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Abstract

Dosage compensation in mammals depends upon X Chromosome In-

activation (XCI), the transcriptional silencing of one X in female cells.

In human and mouse, CpG island methylation on the inactive X (Xi)

has been implicated in the maintenance of XCI and has been used pre-

viously to indicate a gene’s XCI status. There is evidence that XCI

is more complete in mouse than in human, and so I speculated that

CpG island methylation on the Xi might also be more extensive in the

mouse. In marsupials, by contrast, the small amount of available evi-

dence points to absence of methylation on the Xi. I have studied the

methylation of CpG islands on the X chromosomes of human, mouse

and opossum in order to provide further evidence for these suggested

species differences.

Ninety-one human genes, including several thought to escape from

XCI, were assayed together with the mouse orthologues for 52 of these

genes. Female and male genomic DNA was digested with MspI or its

methylation-sensitive isoschizomer HpaII then tested the ability of

the DNA to support amplification of PCR products containing mul-

tiple MspI/HpaII sites. Only the three known mouse escapees tested

(Eif2s3, Ddx3x, Utx ) were hypomethylated in the female, compared

to 13 genes in human. This is consistent with the suggestion that gene
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silencing is more effective in the mouse. Furthermore, the assay in-

dicated that partial methylation is common among the human genes

but rare in the mouse. Bisulphite sequencing of CpG islands from

eight human-mouse orthologous pairs has confirmed this difference.

The restriction-PCR assay was then applied to 37 X-linked genes in

opossum and CpG island hypermethylation was found to be rare on

the female X chromosomes. However, for at least six genes, there

was a greater level of methylation in the female sample, which was

subsequently confirmed by bisulphite sequencing.

Results from this study support the view that CpG island methylation

as a maintenance mechanism for XCI is common in the eutherian

mammals. The lower level of methylation in human than mouse is

consistent with the suggestion that escape from XCI is associated

with a failure to maintain the inactive state. If this is correct, a high

level of escape from XCI in marsupials might be anticipated. This

study has also provided the first evidence of a possible role of CGI

methylation in marsupial XCI.
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Chapter 1

Introduction

1.1 Dosage compensation and X chromosome in-

activation (XCI)

Most animals and plants adopt sexual reproduction, which creates great genetic

variation. Many sexually reproducing species consist of two sexes, male and

female. In some cases, like in certain species of fish and reptiles, sex is determined

by environmental variables, but in most cases, sex determination is genetic. A

system of chromosomal sex-determination has evolved independently in many

plant and animal groups, where the two sexes have different chromosomal consti-

tutions (Bull, 1983). One sex, termed the heterogametic sex, has two different sex

chromosomes, while the other sex, the homogametic sex, has a pair of identical

chromosomes. The X and Y chromosomes (when male is heterogametic), or the

Z and W chromosomes (when female is heterogametic), are often morphologically

and genetically distinct, shaped by sex chromosome evolution.
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1.1 Dosage compensation and X chromosome inactivation (XCI)

In the 1960s, Ohno (1967) first proposed an autosomal origin for sex chro-

mosomes. According to this hypothesis, a pair of proto-sex chromosomes arose

from a pair of autosomes when a sex-determining allele evolved on one of them,

termed the Y or W chromosome (the XY system is discussed thereafter). Starting

from a pair of identical autosomes, the sex chromosomes went onto very differ-

ent paths. Selection favoured restriction of recombination between the Y-linked

sex-determining region and its X homologue to avoid sexual ambiguity. This

restriction eventually spread throughout the two chromosomes, leading to degen-

eration of the Y due to accumulation of mutations. The X chromosome, on the

other hand, retained its gene content, which comprises an indispensable part of

the genome, and had to accommodate its hemizygous state in male. Thus the

need for dosage compensation between the two sexes arose.

Just as chromosomal sex-determination has evolved many times in different

lineages, so dosage compensation mechanisms have also evolved multiple times.

Typical of evolution, different solutions have been used to solve the same prob-

lem: to achieve dosage balance between gene expression from the two sexes, as

well as balance between expression from the X and autosomes. Dosage compensa-

tion mechanisms have been best studied in the fruit fly Drosophila melanogaster,

the nematode worm Caenorhabditis elegans, and in mouse and human. Each

group has evolved a drastically different system to achieve dosage compensation.

Drosophila has an XY sex-determination system but without a male-determining

gene on the Y. Rather, sex determination results from counting the X:autosome

ratio. An X:autosome ratio of 1:1 results in development into a female, and an

X:autosome ratio of 2:1 gives rise to a male. So an XO individual in Drosophila

is a male, not a female as in human. Dosage compensation is achieved by up-
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1.1 Dosage compensation and X chromosome inactivation (XCI)

regulating the expression of genes on the single X in male two-fold (reviewed in

Baker et al., 1994; Cline and Meyer, 1996). In C. elegans, the Y chromosome is

lost completely, and sex is determined by the number of X chromosomes. As in

Drosophila, the XO individual is a male, but the XX individual is a hermaphrodite

(having both male and female reproductive organs). Dosage compensation is tar-

geted at both X chromosomes in the hermaphrodite, reducing the transcription

level of each X by half (reviewed in Cline and Meyer, 1996; Meyer, 2000).

In contrast to the straightforward solutions evolved in flies and worms, a

much more complex dosage compensation mechanism has developed in mammals,

namely X chromosome inactivation (XCI). The hypothesis was first proposed

by Mary Lyon over 40 years ago: in mammals, the dosage equalisation of gene

products from the X chromosome is achieved by transcriptionally inactivating one

of the two X chromosomes in female cells during embryogenesis (Lyon, 1961). In

her landmark paper, Lyon linked together several curious observations about the

X chromosome in mammals. Barr and Bertram (1949) had discovered that a

‘nucleolar satellite’ was always found in female cells but not in male cells; Ohno

(1960; 1959) suggested that the ‘Barr body’, as it was later called, is a highly

condensed X chromosome. Around the same time, it was found that female mice

with only one X chromosome (XO) are viable and even fertile (Welshons and

Russell, 1959), suggesting that one active X chromosome is sufficient for normal

development. Lyon’s hypothesis explains the mosaic, rather than intermediate,

coat colour of female mice heterozygous for X-linked pigment genes: during very

early stages of embryonic development, one X chromosome becomes inactivated

in each cell, and the progenies of which can only make the normal or mutant form

of the pigment, depending on which X is active, giving rise to patches of colours

3



1.1 Dosage compensation and X chromosome inactivation (XCI)

(see Figure 1.1 for an example in cat).

At the same time, the idea of XCI was also indicated in a paper on mammalian

sex chromosomes by Russell (1961). In an attempt to explain the variegated-type

position effects, where the recessive allele is manifested in heterozygote as a re-

sult of X;autosome translocation, Russell suggested that only one X is active

in females and the extra Xs acquire characteristics of heterochromatin (Rus-

sell, 1961). Direct evidence in support of the XCI hypothesis came from study

of cloned cells. Davidson and colleagues (1963) studied cell cultures from hu-

man females heterozygous for the X-linked gene encoding the enzyme glucose-6-

phosphate dehydrogenase (G6PD). They found that each cloned culture, origi-

nating from single cells, only expressed one of the two alleles. This proved that

only one X chromosome is active in each cell, and showed how the inactivation

pattern of every cell is faithfully reproduced in its daughter cells.

Subsequently, Ohno (1967) provided a model for the evolution of XCI in mam-

mals. Following the decay of the Y chromosome, the rate of product output of

X-linked genes was doubled to compensate for the hemizygous existence of X-

linked genes in the male. Once this step was accomplished, there was no longer

the need for two active Xs in the female, and inactivation of one X has evolved.

Therefore dosage compensation in mammals includes two separate elements: a)

transcriptional silencing of the inactive X (Xi); and b) two-fold upregulation of

gene expression on the active X (Xa). The upregulation has only been confirmed

in the past 15 years, thanks to advance in gene expression assays (Adler et al.,

1997; Lin et al., 2007; Nguyen and Disteche, 2006), but the silencing has been

extensively studied over the last half century.
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1.2 The mechanism of XCI

Figure 1.1: Tortoiseshell cat. Manifestation of XCI in coat colour patches.
Photo reproduced from Wikimedia Commons (http://en.wikipedia.org/
wiki/Image:Tortoiseshell_tabby_-_TortiePuff.jpg) under the GNU Free
Documentation License.

1.2 The mechanism of XCI

Although many of the details are still poorly understood, decades of active re-

search has now constructed a basic model for the initiation, spreading and main-

tenance of XCI.

In the somatic cells of eutherians, the choice of the X to be inactivated is ran-

dom. Early studies suggested a region from where X-inactivation is initiated and

spreads across the chromosome (Russell, 1963). A cis-acting X-inactivation cen-
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1.2 The mechanism of XCI

tre (XIC) was supported by mouse X;autosome translocations, where inactivation

spread from the inactive X into the attached autosome (Russell and Montgomery,

1965), and X chromosome deletions, where inactivation was limited to the XIC-

bearing segment (Rastan and Robertson, 1985).

From the region of the human XIC, the XIST gene was cloned (Brown et al.,

1991). Its expression was only detected in human cells containing the Xi, includ-

ing female and male cells with multiple X chromosomes, but not seen in cells from

XO female or normal male (Brown et al., 1991). By use of somatic cell hybrids

containing a single human X chromosome, they confirmed that XIST is expressed

exclusively from the Xi but not the Xa (Brown et al., 1991). Using the human

XIST cDNA as a probe, its mouse homologue Xist was mapped to the mouse Xic

(Borsani et al., 1991). Like its human homologue, expression of the mouse Xist

is also limited to the inactive X chromosome (Borsani et al., 1991). Its location

and unique expression pattern in both human and mouse made XIST/Xist the

prime candidate as a controlling element of XCI. Both the human and mouse

genes contain several tandem repeats and produce large, alternatively spliced,

transcripts (Brockdorff et al., 1992; Brown et al., 1992). The matured transcripts

lack significant conserved open reading frames (ORF) and localise almost exclu-

sively to the nucleus, suggesting that XIST/Xist may not encode a protein but

rather function as a structural RNA (Brockdorff et al., 1992; Brown et al., 1992).

