). Due to the
apparent increased incidence of Beckwith-Wiedemann syndrome within the in vitro
fertilisation population, the methylation of KCNQ1OT1 (DMR2) was selected for
investigation.
Dr Harriet Miles and Dr Ryuji Fukuzawa designed primers around DMR2. Primers DMR.F2
(2636) and KvDMRR8 (2973) were used to amplify an eighty-two base pair fragment
containing a HpaII site (Figure 3.5). The percentage of methylation detected at the CpG site
of interest at KCNQ1OT1 in the in vitro fertilisation and naturally conceived control groups
are shown (Figure 3.6).

The difference between the in vitro fertilisation and naturally

conceived control groups was analysed using an unpaired student’s t-test with a confidence
interval of 95%.

KCNQ1OT1 for thesis Features
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Figure 3.5. The MSQ-PCR assay for KCNQ1OT1. Open circles represent CpG sites. The CpG island
is highlighted in blue, the KCNQ1 intron in orange and the KCNQOT1 gene in yellow. The primers
2363 and 2973 are represented as pink arrows and the TaqMan probe is in green. The HpaII site
interrogating the CpG of interest is also shown.
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Figure 3.6. KCNQ1OT1 MSQ-PCR results. Each data point represents the mean percentage
methylation result for one individual from a minimum of two separate MSQ-PCR runs. The horizontal
line represents the mean percentage methylation within each group. There is no difference in the mean
percentage of methylation in the control children compared to the IVF children. There were more
outliers (<36.5% or >56.5%) in the naturally conceived control group.

In both the in vitro fertilisation and naturally conceived control groups, the mean percentage
of methylation was slightly lower than the expected fifty percent. There was no statistically
significant difference observed in the mean percentage of methylation at KCNQ1OT1
between the naturally conceived control group (45.99 ± 0.74, N = 68) and the in vitro
fertilisation group (45.60 ± 0.70, N = 66; P = 0.70). The majority of individuals across both
groups had methylation levels between 36.5% – 56.5% that was deemed to be the normal
range using the calculated outlier thresholds (Section 2.3.6). Individuals <36.5% or >56.5%
were considered outliers with aberrant methylation. In the naturally conceived control group,
four individuals showed hypomethylation compared to one individual in the in vitro
fertilisation group. Two naturally conceived individuals showed hypermethylation compared
to zero in the in vitro fertilisation group. There were more outliers in the naturally conceived
control group, but in general the spread of the percentage methylation between the two groups
was very similar.
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The MSQ-PCR assay suggests that some individuals may be aberrantly imprinted at
KCNQ1OT1, but that these aberrations are not restricted to the in vitro fertilisation
population.

3.5.

MSQ-PCR Analysis of SNRPN

Epimutations at the SNRPN imprinting control centre are uncommon and are the cause of less
than five percent of Angelman syndrome cases (Van Buggenhout and Fryns, 2009).
Mosaicism for abnormal methylation at SNRPN in atypical Angelman syndrome cases lead to
the hypothesis that unaffected in vitro fertilisation individuals may be mosaic for
epimutations at the chromosome 15q11-13 imprinting centre (Gillessen-Kaesbach et al.,
1999; Nazlican et al., 2004). To test this, DNA methylation was measured at a CpG site
within the SNRPN imprinted region in the in vitro fertilisation cohort.
An MSQ-PCR assay had been previously designed in our laboratory. Primers SNRPN.F2
(2465) and SNRPN.R2 (2466) were used to amplify a sixty-eight base pair fragment within
exon alpha of SNRPN (Figure 3.7). The mean percentage of methylation results for each
individual at the SNRPN CpG site is shown (Figure 3.8). The difference between the two
groups was analysed using an unpaired student’s t-test with a confidence interval of 95%.
SNRPN whole U41384 Features
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Figure 3.7. The MSQ-PCR assay for SNRPN. Open circles represent CpG sites. The CpG island is
highlighted in blue and the first exon of SNRPN in yellow. The primers 2465 and 2466 are represented
as pink arrows and the TaqMan probe as a green block. The HpaII site interrogating the CpG of
interest is also shown.
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Figure 3.8. SNRPN MSQ-PCR results. Each data point represents the mean percentage methylation
result for one individual from a minimum of two separate MSQ-PCR runs. The horizontal line
represents the mean percentage methylation within each group. There is no difference in the mean
percentage of methylation in the control children compared to the IVF children. The number of
hypomethylated (<43%) individuals is similar in each group. A higher number of hypermethylated
(>59%) individuals were present in the IVF group.

There was no statistically significant difference observed in the mean percentage of
methylation at SNRPN between the naturally conceived control group (51.36 ± 0.69, N = 68)
and the in vitro fertilisation group (52.80 ± 0.83, N = 66; P = 0.18). The majority of
individuals across both groups had methylation levels between 43% – 59% that was deemed
to be the normal range using the calculated outlier thresholds (Section 2.3.6). Individuals
<43% or >59% were considered outliers with aberrant methylation.

In the naturally

conceived control group, three individuals showed hypermethylation compared to ten
individuals in the in vitro fertilisation group.

The presence of increased numbers of

hypermethylated individuals in the in vitro fertilisation group is interesting, however the
variances between the two groups is not significant (P = 0.14). As Angelman syndrome
results from hypomethylation of SNRPN it was expected that increased numbers of
hypomethylated individuals may be present in the in vitro fertilisation group. However only
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one individual was identified as hypomethylated and this individual was a naturally conceived
control.
The spread of the percentage of methylation between the two groups was similar, but a higher
proportion of in vitro fertilisation children were categorised as hypermethylated outliers. The
outliers require further analysis using a different technique but the results suggest that in vitro
fertilisation children may have a slightly higher frequency of aberrant methylation at SNRPN.

3.6.

MSQ-PCR Analysis of IGF2

A secondary differentially methylated region (DMR) was selected for investigation as it was
hypothesised the methylation at this DMR would be more malleable. Although the CTCF6
site in H19 is considered the primary imprint for IGF2, the region between exons two and
three in the IGF2 gene is also differentially methylated (DMR0). Since this region does not
show germ-line maternal methylation, the DMR is established after fertilisation and so is a
‘secondary’ DMR (Cui et al., 2002; Sullivan et al., 1999). This region shows high homology
to a DMR in mouse that has no effect on H19 (Constancia et al., 2000). Although the IGF2
DMR shows a degree of imprinting, it is expected that the constraints on the secondary DMR
are not as critical as those on the primary imprint that is established in the primordial germ
cells. IGF2 was chosen based on its important role in Beckwith-Wiedemann syndrome and
its partnership with the H19 primary imprinting control region (Figure 1.3). In addition, this
gene had been shown to be differentially methylated in individuals exposed to the Dutch
Winter Famine at the time of conception (Heijmans et al., 2008).
A previous study in our laboratory had shown that the CpG site 1078 bp into intron two of
IGF2 was fifty percent methylated in normal tissues (Ryuji Fukuzawa, personal
communication). Therefore this assay was used to examine the methylation of IGF2 in the in
vitro fertilisation cohort. Primers 1078F (2603) and 1078R (2604) were used to amplify a
123 bp fragment around a HpaII site (Figure 3.9). SYBR Green I was used to quantify the
PCR amplification.
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Figure 3.9. The MSQ-PCR assay for IGF2. Open circles represent CpG sites. Exons 2 and 3 of IGF2
are shown in yellow. The primers 2603 and 2604 are represented as pink arrows. The HpaII site
interrogating the CpG of interest is also shown.

The percentage of methylation at the 1078 CpG site at IGF2 within the in vitro fertilisation
and naturally conceived controls cohort is shown (Figure 3.10). The difference between the
two groups was analysed using an unpaired student’s t-test with a confidence interval of 95%.
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Figure 3.10. IGF2 MSQ-PCR results. Each data point represents the mean percentage methylation
result for one individual from a minimum of two separate MSQ-PCR runs. The horizontal line
represents the mean percentage methylation within each group. The numbers of hypomethylated
(<24%) and hypermethylated (>48%) individuals were similarly low in each group.
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The mean methylation for each group was lower than the fifty percent that was expected at
this imprinted locus. The mean percentage of methylation was 36.51 ± 0.70 in the naturally
conceived control group (N = 63) and 35.81 ± 0.56 (N = 63) in the in vitro fertilisation group.
There was no significant difference in the means between the two groups (P = 0.44). The
majority of individuals across both groups had methylation levels between 24% – 48% that
was deemed to be the normal range using the calculated outlier thresholds (Section 2.3.6).
Individuals <24% or >48% were considered outliers with aberrant methylation. There were
similar numbers of outliers in each group.
hypermethylation at this site.

One individual in each group indicated

One individual showed hypomethylation in the naturally

conceived control group.
The variation at IGF2 was similar to that seen at the primary imprinting regions. If secondary
differentially methylated regions are more malleable and therefore a better reflection of
changes in the environment, then the present results suggest that imprinting aberrations are
not a common occurrence in children conceived using in vitro fertilisation.

3.7.

MSQ-PCR Analysis of Satellite 2 Repeat DNA

After fertilisation, a wave of demethylation of the paternal and maternal genome contributions
to the zygote occurs, which removes the majority of methylation with the exception of
genomic imprints and some retrotransposons (Reik et al., 2001). This demethylation is then
followed by remethylation events until the blastocyst stage of embryo development, which are
thought to be important for correct growth and development (Reik et al., 2001). As the in
vitro fertilisation embryo is exposed to the foreign environment during this time, it is possible
these processes could affect global DNA methylation. To examine this possibility, Satellite 2
DNA was selected as an approximation of global DNA methylation.
Satellite 2 DNA is one of many repetitive DNA elements including LINEs (long interspersed
elements) and SINEs (short interspersed elements) that make up almost half of the human
genome. Most 5-methylcytosine in the human genome lies in repetitive DNA elements. It
has been proposed that DNA methylation provides means of regulating transcription from
endogenous DNA (Yoder et al., 1997). Satellite 2 DNA is located in the pericentromeric
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regions of chromosomes, particularly on chromosomes one, nine and sixteen. The Satellite 2
DNA comprises a little over two percent of the human genome (Rollins et al., 2006).
Satellite 2 DNA is a repeat of simple sequences: two tandem repeats of ATTCCATTCG
followed by one or two ATG sequences (Jeanpierre, 1994).

The repeats present on

chromosome one are highly methylated in normal tissues but hypomethylated in some cancers
including Wilms tumour (Ehrlich et al., 2003; Narayan et al., 1998; Qu et al., 1999a,b).
Immunodeficiency-centromeric instability-facial anomalies syndrome (ICF; OMIM 242860)
is a rare disease where patients show, amongst other severe symptoms, hypomethylation of
some of the genome and unusual branching around the centromeres of chromosomes one,
nine and sixteen. This chromosome instability is thought to be the result of decondensing of
the pericentromeric heterochromatin, possibly as a result of the hypomethylation of the
Satellite 2 repeats (Jeanpierre et al., 1993).
The methylation levels at Satellite 2 (determined using methylation-specific quantitative
PCR) have been compared to genomic DNA methylation levels (determined by high
performance liquid chromatography) and showed a high correlation (Weisenberger et al.,
2005). Therefore, methylation at Satellite 2 provides convenient surrogate measure of global
methylation levels.
In our laboratory Jackie Ludgate developed a methylation assay for Satellite 2 repeats using
restriction digest with the methylation-sensitive enzyme BstBI followed by quantitative PCR.
Jackie Ludgate has examined Wilms tumours and normal kidney tissue with this assay and
has shown that Wilms tumours are hypomethylated (around seventy percent methylation)
compared to normal kidney (around ninety percent methylation). Considerable variation
existed between individuals (Jackie Ludgate, personal communication). The presence of
hypomethylation of Satellite 2 repeats in Wilms tumours suggests that the methylation levels
may be easily modified and therefore may be altered by environmental factors that can affect
genome methylation. The Satellite 2 assay had already been developed in this laboratory and
had previously been shown to be a good indicator of global methylation (Weisenberger et al.,
2005). For these reasons, Jackie Ludgate’s Satellite 2 assay was adopted as a means to assess
global DNA methylation in the in vitro fertilisation children compared to the naturally
conceived controls.
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The MSQ-PCR assay, using primers Sat2F (3285) and Sat2R (3286), amplified a 207 bp
fragment surrounding a BstBI site. The percentage of methylation at Satellite 2 for all
individuals is shown (Figure 3.11). The difference between the two groups was analysed
using an unpaired student’s t-test with a confidence interval of 95%.
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Figure 3.11. Satellite 2 MSQ-PCR results. Each data point represents the mean percentage methylation
result for one individual from a minimum of two separate MSQ-PCR runs. The horizontal line
represents the mean percentage methylation within each group. The mean percentage of methylation
was similar between the IVF and naturally conceived controls. No individuals were identified as
hypomethylated (<68%) or hypermethylated (>108%) in either group.

No significant difference in the mean methylation was detected between the naturally
conceived control group (87.87 ± 0.94, N = 67) and the in vitro fertilisation group (88.20 ±
0.85, N = 64; P = 0.79). Several samples consistently showed greater than 100% methylation,
which was accepted to be within the limits of the assay. All of the individuals across both
groups had methylation levels between 68% – 108% that was deemed to be the normal range
using the calculated outlier thresholds (Section 2.3.6). The data spread was very similar
between the two groups. The methylation levels at Satellite 2 repeats did not indicate any
aberrant methylation in the in vitro fertilisation population as compared to the controls. These
results suggest that global methylation, as measured at Satellite 2, is normal in children
conceived using in vitro fertilisation.
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3.8.

Combined MSQ-PCR Results

The MSQ-PCR results for the five imprinted genes and Satellite 2 for all the naturally
conceived individuals (Figure 3.12A) and in vitro fertilisation conceived individuals
(Figure 3.12B) have been compiled. No individual showed aberrant methylation across more
than one site. This result indicates that if aberrant methylation does occur it is not due to a
genome wide effect on the whole embryo. Imprints of different genes are established at
different times in the oocyte (Lucifero et al., 2004). As no single gene is affected more than
any other, it is unlikely that any environmental change caused by in vitro fertilisation affects
one of the imprinted genes examined.
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Figure 3.12. Combined MSQ-PCR results for each individual. Each circle represents the results for
one individual; the line connects the same individual across the multiple CpG sites examined. A)
Naturally conceived controls, B) IVF-conceived individuals.

3.9.

MSQ-PCR Results and In Vitro Fertilisation Parameters

3.9.1. Cause of Infertility
The methylation level of imprinted genes within gametes are set to the correct parental state
only when the gametes are fully mature, which occurs at the time of ovulation in oocytes and
shortly after birth in sperm (Bourc'his and Proudhon, 2008; Eichenlaub-Ritter et al., 2007;
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Kono et al., 1996; Lucifero et al., 2004). During gametogenesis, the methylation pattern is
removed from existing imprints and remethylation then occurs to set the maternal/paternal
state depending on the sex of the individual (Dean et al., 2003). It has been shown in mice
that imprinting is not established simultaneously across all genes (Lucifero et al., 2004).
Concerns have been raised about the use of stimulatory chemicals such as clomiphene that
increase the amounts of gonadotrophin and stimulate the release of oocytes (superovulation).
Animal studies have suggested that this treatment decreases the viability of embryos
(McKiernan and Bavister, 1998; Van der Auwera and D'Hooghe, 2001). Immature oocytes of
both mice and humans have been shown to have aberrant imprinting at H19 and PEG1 (Sato
et al., 2007). As the use of such gonadotrophins is necessary to harvest oocytes to perform
the in vitro fertilisation procedures, the correct establishment of imprints could be affected.
It was hypothesised that the MSQ-PCR results may be different amongst the infertility
groups. Infertility could be the cause of methylation differences or the in vitro fertilisation
techniques could induce changes in methylation. There are multiple types of infertility that
lead individuals to use assisted reproductive technologies. The reasons for infertility in this
cohort were: annovulation (failure to ovulate; two cases), tubal defects (problems with the
fallopian tubes; twenty cases), male-related (such as low sperm count; twenty-nine cases),
mixed infertility (both male and female subfertility; three cases) and unexplained infertility
(thirteen cases). To determine whether the different types of infertility resulted in aberrant
methylation at imprinted genes, the MSQ-PCR results were correlated with infertility cause
(Figure 3.13). To determine whether there was a significant difference between the infertility
groups, an analysis of variance (ANOVA) test was implemented.
There was no difference in the mean percentage of methylation at any CpG site examined
between the different infertility subgroups. Each group showed a similar mean methylation
and the outliers were not restricted to one infertility group. For example, at H19 CpG1
(Figure 3.13A), two outliers were conceived using in vitro fertilisation for tubal infertility and
one outlier used in vitro fertilisation for unexplained infertility.
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Figure 3.13. The MSQ-PCR results grouped by the cause of infertility. Each data point represents one
individual and the horizontal line represents the mean methylation. The results are shown for A) H19
CpG1, B) H19 CpG15, C) KCNQ1OT1, D) SNRPN, E) IGF2 and F) Satellite 2 Repeat DNA. There
was no statistically significant difference between the infertility cause and the methylation level at any
of the genes interrogated.
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The mean methylation for the annovulation group appears different at IGF2 and Satellite 2
(Figures 3.13E and 3.13F). However this group is comprised of only two individuals, neither
of which has methylation levels outside those seen within the other infertility groups. This
analysis should be repeated on a much larger cohort before drawing any conclusions about the
affects of in vitro fertilisation treatment and/or annovulation on DNA methylation.
No single infertility group showed aberrant methylation at the imprinted genes or Satellite 2.
These results indicate that if infertility does cause/is caused by methylated defects, they are
sporadic and rare.
3.9.2. In Vitro Fertilisation versus Intracytoplasmic Sperm Injection
The two main methods for artificial fertilisation of an oocyte are standard in vitro fertilisation
and its subtype intracytoplasmic sperm injection. In vitro fertilisation is the culturing of an
oocyte with sperm on a Petri dish until fertilisation occurs and is usually used for female
infertility. Intracytoplasmic sperm injection is the injection of an intact spermatozoon into an
oocyte and is commonly used for male infertility or for couples where in vitro fertilisation has
failed in the past.
While the in vitro fertilisation process still allows for a degree of sperm selection by requiring
the sperm to penetrate the tough outer layers of the oocyte, concerns have been raised about
intracytoplasmic sperm injection, in which the whole sperm cell is injected in to the oocyte
directly. Spermatozoa from sub-fertile males are shown to comprise a higher proportion of
gametes with chromosomal abnormalities (Hoegerman et al., 1995; Moosani et al., 1995;
Pang et al., 1999).

Not only are there concerns that the infertility of the males using

intracytoplasmic sperm injection could be due to imprinting abnormalities, but also because
the sperm cells are often obtained surgically before full maturity, concerns are that the correct
paternal imprints may be affected by the in vitro culturing process.
Imprinting has been examined in sperm samples from normal fertile males (>20 x 106/mL),
moderate oligozoospermic males (<20 x 106/mL, >5 x 106/mL) and severe oligozoospermic
males (<5 x 106/mL). The imprinting at SNRPN was unaffected in each group (Manning et
al., 2001).

However a second study examining H19 showed imprinting was less than

complete in eight out of forty-six cases with moderate oligozoospermia and fifteen out of fifty
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cases of severe oligozoospermia (Marques et al., 2004). The H19 study suggested that
imprinting aberrations could be more common in children conceived using intracytoplasmic
sperm injection.
To determine whether intracytoplasmic sperm injection resulted in a greater frequency of
perturbed methylation, the methylation measurement at each of the genes examined (H19,
IGF2, KCNQ1OT1, SNRPN and Satellite 2) were compared between those children conceived
using in vitro fertilisation and those conceived using intracytoplasmic sperm injection
(Figure 3.14).

The difference between the two groups was analysed using an unpaired

students t-test with a confidence interval of 95%.
There is no significant difference in the percentage of methylation at imprinted genes between
the standard in vitro fertilisation conceived and the intracytoplasmic sperm injection
conceived children at H19 CpG1, H19 CpG15, IGF2, KCNQ1OT1 or SNRPN.
The outliers at H19 CpG1, H19 CpG15 and KCNQ1OT1 (Figures 3.14A, B and C) are all
standard in vitro fertilisation conceived individuals. These results indicate that the in vitro
fertilisation conceived group may be more likely to have imprinting aberrations at these two
differentially methylated regions, however the sample size is very small.
There is genome-wide demethylation in the zygote and very early embryo. The paternal
genome contribution to the zygote, which is highly methylated within the sperm, undergoes
rapid, active demethylation at sites other than imprinted genes immediately after fertilisation,
while the maternal genome demethylates more slowly, through passive demethylation (Dean
et al., 2003).

The Satellite 2 MSQ-PCR results were used to examine whether this

demethylation process was affected by in vitro fertilisation treatment.

There was no

significant difference in Satellite 2 methylation (Figure 3.14F) between the standard in vitro
fertilisation (87.94 ± 1.21, N = 33) and the intracytoplasmic sperm injection conceived
children (88.48 ± 1.21, N = 31, P = 0.75), suggesting that active demethylation was probably
unaffected by either method of in vitro fertilisation. If active demethylation was affected,
there were no permanent effects. The use of whole sperm cells in intracytoplasmic sperm
injection did not appear to disrupt global demethylation.
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Figure 3.14. The MSQ-PCR results for individuals conceived using IVF compared to ICSI. Each data
point represents one individual and the horizontal line represents the mean methylation. The results are
shown for A) H19 CpG1, B) H19 CpG15, C) KCNQ1OT1, D) SNRPN, E) IGF2 and F) Satellite 2
Repeat DNA. Each data point represents the percentage of methylation for one individual. The
horizontal line indicates the mean percentage methylation for each group. There was no statistically
significant difference between the IVF and ICSI groups at any gene examined.
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3.9.3. Culture Media
One of the major concerns of in vitro fertilisation is the change to the embryonic environment
caused by culture conditions, compared to the normal in vivo environment of the uterus. It is
especially concerning now that embryos are cultured up to the blastocyst stage (around
ninety-six hours), by which time the paternal and maternal contributions to the embryo
genome have undergone demethylation and subsequent remethylation (Reik et al., 2001).
Different culture media is used for in vitro fertilisation around the world. The ingredients of
these media are often commercially sensitive and therefore are not often shared between
fertility clinics or researchers.
The effects of different culture media on the developing embryo have been studied.
Imprinting at H19 in mouse embryos was affected by different culture media used during in
vitro fertilisation (Doherty et al., 2000; Khosla et al., 2001b). Embryos cultured to the
blastocyst stage in Whitten’s media showed a loss of paternal methylation at H19 compared to
those cultured in KSOM media with amino acids, which maintained the imprint (Doherty et
al., 2000). Another study showed that the addition of serum to culture media increased
methylation at H19 (Khosla et al., 2001a).
Two different brands of in vitro fertilisation culture media were used on the individuals in this
cohort: Scandinavian Science IVF (ScandIVF) and Medicult. Unfortunately the ingredients
of these media are not accessible. The different culture media in this cohort could result in
different degrees of methylation at imprinted genes; therefore the MSQ-PCR results have
been separated in our in vitro fertilisation cohort by the media used on these individuals
whilst they were developing embryos. The results for each of the genes examined by MSQPCR grouped by in vitro fertilisation culture media brand are shown (Figure 3.15). The
difference between the two groups was analysed using an unpaired students t-test with a
confidence interval of 95%.
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Figure 3.15. The MSQ-PCR results grouped by media type used on the developing embryo. Each
data point represents the mean percentage of methylation for one individual. The horizontal line
indicates the mean percentage methylation for each group. ** P = <0.005. Two media brands were
used; Medicult and Scandinavian Science IVF (ScandIVF). The results are shown for A) H19 CpG1,
B) H19 CpG15, C) KCNQ1OT1, D) SNRPN, E) IGF2 and F) Satellite 2 Repeat DNA. Only SNRPN
indicated a statistically significant difference between the ScandIVF and the Medicult groups
(P = 0.0006).
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There was no significant difference at H19 CpG1 (Figure 3.15A) between individuals that
were cultured on Medicult media (49.83 ± 1.20, N = 47) compared to ScandIVF media (50.60
± 2.23, N = 5; 95% CI, P = 0.84). The outliers at H19 CpG1 were all cultured on the
Medicult media, however only a small number of ScandIVF media individuals were
examined.
There was no significant difference at H19 CpG15 (Figure 3.15B) between individuals that
were cultured on Medicult media (51.05 ± 0.46, N = 51) compared to ScandIVF media (52.45
± 2.25, N = 11; 95% CI, P = 0.33). However the spread of data within the ScandIVF group
(42%-72.5%) was significantly different from the spread within the Medicult group (46%60%; 95% CI, P = <0.0001). The significance of this result was most likely influenced by the
hypermethylated outlier in the ScandIVF group.
There was no significant difference at IGF2 (Figure 3.15E) or KCNQ1OT1 (Figure 3.15C)
between individuals that were cultured on Medicult media (36.06 ± 0.63, N = 51; 45.90 ±
0.81, N = 51) compared to ScandIVF media (34.30 ± 1.32, N = 10; 43.54 ± 1.60, N = 12; 95%
CI, P = 0.26; P = 0.21). There was one hypomethylated outlier in the Medicult group at
KCNQ1OT1.
A significant difference was found between the means at SNRPN (Figure 3.15D) of the
Medicult cultured individuals (51.53 ± 0.68, N = 51) and the ScandIVF cultured individuals
(58.83 ± 3.09, N = 12; 95% CI, P = 0.0006). The ScandIVF group has a higher proportion of
hypermethylated outliers (five out of twelve) compared to the Medicult group (five out of
fifty-one). However due to the small size of the cohort more individuals need to be studied
and the results independently validated to confirm the difference in methylation observed at
SNRPN.
There was no significant difference in the mean percentage of methylation at Satellite 2 repeat
DNA (Figure 3.15F) between the ScandIVF group (88.36 ± 1.89, N = 11) compared to the
Medicult group (87.86 ± 0.96, N = 51; P = 0.83).
The examination of the MSQ-PCR data grouped by media type used during the in vitro
fertilisation process revealed some potentially interesting results for imprinting at SNRPN;
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however a larger cohort needs to be examined to confirm these results. At this stage no
studies on the effect culture media on DNA methylation at SNRPN have been reported.

3.10. MSQ-PCR Results and Phenotype
The cohort used in this study has been extensively examined in order to identify any
phenotypic differences between the in vitro fertilisation conceived individuals and agematched, naturally conceived controls. Several differences have been identified in the in vitro
fertilisation group, namely an increase in height, higher IGF-I and IGF-II levels and a slightly
more favourable lipid profile (Miles et al., 2007). The MSQ-PCR results for the cohort
compared to the mid-parental height corrected standard deviations are shown (Figure 3.16).
At each gene examined by MSQ-PCR, the spread of percentage of methylation is similar
regardless of height (Figure 3.16). Although the naturally conceived control individuals are
shorter there are no differences in the degrees of methylation from individuals in the in vitro
fertilisation cohort. Similar results were seen for IGF-I, IGF-II and lipid profiles. The in
vitro fertilisation group were phenotypically different from the naturally conceived controls,
but these differences could not be correlated to methylation changes at H19, KCNQ1OT1,
IGF2, SNRPN or Satellite 2.
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Figure 3.16. The MSQ-PCR results correlated with the mid-parental height corrected standard
deviations for individuals in both the IVF and the naturally conceived control groups. Red circles
show data from control individuals and data for IVF individuals is shown by blue squares. The results
are shown for A) H19 CpG1, B) H19 CpG15, C) KCNQ1OT1, D) SNRPN, E) IGF2 and F) Satellite 2
Repeat DNA. There was no relationship between mid-parental height corrected standard deviations
and methylation at any of the genes examined.
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3.11. Discussion of MSQ-PCR Results
It was hypothesised that low level imprinting aberrations may be common in the in vitro
fertilisation population based on the increased incidence of Beckwith-Wiedemann syndrome
and Angelman syndrome and the observation of mosaic imprinting in some Angelman
syndrome cases. No differences in mean percentage of methylation were observed in primary
differentially methylated regions of H19, SNRPN and KCNQ1OT1, nor a secondary
differentially methylated region located at IGF2. This suggests that any imprinting defects
observed in the in vitro fertilisation population are likely to be sporadic and rare.
An unexpected number of outliers were observed in both populations at the imprinted loci.
Aberrant imprinting leads to Beckwith-Wiedemann syndrome (H19, KCNQ1OT1 and IGF2)
or Angelman syndrome/Prader-Willi syndrome (SNRPN). However outliers were observed
with methylation levels outside of the normal range, who were phenotypically normal
children. Therefore these results are of interest and need to be confirmed using another
method. The interrogation of these outliers using bisulfite sequencing is discussed in Chapter
Four. The outliers are unlikely to be technical variants as the results were produced across at
least three MSQ-PCR runs. If the outliers were the result of problems with the DNA samples
inhibiting restriction digestion (apparent hypermethylation) or facilitating over digestion
(apparent hypomethylation), aberrant methylation should be seen across all genes examined in
these individuals, which was not the case.
The H19 CpG1 results showed more variation in methylation in both populations than
expected. Variation was also present at the H19 CpG15 site. Similar variation at H19 has
been seen in other populations, including a twin study that suggested this variation in
methylation at H19 is inherited (Heijmans et al., 2007).
An approximation of global DNA methylation was made by using a CpG site within Satellite
2 repeat DNA. Again, the variation within the in vitro fertilisation population was similar to
that observed in the naturally conceived controls. This indicated that there was unlikely to be
any gross changes in DNA methylation levels within the in vitro fertilisation population.
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There was no apparent correlation between the outliers from the MSQ-PCR data and any
particular type of infertility. If, for example, male infertility was the result of aberrant
imprinting in the sperm, it was expected that all outliers from the MSQ-PCR data would fall
within the male infertility group. The results presented here suggest that altered methylation
is no more frequent in one form of infertility. Drugs like clomiphene are used in fertility
treatment to stimulate the production of oocytes and it was thought that this might disrupt the
proper establishment of imprints within the gamete. Unfortunately, detailed medical records
were not available to establish exactly which mothers had been treated with clomiphene,
therefore any affect that this drug may have on oocyte methylation could not be ruled out.
One of the major concerns surrounding in vitro fertilisation is the use of cell culture for
extended periods of time to cultivate the embryo before implantation into the uterus. Several
studies have indicated that the growth media can affect imprinting of the embryo (Doherty et
al., 2000; Khosla et al., 2001a; Young et al., 2001). Although all our in vitro fertilisation
individuals were conceived within the same fertility clinic between 1994-2000, two different
types of growth media were used. Interestingly, one gene from this analysis (SNRPN) showed
a significant difference between individuals conceived on the different growth media.
Moreover five of the twelve individuals grown on Scandinavian Science IVF media showed
high levels of measured methylation. Multiple post-hoc comparisons were performed on the
MSQ-PCR data and the sample size of this group was small; therefore the results need to be
validated using a different technique and on another cohort before concerns are raised.
Individuals within our cohort are, on average, taller, have better lipid profiles and higher
levels of IGF-I and IGF-II than their naturally conceived counterparts (Miles et al., 2007).
There was no correlation of the MSQ-PCR data with the phenotypic parameters measured.
In conclusion, low-level epigenetic imprinting errors are not a common occurrence in children
conceived using in vitro fertilisation. This data provides reassurance that in vitro fertilisationassociated imprinting errors are sporadic and rare.

CHAPTER FOUR:
Bisulfite Sequencing of H19, KCNQ1OT1 and SNRPN
4.1. Techniques for Examining DNA Methylation at Individual Genes
The majority of methods for single gene methylation analysis rely on bisulfite conversion of
DNA.

Sodium bisulfite conversion enables the differentiation of methylated from

unmethylated cytosines through the selective deamination of unmethylated cytosine to uracil,
whilst methylated cytosine remains unchanged. Any uracil bases are replaced by thymine
during PCR amplification, resulting in a series of C/T differences throughout an amplicon.
The sodium bisulfite method was initially developed for methylation analysis using direct
sequencing and sequencing of cloned PCR products (Frommer et al., 1992).

Bisulfite

conversion is still the key component of most techniques currently used to examine CpG
methylation. The most common bisulfite-based techniques are briefly described below.
Methylation-specific PCR (MS-PCR) is the amplification of bisulfite-converted DNA using
two sets of specific primers; one for methylated and one for unmethylated DNA (Herman et
al., 1996; Licchesi and Herman, 2009). The advantage of methylation-specific PCR is that it
uses common laboratory reagents. The major fault with methylation-specific PCR is that it
cannot be used to reliably quantify the relative proportions of methylated alleles due to the
potential differences in PCR efficiency.

In addition, amplification will only reflect the

methylation status of the CpG sites contained within the primer-binding regions and as a
consequence do not enable the assessment of methylation across the entire region of interest.
Several bisulfite conversion based techniques have been developed that take advantage of
real-time PCR technology, including MethylQuant, MethyLight and high-resolution melting
curve assays. MethylQuant is an extension of the methylation-specific PCR approach and is a
real-time method that uses primers specific for either methylated or the unmethylated
template DNA (Dugast-Darzacq and Grange, 2009; Thomassin et al., 2004). MethylQuant
incorporates the single nucleotide primer extension (SNuPE) approach of genotyping assays
and interrogates only one CpG site at a time.

By interrogating a single CpG site, a

quantitative measure of methylation is obtained. This approach provides no more information
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than the MSQ-PCR approach used in this study, yet requires the additional step of bisulfite
conversion of sample DNA.
The MethyLight assay uses methylation-specific primers as well as methylation-specific
fluorescent probes (Campan et al., 2009; Eads et al., 2000). Unlike the MethylQuant assay,
this enables the interrogation of methylation across multiple CpG sites. However, partially
methylated alleles will fail to produce a signal with either primer/probe combination.
Therefore the MethyLight assay is best suited for distinguishing fully methylated from fully
unmethylated alleles and is not sensitive to methylation changes at individual CpG sites.
Methylation sensitive high-resolution melting curve (MS-HRM) assays allow the level of
methylation within an entire amplicon to be estimated. The melting curve assay is based on
the heat-induced denaturation of double stranded DNA to single stranded DNA (Wojdacz and
Dobrovic, 2007, 2009). As bisulfite-converted DNA contains C/T differences dependent on
the methylation state of the template, the resulting PCR amplicons will show different melting
properties. A greater amount of energy is required to denature a sequence rich in cytosine
bases (methylated DNA) compared to a sequence rich in thymine bases (unmethylated DNA).
By performing temperature fluctuations in a real-time PCR machine, SYBR Green (a
fluorescent marker that binds to double-stranded DNA) fluorescence will decrease as the
amount of single-stranded DNA increases, allowing a methylated amplicon to be
distinguished from an unmethylated amplicon.

Using subtle changes in temperature

increments the extent of methylation across multiple CpG sites can be approximated.
Although the melting curve assay gives an idea of the extent of methylation within the region
of interest, it is not possible to ascribe methylation to specific CpG sites.
The combined bisulfite restriction assay (CoBRA) allows a rapid analysis of site-specific
methylation within regions of interest (Xiong and Laird, 1997). The CoBRA assay requires
bisulfite conversion of the template DNA followed by PCR amplification of the region of
interest. The PCR product is then treated with a restriction enzyme that is sensitive to
methylation associated differences (C vs. T) within the amplicon. The amount of methylation
can be estimated by visualising the products using gel electrophoresis. If multiple target sites
are present within an amplicon the amount of methylation at each site can be estimated by
examining the resulting DNA fragments. The CoBRA assay is excellent for a quick analysis
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of the approximate DNA methylation and is commonly used as a discovery tool to identify
regions of interest for further study.
Pyrosequencing is a ‘sequencing-by-synthesis’ method where a chemical reaction initiated by
the incorporation of a nucleotide results in the emission of light (Equation 2.4; Ronaghi et al.,
1996; Ronaghi et al., 1998).

Pyrosequencing enables the quantitative determination of

methylation across amplicons of up to 250 bases in length. The determination of DNA
methylation through the use of pyrosequencing technology is covered in Chapter Six.
The Sequenom MassARRAY® EpiTYPER® approach (referred to as Sequenom) is also based
on bisulfite-converted DNA (Ehrich et al., 2005). Following bisulfite conversion, the region
of interest is amplified using PCR and a reverse transcription reaction is used to create singlestranded RNA. This single-stranded RNA is then cleaved with an endoribonuclease creating
shorter fragments. The Sequenom method detects the mass of these fragments and the
amount of methylation present is calculated as the bisulfite induced C/T SNP results in a
change in mass between unmethylated and methylated derived sequence. During the course
of this project, the Sequenom assay has become a gold-standard technique for quantifying
DNA methylation. The Sequenom method is covered in more detail in Chapter Eight.
While direct sequencing of PCR product that has been amplified from bisulfite-converted
DNA is possible, it does not enable DNA methylation to be quantified.

The bisulfite

sequencing technique (Figure 2.1), where bisulfite-converted DNA is amplified using PCR
and cloned prior to sequencing, allows for the in-depth analysis of methylation across
multiple CpG sites in a gene (Frommer et al., 1992). Bisulfite sequencing has traditionally
been regarded as a gold-standard method for characterising the DNA methylation of multiple
CpG sites, as the incorporation of a cloning step enables the distinction of methylation
patterns on individual alleles (a methylation haplotype). The determination of a methylation
haplotype is important to determine the relationship between adjacent CpG sites.

This

haplotype information is especially useful when studying imprinted genes. The major pitfall
of bisulfite sequencing is that it is not quantitative, as discussed in detail throughout this
chapter.
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4.2.

Bisulfite Sequencing to Examine MSQ-PCR Outliers

CpG methylation at H19, KCNQ1OT1, IGF2, and SNRPN had previously been examined
using methylation-sensitive quantitative PCR (MSQ-PCR) in this in vitro fertilisation cohort.
To confirm the outliers identified by the MSQ-PCR assays, a technique that would allow the
examination of CpG methylation across multiple sites was required. This study had focused
on imprinted genes, which show parent-of-origin specific methylation levels. An average
measurement of CpG methylation would not distinguish cases where an allele had aberrant
imprinting, which can only be identified by determining the parent-of-origin of the allele.
The bisulfite sequencing approach was selected to enable the characterisation of the
methylation haplotype of each allele in order to detect aberrant imprinting.

4.3.

Optimisation of Bisulfite Sequencing Protocols

The major problems encountered with bisulfite sequencing are incomplete conversion of
unmethylated cytosine to uracil and PCR amplification bias. Both of these issues have been
encountered during the course of this project and are discussed in this section.
4.3.1. Bisulfite Conversion Optimisation
Since the first reported use of bisulfite conversion to characterise DNA methylation, many
groups have worked towards optimising the efficiency and specificity of the reaction (Clark et
al., 1994; Grunau et al., 2001; Olek et al., 1996; Paulin et al., 1998; Warnecke et al., 2002).
The bisulfite conversion reaction is efficient enough to convert the majority of unmethylated
cytosines; however up to five percent may remain unconverted (Warnecke et al., 2002).
Incomplete conversion can result in an increased reporting of methylation if this error occurs
at a CpG site. A measure of incomplete conversion of a DNA sequence can be obtained by
examining cytosines at non-CpG sites. PCR-induced errors at a CpG site can also appear as
incomplete conversion.
The published improvements to the bisulfite conversion protocol include the addition of urea,
increased reaction temperature and embedding DNA within agarose beads (Grunau et al.,
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2001; Olek et al., 1996; Paulin et al., 1998). As sodium bisulfite mediated conversion of
cytosines only occurs on single-stranded DNA, the addition of urea to the reaction prevents
double-stranded DNA from forming and increases the conversion efficiency (Paulin et al.,
1998).

Increasing the conversion temperature to 95°C also improves the conversion

efficiency but speeds up the rate of DNA degradation (Grunau et al., 2001). For this reason,
only briefly increasing the temperature to 95°C in a cycling fashion is recommended
(Warnecke et al., 2002).
Up to ninety-six percent of the starting DNA is degraded during the sodium bisulfite
conversion (Grunau et al., 2001). To compensate for degradation, large amounts of starting
DNA (a minimum of 500 ng) are used for bisulfite conversions. Initial bisulfite conversions
were performed using a naked DNA approach (Section 2.4.4.1). Using the naked DNA
approach, no amplifiable bisulfite-converted DNA was produced (Figure 4.1). Rob Weeks
(Cancer Genetics Laboratory) modified a protocol from Olek and colleagues that minimised
DNA degradation and improved conversion efficiency (Olek et al., 1996). This “agarose
bead” method involves embedding single-stranded DNA in low melting temperature agarose
(Section 2.4.4.1).

The conversion efficiency is increased as the single-stranded DNA

conformation is maintained by the agarose (Olek et al., 1996). As the converted DNA was
contained within agarose beads, the cleanup protocol also minimised DNA loss (Olek et al.,
1996). When compared to the naked DNA method it was clear that the agarose bead method
produced more amplifiable DNA (Figure 4.1).
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Figure 4.1.
Naked DNA compared to agarose bead
embedded methods of bisulfite conversion. Results from the
second round of the H19 nested PCR (primers 1096 and
1091) on bisulfite-converted DNA treated using the naked
DNA method or the agarose bead method visualised on an
ethidium bromide stained 2% agarose gel. The expected
amplicon size was 504 bp. The size of the fragments of the 1
Kb Plus DNA Ladder™ (in base pairs) are marked on the left.
The negative control contained H2O in place of DNA in the
PCR reaction. The DNA converted using the agarose bead
method produced consistent products after PCR. DNA
converted using the naked bisulfite conversion method
produced no amplifiable DNA.

Several commercial bisulfite conversion kits have become available over the last few years.
The advantages of using a commercially available conversion kit include having an
established protocol, optimised reactions and optimised cleanup procedures. Several of these
commercial kits were trialled to compare the quality of the bisulfite-converted DNA to the
agarose bead method. The first bisulfite conversion kit trialled was the MethylEasy™ DNA
Bisulfite Modification Kit from Human Genetic Signatures (Section 2.4.4.3).

Various

amounts of starting DNA were converted and compared to samples converted using the
agarose bead method (Figure 4.2).
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Figure 4.2. Trial of the MethylEasy™ DNA Bisulfite Modification Kit. Results
from the second round of the H19 nested PCR (primers 1096 and 1091) on
bisulfite-converted DNA treated using the MethylEasy™ DNA Bisulfite
Modification Kit visualised on an ethidium bromide stained 2% agarose gel. The
expected amplicon size was 504 bp. The size of the fragments of the 1 Kb Plus
DNA Ladder™ (in base pairs) are marked on the left. Various amounts of starting
DNA were trialled; 25 ng, 50 ng, 1 !g and 2 !g. The control samples 1 and 2
consisted of DNA treated using the agarose bead method. The negative control
used H2O in place of DNA in the PCR. The strongest PCR product was produced
by converting 25 ng of DNA with the MethylEasy™ DNA Bisulfite Modification
Kit.

The MethylEasy™ kit worked best with 25 ng of starting DNA and produced a substantially
stronger product than DNA converted using the agarose bead method (Figure 4.2). The
amount of amplifiable DNA was much greater from the MethylEasy™ kit, even though only
one percent of the amount of DNA used in the previous bisulfite conversion protocols was
treated.
The MethylEasy™ kit was the first commercial kit available and the conversion efficiency
seemed high. However it did not provide consistent results; approximately twenty percent of
the time the kit would fail to produce any amplifiable DNA (data not shown). A second
commercial bisulfite conversion kit, the EZ DNA Methylation-Gold™ Kit from Zymo
Research, was also trialled. The EZ DNA Methylation-Gold™ Kit was assessed with 25 ng to
1 !g of starting DNA and produced a strong PCR product across the range (Figure 4.3).
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Figure 4.3. Trial of the EZ DNA Methylation-Gold™ bisulfite conversion Kit.
Results from the second round of the H19 nested PCR (primers 1096 and 1091) on
bisulfite-converted DNA treated using the EZ DNA Methylation-Gold™ Kit
visualised on an ethidium bromide stained 2% agarose gel. The expected amplicon
size was 504 bp. The size of the fragments of the 1 Kb Plus DNA Ladder™ (in base
pairs) are marked on the left. Various amounts of starting DNA were trialled; 1 !g,
500 ng, 250 ng, 50 ng and 25 ng. In the negative control H2O was used in place of
DNA in the PCR. A strong PCR product was observed from all starting
concentrations of DNA.

A starting amount of DNA of 250-500 ng was selected to maximise the number of allele
copies available for PCR. This was ten to twenty percent of the amount required for the
naked and agarose embedded bisulfite conversion protocols. The EZ DNA MethylationGold™ Kit was widely used in the literature, was substantially quicker and resulted in
stronger PCR product than the MethylEasy™ kit (Figure 4.4). For these reasons, the EZ
DNA Methylation-Gold™ Kit was used for the sodium bisulfite conversion of all DNA
samples in this chapter.
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Figure 4.4. Comparison of the EZ DNA Methylation-Gold™ Kit and
the MethylEasy™ DNA Bisulfite Modification Kit. Results from the
H19 non-nested PCR (primers 3473 and 3474) on bisulfite-converted
DNA treated using either the EZ DNA Methylation-Gold™ Kit or the
MethylEasy™ DNA Bisulfite Modification Kit visualised on an
ethidium bromide stained 2% agarose gel. The expected amplicon size
was 316 bp. The size of the fragments of the 1 Kb Plus DNA Ladder™
(in base pairs) are marked on the left. 50 ng of DNA from two
individuals (X7108 and X7187) converted with the EZ DNA
Methylation-Gold™ Kit are shown. 200 ng of DNA from two
individuals (X7108 and X7187) converted with the MethylEasy™ DNA
Bisulfite Modification Kit are also shown. Samples treated with the EZ
DNA Methylation-Gold™ Kit produced a stronger PCR product.

4.3.2. Primer Design
Careful consideration must be taken when designing bisulfite PCR primers to avoid
preferential amplification of either allele. The design of primers for amplification of bisulfiteconverted DNA is more difficult than standard PCR, as bisulfite conversion increases the
redundancy in the sequence. The abundance of thymine bases in the sequence results in a
lower annealing temperature of the primer pair. Bisulfite PCR primers are longer (around
thirty nucleotides) than conventional PCR primers in order to increase the annealing
temperature (Clark et al., 1994). It is important to exclude CpG sites from the primer
sequences to avoid biasing the PCR towards the methylated or unmethylated allele (Clark et
al., 1994). If no other suitable primer binding sites can be found, a CpG site may be included;
however the CpG site should be close to the 5´ end of the primer and the primer must contain
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redundancy at the CpG site to ensure equal annealing to methylated and unmethylated alleles.
The high level of degradation by bisulfite conversion also limits the length of potential PCR
products. As the length of a target sequence increases, so too does the chance that the
template DNA has been degraded. PCR products no greater than approximately 500 bp were
designed for this project, with around 300 bp giving the strongest PCR amplification.
Early work on amplifying regions of interest from bisulfite-converted DNA recommended the
use of a nested PCR approach (Clark et al., 1994). Nested PCR allows for one set of specific
primers, which amplify a larger region, to be used in the first round of PCR. This is followed
by a second PCR in which a smaller internal region of DNA is amplified. By effectively
increasing the amount of template DNA in the initial rounds of PCR, nested PCR is useful for
amplification from small amounts of DNA.
4.3.3. PCR Optimisation
Bisulfite conversion of template DNA dramatically reduces the amount of amplifiable DNA
for subsequent PCR, as up to ninety-six percent of the starting DNA is degraded (Grunau et
al., 2001). If a small amount of DNA (low number of alleles) remains after conversion, the
potential for allele skewing during PCR increases. To circumvent the high degradation rate
sufficient DNA must be converted. The relative number of alleles available for amplification
after bisulfite conversion compared to conventional PCR is shown (Equation 4.1).
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BISULFITE CONVERTED PCR

CONVENTIONAL PCR
1 cell = 6 pg DNA

Number of Cells Converted =
=
Number of Alleles Converted =

Number of Alleles Post-Conversion =

Number of Alleles Per PCR =
Number of Alleles Available For PCR =

250 ng

Number of Cells Per PCR =

6 pg

10 ng
6 pg

=

42,000

1,700

42,000 x 2

84,000 x 4%
3,400
10 !L
680

x 2 !L

Number of Alleles Per PCR =

1,700 x 2

Number of DNA Strands Per PCR =

3,400 x 2

Number of DNA Strands available For PCR =

6,800

Equation 4.1. The relative amount of template DNA for amplification during bisulfite PCR compared to
conventional PCR. As one cell contains 6 pg DNA the number of cells and allele copies in a sample can be
calculated. A bisulfite conversion of 250 ng DNA was used in a 10 !L reaction and 2 !L was used for PCR.
The number of allele copies of a given gene available for amplification after bisulfite conversion is 10% that
available during a standard PCR amplification. To reach a similar number of copies using bisulfite-converted
DNA, 2.5 !g of DNA would need to be converted.

The main sources of PCR amplification bias are the limited amount of PCR template, the
primer design or the temperature of the PCR reaction. The methylated allele has an increased
GC content relative to the unmethylated allele, which may result in a higher melting point
than the unmethylated allele and different secondary structures. For moderately methylated
genes, PCR at a lower annealing temperature (50°C) decreased the proportion of methylated
alleles observed when compared to PCR performed at a higher temperature (60°C) (Shen et
al., 2007).
To examine PCR bias under these conditions, a dissociation curve assay was designed
(Section 2.4.6). This assay allowed the examination of the products produced after PCR by
melting point; methylated-derived product will have a higher melting point than
unmethylated-derived product. As the focus of this study was on imprinted genes, any PCR
amplification bias could easily be detected, since an equal amount of methylated and
unmethylated PCR product was expected. An example of the melting curve analysis is shown
(Figure 4.5). The dissociation curve analysis was performed on multiple samples across
several bisulfite conversions and PCR amplifications.
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Figure 4.5. Dissociation curve assay to examine bisulfite-converted DNA PCR products. A) An
example of a PCR containing methylated and unmethylated products from individual X7075 derived
from an H19 nested PCR. This individual had both methylated and unmethylated alleles present in the
bisulfite PCR product, with a possible bias towards the methylated allele. A small amount of primer
dimer was also present. B) An example of a PCR containing only unmethylated product and primer
dimer from individual X7060 derived from an H19 nested PCR. C) An example of an H19 nested PCR
containing mostly methylated product from individual X7053. A small amount of unmethylated
product was also present.

There was variation in PCR amplification bias within individuals but there was no consistent
trend towards amplification of the unmethylated allele, suggesting that the annealing
temperature was not causing the PCR bias. It appeared more likely that the small amount of
DNA template itself resulted in stochastic variation and for this reason a minimum of 250 ng
of starting DNA and the EZ DNA Methylation-Gold™ Kit was used for subsequent
experiments.
Having optimised the bisulfite conversion and PCR amplification protocols for bisulfite
sequencing, those individuals identified as having aberrant imprinting by methylationsensitive quantitative PCR (MSQ-PCR) could be investigated. The three main candidate
imprinted genes: H19, KCNQ1OT1 and SNRPN were selected for further investigation.
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4.4.

Examination of H19 Methylation in MSQ-PCR Outliers Using

Bisulfite Sequencing
4.4.1. Genotyping of H19 Outliers
To distinguish the parental origin of the methylated and unmethylated alleles, sequencing of
H19 DMR1 was performed. First, the genomic sequence of each individual was obtained
(primers 995 and 996) to determine their genotype at each of four SNPs: rs10732516
(heterozygosity of 0.49), rs2071094 (heterozygosity of 0.40), rs2107425 (heterozygosity
of 0.50) and rs4930098 (heterozygosity of 0.42). The locations of these primers and SNPs
are shown (Figure 4.6).

H19 reverse strand bisulfite Features
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Figure 4.6. The region of H19 interrogated using bisulfite sequencing. The B repeats are shown as
orange boxes, the CTCF binding sites as blue boxes and CpG sites as lollipops. Genotyping primers
996 and 995 are shown as yellow arrows below the sequence. The primers for nested PCR are shown
in green (outer primers 1093 and 1099) and purple (inner primers 1096 and 1091). The primers for
non-nested PCR are shown in pink (3473 and 3474). The inner PCR product was 504 bp in length and
the non-nested PCR product was 316 bp in length.

Eight individuals, identified as outliers in the MSQ-PCR data, were selected for genotyping at
H19. These outliers were identified at H19 CpG1 or CpG15 as described previously (Chapter
Three). X7083 and X7128 were not formally identified as outliers but were included in this
confirmatory analysis. No individual was confirmed as an outlier at both CpG sites. An
additional three individuals (X7084, X7088 and X7062) were identified as outliers at CpG1
but could not be genotyped, as no sample DNA remained. The genotyping results for H19 are
shown (Table 4.1).
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Table 4.1. H19 Genotyping Results for Outliers Identified from MSQ-PCR Data.

Individual
(X #)

Conception
Method

X7065
X7082
X7083
X7094
X7108
X7128
X7132
X7169

Natural
Natural
Natural
Natural
Natural
ICSI
IVF
IVF

MSQPCR
(CpG1)
%
84
27
49
N/A
53
48
33
54

MSQPCR
(CpG15)
%
49
46
60
68
74
60
52
73

C/T

A/C

G/A

G/C

(rs10732516)

(rs2071094)

(rs2107425)

(rs4930098)

C/T
C/T
T
C/T
C
C/T
C/T
C/T

C/A
C/A
A
C/A
C
C/A
C/A
C/A

G/A
G/A
G
G
G/A
G/A
G/A
G

G/C
G/C
G
G/C
C
G/C
G/C
G/C

Only one individual (X7083) was uninformative at all of the SNPs examined.

The

rs10732516 C/T SNP was located at CpG7 of the H19 bisulfite sequencing amplicons. This
site was not informative, however, when examining bisulfite-converted DNA as at this site in
heterozygous individuals an unmethylated cytosine could not be differentiated from a
thymine.

The rs4930098 G/C SNP was located at the end of both H19 bisulfite PCR

amplicons and the signal noise at this region prevented the SNP from being accurately
genotyped in the bisulfite-converted PCR products.
4.4.2. Bisulfite Sequencing of H19 Using a Nested PCR
The initial bisulfite PCR amplifications of H19 used a previously published nested PCR
approach (Frevel et al., 1999b). In the first reaction, amplification of a larger region of H19
with primers 1099 and 1093 was performed (Figure 4.6). The second reaction used the
products from the initial reaction as a template to amplify a 504 bp region of H19 using
primers 1096 and 1091 (Figure 4.6). The bisulfite sequencing results from the nested PCR
were unexpected, as many alleles indicated a mixture of both methylated and unmethylated
CpG sites (data not shown). In addition, many alleles switched from having methylated CpG
sites to unmethylated CpG sites at some point within the sequence.
To examine if these aberrant methylation patterns were real or occurred as a result of the
bisulfite sequencing methodology, a control bisulfite sequencing experiment was set up. The
experiment used fully methylated and fully unmethylated H19 sequences from previously
sequenced clones. The two plasmids containing a methylated or an unmethylated sequence
were diluted to replicate the amount of starting DNA in a standard bisulfite PCR reaction.
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The plasmids were then mixed in equal volumes to create the methylation expected for an
imprinted gene. As the plasmids already contained an insert derived from the inner PCR
primers (1096 and 1091), the outer primers (1099 and 1093) could not be used for the initial
PCR reaction. Instead both rounds of PCR were performed using the inner PCR primers.
After PCR, E.coli clones containing plasmid inserts of the correct size were selected for
bisulfite sequencing. The bisulfite sequencing results from this mock imprinting experiment
are shown (Figure 4.7).
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Figure 4.7. Checking for PCR-induced errors at the H19 504 bp inner product from a 50:50 mix of
plasmid containing a fully methylated sequence and a plasmid containing a fully unmethylated
sequence. Each circle represents a CpG site within the amplicon. Closed circles represent CpG sites
identified as methylated, open circles represent CpG sites identified as unmethylated. The location of
the informative SNP rs2107425 relative to the CpG sites within the amplicon is indicated. The
genotype of each sequence is shown on the left hand side. The CpG sites within the amplicon are
numbered below. The number allocated to each allele (for ease of reference) is indicated on the right
hand side.

The mock imprinting bisulfite sequencing experiment at H19 suggested that the rate of PCR
induced recombination events or sequencing errors are high (Figure 4.7). Only three of eight
sequences reflect the input DNA: completely methylated or completely unmethylated.
Sequence three has the genotype of the methylated allele: however it has several
unmethylated sites. Sequence four also has the genotype of the methylated allele: however
the first half of the sequence is unmethylated. These findings could be explained by the
occurrence of repriming during PCR (Warnecke et al., 2002). Repriming can occur if the
PCR extension of a given sequence is not completed, resulting in a template that can act as a
primer in the next round of PCR.

If, for example, the sequence is derived from an
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unmethylated template, but it is used to prime PCR from a methylated template, it is possible
that a hybrid PCR product (sequence four) could be created (Warnecke et al., 2002). Hybrid
PCR products can only be identified if the individual is informative at several SNPs within an
amplicon.
The observed frequency of the hybrid sequences in this experiment (sixty-three percent) is
much higher than the one to seven percent that has previously been published (Warnecke et
al., 2002). The high frequency of bisulfite sequencing errors could be the result of a low
amount of template DNA or the inefficiency of the PCR reaction. The nested PCR also
resulted in the production of several additional PCR products (Figures 4.1 and 4.2), which
may also be capable of repriming. Where possible, the amount of DNA used for bisulfite
conversion was 500 ng: however in many cases the amount of sample DNA available was
limited. To reduce the number of PCR cycles and thereby reduce the number of opportunities
for repriming to occur, a non-nested bisulfite PCR for H19 was developed. An increase in
PCR hybrids has been observed in longer amplicons (Warnecke et al., 2002) and so a shorter
PCR product was designed.
The non-nested PCR amplified a 316 bp region of H19 using primers 3473 and 3474. Due to
the difficulties of designing bisulfite PCR primers in a repeat-rich region, the new bisulfite
sequencing amplicon could not incorporate H19 CpG1, which was examined using MSQPCR (Section 3.3). However H19 CpG15 was included within this region. The seven
informative H19 outliers at either CpG1 or CpG15 as determined by MSQ-PCR were
investigated using bisulfite sequencing of the non-nested amplicon.
4.4.3. Examination of H19 Methylation in Individual X7065
Individual X7065 is a naturally conceived male who was 4.1 years of age at the time of study.
The MSQ-PCR results for X7065 indicated a high level of methylation at H19 CpG1 (84%).
No abnormal methylation was detected at H19 CpG15 (49%).

Individual X7065 was

heterozygous at all four SNPs genotyped (Table 4.1). The bisulfite sequencing results for
X7065 are shown (Figure 4.8). The CpG sites are numbered relative to the nested H19 PCR
amplicon and correspond to the numbering of the sites interrogated by MSQ-PCR.
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Figure 4.8. The H19 bisulfite sequencing results combined from two experiments for individual
X7065. A 316 bp amplicon amplified using primers 3473 and 3474 was sequenced. A closed circle
represents a methylated CpG site and an open circle represents an unmethylated CpG site. The
informative SNP locations and MSQ-PCR site are indicated above the sequence. The numbers at the
bottom refer to consecutive CpGs within the amplicon. The genotype at informative SNPs is shown to
the left of the sequence.

Individual X7065 was identified as an outlier based on hypermethylation (84%) at CpG1 of
H19 by MSQ-PCR.

Unfortunately this assay does not encompass CpG1 and so the

methylation state of this site cannot be established. The bisulfite sequencing results correlate
well with the forty-nine percent methylation that was detected by MSQ-PCR for CpG15 (the
fourteenth site in the 316 bp sequence), as approximately half of the alleles of each genotype
are methylated at this site.
The bisulfite sequencing results at H19 for individual X7065 do not appear as expected for an
imprinted gene (Figure 4.8). Although it appears that there are two methylation patterns as
expected: one largely methylated sequence and one largely unmethylated sequence, they do
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not correlate with the genotype. Instead, the genotype of each sequence reveals that each
allele can be either methylated or unmethylated. For example, sequences one to three are
methylated and have the AG genotype, but sequences four and five also have the AG
genotype and are largely unmethylated.

Without parental DNA these results make it

impossible to distinguish the parental origin of each allele and therefore the DNA methylation
pattern. It would be very unusual to observe such variation in methylation at an imprinted
locus. It is plausible that the DNA for individual X7065 has been contaminated with another
sample sharing the same genotype but an opposite inheritance pattern. This would give rise to
the four H19 methylation haplotypes that are observed here. As the PCR samples were UV
irradiated prior to PCR to denature any contaminating DNA that might be present
(Section 2.2.3), the template DNA is the likely source of contamination. It is possible that the
original DNA sample was a mixture of two DNA samples with the same genotype, which
would result in the same genotyping pattern and only be noticed upon bisulfite sequencing of
an imprinted gene where opposite methylation haplotypes were present. The presence of
contamination or mixed DNA was consistent, as the bisulfite data shown is derived from two
separate conversion and cloning reactions. Unless parental samples are obtained, it is difficult
to ascertain the methylation pattern at H19 for individual X7065.
4.4.4. Examination of H19 Methylation in Individual X7082
Individual X7082 is a naturally conceived male who was 9.3 years of age at the time of study.
The MSQ-PCR results for X7082 indicated hypomethylation (27%) at H19 CpG1.
abnormal methylation was detected at H19 CpG15 (46%).

No

Individual X7082 was

heterozygous at all four SNPs genotyped (Table 4.1). The bisulfite sequencing results for
X7082 are shown (Figure 4.9).
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Figure 4.9. The H19 bisulfite sequencing results combined from two experiments for individual
X7082. See Figure 4.8 for legend details.

The H19 bisulfite sequencing results for individual X7082 shows the expected imprinting
pattern at CpG15 correlating with the MSQ-PCR results. The hypomethylation at CpG1 as
detected by MSQ-PCR was not examined, as the sequencing amplicon did not cover this site.
The putative paternal alleles (genotype CA) could be identified as the alleles showing
methylation across each CpG site. The maternal alleles (genotype AG) were identified based
on the absence of methylation at the majority of CpG sites. The maternal alleles three to six
showed methylation at CpG sites 22-24. This pattern was found in many samples and is
likely to represent the methylation state of these sites; alternatively it is possible that these
results may be a result of repriming during PCR (Section 4.4.2). Only two methylated alleles
were examined, which limited my ability to identify hypomethylation.
4.4.5. Examination of H19 Methylation in Individual X7094
Individual X7094 is a naturally conceived female who was 3.6 years of age at the time of
study. The MSQ-PCR results for X7094 suggested hypermethylation (68%) at H19 CpG15.
The methylation level of X7094 at H19 CpG1 was not examined, as this individual was added
to the cohort after the redesign of the MSQ-PCR assay. X7094 was heterozygous at three of
the four SNPs genotyped (Table 4.1). The bisulfite sequencing results for X7094 are shown
(Figure 4.10).
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Figure 4.10. The H19 bisulfite sequencing results from two experiments for individual X7094. See
Figure 4.8 for legend details.

Bisulfite sequencing results from two separate conversions and PCR reactions on individual
X7094 are shown (Figure 4.10). Individual X7094 was not informative at the G/A SNP
rs2107425. The AG allele is hypothesised to be the paternally derived H19 allele, as it is
usually completely methylated in individual X7094. However three copies of the AG allele
(sequences 16-18) are completely unmethylated, which is unexpected at an imprinted locus.
If these alleles are derived from individual X7094 this individual should be hypomethylated at
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H19. However the MSQ-PCR data from examination of CpG15 indicates hypermethylation
(68%). The unmethylated AG alleles were found in both replicates of the experiment. It is
possible that these unmethylated AG alleles are due to contamination of the DNA sample.
The CG allele is hypothesised to be the maternally derived H19 allele, as it is largely
unmethylated.

The CG allele shown in sequence nineteen shows a transition from

unmethylated CpG sites to methylated CpG sites from CpG20. It is likely that this hybrid
product is the result of PCR repriming (Section 4.4.2). Sequences twenty and twenty-three
also show methylation at CpG23 and CpG24, a common finding.
Three sequences (sequences 24-26) have the genotype CA. It is impossible for individual
X7094 to have this genotype as she is not a carrier of the A allele at rs2107425. There are
three possible explanations for the presence of an A at this SNP: PCR errors, sequencing
errors or contamination. As this sequence occurs three times over two experiments, it is
unlikely to be a technical artefact caused by PCR or sequencing errors. Therefore it is likely
that the X7094 DNA sample is contaminated or contains a mixture of two DNA samples,
which would also explain the presence of unmethylated AG alleles. As the PCR mix has been
UV irradiated, it is unlikely that contamination occurred during the PCR reaction.
The presence of two possible contaminating sequences in the DNA sample from X7094
makes it impossible to correctly examine the CpG methylation at H19 in this individual.
Regardless

of

contamination,

the

bisulfite

sequencing

results

did

not

confirm

hypermethylation at CpG15 as was suggested by the MSQ-PCR results.
4.4.6. Examination of H19 Methylation in Individual X7108
Individual X7108 is a naturally conceived female who was 5.5 years of age at the time of
study. The MSQ-PCR results for individual X7108 indicated normal levels of methylation at
H19 CpG1 (53%) by MSQ-PCR but showed hypermethylation of CpG15 (74%). X7108 was
only heterozygous at the G/A SNP rs2107425 (Table 4.1). The bisulfite sequencing results
for X7108 are shown (Figure 4.11).
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Figure 4.11. The H19 bisulfite sequencing results combined from three experiments for individual
X7108. See Figure 4.8 for legend details.

In total, forty-six sequences were examined from individual X7108. The bisulfite sequencing
results for X7108 show a lot of variation in methylation across this imprinted region of H19.
The CG allele appears to be the predominantly methylated allele and is hypothesised to be the
paternally derived allele. The CA allele is the predominantly unmethylated allele and is
hypothesised to be the maternally derived allele. However, sequences of both the CA and the
CG allele indicate various intermediate levels of methylation, with a mix of both methylated
and unmethylated CpG sites. Some of these sequences (sequences 7,8,11,12,13) could be the
result of repriming events during the PCR (Section 4.4.2). It is difficult to confirm these
hybrid PCR products, as individual X7108 was only informative for the rs2107425 SNP.
On average, X7108 showed a normal level of methylation (50%) at CpG15. However if the
variation observed in the bisulfite sequencing results for X7108 is biologically significant, the
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existence of aberrant methylation at CpG15 is possible. The bisulfite sequencing results for
X7108 were obtained over three bisulfite conversion and subsequent cloning experiments and
consistently revealed aberrantly methylated sequences (unmethylated CG alleles and
methylated CA alleles).

The bisulfite sequencing results do not confirm the aberrant

methylation at CpG15 in individual X7108 as identified by MSQ-PCR, although the
unexpected variation at H19 in this individual indicates aberrant imprinting may be present.
However it seems likely that the aberrant methylation patterns observed for X7108 can be
explained as PCR hybrids.
4.4.7. Examination of H19 Methylation in Individual X7128
Individual X7128 is a female conceived using intracytoplasmic sperm injection who was 5.7
years of age at the time of study. The MSQ-PCR results for X7128 indicated normal levels of
methylation at H19 CpG1 (48%) and at H19 CpG15 (60%). Although not formally identified
as an outlier, X7128 was selected for confirmatory analysis due to the slightly elevated result
for H19 CpG15. Individual X7128 was heterozygous at all four SNPs examined (Table 4.1).
The bisulfite sequencing results for X7128 are shown (Figure 4.12).
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Figure 4.12. The H19 bisulfite sequencing results from one experiment for individual X7128. See
Figure 4.8 for legend details.
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The bisulfite sequencing results for individual X7128 appear to have the expected imprinting
pattern (Figure 4.12). The CA allele is completely methylated and is hypothesised to be the
paternal alleles. The AG allele is mostly unmethylated and is hypothesised to be the maternal
allele. All of the AG alleles have some methylated CpG sites towards the end of the sequence
(CpG sites 23 and 24). Variation in the last CpG sites of the H19 amplicon has been observed
in most of the other individuals examined using bisulfite sequencing.
The MSQ-PCR results from H19 CpG15 on individual X7128 indicated hypermethylation of
this CpG site. The bisulfite sequencing results do not indicate any hypermethylation and fail
to confirm the MSQ-PCR findings.
4.4.8. Examination of H19 Methylation in Individual X7132
Individual X7132 is a female conceived using in vitro fertilisation, who was 5.7 years of age
at the time of study. The MSQ-PCR results for X7132 indicated hypomethylation (33%) at
H19 CpG1 and normal methylation at H19 CpG15 (52%).

Individual X7132 was

heterozygous at all four SNPs examined (Table 4.1). The bisulfite sequencing results for
X7132 are shown (Figure 4.13).

!"#$%&

!"#%&$%*')
%"#$

-./01%2$$
.345$

!"#$%&'#()
!"#$

%#$

&$

%#$

'$

%#$

($

%#$

)$

#!$

*$

#!$

+$

#!$

,$
'$ ($ )$ *$ +$ ,$ 6$ 7$ &8$ &&$ &'$ &($ &)$ &*$ &+$ &,$ &6$ &7$ '8$ '&$ ''$ '($ ')$

Figure 4.13. The H19 bisulfite sequencing results from one experiment for individual X7132. See
Figure 4.8 for legend details.
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The bisulfite sequencing results for individual X7132 at H19 indicated no imprinting
aberrations. The CA allele was mostly methylated and was hypothesised to be the paternally
derived allele. The AG allele was mostly unmethylated and hypothesised to be the maternally
derived allele.

There was no aberrant methylation of CpG15 in any of the sequences

examined, which confirmed the MSQ-PCR findings of fifty-two percent methylation.
Methylation at CpG23 or CpG24 was observed on the AG alleles, as had been observed
previously. As there was no indication of aberrant methylation in individual X7132 within
the H19 amplicon and as the CpG15 MSQ-PCR result was normal, individual X7132 was not
studied further.
4.4.9. Examination of H19 Methylation in Individual X7169
Individual X7169 is a female conceived using in vitro fertilisation, who was 5.8 years of age
at the time of study. The MSQ-PCR results for X7169 suggested normal methylation levels
at H19 CpG1 (54%) but this individual was hypermethylated (73%) at H19 CpG15.
Individual X7169 was heterozygous at three of the four SNPs examined (Table 4.1). The
bisulfite sequencing results for X7169 are shown (Figure 4.14).
The bisulfite sequencing results for individual X7169 indicate the presence of one largely
methylated allele and one largely unmethylated allele (Figure 4.14). The methylated allele
(genotype CG) is hypothesised to be the paternally derived allele and the unmethylated allele
(genotype AG) is hypothesised to be the maternally derived allele. The MSQ-PCR data for
individual X7169 suggested hypermethylation (73%) of CpG15. The bisulfite sequencing
data indicates only one sequence with aberrant methylation at this site, sequence twelve,
which is unmethylated at CpG15.
Sequence seventeen (genotype AG) is methylated at CpG sites 2 to 9.

The pattern is

suggestive of a repriming event during PCR (Section 4.4.2). Sequence seventeen is also
methylated at CpG sites 12, 23 and 24. Methylation at CpG sites 23 and/or 24 was present in
the majority of maternal alleles.
There was no evidence of methylation on the unmethylated AG allele (with the exception of
sequence seventeen).

Therefore the hypermethylation of H19 in individual X7169 as

suggested by the MSQ-PCR results was not confirmed.
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Figure 4.14. The H19 bisulfite sequencing results from two experiments for individual X7169. See
Figure 4.8 for legend details.

4.4.10. Conclusions from Bisulfite Sequencing of H19 Outliers
Seven individuals identified as outliers from the MSQ-PCR results and who were informative
at SNPs within H19 were selected for further examination using bisulfite sequencing. A
degree of aberrant methylation appeared to be present in the individuals that were examined,
but this did not correlate with the results from the MSQ-PCR. Most of the variation can be
explained by repriming events, resulting in hybrid PCR products. It is possible that the
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effects of repriming can be limited by increasing the extension time during PCR amplification
(Warnecke et al., 2002).
Two samples were identified as potentially contaminated or containing a mixture of DNA
from two individuals. Methylation analysis using bisulfite sequencing could not be accurately
used on these samples.
Additional variation was particularly evident at CpG sites 22-24 within the H19 amplicon.
Given the consistency of this finding it probably reflects the true methylation state at these
sites. However, it could be the result of preferential amplification by the reverse primer, by
preferably amplifying template with methylation at the 3´ end. The repetitive nature of this
H19 region, together with the additional sequence similarity resulting from bisulfite
conversion, precluded the design of alternative primers.

4.5.

Examination of KCNQ1OT1 Methylation in MSQ-PCR Outliers

Using Bisulfite Sequencing
4.5.1. Genotyping of KCNQ1OT1 Outliers
To discern aberrant imprinting patterns, the parent of origin of each allele must be
identifiable. A restriction fragment length polymorphism (RFLP) assay was designed around
the C/T SNP rs11023840, which was located around fifty base pairs from the MSQ-PCR site
(Figure 4.15). The average heterozygosity of rs11023840 is unknown.
KCNQ1OT1 for thesis Features
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Figure 4.15. The region of KCNQ1OT1 interrogated using bisulfite sequencing. CpG sites are
represented as lollipops. The MSQ-PCR primers (2363 and 2973) are shown as pink arrows and the
HpaII target CpG site is marked. The RFLP genotyping primers (3616 and 3617) are shown as yellow
arrows and the AluI site overlaps the rs11023840 SNP. The bisulfite sequencing primers (3706 and
3707) are shown as green arrows.
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The RFLP method is based on SNP-specific cleavage with a restriction enzyme. The uncut
PCR product was 309 bp. If the individual homozygous for the T allele at rs11023840, AluI
can cleave the PCR product into 96 bp and 213 bp fragments.

If the individual is

homozygous for the C allele, AluI is unable to cleave the DNA. However, if an individual
was heterozygous at rs11023840, the digest of the PCR product of primers 3616 and 3617
will result in both uncut (309 bp) and cut (213 bp and 96 bp) DNA. The advantage of the
RFLP method over sequencing was that it was both time and cost effective. Only informative
individuals were selected for bisulfite sequencing. Individual X7185 was also identified as an
outlier, however not enough DNA was available for examination using bisulfite sequencing.
Seven outliers (classified as less than 36.5% or greater than 56.5% methylation) identified
from the KCNQ1OT1 MSQ-PCR results were examined by RFLP (Figure 4.16). X7091 and
X7117 were not formally identified as outliers but were included in confirmatory analysis due
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to showing a degree of hypomethylation (39%).
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Figure 4.16. Restriction fragment length polymorphism (RFLP) genotyping results for KCNQ1OT1
outliers visualised on ethidium bromide stained 2% agarose gels. The three gels pictured show the
results from PCR amplification using primers 3616 and 3617 and subsequent treatment with either 1 !L
of 50% glycerol or 1 !L of AluI. The uncut PCR product is 309 bp in length and if the individual has a
T allele at rs11023840, the product will be cleaved resulting in 96 bp and 213 bp fragments.
Heterozygous individuals will show the presence of all three sized bands.

Of the seven outliers examined, two were heterozygous at rs11023840 (Figure 4.16). The
MSQ-PCR results and RFLP genotyping results are shown (Table 4.2).
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Table 4.2. KCNQ1OT1 RFLP Genotyping Results for Outliers Identified from MSQ-PCR Data.
Individual
(X Number)
X7070
X7084
X7088
X7091
X7100
X7117
X7153

Conception Method
Natural
Natural
Natural
Natural
Natural
ICSI
IVF

MSQ-PCR Result
(% Methylation)
36
27
23
39
26
39
13

Genotype
rs11023840
T
C
C/T
T
T
C/T
T

Individuals X7091, X7100, X7153 and X7070 were homozygous for the T allele. Individual
X7084 was homozygous for the C allele. Two individuals were informative at rs11023840:
X7088 and X7117.