The role of XIST as a structural RNA in XCI was strongly supported by the

close association of spliced but non-translated XIST RNA with the Xi, observed

in fluorescent in situ hybridization (FISH) studies (Clemson et al., 1996). More

direct evidence of the involvement of XIST in XCI came from transgenic studies.

The mouse embryonic stem (ES) cell has provided an excellent model to study
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the mechanism of XCI. Upon induction to differentiate, the female ES cells carry

out random XCI, allowing researchers better access to details of the early events.

In addition, these cells can be manipulated to investigate how mutations in indi-

vidual genes can affect the process of XCI. Using gene targeting to delete large

parts of the Xist gene, Penny and colleagues (1996) demonstrated that an intact

Xist is required for cis inactivation: in the cells with an X chromosome bearing

the null allele of Xist, only the X chromosome with the intact Xist could be in-

activated. Furthermore, Xist was shown to be sufficient to induce inactivation

when introduced into an autosome (Herzing et al., 1997).

Current evidence suggests that the role of XIC to initiate cis inactivation

is predominantly carried out by the XIST locus, but there are other elements

present in the XIC which may play a part in the other role of XIC: the choice of

the active X. Since the X chromosome contains many genes important for normal

development and proper cell functioning, it is critical to ensure one, and only one,

X remains active. In random XCI, the initial step is the random choice of a single

future Xa, followed by inactivation of any remaining X chromosome. Before the

discovery of Xist, Rastan (1983) proposed a simple model, where a trans-acting

blocking factor randomly blocks the Xic on a single X chromosome and thus

protects that chromosome from being silenced. This model was supported by

behaviour of embryo-derived (EK) cell lines with X chromosome deletions (Rastan

and Robertson, 1985). When cells with a partly-deleted X chromosome were

induced to differentiate, either the intact X or the deleted X could be inactivated;

but when Xic was included in the deletion, neither X was inactivated (Rastan

and Robertson, 1985).

The nature of the trans-acting blocking factor remains unclear to this day,
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but studies in mice have provided several candidates within the Xic that may

respond to the blocking factor. The Xist gene itself does not seem to affect

choice, as mouse ES cells with one Xist deleted still behaved as if they had two

Xic and underwent inactivation (Penny et al., 1996). At least in mouse, multiple

elements 3’ to the Xist appear to be involved in the complex process of counting

and choice. When a 65-kb region 3’ to Xist exon 6 was deleted, the X chromosome

bearing the deletion was always inactivated, even in XO cells, suggesting that

this region is needed to repress Xist in cis (Clerc and Avner, 1998). From this

region, a transcript antisense to Xist was discovered by RNA FISH using strand-

specific probes in mouse ES cells, and was named Tsix (Lee and Lu, 1999). The

Tsix RNA, spanning the entire length of Xist, is specifically expressed from the

active X from the onset of XCI and persists only until the establishment of XCI,

consistent with a role in blocking Xist function. Such a role was supported by

examination of female ES cells heterozygous for a deletion of Tsix, in which only

the mutation-bearing X was always inactivated (Lee and Lu, 1999). However,

restoration of Tsix in cells carrying the previously described 65-kb region failed

to restore random XCI, suggesting existence of additional functional elements

within this region (Morey et al., 2001). Further exploration in the remaining

region uncovered a second cis-acting element, Xite (X inactivation intergenic

transcription elements), which lies upstream of Tsix and appears to act through

promotion of Tsix persistence (Ogawa and Lee, 2003). A less clearly defined locus

that is involved in the choice process is the X controlling element (Xce), which

has long been found to affect the randomness of XCI (Cattanach and Isaacson,

1967; Cattanach and Williams, 1972). It has been mapped 3’ to Xist, but its

exact location and nature remain undetermined (Chadwick et al., 2006; Simmler
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et al., 1993).

In human, the process of choice is even less understood. An orthologous gene

of the mouse Tsix, TSIX, was also found in the human XIC (Migeon et al., 2001).

However, despite being an antisense to XIST, the human version of TSIX was

seen expressed only from the inactive X, together with XIST, so does not appear

to block XIST function (Migeon et al., 2002). The other locus affecting choice in

mouse, Xite, does not appear to have an orthologue in human so far.

After choosing the future Xa, Xist expression from the future Xi is upregu-

lated and the Xist transcripts rapidly spread along and associate with, or ‘coat’,

the chromosome in cis (Clemson et al., 1996). The silencing itself is achieved by

changing the chromatin of the future Xi to a transcriptionally inactive state via

a cascade of chromatin modifications. DNA is packed around a special kind of

proteins, the histones, to form chromatin. For transcription to happen, the chro-

matin needs to be in an ‘open’ state to allow the transcription initiation complex

to access and associate with the DNA. In contrast, transcription is inhibited when

the chromatin is in a ‘closed’ state, tightly packed and gives no access to the fac-

tors essential for transcription initiation. Several modifications to certain amino

acids in the histone, especially in the tails, can change the conformation of the

protein and in turn affects the packing of DNA around it. Histone modifications

associated with a particular state of the chromatin can be seen as the histone

‘signature’ for the state. The ‘open’ chromatin, or euchromatin, usually has the

lysines in histones acetylated, whereas the ‘close’ chromatin, or heterochromatin,

normally has these lysines hypoacetylated (Grunstein, 1997).

It has been noticed that the chromatin of Xi carries epigenetic marks distinct

from those of the Xa, but closely resembling the features of constitutive hete-

9
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rochromatin, including hypoacetylation of histones H3 and H4, and enrichment

of the histone H2A variant macroH2A (Boggs et al., 1996; Costanzi and Pehrson,

1998; Jeppesen and Turner, 1993). Using mouse ES cells as a model, a number

of research groups were able to establish the timing of these events in early de-

velopment (Goto et al., 2002; Heard et al., 2001; reviewed in Plath et al., 2002).

A combination of Xist RNA FISH and immunofluorescence staining with specific

antibodies also enabled researchers to detect the fine details and interplay of the

various types of histone modification (Goto et al., 2002; Heard et al., 2001; re-

viewed in Plath et al., 2002). Closely following the spread of Xist RNA along the

Xi, one of the earliest events is the methylation of histone H3 lysine 9 (H3K9),

together with hypoacetylation of H3K9 and loss of methylation at histone H3 ly-

sine 4 (H3K4) (Heard et al., 2001). Hypoacetylation of H4 was observed shortly

after modifications of the H3 tail, and silencing of the two genes examined also fol-

lowed X-chromosome-wide H3K9 methylation (Heard et al., 2001). These histone

marks are maintained in adult cells, as shown by studies of the mouse genes encod-

ing phosphoglycerate kinase 1 (Pgk1 ) and hypoxanthine-guanine phosphoribosyl-

transferase (Hprt) (Goto et al., 2002). At both loci, chromatin on the inactive X

was marked by H3K9 methylation and hypoacetylation of histones H3 and H4,

whereas the opposite pattern of H3K4 methylation and acetylated H3 and H4 was

found on the active X (Goto et al., 2002). Enrichment of macroH2A on the Xi

occurred later and was not essential for inactivation, suggesting a redundant role

in the maintenance of XCI (Csankovszki et al., 1999; Mermoud et al., 1999). As

a result of a series of chromatin modifications, the chromatin of the inactive X is

turned into tightly packed heterochromatin, manifesting itself as the condensed

‘Barr body’ during interphase, and closed to transcription.
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Experiments in mouse demonstrated that, although XIST is still expressed for

a while after the initiation of XCI and may contribute towards the stabilisation

of XCI, it is not essential for the maintenance of XCI (Brown and Willard, 1994;

Csankovszki et al., 2001, 1999). During mitosis, XIST is not expressed and XIST

RNA dissociates from the Xi (Clemson et al., 1996); but the inactivation pattern

is faithfully replicated through cell generations. The ‘memory’ mechanism of

XCI maintenance is not clear but DNA methylation has been suggested to play a

role (Kaslow and Migeon, 1987). Clusters of CpG-rich sequences, or CpG islands

(CGI), are present near the 5’ transcription start sites of most housekeeping genes

(Bird et al., 1985). CGIs are normally unmethylated to allow gene activity, but

CGIs on the inactive X are frequently hypermethylated (Tribioli et al., 1992).

Observations in mouse embryos and mouse embryonic stem cells confirmed that

CGI methylation is a late event in XCI, only occurring after the cascade of histone

modification, consistent with a role in the maintenance of XCI (Keohane et al.,

1996; Lock et al., 1987). Once established, CGI methylation patterns can be

faithfully reproduced after DNA replication, thanks to the preferential methy-

lation at semi-methylated sites by the maintenance-methylating enzyme, DNA

methyltransferase 1 (Dnmt1). In support with the maintenance function, treat-

ments with demethylation agents were shown to induce re-activation of genes

on the inactive X (Graves, 1982; Jones et al., 1982). CGI methylation and its

involvement in XCI is discussed in more details in Chapter 3.
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1.3 Escape from XCI

Much insight into the process of XCI has been gained through studying the expres-

sion of genes on the X chromosome. One interesting discovery was the exception

to the rule: although most genes on the inactive X are stably silenced, a subset

of genes actually escape from XCI and are expressed from both the active and

inactive X.