These two individuals were selected for further study.

As the

polymorphism of interest was a C/T SNP, this could not be distinguished after bisulfite
conversion of the DNA. To circumvent this problem, the complementary strand was targeted,
which gives rise to a G/A SNP at rs11023840.
4.5.2. Cloning Problems with Bisulfite-Converted KCNQ1OT1 Amplicons
Several issues were encountered during the cloning of PCR products containing parts of the
KCNQ1OT1 gene. The major issue encountered was apparent toxicity to the various E.coli
competent cells. Initial amplification of KCNQ1OT1 from bisulfite-converted DNA was
performed with primers 3614 and 3615 (Table 2.8). The resulting 402 bp product could not
be readily cloned into One Shot® Mach1™-T1R, TOP10 or DH5!™-T1R cells using the
TOPO TA cloning vector, suggesting this product may be toxic to the competent E.coli cells.
New primers were designed that changed the frame of the sequence (primers 3646 and 3647)
and that introduced a UAA stop codon (primers 3648 and 3649). However both of these
primer sets also failed to enable efficient cloning.
As the cloning efficiency was low using several primer sets, amendments were made in order
to attempt to improve cloning efficiency. These amendments included an additional 3´ A
overhang incubation, as the 3´ A overhang is essential for TOPO TA cloning. Different
incubation temperatures (room temperature and 28°C) were trialled to limit toxicity to the
E.coli competent cells and a different cloning vector, the pGEM-T Easy vector (Promega,
Cat. #A1360), was used in the hope that a different fusion protein would be less toxic. All of
these amendments failed to improve the cloning efficiency. Those colonies that did contain
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inserts were cultured in liquid broths prior to plasmid DNA extraction, however no plasmid
DNA could be recovered from the cells, again suggesting the various amplicons conferred
toxicity to the host E.coli cell.
A new pair of primers was designed for KCNQ1OT1 (3706 and 3707, Figure 4.15) to amplify
a different DNA sequence. This amplicon could be successfully cloned into One Shot®
Mach1™-T1R, TOP10 or DH5!™-T1R cells using both the TOPO-TA and pGEM-T Easy
vectors. However, analysis of the clones containing the KCNQ1OT1 amplicon within either
of the vectors revealed that all of the clones contained the methylated KCNQ1OT1 sequence.
The 331 bp amplicon contained twenty-nine CpG sites, resulting in twenty-nine C/T
differences between the methylated and the unmethylated sequences. To confirm that this
observed bias towards the methylated allele was not caused by the PCR reaction, the PCR
product was treated with AciI. The AciI restriction enzyme cleaves at GCGG sites and
specifically cleaves the methylated sequence into five fragments (Figure 4.17). Where the
KCNQ1OT1 PCR product is derived from the unmethylated sequence it remains uncut

500
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100

X7117 + 0.5 !L AciI

X7117 + 50% Glycerol

1 Kb Plus DNA Ladder™

(Figure 4.17).

Figure 4.17. Results from an AciI digest of bisulfite-converted
DNA KCNQ1OTI PCR product (primers 3706 and 3707)
visualised on an ethidium bromide stained 2% agarose gel. The
size of the fragments of the 1 Kb Plus DNA Ladder™ (in base
pairs) are marked on the left. 10 !L of PCR product was
incubated with 0.5 !L of 50% glycerol or 0.5 !L of AciI and
incubated at 37°C for 16 h. KCNQ1OT1 sequence derived from
the methylated allele is cleaved into 3 (not visible), 17 (not
visible), 37, 52, 83 and 139 bp fragments. KCNQ1OT1
sequence derived from the unmethylated allele remains as uncut
331 bp sequence. The AciI treated PCR product contains both
methylated and unmethylated allele derived sequences for
KCNQ1OT1.
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The AciI digest of KCNQ1OT1 PCR product revealed that both methylated and unmethylated
sequences were present (Figure 4.17). The AciI digest indicated that PCR bias did not
account for the preference for methylated clones. The bias towards the methylated allele must
occur as a result of cloning.
To determine whether it was possible for the One Shot® TOP10 cells to contain the
unmethylated insert, PCR product treated with AciI to remove the methylated KCNQ1OT1
sequence was cloned.

Eighty-seven colonies transformed with either the TOPO TA or

pGEM-T Easy vector were examined. Of these eighty-seven colonies, six contained inserts of
the expected size. Subsequent restriction digest of the PCR product amplified with the M13
primers for these six clones with AciI revealed that only one clone contained the
unmethylated KCNQ1OT1 sequence (data not shown). This result implied a cloning success
rate of around one percent using the unmethylated KCNQ1OT1 DNA.

The failure to

efficiently clone the unmethylated KCNQ1OT1 sequence suggested that this sequence may
have a toxic effect on the One Shot® TOP10 cells. Previous reports of problems with cloning
using DNA without cytosines and E.coli cells have shown cloning bias does occur (Grunau et
al., 2001; Warnecke et al., 2002).
As the previous experiment suggested toxicity of the unmethylated KCNQ1OT1 sequence to
the One Shot® Mach1™-T1R, TOP10 or DH5!™-T1R E.coli competent cells, other E.coli
competent cell strains were examined to find any that were unaffected by this toxicity. Two
different E.coli competent cell strains were used with the TOPO TA vector and the
unmethylated KCNQ1OT1 insert: One Shot® OmniMAX™ 2 T1R and Stbl3™. No colonies
were obtained from One Shot® Stbl3™ E.coli transformed with the unmethylated
KCNQ1OT1 product, suggesting that the toxicity affected the Stbl3™ cells. The One Shot®
OmniMAX™ 2 T1R E.coli competent cells successfully produced colonies when transformed
with the unmethylated KCNQ1OT1 product.

KCNQ1OT1 PCR product without prior

digestion with AciI was transformed into the One Shot® OmniMAX™ 2 T1R competent cells.
One Shot® OmniMAX™ 2 T1R E.coli colonies containing an insert of the expected size
(497 bp) were then digested using AciI to identify the methylation state of each sequence
(Figure 4.18).

1 Kb Plus DNA Ladder™

Clone 10 + AciI

Clone 11 + AciI

Clone 12 + AciI

Clone 13 + AciI

Clone 8 + AciI

Clone 7 + AciI

Clone 6 + AciI

Clone 5 + AciI

Clone 4 + AciI

Clone 3 + AciI

Clone 1 + AciI

1 Kb Plus DNA Ladder™
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Figure 4.18. AciI-digested M13 PCR products from KCNQ1OT1 (primers 3706 and 3707)/TOPO TAtransformed One Shot® OmniMAX™ 2 T1R competent cells as visualised on an ethidium bromide
stained 2% agarose gel. The size of the fragments of the 1 Kb Plus DNA Ladder™ (in base pairs) are
marked on the left. The unmethylated KCNQ1OT1 appears as a 59 bp band (TOPO-TA vector), a 4 bp
band (TOPO-TA vector) and a 435 bp band (KCNQ10T1 + TOPO-TA vector). The fully methylated
KCNQ1OT1 will be cleaved into 3 (not visible), 4 (not visible), 17 (not visible), 37, 59, 96, 139 and 142
bp fragments. Hemimethylated KCNQ1OT1 will show a variation of band sizes, respective of the
methylated sites. Clones 1, 4, 7 and 10 contain unmethylated alleles. Clones 8, 12 and 11 contain
methylated alleles. Clones 3, 5, 6 and 13 are either hemimethylated or show incomplete digestion by
AciI.

Colonies containing methylated sequences were cleaved into fragments less than 150 bp in
length. Colonies containing unmethylated sequences were cleaved into fragments of 4, 59
and 435 bp in length, as the TOPO-TA vector contained two AciI cut sites. Of the eleven
colonies containing inserts, four were derived from the unmethylated KCNQ1OT1 allele
(Figure 4.18). As the One Shot® OmniMAX™ 2 T1R E.coli cells appeared to be unaffected
by the unmethylated allele, these cells were used for future KCNQ1OT1 cloning reactions.
4.5.3. Examination of KCNQ1OT1 Methylation in Individuals X7088 and X7117
Individual X7088 is a naturally conceived female who was 9.5 years of age at the time of
sample collection.

The MSQ-PCR results for individual X7088 indicated a degree of

hypomethylation (23%) at KCNQ1OT1. As X7088 was heterozygous at rs11023840 it was a
suitable candidate for further examination using bisulfite sequencing.
sequencing results for individual X7088 are shown (Figure 4.19).

The bisulfite
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Figure 4.19. The KCNQ1OT1 bisulfite sequencing results for individual X7088. A 331 bp amplicon
amplified using primers 3706 and 3707 was sequenced. A closed circle represents a methylated CpG
site, an open circle represents an unmethylated CpG site and a grey circle indicates that the
polymorphism alters the CpG site to a CpA site, which cannot be methylated. The location of the
rs11023840 SNP and MSQ-PCR site are indicated above the sequence. The genotype is shown to the
left of each sequence. The CpG sites are numbered below the sequences.

The MSQ-PCR results suggested that individual X7088 was hypomethylated (23%) at CpG8.
For a MSQ-PCR result of 23% methylation, around half of the methylated alleles must be
unmethylated at CpG8. This degree of hypomethylation was not observed at CpG8. It is
possible that the toxicity observed with the unmethylated insert (Section 4.5.2) continues to
bias the alleles observed in the One Shot® OmniMAX™ 2 T1R cells.
The KCNQ1OT1 bisulfite sequencing results for individual X7088 do show that one allele,
sequence twelve, has aberrant methylation at the MSQ-PCR site (CpG8). However the
methylation pattern suggests that the allele is probably the result of repriming during the PCR
(Section 4.4.2). A repriming event could also explain the methylation pattern observed in
sequence thirteen.
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The bisulfite sequencing data presented for individual X7088 does not suggest the presence of
hypomethylation at the KCNQ1OT1 MSQ-PCR site. If the MSQ-PCR result was correct, a
third of the unmethylated sequences at CpG8 should carry the G genotype. There was no
evidence of hypomethylation in the bisulfite sequencing data for individual X7088.
Individual X7117 is a male who was conceived using intracytoplasmic sperm injection and
was 4.9 years of age at the time of sample collection. The MSQ-PCR results indicated that
X7117 was slightly hypomethylated (39%) at KCNQ1OT1.

As individual X7117 was

informative at the SNP rs11023840 (Table 4.2) this sample was selected for bisulfite
sequencing. The bisulfite sequencing results for X7117 are shown (Figure 4.20).
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Figure 4.20. The KCNQ1OT1 bisulfite sequencing results for individual X7117. See Figure 4.19 for
legend details.

There was no evidence of hypomethylation at the MSQ-PCR site (CpG8) in the bisulfite
sequencing data for individual X7117 (Figure 4.20). A degree of variation in methylation was
observed at several sites in all of the alleles examined.
In samples X7088 (Figure 4.19) and X7117 (Figure 4.20) variation from the expected
methylation state was observed at several CpG sites within the KCNQ1OT1 amplicon,
especially at CpG1 and CpG29. This variation suggests that CpG1 and CpG29 might be
outside of the core imprint control region. It is not expected that bisulfite PCR would
introduce changes in these sequences, nor that these changes are reflecting sequence artefacts.

Bisulfite Sequencing 161

4.5.4. Conclusions from Bisulfite Sequencing of KCNQ1OT1 Outliers
The bisulfite sequencing of informative KCNQ1OT1 outliers identified by MSQ-PCR did not
confirm aberrant imprinting. Variation in CpG methylation within this region was identified.
Bisulfite sequencing of individuals with the expected fifty percent methylation at KCNQ1OT1
could be performed to determine the extent of variation in methylation within this region.
The small number of clones examined will have limited the ability to detect hypomethylation
in these individuals. All of the methylated clones examined indicate some hypomethylation
and although this was not observed at the site used for MSQ-PCR, it is possible it occurs at
this site often enough to be detected using MSQ-PCR. These results neither support nor
contradict the MSQ-PCR data; however there is no indication of aberrant imprinting of entire
alleles in individual X7117.
In the case of the unmethylated allele, no fully unmethylated sequence was observed in any of
the clones examined. As there is apparent toxicity of the unmethylated KCNQ1OT1 sequence
(Section 4.5.2), it is possible that only sequences showing a degree of methylation can be
successfully cloned.

However, it should be noted no fully methylated sequences were

observed either. As the bisulfite sequencing results for KCNQ1OT1 may be compounded by
the toxicity of the unmethylated sequence to E.coli cells, a different methylation-determining
technique such as Sequenom MassARRAY® EpiTYPER® assays (Chapter Eight), should be
used to examine KCNQ1OT1 methylation in future.

4.6.

Examination of SNRPN Methylation in MSQ-PCR Outliers Using

Bisulfite Sequencing
4.6.1. Genotyping of SNRPN Outliers
Genotyping was performed on outliers from the SNRPN MSQ-PCR assay to identify the
parental alleles.

Combined with bisulfite sequencing this enables the identification of

aberrant methylation on individual alleles. A genotyping PCR for sequencing was designed
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around the rs220029 C/T SNP, which has an average heterozygosity of 0.24. The PCR was
performed using primers 3620 and 3621 (Figure 4.21).
SNRPN whole U41384
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Figure 4.21. The region of SNRPN targeted for bisulfite sequencing. CpG sites are represented as
lollipops. Exon alpha is shown as an orange arrow and the CpG island as a blue box. The MSQ-PCR
primers (2465 and 2466) are shown as pink arrows and the HpaII target CpG site is marked. The
genotyping primers (3620 and 3621) are shown as yellow arrows and the rs220029 SNP location is
indicated. The bisulfite sequencing primers (3618 and 3619) are shown as green arrows.

Thirteen individuals identified as outliers from the SNRPN MSQ-PCR data were selected for
genotyping. One of these individual samples (X7185) did not contain enough DNA for
analysis using bisulfite sequencing. Individuals were identified as outliers if the MSQ-PCR
results indicated methylation <43% or >59% at the CpG site examined (Section 3.5). The
genotyping results are shown (Table 4.3).

The genotyping sequencing reaction was

performed in both directions using primers 3620 and 3621 (Table 2.8).
Table 4.3. SNRPN Genotyping Results for Outliers Identified from MSQ-PCR Data.
Individual
(X Number)
X7070
X7086
X7094
X7120
X7125
X7134
X7145
X7151
X7152
X7163
X7176
X7182

Conception Method
Natural
Natural
Natural
ICSI
ICSI
ICSI
IVF
ICSI
IVF
ICSI
ICSI
ICSI

MSQ-PCR Result
(Mean % Methylation)
69
60
80
73
68
61
62
67
68
60
63
61

rs220029
C/T
C
C
C
C
C
C
C
C
C/T
C
C
C

Only one individual, X7152, was informative at the rs220029 C/T SNP. To accurately
genotype this SNP in the bisulfite sequencing data, primers were designed for the reverse

1
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strand (primers 3618 and 3619; Figure 4.21). This informative individual X7152 was selected
for further analysis using bisulfite sequencing.
4.6.2. Examination of SNRPN Methylation in Individual X7152
Individual X7152 is a male conceived using in vitro fertilisation who was 5.1 years of age at
the time of sample collection.

The MSQ-PCR results for individual X7152 indicated

hypermethylation (68%) of SNRPN at CpG16. The bisulfite sequencing results for X7152 are
shown (Figure 4.22). The genotype for rs220029 is shown as a G/A as the reverse strand was
targeted for bisulfite sequencing.
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Figure 4.22. The SNRPN bisulfite sequencing results for individual X7152. A 433 bp amplicon
amplified using primers 3618 and 3619 was sequenced. A closed circle represents a methylated CpG
site and an open circle represents an unmethylated CpG site. The location of the rs220029 SNP and the
MSQ-PCR site are indicated above the sequence. The CpG sites are numbered below the sequences.
The genotype of each sequence is shown on the left side.

The bisulfite sequencing results for SNRPN on individual X7152 do not suggest
hypermethylation at CpG16, the site interrogated using MSQ-PCR (Figure 4.22).

The

methylated G alleles are hypothesised to be maternally inherited whilst the unmethylated A
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alleles are hypothesised to be paternally inherited. If hypermethylation was common in
individual X7152, methylation of CpG16 on A alleles should be present. No methylated A
alleles were observed in the bisulfite sequencing results for X7152.
A small amount of variation in the methylation of some CpG sites was observed; sequences
two to eight all contained one CpG site with an opposing methylation state to what was
expected based on the sequence genotype. Without examining additional individuals, it is
difficult to ascertain whether these small methylation differences are the result of the bisulfite
sequencing technique or whether they reflect true biological variants. However, the overall
methylation pattern at SNRPN suggests a normally imprinted region.
4.6.3. Conclusions from Bisulfite Sequencing of an SNRPN Outlier
The bisulfite sequencing of an in vitro fertilisation conceived individual (X7152), identified
as hypermethylated (68%) at SNRPN by MSQ-PCR, suggests that no aberrant imprinting had
occurred. No changes in methylation occurred at the MSQ-PCR interrogated CpG site, which
would have accounted for the previously observed hypermethylation. Small variations in
CpG methylation across the region were observed, but to a lesser extent than the variation
seen within the H19 and KCNQ1OT1 amplicons.

4.7.

Discussion of Bisulfite Sequencing Results

The bisulfite sequencing results failed to confirm the aberrant imprinting that was suggested
by the MSQ-PCR results. Bisulfite sequencing did not reveal changes in CpG methylation at
the MSQ-PCR interrogated sites of H19, KCNQ1OT1 or SNRPN. It is possible that the
bisulfite sequencing method is not sensitive enough to pick up small changes in methylation,
as only a relatively small number of alleles from each individual were examined.

For

example, using a binomial sampling distribution pattern for an imprinted gene (fifty percent
methylation) where ten alleles are examined by bisulfite sequencing, the range of methylation
observed can range from 19 to 81%. Using the same binomial sampling distribution pattern
and applying it to the MSQ-PCR, where ~10,000 alleles are examined, the expected range is
49 to 51%. The distributions highlight how vulnerable the bisulfite sequencing method is to
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small sample sizes and explains why this approach cannot be used to quantify the amount of
methylation that is present. Instead bisulfite sequencing allows the in-depth examination of
multiple CpG sites across an amplicon. In addition, the parental origin of each allele can be
attributed, enabling the identification of aberrant imprinting.
Residual protein in a DNA sample has been shown to affect the bisulfite conversion process
(Warnecke et al., 2002). Alternatively, as the individuals with aberrant MSQ-PCR results
were confirmed with at least two replicate MSQ-PCR experiments, the HpaII digestion may
have been affected by various contaminants in the DNA sample. This could have resulted in
incomplete or over digestion by the restriction enzyme, accounting for the observed hyper- or
hypomethylation.
The bisulfite sequencing methodology is fickle and prone to PCR-induced inaccuracies. The
availability of commercial sodium bisulfite conversion kits has removed some of the
difficulties regarding bisulfite sequencing. However, this study has identified a significant
extent of apparent repriming during PCR. Repriming was evident using both nested and nonnested PCR protocols and after increasing the amount of DNA used in the conversion process.
Repriming events are only obvious during bisulfite sequencing, as methylation haplotypes are
examined. This phenomenon may also be present in other techniques that rely on bisulfite
conversion and subsequent PCR. If this is the case, significant variation in CpG methylation
may be present at the beginning and end CpG sites of an amplicon. If biased in one direction,
repriming could affect the methylation results.
Bisulfite PCR bias towards both the methylated and the unmethylated allele was also
observed, as shown by the melting curve assays. Bisulfite PCR bias has been widely reported
(Shen et al., 2007; Warnecke et al., 1997; Warnecke et al., 2002; Wojdacz and Dobrovic,
2009).

A recent publication suggests incorporating a CpG site into the primer design

(Wojdacz and Dobrovic, 2009). By using primers targeting a methylated CpG site, the bias
towards the unmethylated allele (due to its lower annealing temperature) can be compensated
for. In the future, this protocol modification should be trialled, especially when looking at
imprinted genes, as it is known that an equal proportion of methylated and unmethylated
sequences are expected. However, no consistent bias in either direction was observed in these
bisulfite sequencing reactions.
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The Angelman Syndrome cases containing a mosaic methylation pattern, with a degree of
normally methylated cells (less than forty percent), indicated that normal methylation was
present across all CpG sites within the region of SNRPN that was examined (Nazlican et al.,
2004). Therefore, it was hypothesised that mosaic individuals in this cohort may be observed
as having aberrant imprinting characterised by abnormal methylation across all the CpG sites
in an amplicon of H19, KCNQ1OT1 or SNRPN. This was not the case in the individuals
examined; however variation was observed in CpG site methylation within alleles. It is
unlikely that variation in methylation at one CpG site is enough to alter imprinting and
therefore possibly the phenotype of an individual. The bisulfite sequencing analysis of
outliers, identified using MSQ-PCR, failed to identify any aberrant imprinting in these
individuals. A degree of variability in methylation at CpG sites was observed within all three
imprinted genes examined. The variation in CpG methylation that was observed in all
individuals examined using bisulfite sequencing may be biologically accurate, but it is
unknown whether these changes are biologically significant.
The difficult nature of bisulfite sequencing experiments has been highlighted in this chapter.
Issues have been encountered with the bisulfite conversion, PCR and cloning steps of the
experiments. The end result of these experiments is the optimisation of a successful bisulfite
sequencing protocol. The Sequenom MassARRAY® EpiTYPER® assay may provide superior
quantification of CpG methylation, but this method does not provide detailed description of
individual alleles. The optimisation of these bisulfite sequencing protocols is important in
further research, as both bisulfite conversion of DNA and subsequent PCR amplification are
integral steps of the Sequenom MassARRAY® EpiTYPER® and other methodologies.

CHAPTER FIVE:
A Prader-Willi Syndrome Individual Conceived By
In Vitro Fertilisation
5.1.

Prader-Willi Syndrome

5.1.1. The Prader-Willi Syndrome Phenotype
The characteristics of Prader-Willi syndrome (PWS; OMIM 176270) include short stature,
small hands and feet, poor muscle tone, mild mental retardation (an average IQ of sixty-five),
excessive appetite, obesity, respiratory defects and behavioural problems. In utero, the fetus
shows reduced activity and after birth the infant has difficulty feeding and fails to thrive.
However, after weaning the Prader-Willi syndrome child has an insatiable appetite, the end
result of which is obesity. Prader-Willi syndrome has an estimated incidence of 1/15,0001/30,000 (Cassidy and Driscoll, 2009).
5.1.2. The Genetics of Prader-Willi Syndrome
Prader-Willi syndrome is caused by the absence of paternally expressed genes at chromosome
15q11-q13 (Nicholls et al., 1989). Multiple imprinted genes are contained within the critical
chromosomal region at 15q11-q13 (Figure 5.1), however no single gene has been identified as
causative for Prader-Willi syndrome, indicating that this is a genomic (multiple gene)
disorder. The underlying genetic cause of Prader-Willi syndrome can be broken into three
groups: de novo deletions (seventy percent of cases), maternal uniparental disomy (twentyfive percent of cases) and imprinting control centre deletions, imprinting aberrations or
balanced translocations (five percent of cases) (Bittel and Butler, 2005).
There are several other paternally expressed genes in the deletion region that have been linked
to the phenotypes of Prader-Willi syndrome. The paternally expressed NECDIN gene (NDN;
Figure 5.1) is thought to have a role in brain development as it is expressed in post-mitotic
neurons throughout the central nervous system in mice; however it is ubiquitously expressed
in humans (Jay et al., 1997; MacDonald and Wevrick, 1997; Maruyama et al., 1991). The
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expression of NDN is absent in patients with Prader-Willi syndrome and has been
hypothesised to be the cause of abnormal brain development in these patients (Jay et al.,
1997). Conflicting results from mouse Ndn knockout models have been obtained. Some
knockout models show neonatal lethality and behavioural problems similar to patients with
Prader-Willi syndrome (Gerard et al., 1999; Muscatelli et al., 2000) whilst others have an
apparently normal phenotype (Tsai et al., 1999).
The MAGE-Like 2 (MAGEL2; or necdin-like 1) gene is mainly expressed in the brain and
some fetal tissues (Lee et al., 2000). It appears to interact with NDN and other proteins to
prevent degradation of Fez1 (Lee et al., 2005). This interaction occurs near the centromeres.
Centromere dysfunction has an important role in Bardet-Biedl syndrome (BBS; OMIM
#209900), which shares some phenotypic characteristics with Prader-Willi syndrome. On this
basis it is thought that centromere dysfunction may have a role in Prader-Willi syndrome
phenotype (Lee, S. et al., 2005). The phenotypic features of Magel2 knockout mice include
neonatal growth retardation, obesity after weaning and altered metabolism in adulthood,
which are similar to the major phenotypic abnormalities in Prader-Willi syndrome individuals
(Bischof et al., 2007).
A Prader-Willi syndrome critical region has been narrowed down to 121 kb within the
snoRNAs at SNRPN, specifically the PWCR1/HBII-85 snoRNA cluster and the HBII-438A
snoRNA (de Smith et al., 2009; Gallagher et al., 2002; Sahoo et al., 2008). The exact
functions of these snoRNAs are not known, but they are thought to have a role in regulating
gene expression.

Recently, a case presenting with a phenotype similar to Prader-Willi

syndrome was described (de Smith et al., 2009). The cause of this phenotype appeared to be
a deletion of the HBII-85 snoRNAs, suggesting these snoRNAs play an important role in
Prader-Willi syndrome (de Smith et al., 2009).
5.1.3. Deletions at Chromosome 15q11-q13
De novo deletions of the paternal region of chromosome 15q11-q13 comprise seventy percent
of Prader-Willi syndrome cases. There are two main deletion types that cause Prader-Willi
syndrome: Type I and Type II (Figure 5.1). Both of these deletions share a common distal
break point (Christian et al., 1995).
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The common de novo Prader-Willi syndrome deletions occur as the result of aberrant
recombination at repeat sequences of the transcribed HERC2 genes (Figure 5.1). Type I
deletions are 5 Mb in length and Type II deletions are approximately 4.5 Mb (Christian et al.,
1995). The functional copy of HERC2, which is located at break point three, appears to have
a role in protein trafficking (Ji et al., 2000; Ji et al., 1999).
5.1.4. Imprinting Aberrations at 15q11-q13
Approximately one percent of Prader-Willi syndrome cases are caused by aberrant imprinting
at the imprinting control centre upstream of SNURF-SNRPN (Figure 5.1 and Figure 1.4;
Buiting et al., 2003). Aberrant imprinting can be the result of either a microdeletion or
incorrect methylation.

A microdeletion of 4.3 kb around exon one of SNURF-SNRPN

disrupts imprinting and causes Prader-Willi syndrome (El-Maarri et al., 2001).
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Figure 5.1. The different deletions at chromosome 15q11-q13 causing Prader-Willi Syndrome
(adapted from Bittel and Butler, 2005). Genes in blue are paternally expressed, genes in red are
maternally expressed, genes in green are biallelically expressed and genes in purple are thought to be
expressed paternally. The three break points are shown as yellow crosses. Type I deletions are seen in
40% cases with deletions and Type II are seen in 60% of deletion cases (Bittel and Butler, 2005).
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5.1.5. In Vitro Fertilisation and Prader-Willi Syndrome
So far three studies have reported patients with Prader-Willi syndrome that were conceived
using in vitro fertilisation (Doornbos et al., 2007; Kallen et al., 2005; Sutcliffe et al., 2006).
In the Sutcliffe study, families with a Prader-Willi syndrome, Beckwith-Wiedemann
syndrome, Angelman syndrome or transient diabetes mellitus child were contacted with
regards to any infertility treatment (Sutcliffe et al., 2006). Two Prader-Willi syndrome
patients were identified that were conceived using intracytoplasmic sperm injection (ICSI).
This was equivalent to 0.4% of the patients questioned. When compared to the frequency of
in vitro fertilisation conceived births in Britain at this time (0.8%), Prader-Willi syndrome
cases after in vitro fertilisation treatment were no more common than expected (Sutcliffe et
al., 2006). On closer inspection of the two intracytoplasmic sperm injection conceived
Prader-Willi syndrome cases, both were caused by deletions (causative of seventy percent of
cases) and were not due to imprinting aberrations (that account for one percent of sporadic
Prader-Willi syndrome cases). This is unlike the Angelman syndrome cases conceived using
in vitro fertilisation, all of which carry the rare imprinting defect.
The Kallen study identified one Prader-Willi syndrome patient conceived using
intracytoplasmic sperm injection and frozen embryo transfer amongst 16,280 in vitro
fertilisation conceived children surveyed (Kallen et al., 2005). The cause of Prader-Willi
syndrome in this study was not identified. Although the overall rate of imprinting disorders
was not higher than expected, the Kallen study did identify an increased risk of congenital
malformations in the in vitro fertilisation population (Kallen et al., 2005).
The Doornbos study also identified two Prader-Willi syndrome cases conceived using in vitro
fertilisation (one IVF and one ICSI individual) when surveying 227 families with a PraderWilli syndrome child (Doornbos et al., 2007). The relative risk for Prader-Willi syndrome
after assisted reproductive technology was estimated at approximately twice that of the
naturally conceived population (Doornbos et al., 2007). The cause of Prader-Willi syndrome
in the child conceived using standard in vitro fertilisation was confirmed as a deletion event.
The cause of Prader-Willi syndrome in the child conceived using intracytoplasmic sperm
injection was not identified.

PWS Case 171

Unlike the Angelman syndrome cases reported after in vitro fertilisation, aberrant methylation
was not identified as the cause of Prader-Willi syndrome in these in vitro fertilisation
conceived individuals.
5.1.6. A Prader-Willi Syndrome Case in the In Vitro Fertilisation Cohort
The identification of a Prader-Willi syndrome child while recruiting the in vitro fertilisation
cohort was of great interest, especially with the possibility that aberrant imprinting could be
the cause.

The Prader-Willi syndrome child in this case was conceived using

intracytoplasmic sperm injection. This individual (DNA sample X7187) was male, 7.5 years
of age, delivered at full term (38.5 weeks gestation), had a below-normal birth weight (-2.24
standard deviations) and had a mid-parental height corrected standard deviation of -1.22.
This Prader-Willi syndrome child also had two in vitro fertilisation conceived siblings, one of
whom was included in the cohort and the other whom was excluded based on
cryopreservation during the in vitro fertilisation process.
To examine whether aberrant methylation was present in the individual with Prader-Willi
syndrome in our in vitro fertilisation cohort, methylation was examined at SNRPN using
methylation-sensitive quantitative PCR (MSQ-PCR, Section 2.3). As MSQ-PCR assays had
previously been designed for H19, KCNQ1OT1, IGF2 and Satellite 2 repeat DNA, these
regions were also analysed in the Prader-Willi syndrome case.

5.2.

MSQ-PCR Analysis of the Prader-Willi Syndrome Case

The Prader-Willi syndrome individual was examined for aberrant methylation at H19, IGF2,
KCNQ1OT1, SNRPN and Satellite 2 using MSQ-PCR.

Briefly, MSQ-PCR uses a

methylation-sensitive restriction enzyme (HpaII for imprinted genes, BstBI for Satellite 2) to
cleave the DNA prior to quantitative PCR. In this manner, when the target CpG site is
unmethylated, the DNA is cleaved and cannot be amplified. An amplimer containing a
methylated cytosine at the restriction site remains intact and is amplified by PCR. The
amount of DNA is quantified through the use of fluorescent probes and the number of PCR
cycles taken to reach a threshold amount of PCR product. By comparing undigested to
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digested DNA, the percentage DNA that is methylated at the site of interest can be calculated.
The results of the MSQ-PCR on peripheral blood DNA from the Prader-Willi syndrome case
conceived using in vitro fertilisation are shown (Figure 5.2).
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Figure 5.2. The MSQ-PCR Results for the IVF-conceived Prader-Willi syndrome case. A horizontal
line represents the mean percentage of methylation from several MSQ-PCR runs for each gene
examined with the mean measured value shown above.

Prader-Willi syndrome is the result of a loss of expression of paternally expressed genes and
the imprinting control element at chromosome 15q11-q13 (SNURF-SNRPN) is the methylated
maternal allele. Therefore the percentage of methylation result at SNRPN as determined by
MSQ-PCR (90%; Figure 5.2) is similar to what was expected.

However the measured

percentage of methylation at SNRPN in this Prader-Willi syndrome individual is slightly
lower than the expected fully methylated state. The results suggest the possibility that a
percentage of the cells are mosaic for the imprinting defect. Alternatively the deviation from
the expected 100% methylation may reflect the precision of this quantitative PCR assay.
The normal range of methylation was calculated based on the interquartile range and
upper/lower quartile values as described previously (Section 2.3.6).

The percentage of
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methylation at KCNQ1OT1 (44%) and Satellite 2 (88%; Figure 5.2) were within the normal
range as compared to the remainder of the cohort (Chapter Three).
The methylation levels at H19 CpG1 (79%; Figure 5.2) are much higher than expected (50%)
and outside the normal range for this assay (40.5% to 60.5%).

H19 is on a separate

chromosome from SNURF-SNRPN and so a change in methylation across both genes
simultaneously was unexpected. When the methylation of this same individual was measured
at a different CpG site within H19, CpG15, the methylation level (53%) was not outside the
normal range (40% - 62%).
The percentage of methylation of fifty-one percent at IGF2 suggests that this individual may
be hypermethylated at this site compared to the remainder of the cohort, as the majority of
individuals showed methylation levels between twenty-four and forty-eight percent
(Section 3.6).
To investigate these results further, potential chromosomal abnormalities were examined
using microsatellites. This would enable the identification of the cause of Prader-Willi
syndrome in this individual (deletion, uniparental disomy or imprinting defect) and therefore
show whether mosaicism at SNRPN might account for the observed measurement of ninety
percent methylation. Microsatellite markers for chromosome 11p were also examined to
identify whether a separate deletion event may explain the H19 CpG1 MSQ-PCR results.

5.3.

MSQ-PCR Analysis of Additional Prader-Willi Syndrome Cases

To examine whether other Prader-Willi syndrome cases also showed hypermethylation at
H19, ten Prader-Willi syndrome DNA samples were obtained from Dr Karin Buiting (Institut
für Humangenetik, Universitätsklinikum Essen, Essen, Germany).

These Prader-Willi

syndrome cases were the result of large deletions at 15q11-q13. MSQ-PCR was performed at
H19 CpG15 to examine the methylation levels of this gene (Figure 5.3). Methylation levels
could not be obtained for one individual (X8279).
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Figure 5.3. The MSQ-PCR results at H19 CpG15 for multiple Prader-Willi syndrome cases caused by
large deletions at chromosome 15q11-q13. Dr Karin Buiting provided cases X8275-X8284. Case
X7187 was the Prader-Willi syndrome individual from our IVF cohort. No Prader-Willi syndrome case
showed methylation outside of the normal range for this assay.

The normal range for the H19 CpG15 assay was 40%-62% methylation (Section 3.3). No
Prader-Willi syndrome individual presented with hypo- or hypermethylation at this site.
These results suggest that aberrant methylation at H19 is not a common event in Prader-Willi
syndrome individuals.

5.4.

Microsatellite Analysis of Chromosome 15q

To determine whether the Prader-Willi syndrome was caused by a deletion, uniparental
disomy or an imprinting control centre aberration, microsatellite markers were used to
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examine the 15q11-13 region. The microsatellite markers used on chromosome fifteen are
shown (Figure 5.4).

15q11.1

15q11.2

BP1 D15S541
BP2 D15S541-543

D15S817

SNURF-SNRPN, D15S128 D15S1021
15q12

15q13.1

BP3 HERC2

15q13.2

15q13.3

15q14

15q24.1

Figure 5.4. The microsatellite markers
used to examine chromosome 15q. The
chromosome bands are indicated, not all
chromosome bands are shown and breaks
are indicated as black rectangles. The
centromeric region is shown as mottled
grey. Breakpoints (BP) 1-3 are indicated
with the corresponding microsatellite
markers for identification.
The five
microsatellite markers used in this study
are shown in red. The positions of
SNURF-SNRPN and HERC2 genes are
also shown.

D15S818

15q26.2
D15S230

Peripheral blood DNA samples were obtained from the Prader-Willi syndrome individual
(X7187), his father (X7203) and his mother (X7202). Radioactively labelled dCTP was used
in PCRs for each of the microsatellites (Section 2.5) and the microsatellite radiographs are
shown (Figure 5.5).
At the D15S817, D15S1021 and D15S128 markers located around the SNURF-SNRPN
transcript, the Prader-Willi syndrome patient was homozygous for a maternal allele and the
paternal alleles were absent (Figure 5.5). These results indicate that uniparental disomy or a
deletion rather than aberrant imprinting at the imprinting control centre caused Prader-Willi
syndrome.
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Figure 5.5. Results from microsatellite markers examined at chromosome 15 to determine the cause of
Prader-Willi syndrome. Maternal (X7202), paternal (X7203) and patient (X7187) DNA from
peripheral blood was examined. A) D15S817 indicates uniparental disomy (UPD) or a deletion. B)
D15S1021 indicates UPD or a deletion. C) D15S128 indicates UPD or deletion. D) D15S818 shows
biparental inheritance. E) D15S230 also shows biparental inheritance. Combined, the microsatellites
show that Prader-Willi syndrome was caused by a deletion in this individual.