Escapees were first discovered in humans. Very soon after Lyon published

her hypothesis of XCI, there was suggestion that the XG blood group gene in

human is not inactivated on Xi based on failure to identify cells manifesting

the recessive allele in heterozygous females (Gorman et al., 1963). A new test

for XCI status was then proposed using blood cells from patients with Lesch-

Nyhan syndrome (Fialkow, 1970). The syndrome is caused by a deficiency of the

enzyme HPRT, but red blood cells from heterozygous female patients were found

to have skewed XCI, where the X carrying the mutant allele of HPRT is always

inactivated, presumably due to cell selection in early development. Three females,

each heterozygous for both HPRT and XG, and each inherited the normal HPRT

allele and the recessive XG allele from their fathers, had their red cells typed as

XG(+ve), indicating that the XG(+ve) allele on the inactive X was also expressed

(Fialkow, 1970). Later a second escapee, encoding the protein steroid sulfatase

(STS), was identified using cloned cell lines, which had the same X inactivated

(Shapiro et al., 1979). Interestingly, STS is closely linked with XG and both are

located at the extreme distal short arm of the X chromosome (Xp), suggesting a

region of genes that escape from XCI.

Most subsequent escapees were discovered using the somatic cell hybrid method.
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When hybrid cells are made by merging rodent and human cells, these hybrids

will retain most rodent chromosomes but lose the human chromosomes. Hybrid

cell lines retaining human Xa or Xi can be established by growing in suitable

selective media (Mohandas et al., 1980). This experimental system provides the

means to directly test gene expression from morphologically normal Xa and Xi,

and was first used to confirm the expression of STS from Xi (Mohandas et al.,

1980). Using somatic cell hybrids, other genes at the tip of Xp were found to es-

cape XCI, including CD99 (Goodfellow et al., 1984), XE7 (Ellison et al., 1992),

and ANT3 (which encodes adenine nucleotide translocator 3) (Schiebel et al.,

1993). However, the identification of ZFX (which encodes a zinc-finger protein),

located in the more proximal part of Xp, and RPS4X (which encodes ribosomal

protein S4), located in the long arm of X chromosome (Xq), as escapees suggests

that genes escaping inactivation are interspersed among genes subject to inacti-

vation (Fisher et al., 1990; Schneider-Gädicke et al., 1989). Recently, Carrel and

Willard (2005) created an inactivation profile for the whole human X chromosome

by analysing gene expression from human Xa and Xi in a panel of rodent/human

somatic cell hybrids. Six hundred and twenty four transcripts, representing ∼95%

of all assayable genes on the human X chromosome, were assayed in up to nine cell

hybrids, each containing a different Xi. They found about 15% of the transcripts

to be expressed from the Xi in all or all but one or two hybrids, thus escaping

from XCI. An additional 10% of the transcripts were expressed from the Xi in

some hybrids, displaying some degree of escape.

The escapees are not randomly distributed along the human X, but show very

strong position effect (Carrel and Willard, 2005). For example, genes on the short

arm of the X chromosome appear to be more susceptible to escaping from XCI,
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perhaps reflecting the evolutionary history of the sex chromosomes. As described

in section 1.1, XCI arose as one of the major consequences of mammalian sex

chromosome evolution. By comparing present day X-Y homologues in human,

Lahn and Page (1999) proposed that human sex chromosome evolution was punc-

tuated by at least four events, as these genes can be divided into four distinct

groups based on the degree of divergence between the X and Y copies. Moreover,

genes within each group are clustered together on the X chromosome, and these

clusters form an orderly sequence corresponding to the degrees of divergence.

Lahn and Page (1999) suggested that the most likely event to account for this

phenomenon was chromosomal inversion: each time a large block of chromosome

was inverted on the Y and ceased to recombine with the X, followed by decay

of genes within this block on the Y and recruitment of these genes into XCI on

the X. They termed these blocks evolutionary strata, stratum 1 (S1) being the

oldest, and stratum 4 (S4) being the youngest. The sequencing of the human X

chromosome provided further support to the evolutionary strata, and helped to

detect finer detail of the evolutionary events that created the younger strata (Ross

et al., 2005). As a result, the boundaries between the strata were refined and S4

was subdivided into S4 and S5 (Ross et al., 2005). This model of sex chromosome

evolution is consistent with the distribution of genes that escape XCI: escapees

are only sparse in the older strata, S1 and S2, but abundant in the younger strata,

S3-5, with S4 and S5 containing almost entirely escapees (Figure 1.2). At the tip

of the short arm lies the short arm pseudoautosomal region (PAR1), where X-Y

homology is maintained by an obligatory recombination in male meiosis and all

genes escape from XCI.
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Figure 1.2: Evolutionary strata of human X chromosome. S1-5 are the five evo-
lutionary strata. PAR1 = pseudoautosomal region; XCR = X conserved region;
XAR = X added region (added to X and Y from an autosome prior to radiation of
the eutherian mammals). Blue triangles represent the positions and orientations
of genes that escape from X chromosome inactivation.

Escaping from XCI is not unique to human. The discovery of human escapees

led researchers to test the XCI status of their mouse homologues. A convenient

experimental system has been developed for mouse to distinguish between gene

expression from the active X and the inactive X, using female mouse carrying

Searle’s X;autosome translocation, T(X;16)16H (thereafter shortened to T16H),

in which the normal X is preferentially inactivated (Lyon et al., 1964). By crossing

T16H mice with another strain, the F1 female progeny would not only have

non-random XCI, but also provide plenty of polymorphisms between the two X

chromosomes for examination of allele-specific expression at almost every locus

(Adler et al., 1991; Ashworth et al., 1991). Using this system, several human
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genes that escape from XCI were found to have mouse orthologues that are also

escapees (Agulnik et al., 1994; Ehrmann et al., 1998; Greenfield et al., 1998; Wu

et al., 1994). However, more frequently, a gene that escapes from XCI in human

is subject to inactivation in mouse (Adler et al., 1991; Ashworth et al., 1991; Kay

et al., 1991; reviewed in Disteche et al., 2002). Although a chromosomal-wide XCI

profile is not available for mouse, a comparison of XCI status of a homologous

gene cluster in human and mouse was in strong support of more complete XCI

in mouse (Tsuchiya et al., 2004). When genes surrounding a known escapee in

both human and mouse, SMCX/Smcx (‘selected mouse cDNA on the X’, which

is now known to encode a histone demethylase), were examined for their XCI

status, four additional escapees were found in human but Smcx remained the

only escapee in this region in mouse.

It remains unclear why genes that escape would differ in different mammalian

species and little is known about the XCI status of X-linked genes in other mam-

mals. An initial multi-species comparison study was carried out using the 5’ CGI

methylation state as an indicator of the gene’s XCI status (Jegalian and Page,

1998). According to a previous study of methylation states of 28 CGIs on the

human X chromosome, methylation of the CGIs of the inactivated genes and

demethylation of the CGIs of the active genes appeared to be a general rule.

Jegalian and Page (1998) tested CGI methylation of ALD (which encodes the

adrenoleukodystrophy protein), a gene known to undergo XCI in human and is

presumably also silenced in other eutherian species, in 18 species representing

nine eutherian orders. In all cases, methylation was observed in female, where

ALD was expected to be silenced on the inactive X, and never observed in male,

where the single X is active, in support with the correlation between CGI methy-
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lation and the gene’s activity status. They then tested CGI methylation of three

known escapees in human in up to 19 species. Interestingly, each gene was shown

to escape in a unique group of species, and no gene escapes in all species. Using

the same technique, a second study compared the XCI status of seven X-linked

genes in four mammals, and found a similar species-specific variation in escaping

from XCI (Yen et al., 2007).

Genes that escape from XCI provide a unique opportunity to study the mech-

anisms of propagation and maintenance of inactivation. Individual escapees were

found to lack epigenetic features of inactivated genes, such as histone modifica-

tion and DNA methylation (reviewed in Disteche, 2002). However, at the genetic

level, no universal ‘signature’ of inactivated or escapee genes has been identified.

No significant difference has been found between CGIs associated with inactivated

and escapee genes. Previous studies of X;autosome translocation and XIC trans-

gene showed that XCI can spread along the autosome, suggesting that it does

not require genomic elements unique to the X chromosome for the propagation of

XCI (Lee and Jaenisch, 1997; Rastan and Robertson, 1985). However, it was also

noticed that inactivation of the autosome is not as efficient as inactivation of the

X chromosome, which led to the hypothesis that there are ‘way stations’, possi-

bly made of repeated sequences, along the X chromosome to facilitate spreading

of the inactivation signals (Gartler and Riggs, 1983). In 1998, Lyon suggested

that the LINE1 (L1 long interspersed elements) repeat family may be a good

candidate for the ‘way stations’, as they are particularly concentrated on the X

chromosome in both human and mouse, and previous X;autosome translocation

and XIC transgene studies were consistent with XCI signals travelling better in

LINE-rich regions. A systematic analysis of the distribution of LINE1 elements
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in the human genome found a two-fold enrichment of LINE1 on the X chromo-

some compared to autosomes (Bailey et al., 2000). They also found a significant

increase of LINE1 content around XIC and significantly reduced LINE1 contents

in the escape regions.