PWS Case 177

To determine whether a deletion event or uniparental disomy was causative for Prader-Willi
syndrome in this individual, the microsatellite markers D15S818 and D15S230 were used.
Both of these microsatellite markers were located at the distal end of chromosome fifteen
(Figure 5.4). The results for D15S818 and D15S230 show that the Prader-Willi syndrome
case has both maternal and paternal alleles present. This indicates biparental inheritance,
eliminating maternal uniparental disomy (which normally involves the whole chromosome)
and implicating a deletion as the cause of Prader-Willi syndrome in this child.

5.5.

Microsatellite Analysis at Chromosome 11p14-15

Microsatellite markers were also designed at the chromosome 11p locus to rule out
chromosomal abnormalities, as unexpected variation in methylation at H19 CpG1 and IGF2
were observed in this individual (Figure 5.2). The microsatellites investigated around H19
are shown (Figure 5.6).

11p15.5

H19
Tyrosine Hydroxylase

11p15.4

11p15.3

11p15.2
D11S1981
11p15.1

11p14.3
11p14.2
11p14.1

11p13

11p12

11p11.2

11p11.12
11p11.11

D11S1977

Figure 5.6. The microsatellite markers
used to examine chromosome 11p. The
chromosome bands are indicated. The
centromeric region is shown as mottled
grey. The three microsatellite markers
used in this study are shown in red. The
position of H19 is also shown.
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The results from the microsatellites at chromosome 11p are shown (Figure 5.7).
Microsatellite D11S1977 was uninformative as all individuals were heterozygous for the
same alleles.

Examination of the D11S1981 and Tyrosine Hydroxylase microsatellites

indicated that the Prader-Willi syndrome patient was heterozygous for both a paternal and a
maternal allele. These results indicate that the individual had normal biparental inheritance of
chromosome 11p and that no gross chromosomal changes had occurred.
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Figure 5.7. Results from analysis of microsatellites on chromosome 11p, close to the H19 gene, in a
patient with Prader-Willi Syndrome. Maternal (X7202), paternal (X7203) and patient (X7187) DNA
from peripheral blood was examined. A) D11S1977 was an uninformative microsatellite. B)
D11S1981 showed that the Prader-Willi syndrome patient was heterozygous for a maternal and a
paternal allele. C) Tyrosine Hydroxylase indicated that the Prader-Willi syndrome patient was
heterozygous but for alleles shared the mother and father. The Prader-Willi syndrome individual
appeared to show biparental inheritance of chromosome 11p.
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5.6.

Bisulfite Sequencing of H19 and SNRPN in the In Vitro Fertilisation

Prader-Willi Syndrome Case
The initial aberrant methylation results at H19 CpG1 were cause for concern and although a
second site within H19 (CpG15) indicated normal methylation, the gold-standard approach at
the time, bisulfite sequencing, was used to determine methylation levels at H19. SNRPN was
also investigated further based on the slightly lower than expected result (90%), to determine
whether the individual was mosaic for wild-type cells.
Prior to bisulfite sequencing, the Prader-Willi syndrome individual was genotyped at H19 to
ensure that the paternal and the maternal alleles could be distinguished. The Prader-Willi
syndrome individual was informative at all three polymorphisms within the bisulfite
sequencing amplimer (rs10732516, rs2071094 and rs2107425). The Prader-Willi syndrome
individual was not genotyped at SNRPN, as it was already established using microsatellite
markers that the individual had a deletion on the paternal chromosome at the 15q11 region.
5.6.1. Bisulfite Sequencing of H19
The H19 bisulfite sequencing results from a 315 bp amplicon (primers 3473 and 3474) are
shown (Figure 5.8). The unmethylated alleles (genotype TA) are maternally derived, and the
methylated alleles (genotype AG) are paternally derived.
The MSQ-PCR site at CpG15 is indicated on the bisulfite sequencing amplimer (Figure 5.8),
however the MSQ-PCR site initially examined at CpG1 is outside the amplicon.

One

maternal allele (sequence two) has unexpected methylation at the CpG15 site, which
corroborates well with the 53% methylation that was determined using MSQ-PCR.
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Figure 5.8. The H19 bisulfite sequencing results for the Prader-Willi syndrome individual conceived
using IVF. A 316 bp amplicon amplified using primers 3473 and 3474 was sequenced. A closed circle
represents a methylated CpG site and an open circle represents an unmethylated CpG site. The
informative SNP locations and MSQ-PCR site are indicated above the sequence. The genotype at
informative SNPs is shown to the left of the sequence. The CpG sites are numbered below the
sequence.

Most of the unmethylated maternal alleles showed at least one CpG site that was methylated
and the sites affected seem to be consistent across multiple hypermethylated alleles. This
pattern was also found in other individuals that were examined at H19 (Chapter Four).
Bisulfite sequencing data cannot be used quantitatively to determine the percentage of
methylation, since there can be systematic biases during PCR or cloning and the numbers of
sequenced alleles is small. The data presented does not indicate that any gross epigenetic
changes have occurred at H19, although the presence of several methylated CpG sites on the
TA alleles indicates hypermethylation of this region may exist in the Prader-Willi syndrome
individual.
5.6.2. Bisulfite Sequencing of SNRPN
SNRPN was interrogated to examine for the presence of any normally methylated alleles. The
SNRPN bisulfite sequencing results from a 433 bp amplicon (primers 3618 and 3619) are
shown (Figure 5.9).
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Figure 5.9. The SNRPN bisulfite sequencing results for the Prader-Willi syndrome individual
conceived using IVF. A 433 bp amplicon amplified using primers 3618 and 3619 was sequenced. A
closed circle represents a methylated CpG site and an open circle represents an unmethylated CpG site.
The location of the MSQ-PCR site is indicated above the sequence. The CpG sites are numbered
below the sequences.

All alleles were methylated at CpG15, the site examined by MSQ-PCR. However, if the
variation in methylation seen in sequences one to seven occurs equally at each CpG site, this
could account for the slight hypomethylation (90%) that was seen at the CpG site examined
using MSQ-PCR (Figure 5.2).

Although the MSQ-PCR results could be interpreted as

reflecting mosaicism, there is no evidence of mosaicism in this individual.

It was

hypothesised that mosaicism might be present in individuals with Prader-Willi syndrome
caused by imprinting aberrations. However the identification of this individual as carrying a
deletion at chromosome fifteen did not support this hypothesis. The bisulfite sequencing
results show that only methylated alleles are present, as was expected in an individual with
Prader-Willi syndrome.
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5.7.

Discussion of the In Vitro Fertilisation-Conceived Prader-Willi

Syndrome Case
The discovery of a child with the imprinting disorder Prader-Willi syndrome conceived using
intracytoplasmic sperm injection was interesting for several reasons. Firstly, it tied in well
with the previously published data of an increased incidence of imprinting disorders in the in
vitro fertilisation population (Chang et al., 2005; Cox et al., 2002; DeBaun et al., 2003;
Doornbos et al., 2007; Gicquel et al., 2003; Gomes et al., 2007; Halliday et al., 2004; Kallen
et al., 2005; Lidegaard et al., 2005; Ludwig et al., 2005; Maher et al., 2003a; Maher et al.,
2003b; Orstavik et al., 2003; Rossignol et al., 2006; Sanchez-Albisua et al., 2007; Sutcliffe et
al., 2006). Secondly, only five cases of children with Prader-Willi syndrome who had been
conceived using in vitro fertilisation had been published previously (Doornbos et al., 2007;
Kallen et al., 2005; Sutcliffe et al., 2006).
The methylation levels were measured at H19, KCNQ1OT1, IGF2, SNRPN and Satellite 2
using methylation-sensitive quantitative PCR. Aberrant methylation levels were detected at
H19 CpG1 but the results were normal for H19 CpG15. Aberrant methylation was also
suggested at IGF2. Microsatellites were examined on chromosome eleven around the H19
and IGF2 genes and revealed normal, biparental inheritance at this locus. In addition, normal
methylation levels at H19 were found using bisulfite sequencing. The level of methylation at
SNRPN as determined by both of these methods was close to one hundred percent, as
expected from a patient with Prader-Willi syndrome, and did not suggest the individual was
mosaic for correctly imprinted (unmethylated) alleles.
To establish whether in this case the Prader-Willi syndrome was caused by an imprinting
defect, uniparental disomy or a deletion, microsatellites around the SNRPN gene were
examined. The microsatellite analysis revealed a deletion on chromosome fifteen. These
results show that it was a deletion and not aberrant imprinting during in vitro fertilisation
treatment that caused Prader-Willi syndrome in this individual. Further characterisation of
the deletion causing Prader-Willi syndrome in this individual may be of clinical relevance due
to the variation in the spectrum of genes involved. An important step would be to analyse the
type of deletion by identifying the deletion breakpoint. Microsatellite analysis has been
somewhat surpassed by techniques such as fluorescent in situ hybridisation (FISH), multiplex
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ligation-dependent probe amplification (MLPA) and single nucleotide polymorphism (SNP)
microarrays, which could be used to both verify the deletion and identify the location of the
breakpoint.
The cause of Prader-Willi syndrome in this individual does not appear to be the result of
aberrant imprinting caused by the intracytoplasmic sperm injection fertility treatment.
Therefore this intracytoplasmic sperm injection-conceived Prader-Willi syndrome case does
not support the argument that in vitro fertilisation causes an increased risk of imprinting
disorders.

CHAPTER SIX:
Trial of Pyrosequencing Technology to Examine DNA
Methylation at H19
6.1.

Quantitative Analysis of DNA Methylation Using Pyrosequencing

Methylation-sensitive quantitative PCR (MSQ-PCR) is a valuable technique for the
quantitative and rapid analysis of methylation at one CpG site. However, the major weakness
of MSQ-PCR is that the methylation of the other CpG sites within the region of interest is not
examined. It is for this reason that other techniques such as bisulfite sequencing are preferred
for interrogating methylation.

Bisulfite sequencing is not without pitfalls; it is labour

intensive, expensive and cannot be quantified (Chapter Four). The development of new
methods to study methylation that are efficient, cost-effective and quantitative is a common
goal for epigeneticists.
Pyrosequencing is a quantitative method for determining DNA methylation, as multiple
copies of a PCR amplicon are examined simultaneously.

Bisulfite sequencing is not

quantitative, as only a small number of alleles are examined at any one time. For example,
when twenty clones (alleles) are examined for a region that has fifty percent methylation, the
ninety-five percent sampling distribution varies from twenty-eight to seventy-two percent
methylation. For this reason, the true methylation at a locus cannot be accurately quantified
using this approach. As pyrosequencing enables the concurrent sequencing of many alleles, a
greater proportion of cells are examined in each individual. Consequently, pyrosequencing
has the potential to give a more accurate picture of the methylation status of the region and/or
tissue examined.
6.1.1. Pyrosequencing Technology
Pyrosequencing is a ‘sequencing-by-synthesis’ method, whereby nucleotide incorporation is
detected. Nucleotide incorporation is detected when pyrophosphate (PPi) is released by the
dNTP (Equation 2.4). The pyrophosphate can be used in an enzymatic reaction by ATP
sulfurylase to produce ATP, which in turn can be used to produce the energy required for
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luciferase to oxidise D-luceferin, producing oxyluciferin and light (Dejeux et al., 2009;
Nyren, 1987; Ronaghi et al., 1996). As the pyrophosphate emitted is the direct result of the
incorporation of a new nucleotide, the amount of light is directly proportional to nucleotide
incorporation. The modified dATP, !-S-dATP, is used as dATP is the native substrate for
luciferase (Tost and Gut, 2007).
The initial steps of a pyrosequencing reaction are identical to those for bisulfite sequencing.
The DNA is converted with sodium bisulfite to differentiate methylated cytosines sites from
unmethylated cytosines. The region of interest is amplified using PCR, where one primer is
biotin labelled. Biotin labelling of one of the primers is needed to immobilise the PCR
product using streptavidin so as to obtain single-stranded template for sequencing (Ronaghi et
al., 1996). The PCR product must be no greater than 350 bp to prevent single strand-derived
secondary structures from interfering with the reaction (Tost and Gut, 2007).
Once the bisulfite-converted PCR product has been amplified and purified, pyrosequencing
can take place. A complementary pyrosequencing primer is hybridised to the single-stranded
PCR product. The pyrosequencing reaction is performed by adding the nucleotides in a
predetermined order into alternate wells. Specific controls are also added into this dispensing
order, for example dCTP is added at non-CpG sites to determine whether the cytosines have
been completely converted to uracils upon sodium bisulfite treatment.
A serial pyrosequencing method has been developed whereby one PCR product can be fully
sequenced by the use of several pyrosequencing primers (Tost et al., 2006a).

Repeat

sequencing of the same PCR product saves resources such as DNA sample, bisulfite
conversion kit and pyrosequencing reagents. However, while repeat sequencing may produce
results that are consistent across multiple runs, if PCR amplification bias has occurred this
will skew the pyrosequencing data across all subsequent reactions.
One of the major problems with pyrosequencing is the restriction on the length of the
sequence reads (Tost and Gut, 2007). As the sequencing reaction proceeds the number of
sequences with incomplete nucleotide incorporation increases, causing these sequences to lag
behind. This lagging increases the background noise in each reaction. The background noise
can also be increased by the incorporation of nucleotides that were not degraded by the
apyrase, causing some of the sequences to get ahead in the synthesis reaction. These factors
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limit each pyrosequencing reaction to a sequence of up to 250 bp (Tost and Gut, 2007). Serial
pyrosequencing can also be used to circumvent this issue.
The results of the pyrosequencing reaction are displayed as a “pyrogram”, where the peak
height represents the amount of light detected (Figure 2.2). The amount of methylation
present at a CpG site can be quantified by comparing the amount of pyrophosphate detected
when dTTP is added to the reaction compared to the amount of pyrophosphate detected when
dCTP is added. The percentage of DNA methylation present is taken as the peak height from
the dCTP incorporation compared to the sum of both the dCTP and the dTTP peaks (Tost and
Gut, 2007).

6.2.

Pyrosequencing of the H19 Region

The pyrosequencing technology was not in use in Australasia when we were interested in
trialling this approach to examine CpG methylation in our cohort. The group led by Dr Jorg
Tost (Centre National de Genotypage, Evry, France) have been at the forefront of using
pyrosequencing to examine DNA methylation. At the time of initial correspondence, Dr Jorg
Tost’s laboratory group had published an interesting paper that examined DNA methylation
of H19 in blood samples and found marked variation between different individuals (Tost et
al., 2006b). This variation, which existed at the CTCF6 binding site, could apparently be
grouped into one of three profiles; hypomethylated, median methylated and hypermethylated.
This paper reflected similar results to the large amount of variation that had been seen in this
cohort, especially at the H19 CpG1 site (Chapter Three). The distinct methylation profiles
appeared to reflect the inter-individual variation noted from these MSQ-PCR results.
The Tost group later retracted these findings as a polymorphism within the reverse primer was
identified which largely accounted for the observed variation (Tost et al., 2007).

This

polymorphism (G/A, rs2107425) meant that the G allele was preferentially amplified. If an
individual was homozygous for this G allele they had a median methylation profile, but if
heterozygous they could have any of the methylation profiles, depending on the parental
origin of the A allele. Homozygous G individuals with a median methylation profile still
showed a degree of variation between individuals (Tost et al., 2006b). It was not feasible to
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examine this region in our cohort using the current bisulfite sequencing technology.
Pyrosequencing would enable the quick and cost-effective examination of DNA methylation
across several CpG sites within the in vitro fertilisation cohort. Therefore, we collaborated
with Dr Jorg Tost’s group to use their pyrosequencing technique to analyse methylation
across H19 in the cohort of in vitro fertilisation conceived children and naturally conceived
controls.
Peripheral blood DNA samples from our laboratory were sent to Hafida El Abdalaoui who
performed the sodium bisulfite conversions prior to my arrival. Assays to examine the
methylation in H19 at CTCF3 and CTCF6 binding sites had been previously designed (Tost et
al., 2006b). The sites within H19 are shown (Figure 6.1). A total of eleven CpG sites were
examined at CTCF binding site three and sixteen CpG sites at CTCF binding site six. CTCF
binding site three was included to examine the consistency of methylation across this region
in our in vitro fertilisation cohort.
H19 reverse strand bisulfite
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Figure 6.1. The regions of H19 interrogated using pyrosequencing as developed by the Tost laboratory
group. The CTCF binding sites are shown in blue and the H19 repeats in orange. PCR primers for
bisulfite treated DNA are shown in pink and the serial pyrosequencing primers are shown in green.

6.2.1. Amplification of H19 Regions CTCF3 and CTCF6 from Bisulfite-Converted DNA
Two PCRs were performed on H19 to amplify CTCF3 and CTCF6 from bisulfite-converted
DNA (Section 2.6.2).

CTCF3 was amplified using primers H19_5598f22 and

H19_5811_9r25. CTCF6 was amplified using primers H19Bis_7881_f and H19_8097_9r23.
For each PCR, five negative controls were included: two H2O controls that were included on
the pyrosequencing setup plate, two H2O controls that were set up in PCR tubes and amplified
in a separate thermocycler and one H2O control that had been bisulfite treated at the same
time as the cohort DNA samples. The pyrosequencing PCR results are shown (Figure 6.2).
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Figure 6.2. CTCF3 and CTCF6 PCR products for pyrosequencing visualised under UV light on an
ethidium bromide stained 1.5% agarose gel. For each PCR, H2O controls were included as follows: one
per bisulfite conversion, two per pyrosequencing plate and two per tube reaction (on separate
thermocyclers). A) CTCF3 PCR 1. Expected band size of 213 bp. No evidence of contamination of
water controls. PCR used for pyrosequencing. B) CTCF3 PCR 2. Expected band size of 213 bp.
Contamination present in all H2O controls. PCR discarded. C) CTCF6 PCR 1. Expected band size of
215 bp. No contamination in H2O controls but contamination is present in a bisulfite sample. PCR
used for pyrosequencing. D) CTCF6 PCR 2. Expected band size of 215 bp. Contamination present in
all H2O controls. PCR discarded. Low-molecular weight primer dimer can be seen on gels B and C.

6.2.1.1. PCR Contamination
The first round of PCR for CTCF3 and CTCF6 yielded clean PCR product with no
contamination in the H2O controls (Figure 6.2A and 6.2C). However, subsequent PCRs
indicated contamination (Figure 6.2B and 6.2D). The PCR setup in Dr Jorg Tost’s laboratory
was less than ideal. There was no spatial separation for PCR setup, although different
pipettes were used for pre- and post-PCR steps. To circumvent these contamination issues,
latter PCRs were set up in a UV hood with new primer dilutions, dNTPs, MgCl2 and PCR
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buffer.

This resulted in clean PCR product with no evidence of contamination.

Only

pyrosequencing from clean PCR product was included in the final data.
As time was limited for these experiments, the pyrosequencing assays were performed twice
on each sample. Replication of the CTCF6 experiment was performed by Florence Busato at
Dr Jorg Tost’s laboratory after my departure.

6.3.

H19 CTCF Binding Site 3 Pyrosequencing Results

The first round of pyrosequencing results was used in the following analysis unless
discrepancies were identified between the two rounds (in which case the results were
discarded). If no data was obtained from the first round, the second round of pyrosequencing
data was included. The pyrosequencing results from each primer were combined in order to
give an idea of methylation across the entire PCR amplimer. CpG sites one to three were
examined using primer H19_CTCF3_pyro1f20 and CpG sites four to eleven were examined
using primer H19_CTCF3_pyro2f17. If there were large differences in the methylation levels
between the two pyrosequencing amplicons examined the results were discarded.

The

pyrosequencing results for the region surrounding the CTCF3 binding site are shown
(Figure 6.3).
The mean percentage of methylation is not significantly different between the control
individuals (41.13 ± 2.51 (SEM), N = 59) compared to the in vitro fertilisation conceived
individuals (45.58 ± 0.62, N = 61; P = 0.08). However these results are approaching the
significant threshold of P = 0.05. The methylation results at the CTCF3 binding site varied
substantially more in naturally conceived individuals (Figure 6.3A) compared to children
conceived using in vitro fertilisation (Figure 6.3B). The methylation in naturally conceived
individuals ranged from no methylation to complete methylation of the CpGs examined at
CTCF3 (Figure 6.3A). This is in contrast to the levels observed for in vitro fertilisation
conceived individuals, which cluster around fifty percent methylation, as is expected at an
imprinted locus (Figure 6.3B).
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CTCF3 Pyrosequencing Data for Naturally Conceived Control Individuals
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Figure 6.3. Methylation results from pyrosequencing of the CTCF3 binding site. CpG sites 1-3 were
examined using the H19_CTCF3_pyro1f20 primer and CpG sites 4-11 were examined using the
H19_CTCF3_pyro2f17 primer. Each circle represents the percentage of methylation for one individual
at a specific CpG site. The line connects data from each individual. A) The methylation across CTCF3
in naturally conceived controls. B) The methylation across CTCF3 in individuals conceived using IVF.
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There were fifteen outlying individuals in the naturally conceived control group that showed
either consistent hypermethylation (defined as !60%) or hypomethylation (defined as "30%).
All of the in vitro fertilisation conceived individuals had consistent levels of methylation; no
such outliers were identified in this group. The experiments were set up in such a way that
the control samples were largely contained on one plate in a conformation that was
maintained for the bisulfite conversion, PCR and pyrosequencing reactions. The different
results observed for the naturally conceived controls indicate a high likelihood that they result
from technical artefacts. Therefore the data were reanalysed after removal of the fifteen
outliers to explore whether the results from these samples might have obscured a difference
between the in vitro fertilisation and naturally conceived control groups (Figure 6.4).

CTCF3 Pyrosequencing Data For Naturally Conceived Control Individuals
(Outliers Excluded)
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Figure 6.4. Methylation results from pyrosequencing of the CTCF3 binding site in naturally conceived
individuals with the 15 identified outliers (Figure 6.3A) excluded. CpG sites 1-3 were examined using
the H19_CTCF3_pyro1f20 primer and CpG sites 4-11 were examined using the H19_CTCF3_pyro2f17
primer. Each circle represents the percentage of methylation for one individual at a specific CpG site.
The line connects data from each individual.
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The exclusion of the fifteen outliers from the naturally conceived control pyrosequencing
results (Figure 6.4) resulted in a similar methylation pattern to that observed in the in vitro
fertilisation individuals (Figure 6.3B). The difference in mean percentage of methylation was
not statistically significant between the naturally conceived controls (44.74 ± 0.72, N = 44)
compared to the children conceived using in vitro fertilisation (45.58 ± 0.63, N = 61,
P = 0.39).

6.4.

H19 CTCF Binding Site 6 Pyrosequencing Results

As with the CTCF3 binding site results, the first round of pyrosequencing results were used
unless they differed from repeat experiments. The variation in this cohort was much greater
than any that had been seen previously by the Tost laboratory. Due to the limited time
available Florence Busato repeated the CTCF6 pyrosequencing after my departure. Where
CpG methylation was markedly different across the different pyrosequencing amplicons the
results were excluded. The CTCF6 site was the site of most interest, as it is hypothesised to
be the regulating CTCF binding site of H19 (Takai et al., 2001).
The CpG sites interrogated were labelled in relation to the CpG sites within the original H19
bisulfite sequencing amplimer (Chapter Four). CpG sites three to eight were examined with
primer H19_1c_psq, CpG sites nine to fourteen were examined with primer H19_3_psq and
CpG sites fifteen to eighteen were examined with primer H19_5b_psq. Due to the presence
of a polymorphism at CpG7 (rs2107425) this site was excluded from the analysis. The
pyrosequencing results for CTCF6 are shown (Figure 6.5).
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CTCF6 Pyrosequencing Data for Naturally Conceived Control Individuals
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Figure 6.5. Methylation results from pyrosequencing of the CTCF6 binding site. CpG7 was excluded
as it is the site of a SNP (rs2107425). CpG sites 1-8 were examined using the H19_1c_psq primer,
CpG sites 9-14 using primer H19_3_psq and CpG sites 14-18 using the H19_5b_psq primer. Each
circle represents the percentage of methylation of one individual. A) The methylation across CTCF6 in
naturally conceived controls. B) The methylation across CTCF6 in individuals conceived using IVF.
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The mean percentage methylation was significantly different between the naturally conceived
controls (34.39 ± 1.48, N = 42) and the in vitro fertilisation conceived individuals (40.55 ±
0.55, N = 60; P = < 0.0001). However this difference is likely to be the result of the large
proportion of naturally conceived control individuals that show hypomethylation at CTCF6
(Figure 6.5A). The spread of the data within in vitro fertilisation individuals (Figure 6.5B) is
much narrower than the data from the naturally conceived control individuals (Figure 6.5A).
This difference in variation is similar to that observed at CTCF3 (Figure 6.3A & 6.3C). As
there are three obvious hypomethylated (!15%) outliers in the naturally conceived controls at
CTCF6, these outliers were removed and the analysis repeated (Figure 6.6A).

Eleven

naturally conceived individuals with less than 30% methylation were also removed in order to
examine the effect on these results (Figure 6.6B).
After removing the three naturally conceived control outliers with methylation levels below
fifteen percent (Figure 6.6A), the children conceived using in vitro fertilisation showed
significantly higher methylation on average (40.55 ± 0.55, N = 60) than the naturally
conceived controls (36.32 ± 1.08, N = 39; P = 0.0002). This difference persisted even after
the removal of eleven naturally conceived control individuals with methylation levels below
thirty percent (Figure 6.6B; IVF = 40.55 ± 0.55, N = 60; Controls = 38.59 ± 0.88, N = 32;
P = 0.05).
The pattern of methylation at each CpG in the CTCF6 region is very similar in all individuals
in both the naturally conceived controls and in vitro fertilisation conceived children.
However the naturally conceived controls showed a wider variation in methylation than the in
vitro fertilisation group.
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CTCF6 Pyrosequencing Data for Naturally Conceived Control Individuals
(Outliers <15% Excluded)
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CTCF6 Pyrosequencing Data for Naturally Conceived Control Individuals
(Outliers <30% Excluded)
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Figure 6.6. Methylation results from pyrosequencing of the CTCF6 binding site in naturally conceived
controls. CpG7 was excluded as it is the site of a SNP (rs2107425). CpG sites 1-8 were examined
using the H19_1c_psq primer, CpG sites 9-14 using primer H19_3_psq, and CpG sites 14-18 were
examined using the H19_5b_psq primer. Each circle represents the percentage of methylation of one
individual at a specific CpG site. The line connects data from each individual. A) Excluding those
three control individuals showing less than 15% methylation. B) Excluding those 11 control individuals
showing less than 30% methylation.
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6.5.

Correlation of Methylation Between CTCF3 and CTCF6

If individuals were aberrantly methylated at one of the CTCF binding sites, this may also be
the case at the other CTCF binding site investigated. Results were consistent between CTCF
binding sites in the in vitro fertilisation conceived group (Figure 6.7B). However, some
individuals in the naturally conceived group showed inconsistent methylation between
CTCF3 and CTCF6 (Figure 6.7A). The mean percentage of methylation across the CpG sites
at CTCF3 for each individual was compared to those at CTCF6 (Figures 6.7C and 6.7D). The
box and whisker plots show more clearly the variation in mean percentage methylation
between CTCF3 and CTCF6 (Figures 6.7E and 6.7F).
The control individuals show that aberrant methylation at one CTCF binding site is not
always reflected by aberrant methylation at the other site (Figure 6.7A). These are possibly
due to technical variations such as PCR bias.

For many of the outlying samples,

pyrosequencing data could not be obtained for CTCF6. This indicates that there may be some
issues with the bisulfite conversion and therefore the ability to amplify PCR product from
these samples. The results from the in vitro fertilisation conceived individuals at CTCF3 and
CTCF6

appear to correlate together better (Figure 6.7C; r2 = 0.17) than the naturally

conceived individuals (Figure 6.7D; r2 = 0.12).
The naturally conceived control individuals show a much larger variation in the mean
percentage of methylation at both CTCF3 and CTCF6 (Figure 6.7E) than the in vitro
fertilisation conceived individuals (Figure 6.7F). This increased variation is due to a large
number of outliers in the control group. Without further repetition of the experiments at
CTCF3 and CTCF6, the observed differences between the in vitro fertilisation conceived and
the naturally conceived control groups cannot be considered to be real. These results suggest
that aberrant methylation at H19 is uncommon in the in vitro fertilisation population.
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Figure 6.7. Comparison of pyrosequencing results at CTCF3 and CTCF6. A,B) Mean percentage of
methylation at CTCF3 and CTCF6. The mean percentage methylation is represented by a circle and results for
each individual are linked by a horizontal line. A) Naturally conceived controls. B) Children conceived using
IVF. C,D) Scattergrams of the mean methylation at CTCF3 compared to CTCF6. Each data point represents one
individual and a line shows the linear regression relationship. C) Naturally conceived individuals. D) IVF
conceived individuals. E,F) Box plots of mean percentage of methylation at CTCF3 and CTCF6. E) Naturally
conceived children. The variation was much greater at CTCF3. F) Children conceived using IVF. The variation
in the data was similar at both CTCF binding sites.
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6.6.

Discussion of Pyrosequencing Results

Pyrosequencing enabled us to extensively examine DNA methylation at H19 in all the
individuals in our cohort. In 2007, pyrosequencing was gaining in popularity for methylation
analysis and no similar strategies were available in our laboratory or in other laboratories in
New Zealand. It was for this reason we embarked on the trial of pyrosequencing technology
with the kind assistance of Dr Jorg Tost.
The pyrosequencing results for H19 at CTCF binding sites three and six do not indicate any
abnormalities in the in vitro fertilisation conceived children. The results for both CTCF3 and
CTCF6 in the naturally conceived control individuals indicate that a wide range of
methylation levels is present at H19. However, the inconsistency of these results across both
CTCF binding sites and the failure to replicate these results suggest that they may not be a
true indicator of the methylation within these samples.
Unfortunately, the control samples were largely contained on one PCR plate as the bisulfite
conversions were performed prior to my arrival and therefore the samples were not
randomised. Instead, the control samples were all found on one plate along with a third of the
in vitro fertilisation cases. The remaining in vitro fertilisation cases were clustered on a
second plate. The presence of such large variations in the data could be due to experimental
issues during the bisulfite conversions, PCR reactions or subsequent pyrosequencing, all of
which were performed using the same plate set-up. Bisulfite PCR is a particularly fickle
process and can result in the preferential amplification of one allele (Section 4.3.3). This bias
can become more apparent if only low amounts of DNA are present after bisulfite conversion
(Ehrich et al., 2007). These experimental factors may account for the large number of outliers
in the naturally conceived control group and the greater degree of variation that is present.
One of the major issues with the technical approach used for these experiments was the lack
of a dedicated PCR set-up area within the Tost laboratory. All PCRs were set up in individual
workspaces albeit with specific pre-PCR pipettes. Contamination by existing PCR product
was a major problem that was rectified by using a PCR-specific UV hood for subsequent PCR
setup. The adaptation of this simple laboratory practice would make the pyrosequencing
results more robust.
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Consistent variation in methylation at different CpG sites within individuals was present in
both the CTCF3 and the CTCF6 regions. This appears to confirm the variation in methylation
within H19 that has been published previously (De Castro Valente Esteves et al., 2006; Engel
et al., 2006; Heijmans et al., 2007; Sandovici et al., 2003; Vu et al., 2000) and that has been
observed in this study (Section 3.3).

Alternatively this variation may be the result of

peculiarities introduced by the pyrosequencing reaction.
Although differences in methylation were observed between the naturally conceived controls
and the in vitro fertilisation conceived cases these are likely due to technical artefacts. Most
individuals showed similar methylation levels across H19 and close to the expected value of
fifty percent (Tost et al., 2006b).

Low-levels of mosaicism cannot be detected using

pyrosequencing, as the parental alleles are not individually examined. Therefore only large
changes in DNA methylation will be observed.

The pyrosequencing results provide

reassurance that aberrant methylation is not common at H19 in the in vitro fertilisation
population. The pyrosequencing technology enabled a quantitative analysis of methylation at
one region in all the individuals in this cohort. However, pyrosequencing was not as reliable
and reproducible as was hoped and therefore was not used for subsequent single-gene
methylation analysis in this study.

CHAPTER SEVEN
Global Methylation Analysis by Methylated DNA
Immunoprecipitation and Promoter Microarrays
7.1.

Global Methylation Analysis

Extensive examination of DNA methylation within the candidate imprinting genes (H19,
KCNQ1OT1, SNRPN and IGF2) did not reveal any significant changes in the methylation
levels between the in vitro fertilisation cohort and the naturally conceived controls. It was
hypothesised that low-level aberrant methylation of these genes might be present in
phenotypically normal in vitro fertilisation individuals due to the slight increase of BeckwithWiedemann syndrome and Angelman syndrome in the in vitro fertilisation population (Cox et
al., 2002; DeBaun et al., 2003; Gicquel et al., 2003; Halliday et al., 2004; Lidegaard et al.,
2005; Ludwig et al., 2005; Maher et al., 2003b; Manning et al., 2000; Orstavik et al., 2003;
Sanchez-Albisua et al., 2007; Sutcliffe et al., 2006). The presence of mosaicism for aberrant
methylation in normal individuals was hypothesised, as Angelman syndrome patients require
at least sixty percent abnormal cells to manifest the phenotype (Gillessen-Kaesbach et al.,
1999; Nazlican et al., 2004). The lack of evidence to support this hypothesis of low-level
mosaicism for aberrant imprinting in genes that had been previously reported as altered in the
in vitro fertilisation population deterred the continued pursuit of a single candidate gene
approach.
Changes in global methylation were examined by analysing the Satellite 2 repeat DNA that is
present throughout the genome. No abnormalities at Satellite 2 were observed in this in vitro
fertilisation cohort. To identify genes that may have been altered by the in vitro fertilisation
procedure, a technique that enabled the examination of DNA methylation changes across the
genome was required.
The term ‘methylome’ was coined in 2001 by Feinberg who defined it as the “complete set of
DNA methylation modifications of a cell” (Feinberg, 2001). Epigenetic changes within the
cell have also been referred to as the epigenome, which includes DNA methylation alongside
other alterations such as histone modifications (Callinan and Feinberg, 2006).

The
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establishment of a genome-wide methylation analysis was recognised as an important
direction for the field of epigenetics to gain a better understanding of the extent of
methylation within the genome and to progress from the current gene-by-gene discovery
process.

7.1.1. Techniques for Examining the Methylome
There are three main methods for targeting the study of methylated DNA: digestion of DNA
with methylation-sensitive restriction enzymes, sodium bisulfite treatment of DNA and
immunoprecipitation with antibodies for methylcytosine or proteins that bind methylcytosine.
Several epigenetic techniques have been developed for use on the targeted methylated DNA
that come part way to solving the quest for the methylome. These techniques can be broadly
defined into three groups: gel electrophoresis, microarrays and whole-genome sequencing.

7.1.1.1. Restriction Landmark Genomic Sequencing (RLGS)
Restriction landmark genomic scanning (RLGS) allows the analysis of thousands of CpG
islands using 2D gel electrophoresis technology (Costello et al., 2009; Hayashizaki et al.,
1994; Plass et al., 1996; Shibata et al., 1994). The restriction landmark genomic scanning
method relies on methylation-sensitive restriction enzymes. A series of methylation-sensitive
restriction digests are performed, the sticky ends of which are radiolabelled. After the second
restriction digest the sample is run on a gel and the third digest is performed on the
electrophoresed sample.

After the third digest, the sample is run on the same gel,

perpendicular to the initial electrophoresis.

Each spot represents a CpG site that is

unmethylated and has therefore has been cleaved. By comparing the presence/absence of a
spot or changes in spot intensity between samples, an idea of global methylation levels can be
obtained (Costello et al., 2009). While the restriction landmark genomic scanning method
does provide an overview of genome-wide methylation, it is difficult to identify the genomic
location of fragments of interest and has been surpassed by other restriction based methods.
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7.1.1.2. Amplification of Intermethylated Sites (AIMS)
The analysis of DNA methylation by amplification of intermethylated sites (AIMS) method is
a DNA fingerprinting technique (Frigola et al., 2005; Jorda et al., 2009). DNA is first
digested with a methylation-sensitive restriction enzyme so that only unmethylated CpG sites
are cleaved. Subsequently the DNA is cleaved with a methylation-insensitive isoschizomer of
the first enzyme, resulting in sticky end cleavage of the methylated CpG sites only. Adapters
are ligated to the sticky ends of the methylated DNA fragments and amplified using primers
with sequences matching the adapters. Due to the location of the adapters only a sequence
with two close, methylated CpG sites will be amplified. The AIMS method controls for nonspecific digestion by requiring the presence of two closely associated CpG sites.

The

fragments are then run on a polyacrylamide gel and each fragment represents a methylated
piece of DNA that can later be characterised. Changes in the fragments present give an
insight into the methylation state of the sample. To determine the identity of the fragments of
interest, individual bands must be cut from gels and sequenced directly.

For precise

information on the genes altered by different conditions this technique has its limitations.
7.1.1.3. GoldenGate® Assay
The GoldenGate® assay combines bisulfite-converted DNA with Illumina’s universal beadbased genotyping system (Bibikova and Fan, 2009; Bibikova et al., 2006). DNA is converted
using sodium bisulfite treatment, bound to streptavidin beads and hybridised to allele-specific
probes (matching either the methylated or the unmethylated allele). These probes contain
conserved primer sequences, the methylated probes contain one conserved primer pair and the
unmethylated probes another. If a pair of probes has bound, a complementary product
suitable for PCR will be formed after extension and ligation. PCR is then performed using
fluorescently labelled probes. Methylated versus unmethylated signal can be compared by
hybridisation to a bead chip, each bead will bind a specific oligo sequence. The GoldenGate®
assay is quantitative but the assay is limited to examining approximately 1500 CpG sites
simultaneously due to the nature of multiplex PCR (Bibikova and Fan, 2009). Although the
GoldenGate® assay provides a large-scale analysis it is not sufficient to provide methylome
data from a single experiment.
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7.1.1.4. Epigenetic Microarrays
The introduction of microarray technology in the late 1990’s paved the way for large-scale
genome analyses (Lashkari et al., 1997). While this technology was quickly adapted for the
analysis of other fields, its adaption to methylation analysis did not occur until almost a
decade later (Weber et al., 2005). Several different approaches integrating epigenetics with
microarray technology are available and are outlined below.
The HpaII tiny fragment enrichment by ligation-mediated PCR (HELP) assay utilises the
methylation-sensitive restriction enzyme HpaII (Khulan et al., 2006).