Escapees may occur from either failure to establish or failure to maintain in-

activation. Current evidence is far from conclusive but does favour the latter

scenario. Expression analysis of a known escapee, Smcx, in single cells from em-

bryonic and adult mouse tissues suggested that this gene is inactivated in early

embryonic development followed by re-activation (Lingenfelter et al., 1998), per-

haps due to progressive loss of CGI methylation (Disteche et al., 2002). It is

also not clear at which level inactivation is regulated. The multi-species compar-

ison study carried out by Jegalian and Page (1998) suggested a gene-by-gene or

cluster-by-cluster development of XCI following Y-gene decay. The presence of

blocks of escapees in human indicates existence of chromatin domains of different

XCI status (Carrel et al., 1999), but studies in mouse showed that the escapee

domain can be as small as a single gene (Tsuchiya et al., 2004). The CTCF

protein has been implicated in the enhancer-blocking function of chromatin insu-

lators (Bell et al., 1999; Lobanenkov et al., 1990; Mukhopadhyay et al., 2004). In

a recent study, CTCF binding was detected at the 5’ end of several escape genes

adjacent to inactivated genes, but not genes embedded in large escaping domains

(Filippova et al., 2005).
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1.4 XCI in other mammals

Most of our current knowledge about XCI comes from studies in human and

mouse, both belonging to the extant mammal group Eutheria, or the ‘placental’

mammals. There are two other extant groups of mammals, the Metatheria, or

marsupials, and the Prototheria, or monotremes. For convenience, the names

eutherians, marsupials and monotremes are used in this thesis. Diverged from

the monotremes ∼ 240 million years ago (MYA) (Murphy et al., 2004), the eu-

therians and marsupials are together known as Theria, and the two lineages split

∼ 180 MYA (Murphy et al., 2004). Marsupial and monotreme mammals have

many very distinct features, some almost non-mammal like, yet they share some

fundamental mammalian characteristics with the eutherians. Comparisons be-

tween these most distantly related mammals give us an insight of the rules and

variations of mammalian genetics, and allow us to reconstruct the evolutionary

past of the mammal lineage.

There are three orders and more than 200 species of marsupial mammals, most

found in Australia, with one order found in South America, and only one species

in North America (Wilson and Reeder, 2005). Like the eutherians, the marsu-

pials are fur-bearing animals, give birth to live young, and feed the young with

milk secreted from their mammary glands, but they have very distinct strategy

of reproduction. Although they give live birth, the marsupials lack long gesta-

tion periods like the eutherians. Whereas eutherian young are born relatively

developed, the marsupial young are born at a very immature stage and complete

development attached to a teat, often protected in a pouch (the marsupium).

This kind of variation on a common mammalian theme is also seen in the ge-
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netics of the sex chromosome. Marsupial and eutherian mammals share the same

XY sex determination system. Comparative studies showed that genes located

on the long arm of the human X chromosome are also X-linked in marsupials,

indicating a common origin of the sex chromosomes in therian mammals (Spencer

et al., 1991b). However, the homology is limited to a subset of genes on the euthe-

rian X chromosome - genes located on the distal short arm of the human X were

found to be autosomal in marsupials (Spencer et al., 1991a). Also, the marsupial

X chromosome, representing 2-3% of the haploid genome, is much smaller than

the eutherian X, which makes up 5% of the haploid genome (Graves and Watson,

1991). It has been postulated that the marsupial X chromosome may reflect the

ancient X in the common ancestor of therian mammals, whereas a translocation

from autosome added a large block of genes to the eutherian X before the radi-

ation of eutherian mammals (Graves, 1995). The older and younger portions of

present day eutherian X have been termed the X conserved region (XCR) and the

X added region (XAR) (Figure 1.2). The marsupial Y chromosome, even smaller

than the eutherian Y, has also lost most of its gene contents, thus the need for

dosage compensation.

Like the eutherians, marsupial mammals also achieve dosage compensation

through XCI (Cooper et al., 1971; Richardson et al., 1971; Sharman, 1971), but

the exact mechanism of XCI appears to be different. In the marsupials XCI is im-

printed, where the paternal X is always silenced (Cooper et al., 1971; Richardson

et al., 1971; Sharman, 1971). In the eutherians, XCI is random in somatic cells,

and imprinted XCI has only been observed in mouse and bovine extraembryonic

tissues (Takagi and Sasaki, 1975; Xue et al., 2002). There has therefore been spec-

ulation that imprinted XCI is the ancestral form of XCI in mammals (Huynh and

20



1.4 XCI in other mammals

Lee, 2005). At the molecular level, the master switch gene that initiates random

XCI in eutherians, XIST, is not present on the marsupial X (Hore et al., 2007;

Mikkelsen et al., 2007). A recent search for sequences homologous to the human

and mouse XIST and the flanking region in a number of vertebrates suggested

that this region is disrupted in marsupials and monotremes (Hore et al., 2007).

This study also proposed that this unstable region underwent great expansion in

the early eutherian evolution and provided start materials for the evolution of the

XIC. The recently completed draft genomic sequences of a marsupial (short-tailed

opossum) and a monotreme (platypus) have also confirmed the lack of XIST on

both X chromosomes (Mikkelsen et al., 2007; Warren et al., 2008). The molec-

ular events leading to the initiation and spreading of XCI in marsupials is not

understood, but a link has been suggested to the meiotic sex chromosome in-

activation (MSCI) in spermatogenesis (Hornecker et al., 2007; Namekawa et al.,

2007). MSCI, previously only found in eutherian mammals, was recently identi-

fied in the grey short-tailed opossum (Hornecker et al., 2007; Namekawa et al.,

2007). In opossum MSCI, the only X chromosome is silenced before fusing with

the Y chromosome through a dense plate, and the silencing stably persists after

meiosis, suggesting that the inactive state of the paternal X in a zygote may be

inherited from the state in the gamete (Hornecker et al., 2007; Namekawa et al.,

2007).

Furthermore, XCI in the marsupials appears to be less stable than XCI in the

eutherians. Whereas in human and mouse only a small proportion of genes escape

XCI (Carrel and Willard, 2005; Disteche et al., 2002), expression of the repressed

paternal allele was detected for all examined genes in marsupials (Cooper et al.,

1993). Studies of X-linked electrophoretic variants, i.e. allozymes, in a number of
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marsupial species showed that the expression of paternal allele is very common

but highly variable, displaying different patterns for different genes, tissues, and

species. One of the most widely studied X-linked loci is G6PD, which undergoes

stable random inactivation in human and mouse. In the marsupials, the paternal

allele of G6PD is preferentially inactivated, but various degrees of paternal expres-

sion were seen in almost all tissues examined in the Virginian opossum, Didelphis

virginiana (Samollow et al., 1987). An even higher extent of de-repression of

the paternal allele of G6PD was found in cultured cells arising from a number

of Virginian opossum tissues (Migeon et al., 1989). Again the extent of pater-

nal expression varied greatly among different tissues and even different cell types

in the same tissue, from no expression to full expression (Migeon et al., 1989).

Another widely studied gene, PGK1, also X-inactivated in human and mouse,

displays a very different pattern in marsupials from that of G6PD. Cooper and

colleagues (1977) observed partial expression of the paternal allele of PGK1 in

two Australian marsupials, the eastern grey kangaroo (Macropus giganteus) and

the pretty-face wallaby (M. parryi), but Samollow and colleagues (1987) found

only maternal expression in the American marsupial Virginian opossum. The

unstable XCI in marsupials has been attributed to lack of maintenance by DNA

methylation. In eutherian mammals, the 5’ CGIs are usually methylated on the

inactive, but not the active, X chromosome (Tribioli et al., 1992). In marsupials

limited evidence suggested that CGIs are not methylated on either X chromosome

(Kaslow and Migeon, 1987; Loebel and Johnston, 1996). CGI methylation on the

marsupial X chromosome is discussed in more detail in Chapter 5.

In human and mouse, XCI is established via a cascade of histone modifica-

tions, including hypoacetylation of core histones H3 and H4 (Boggs et al., 1996;
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1.4 XCI in other mammals

Jeppesen and Turner, 1993). To exploit whether the same mechanism is employed

in the marsupials, Wakefield and colleagues (1997) labelled metaphase chromo-

somes of Tammar wallaby fibroblasts with an antibody against acetylated histone

H4. The autosomes were all brightly labelled, but the two X chromosomes showed

a striking difference in the extent of labelling. While one X in female cells and

the single X in male cells were brightly labelled, like the autosomes, the other

X in female cells showed significantly weaker labelling, consistent with the inac-

tive X being underacetylated. To date, histone hypoacetylation remains the only

molecular feature known to be common to both eutherian and marsupial XCI.

The monotreme mammals, which are the most distantly related to the eu-

therians, share even less similarities with them. There are currently only five

known species of monotremes, the duck-bill platypus, and four species of echidnas,

all found in Australia (Wilson and Reeder, 2005). Like the marsupials, the

monotremes are also most famous for their distinct mode of reproduction, and

are sometimes referred to as the ‘egg-laying mammals’. Despite the reptilian-like

birth, the young are hatched at a less developed stage than birds and reptiles, and

typical of mammals, rely on the milk of their mothers during the initial period

of their life. As monotreme females lack nipples, the young suck milk directly

through the abdominal skin.

The genetics of monotreme mammals reflects their unique evolutionary posi-

tion. Although monotremes employ an XY sex determination system, their sex

chromosomes are highly unusual, consisting of multiple sex chromosomes that

form a translocation chain during meiosis (Rens et al., 2004). The monotreme

sex chromosomes appear to have different evolutionary origins from those of the

marsupials and eutherians. X-linked genes in the therian mammals map to auto-
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1.5 Aims of the thesis

somes in platypus, while considerable homology is shared between the platypus X

chromosome and the chicken Z chromosome (Veyrunes et al., 2008). In addition,

the male-determining gene common to the therian mammals, SRY, is not present

in the monotremes (Wallis et al., 2007). It is not clear whether X-linked genes in

monotreme mammals are dosage compensated, but given the different origin of

the monotreme sex chromosomes, there is no obvious reason to expect that XCI

will occur as the mechanism in monotremes.

1.5 Aims of the thesis

Genes that escape from XCI present a unique opportunity to improve our under-

standing of the extraordinary biological process of X chromosome inactivation.

To date, the XCI status has only been characterised for genes on the human X

chromosome and a small number of genes on the mouse X chromosome. It is desir-

able to catalogue the XCI status of a greater number of genes in multiple species,

as comparisons between different species will greatly help in understanding how

the landscape of silencing has evolved.

To achieve this, it is critical to have a method to assess the XCI status of

individual genes in multiple species. Currently, the vast majority of XCI data in

human were generated by the somatic hybrid method and most studies in mouse

have made use of the T16H translocation. Both experimental systems are difficult

to establish and not suitable for extending to other species. In human and mouse,

CGI methylation on the inactive X has been implicated in the maintenance of

XCI and has been used previously to indicate a gene’s XCI status. Therefore, I

have chosen to study the 5’ CGI methylation states of a larger number of genes
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1.5 Aims of the thesis

as surrogate for their XCI status.

The four main aims in this thesis are:

1. To test whether CGI methylation serves as a good indicator for a gene’s

XCI status by comparison of methylation state with known XCI profile for

a number of genes in human and mouse (Chapter 3).

2. To search for differences in CGI methylation of X-linked genes between

human and mouse; and to explore whether such differences, if existing, are

parallel to the differences in XCI profiles between the two species (Chapters

3 and 4).

3. To investigate the existence or absence of CGI methylation of X-linked genes

in marsupials, as the small amount of available evidence points to lack of

methylation on the Xi (Chapter 5).

4. To compare characteristics of CGIs in the homologous region of X chromo-

some between human, mouse, and opossum (Chapter 6).
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Chapter 2

Materials and Methods

Materials

2.1 Chemical reagents

All common chemicals were purchased from Sigma and Invitrogen unless specified

below or in the text.

Amersham Biosciences 2’-deoxynucleoside 5’ triphosphates

Invitrogen Agarose

KnockoutTM DMEM

Foetal Bovine Serum (FBS)

Trypsin-EDTA

Melford 5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-Gal)

New England Biolabs Bovine Serum Albumin (BSA)

Sigma β-mercaptoethanol

Dimethyl sulfoxide (DMSO)
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2.2 Enzymes and commercially prepared kits

Sodium acetate (NaOAc)

Sodium dodecyl sulfate (SDS)

Formamide

Phenol

Phenol:chloroform:isoamylalcohol, 25:24:1

Chloroform:isoamylalcohol, 24:1

Phosphate buffered saline, pH7.2 (PBS)

Minimum Essential Medium Eagle (MEME)

Penicillin/streptomycin/L-glutamine

2.2 Enzymes and commercially prepared kits

All restriction endonucleases were purchased from New England Biolabs (NEB).

Applied Biosystems AmpliTaq R© DNA polymerase

AmpliTaq Gold R© DNA polymerase

BD Biosciences BD AdvantageTM 2 PCR kit

Eppendorf Phase Lock Gel (PLG)

Invitrogen Proteinase K

Promega LigaFastTM rapid DNA ligation system

QIAGEN DNeasy R© blood & tissue kit

Gel extraction kit

PCR purification kit

Zymo Research EZ DNA Methylation KitTM
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2.3 Solutions and buffers

2.3 Solutions and buffers

Solutions used in this thesis are listed in alphabetical order below. Final con-

centrations of reagents are given for all solutions. Unless otherwise specified,

solutions were made in nanopure water.

2.3.1 Buffers

6x Agarose Gel Loading Dye

0.25% Bromophenol blue

0.25% Xylene cyanol

25% Glycerol

10x NEB PCR buffer

670 mM Tris-HCl (pH 8.8)

166 mM (NH4)2SO4 (enzyme grade)

67 mM MgCl2

Adjust pH to 8.8 with HCl

10x TBE

890 mM Tris Base

890 mM Borate

20 mM EDTA (pH 8.0)
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2.3 Solutions and buffers

1x TE

10 mM Tris-HCl (pH 7.4)

1 mM EDTA

1x T0.1E

10 mM Tris-HCl (pH 7.5)

0.1 mM EDTA

1x SET

10 mM Tris-HCl (pH 7.5)

100 mM NaCl2

1mM EDTA (pH 8.0)

28% Sucrose/Cresol red solution

1x T0.1E

28% (w/v) Sucrose

0.008% (w/v) Cresol red

2.3.2 Media

All media were prepared in nanopure water and either autoclaved or filter-sterilised

prior to use. When used for bacterial growth, 15 mg/ml bacto-agar were added to

the appropriate media. Where appropriate ampicillin (dissolved in 1 M sodium

bicarbonate, stored at -20 ◦C) was added to media at a final concentration of 75
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2.4 Size markers

µg/ml.

LB

10 mg/ml Bacto-tryptone

5 mg/ml yeast extract

10 mg/ml NaCl

2% w/v dextrose (pH 7.4)

LB/amp/X-Gal plates

LB media

15 g/l agar

75 µg/ml ampicillin

100 µg/ml X-Gal

2.4 Size markers

E-Gel R© Low Range Quantitative DNA Ladder (Invitrogen)

Consists of five linear double-stranded DNA fragments of the following sizes in

bp: 100, 200, 400, 800, 2000. Electrophoresis of 10 µl of the ladder results in

bands containing 5, 10, 20, 40, and 100 ng of DNA, respectively.

1 kb ladder (1 mg/ml) (Invitrogen)

Contains 1 to 12 repeats of a 1018 bp fragment and vector fragments from 75

bp to 1636 bp to produce the following sized fragments in bp: 75, 134, 154, 201,

220, 298, 344, 394, 506/517, 1018, 1636, 2036, 3054, 4072, 5090, 6108, 7125, 8144,
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2.5 Tissues and cell lines

9162, 10180, 11198, 12216. The 1636 bp band contains 10% of the mass applied

to the gel.

100 bp DNA Ladder (Invitrogen)

Consists of 15 blunt ended fragments between 100 and 1500 bp in multiples of

100 with an additional fragment at 2072 bp.

2.5 Tissues and cell lines

Human fibroblasts

Female human fibroblast line GM01122 and male human fibroblast line GM01237

(Coriell Cell Repositories: NIGMS Human Genetic Cell Repository), obtained

from a brother-sister pair, were cultured in MEME supplemented with 100 U

penicillin, 0.1 mg/ml streptomycin, 2 mM L-glutamine, and 15% FBS.

Mouse embryonic fibroblasts

Female mouse embryonic fibroblast line MEF4 and male mouse embryonic fibrob-

last line MEF2, prepared by Dr Colette Johnston, were cultured in KnockoutTM

DMEM supplemented with 100 U penicillin, 0.1 mg/ml streptomycin, 2 mM L-

glutamine, and 7% FBS.

Opossum tissue samples

Opossum tissue samples were obtained from Dr Sarah Mackay in Glasgow Univer-

sity. Liver, spleen, kidney and heart samples were snap frozen in liquid nitrogen

immediately post-mortem, shipped in dry ice and stored at -70 ◦C.
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2.6 Primer sequences

2.6 Primer sequences

All primer sequences used in this thesis are listed in Appendices I and II. Primers

were synthesised by either Sigma or Invitrogen.

2.7 Key World Wide Web addresses

Table 2.1: Key World Wide Web addresses used in this study
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2.8 Mammalian cell culture

Methods

2.8 Mammalian cell culture

The mammalian cells used in this study and their culture conditions are detailed

in section 2.5.

2.8.1 Resuscitating frozen cells

1. A vial containing a frozen aliquot of the cells was taken from liquid nitrogen

and rapidly defrosted in a 37 ◦C water bath.

2. Using a plastic Pasteur pipette, contents of the vial were quickly transferred

to a 75 cm2 flask with warm media.

3. Cells were monitored for growth and split after 2-3 days (see section 2.8.2).

2.8.2 Growing and harvesting cells

All cell lines were adherent and were grown at 37◦C, 5% CO2 in 75 cm2 flasks

(Cornings). Cells were passaged when their density reached greater than 80%

confluency. These fibroblasts were typically split at 1:3 and required splitting

every 3-4 days.

1. The media from the culture flask was aspirated into 1% Virkon.

2. The cells were washed twice in 10 ml PBS.

3. 2 ml of pre-warmed Trypsin-EDTA were added.
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2.8 Mammalian cell culture

4. The flask was incubated at 37 ◦C for 2 minutes and the cells were dislodged

by sharply tapping the flask 2-3 times.

5. Trypsinisation was stopped by addition of 8 ml of pre-warmed growth media

with gentle pipetting to resuspend the cells.

6. 4 ml of cell suspension were transferred to each fresh flask containing 12 ml

pre-warmed growth media.

If necessary, cells were counted using a haemocytometer (Sigma) with a 0.1

mm sample depth and light microscope (Olympus).

For harvesting, cells were transferred to a 50 ml Falcon tube after step 5 and

pelleted by centrifugation at 1200 rpm for 5 minutes. Cell pellets were washed

with 5 ml PBS, re-pelleted, and resuspended in appropriate buffers or stored at

-70 ◦C.

2.8.3 Freezing cells for storage

1. Cells from one 75 cm2 flask were harvested as described in section 2.8.2 and

resuspended in 2 ml of freezing medium containing 75% growth medium,

20% FBS, and 5% DMSO.

2. 1 ml of cell suspension was aliquoted into each cryo vial (Nunc).

3. Vials were frozen at 1◦C per minute down to -70◦C for 24 hours.

4. Once frozen the cells were transferred into liquid nitrogen for long-term

storage.
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2.9 DNA extraction

2.9 DNA extraction

2.9.1 Phenol/chloroform extraction of genomic DNA from

animal tissues

The DNA solutions were mixed with organic solvents using a blood tube rotator

(Stuart) at 20 rpm for 10 minutes. All centrifugation steps were carried out in a

Sorvall Legend RT centrifuge at 3000 rpm for 5 minutes. All steps were performed

at room temperature unless otherwise stated.

1. A slice of tissue was weighed in a 1.5 ml eppendorf tube. Up to 500 mg of

tissue was used for one preparation.