Two digests are

performed in parallel, one with HpaII and the other with MspI, its methylation-insensitive
isoschizomer. Adapters are ligated to the digestion fragments and then common primers can
be used for PCR amplification. The HpaII and the MspI amplified products are differentially
labelled and hybridised to a microarray platform. The HpaII derived channel gives insights
into the amount of hypomethylation at a particular site, the MspI site acts as a control for the
amount of signal expected, regardless of the methylation state (Khulan et al., 2006; Oda and
Greally, 2009). The major problem with any methylation-sensitive restriction enzyme assay
is the limited number of target sites within the genome. This then limits the number of CpG
sites that can be interrogated. For example, HpaII digestion sites only represent around eight
percent of the total number of CpG sites within the human genome (Irizarry et al., 2008).

Affinity purification based methods are based on the specific selection of methylated regions
of DNA from total genomic DNA, followed by hybridisation to a microarray platform. There
are two approaches to affinity purification; methyl-binding domain proteins (Cross et al.,
1994; Selker et al., 2003; Zhang, X. and Jacobsen, 2006) and immunoprecipitation using an
antibody specific to 5-methylcytosine (Keshet et al., 2006; Reynaud et al., 1992; Weber et al.,
2005; Weber et al., 2007; Zhang, X. et al., 2006). Purification methods based around methylbinding domain proteins are mainly used in plant studies, as 5-methylcytosine is not restricted
to CpG sites in plants (Zilberman and Henikoff, 2007). The major restriction with these
affinity purification systems is that the efficiency of binding and therefore the level of
enrichment correlate with the CpG density of the DNA fragment. The more CpG dense a
region is the more likely it is that enrichment occurs (Keshet et al., 2006). A CpG density of
two to three percent is required for immunoprecipitation using an anti-5-methylcytosine
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antibody (Keshet et al., 2006). So while the immunoprecipitation approach enriches for
methylated DNA at CpG islands where CpG density is high, the remainder of the genome, in
which CpG sites are at low density, might not contribute to the methylome obtained using
these techniques (Weber et al., 2007). Hybridisation to a microarray platform allows for the
analysis of thousands of regions of genomic DNA simultaneously and for the easy
identification of regions with altered methylation. Various microarray platforms are available
for methylation analysis including those developed by Illumina, Affymetrix, NimbleGen and
Agilent.
Sodium bisulfite conversion of DNA followed by PCR and cloning is a gold-standard
approach for DNA methylation analysis. A microarray based system utilising bisulfiteconverted DNA to distinguish methylated CpGs from unmethylated CpGs has been developed
(Gitan et al., 2002).

Although not quantitative, this approach does allow genome-wide

analysis of methylation. Some of the potential pitfalls may lie in preferential amplification of
sequences, the specificity of microarray probes (due to redundancy of the sequence) and the
DNA quality after bisulfite conversion.
7.1.1.5. Next-Generation Sequencing
The development of next-generation sequencing technology has revolutionised the field of
genetics, including that of epigenetics. While microarray technology allows the simultaneous
analysis of a large proportion of the genome, high-throughput sequencing has opened the door
to entire genome sequencing and therefore the ability to truly assess the complete methylome.
There are three main competitors in the next-generation sequencing field: the Roche 454 GSFLX sequencer, the Applied Biosystems SOLiD sequencer and the Solexa sequencer by
Illumina. To utilise whole genome sequencing for methylation studies, DNA must be treated
to be able to differentiate between methylated and unmethylated CpG sites. Methylated DNA
immunoprecipitation is not the best approach, as it enriches mainly the CpG dense regions of
the genome (Keshet et al., 2006; Weber et al., 2005; Weber et al., 2007). A bisulfite
sequencing approach has been adapted for high-throughput sequencing (Jeddeloh et al.,
2008).

This “reduced representation” bisulfite sequencing condenses the amount of

information obtained by focusing on DNA fragments that contain CpG sites (Meissner et al.,
2005; Meissner et al., 2008; Smith et al., 2009). While this reduction in the number of
sequences is currently necessary in order to minimize costs, the consistently decreasing costs
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of high-throughput sequencing and the quest for the “$1000 genome” mean that direct
bisulfite sequencing using next-generation technology is imminent (Mardis, 2006; Service,
2006). Direct bisulfite sequencing would not only allow for measurement of methylation
across the genome but would also enable a degree of quantification that is not possible using
microarray technology. As affordability and accessibility increases it is likely that highthroughput direct bisulfite sequencing will become the gold-standard technique for analysis of
the methylome.

7.2.

MeDIP-DSL Microarrays for Global Methylation Analysis

7.2.1. Platform Selection
The cost involved with next-generation sequencing of bisulfite-converted DNA was
prohibitive to using this approach. In addition, technical and analytical support for highthroughput bisulfite sequencing was not readily available. Therefore, a microarray-based
platform was selected to conduct analysis of global DNA methylation in an in vitro
fertilisation cohort. Our laboratory has a strong history of microarray analysis and a solid
support system was in place to help with both experimental and statistical issues.

A

methylated DNA immunoprecipitation (MeDIP) approach was chosen as it had been
successfully implemented in several recent studies in identifying differentially methylated
genes (Keshet et al., 2006; Weber et al., 2005; Weber et al., 2007; Zhang, X. et al., 2006).
The Aviva Systems Biology DNA selection and ligation (DSL) arrays provided an established
assay for immunoprecipitation followed by microarray hybridisation.

The anti-5-

methylcytosine monoclonal antibodies that have been used by Aviva Systems Biology and in
published works appear to be derived from a common clone, 33 D3 (Fraga et al., 2004; Habib
et al., 1999; Keshet et al., 2006; Mayer et al., 2000; Reynaud et al., 1992). Therefore the
source of the antibody should have little effect on the efficiency of the immunoprecipitation.
Prior to treating DNA with the anti-5-methylcytosine antibody, it is necessary cleave the
DNA into 300-600 bp sized fragments using sonication or restriction enzyme mediated
digestion to enable efficient immunoprecipitation (Jacinto et al., 2008).
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The DNA selection and ligation (DSL) method was designed to amplify only the DNA of
interest after MeDIP and to avoid preferential amplification of abundant gene sequences.
This step was particularly beneficial in avoiding the amplification of repetitive DNA
sequences that are highly methylated. For each promoter region spotted on the array there
two adjacent twenty base pair probes (Figure 2.3). The probes contain universal primer
sequences; one probe contains a T7 overhang, the other a T3 overhang. After incubation of
the probes with the sample DNA, Taq DNA ligase is used to ligate adjacent probes. The
ligation step prevents false positive results caused by non-specific probe binding. T7 and T3
primers are used to amplify the probes for subsequent hybridisation to the microarray and
ensure specific amplification of genomic regions that are spotted on the microarray. The use
of conserved primer sequences maintained equal amplification efficiency for all probes.
The Aviva Systems Biology 20K human promoter microarray platform contained
approximately 20,000 oligos, each within 800 bp upstream or 200 bp downstream of gene
transcription start sites. A promoter-based platform was selected over platforms that are
designed to examine CpG islands. The first reason for this promoter platform was the hope
that differential methylation would be identified in the promoter regions of genes that could
be related back to a biological function. Secondly, it has been shown that some promoters
contain ‘weak CpG islands’ (Weber et al., 2007). These CpG islands do not necessarily fit
within the usual defining criteria for CpG islands and have an intermediate level of CpG
density. These weak CpG islands have shown the best correlation between CpG methylation
and expression levels (Weber et al., 2007). By selecting a CpG island based microarray
design these weak CpG islands may be missed out, but they should be present on a promoterbased system. Using the Aviva Systems Biology DSL platform, methylated DNA should be
enriched and can be used to enable the identification of genes that are differentially
methylated in the in vitro fertilisation cohort compared to naturally conceived controls.
7.2.2. Sample Selection
Due to the costs involved with microarray experiments, pooling of samples was used for these
arrays. Inter-individual variation in DNA methylation was expected to be large. By pooling
samples it was expected that the effects of inter-individual biological variation would be
minimised but at the same time retain in vitro fertilisation-specific changes. However, array
pooling would not compensate for inter-array technical variation.

Pooling of in vitro
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fertilisation samples on a single array and comparing this to pooled naturally conceived
control samples was an acceptable way of limiting variation whilst simultaneously improving
the affordability of the project. The disadvantage with pooled samples was the underlying
assumption that the same gene would be affected in most in vitro fertilisation-conceived
individuals.
A potential source of inter-individual variation in methylation is X inactivation. Random X
inactivation is a means of dosage compensation between the sexes, as females have an
addition X chromosome compared to males. X inactivation is initiated by the accumulation
of XIST, a large RNA, on the X chromosome targeted for inactivation (Brown et al., 1992).
DNA methylation is important in both preventing XIST expression on the active X
chromosome and maintaining gene silencing on the inactive X chromosome (Payer and
Lee, 2008). Therefore the level of X chromosome methylation is different between males and
females. In females approximately fifteen percent of X-linked genes are not inactivated
during X inactivation and a further ten percent of X-linked genes are variably inactivated
(Carrel and Willard, 2005).

To avoid the sex-related differences in methylation levels

between individuals and to examine DNA methylation at these variably inactive X-linked
genes, only females were selected for genome-wide methylation analysis using the methylated
DNA immunoprecipitation and microarray approach.
The in vitro fertilisation conceived children in this cohort were taller, had higher growth
hormone levels and a slightly better lipid profile than naturally conceived controls (Miles et
al., 2007). To increase the chance of identifying differentially methylated genes in this
cohort, the in vitro fertilisation conceived individuals that were the most different from
naturally conceived controls were selected.

As the greatest difference between female

individuals was observed in height (Miles et al., 2007), this parameter was chosen to select
the individuals for analysis. In this cohort, height had been measured in standard deviations
from the mid-parental height (MPH-sds). The twelve tallest females were selected and pooled
together for analysis. Twelve naturally conceived control females were also selected that agematched the in vitro fertilisation females, regardless of their height. This approach was
repeated with the next twelve tallest in vitro fertilisation conceived females and matched in
age to female naturally conceived controls. It was hypothesised that if there were any
changes in methylation of growth related genes resulting in an increased height, the chance of
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observing the differences will be increased by selecting the most phenotypically different
females for analysis. The compositions of the array pools are shown (Table 7.1).
Table 7.1. Female DNA Samples Selected For Genome-Wide Methylation Analysis Using Methylated DNA
Immunoprecipitation and DNA Selection and Ligation Microarray Hybridisation.
Slide Description

Slide 1
IVF Females

Slide 2
Control Females

Slide 3
IVF Females

Slide 4
Control Females

Sample Identifier

IVF Type

X7145
X7157
X7149
X7172
X7118
X7128
X7151
X7142
X7181
X7174
X7177
X7154
Average (Mean)
X7084
X7056
X7064
X7058
X7076
X7059
X7110
X7095
X7080
X7071
X7098
X7108
Average (Mean)
X7119
X7126
X7127
X7133
X7134
X7138
X7146
X7156
X7164
X7171
X7178
X7183
Average (Mean)
X7057
X7066
X7068
X7070
X7083
X7085
X7086
X7092
X7094
X7096
X7099
X7104
Average (Mean)

Standard IVF
ICSI
Standard IVF
ICSI
ICSI
ICSI
ICSI
Standard IVF
ICSI
Standard IVF
Standard IVF
Standard IVF
None
None
None
None
None
None
None
None
None
None
None
None
ICSI
ICSI
Standard IVF
Standard IVF
ICSI
Standard IVF
Standard IVF
ICSI
Standard IVF
ICSI
ICSI
ICSI
None
None
None
None
None
None
None
None
None
None
None
None

Mid-Parental
Height sds
1.62
1.39
2.25
2.43
1.5
1.86
1.41
2.17
2.04
2.28
1.43
2.06
1.87
-0.16
1.11
-0.19
-0.04
1.17
-1.47
-0.86
-0.59
-0.95
1.55
0.05
0.3
-0.0067
0.06
0.88
0.23
0.27
0.61
0.85
0.05
0.12
0.91
0.54
0.04
0.53
0.4241
0.56
-0.04
-1.79
1.55
0.4
0.66
-0.58
0.82
-0.15
0.66
-0.42
1.02
0.2241

Age (years)
5.2
5.8
8.2
5.5
7.8
5.7
5.5
7.6
4.7
5.4
7.0
5.0
6.115
5.6
5.6
5.2
4.9
8.2
7.1
7.7
4.7
7.9
5.7
5.3
5.5
6.11
7.2
4.4
5.9
4.8
4.7
5.2
5.7
5.2
5.0
5.2
6.2
6.7
5.52
4.1
4.1
6.5
5.7
8.6
8.0
8.6
8.5
3.6
7.3
4.9
4.6
6.195
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7.3.

MeDIP-DSL Microarray Results

7.3.1. Fragmentation of Starting DNA
It was necessary to fragment the DNA prior to treatment with the anti-5-methylcytosine
antibody to ensure that the DNA was small enough to be precipitated efficiently.

In

accordance to the manufacturers protocol, restriction digest was used to fragment the DNA.
An example of the optimisation for NlaIII digestion of DNA prior to MeDIP is shown
(Figure 7.1). The recommended fragment size for successful immunoprecipitation is 300-600
bp (Jacinto et al., 2008). Based on the results shown (Figure 7.1), 2 !L of NlaIII was used
per 1 !g of genomic DNA. A greater proportion of NlaIII did not alter the fragmentation of

Empty

0!L NlaIII

4!L NlaIII

2!L NlaIII

Empty

1 Kb Plus DNA Ladder™

DNA.

Figure 7.1. Optimisation of a 20 !L NlaIII digestion
of 1 !g genomic DNA visualised on a 0.8% agarose
gel. Lane 1: 1 Kb Plus DNA Ladder™, Lane 2:
Empty, Lane 3: 2 !L NlaIII used for digestion, Lane
4: 4 !L NlaIII used for digestion, Lane 5: Untreated
DNA, Lane 6: Empty. 2 !L of NlaIII was sufficient
to cleave the majority of DNA into fragments smaller
than 600 bp.

1000
850
650
500
400
300
200
100
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7.3.2. Labelling and Amplification of Samples
The Aviva Systems Biology protocol provided with the DNA selection and ligation assay was
then followed with minor modifications (Section 2.7). Prior to hybridisation the efficiency of
the selection and ligation assays were determined using a screening PCR (Figure 7.2A). This
PCR amplifies the probes using the T3 and T7 primer tags and should produce a 100 bp
product if the ligation reaction is successful. If the PCR results were positive, indicating that
ligation had occurred, the sample was then used for fluorescent labelling and amplification.
An example from one of the labelling reactions is shown (Figure 7.2B). The labelled product
was also checked using the T7 and T3 primer tags to confirm the presence of labelled probe

500
400
300
200
100

H 2O

Control MeDIP

Control Input

IVF MeDIP

1 Kb Plus DNA Ladder™

H 2O

Control MeDIP

Control Input

IVF MeDIP

B

IVF Input

1 Kb Plus DNA Ladder™

A

IVF Input

sequences of 100 bp.

500
400
300
200
100

Figure 7.2. Screening and labelling PCR gels from samples for microarray hybridisation. A) The
screening PCR on samples to check DNA is present visualised on an ethidium bromide stained 2%
agarose gel. Lane 1: 1 Kb Plus DNA Ladder™, Lane 2: IVF Input DNA, Lane 3: IVF MeDIP DNA,
Lane 4: Control Input DNA, Lane 5: Control MeDIP DNA, Lane 6: H2O. A band of approximately 100
bp can be seen in each sample, although much weaker in the IVF MeDIP lane. The lower band is
primer dimer. B) The amplification and fluorescent labelling PCR for downstream hybridisation to a
microarray slide visualised on a 2% agarose gel. Lane 1: 1 Kb Plus DNA Ladder™, Lane 2: IVF Input
DNA, Lane 3: IVF MeDIP DNA, Lane 4: Control Input DNA, Lane 5: Control MeDIP DNA, Lane 6:
H2O. A band of approximately 100 bp can be seen in each sample. The lower band is primer dimer.
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7.3.3. Microarray Slide Scanning
The slide scanning was performed at 5 !m with the photo-multiplier tube (PMT) gain set at
660 for both channels using a GenePix® scanner and software. By scanning at a high
resolution of 5 !m, a pixel covers a smaller area of the array and therefore each spot will be
scanned multiple times.

With expression microarray scanning, the PMT settings would

usually be altered to compensate for intensity differences to avoid saturation of spot
intensities and to improve the dynamic range of the experiment (Bengtsson et al., 2004; Dodd
et al., 2004; Lyng et al., 2004). However with the MeDIP-DSL microarray slides, a much
stronger signal from the input DNA channel was anticipated (Atto 550, visible at 550 nm;
therefore green) than the MeDIP channel (Atto 647, visible at 647 nm; therefore red). To
avoid altering the intensities of the respective channels further, the default setting of 660 PMT
was used when scanning all slides.
The GenePix® software was used to calculate the mean signal intensity of each spot. The
mean signal intensity was used to prevent the size of the spot influencing the final results.
The GenePix® software also calculates the median background signal for the non-spotted
regions of the array. The median background level is used to prevent distortion caused by
dust or wash buffer residue.

7.4.

Microarray Normalisation

Normalisation is a required process for all microarray data to take in to account the inevitable
differences in the signal strength caused by differences in DNA concentration, labelling
efficiency, hybridisation efficiency, experiment variability and dye bias. Due to the large
differences in signal intensity for the input DNA (which hybridises to every spot) compared to
the immunoprecipitated DNA (that only binds to spots representing methylated genes), the
intensity differences within each slide will be intrinsically large, as only a small proportion of
cytosines (less than three percent) are methylated in the human genome. This meant that a
novel approach needed to be taken in order to normalise the microarray data.
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There was little in the way of information for the normalisation of microarray data from
methylated DNA immunoprecipitation experiments at the time of this study. Dr Sarah Song
in the Cancer Genetics laboratory is a bioinformatician who was willing to devise a method to
normalise the MeDIP-DSL microarray data. I was also fortunate to be in correspondence
with Dr Simon Andrews of the Babraham Institute (Cambridge, United Kingdom) who had
some previous experience in analysing MeDIP microarray data (Farthing et al., 2008).

7.4.1. Background Correction of Microarray Data

Background corrections can be performed on microarray data to remove noise from the
foreground and thereby ensuring that the signal is caused by the gene of interest and is not
due to overlapping background noise. No background correction was performed on these
microarrays for two reasons. Firstly, the locations of the background noise did not appear
greatly interfere with the signal in the foreground, for example Figure 7.3A, slide four. There
was a small degree of interference in slide two (Figure 7.3A; a horizontal line pattern) and
slide three (Figure 7.3B; a grid shape in the centre of the array). Secondly, the signal in the
foreground of these arrays was often similar to or weaker than the background levels. If
background was corrected for at these spots, the foreground signal intensity would become
lost. The lost informative spots are referred to as “black holes” (Brown et al., 2001).
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A
IVF (Slide 3)

Control (Slide 2)

Control (Slide 4)

IVF (Slide 1)

IVF (Slide 3)

Control (Slide 2)

Control (Slide 4)

Foreground

Background

IVF (Slide 1)

Foreground

Background

B

Figure 7.3. Foreground and background intensity in the channels of the four microarray slides. Each
grid represents one block on the microarray. A) Foreground and background intensity in the Atto-550
channel (input DNA). B) Foreground and background intensity in the Atto-647 channel (MeDIP
DNA).
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7.4.2. Between-Array Normalisation

Prior to array normalisation, 288 features on the microarrays were removed. These were
control features added to the array design by Aviva Systems Biology and were not necessary
for this normalisation. Dr Simon Andrews recommended a within-array Loess normalisation
using twenty percent of the data. The Loess method normalises for dye bias within each array
so that the “average” spot has a deemed equal intensity of both red (Atto-647) and green
(Atto-550) (Yang et al., 2002b). This is represented by a log ratio of zero. The betweenarray normalisation was then performed using quantile normalisation. It is important to
normalise between arrays to ensure that an identical distribution of spot intensities is present
across all arrays (Yang and Thorne, 2003). The effect on the data of normalisation is shown
(Figure 7.4).

A

B
Pre-Normalisation

Post-Normalisation

Figure 7.4. The effect of data normalisation on spot intensity using Slide 3 (IVF) as an example. Each
spot on the array is represented by a black dot. The M value is equal to log (red/green) and A
represents spot signal intensity. A) Pre-normalisation the data slopes downwards and negative M
values indicate a higher intensity in the green channel. The higher the A value (intensity) of a spot the
more green it was. B) Post-normalisation the data follows a horizontal trend and has been centred
around an M value of 0, indicating that each channel (colour) has the same mean intensity.
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The distributions of the results across the separate arrays are shown (Figure 7.5). The DNA
pools for slide one (in vitro fertilisation) and slide two (naturally conceived controls) were
treated simultaneously, as were the DNA pools for slide three (in vitro fertilisation) and slide
four (naturally conceived controls). The second experiment (slides three and four) shows a
wider range of outlying results. This is especially noticeable for those genes with positive
log (red/green) ratios in the second experiment, which indicates stronger signal intensity from

6

the red channel may be present (Figure 7.5).
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Figure 7.5. Box plots representing the log (red/green) ratios across the four microarrays. Circles
represent independent outlying spots. IQR = interquartile range. There are larger ratios in slides 3 and
4 indicating a greater number of methylated genes. The spread of the log ratios are similar across all
four arrays.

Genes showing high log ratios make up only a very small proportion of the 20,000 promoter
sequences examined. As the increased ratio was observed in a matched in vitro fertilisation
(slide three) and naturally conceived control (slide four) experiment, the increased amount of
“methylation” should not affect my ability to identify differentially methylated genes between
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the in vitro fertilisation and the naturally conceived control sample pools. Therefore these
inter-experimental differences should not affect the final results. Dr Sarah Song performed a
further statistical analysis that took into account the fact that the experiments were performed
on different days. This did not affect the p-values of the genes or the output gene list,
indicating that inter-experimental variation did not affect the final results.
The experimental variation could be the result of an increased pull down of DNA after anti-5methylcytosine treatment. It is possible the immunoprecipitation was more efficient in the
second experiment and that subtle changes in the protocol increased the affinity for
methylated DNA. As consistently differentially methylated genes across both microarray
experiments were selected, the ratio differences should have a limited affect on the analysis.

7.5.

Data Analysis to Identify Candidate Differentially Methylated Genes

The normalised data was split into two groups – genes that were more methylated in the in
vitro fertilisation group compared to the naturally conceived controls and genes that were less
methylated in the in vitro fertilisation group compared to the naturally conceived controls.
Genes were considered methylated if the fold change (red mean intensity/green mean
intensity) was greater than 1.2. Genes were considered unmethylated if the fold change was
less than 1/1.2 (0.83). For a gene to be of interest it must be identified as methylated on both
in vitro fertilisation pool slides and unmethylated on both naturally conceived control pool
slides (Table 7.2), or unmethylated on both in vitro fertilisation pool slides and methylated on
both naturally conceived control pool slides (Table 7.3). All genes that fulfilled these criteria
were deemed “differentially methylated” between the two groups and were candidate genes
for more extensive DNA methylation analysis. These candidate genes are shown (Tables 7.2
and 7.3).
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Table 7.2. Genes Identified as Methylated in the In Vitro Fertilisation Pools (!1.2) and Unmethylated in the
Naturally Conceived Control Pools ("0.83).
Fold-Change (Red /Green)
Gene ID
LOC388665
BEX1
ANXA1
P148_A4
PLOD3
C8orf2
FLJ20716
ARL2BP
TRIM52
INSL5
LOC389306
LOC338756
C14orf72
CST8
CREM
FLJ14981
LOC133609
MCM10
CYP21A2

GenBank
Accession
XM_371281
NM_018476
NM_000700
NM_178515
NM_001084
NM_007175
NM_017938
NM_012106
NM_032765
NM_005478
XM_374127
XM_291989
XM_096733
NM_005492
NM_182718
NM_032868
XM_068430
NM_018518
NM_000500

Chromosome
1
X
9
13
7
8
X
16
5
1
5
12
14
20
10
19
5
10
6

Slide 1 –
IVF
1.596
1.662
1.979
1.505
1.256
1.550
1.235
1.260
1.220
1.292
1.204
1.280
1.407
1.678
1.444
1.220
1.263
1.238
1.453

Slide 3 –
IVF
2.247
3.790
2.340
1.603
5.169
1.829
1.636
2.899
1.895
1.244
1.407
1.486
1.241
1.529
1.227
1.397
1.460
1.500
1.202

Slide 2 Control
0.399
0.749
0.826
0.753
0.681
0.795
0.684
0.818
0.794
0.662
0.778
0.657
0.823
0.830
0.739
0.639
0.757
0.805
0.815

Slide 4 Control
0.695
0.779
0.761
0.660
0.769
0.738
0.690
0.652
0.604
0.565
0.488
0.792
0.571
0.797
0.695
0.788
0.739
0.755
0.809

Table 7.3. Genes Identified as Methylated in the Naturally Conceived Control Pools (!1.2) and Unmethylated
in the In Vitro Fertilisation Pools ("0.83).
Fold-Change (Red /Green)
Gene ID
STK19
KRT25C
PIM1
PPM1H
LOC200959
MIS12
LOC255308
AKAP9
C9orf150
ZNF216
KYNU
ZNF493
SYP
LOC284230
KIAA0652
FLJ35382
ARHGAP24
JPH4

GenBank
Accession
NM_004197
NM_181537
NM_002648
XM_350880
XM_116036
NM_024039
XM_170536
NM_005751
XM_210019
NM_006007
NM_003937
NM_175910
NM_003179
XM_208185
NM_014741
NM_152608
NM_031305
NM_032452

Chromosome
6
17
6
12
3
17
12
7
9
9
2
19
X
18
11
1
4
14

Slide 1 –
IVF
0.729
0.761
0.666
0.713
0.579
0.790
0.721
0.739
0.740
0.774
0.776
0.720
0.604
0.807
0.681
0.478
0.874
0.724

Slide 3 –
IVF
0.631
0.513
0.670
0.826
0.755
0.696
0.812
0.806
0.807
0.766
0.668
0.624
0.823
0.831
0.819
0.801
0.710
0.881

Slide 2 Control
1.453
1.373
1.707
1.310
1.317
1.513
1.860
1.254
1.730
1.208
1.307
1.658
1.550
1.461
1.300
1.301
1.369
1.495

Slide 4 Control
2.348
2.334
1.396
2.338
1.431
1.536
1.421
1.864
1.315
1.842
1.272
1.441
1.363
1.364
1.235
1.267
1.642
2.229
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In total, thirty-seven genes were identified as differentially methylated from the microarray
data. Nineteen genes were identified as methylated in the in vitro fertilisation pools and
unmethylated in the naturally conceived control pools, eighteen were identified as
unmethylated in the in vitro fertilisation pools and methylated in the naturally conceived
control pools including two genes (ARHGAP24 and JPH4) that were included, although they
failed to meet the cut-off in one of the four arrays. These results were different to those
shown for the heat-map, which represented the genes ranked by p-value. The p-value ranking
did not regard the threshold values set to identify a change in methylation state between the in
vitro fertilisation and naturally conceived control microarrays.

There was no pathway

association between any of these genes as analysed using GATHER (results not shown;
Chang and Nevins, 2006).

7.5.1. Candidate Gene CpG Density
The main issue with using the methylated DNA immunoprecipitation approach is that the
CpG density of a region has been shown to affect the binding affinity of the anti-5methylcytosine antibody (Keshet et al., 2006; Weber et al., 2005; Weber et al., 2007). Weber
and colleagues showed that greater enrichment of methylated DNA occurred in regions with a
higher number of methylated CpG sites (Weber et al., 2005). Keshet and colleagues found
that a minimum density of two to three percent CpG sites was required within a region for
successful enrichment to occur (Keshet et al., 2006). The CpG density of promoters can be
classified into two groups: high-density CpG promoters and low-density CpG promoters
(Saxonov et al., 2006). High-density CpG promoters are more common and comprise over
seventy percent of promoters and low-density CpG promoters comprise fewer than thirty
percent (Saxonov et al., 2006). Weber and colleagues found that these low-density CpG
promoters were less enriched using MeDIP regardless of their true methylation state – the low
abundance of these promoters after MeDIP was not the result of low methylation levels but
instead was a technical artefact caused by the insensitivity of the antibody (Weber et al.,
2007).
Low-density CpG promoters are generally methylated and high-density CpG promoters are
generally unmethylated (Ball et al., 2009; Fouse et al., 2008; Weber et al., 2007). Due to the
sensitivity of the antibody, low-density CpG promoters with high methylation may be
difficult to differentiate from high-density CpG promoters with low levels of methylation
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(Zilberman and Henikoff, 2007). However it is the intermediate-density CpG promoters that
have shown the best correlation between DNA methylation and gene expression (Ball et al.,
2009; Weber et al., 2007). The critical region of CpG density is located one kilobase either
side of the transcription start site (Ball et al., 2009; Saxonov et al., 2006).
To identify the candidate genes from the MeDIP-DSL microarray results that are most likely
to have a phenotypic effect by altering gene expression, the CpG density upstream of the
transcription start site was examined. An intermediate-density CpG promoter (CpG density
of two to nine percent) was used as recommended by Dr Simon Andrews (Farthing et al.,
2008). At this intermediate level of CpG density Dr Simon Andrews found that the candidate
genes showed the best validation of DNA methylation levels (Farthing et al., 2008). In this
MeDIP-DSL microarray data, only genes with a CpG density of two to nine percent were
considered candidate genes for subsequent detailed analysis of DNA methylation. The CpG
density was measured using 800 bp upstream and 200 bp downstream of either the Aviva
Systems Biology probe or the gene transcription start site. In the case of the candidate gene
ZNF493, the NlaIII fragment containing the probe sequence did not contain any CpG sites.
For the fragment to be pulled down using anti-5-methylcytosine antibody, methylated CpG
sites are needed. Therefore, the enrichment of this sequence must be a technical artefact and
ZNF493 was excluded from the candidate gene list.
The final set of candidate genes with intermediate-density CpG promoters are shown
(Table 7.4). Nine candidate genes fulfilled the required criteria. These genes were selected
for detailed examination of DNA methylation in the individuals of the in vitro fertilisation
cohort.
Table 7.4. Candidate Genes with Intermediate-Density CpG Promoters and the Corresponding Aviva Systems
Biology Probe Sequences.
Gene ID

40 bp Aviva Systems Biology Probe

LOC388665
P148_A4

CAGAACTCCTTGCTGTTGGAAGCCTCAGCTGGACACTGAG
GATAGGTTTGACGTGATGGGTGGAACATCCCAAGGTCAGC

INSL5
KRT25C
SYP

CAGATGCGTTGATGGTATTAAGGAGAGACTGAATAGCTGG
ATACTCCACCCTGTCCAACTCCAGAGATAACAAATAACCC
GCCATCTGACTCACCATCTCTTCAGACCTTCCCACCAGTC

STK19
ARHGAP24

GTCTCCACTTCACTCAGGTATAGTGTTCCCTGGAACCGGG
CCTCATCCTGTTGTGACTGCACCTGCTGAATGTGACCGGC

JPH4
BEX1

ATCTCTATACCCACGCCTGCCCTTCCCTCTGCAGAGCTTT
GCCAAGATCTGACAACAGAACTGTTTCCTGAAGATTTACT
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7.5.2. Variably Inactivated Genes on the X Chromosome

The presence of several differentially methylated genes located on the X chromosome
(Tables 7.2 and 7.3) was interesting, as around ten percent of X-linked genes are variably
inactivated in the normal female population (Carrel and Willard, 2005). Carrel and Willard
identified variably inactivated X-linked genes by investigating nine different rodent/human
somatic cell hybrids, which contained different human inactive X chromosomes (Carrel and
Willard, 2005). The expression of genes was examined using reverse transcriptase PCR and
the number of Xi chromosomes that expressed the gene noted. Of the X-linked genes
identified in the MeDIP-DSL microarray data, SYP and BEX1 were expressed from the
inactivated X chromosome in two of the nine samples examined by Carrel and Willard and
therefore showed variable X-inactivation (Carrel and Willard, 2005).
To determine whether there were other X-linked genes present in the MeDIP-DSL microarray
data that are variably inactivated, genes were examined from Carrel and Willard’s study
(Carrel and Willard, 2005). Genes from Carrel and Willard’s study that were present in the
MeDIP-DSL microarray data were identified and examined for any indication of a change in
methylated state between the in vitro fertilisation pools and the naturally conceived control
pools. These changes did not have to meet the 1.2 fold-change cut-off criteria established
previously. Using this approach, a further four genes were identified that showed a degree of
differential methylation and variable X inactivation: BCOR, MOSPD1, KIAA1280 and
MAGIX (FLJ21687). The MeDIP-DSL microarray results for these genes are shown (Table
7.5). It was hypothesised that the variably inactivated X-linked genes may be influenced by
changes in the environment that can potentially alter DNA methylation and therefore these
genes were selected for further analysis.

Table 7.5. Previously Identified Variably Inactivated X-Linked Genes (Carrel and Willard, 2005) Showing a
Degree of Differential Methylation in the MeDIP-DSL Microarray Data.
Fold-Change (Red /Green)
Gene ID
KIAA1280
MAGIX
BCOR
MOSPD1

# Inactivated X Chromosomes
with Gene Expression
(Carrel and Willard, 2005)
1/9
1/9
2/9
2/9

Slide 1 IVF

Slide 3 IVF

Slide 2 Control

Slide 4 Control

0.769
0.865
1.412
1.106

0.737
0.987
1.004
0.908

1.203
1.023
0.799
1.346

1.162
1.242
0.970
1.855
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7.6.

Discussion of MeDIP-DSL Microarray Results

A total of thirty-seven differentially methylated genes were identified between the in vitro
fertilisation conceived and the naturally conceived control pools. Differentially methylated
genes were identified by a change from the methylated to the unmethylated state or vice versa
between the in vitro fertilisation pools compared to the naturally conceived controls. The
methylation state was determined by a 1.2 fold-change between the two channels.

Of these thirty-seven genes, nine fulfilled the criteria for intermediate CpG density in the
promoter region. CpG density has been shown to be an important factor in determining both
the binding efficiency of the anti-5-methylcytosine antibody and the resulting gene expression
(Ball et al., 2009; Farthing et al., 2008; Keshet et al., 2006; Weber et al., 2005; Weber et al.,
2007; Zilberman and Henikoff, 2007). Promoter regions with low CpG density will not be
enriched for, even with high levels of methylation (Weber et al., 2005). Regions with high
CpG content are most often lowly methylated, suggesting that methylation may not regulate
gene expression at these promoters (Ball et al., 2009; Farthing et al., 2008; Weber et al.,
2007). It was for this reason that promoters with intermediate-density CpG levels were
selected for further analysis. After considering CpG density, the nine candidate genes of
interest from the MeDIP-DSL microarray data were: SYP, STK19, JPH4, INSL5, ARHGAP24,
LOC388665, BEX1, P148_A4 and KRT25C.
The dependence of this experiment on the sensitivity and specificity of the anti-5methylcytosine antibody as well as microarray hybridisation means that these candidate genes
must be validated using a distinct technique on individual samples. The potential nonspecificity of this antibody enrichment has been highlighted in these results after closer
examination of the candidate gene ZNF493. This gene was identified as being unmethylated
in the naturally conceived control pools compared to the in vitro fertilisation pools. After
obtaining the microarray probe sequence for this gene it was identified that it laid within a
NlaIII fragment containing no CpG sites. NlaIII digestion was performed to fragment the
DNA and allow more efficient binding of the anti-5-methylcytosine antibody. If no CpG sites
were present within this fragment no enrichment of this fragment should occur.

No
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polymorphisms were identified at the surrounding NlaIII sites that could have accounted for
incomplete digestion of the DNA. Either incomplete digestion or non-specific binding of the
antibody is the likely explanation for this finding.
The identification of the variably inactivated X-linked genes BEX1 and SYP showing
differential methylation in this study was interesting.

DNA methylation prevents gene

expression on the inactivated X chromosome (Payer and Lee, 2008).

Therefore if the

artificial environment surrounding the zygote during the preimplantation stages of in vitro
fertilisation disrupts methylation events, epigenetic differences in X inactivation may be seen.
These differences may be more obvious at X-linked genes that are variably inactivated.
Using the variably inactivated X-linked genes identified by Carrel and Willard (Carrel and
Willard, 2005), I examined the MeDIP-DSL data to identify if any of Carrel and Willard’s
genes showed a degree of differential methylation between the in vitro fertilisation pools and
the naturally conceived control pools. Four genes were identified: KIAA1280, MOSPD1,
MAGIX and BCOR. These genes were also included in the candidate gene list for closer
examination.
Several differentially methylated genes between the in vitro fertilisation pools and the
naturally conceived control pools have been identified using a genome-wide approach:
methylated DNA immunoprecipitation followed by microarray hybridisation. The presence
of differentially methylated genes provides some indication that epigenetic marks such as
DNA methylation may be altered by in vitro fertilisation. The combination of methylated
DNA immunoprecipitation and microarray analysis has provided an invaluable discovery
tool, but the methylation status of the candidate genes must be independently validated.

CHAPTER EIGHT
Sequenom MassARRAY® EpiTYPER® Analysis of Candidate
Differentially Methylated Genes

8.1.

The Sequenom MassARRAY® EpiTYPER® Platform

Multiple techniques are available for measuring the methylation of CpG sites within
individual genes.

Until recently, bisulfite sequencing was considered the gold-standard

technique for measuring DNA methylation in regions up to 500 bp in length (Chapter Four).
Bisulfite sequencing is time consuming and expensive due to the requirement for cloning and
sequencing of individual alleles.

These issues have limited the usefulness of bisulfite

sequencing as a method to examine DNA methylation at specific regions of interest.
Although allowing for the examination of methylation patterns across alleles, bisulfite
sequencing does not enable quantification of methylation at individual CpG sites due to the
small number of alleles that are examined.
The Sequenom MassARRAY® EpiTYPER® method (here on referred to as Sequenom) is
based on bisulfite conversion of DNA and is currently the favoured technology for
quantifying methylation at a specific genomic region. The genomic region of interest is
amplified using PCR followed by a reverse transcription reaction, resulting in single-stranded
RNA. The RNA created from the reverse strand of the bisulfite PCR product is cleaved with
an endoribonuclease specific for either a uracil (T-cleavage) or a cytosine (C-cleavage). After
cleavage the products will vary depending on the initial presence or absence of cytosine
methylation.

Unmethylated cytosines are represented by adenines (A) and methylated

cytosines by guanines (G; Figure 2.4). The mass difference between a G and an A is sixteen
Daltons and can be differentiated by the MassARRAY® MALDI-TOF mass spectrometer. By
comparing the proportion of products containing G versus those containing A at each site, a
quantitative measure of CpG methylation is obtained. A single cleavage reaction (T-cleavage
or C-cleavage) is enough to interrogate eight-two percent of CpG sites and combining
cleavage reactions increases this to ninety percent (Ehrich et al., 2005). Therefore, in most
cases just a single cleavage reaction is sufficient to examine CpG methylation in a PCR
product.
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The measurement of methylation at these CpG sites is a result of either individual CpGs or
multiple CpGs depending on the number contained within one cleavage fragment. The major
limitation to Sequenom assays is related to the location of the cleavage points in an amplicon.
For example, multiple CpG sites may be located within a single cleavage fragment. Since the
Sequenom assay only detects changes in mass across a cleavage fragment it is impossible to
distinguish how methylated each CpG site is. The Sequenom method for calculating the
methylation can compound this issue by over- or underestimating the true degree of
methylation (Equation 2.5). In addition, where multiple CpG fragments have an overlapping
or duplicate mass, it is impossible to separate the two cleavage fragments and the data from
such fragments must be discarded. Furthermore, some cleavage fragments will be too short or
long to be accurately quantified. Sequenom accurately measures cleavage fragments of 1700
Daltons (approximately five nucleotides) and a maximum fragment size of 9000 Daltons
(approximately twenty-seven nucleotides) (Coolen et al., 2007).
Although Sequenom has some disadvantages, the major advantage of the system is its highthroughput capability. Each Spectro CHIP® can be spotted with 384 individual samples, two
Spectro CHIPs® can be loaded simultaneously and the MALDI-TOF mass spectrometry
analysis takes approximately two hours. This means that approximately 3000 samples can be
run each day.

The Sequenom result provides an average level of methylation among

thousands of PCR amplicons, in contrast to bisulfite sequencing for which a small sample of
ten to twenty clones can be conveniently assessed.
Ehrich and colleagues have shown that the variations induced during the post-PCR processing
of Sequenom are much less than those introduced during bisulfite conversion and subsequent
PCR (Ehrich et al., 2007). Therefore, Sequenom provides a better tool for analysing DNA
methylation than the traditional bisulfite sequencing approach.

The Sequenom system

accurately quantifies methylation down to a minimum of five percent (Coolen et al., 2007;
Ehrich et al., 2005; Ehrich et al., 2007).
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8.2. Selection of Genes for Sequenom MassARRAY® EpiTYPER® Analysis
Candidate differentially methylated genes were selected from the methylated DNA
immunoprecipitation (MeDIP) DSL microarray results. Genes were selected if they met
thresholds indicating a change from the unmethylated state (fold-change of 1/1.2) to a
methylated state (fold-change of 1.2) between the in vitro fertilisation conceived children and
those conceived naturally. These genes then had to meet the required criteria of intermediate
CpG density in the promoter region of the gene (Section 7.5.1).

This resulted in the

identification of nine candidate differentially methylated between the in vitro fertilisation and
naturally conceived controls (Table 8.1).
Two of the differentially methylated genes were on the X chromosome and had previously
been identified as variably inactivated by X inactivation (Carrel and Willard, 2005). Within
the MeDIP-DSL microarray data a further four variably inactivated X chromosome genes
were identified that also indicated a degree of differential methylation (Section 7.5.2). DNA
methylation has an import role in stably maintaining the silencing of genes on the inactivated
X chromosome (Payer and Lee, 2008). Therefore these X chromosome genes were included
for further analysis to examine whether X inactivation is perturbed in children conceived
using in vitro fertilisation. The MeDIP-DSL microarray data and forty base pair probe
sequences for the candidate differentially methylated genes are shown (Table 8.1).
To confirm the MeDIP-DSL microarray results, validation using an independent approach
was required. To examine as many samples as possible with minimal cost and time, the
Sequenom platform was chosen. PCR primers suitable for bisulfite-converted DNA were
designed for the region surrounding the Aviva Systems Biology probe. The major issue with
the Aviva Systems Biology probes was that during the time since the assay was developed,
the annotation of the human genome has improved. Therefore, predicted promoter regions
and predicted genes from several years ago are no longer current. It was for this reason that
the X chromosome Sequenom assays were designed to target the CpG island closest to the
gene promoter. The primer sequences for each gene are given (Table 2.13). No successful
bisulfite PCR reaction could be designed for the amplification of KRT25C.
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Table 8.1. Candidate Gene List Based on MeDIP-DSL Microarray Data.
Fold-Change (Red /Green)
Gene ID

Chromosome
Band

Slide 1 –
IVF

Slide 3 –
IVF

Slide 2 Control

Slide 4 Control

LOC388665

1p13

1.596

2.247

0.399

0.695

INSL5

1p31

1.292

1.244

0.662

0.565

ARHGAP24

4q21

0.874

0.710

1.369

1.642

STK19

6p21

0.729

0.631

1.453

2.348

P148_A4

13q14

1.505

1.603

0.753

0.660

JPH4

14q11

0.724

0.881

1.495

2.229

KRT25C

17q21

0.761

0.513

1.373

2.334

SYP

Xp11

0.604

0.823

1.550

1.363

BEX1

Xq22

1.662

3.790

0.749

0.779

MAGIX*

Xp11

0.865

0.987

1.023

1.242

BCOR*

Xp21

1.412

1.004

0.799

0.970

WWC3*

Xp22

0.769

0.737

1.203

1.162

MOSPD1*

Xq26

1.106

0.908

1.346

1.855

Aviva Systems Biology 40 bp DSLMicroarray Probe
CAGAACTCCTTGCTGTTGGAA
GCCTCAGCTGGACACTGAG
CAGATGCGTTGATGGTATTAA
GGAGAGACTGAATAGCTGG
CCTCATCCTGTTGTGACTGCAC
CTGCTGAATGTGACCGGC
GTCTCCACTTCACTCAGGTATA
GTGTTCCCTGGAACCGGG
GATAGGTTTGACGTGATGGGT
GGAACATCCCAAGGTCAGC
ATCTCTATACCCACGCCTGCCC
TTCCCTCTGCAGAGCTTT
ATACTCCACCCTGTCCAACTCC
AGAGATAACAAATAACCC
GCCATCTGACTCACCATCTCTT
CAGACCTTCCCACCAGTC
GCCAAGATCTGACAACAGAAC
TGTTTCCTGAAGATTTACT
GTTTCCTAGTAAACTCGGGCTC
CAGTTCTGCGTCCCTGCT
GAGCTGCTGAGCTCGGCCAAG
CCCAGTCCAGCTGCGGGAG
ACCCAGATTGAGGATCCAAGA
GAACAGTGGAGGCGAGAGC
ACAGAGATGGCCCTCTGTGAG
AGCCTCCAGTCTGTCTCTT

*Genes that did not meet threshold criteria but were selected based on variable X inactivation.

To limit any differences caused by the bisulfite conversion, samples were converted
simultaneously in groups of twenty. In each group of twenty individuals, an equal number of
in vitro fertilisation and naturally conceived controls were treated. PCR amplifications were
also grouped in order to contain an equal number of in vitro fertilisation and naturally
conceived children. These grouped conversion experiments were performed over a period of
up to three days for each Sequenom run. The initial run examined CpG methylation in the
twenty-four in vitro fertilisation and twenty-four naturally conceived females from the
microarray pools, in order to validate the MeDIP-DSL results. This run examined the DNA
methylation in the autosomal candidate genes and SYP. The second run examined the DNA
methylation of the X chromosome genes and looked at all the in vitro fertilisation (thirty) and
naturally conceived (thirty-four) females in addition to fifteen in vitro fertilisation and fifteen
naturally conceived males.
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8.3. Validation of Candidate Differentially Methylated Genes
8.3.1. Sequenom Analysis of LOC388665
LOC388665 was predicted to be a gene based on sequence homology but no further studies
on the structure or function of LOC388665 have been published. Since the development of
the Aviva Systems Biology microarray platform, the human genome reference sequence has
undergone further revision. Subsequently, the reference sequence for LOC388665 used by
Aviva Systems Biology (XM_371281) has been removed from the NCBI database. The
MeDIP-DSL microarray data suggested that LOC388665 was more methylated in the in vitro
fertilisation pools than in the control pools (Table 8.1). The identification of this gene as the
most differentially methylated gene in the MeDIP-DSL microarray data meant that it was still
selected for more detailed analysis and microarray validation using a Sequenom assay. The
region of LOC388665 that was selected for further investigation was based around the
location of the Aviva Systems Biology probe (Figure 8.1).
LOC388665 Bisulphite converted
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Figure 8.1. The LOC388665 region interrogated using Sequenom. The base numbering does not relate
to putative transcription start site. Lollipop shapes represent CpG sites; NlaIII sites are represented as
vertical lines. Primers are shown as pink arrows and the Aviva Systems Biology 40 bp probe as a green
box. The 310 bp product contained 2 CpG sites.

The LOC388665 amplicon contained one CpG site on each of two cleavage fragments. These
two CpG sites were within the NlaIII fragment that was interrogated by the MeDIP-DSL
microarray. The mean percentage of methylation for each CpG site in the in vitro fertilisation
and naturally conceived females from the microarray pools are shown (Figure 8.2).

A

student’s t-test was used to identify significant differences in methylation between the two
groups.
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Figure 8.2. Sequenom results for LOC388665. Data from naturally conceived females is shown in
blue and data from IVF conceived females is shown in red. Error bars represent the 95% confidence
interval of the mean. A student’s t-test was performed at each site between IVF females and naturally
conceived females. There is no significant difference between the IVF and the naturally conceived
females at CpG1 or CpG2.

There was no significant difference between the mean percentage of methylation at
LOC388665 CpG1 in the naturally conceived control females (74.79 ± 3.21, mean ± SEM,
N = 24) and the in vitro fertilisation females (78.50 ± 1.45, N = 24; P = 0.30). Nor was there
any significant difference between the mean percentage of methylation at CpG2 in the control
females (74.54 ± 3.97, N = 24) and the in vitro fertilisation conceived females (78.29 ± 1.44,
N = 24; P = 0.38).
These findings suggest that LOC388665 is not differentially methylated between the in vitro
fertilisation and naturally conceived control children. As LOC388665 has been withdrawn
from the NCBI database, it is possible that it is not a functional gene. The higher level of
methylation suggests that if LOC388665 is a functional gene it may not be highly expressed
in peripheral blood. Examination of LOC388665 using a Sequenom assay did not confirm the
differential methylation identified by the MeDIP-DSL microarrays.
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8.3.2. Sequenom Analysis of P148_A4
P148_A4 is thought to encode the hypothetical protein FLJ37307.

However, like

LOC388665, P148_A4 is also a predicted gene sequence and is currently under review by
NCBI. Confirmation of the identification and function of P148_A4 has not been published.
The MeDIP-DSL microarray data indicated that P148_A4 was more methylated in the in vitro
fertilisation pools than in the naturally conceived control pools (Table 8.1). Therefore this
gene was selected for independent analysis using a Sequenom assay.
The forty-eight in vitro fertilisation and naturally conceived females from the microarray
pools were selected for examination of P148_A4 CpG methylation. The Sequenom amplicon
designed to examine P148_A4 is shown (Figure 8.3). The Aviva Systems Biology probe was
located in the third exon of P148_A4 and was included within the PCR amplicon.
P148_A4
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Figure 8.3. The region of P148_A4 interrogated using Sequenom. Lollipop shapes represent CpG
sites; NlaIII sites are represented as vertical lines. Primers are shown as pink arrows and the Aviva
Systems Biology 40 bp probe as a green box. The 273 bp amplicon contains 8 CpG sites.

The P148_A4 amplicon was 273 bp and contained eight CpG sites. Four of these CpG sites
were on different cleavage fragments. However CpG5 and CpG6 were contained on the same
cleavage fragment, as was CpG7 and CpG8. CpG1 and CpG2 were excluded from the
analysis, as the cleavage fragments could not be accurately detected by the MALDI-TOF
mass spectrometer. The mean CpG methylation of P148_A4 for the in vitro fertilisation and
naturally conceived females examined is shown (Figure 8.4).

A student’s t-test was

performed at each CpG site to identify significant differences in methylation between the two
groups.
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Figure 8.4. Sequenom results for P148_A4. Data from naturally conceived females is shown in blue
and data from IVF conceived females is shown in red. Error bars represent the 95% confidence interval
of the mean. A student’s t-test was performed at each site between IVF females and naturally
conceived females. * = P <0.05.

There was significantly more methylation at CpG3 in the naturally conceived females
(91.17 ± 0.86, N = 23) than in the in vitro fertilisation conceived females (88.21 ± 0.86,
N = 19; P = 0.02). There was an also significantly higher level of methylation at CpG4 in the
naturally conceived females (74.83 ± 4.01, N = 23) compared to the in vitro fertilisation
conceived females (57.68 ± 4.95, N = 19; P = 0.01). There were no significant differences at
any of the other CpG sites examined as shown using a student’s t-test (Table 8.2).
Table 8.2. Comparison of CpG Methylation at P148_A4 in IVF Females Compared to Naturally Conceived
Females. * = P <0.05.
CpG Site
CpG3
CpG4
CpG5.6
CpG7.8

% Methylation
Control Females
(Mean ± SEM)
91.17 ± 0.86
74.83 ± 4.01
98.50 ± 0.76
95.62 ± 1.74

Number of
Control
Females (N)
23
23
20
21

% Methylation
IVF Females
(Mean ± SEM)
88.21 ± 0.86
57.68 ± 4.95
97.55 ± 0.97
93.08 ± 2.49

Number of
IVF
Females (N)
19
19
11
13

P Value
(unpaired
student’s t-test)
*0.02
*0.01
0.45
0.40

Significant differences were observed at CpG sites contained on separate cleavage fragments
and not at cleavage fragments containing multiple CpG sites. Methylation measured in
fragments containing multiple CpG sites can be skewed by differential methylation between
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the sites (Equation 2.4). This may have affected the ability to discern differences between the
in vitro fertilisation and naturally conceived control groups at CpG5.6 and CpG7.8.
The identification of more highly methylated CpG sites at P148_A4 in the naturally conceived
control group than the in vitro fertilisation group was interesting, although the differences
between the two groups were small (P > 0.01). These results opposed the data obtained from
the MeDIP-DSL microarrays, which suggested more methylation was present in the in vitro
fertilisation conceived group (Table 8.1). The unconfirmed status of the P148_A4 gene and
conflicting data with the MeDIP-DSL microarrays meant that P148_A4 was not selected for
further investigation.
8.3.3. Sequenom Analysis of INSL5
The insulin-like 5 (INSL5) gene is part of the insulin gene superfamily. It was identified
through its sequence similarities to insulin peptides and the related relaxins (Conklin et al.,
1999). Its exact biological function is unknown, however it is related to hormones involved
in reproduction, neurosignalling, wound healing, collagen metabolism and cancer (HaugaardJonsson et al., 2009).
INSL5 is expressed in rectal, colon and uterine tissue (Conklin et al., 1999). Although
apparently not expressed in peripheral blood leukocytes, if INSL5 is regulated by DNA
methylation it was hypothesised that because changes induced by the in vitro fertilisation
process occur early in development, the differences will be in all cell lineages. Therefore, the
analysis of INSL5 in peripheral blood of in vitro fertilisation and naturally conceived children
should reflect the regulation of INSL5 in tissues that express this gene.
INSL5 was identified as more methylated in the in vitro fertilisation microarray pools
compared to the naturally conceived control pools (Table 8.1). The promoter region of INSL5
was identified and primers were designed to interrogate the region containing the Aviva
Systems Biology probe (Figure 8.5).

The Sequenom assay was performed on in vitro

fertilisation and naturally conceived female samples that comprised the MeDIP-DSL
microarray pools.
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Figure 8.5. The INSL5 region interrogated using Sequenom. Exon 1 is represented by a blue box;
lollipop shapes represent CpG sites, NlaIII sites are represented as vertical lines. Primers are shown as
pink arrows and the Aviva Systems Biology 40 bp probe as a green box. The 475 bp amplicon contains
4 CpG sites and is within the NlaIII fragment interrogated on MeDIP-DSL microarrays.

The 475 bp product contained four CpG sites. All of the CpG sites were located on separate
cleavage fragments, however the methylation levels of CpG4 could not be determined as its
mass was below the accurate detection limits of the MALDI-TOF mass spectrometer. The
comparative levels of mean CpG methylation between the in vitro fertilisation conceived and
naturally conceived females are shown (Figure 8.6). A student’s t-test was performed at each
CpG site between the in vitro fertilisation and naturally conceived females in order to measure
the significance of the difference between the sites.
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Figure 8.6. Sequenom results for INSL5. Data from naturally conceived females is shown in blue and
data from IVF conceived females is shown in red. Error bars represent the 95% confidence interval of
the mean. A student’s t-test was performed at each site between IVF females and naturally conceived
females. ** = P <0.01.
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The Sequenom results showed a significantly higher level of methylation at CpG1 in naturally
conceived controls (56.04 ± 4.37, N = 23) compared to those conceived using in vitro
fertilisation (36.83 ± 3.96, N = 18; P = 0.003). This conflicts with the expected results based
on the MeDIP-DSL microarray data, which indicated higher levels of methylation in the in
vitro fertilisation pools. There was no significant difference in methylation at CpG2 and
CpG3 in the naturally conceived females compared to those conceived using in vitro
fertilisation (Table 8.3).
Table 8.3. Comparison of CpG Methylation at INSL5 in IVF Females Compared to Naturally Conceived
Females. ** = P <0.01.
CpG Site
CpG1
CpG2
CpG3

% Methylation
Control Females
(Mean ± SEM)
56.04 ± 4.37
83.62 ± 4.78
55.76 ± 7.70

Number of
Control
Females (N)
23
21
21

% Methylation
IVF Females
(Mean ± SEM)
36.83 ± 3.96
86.58 ± 1.96
55.11 ± 8.43

Number of
IVF
Females (N)
18
12
18

P Value
(unpaired
student’s t-test)
**0.003
0.65
0.95

A statistically significant difference in methylation was observed at CpG1 between the in
vitro fertilisation and naturally conceived controls. However this change in methylation was
not constant across all three CpG sites examined. The lack of consistency of increased
methylation in the naturally conceived group across the three CpG sites examined, combined
with the microarray data that had indicated increased methylation was present in the in vitro
fertilisation pools, excluded INSL5 from further analysis.
8.3.4. Sequenom Analysis of STK19
STK19 (serine/threonine kinase 19) is located in the major histocompatability complex III on
chromosome six, a region implicated in autoimmune disease. STK19 was identified as a
nuclear protein that has serine/threonine kinase activity in vitro (Gomez-Escobar et al., 1998).
Through yeast two-hybrid systems it has been identified as interacting with multiple nuclear
proteins that are involved in DNA replication and transcription (Lehner et al., 2004).
Although the specific role of STK19 is unknown, it is hypothesised to have a role in
transcriptional regulation.
STK19 was identified in the MeDIP-DSL microarray data as being more methylated in the
naturally conceived control pools than in the in vitro fertilisation pools (Table 8.1). The
forty-eight female individuals from the MeDIP-DSL microarray pools were selected for
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further examination of STK19 using Sequenom.

The promoter region of STK19 was

identified and the area immediately surrounding the Aviva Systems Biology probe was
targeted for further analysis (Figure 8.7).

STK19 (NT_007592) Bisulphite Features
Friday, 19 June 2009!!2:47 PM

Page

STK19
STK19_F1

STK19_R1

NlaIII NlaIII

NlaIII

Aviva Probe

-400

-300

-200

-100

0

100

200

300

400

500

Exon 1

Figure 8.7. The region of STK19 interrogated using Sequenom. Exon 1 is shown as a blue box,
lollipop shapes represent CpG sites; NlaIII sites are represented as vertical lines. Primers are shown as
pink arrows and the Aviva Systems Biology 40 bp probe as a green box. The 307 bp amplicon contains
12 CpG sites and contains the MeDIP-DSL probe sequence.

The Sequenom amplicon was 307 bp and contained twelve CpG sites located on nine
cleavage fragments (Figure 8.7). CpG2 and CpG3, CpG5 and CpG6 as well as CpG9 and
CpG10 were contained on the same cleavage fragments and so have the same CpG
methylation measurement. The mass of the cleavage fragment containing CpG12 was too
small to be accurately detected by the MALDI-TOF mass spectrometer. A comparison of
mean CpG methylation between the in vitro fertilisation conceived females and the naturally
conceived females are shown (Figure 8.8). A student’s t-test was performed at each CpG site
between the in vitro fertilisation and naturally conceived females to measure the significance
of the difference between the sites.
Comparison of CpG methylation of STK19 between the naturally conceived females and the
in vitro fertilisation conceived females revealed no significant differences at any of the CpG
sites. The mean percentages of methylation in each group along with p-values are shown
(Table 8.4).
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Figure 8.8. Sequenom results for STK19. Data from naturally conceived controls is shown in blue and
data from IVF conceived individuals is shown in red. Error bars represent the 95% confidence interval
of the mean. A student’s t-test was performed at each site between IVF females and naturally conceived
females.

Table 8.4. Comparison of CpG Methylation at STK19 in IVF Females Compared to Naturally Conceived
Females.

CpG Site
CpG1
CpG2.3
CpG4
CpG5.6
CpG7
CpG8
CpG9.10
CpG11

% Methylation
Control Females
(Mean ± SEM)

Number of
Control
Females (N)

% Methylation
IVF Females
(Mean ± SEM)

64.63 ± 5.18
92.11 ± 1.25
83.74 ± 4.76
97.89 ± 0.75
86.58 ± 1.49
78.00 ± 2.36
95.42 ± 0.78
81.00 ± 2.42

19
18
19
18
19
19
19
19

68.57 ± 3.05
92.67 ± 0.64
90.05 ± 1.10
98.43 ± 0.38
87.63 ± 1.55
79.29 ± 1.52
96.90 ± 0.42
83.24 ± 1.03

Number of
IVF
Females
(N)
21
21
21
21
19
21
21
21

P Value
(unpaired
student’s t-test)
0.51
0.68
0.18
0.51
0.63
0.64
0.09
0.38

There was no evidence of differential methylation at STK19 as determined using the
Sequenom assay. This differed from the MeDIP-DSL microarray results that suggested
higher levels of methylation at STK19 in the naturally conceived females. The absence of
differential methylation did not confirm the microarray data and STK19 was excluded from
further study.
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8.3.5. Sequenom Analysis of ARHGAP24
ARHGAP24 (Rho GTPase activating protein 24) was identified based on sequence similarity
to other ARHGAP genes in the human genome (Katoh, 2004). The ARHGAP gene family
are negative regulators of Rho GTPases. ARHGAP24 binds filamin A and has a role in
controlling actin remodelling, cell polarity and cell migration (Ohta et al., 2006).
ARHGAP24 was identified in the MeDIP-DSL microarray data as having higher levels of
methylation in the naturally conceived control microarray pools compared to the in vitro
fertilisation pools (Table 8.1). The forty-eight females comprising the naturally conceived
and the in vitro fertilisation conceived microarray pools were selected for further examination
of methylation at ARHGAP24. The ARHGAP24 promoter region was identified and the
Aviva Systems Biology probe was located in the second intron of isoform three. Sequenom
primers were designed to incorporate the region surrounding the microarray probe to validate
the microarray results (Figure 8.9).
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Figure 8.9. The region of ARHGAP24 interrogated using Sequenom. Lollipop shapes represent CpG
sites; NlaIII sites are represented as vertical lines. Primers are shown as pink arrows and the Aviva
Systems Biology 40 bp probe as a green box. The 349 bp amplicon contained 7 CpG sites and the
MeDIP-DSL microarray probe sequence.

The 349 bp Sequenom amplicon contained seven CpG sites on six cleavage fragments. CpG3
and CpG4 were contained on the same cleavage fragment and therefore could not be
individually differentiated. CpG1 and CpG6 produced duplicate cleavage fragments and were
discarded.

The mass of the cleavage fragment containing CpG7 was too small to be

accurately determined by the MALDI-TOF mass spectrometer. The mean percentage of
methylation at each CpG in the naturally conceived females and the in vitro fertilisation
females is shown (Figure 8.10). The mean CpG methylation for each site was compared
between in vitro fertilisation and naturally conceived females using a student’s t-test.
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Figure 8.10. Sequenom results for ARHGAP24. Data from naturally conceived females is shown in
blue and data from IVF conceived females is shown in red. Error bars represent the 95% confidence
interval of the mean. A student’s t-test was performed at each site between IVF females and naturally
conceived females. * = P <0.05, ** = P <0.01.

There was significantly more methylation present at all CpG sites within ARHGAP24 in the in
vitro fertilisation females examined than in the naturally conceived control females
(Table 8.5). The methylation levels recorded were all very low (less than eight percent
methylation). The Sequenom assay has been shown to indicate a small level of methylation
(2.5-5%) in completely unmethylated template (Coolen et al., 2007). The Sequenom assay is
also less precise when measuring methylation values less than ten percent or greater than
ninety percent (Ehrich et al., 2005). Although these results appear to show a significant
increase in methylation of ARHGAP24 in the in vitro fertilisation group, the assay is
measuring values that are probably beyond its limits of detection. In addition, such low levels
of methylation are unlikely to be of biological significance.
Table 8.5. Comparison of CpG Methylation at ARHGAP24 in IVF Females Compared to Naturally Conceived
Females. * = P <0.05, ** = P <0.01.
CpG Site
CpG2
CpG3.4
CpG5

% Methylation
Control Females
(Mean ± SEM)
0.913 ± 0.19
3.17 ± 0.41
4.30 ± 0.967

Number of
Control
Females (N)
23
23
23

% Methylation
IVF Females
(Mean ± SEM)
1.78 ± 0.36
4.96 ± 0.50
7.44 ± 1.17

Number of
IVF
Females (N)
23
23
23

P Value
(unpaired
student’s t-test)
*0.04
**0.01
*0.05
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The results contradicted the MeDIP-DSL microarray findings, which had suggested that the
control group had higher levels of methylation. With low levels of methylation at the CpG
sites within the targeted NlaIII fragment of ARHGAP24 in peripheral blood, it is likely that
the anti-5-methylcytosine antibody would not have been sensitive enough to detect these
changes in methylation. Although ARHGAP24 was significantly more methylated in the in
vitro fertilisation females than the naturally conceived females, the low levels of methylation
excluded ARHGAP24 from further analysis.
8.3.6. Sequenom Analysis of JPH4
JPH4 (junctophilin 4) is a brain-specific subtype of the transmembrane junctophilin proteins
(Nishi et al., 2003). These proteins form junctional membrane structures between the plasma
membrane and the endoplasmic reticulum and have an important role in facilitating calcium
signalling (Nishi et al., 2000). JPH4 was identified in the MeDIP-DSL microarray results as
having increased methylation levels in the naturally conceived control microarray pools
compared to the in vitro fertilisation pools (Table 8.1). JPH4 was selected for detailed
examination of DNA methylation in the in vitro fertilisation and naturally conceived females
that comprised the MeDIP-DSL microarray pools.
The promoter region of JPH4 was identified and primers were designed to examine the CpG
sites around the Aviva Systems Biology probe for a Sequenom assay (Figure 8.11).
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Figure 8.11. The region of JPH4 interrogated using Sequenom. Exon 1 is represented as a blue box;
lollipop shapes represent CpG sites, NlaIII sites are represented as vertical lines. Primers are shown as
pink arrows and the Aviva Systems Biology 40 bp probe as a green box. The 281 bp amplicon contains
4 CpG sites and the MeDIP-DSL microarray probe sequence.

The Sequenom 281 bp amplicon contained four CpG sites. Each CpG site was contained on a
different cleavage fragment and all sites were included in the analysis. The mean CpG
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methylation data for each site in the in vitro fertilisation and naturally conceived females is
shown (Figure 8.12). The mean CpG methylation for each site was compared between in
vitro fertilisation and naturally conceived females using a student’s t-test.
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Figure 8.12. Sequenom results for JPH4. Data from naturally conceived females is shown in blue and
data from IVF conceived females is shown in red. Error bars represent the 95% confidence interval of
the mean. A student’s t-test was performed at each site between IVF females and naturally conceived
females.

The Sequenom results did not identify any statistically significant differences in the degree of
methylation at the four CpG sites examined (Table 8.6). The methylation levels were higher
at CpG1 and CpG4. These results failed to confirm the microarray data that had suggested
higher levels if methylation in the naturally conceived females.
Table 8.6. Comparison of CpG Methylation at JPH4 in IVF Females Compared to Naturally Conceived
Females.
CpG Site
CpG1
CpG2
CpG3
CpG4

% Methylation
Control Females
(Mean ± SEM)
66.43 ± 2.01
33.43 ± 1.33
36.07 ± 2.74
79.57 ± 0.89

Number of
Control
Females (N)
23
23
14
23

% Methylation
IVF Females
(Mean ± SEM)
63.00 ± 1.99
33.67 ± 1.45
38.38 ± 1.31
79.71 ± 1.19

Number of
Females
IVF (N)
21
21
13
21

P Value
(unpaired
student’s t-test)
0.23
0.91
0.46
0.92
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As the methylation of JPH4 was similar between the in vitro fertilisation conceived and the
naturally conceived females this gene was not selected for further study on the remainder of
the in vitro fertilisation cohort.

8.4. DNA Methylation at Variably Inactivated X Chromosome Genes
Two X-linked genes, SYP and BEX1, were identified as differentially methylated between the
in vitro fertilisation and naturally conceived individuals based on the microarray data
(Table 8.1).

Approximately ten percent of genes on the X chromosome are variably

inactivated between inactivated X chromosomes, providing a potential source of phenotypic
variation (Carrel and Willard, 2005). Both SYP and BEX1 have previously shown variable
expression after X inactivation (Carrel and Willard, 2005). On closer inspection of the
remaining MeDIP-DSL microarray data, a further four X-linked genes showing variable
expression after X inactivation (WWC3, MOSPD1, BCOR and MAGIX) were identified as
showing possible differential methylation (below the previous threshold).

It was

hypothesised that X inactivation may be perturbed by the in vitro fertilisation process. By
examining the DNA methylation of genes that show inter-individual variation in activation
following X inactivation, any disturbance caused by in vitro fertilisation will be more
apparent.
8.4.1. Sequenom Analysis of SYP
Synaptophysin (SYP) is an integral membrane protein of the small synaptic vesicles and is
found in all tissues of the nervous system (Navone et al., 1986; Wiedenmann and Franke,
1985). The exact function of this protein is unknown but it has been hypothesised to have a
role neurodevelopment disorders such as schizophrenia (Lewis and Lieberman, 2000). SYP
peaks in the developing brain at six to ten years of age and plateaus in adulthood (Glantz et
al., 2007).
SYP was identified as a candidate differentially methylated gene in the MeDIP-DSL
microarray data. SYP appeared to be more methylated in the naturally conceived control
microarray pools than in the in vitro fertilisation pools (Table 8.1). The Sequenom assay for
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SYP was designed to encompass the area examined by MeDIP-DSL microarrays.

The

location of the Aviva Systems Biology probe was identified at intron one of SYP
(Figure 8.13). The 330 bp Sequenom amplicon contained eight CpG sites and was within the
NlaIII fragment examined by the MeDIP-DSL microarray.

SYP (NT_097573)
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Figure 8.13. The region of SYP interrogated using Sequenom. Exon 2 is represented by a blue box;
lollipop shapes represent CpG sites, NlaIII sites are represented as vertical lines. Primers are shown as
pink arrows and the Aviva Systems Biology 40 bp probe as a green box. The 330 bp amplicon contains
8 CpG sites and the MeDIP-DSL probe sequence.

Each of the eight CpG sites within the SYP amplicon was contained on individual cleavage
fragments.

The cleavage fragments containing CpG2 and CpG3 were too small to be

accurately quantified using the MALDI-TOF mass spectrometer. CpG4 was discarded as
closer examination of the peak revealed a silent signal overlap caused by a non-CpG
containing fragment with a similar mass. These silent signal overlaps interfere with the
accuracy of the assay and must be discarded.
8.4.1.1. Sequenom Analysis of SYP: Experiment One
Initially the twenty-four in vitro fertilisation and twenty-four naturally conceived female
samples from the pooled MeDIP-DSL microarrays were selected for closer examination of
CpG methylation. The mean CpG methylation of SYP in the female samples from the in vitro
fertilisation and naturally conceived MeDIP-DSL microarray pools is shown (Figure 8.14)
and were compared at each site using a student’s t-test.
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Figure 8.14. Sequenom results for SYP experiment one from IVF and naturally conceived females
included on the MeDIP-DSL pooled microarrays. Data from naturally conceived females is shown in
blue and data from IVF conceived females is shown in red. Error bars represent the 95% confidence
interval of the mean. A student’s t-test was performed at each site between IVF females and naturally
conceived females. * = P <0.05, ** = P <0.01.

The CpG methylation data across SYP indicates a higher level of methylation was present in
females conceived using in vitro fertilisation compared to naturally conceived females
(Figure 8.14).

This increased methylation was significant at CpG5, CpG6 and CpG8

(Table 8.7).
Table 8.7. Comparison of CpG Methylation at SYP (Experiment 1) in IVF Females Compared to Naturally
Conceived Females. * = P <0.05, ** = P <0.01.
CpG Site
CpG1
CpG5
CpG6
CpG7
CpG8

% Methylation
Control Females
(Mean ± SEM)
26.14 ± 2.24
20.64 ± 1.97
23.82 ± 2.23
26.32 ± 2.41
21.64 ± 2.79

Number of
Control
Females (N)
22
22
22
22
22

% Methylation
IVF Females
(Mean ± SEM)
30.96 ± 1.47
27.29 ± 1.60
30.38 ± 1.72
31.63 ± 1.55
32.21 ± 2.03

Number of
IVF
Females (N)
24
24
24
24
24

P Value
(unpaired
student’s t-test)
0.07
*0.01
*0.02
0.07
**0.003

The MeDIP-DSL microarray results suggested that the naturally conceived control children
would show higher levels of methylation than those conceived using in vitro fertilisation.
However the Sequenom data suggests the opposite; in vitro fertilisation children had higher
levels of CpG methylation. Although the Sequenom data contradicts that of the MeDIP-DSL
microarray data, it was of great interest to identify a potential differentially methylated gene.

Sequenom Analysis 245

Therefore, the Sequenom analysis of SYP was repeated with the inclusion of more in vitro
fertilisation and naturally conceived control samples, including males.
8.4.1.2. Sequenom Analysis of SYP: Experiment Two
As SYP is located on the X chromosome and has shown variable X inactivation (Carrel and
Willard, 2005) the sample pool was extended to include those in vitro fertilisation and
naturally conceived individuals from the pooled microarrays as well as the remaining females
in our cohort. In addition, fifteen in vitro fertilisation males and fifteen naturally conceived
males were included in order to examine DNA methylation at SYP in the absence of X
inactivation. Comparisons of mean CpG methylation at SYP between the in vitro fertilisation
females, in vitro fertilisation males, naturally conceived females and naturally conceived
males are shown (Figure 8.15). Unpaired student’s t-tests were used to compare CpG site
methylation between the in vitro fertilisation and naturally conceived individuals within males
and females.
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Figure 8.15. Sequenom results for SYP experiment two from IVF females (red), naturally conceived
females (blue), IVF males (purple) and naturally conceived males (green). Error bars represent the
95% confidence interval of the mean. Unpaired student t-tests were performed between IVF and
control females and IVF and control males.
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The Sequenom data from the second examination of SYP (Figure 8.15) indicates slightly
lower levels of CpG methylation in the females than observed previously (Figure 8.14). The
low level of methylation was expected in males, as males only have one X-chromosome and
therefore do not have a need for X inactivation.