2. The tissue slice was ground to a fine powder in liquid nitrogen using a

mortar and pestle and gently resuspended in 4.5 ml 1x SET, 250 µl 10%

SDS and 100 µl proteinase K (10 mg/ml) in a 50 ml Falcon tube.

3. The mixture was shaken at 90 rpm at 55 ◦C overnight in a shaking incubator.

4. 5 ml phenol (TE saturated) were added to the mixture and mixed by gentle

inversion. The sample was rolled for 10 minutes to mix, followed by 5

minutes of centrifugation to separate the two phases.

5. Using a Pasteur pipette, the aqueous layer was carefully transferred to a

fresh 50 ml Falcon tube containing 10 ml phenol:chloroform:isoamylalcohol

(25:24:1).

6. 5 ml 1x SET were added to the organic layer in the original tube, mixed by

gentle inversion and submitted to centrifugation.
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2.9 DNA extraction

7. The aqueous layer was added to the phenol:chloroform:isoamylalcohol mix

from the previous step, mixed by gentle inversion and submitted to cen-

trifugation.

8. The aqueous layer was combined with 10 ml chloroform:isoamylalcohol

(24:1), mixed by gentle inversion and submitted to centrifugation.

9. The extraction with chloroform:isoamylalcohol was repeated (steps 7 and

8), and the final aqueous layer was transferred to a fresh tube containing

25 ml of ice cold absolute ethanol and 1 ml 3M NaOAC (pH 6).

10. The tube was hold horizontally and gently tipped from side to side to mix,

and then incubated at -20 ◦C for one hour or longer.

11. Glass hooks for spooling DNA were made by holding an unplugged glass

Pasteur pipette in a gas flame until the glass melts and bends into a hook.

12. DNA was spooled out using a sterile glass hook, dipped into a 1.5 ml ep-

pendorf tube containing 70% ethanol to rinse, then rinsed again in a second

tube containing fresh 70% ethanol.

13. The excess liquid was drained off and the DNA was dissolved in 500 µl

T0.1E.

2.9.2 Phenol/chloroform extraction of DNA from a reaction

mix

The phase-lock gel (PLG) heavy was used to facilitate extraction. DNA was

extracted from 100-500 µl of reaction mix in one 1.5 ml PLG tube.
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2.10 DNA manipulation

1. PLG tubes were spun at 13000 rpm for 1 minute immediately prior to use.

2. The sample and an equal volume of phenol:chloroform:isoamylalcohol (25:24:1)

were added to the top of the gel and mixed by vigorously shaking the tube.

3. The tube was spun at 13000 rpm for 5 minutes to separate the phases.

4. The aqueous layer above gel was transferred to a fresh eppendorf tube for

ethanol precipitation (section 2.10.1).

2.9.3 Mini-preps of genomic DNA from cultured cells

Genomic DNA was extracted from cultured cells using the DNeasy blood & tissue

kit (QIAGEN) in accordance with the manufacturer’s protocol. One fresh or

frozen pellet containing 1x 106 cells (section 2.8.2) was used for each preparation.

2.10 DNA manipulation

2.10.1 Purification of DNA

Ethanol precipitation

1. 0.1 volumes of 3M sodium acetate and 2.5 volumes of 100% ethanol were

added to the DNA sample.

2. The samples were well mixed by vortexing and incubated at -20 ◦C for 30

minutes.

3. The DNA was pelleted by centrifugation for 20 minutes at 13000 rpm using

a bench top centrifuge.
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2.10 DNA manipulation

4. The pellet was washed with 1 volume of 70% ethanol, followed by centrifu-

gation for 5 minutes at 13000 rpm.

5. DNA pellets were air-dried and resuspended in T0.1E.

Direct PCR product purification

PCR products (10 to 50 µl) were purified for subsequent analysis using the PCR

purification kit (QIAGEN) in accordance with the manufacturer’s protocol.

Agarose gel purification

1. The appropriately sized DNA fragment was excised from the gel using a

clean scalpel.

2. The gel slice was weighed in a 1.5 ml eppendorf tube.

3. Purification proceeded using the gel extraction kit (QIAGEN) in accordance

with the manufacturer’s instructions.

2.10.2 Quantification

DNA was quantified by applying the Beer-Lambert equation relating absorbance,

and extinction co-efficient to DNA concentration. Absorbance readings were mea-

sured at 260 nm and the extinction coefficients used were 50 for dsDNA and 33

for ssDNA. Absorbance readings were taken on either Eppendorf Biophotometer

(Eppendorf) or NanoDrop spectrophotometer (NanoDrop Technologies).
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2.10 DNA manipulation

2.10.3 Restriction enzyme digests

1. Restriction digests of genomic DNA (up to 20 µg) were completed using the

appropriate buffer and 10-50 units of enzyme per µg DNA (10 units per µg

DNA for bisulphite treatment, 50 units per µg DNA for the restriction-PCR

methylation assay).

2. Samples were incubated at 37◦C overnight.

2.10.4 Agarose gel electrophoresis

1. An agarose gel was prepared (2.5% for most PCR amplified products and 1%

for fragments over 1 kb) by melting agarose in 1x TBE. Ethidium bromide

was added to a concentration of 250 ng/ml.

2. The appropriate amount of loading buffer was added to the DNA depending

on volume.

3. The appropriate amount of samples and appropriate size markers (see sec-

tion 2.4) were loaded into each well.

4. Electrophoresis was performed in 1x TBE with a voltage ranging between

50-200 volts (5 volts per cm from electrode to electrode) for the time re-

quired to obtain satisfactory separation, typically 45 minutes.

5. DNA was visualised under UV light on a transilluminator and digitally

photographed using LabWorks Image Acquisition and Analysis Software

(UVP Bioimaging Systems).
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2.10 DNA manipulation

2.10.5 Bisulphite modification

Bisulphite modification of DNA was performed in a 96-well microtitre plate

(Costar ThermowellTM M-type) in a PTC-225 (MJ Research) thermal cycler. All

reagents (except T0.1E) were from the EZ DNA methylation kit (Zymo Research).

Samples were processed in batches of 10.

1. 20 µg of genomic DNA was digested with HindIII (section 2.10.3) and puri-

fied using phenol/chloroform extraction (section 2.9.2) followed by ethanol

precipitation (section 2.10.1). Digested DNA was diluted to 27 ng/µl in

T0.1E.

2. One tube of CT Conversion Reagent was dissolved in 750 µl water and 210

µl M-Dilution buffer, and mixed thoroughly by vortexing every 1-2 minutes

for 10 minutes.

3. In each of wells 1-10 of row A of a 96-well plate, 45 µl of digested DNA

were combined with 5 µl M-Dilution buffer.

4. The plate was incubated in a pre-heated thermal cycler at 37 ◦C for 15

minutes.

5. The 50 µl of sample in row A were split into five aliquots of 10 µl in rows

A-E, to which 20 µl of prepared CT Conversion Reagent were quickly added.

6. Bisulphite modification was performed with the cycling profile: 20 cycles

at 95 ◦C for 30 seconds and 50 ◦C for 15 minutes.

7. Following bisulphite modification the plate was immediately incubated on

ice for 10 minutes.
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2.11 Polymerase Chain Reaction (PCR)

8. Samples from each column (e.g. well 1 from rows A-E) were pooled into a

1.5 ml eppendorf tube, to which 400 µl of M-Binding buffer were added.

9. Desulphonation was carried out in accordance with the manufacturer’s in-

structions.

10. 50 µl T0.1E were added to the 10 µl eluted DNA sample.

11. Concentrations of the samples were measured using a NanoDrop spec-

trophotometer set at ssDNA (section 2.10.2). Samples were diluted to 10

ng/µl with T0.1E prior to PCR (section 2.11.3). If the concentration was

lower than 10 ng/µl, the sample was used directly in PCR.

2.11 Polymerase Chain Reaction (PCR)

PCR was performed in a 96-well microtitre plate or in 0.2 ml tubes (ABgene) in

a PTC-225 thermal cycler (MJ Research).

1. A premix sufficient for the number of planned reactions was prepared, allow-

ing for a 1x reaction mix once the DNA template was added. The volume

and contents of the final reaction are described below.

2. PCR amplications were performed with the specific cycling profile as de-

scribed below.

3. Reaction products were visualised by agarose gel electrophoresis and stained

with ethidium bromide (section 2.10.4).
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2.11.1 Primer design

Primers were designed using Primer3. Where possible primers were selected using

the following parameters:

• Melting temperature between 57◦C and 63◦C

• (G+C) content between 30-80%

• Length between 18 - 22 bp

• Less than 2◦C difference in melting temperature between the two primers

Wherever necessary, the parameters were relaxed to the following:

• Melting temperature between 55◦C and 65◦C

• (G+C) content between 30-80%

• Length between 18 - 27 bp

• Less than 2◦C difference in melting temperature between the two primers

Primer pairs that would amplify fragments containing HindIII cleavage sites

(AAGCTT) were excluded. BLAST searches (section 2.14.2) were performed to

test the specificity of the primer pair.

2.11.2 Restriction-PCR Methylation Assay (RPMA)

RPMA protocol a)

1. PCR mix was prepared containing the following: 1x Advantage 2 PCR

buffer, 5% DMSO, 0.4 mM of each deoxyribonucleoside triphosphate (dATP,
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2.11 Polymerase Chain Reaction (PCR)

dCTP, dGTP, dTTP), 0.67 µM of each primer, 0.5x Advantage 2 poly-

merase mix and 0.75 U of AmpliTaq Gold DNA polymerase, in a final

reaction volume of 10 µl and aliquoted into wells of a 96-well microtitre

plate.

The primers used were designed to amplify 150-250 bp fragments containing

(ideally 2-3) HpaII/MspI cleavage sites (CCGG) within 5’ CpG islands.