There was no statistically significant

difference in the levels of CpG methylation at SYP between in vitro fertilisation conceived
and naturally conceived females (Table 8.8). This was unexpected, as the initial SYP results
from the females comprising the microarray pools had indicated an increased level of
methylation at CpG5, CpG6 and CpG8 in the in vitro fertilisation females (Table 8.7).
Table 8.8. Comparison of CpG Methylation at SYP (Experiment 2) in IVF Females Compared to Naturally
Conceived Females.
CpG Site
CpG1
CpG5
CpG6
CpG7
CpG8

% Methylation
Control Females
(Mean ± SEM)
21.60 ± 2.16
10.67 ± 0.55
16.73 ± 1.20
21.43 ± 2.02
12.20 ± 1.33

Number of
Control
Females (N)
30
30
30
30
30

% Methylation
IVF Females
(Mean ± SEM)
19.18 ± 1.80
11.03 ± 0.46
16.64 ± 1.10
19.70 ± 1.56
11.09 ± 1.22

Number of
IVF
Females (N)
33
33
33
33
33

P Value
(unpaired
student’s t-test)
0.39
0.61
0.95
0.50
0.54

There was also no significant difference in CpG methylation of SYP between males conceived
naturally and males conceived using in vitro fertilisation (Table 8.9). The males investigated
showed negligible levels of methylation at SYP. These results were as expected as DNA
methylation at SYP protects the gene from X inactivation.
Table 8.9. Comparison of CpG Methylation at SYP (Experiment 2) in IVF Males Compared to Naturally
Conceived Males.
CpG Site
CpG1
CpG5
CpG6
CpG7
CpG8

% Methylation
Control Males
(Mean ± SEM)
2.93 ± 1.22
1.73 ± 0.61
4.33 ± 1.08
2.07 ± 1.51
1.53 ± 0.90

Number of
Control
Males (N)
15
15
15
15
15

% Methylation
IVF Males
(Mean ± SEM)
3.60 ± 1.44
2.40 ± 1.41
4.73 ± 1.29
2.93 ± 2.44
1.20 ± 0.92

Number of
IVF Males
(N)
15
15
15
15
15

P Value
(unpaired
student’s t-test)
0.73
0.67
0.81
0.76
0.80

8.4.1.3. SYP Sequenom Analysis: Comparison of Experiments
Unlike the first SYP assay, there was no significant difference in the methylation levels of
SYP within in vitro fertilisation females compared to naturally conceived females (Table 8.8).
This was unexpected, as the Sequenom assay has been reported to be a reproducible technique
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(Coolen et al., 2007). A comparison of the combined data from the forty-eight female
samples (both in vitro fertilisation and naturally conceived) that were included across both the
experimental runs is shown (Figure 8.16).

Methylation Differences Between
SEQUENOM MassARRAY EpiTYPER Runs
100
90
80
70

% Methylation

60
50
40
30
20
10

t2
ri

m

en

t1
C

pG

8

Ex

pe

ri

m

en

t2
C

pG

8

Ex

pe

ri

m

en

t1
C

pG

7

Ex

pe

ri

m

en

t2
C

pG

7

Ex

pe

ri

m

en

t1
C

pG

6

Ex

pe

ri

m

en

t2
C

pG

6

Ex

pe

ri

m

en

t1
pe
Ex
5
pG
C

C

pG

5

Ex

pe

ri

m

en

t2
en
m
ri

pe
Ex
1
pG

C

C

pG

1

Ex

pe

ri

m

en

t1

0

Figure 8.16. Box and whisker plots representing cross-experimental comparisons of SYP Sequenom
assays. The horizontal lines in each group represent (from the top) the highest value, upper quartile,
mean, lower quartile and lowest value in each group. The 48 female samples (IVF and naturally
conceived) were compared between experiments at each CpG site.

These repeated Sequenom experiments on the same individuals but with samples derived
from different bisulfite conversion and PCR reactions indicate that the second Sequenom
experiment yielded lower methylation values (Figure 8.16). The range of methylation values
was also decreased in the second experiment.

The initial experiment also indicates a

consistent mean level of methylation across all CpG sites examined, compared to large
variations in CpG site methylation within SYP in experiment two.
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The main sources of variation in Sequenom results have been attributed to the bisulfite
conversion and PCR amplification steps (Coolen et al., 2007; Ehrich et al., 2007). In both of
the SYP experiments, matched numbers of in vitro fertilisation and naturally conceived
control samples were treated simultaneously, which should have limited the effects of the
bisulfite conversion and PCR steps.

The Sequenom assay has been shown to detect

differences in methylation as small as five percent (Coolen et al., 2007; Ehrich et al., 2005).
The detection of small changes was consistent, provided that the variability in PCR
amplification was accounted for (Coolen et al., 2007). To minimise the costs of examining a
large number of individuals, PCR pooling was not used in these experiments. The variation
between replicate experiments can likely be attributed to the PCR amplification steps, as
pooled PCR products have been examined in previous Sequenom experiments and little
variation in the data was observed (Coolen et al., 2007; Ehrich et al., 2005; Ehrich et al.,
2007).
The repetition of the Sequenom assay on all females contained within the cohort failed to
confirm the differential methylation of SYP within in vitro fertilisation females compared to
naturally conceived females. As the initial results could not be confirmed, the variation
between experiments must be attributed to fluctuations in the bisulfite conversion and PCR
amplification.

Future experiments on SYP using pooled PCR template should improve

reliability of the results. Any differences in methylation at SYP are expected to be small, as
the changes can be masked by experimental variations.
8.4.2. Sequenom Analysis of BEX1
The BEX1 (brain-expressed one) gene on the X chromosome was identified based on
sequence similarity to mouse bex genes (Yang et al., 2002a).

BEX1 has shown testis

expression in mice, specifically after the onset of puberty (Foltz et al., 2006). BEX1 has been
identified as a candidate tumour suppressor gene in glioma and was postulated to have a role
in regulating apoptosis (Foltz et al., 2006).
The MeDIP-DSL microarray data suggested that BEX1 was a candidate differentially
methylated gene as it was more methylated in the in vitro fertilisation microarray pools
compared to the naturally conceived control pools (Table 8.1). BEX1 was selected for closer
examination using a Sequenom assay. As BEX1 was also a variably inactivated gene (Carrel
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and Willard, 2005), it was selected for examination of DNA methylation in all the females in
the cohort, as well as fifteen in vitro fertilisation and fifteen naturally conceived control
males. The CpG island of BEX1 was identified approximately 500 bp downstream of the
Aviva Systems Biology microarray probe (not shown). The 460 bp BEX1 amplicon contained
thirty-three CpG sites on twenty-one cleavage fragments (Figure 8.17).

BEX1 CpG island
Friday, 19 June

from UCSC Features
2009!!2:54 PM

Page

BEX1
BEX_R1

-300

-200

BEX1_F2

-100

0

100

200

Exon 1

300

400

500
Exon 2

Figure 8.17. The region of BEX1 interrogated using Sequenom. Exons are represented as blue boxes;
lollipop shapes represent CpG sites, NlaIII sites are represented as vertical lines. Primers are shown as
pink arrows. The Aviva Systems Biology 40 bp probe is not shown but was ~500bp upstream of the
CpG island. The 460 bp amplicon contains 33 CpG sites.

Due to the close proximity of the CpG sites within the PCR amplicon, only eight CpG sites
were contained on individual cleavage fragments. Seven cleavage fragments (fourteen CpG
sites) were outside of the range for accurate detection by the MALDI-TOF mass spectrometer.
Two cleavage fragments (two CpG sites) had identical mass and were excluded. In total, data
was available for seventeen sites, however nine of these were located on the same cleavage
fragment. The mean CpG methylation data for BEX1 in the in vitro fertilisation and naturally
conceived individuals is shown (Figure 8.18).

Unpaired student’s t-tests were used to

compare CpG site methylation between the in vitro fertilisation and naturally conceived
individuals within males and females.
A very low level of methylation (less than five percent at most sites) was observed at BEX1
(Figure 8.18). There was no significant difference in CpG methylation between the in vitro
fertilisation and the control females at all but one CpG cleavage fragment (Table 8.10). The
significantly different cleavage fragment in females contained CpG19 and CpG20
(IVF 1.03 ± 0.26, N = 29; controls 0.55 ± 0.15, N = 33; P = 0.05). The methylation levels for
CpG19.20 were so low they were beyond the accurate detection range (minimum five percent
methylation) of the Sequenom assay (Coolen et al., 2007).
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Figure 8.18. Sequenom results for BEX1 from IVF females (red), naturally conceived females (blue),
IVF males (purple) and naturally conceived males (green). Error bars represent the 95% confidence
interval of the mean. Unpaired student t-tests were performed between IVF and control females and
IVF and control males. * = P <0.05.

The results from the unpaired student’s t-tests at each CpG site are shown (Table 8.10).
Table 8.10. Comparison of CpG Methylation at BEX1 in IVF Females Compared to Naturally Conceived
Females. * = P <0.05.
CpG Site
CpG8.9
CpG11
CpG16
CpG17
CpG19.20
CpG21
CpG22.23.24
CpG28
CpG29
CpG30
CpG31.32
CpG33

% Methylation
Control Females
(Mean ± SEM)
4.27 ± 1.23
1.27 ± 0.54
0.86 ± 0.34
2.48 ± 0.63
1.03 ± 0.26
2.00 ± 0.60
17.10 ± 1.21
4.79 ± 0.70
6.14 ± 0.82
2.79 ± 0.70
2.52 ± 0.42
3.21 ± 0.77

Number of
Control
Females (N)
15
22
29
29
29
26
29
29
29
29
29
29

% Methylation
IVF Females
(Mean ± SEM)
3.18 ± 0.91
1.46 ± 0.57
0.55 ± 0.15
2.82 ± 0.74
1.70 ± 0.23
2.42 ± 0.71
17.45 ± 0.87
5.30 ± 0.86
6.39 ± 1.04
3.72 ± 0.90
3.03 ± 0.34
4.88 ± 1.21

Number of
IVF
Females (N)
17
26
33
33
33
31
33
33
33
32
33
33

P Value
(unpaired
student’s t-test)
0.47
0.81
0.38
0.73
*0.05
0.66
0.81
0.65
0.85
0.43
0.34
0.26

There was no statistically significant difference in CpG methylation at any site between in
vitro fertilisation males and naturally conceived males (Table 8.11). Methylation levels in the
males was near to zero percent, as expected for a gene showing X inactivation.

The

methylation levels observed in the males are most likely the result of noise in the Sequenom
system (Coolen et al., 2007).

Sequenom Analysis 251
Table 8.11. Comparison of CpG Methylation at BEX1 in IVF Males Compared to Naturally Conceived Males.
CpG Site
CpG8.9
CpG11
CpG16
CpG17
CpG19.20
CpG21
CpG22.23.24
CpG28
CpG29
CpG30
CpG31.32
CpG33

% Methylation
Control Males
(Mean ± SEM)
2.09 ± 0.48
1.15 ± 0.71
0.53 ± 0.40
0.40 ± 0.27
0.27 ± 0.15
0.69 ± 0.47
3.60 ± 1.15
5.80 ± 0.85
2.60 ± 0.58
1.13 ± 0.40
2.00 ± 0.50
0.87 ± 0.38

Number of
Control
Males (N)
11
13
15
15
14
13
15
15
15
15
15
15

% Methylation
IVF Males
(Mean ± SEM)
2.71 ± 0.52
0.15 ± 0.15
0.36 ± 0.13
0.21 ± 0.15
0.00
1.25 ± 0.84
3.29 ± 0.82
3.50 ± 0.79
2.36 ± 0.69
1.07 ± 0.34
1.57 ± 0.39
0.29 ± 0.16

Number of
IVF Males
(N)
7
13
14
14
14
12
14
14
14
14
14
14

P Value
(unpaired
student’s t-test)
0.40
0.18
0.69
0.57
N/A
0.56
0.83
0.06
0.79
0.91
0.51
0.18

BEX1 was very lowly methylated within this region, suggesting that this area may not be
methylated during X inactivation. The region surrounding the Aviva Systems Biology probe
may have shown differential methylation, had it been examined using Sequenom.
The absence of methylation differences between the in vitro fertilisation and the naturally
conceived individuals, combined with the low levels of methylation observed in all the
samples, led to the conclusion that BEX1 was not differentially methylated in the in vitro
fertilisation cohort. No further studies were undertaken on BEX1 methylation in this cohort.
8.4.3. Sequenom Analysis of WWC3
The WWC family member three gene (WWC3, also known as KIAA1280) contains a kinase
domain but its function has yet to be studied. WWC3 has been identified as a variably
inactivated X chromosome gene (Carrel and Willard, 2005). Although WWC3 did not reach
the cut-off threshold for selection as a candidate differentially methylated gene, its
methylation levels were measured to examine variably X inactivated genes in this in vitro
fertilisation cohort. In the MeDIP-DSL microarray data, WWC3 was identified as having
higher levels of methylation in the naturally conceived control microarray pools than in the in
vitro fertilisation pools (Table 8.1).
The CpG island of WWC3 was located, as DNA methylation of this region is hypothesised to
regulate gene expression. Due to the high density of CpG sites within the promoter region,
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primers were designed to investigate methylation in the first intron of WWC3 (Figure 8.19).
The Aviva Systems Biology probe was located in the third exon of WWC3 (not shown).
KIAA1280 CpG island UCSC Features
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Figure 8.19. The region of WWC3 (KIAA1280) interrogated using Sequenom. Lollipop shapes
represent CpG sites; primers are shown as pink arrows, exon 1 is shown as a blue box. The Aviva
Systems Biology 40 bp probe is not shown. The 491 bp amplicon contains 28 CpG sites.

The 491 bp WWC3 amplicon contained twenty-eight CpG sites on fifteen cleavage fragments.
Eight of the CpG sites were contained on four fragments with a mass that could not be
accurately detected by the MALDI-TOF mass spectrometer. Four cleavage fragments (nine
CpG sites) had silent signal overlaps and the results from these fragments were discarded.
The methylation level of eleven CpG sites (seven cleavage fragments) could be accurately
determined. The mean CpG methylation for WWC3 (KIAA1280) in the in vitro fertilisation
and naturally conceived individuals is shown (Figure 8.20). Unpaired student’s t-tests were
used to compare CpG site methylation between the in vitro fertilisation and naturally
conceived individuals within males and females.
There was a large variation in methylation across the region examined, especially in male
samples. The Sequenom results suggest that more methylation is present in the male samples
than in females (Figure 8.20), which was unexpected as X inactivation is not present in males.
This suggests that methylation at the region of WWC3 that was examined is not the result of X
inactivation. The methylation levels varied widely between CpG sites in the region of WWC3
examined.

1

Sequenom Analysis 253

!"'*+123+!"#$%&'()*+'#+4415+
$"!!#
!",!#
!"+!#

!"#$%&'()*+,-"./"*#0+

!"*!#
!")!#
012341#-5678549#
!"(!#

012341#:;0#
<341#-5678549#

!"'!#

<341#:;0#

!"&!#

!!"

!"%!#

!!"
!"$!#
!"!!#
-./$#

-./'"(#

-./,#

-./$(#

-./%$"%%"%&#

-./%'"%(#

-./%+#

Figure 8.20. Sequenom results for WWC3 (KIAA1280) from IVF females (red), naturally conceived
females (blue), IVF males (purple) and naturally conceived males (green). Error bars represent the
95% confidence interval of the mean. ** = P <0.01.

There was no statistically significant difference in CpG methylation at any of the sites
examined between the females conceived using in vitro fertilisation and those females
conceived naturally (Table 8.12).
Table 8.12. Comparison of CpG Methylation at WWC3 in IVF Females Compared to Naturally Conceived
Females.
CpG Site
CpG1
CpG4.5
CpG9
CpG15
CpG21.22.23
CpG24.25
CpG28

% Methylation
Control Females
(Mean ± SEM)
1.83 ± 0.62
5.44 ± 0.56
17.15 ± 1.92
19.26 ± 1.54
36.91 ± 2.65
9.31 ± 1.40
51.70 ± 2.42

Number of
Control
Females (N)
24
27
27
27
22
26
27

% Methylation
IVF Females
(Mean ± SEM)
1.48 ± 0.47
4.48 ± 0.46
16.94 ± 1.88
17.00 ± 1.40
38.35 ± 2.53
9.21 ± 1.01
55.65 ± 2.22

Number of
IVF
Females (N)
25
31
31
31
26
29
31

P Value
(unpaired
student’s t-test)
0.65
0.19
0.94
0.28
0.70
0.95
0.23

The cleavage fragment containing CpG24 and CpG25 was more methylated in the naturally
conceived males (15.50 ± 0.96, N = 6) than the in vitro fertilisation males (6.00 ± 2.68, N = 4;
P = 0.005). However it should be noted that the male sample sizes were small at this site. The
remaining CpG sites did not significantly differ in methylation levels between the in vitro
fertilisation and the naturally conceived males (Table 8.13).
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Table 8.13. Comparison of CpG Methylation at WWC3 in IVF Males Compared to Naturally Conceived Males.
** = P <0.01.

CpG Site

% Methylation
Control Males
(Mean ± SEM)

CpG1
CpG4.5
CpG9
CpG15
CpG21.22.23
CpG24.25
CpG28

1.08 ± 0.38
6.54 ± 1.05
20.77 ± 2.92
28.31 ± 2.66
61.60 ± 5.82
15.50 ± 0.96
69.31 ± 2.52

Number of
Control
Males
(N)
12
13
13
13
10
6
13

% Methylation
IVF Males
(Mean ± SEM)

Number of
IVF Males
(N)

1.70 ± 0.73
8.00 ± 1.51
19.30 ± 3.15
25.70 ± 2.69
72.67 ± 8.84
6.000 ± 2.68
70.78 ± 2.42

10
10
10
10
3
4
9

P Value
(unpaired
student’s t-test)
0.44
0.42
0.74
0.51
0.37
**0.005
0.69

It was expected that WWC3 would show higher levels of methylation in the naturally
conceived females than in the in vitro fertilisation conceived females, based on the MeDIPDSL microarray data. Detailed examination of WWC3 using a Sequenom assay did not
confirm any differences in methylation. The region interrogated by MeDIP-DSL microarray
was not the CpG island examined using the Sequenom assay; therefore it is possible that
differential methylation is present at the other island. A higher degree of methylation in the
males in the WWC3 Sequenom assay suggests that DNA methylation is not the result of X
inactivation of this region
This WWC3 assay was designed to be as close as possible to the putative biologically
significant differentially methylated region; however the high density of CpG sites prohibited
the design of primers to assay the promoter region of WWC3. The Aviva Systems Biology
probe from the MeDIP-DSL microarray was near the third exon of WWC3 and may reflect
that expression of an alternative transcript is regulated by methylation. The WWC3 results
from a Sequenom assay were unable to confirm the differentially methylated status identified
by MeDIP-DSL microarrays. It is possible that a redesign of the WWC3 Sequenom assay
may reveal interesting data, however this seems unlikely, as stronger candidate genes from
the MeDIP-DSL microarray data have failed to validate using this approach.
8.4.4. Sequenom Analysis of MAGIX
The function of the MAGI family X-linked (MAGIX) gene is currently unknown. MAGIX
was identified in the MeDIP-DSL microarray results as a variably X inactivated gene (Carrel
and Willard, 2005), which appeared to be more methylated in the naturally conceived control
microarray pools than in the in vitro fertilisation conceived pools (Table 8.1). Based on this

Sequenom Analysis 255

variable inactivation and a degree of differential methylation in the MeDIP-DSL microarray
data, MAGIX was selected for further investigation using Sequenom.
Two CpG islands at alternative promoters of MAGIX were selected for detailed examination
of CpG methylation (Figure 8.21). Two assays were designed, as it was not known which
transcript was affected by X inactivation. The Sequenom assays are shown (Figure 8.21).
The Aviva Systems Biology probe was located approximately 500 bp upstream of exon one
(not shown).

MAGIX Combined Sequence Features
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Figure 8.21. The CpG islands around the alternative promoters of MAGIX selected for interrogation
using Sequenom. CpG islands are show as green boxes; exons are shown as blue boxes, CpG sites are
represented by lollipop shapes, primers are shown as pink arrows. The Aviva Systems Biology 40 bp
probe is not shown. The CpG island 1 amplicon is 300 bp and contains 18 CpG sites. The CpG island
2 amplicon is 330 bp and contains 20 CpG sites.

The MAGIX CpG island one Sequenom amplicon was 300 bp in length and contained
eighteen CpG sites on eleven cleavage fragments. Two cleavage fragments (four CpG sites)
had a mass outside of the range of the MALDI-TOF mass spectrometer. A further two
cleavage fragments (two CpG sites) had a duplicate mass and could not be differentiated.
Due to the high CpG density at this region, methylation could be determined at fourteen CpG
sites, however nine of these were on a shared cleavage fragment. The mean CpG methylation
at MAGIX CpG island one, as determined by Sequenom, is shown (Figure 8.22). Unpaired
student’s t-tests were used to compare CpG site methylation between the in vitro fertilisation
and naturally conceived individuals within males and females.
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Figure 8.22. Sequenom results for the MAGIX CpG Island 1 from IVF females (red), naturally
conceived females (blue), IVF males (purple) and naturally conceived males (green). Error bars
represent the 95% confidence interval of the mean. * = P <0.05.

There was a large variation in methylation levels across the CpG sites examined. The mean
methylation was similar between the male and female samples at the majority of the CpG
sites, with the exception of CpG1 and CpG3. This similarity in methylation suggests that the
MAGIX CpG island one may not be affected by X inactivation. There were no statistically
significant differences in methylation between the in vitro fertilisation and the naturally
conceived females (Table 8.14).
Table 8.14. Comparison of CpG Methylation at MAGIX CpG Island 1 in IVF Females Compared to Naturally
Conceived Females.
CpG Site
CpG1
CpG3
CpG4.8
CpG5.6
CpG7
CpG12.13
CpG14.15
CpG16.17.18

% Methylation
Control Females
(Mean ± SEM)
12.58 ± 2.59
14.47 ± 1.46
73.21 ± 2.70
72.00 ± 3.86
11.37 ± 1.48
27.88 ± 8.16
55.00 ± 6.58
93.84 ± 0.82

Number of
Control
Females (N)
19
19
19
16
19
8
8
19

% Methylation
IVF Females
(Mean ± SEM)
9.650 ± 1.49
13.10 ± 1.02
71.55 ± 2.29
75.11 ± 3.36
11.65 ± 1.25
27.00 ± 6.48
41.22 ± 4.33
93.30 ± 0.53

Number of
IVF
Females (N)
20
20
20
18
20
7
9
20

P Value
(unpaired
student’s t-test)
0.33
0.44
0.64
0.55
0.88
0.94
0.09
0.58

Sequenom Analysis 257

Only CpG3 was differentially methylated between the in vitro fertilisation and the naturally
conceived males (Table 8.15). Although a statistically significant difference is observed at
CpG3 in males (IVF = 49.67 ± 9.60, N = 9; Controls = 26.78 ± 2.74, N = 9; P = 0.04), this
data is skewed by the results from two in vitro fertilisation conceived males that showed
complete methylation. The remaining in vitro fertilisation conceived males indicate less than
forty percent methylation at this site.
Table 8.15. Comparison of CpG Methylation at MAGIX CpG Island 1 in IVF Males Compared to Naturally
Conceived Males. * = P <0.05.
CpG Site
CpG1
CpG3
CpG4.8
CpG5.6
CpG7
CpG12.13
CpG14.15
CpG16.17.18

% Methylation
Control Males
(Mean ± SEM)
26.27 ± 3.91
26.78 ± 2.74
78.00 ± 3.43
88.63 ± 4.70
13.82 ± 2.17
28.10 ± 5.00
42.67 ± 6.57
93.18 ± 1.21

Number of
Control
Males (N)
11
9
11
8
11
10
3
11

% Methylation
IVF Males
(Mean ± SEM)
33.67 ± 3.75
49.67 ± 9.60
84.20 ± 0.94
96.10 ± 0.97
19.00 ± 2.39
33.88 ± 4.02
32.00 ± 3.00
93.40 ± 1.06

Number of
IVF Males
(N)
9
9
10
10
10
8
2
10

P Value
(unpaired
student’s t-test)
0.20
*0.04
0.11
0.10
0.12
0.40
0.31
0.89

Detailed analysis of MAGIX CpG island one methylation did not reveal any differences
between the in vitro fertilisation and the naturally conceived controls of either sex. The level
of methylation of MAGIX CpG island one in males suggests that the DNA methylation at this
region is not present as a result of X inactivation.
To determine whether the alternative transcript of MAGIX was regulated by DNA methylation
as a result of X inactivation, the second CpG island, within intron one, was examined
(Figure 8.21). The MAGIX CpG island two amplicon, upstream of exon two, contained
twenty CpG sites on thirteen cleavage fragments. Three cleavage fragments (three CpG sites)
had a low mass and could not be detected by the MALDI-TOF mass spectrometer. A further
two cleavage fragments (three CpG sites) had overlapping masses and so were excluded from
the analysis. Methylation levels could be determine at fourteen sites, however eleven of these
were on shared cleavage fragments. The mean CpG methylation at MAGIX CpG island two
of the in vitro fertilisation and naturally conceived individuals is shown (Figure 8.23).
Unpaired student’s t-tests were used to compare CpG site methylation.
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Figure 8.23. Sequenom results for the MAGIX CpG Island 2 from IVF females (red), naturally
conceived females (blue), IVF males (purple) and naturally conceived males (green). Error bars
represent the 95% confidence interval of the mean. Unpaired student t-tests were performed between
IVF and naturally conceived females and the IVF and naturally conceived males.

There was a trend towards higher levels of methylation in the females.

The different

methylation levels between the females and the males at MAGIX CpG island two suggests that
this alternative promoter may be regulated by methylation during X inactivation. However,
the methylation levels are low, even in the females. There were no significant differences
between the in vitro fertilisation and the naturally conceived controls in either females (Table
8.16) or males (Table 8.17).
Table 8.16. Comparison of CpG Methylation at MAGIX CpG Island 2 in IVF Females Compared to Naturally
Conceived Females.
CpG Site
CpG1.2.3
CpG4
CpG5.6
CpG8
CpG9
CpG13.14
CpG15.16
CpG17
CpG19.20

% Methylation
Control Females
(Mean ± SEM)
36.40 ± 2.34
21.07 ± 2.81
18.17 ± 0.91
8.53 ± 1.11
4.40 ± 0.66
6.97 ± 0.72
6.27 ± 0.61
3.57 ± 0.41
14.77 ± 0.78

Number of
Control
Females (N)
30
27
30
30
30
30
30
30
30

% Methylation
IVF Females
(Mean ± SEM)
36.62 ± 2.17
25.19 ± 2.52
18.65 ± 0.77
9.32 ± 1.24
5.00 ± 0.67
7.15 ± 0.55
5.00 ± 0.65
3.44 ± 0.47
14.88 ± 0.73

Number of
IVF
Females (N)
34
32
34
34
34
34
34
34
34

P Value
(unpaired
student’s t-test)
0.95
0.28
0.69
0.64
0.53
0.84
0.17
0.84
0.91
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The methylation levels at most of the CpG sites (excluding CpG9 and CpG17) were above the
minimum threshold for detection of five percent (Coolen et al., 2007; Ehrich et al., 2005;
Ehrich et al., 2007). Although the methylation of CpG sites within the same cleavage
fragment are often over-estimated, the same levels are not seen in the males (Table 8.17).
This suggests that the MAGIX CpG island two may become methylated as a result of X
inactivation.
Table 8.17. Comparison of CpG Methylation at MAGIX CpG Island 2 in IVF Males Compared to Naturally
Conceived Males.
CpG Site
CpG1.2.3
CpG4
CpG5.6
CpG8
CpG9
CpG13.14
CpG15.16
CpG17
CpG19.20

% Methylation
Control Males
(Mean ± SEM)
6.40 ± 2.26
2.67 ± 2.06
5.53 ± 1.26
3.60 ± 0.52
0.93 ± 0.52
0.87 ± 0.60
2.00 ± 0.51
1.60 ± 0.31
1.80 ± 0.87

Number of
Control
Males (N)
15
15
15
15
15
15
15
15
15

% Methylation
IVF Males
(Mean ± SEM)
5.00 ± 0.81
2.36 ± 0.88
4.21 ± 0.39
3.50 ± 0.48
0.36 ± 0.13
0.57 ± 0.14
2.64 ± 0.40
1.86 ± 0.21
1.07 ± 0.13

Number of
IVF Males
(N)
14
14
14
14
14
14
14
14
14

P Value
(unpaired
student’s t-test)
0.58
0.89
0.34
0.89
0.31
0.65
0.33
0.50
0.43

There was no significant difference between the in vitro fertilisation and naturally conceived
males at MAGIX CpG island two (Table 8.17). The CpG methylation levels in both in vitro
fertilisation and naturally conceived males were at or below the minimum detection point
(five percent) for Sequenom assays, suggesting that little or no methylation was present
(Coolen et al., 2007).
MAGIX CpG islands one and two failed to show any significant difference between the in
vitro fertilisation and naturally conceived children. The results from MAGIX CpG islands one
and two suggest that methylation of this variably inactivated gene is not affect by in vitro
fertilisation.
8.4.5. Sequenom Analysis of BCOR
The BCL6 co-repressor (BCOR) gene represses BCL6, which is thought to influence
apoptosis.

BCOR interacts with several proteins involved in chromatin modification,

suggesting a possible mode of repression (Coolen et al., 2007; Fan et al., 2009; Gearhart et

260 Sequenom Analysis

al., 2006; Huynh et al., 2000; Sanchez et al., 2007). BCOR has been shown to be an
important transcriptional regulator during early embryogenesis (Ng et al., 2004).
BCOR was identified as a variably inactivated gene on the X chromosome (Carrel and
Willard, 2005). BCOR was identified in the MeDIP-DSL microarray data as showing higher
levels of methylation in the in vitro fertilisation microarray pools than in the naturally
conceived control pools (Table 8.1). These differences were not large enough to classify
BCOR as differentially methylated.

However, the potential for BCOR expression to be

affected by in vitro fertilisation due to variable X inactivation meant that this gene was
selected for further study. The CpG island surrounding the promoter region of BCOR was
identified to locate the region most likely to regulate transcription. As the high CpG density
at this region of BCOR limited the number of potential primer binding sites, the Sequenom
assay was designed for intron one. This intron was approximately 900 bp downstream of the
Aviva Systems Biology probe (Figure 8.24).
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Figure 8.24. The region of BCOR interrogated using Sequenom. Exon 1 is shown as a blue box,
lollipop shapes represent CpG sites, and primers are shown as pink arrows. The Aviva Systems
Biology 40 bp probe is shown as a green box and one of the NlaIII cut sites is indicated. The BCOR
amplicon is 453 bp and contains 37 CpG sites.

The BCOR amplicon is 453 bp and contains thirty-seven CpG sites on twenty-six cleavage
fragments. Seven cleavage fragments (ten CpG sites) were undetectable by the MALDI-TOF
mass spectrometer due to their size. Six cleavage fragments (six CpG sites) had a duplicate
mass and were excluded from the analysis. A further four cleavage fragments (seven CpG
sites) had overlapping masses and were also excluded.

Of the remaining ten cleavage

fragments, five contained single CpG sites.
The mean CpG methylation within BCOR in the in vitro fertilisation and naturally conceived
individuals of both sexes are shown (Figure 8.25). Unpaired student’s t-tests were used to
compare CpG site methylation between the in vitro fertilisation and naturally conceived males
and females.
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Figure 8.25. Sequenom results for BCOR from IVF females (red), naturally conceived females (blue),
IVF males (purple) and naturally conceived males (green). Error bars represent the 95% confidence
interval of the mean. Unpaired student t-tests were performed between IVF and naturally conceived
females and the IVF and naturally conceived males.

The mean CpG methylation across the sites examined in BCOR indicate very low levels of
methylation. In most individuals these sites are less than five percent methylated, lower than
the detection limits of the Sequenom assay (Coolen et al., 2007; Ehrich et al., 2005; Ehrich et
al., 2007). The Sequenom results suggest that there is no methylation present at this region of
BCOR. There was no statistically significant difference in CpG methylation between the in
vitro fertilisation and naturally conceived females (Table 8.18) or males (Table 8.19).
Table 8.18. Comparison of CpG Methylation at BCOR in IVF Females Compared to Naturally Conceived
Females.
CpG Site
CpG2
CpG3
CpG4
CpG5
CpG6.7
CpG9
CpG13
CpG14.15
CpG16.17
CpG23.24
CpG30.31

% Methylation
Control Females
(Mean ± SEM)
0.00
1.25 ± 0.75
0.60 ± 0.50
2.92 ± 0.55
7.54 ± 0.81
1.39 ± 0.29
5.39 ± 0.56
0.46 ± 0.27
2.31 ± 0.49
0.31 ± 0.17
0.38 ± 0.24

Number of
Control
Females (N)
13
4
10
13
13
13
13
13
13
13
13

% Methylation
IVF Females
(Mean ± SEM)
0.02 ± 0.01
2.17 ± 1.02
0.75 ± 0.58
2.91 ± 0.41
7.46 ± 0.58
1.46 ± 0.23
5.82 ± 0.32
0.77 ± 0.17
2.50 ± 0.31
0.59 ± 0.24
0.45 ± 0.17

Number of
IVF
Females (N)
22
12
16
22
22
22
22
22
22
22
22

P Value
(unpaired
student’s t-test)
N/A
0.63
0.86
0.98
0.93
0.85
0.47
0.32
0.73
0.42
0.81
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The low methylation levels in females at this region of BCOR imply that X inactivation does
not affect this region. There were no statistically significant differences in CpG methylation
of BCOR between the in vitro fertilisation and naturally conceived females (Table 8.18). Nor
were there any significant differences in the methylation of any CpG site between in vitro
fertilisation conceived and naturally conceived males (Table 8.19).
Table 8.19. Comparison of CpG Methylation at BCOR in IVF Males Compared to Naturally Conceived Males.
CpG Site
CpG2
CpG3
CpG4
CpG5
CpG6.7
CpG9
CpG13
CpG14.15
CpG16.17
CpG23.24
CpG30.31

% Methylation
Control Males
(Mean ± SEM)
0.09 ± 0.09
1.80 ± 1.11
0.33 ± 0.24
2.18 ± 0.62
4.09 ± 0.55
1.00 ± 0.19
4.64 ± 0.45
0.73 ± 0.24
2.36 ± 0.66
0.91 ± 0.25
0.09 ± 0.09

Number of
Control
Males (N)
11
5
9
11
11
11
11
11
11
11
11

% Methylation
IVF Males
(Mean ± SEM)
0.75 ± 0.75
1.50 ± 1.50
0.67 ± 0.67
3.00 ± 0.53
4.13 ± 0.77
1.75 ± 0.45
5.00 ± 0.38
0.38 ± 0.26
2.50 ± 0.57
0.38 ± 0.26
0.25 ± 0.25

Number of
IVF Males
(N)
8
2
6
8
8
8
8
8
8
8
8

P Value
(unpaired
student’s t-test)
0.32
0.89
0.59
0.35
0.97
0.11
0.57
0.34
0.88
0.17
0.51

The CpG island of BCOR that was selected for examination using a Sequenom assay appears
to be unmethylated in peripheral blood. This region of the CpG island was selected as the
high CpG density of BCOR limited the number of sites suitable for primer binding. Highdensity CpG island have been shown to be lowly methylated and are less likely to control
gene expression (Ball et al., 2009; Fouse et al., 2008; Weber et al., 2007). The promoter
region of BCOR may have revealed some differential methylation, however this is unlikely
due to the CpG density of the region. The lack of any evidence of differential methylation at
BCOR ruled out this gene from further analysis.
8.4.6. Sequenom Analysis of MOSPD1
The motile sperm domain containing one (MOSPD1) gene is a putative gene based on its
sequence structure.

No studies have been performed on this gene and its function is

unknown. MOSPD1 was identified in the MeDIP-DSL microarray data as having higher
levels of methylation in the naturally conceived microarray pools than the in vitro fertilisation
pools (Table 8.1).
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A Sequenom assay was developed for MOSPD1 to interrogate the promoter CpG island
surrounding exon one (Figure 8.26).

As methylation of CpG islands can control gene

expression, this region was targeted rather than the Aviva Systems Biology probe locus. The
Sequenom assay for MOSPD1 was designed within intron one (Figure 8.26).
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Figure 8.26. The region of MOSPD1 interrogated using Sequenom. Exon 1 is shown as a blue box,
lollipop shapes represent CpG sites, and primers are shown as pink arrows. The Aviva Systems
Biology 40 bp probe is shown as a green box and the NlaIII cut sites are indicated. The MOSPD1
amplicon is 344 bp and contains 22 CpG sites.

The MOSPD1 Sequenom amplicon was 344 bp and contained twenty-two CpG sites on
eighteen cleavage fragments. Three CpG sites were on cleavage fragments with a mass too
low to be recognised by the MALDI-TOF mass spectrometer. Six cleavage fragments (eight
CpG sites) were duplicates and excluded from the analysis. Eleven CpG sites could be
accurately determine, however four shared a cleavage fragment with another CpG site. The
mean CpG methylation of MOSPD1 of the in vitro fertilisation and naturally conceived
individuals is shown (Figure 8.27). Unpaired student’s t-tests were used to compare CpG site
methylation between the in vitro fertilisation and naturally conceived individuals within males
and females.
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Figure 8.27. Sequenom results for MOSPD1 from IVF females (red), naturally conceived females
(blue), IVF males (purple) and naturally conceived males (green). Error bars represent the 95%
confidence interval of the mean. All sites showed very low levels of CpG methylation. Unpaired
student t-tests were performed between IVF and naturally conceived females and the IVF and naturally
conceived males.