The expected amplified sequences were checked for number of CCGG sites

and absence of HindIII cleavage (AAGCTT) sites using a Perl script (see

Appendix I for sequences).

2. Initially the PCR mix was made without the deoxyribonucleoside triphos-

phate and the polymerases. 5 µl of restriction-enzyme-digested genomic

DNA (10 ng/µl) (section 2.10.3) was added to the previously prepared PCR

mix and incubated at 100 ◦C for 5 minutes.

3. Then the rest of ingredients were added and PCR was performed using the

cycling profile: 94 ◦C for 2 minutes, followed by 35 cycles at 94 ◦C for 30

seconds, 65 ◦C for 30 seconds and 72 ◦C for 1 minute.

4. Success of amplification was assessed using gel electrophoresis and ethidium

bromide staining (section 2.10.4).

RPMA protocol b)

1. PCR mix was prepared containing the following: 1x GeneAmp PCR Gold

buffer, 1.5 mM MgCl2, 0.2 mM of each deoxyribonucleoside triphosphate,

0.4 µM of each primer, and 0.75 U of AmpliTaq Gold DNA polymerase,
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in a final reaction volume of 20 µl and aliquoted into wells of a 96-well

microtitre plate.

The primers used were as described in protocol a).

2. 5 µl of restriction-enzyme-digested genomic DNA (10 ng/µl) (section 2.10.3)

was added to the previously prepared PCR mix.

3. PCR was performed using the cycling profile: 95 ◦C for 10 minutes, followed

by 35 cycles at 95 ◦C for 30 seconds, 60 ◦C for 30 seconds and 72 ◦C for 1

minute, and finally followed by 1 extension cycle at 72 ◦C for 2 minutes.

4. Success of amplification was assessed using gel electrophoresis and ethidium

bromide staining (section 2.10.4).

2.11.3 Bisulphite PCR

1. PCR mix was prepared containing the following: 1x GeneAmp PCR Gold

buffer, 1.5 mM MgCl2, 0.2 mM of each deoxyribonucleoside triphosphate,

0.4 µM of each primer, and 0.75 U of AmpliTaq Gold DNA polymerase,

in a final reaction volume of 10 µl and aliquoted into wells of a 96-well

microtitre plate.

The primers used were designed to amplify 400-800 bp fragments within

5’ CpG islands. Primers were designed to in silico bisulphite-converted

sequences and contained no CpGs (see Appendix II for sequences).

2. 5 µl of bisulphite modified genomic DNA (section 2.10.5) was used as tem-

plate and added to the previously prepared PCR mix.
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3. PCR was performed using the cycling profile: 95 ◦C for 10 minutes, followed

by 3 cycles at 94 ◦C for 45 seconds, 60 ◦C for 1 minute and 72 ◦C for 1

minute 30 seconds, 3 cycles at 94 ◦C for 45 seconds, 59 ◦C for 1 minute

and 72 ◦C for 1 minute 30 seconds, 3 cycles at 94 ◦C for 45 seconds, 58 ◦C

for 1 minute and 72 ◦C for 1 minute 30 seconds, and 35 cycles at 94 ◦C for

45 seconds, 57 ◦C for 1 minute and 72 ◦C for 1 minute, where 5 seconds

was added to the 72 ◦C extension step each cycle, and finally followed by 1

extension cycle at 72 ◦C for 15 minutes.

4. Success of amplification was assessed using gel electrophoresis and ethidium

bromide staining (section 2.10.4).

2.11.4 Colony PCR

1. PCR mix was prepared containing the following: 1x NEB PCR buffer, 7

ng/µl of β-mercaptoethanol, 330 µg/ml of BSA, 0.5 mM of each deoxyri-

bonucleoside triphosphate, 0.75 µM of each primer, and 1 U of AmpliTaq

DNA polymerase, in a final reaction volume of 15 µl and aliquoted into

wells of a 96-well microtitre plate.

The primers used were M13 forward and reverse (see Appendix II for se-

quences).

2. Following bacterial transformation (section 2.12.2) individual white colonies

were picked using a sterile inoculation loop (VWR) and dipped into 15 µl

of the previously prepared PCR mix.

3. PCR was performed using the cycling profile: 94 ◦C for 5 minutes, followed
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by 30 cycles at 94 ◦C for 30 seconds, 60 ◦C for 30 seconds and 72 ◦C for 1

minute 30 seconds, and finally followed by 1 extension cycle at 72 ◦C for 5

minutes.

4. Success of amplification was assessed using gel electrophoresis and ethidium

bromide staining (section 2.10.4).

2.12 Bacterial cloning

2.12.1 Ligation of vector and insert

The pGEM R©-T Easy vector was used in all cloning in this thesis. The inserts were

all PCR products amplified using Taq polymerase so no A-tailing was necessary.

1. A 10 µl ligation reaction was performed containing 3 units of T4 DNA

ligase, 1x ligation buffer, 20 ng vector, and 2 µl insert DNA.

2. The reaction was mixed and incubated for 20 minutes at room temperature

or overnight at 4 ◦C.

2.12.2 Transformation

1. 50 µl of competent Mach1TM cells (Invitrogen) were thawed on ice.

2. 2 µl of ligation mix (section 2.12.1) were added to the cells and mixed by

gently flicking the tube.

3. The mixture was incubated on ice for 30 minutes.
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4. The cells were heat-shocked at 42 ◦C in a water bath for 45 seconds, followed

by a 2 minute incubation on ice.

5. 500 µl of LB broth were added to each transformation reaction, which was

then shaken at 225 rpm at 37 ◦C for an hour.

6. The transformation mix was then plated out in varying quantities (typically

50 µl) onto agar plates containing ampicillin and X-Gal.

7. The plates were incubated overnight at 37 ◦C.

8. Success of transformation was determined by colony PCR (section 2.11.4).

2.13 Plasmid sequencing

All plasmid end-sequencing was performed by the Sanger Institute Faculty Small

Sequencing Projects (FSSP) team.

2.14 Computational analysis

2.14.1 cpg

The presence of CpG islands were predicted by Val Curwen using the program

cpg written by Gos Micklem (unpublished, www.ccbi.cam.ac.uk/software/cpg).

2.14.2 BLAST

Web-based BLAST analysis was performed at Ensembl (http://www.ensembl.

org/) or Vega (http://vega.sanger.ac.uk/).
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2.14.3 RepeatMasker

In the bisulphite sequencing analysis, prior to in silico bisulphite conversion and

primer design, human and mouse repeat sequences were masked using Repeat-

Masker (Smit and Green, unpublished) (http://www.repeatmasker.org).

The repeats were soft-masked with lower case letters in the output file, and

marked with underline for subsequent in silico bisulphite conversion and primer

design.

2.14.4 GAP4

In the bisulphite sequencing analysis, the quality of DNA sequences was assessed

using Gap4, a program for sequence assembly and editing. The contig editor used

phred confidence values to calculate the confidence of the consensus sequence and

identify places requiring visual trace inspection. Vector sequences were automati-

cally located and tagged in the process of assembly. Additional information about

Gap4 can be found at: http://staden.sourceforge.net/overview.html.

2.14.5 Alignment of DNA sequences

DNA sequences were aligned using the program ClustalW2 (Larkin et al., 2007)

or MUSCLE (Labarga et al., 2007) via a web-based server at the EBI (http:

//www.ebi.ac.uk/). User-defined parameters were left at their default settings.

For bisulphite sequencing results the alignments were then manually edited and

presented using the program GeneDoc (Nicholas 1997, unpublished) (http://

www.nrbsc.org/).
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2.14.6 Multi-species comparative sequence analysis

Web-based multi-species comparative sequence analysis was performed using the

VISTA server (Frazer et al., 2004) (http://genome.lbl.gov/vista/).

2.14.7 MethTools

Methylation analysis was carried out using MethTools, a collection of open source

Perl scripts that make graphical representation of bisulphite sequencing results

and calculate methylation densities (Grunau et al., 2000) (http://genome.imb-jena.

de/methtools/). Customised modifications were made to the original scripts as

appropriate and noted in the text. The modified scripts are included in Appendix

IV.

2.14.8 Perl scripts

The following Perl scripts were generated to aid analysis of large datasets. These

scripts were included in Appendix V.

extract_cpg_seq Extracts sequence of CpG island from the Ensembl or

Vega database

parse_primers Checks RPMA primers for absence of HindIII cleavage sites

and counts number of HpaII/MspI cleavage sites

primer_invitrogen Converts FASTA format primer file to a primer list

compatible with Invitrogen primer plate order form

CGI_CGcount Calculates GC content of the XCR of human, mouse and

opossum

CGI_compare_1 Searches for 5’ CpG island and orthologous genes for
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human, mouse, and opossum XCR genes

CGI_compare_2 Extracts sequence of desired CpG islands from a list
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Chapter 3

Comparison of CpG island

methylation on the mouse and

human X chromosomes

3.1 Introduction

The vertebrate genomes are depleted of the dinucleotide CpG, which is only

observed at 0.2-0.25 of the frequency expected from base composition (Russell

et al., 1976; Swartz et al., 1962). The majority of the CpGs are methylated at

the carbon-5-position of the cytosine (Bird and Taggart, 1980; Ehrlich et al., 1982)

and their rarity has been attributed to the tendency for 5mCpG to mutate by

deamination to TpG (and CpA in the complementary strand) (Coulondre et al.,

1978). However, when genomic DNA from a number of vertebrates was digested

with 5mCpG-sensitive restriction enzymes, it was found that about 1% of the

genome, the HTF (HpaII tiny fragments) fraction, is highly rich in unmethylated
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HpaII and HhaI sites (Cooper et al., 1983). Bird and colleagues (1985) then

mapped three randomly chosen HTFs to ‘islands’ of DNA that are CpG-rich and

unmethylated in a range of mouse tissues. At the same time, several studies

identified unmethylated regions at the 5’ end of genes (McKeon et al., 1982;

Stein et al., 1983) and sequence analysis revealed that these regions are also CpG-

rich (Tykocinski and Max, 1984). Having reviewed the mounting evidence, Bird

(1986) proposed to define HTF-like sequences simply by their GC content and

CpG frequency, and predicted that such HTF-like islands would be unmethylated.