The mean CpG methylation data for MOSPD1 indicates low levels of methylation within the
CpG island. No statistically significant differences were seen between the methylation of
CpG sites between the in vitro fertilisation and naturally conceived individuals of either sex
(Table 8.20 and Table 8.21).
Table 8.20. Comparison of CpG Methylation at MOSPD1 in IVF Females Compared to Naturally Conceived
Females.
CpG Site
CpG2.3
CpG4
CpG5
CpG6
CpG10.11
CpG15
CpG16
CpG21
CpG22

% Methylation
Control Females
(Mean ± SEM)
9.70 ± 1.21
5.97 ± 1.11
0.93 ± 0.20
3.73 ± 0.70
4.43 ± 0.56
13.75 ± 2.23
8.07 ± 1.66
1.07 ± 0.25
3.00 ± 0.17

Number of
Control
Females (N)
30
30
30
30
30
28
30
30
30

% Methylation
IVF Females
(Mean ± SEM)
9.68 ± 1.04
5.85 ± 0.95
0.76 ± 0.17
3.47 ± 0.62
4.29 ± 0.55
14.00 ± 1.88
8.41 ± 1.53
1.12 ± 0.28
2.88 ± 0.18

Number of
IVF
Females (N)
34
34
34
34
34
33
34
34
34

P Value
(unpaired
student’s t-test)
0.99
0.94
0.52
0.78
0.86
0.93
0.88
0.89
0.64

Sequenom Analysis 265

The low level of methylation at MOSPD1 in females implies that this region is not regulated
by CpG methylation during X inactivation.
Table 8.21. Comparison of CpG Methylation at MOSPD1 in IVF Males Compared to Naturally Conceived
Males.
CpG Site
CpG2.3
CpG4
CpG5
CpG6
CpG10.11
CpG15
CpG16
CpG21
CpG22

% Methylation
Control Males
(Mean ± SEM)
3.33 ± 0.90
1.40 ± 0.80
0.13 ± 0.13
0.47 ± 0.47
1.87 ± 0.39
5.27 ± 2.40
1.07 ± 0.93
0.20 ± 0.11
1.80 ± 0.14

Number of
Control
Males (N)
15
15
15
15
15
15
15
15
15

% Methylation
IVF Males
(Mean ± SEM)
2.00 ± 0.21
0.79 ± 0.19
0
0.71 ± 0.44
1.29 ± 0.19
2.15 ± 0.75
0.14 ± 0.10
0.14 ± 0.10
1.86 ± 0.14

Number of
IVF Males
(N)
14
14
14
14
14
13
14
14
14

P Value
(unpaired
student’s t-test)
0.17
0.47
N/A
0.70
0.20
0.26
0.35
0.70
0.78

It was expected based on the MeDIP-DSL microarray data that the children conceived using
in vitro fertilisation would have higher levels of methylation at MOSPD1. Examination of
CpG methylation in MOSPD1 revealed no differences between the in vitro fertilisation and
naturally conceived individuals of either sex. Although the region of MOSPD1 that was
investigated by Sequenom may not be regulated by DNA methylation as a result of X
inactivation, no other suitable PCR reaction could be designed to target the region upstream
of exon one. The MOSPD1 Sequenom results did not identify differential methylation.
Differential methylation could exist at other regions of this gene however, combined with the
lack of differential methylation between in vitro fertilisation and naturally conceived
individuals at the other variably inactivated X genes, MOSPD1 was not investigated further.

8.5.

Discussion of Sequenom Results

The Sequenom assays were designed to interrogate the genes identified as differentially
methylated in the in vitro fertilisation cohort in more detail.

It was expected that the

Sequenom assays would confirm the MeDIP-DSL microarray results. In total, twelve genes
were interrogated using Sequenom.
Sequenom assays were successfully designed for eight of the differentially methylated genes
that were identified from the microarray data: LOC388665, P148_A4, INSL5, SYP, STK19,
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ARHGAP24, JPH4 and BEX1. A further four genes (WWC3, MAGIX, BCOR and MOSPD1)
were also chosen as variably inactivated X chromosome genes that showed a degree of
differential methylation in the MeDIP-DSL microarray results. The Sequenom assays were
designed around the Aviva Systems Biology probe-binding site for the genes meeting the
original array cut-off criteria in order to validate the microarray data. None of the genes that
were identified as differentially methylated on the microarrays were validated using
Sequenom. At some CpG sites within the candidate genes, differential methylation between
the in vitro fertilisation and naturally conceived individuals was observed. However, at the
majority of these differentially methylated sites the Sequenom results conflicted with the
microarray data.
Only SYP hinted at a consistent change in the methylation levels between the children
conceived by in vitro fertilisation and those conceived naturally.

Although SYP was

identified as less methylated in the in vitro fertilisation group in the microarray data, the
initial Sequenom data suggested that the females in the in vitro fertilisation microarray pools
had higher levels of methylation across all CpG sites than the naturally conceived females.
Subsequent repetition of the experiment revealed no differences in SYP CpG methylation.
The failure to reproduce the initial SYP results is likely to be a result of the PCR amplification
step (Coolen et al., 2007; Ehrich et al., 2007). Other groups have found that occasionally
Sequenom gives rise to low methylation results that are not reproducible, suggesting a
technical issue (Christine Couldrey, AgResearch Ruakura, personal communication).
Therefore, it may be interesting to repeat this Sequenom assay on SYP to determine which
experiment gave rise to accurate results.
Sequenom examination of the remaining X chromosome genes identified in Chapter Seven
revealed no consistent differences in CpG methylation across the regions examined. There
was no evidence to suggest that X inactivation was perturbed in children conceived using in
vitro fertilisation.
The Sequenom method is currently a gold-standard approach to quantify DNA methylation.
It has recently replaced bisulfite sequencing, which is laborious, expensive and prone to
inaccuracies largely due to the limitations on the number of clones that can be examined.
Sequenom assays avoid these issues by enabling the determination of methylation from a
larger number of alleles by measuring the PCR product directly. Several groups have deemed

Sequenom Analysis 267

the Sequenom assay accurate, cost-effective and reproducible (Coolen et al., 2007; Ehrich et
al., 2007).
These experiments have identified several areas of weakness in the Sequenom method.
Firstly, as the bisulfite conversion of DNA leads to the degradation of the majority of DNA in
a sample, the number of copies available for amplification is small, which can result in PCR
bias.

In future experiments, it is advisable to pool several PCR reactions prior to the

Sequenom reactions. Pooling PCR reactions should minimise variation that is introduced
during the amplification steps. Secondly, the Sequenom approach is limiting when examining
regions of high CpG density. In high-density CpG amplicons, the majority of Sequenom
cleavage fragments will contain multiple CpG sites. Multiple CpG sites within an amplimer
can result in an overestimate of the amount of methylation that is present or absent. As
bisulfite conversion increases the similarity in sequence, in highly CpG dense regions the
likelihood of obtaining multiple cleavage fragments with overlapping masses also increases
and so decreases the amount of informative data.
Sequenom provides a quick and cost effective method of examining CpG methylation across
a few hundred bases of DNA. The reliance on bisulfite conversion with subsequent PCR
reduces the reproducibility of the assay; however if careful experimental design is followed
this problem can be mitigated. Compared to the previous gold-standard method of bisulfite
sequencing, Sequenom is less vulnerable to experimental differences and gives a quantitative
measure of CpG methylation at multiple CpG sites.
Farthing’s group successfully confirmed eighty-eight to one hundred percent of their
candidate differentially methylated genes that were identified from MeDIP-microarray data
using Sequenom (Farthing et al., 2008). Whilst the intermediate CpG density criteria and
minimum thresholds established by Farthing’s group were followed when identifying these
candidate differentially methylated genes, Farthing’s criteria also required a minimum of five
microarray probes within the gene promoter to have reached this established threshold
(Farthing et al., 2008). This difference in the microarray platforms allowed Farthing’s group
to exclude inter-individual variation and probe-to-probe variation in order to reliably select
candidate differentially methylated genes. Using the MeDIP-DSL microarray platform, less
than five percent of candidate differentially methylated genes have been independently
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validated using Sequenom (Erin Daly, Department of Pathology, University of Otago,
personal communication).
Although the microarray results suggested that several genes showed differential methylation
between the in vitro fertilisation and naturally conceived individuals, these results could not
be confirmed using Sequenom.

In conclusion, examination of candidate genes using

Sequenom failed to confirm any differential methylation between children conceived by in
vitro fertilisation and naturally conceived controls.

CHAPTER NINE:
Discussion of Results and Future Directions
9.1.

In Vitro Fertilisation and Epigenetic Programming

In 2006, over 53,000 in vitro fertilisation cycles were performed in Australasia, over nine
percent of these in New Zealand (Wang et al., 2008). Approximately seventeen percent of
these cycles resulted in a live birth (Wang et al., 2008), giving an estimate of the number of
children conceived using in vitro fertilisation each year in New Zealand. The use of such
technologies is becoming increasingly prevalent as the maternal age within the population
increases (Andersen et al., 2008). Up to one in five couples will suffer from infertility, which
can be caused by male factors, female factors or a combination of both. It is expected that
infertility will become more prevalent as couples delay parenthood until later in life.
If in vitro fertilisation and other related technologies have adverse affects on the offspring the
number of affected individuals could be a substantial proportion of the human population. As
many as four percent of births in the European population are the result of assisted
reproductive technologies (Andersen et al., 2008). The first in vitro fertilisation conceived
child was born in the United Kingdom in 1978, and the first in vitro fertilisation birth
occurred in New Zealand in 1984. This highlights the relatively young age of the in vitro
fertilisation population. Due to the young demographic of this population any long-term
consequences of the assisted reproductive technology treatments are still unknown. As a
consequence, many of these ‘test-tube babies’ are only now entering the reproductive stage of
their lives. For these reasons, it is important that robust studies into any detrimental affects of
the in vitro fertilisation procedure on this population are initiated.
Research by our collaborators on this project has identified phenotypic differences between
children conceived using in vitro fertilisation and those conceived naturally (Miles et
al., 2007). This project aimed to evaluate this same cohort to discover whether the in vitro
fertilisation environment can affect the regulation of genes that are required for normal
embryo development.
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DNA methylation can regulate gene expression by preventing transcription or inducing
chromatin conformation changes (Comb and Goodman, 1990; Inamdar et al., 1991; Richards,
2006). A wave of demethylation of the paternal and maternal contributions to the zygote
occurs shortly after fertilisation, followed by remethylation of the genome, which is thought
to be important for regulating developmental and lineage-specific gene expression (Reik et
al., 2001).

These epigenetic reprogramming events during early embryogenesis have

previously been shown in animal models to affect DNA methylation at imprinted loci
(Doherty et al., 2000; Fernandez-Gonzalez et al., 2004; Khosla et al., 2001a; Rivera et al.,
2008; Sasaki et al., 1995; Young et al., 2001). The demethylation and remethylation events
during the early stages of development also have the potential to disrupt global DNA
methylation.
The early environment has previously been shown as having the ability to regulate gene
expression and phenotype via DNA methylation in both animal models (Dolinoy et al., 2006;
Waterland et al., 2006a; Waterland et al., 2006b; Weaver et al., 2004; Wolff et al., 1998) and
humans (Breton et al., 2009; Heijmans et al., 2008). These changes in early development can
persist into adulthood (Dolinoy et al., 2006; Heijmans et al., 2008; Morgan et al., 1999;
Waterland and Jirtle, 2003; Wolff et al., 1998). Whether these changes are transmitted to the
next generation has been debated (Cropley et al., 2006; Waterland et al., 2007).
This study sought to perform the first in-depth case-control study of DNA methylation in the
in vitro fertilisation population. The aim of this study was to examine DNA methylation at
imprinted loci as well as on a global scale for differences between children conceived using in
vitro fertilisation and naturally conceived controls.

9.2.

Does In Vitro Fertilisation Affect Genomic Imprinting?

Multiple studies have suggested that in vitro fertilisation increases the risk of the imprinting
disorders Angelman syndrome and Beckwith-Wiedemann syndrome (Bowdin et al., 2007;
Cox et al., 2002; DeBaun et al., 2003; Gicquel et al., 2003; Gomes et al., 2007; Halliday et
al., 2004; Lim et al., 2009; Maher et al., 2003b; Orstavik et al., 2003; Sanchez-Albisua et al.,
2007; Sutcliffe et al., 2006; Yoon et al., 2005). The majority of Angelman syndrome cases
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reported after in vitro fertilisation have been caused by imprinting defects at SNRPN, an error
that usually accounts for less than five percent of all Angelman syndrome individuals.
Mosaicism of Angelman syndrome patients for imprinting defects at SNRPN have been
observed and some individuals appear to have up to forty percent normally methylated cells
(Buiting et al., 2003; Gillessen-Kaesbach et al., 1999; Nazlican et al., 2004).
In this study, it was proposed that in vitro fertilisation might result in aberrant methylation at
SNRPN and other genes causing imprinting defects at low levels in phenotypically normal
individuals.

To examine this, the imprinted genes implicated in Angelman syndrome

(SNRPN) and Beckwith-Wiedemann syndrome (H19, KCNQ1OT1 and IGF2) were
individually analysed in this cohort.
9.2.1. Methylation-Sensitive Quantitative PCR Results for Imprinted Genes
Methylation was determined at four differentially methylated regions (DMRs) using
methylation-sensitive quantitative PCR (MSQ-PCR).

At SNRPN, H19, KCNQ1OT1 and

IGF2 examined using this quantitative methylation analysis, no difference in the mean level
of methylation at any gene was observed between the in vitro fertilisation conceived and
naturally conceived groups.
A degree of variation in the percentage of methylation was observed at each gene, resulting in
a small number of outliers at each locus examined. The number of outliers at each gene were
similar between the in vitro fertilisation conceived and naturally conceived control
individuals, suggesting that hyper- or hypomethylation of these genes was not a result of in
vitro fertilisation.
The MSQ-PCR data was then examined closely for individuals in the in vitro fertilisation
group to determine whether phenotype, in vitro fertilisation treatment, infertility or growth
media had any affects on the levels of methylation measured. There was no correlation
between maternal age, height, type of infertility or in vitro fertilisation treatment (standard in
vitro fertilisation compared to intracytoplasmic sperm injection) and the MSQ-PCR data. The
only significant difference (uncorrected for multiple post-hoc comparisons) was observed at
SNRPN, when the two brands of growth media used during in vitro fertilisation were
considered (ScandIVF and Medicult).

Unfortunately, further details as to the exact
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composition of the media were not available. One recent study has suggested that SNRPN
imprinting in bovine may be altered by the in vitro fertilisation process; however the
relevance of this to media used in human in vitro fertilisation is unknown (Suzuki et
al., 2009).
The MSQ-PCR data did not suggest the presence of aberrant methylation at any gene
examined in the in vitro fertilisation population. However at each gene several outliers were
identified that required further characterisation. Individuals showing aberrant methylation
were investigated further using the gold-standard technique at the time, bisulfite sequencing.
9.2.2. Bisulfite Sequencing Results for Imprinted Genes
To examine multiple CpG sites within the imprinted genes of interest and to identify aberrant
imprinting, bisulfite sequencing was used. The bisulfite sequencing data did not support the
aberrant methylation observed by MSQ-PCR in the majority of individuals examined. Only a
small number of outliers could be examined at KCNQ1OT1 and SNRPN due to the lack of
informative SNP markers. Among informative cases, there was no definitive evidence of
aberrant imprinting.
9.2.3. Pyrosequencing Results for H19
The pyrosequencing of H19 was performed at Dr Jorg Tost’s laboratory in Paris. This highthroughput version of bisulfite sequencing enabled the assessment of methylation across
multiple (twenty-six) CpG sites at H19 in all samples within this cohort. No differences in
methylation were observed between the in vitro fertilisation conceived and naturally
conceived groups, again suggesting that imprinting of H19 was not affected by the in vitro
fertilisation process.
9.2.4. Conclusions from Imprinted Gene Analysis
Angelman syndrome had provided the most convincing evidence for an increased prevalence
of imprinting disorders in the in vitro fertilisation population.

The genes involved in

Angelman syndrome (SNRPN) and Beckwith-Wiedemann syndrome (H19 and KCNQ1OT1)
were selected based on the increase of these disorders in the in vitro fertilisation population.
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If in vitro fertilisation processes disrupted imprinting, a larger number of outliers for
methylation at a given gene would be expected in this group compared to the naturally
conceived control group. No increase of imprinting abnormalities was observed at SNRPN,
KCNQ1OT1 or H19 in this phenotypically normal in vitro fertilisation cohort.
A recent study has identified aberrant methylation at KCNQ1OT1 in three out of eighteen
clinically normal children conceived using in vitro fertilisation, although these findings were
not confirmed using an independent technique (Gomes et al., 2009). No suggestion of
aberrant methylation of KCNQ1OT1 was found using our in vitro fertilisation cohort.
IGF2 was selected, as it is a secondary imprint and as such was hypothesised to be more
malleable to environmental changes.

In addition, IGF2 is implicated in Beckwith-

Wiedemann syndrome. IGF2 methylation has previously been shown to be stably altered by
the early embryonic environment in children conceived during the Dutch Winter Famine
(Heijmans et al., 2008). The region of IGF2 examined in this study was approximately 150
bases upstream of the region examined by Heijmans and both were within the differentially
methylated region of this gene. This indicates that the CpG site used in this study should
have been susceptible to changes in the environment as observed by Heijmans. However, no
difference in methylation of IGF2 was observed between the in vitro fertilisation and
naturally conceived individuals in our cohort.
The four candidate imprinted genes in this study that were hypothesised to be perturbed by
the in vitro fertilisation process did not appear to be differentially methylated in children
conceived using in vitro fertilisation. This led to the conclusion that low-level imprinting
abnormalities are not common in the in vitro fertilisation population.

9.3.

A Prader-Willi Syndrome Case Conceived Using In Vitro Fertilisation

Five cases of Prader-Willi syndrome had previously been described in the in vitro fertilisation
population (Doornbos et al., 2007; Kallen et al., 2005; Sutcliffe et al., 2006).

The

identification of an intracytoplasmic sperm injection-conceived Prader-Willi syndrome case
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in this relatively small in vitro fertilisation cohort was unexpected, as Prader-Willi syndrome
has an estimated maximum incidence of 1/15,000 (Cassidy and Driscoll, 2009).
Initially, DNA methylation was analysed within this individual at several imprinted genes
using MSQ-PCR.

The MSQ-PCR results revealed aberrant methylation at SNRPN as

expected, but in addition apparent aberrant methylation at one of the H19 sites (CpG1) was
also observed. Microsatellites at chromosome fifteen were examined to determine the cause
of Prader-Willi syndrome in this individual and a causative deletion was identified. All
previously reported cases of Prader-Willi syndrome in the in vitro fertilisation population
have also been caused by deletion events (Doornbos et al., 2007; Kallen et al., 2005; Sutcliffe
et al., 2006). This is in contrast with the Angelman syndrome cases observed after in vitro
fertilisation, the majority of which are the result of uncommon imprinting defects (Bowdin et
al., 2007; Cox et al., 2002; Ludwig et al., 2005; Orstavik et al., 2003; Sanchez-Albisua et al.,
2007). The identification of a deletion in this Prader-Willi syndrome individual did not
support the hypothesis that aberrant methylation causing imprinting abnormalities are more
prevalent in the in vitro fertilisation population.
The observation of a Prader-Willi syndrome individual during the collection of this relatively
small cohort could be due to chance and may not necessarily be indicative of overrepresentation of Prader-Willi syndrome in the in vitro fertilisation population. Alternatively,
the observation of Prader-Willi syndrome individuals in the in vitro fertilisation population
may be a reflection on the cause of the in vitro fertilisation treatment, that is the prevalence of
Prader-Willi syndrome may be increased as a result of infertility. Infertility has previously
been reported as accounting for the observation of Angelman syndrome cases in an early in
vitro fertilisation study (Ludwig et al., 2005). At this stage, no studies have identified a
statistically significant increase of Prader-Willi syndrome after in vitro fertilisation or an
increase in the proportion of rare imprinting defects in the in vitro fertilisation-associated
Prader-Willi syndrome cases.

9.4.

Global DNA Methylation in the In Vitro Fertilisation Cohort

Two approaches were used during the course of this thesis to assess global DNA methylation:
MSQ-PCR analysis of Satellite 2 repeat DNA and methylated DNA immunoprecipitation
(MeDIP).
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The methylation level of a CpG site within Satellite 2 repetitive DNA was used as a surrogate
marker of global methylation. This provided a rapid screening tool to establish whether large
changes in methylation were occurring during in vitro fertilisation, as has been observed in
some cancers (Weisenberger et al., 2005). The mean percentage of methylation at this site
was similar between the in vitro fertilisation conceived and naturally conceived control
groups and there were no outliers in either group. The MSQ-PCR data suggests that any
changes in DNA methylation as a result of in vitro fertilisation do not affect Satellite 2. This
Satellite 2 data suggests that in vitro fertilisation is unlikely to cause large-scale defects in
DNA methylation.
The second approach used to assess global DNA methylation in this cohort was methylated
DNA immunoprecipitation followed by hybridisation to a microarray containing 20,000
human gene promoters. Our in vitro fertilisation cohort had phenotypic differences from the
naturally conceived controls (Miles et al., 2007). The most pronounced phenotypic difference
was seen in the height in the females, where the in vitro fertilisation conceived females were
significantly taller (mid-parental height sds 1.82 ± 0.17) than their naturally conceived control
counterparts (mid-parental height sds 1.09 ± 0.16; Miles et al., 2007). To maximise the
chances of identifying differentially methylated genes between the in vitro fertilisation
conceived children and the naturally conceived controls, the tallest in vitro fertilisation
females were selected for analysis. These were age-matched to naturally conceived controls.
Pooled microarray analysis was used to limit the effects of any inter-individual variation in
DNA methylation.

Using this MeDIP-DSL microarray approach, thirteen candidate

differentially methylated genes were identified.

None of these candidate differentially

methylated genes were validated using the independent SEQUENOM MassARRAY®
EpiTYPER® assay.
By using Satellite 2 as an approximation of global DNA methylation, no differences in this in
vitro fertilisation cohort were observed compared to naturally conceived controls. In addition,
methylated DNA immunoprecipitation followed by hybridisation to a human promoter
microarray revealed no reproducible differentially methylated genes. Therefore, I concluded
that epigenetic abnormalities are not common in the in vitro fertilisation population.
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9.5.

Techniques to Examine DNA Methylation

9.5.1. Current Techniques
During this course of this thesis, multiple techniques were used to assess DNA methylation
including methylation-sensitive quantitative PCR (MSQ-PCR), bisulfite sequencing,
pyrosequencing, methylated DNA immunoprecipitation (MeDIP) combined with promoter
microarrays and the SEQUENOM MassARRAY® EpiTYPER® assay (referred to as
Sequenom). Each of these techniques had their advantages and disadvantages as will be
discussed in this section. It was important during this study to examine as many epigenetic
techniques as possible, as no one technique is sufficient to cover all the parameters I was
interested in investigating. Many of the techniques trialled and optimised during the course of
this project have been subsequently used by others in the laboratory.
9.5.1.1. Methylation-Sensitive Quantitative PCR
The first approach used in this study was to quantify DNA methylation at imprinted genes
using methylation-sensitive quantitative PCR, which was developed in our laboratory and has
subsequently been published (Bruce et al., 2008; Fukuzawa et al., 2004; Oakes et al., 2006;
Oakes et al., 2009). The advantage with this method is that it required few specialised
reagents not already available in the laboratory, in addition to being time and cost effective.
This enabled the analysis of all individuals within the in vitro fertilisation cohort. The main
disadvantage with this technique is that it only examines DNA methylation at one CpG site.
When comparing the measured methylation between CpG sites of the same gene (H19) it was
found that individuals with apparent aberrant methylation at one site were normally
methylated at the other.

The validity of this MSQ-PCR approach has previously been

confirmed using bisulfite sequencing (Bruce et al., 2008; Fukuzawa et al., 2004; Oakes et al.,
2006). It is possible that this site variation does exist in situ, however it was not confirmed by
bisulfite sequencing in this project. The MSQ-PCR method is hypothesised to be more
accurate than bisulfite sequencing, as more alleles are examined simultaneously and there is
no allele bias as the methylated and unmethylated sequences are identical. The MSQ-PCR
technique is excellent as a rapid screening tool for measuring DNA methylation levels of a
gene, but does not provide detailed information on methylation across a region.
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9.5.1.2. Bisulfite Sequencing
Until recently bisulfite sequencing was considered to be the gold-standard approach for
examining DNA methylation. The advantages of bisulfite sequencing include the ability to
assess methylation across multiple CpG sites on a single allele, thereby establishing a pattern
of methylation for each allele. However it became apparent throughout the course of this
thesis that bisulfite sequencing is particularly fickle and prone to inaccuracies, largely due to
the conversion process and PCR bias. Although a great deal of time was spent on optimising
the bisulfite sequencing methodology, the end results were still indicative of frequent allele
bias during PCR. In addition, in most cases the variation in CpG methylation observed across
alleles could be attributed to repriming events that must have occurred during PCR. The
conversion of more template DNA in addition to increasing the annealing temperature during
PCR failed to remove the affects of repriming, suggesting these events are likely to be an
intrinsic feature of any bisulfite PCR experiment. Regardless, bisulfite sequencing is still the
best approach for the analysis of imprinted genes, as only this method will allow the
identification in a switch of allele methylation state by combining genotyping and methylation
analysis.
9.5.1.3. Pyrosequencing
Pyrosequencing technology also allows the interrogation of multiple CpG sites across a region
of interest. The visit to work with Dr Jorg Tost in Paris provided an invaluable opportunity to
trial the pyrosequencing technology. Pyrosequencing was not available in Australasia at this
time but appeared to be an emerging high-throughput variation on bisulfite sequencing.
Unfortunately, the pyrosequencing technology fell short of our expectations. The length of
the sequence reads were restricted to no more than 250 bases, shorter than standard bisulfite
sequencing (Tost and Gut, 2007). The correlation between replicate experiments was often
poor, which was possibly confounded by the amount of PCR contamination that was
encountered. In general, the pyrosequencing technology did not provide a robust tool for
CpG methylation analysis and was not considered an option for subsequent experiments.
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9.5.1.4. Sequenom MassARRAY® EpiTYPER® Assay
Recently, Sequenom has emerged as a gold-standard approach for quantifying DNA
methylation. These assays provide a high-throughput analysis of bisulfite-converted DNA,
allowing for the interrogation of multiple samples and genes at a much lower cost than
bisulfite sequencing. However, as Sequenom assays are based on bisulfite conversion of
DNA it is also prone to the same inaccuracies as bisulfite sequencing, most notably PCR bias.
Careful primer design and optimisation will limit this bias, and pooling of PCR products prior
to Sequenom and/or replication of the experiments should limit the effects of this PCR bias on
the assay results. The improved accessibility of Sequenom in New Zealand means it is now
feasible to study multiple genes in this manner.
9.5.1.5. Methylated DNA Immunoprecipitation and Microarrays
Currently there are no suitable tools for the detection of DNA methylation across the genome.
At the time of interest in interrogating global DNA methylation, methylated DNA
immunoprecipitation (MeDIP) followed by microarray analysis was the popular approach.
Although the methylated DNA immunoprecipitation approach followed by microarray
hybridisation can be used as a discovery tool, many groups have found that the method has
poor specificity (Ian Morison, University of Otago, personal communication).

This is

reflected in my inability to validate the genes identified using the MeDIP-DSL microarray
approach. Farthing and colleagues independently confirmed at least eighty-eight percent of
their candidate genes identified by MeDIP-microarrays (Farthing et al., 2008), but only after
the introduction of stringent selection criteria. Using our microarray approach, it appears that
less than five percent of genes identified as differentially methylated by the MeDIP-DSL
microarray assay can be independently validated (Erin Daly, University of Otago, personal
communication). While this approach was the best method at the time, many researchers are
now looking at “next generation” sequencing platforms to examine global DNA methylation.
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9.5.2. Future Techniques: Next-Generation Sequencing
9.5.2.1. Parallel Sequencing
The past few years have seen the introduction of massively parallel sequencing by Illumina
(the Solexa platform), Roche (the 454 platform) and Applied Biosystems (the SOLiD
platform), which make high-throughput sequencing affordable.

The massively parallel

sequencing approach can be applied to interrogate DNA methylation throughout the genome
by examining bisulfite-converted DNA. This has a distinct advantage over gene-specific
approaches as no PCR step is required, which is a major source of bias in the current
protocols.

So far, the prohibitive factors to parallel sequencing becoming a common

epigenetic technique are cost and the ability to interpret the results. Whilst the cost of the
technologies is decreasing and the facilities are available in New Zealand, the ability to
decipher the results remains a challenge. Unlike the genomic sequence, the bisulfite sequence
strands are not complementary. The bisulfite conversion also decreases the redundancy of the
sequence, increasing the probability of mismatching occurring during data alignment.
However, methods are being developed to aid with the interpretation of this large amount of
bisulfite data (Xi and Li, 2009). Massively parallel sequencing will soon provide detailed
information on global DNA methylation, but it will take time before it can be utilised in larger
studies by the end-user in a laboratory setting.
9.5.2.2. Nanopore Sequencing
Nanopore sequencing has been under development for some time. This approach aims to
develop a small pore (nanopore) to push single-stranded DNA through in order to sequence
individual bases. The potential advantages of this approach are the removal of the PCR
amplification step and fluorescent labelling, substantially reducing costs and enabling
quantification of the template.

Recently, Clarke and colleagues at Oxford Nanopore

Technologies have reported their ability to sequence DNA in this manner in a technology they
refer to as BASE™ sequencing (Clarke et al., 2009). Clarke’s approach uses a modified
nanopore and an exonuclease, which is able to cleave the nucleoside monophosphates from
single-stranded DNA. By examining the current across the nanopore, the four nucleotide
monophosphates can be detected. The feature that is potentially of great interest to the field
of epigenetics is that the researchers have shown that BASE™ sequencing is able to
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differentiate 5-methylcytosine from cytosine (Clarke et al., 2009). This removes any bisulfite
conversion errors and combined with the removal of an amplification step could provide a
quantifiable measure of methylation using direct sequencing of the genome. Although the
technology is currently in the early stages, the potential to cheaply sequence the genome and
readily detect methylation would greatly improve the scope of epigenetics.

9.6.

Future Directions for Epigenetic Studies on the In Vitro Fertilisation

Population
9.6.1. Additional Candidate Genes
Since the largest phenotypic difference observed between the in vitro fertilisation individuals
and naturally conceived controls was height, an analysis of genes involved with height might
yield methylation differences between these two groups. However, there are a large number
of candidate genes implicated in height, which is a polygenic trait. The large range of genes
influencing the multiple aspects involved in height mean that the potential number of genes
for interrogation could be immense. A candidate gene approach would be time-consuming
but, with the development of quantitative genome-wide technologies to study DNA
methylation, future studies on the in vitro fertilisation population should consider paying
particular attention to genes implicated in growth and height.
Until recently, this study provided the first analysis of a matched in vitro fertilisation cohort.
A recently published study has identified DNA methylation differences in individuals
conceived using in vitro fertilisation (Katari et al., 2009). This cohort comprised of ten
children conceived using in vitro fertilisation and thirteen naturally conceived controls.
Approximately 700 genes were examined in placenta and cord blood samples from using a
GoldenGate Bead Array platform combined with sodium bisulfite conversion.

The

methylation for each gene was examined by measuring the methylation at approximately two
CpG sites.

Katari and colleagues found that cord blood appeared to be slightly more

methylated and placenta slightly less methylated in the in vitro fertilisation conceived
individuals (Katari et al., 2009). Differential expression of several genes was also identified
between the two groups. Ten genes were selected that were more methylated in cord blood
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for expression analysis using real-time RT-PCR (Katari et al., 2009).

This gene list

comprised of CEBPA, COPG2, EGFR, GNAS*, MEST*, NNAT*, PEG3*, PEG10*, RPL7A
and SLC22A2* and it is interesting that six of these genes are imprinted genes (marked by an
asterisk).
It may be that the differentially methylated genes identified in Katari’s study are worth
investigating further in our cohort, especially the imprinted genes.

In this study H19,

KCNQ1OT1 and SNRPN were elected for investigation based on the apparent increase of
imprinting disorders in the in vitro fertilisation population caused by these genes (BeckwithWiedemann syndrome and Angelman syndrome as well as small numbers of Prader-Willi
syndrome and Silver-Russell syndrome). I did not observe any difference in methylation
between the in vitro fertilisation conceived and the naturally conceived controls at these
genes, which were the strongest candidates for aberrant methylation in this population.
Therefore it seems less likely that differential methylation would be observed at these
imprinted loci identified in Katari’s study.
Expression analysis in Katari’s study revealed only CEBPA and COPG2 were differentially
expressed in the in vitro fertilisation cohort, with higher levels of expression in the in vitro
fertilisation group (Katari et al., 2009). This increase in expression is contrary to what would
be expected based on the increase in methylation, so it is unclear whether this methylation
measurement is accurate and should be independently confirmed.

The identification of

differentially methylated genes in this small in vitro fertilisation cohort and the interrogation
of methylation at only a few CpG sites at each gene leave the findings from this study
inconclusive.
9.6.2. In Vitro Fertilisation Cohorts
Culture media may be able to influence the imprinting of various genes, as tentatively
suggested by the MSQ-PCR data for SNRPN in this study (Section 3.9.3). The interrogation
of additional in vitro fertilisation conceived individuals cultured on the Medicult or ScandIVF
media would be of interest, to validate whether these findings are real or the result of a
statistical anomaly. The components of the growth media used during in vitro fertilisation are
not disclosed, so it is difficult to hypothesise which compound(s) might be the potential cause
of this methylation difference. It would be interesting to examine individuals treated with
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other culture media brands and from other fertility clinics, as it is possible that this may also
have different affects on DNA methylation.
The age of the in vitro fertilisation cohort could also have an affect, as culture media is likely
to be continuously refined as more knowledge is gained about the requirements for the
successful cultivation of a zygote. The first child born as a result of in vitro fertilisation
treatment was in 1978. Our cohort comprised of children who were conceived between 1995
and 2000, at least seventeen years after the first successful use of in vitro fertilisation. One
hypothesis could be that early growth media would be more likely to cause phenotypic
changes to the developing embryo. Future studies should target the older population of in
vitro fertilisation individuals, especially as these individuals reach their reproductive years.
The year of conception of the previously reported Angelman syndrome cases that have
SNRPN imprinting defects is not provided, but they appear to have been conceived at a
similar time to the children assessed in our cohort (Cox et al., 2002; Orstavik et al., 2003;
Sanchez-Albisua et al., 2007; Suzuki et al., 2009). There do not appear to have been any
methylation studies performed on older in vitro fertilisation children or adults.
If the aberrant methylation observed in the in vitro fertilisation conceived individuals
presenting with imprinting disorders was caused by general disruption of the epigenetic
reprogramming events, other genes may be affected in these individuals.

It would be

interesting to perform genome-wide methylation analysis on this group of in vitro fertilisation
conceived children with imprinting disorders to interrogate for other aberrantly methylated
genes.
9.6.3. Target Tissue
It is possible that methylation differences are present in other tissue types that have not been
studied in this cohort. If tissue-specific mosaicism exists in these individuals this would not
be observed when analysing peripheral blood DNA alone. For example, IGF2 is biallelically
expressed in some individuals showing an overgrowth phenotype (Morison et al., 1996). In
addition, tissue-specific biallelic IGF2 expression has also been observed in BeckwithWiedemann syndrome (Cerrato et al., 2008). When considering the increased height of the in
vitro fertilisation females in this cohort (Miles et al., 2007), there is potential for the
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phenotype to be caused by biallelic expression of IGF2 in a tissue that affects growth, such as
muscle tissue. Under this hypothesis, no aberrant methylation of IGF2 would be identified in
peripheral blood. Peripheral blood was used in this study as it was hypothesised that any
changes in DNA methylation as a result of in vitro fertilisation would occur early in
embryogenesis and as a result would be present in all cell lineages.

In this case any

methylation abnormalities should be detectable in DNA from peripheral blood. Future studies
would benefit from the assessment of multiple tissue-types from the in vitro fertilisation
population, enabling the identification of tissue-specific mosaicism.

In addition, future

studies should also consider the collection of samples for RNA studies, so that methylation
can be compared to gene expression giving insight to the biological implications of any
aberrant methylation.
A possible tissue of interest for future in vitro fertilisation studies could be the placenta, as
this has an important role in the regulation of growth and nutrients in the developing fetus.
Imprinted genes in particular play an important role in the correct development of the placenta
(Bressan et al., 2009). For example IGF2, which is implicated in Beckwith-Wiedemann
syndrome and Silver-Russell syndrome, is necessary for nutrient delivery by the placenta
(Constancia et al., 2002). In vitro fertilisation could potentially affect DNA methylation of
these important regulatory imprinted genes in the placenta. Aberrant methylation could result
in small changes to the placental phenotype that may remain undetected in apparently normal
pregnancies but result in subtle phenotypic affects to the baby. A higher rate of imprinting
defects in the placenta, including aberrant methylation of H19, has been observed using
samples from in vitro fertilisation conceived mice (Rivera et al., 2008). Rivera did not
examine any placental phenotypic measurements (Rivera et al., 2008).

One could

hypothesise that any imprinting defects may account for the increased prevalence of low
birth-weight babies born after in vitro fertilisation treatment (De Geyter et al., 2006). In
future, studies on placental samples from in vitro fertilisation conceived individuals would be
desirable to examine DNA methylation in this important fetal tissue.
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9.7.

Conclusions

During the course of this project both targeted analysis of imprinted genes as well as global
DNA methylation analysis has been used to screen for aberrant methylation within an in vitro
fertilisation cohort. No aberrant methylation was identified at the imprinted genes H19,
KCNQ1OT1, SNRPN or IGF2, suggesting that the imprinting disorders previously identified
in children conceived using in vitro fertilisation are sporadic and rare. By expanding this
study to examine methylation on a genome-wide level, no differentially methylated genes
were discovered. This has led to the conclusion that epigenetic defects are not common after
in vitro fertilisation. With the increasing practice of in vitro fertilisation across the globe, it is
important that this study provides positive reassurance as to the safety of these procedures.
However, the results of this study should be interpreted with caution as they do not provide
absolute evidence that aberrant methylation does not occur as a result of in vitro fertilisation.
The techniques currently available to measure DNA methylation are limited in their
sensitivity.

Therefore low-level aberrant methylation may exist within the in vitro

fertilisation population, which is beyond our current capabilities of detection. Furthermore,
tissue-specific variations in methylation may be present in this population that cannot be
detected using peripheral blood DNA samples alone.
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