These CpG-rich islands were found near the transcription origin of many genes,

especially housekeeping genes (Bird, 1986). This trend was confirmed by Larsen

and colleagues, whose extensive sequence analysis study found that all known

human housekeeping genes and some tissue-specific genes are associated with

CpG islands (CGIs) covering their transcriptional start (Larsen et al., 1992).

CGI methylation has been implicated in the transcriptional silencing of genes.

Keshet and colleagues (1985) built constructs of the hamster aprt and tk genes

with different portions methylated, and studied the effects of methylation on their

expression in transfected mouse cells. They found that methylation in the 5’ pro-

moter region, which was identified by other researchers as a CGI (Lewis, 1986;

Tykocinski and Max, 1984), is sufficient to inhibit transcription for both genes.

Studies of genes on the X chromosome in mammals provided further support for

the inhibitory role of 5’ CGI methylation. As an effect of XCI, the same gene

presents an active and an inactive copy in the same cell environment, and ex-

perimental systems have been developed to distinguish the two: human-rodent

somatic cell hybrid containing only the active or inactive human X chromosome,

and Mus musculus x M. caroli mouse, in which the M. caroli X chromosome is
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always inactivated. With the help of a de-methylation agent, 5-azacytidine, re-

searchers induced re-expression of human HPRT and mouse Hprt genes from the

inactive X chromosome (Graves, 1982; Mohandas et al., 1980). Characterisation

of methylation profiles of the 5’ region of the human HPRT and mouse Hprt genes

revealed that this region is methylated on the inactive X, but unmethylated on

the active and re-activated X in females, and as expected, unmethylated on the

single active X in males (Lock et al., 1986; Wolf et al., 1984; Yen et al., 1984).

Indeed, hypermethylated 5’ CGIs, although very rare in mammalian genomes, are

commonly seen on the inactive X chromosome (Tribioli et al., 1992). In healthy in-

dividuals, hypermethylated 5’ CGIs have also been identified for imprinted genes,

which only express from one chromosome depending on the parental origin (Stöger

et al., 1993; Tremblay et al., 1995). For example, methylation of the 5’ region was

found in sperms but not oocytes for the maternally expressed H19 gene in mouse,

and this pattern is maintained in the pre-implantation embryo (Tremblay et al.,

1995). Disruption of normal CGI methylation states can have serious health con-

sequences. A systematic study of methylation states of more than a thousand

CGIs in nearly a hundred primary human tumours found tumour-type-specific

aberrant methylation patterns (Costello et al., 2000). Using a candidate gene

approach, another report showed that one or more of the 12 key cancer genes in-

vestigated had promoter hypermethylation in each of the 15 major tumour types

studied, and there exist unique patterns for different tumour types (Esteller et al.,

2001). The exact mechanism by which CGI methylation induces transcriptional

silencing remains unclear but it is possible that methylation at 5’ CGI prevents

initiation of transcription by blocking access of key DNA-binding factors (Comb

and Goodman, 1990).
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In the search for regulatory factors of XCI, CGI methylation, which provides

effective in cis silencing and can be stably inherited through cell division, became

an attractive candidate. Initially, Riggs (1975) proposed a model in which DNA

methylation regulates the activity of the X inactivation centre and thus plays

a role in initiating XCI. However, the discovery that the opossum G6PD gene,

X-linked and dosage-compensated like its mouse companion, is hypomethylated

at its 5’ CGI even in females led researchers to believe that DNA methylation

stabilises rather than initiates the process (Kaslow and Migeon, 1987). Study of

early embryonic development in mouse confirmed that methylation takes place

after the initiation of XCI, supporting the maintenance role of CGI methylation

in XCI (Lock et al., 1987).

3.1.1 Identification of CGIs

In their initial description of the HTF islands, Bird and colleagues (1985) found

several distinct features of these islands: they are GC-rich, not deficient of CpG

(with similar frequencies of CpG and GpC), and unmethylated. These islands,

later known as CpG islands, were identified by isolation and analysis of small

fragments generated by methylation-sensitive restriction enzyme digestion (An-

tequera and Bird, 1993; Bird et al., 1985). In his landmark paper, Bird (1986)

formulated a simple test for HTF-like sequences based on CpG frequency: if a

sequence has GC content of over 50% and has similar numbers of CpG and GpC,

both near the expected frequency from the sequence composition, the region is

HTF-like and is predicted to be unmethylated. Using this test, he found that

CGIs are frequently located at the 5’ region of genes, most of which are house-
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keeping (Bird, 1986). This strong association with gene was confirmed in larger

studies of more CGIs and made CGI a popular marker in the search of novel gene

sequences (Antequera and Bird, 1993; Larsen et al., 1992).

With the rapid accumulation of sequence data in public databases, computer

algorithms were soon developed to search for CGIs. The first algorithm was

proposed by Gardiner-Garden and Frommer (1987) who defined a CGI as a GC-

rich region (GC content >50%) greater than 200 bp in length and having an

observed CpG / expected CpG ratio (ObsCpG/ExpCpG) of greater than or equal to

0.6. Using these criteria, they screened vertebrate genomic sequences containing

genes transcribed by RNA polymerase II in GenBank (a database of all publicly

available DNA sequences). Most of the CGIs identified are associated with the

5’ end of genes and most of the 5’ CGIs extend well into genes. Consistent with

the other investigations, they also found all housekeeping genes in their survey

to have 5’ CGIs. The CGIs are highly CpG-rich, with average GC content over

60 and ObsCpG/ExpCpG over 0.8. In addition, although 200 bp was used as the

cut-off size of CGI, most of the CGIs identified are greater than 500 bp.

These criteria have been widely applied in prediction of CGIs, but many

repetitive elements, for example human Alus, may also fulfil the criteria, leading

to a high rate of false positive predictions (Schmid, 1998). In an attempt to more

accurately identify CGIs, more stringent parameters than the original Gardiner-

Garden and Frommer definition were favoured in some more recent studies. The

Vertebrate Genome Annotation (Vega) database, which contains high quality

manual annotation of finished vertebrate genome sequences, uses a higher cut-off

size of 400 bp, optimised using known CGI sequences (Gos Micklem, personal

communications). A slightly stricter set of parameters were proposed by Takai
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and Jones (2002) after analysing CGIs in human chromosomes 21 and 22. They

defined a CGI as a stretch of DNA of greater than 500 bp length with a GC

content equal to or greater than 55% and ObsCpG/ExpCpG of 0.65 or more. CGIs

identified by the above two methods are more likely to be associated with the 5’

regions of genes.

3.1.2 Approaches to studying CGI methylation

As DNA methylation is recognised as an important component in gene regulation,

the field of methylation is attracting growing interest of researchers around the

world, especially in cancer biology. A great range of methodologies to study

the phenomenon have been developed in the past two decades. To date, most

efforts in resolving states of DNA methylation were enabled by methods based

on restriction enzyme digestion or bisulphite conversion. The various methods

reviewed below are summarised in Figure 3.1.

In the early days of DNA methylation research, genomic DNA was digested

with methylation-sensitive restriction enzymes and Southern blotting was used

to provide readout of methylation status. In the first studies to examine de novo

methylation of 5’ CGI as a potential mechanism of oncogenesis, DNA samples

from primary retinoblastomas and unaffected controls were digested with SacI

and the methylation-sensitive HpaII, and a restriction map was established by

Southern hybridisation of a probe covering the 5’ region of the retinoblastoma

gene (RB) (Greger et al., 1989; Sakai et al., 1991). If all HpaII sites are methy-

lated, the probe would detect a large fragment bounded by SacI sites, while

smaller fragments would indicate some HpaII sites being unmethylated, thus
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cleaved. Using methylation-sensitive restriction enzymes with different recogni-

tion sites, a number of CpGs were assayed, and hypermethylation at the RB CGI

was found in one out of 21 (Greger et al., 1989) and five out of 56 retinoblastomas

(Sakai et al., 1991). Employing a similar approach, abnormal hypermethylation

in tumours were identified at the 5’ CGI of more tumour-suppressor genes, in-

cluding the von Hippel-Lindau (VHL) gene (Herman et al., 1994) and the p16

gene (Merlo et al., 1995). This approach is simple and powerful for examining

DNA methylation patterns, but only a subset of CpGs are suitable for assaying,

limited by the variety of methylation-sensitive restriction enzymes. Furthermore,

using Southern hybridisation as a detection method relies on availability of suit-

able probes and demands large quantity of test DNA, which may not always be

accessible.

The advent of the polymerase chain reaction (PCR) has provided a powerful

tool for molecular biology and several methods combining restriction enzymes

with PCR have been employed in methylation analysis. The sensitivity of PCR

allowed Singer-Sam and colleagues (1990) to study the timing of DNA methy-

lation on the X chromosome in early mouse embryos, when the embryo consists

of fewer than a thousand cells. DNA extracted from individual mouse embryos

was digested with HpaII and used as template in PCR amplification with a pair

of primers enclosing an HpaII site in the 5’ CGI of the X-linked Pgk1 gene. A

PCR product is only generated when the site is protected by methylation. They

found that this site became 40% methylated in females at about the time of XCI

(Singer-Sam et al., 1990a). An alternative to the candidate approach is methyla-

tion fingerprinting, which is popular for studying aberrant methylation patterns

in tumours (Frigola et al., 2002; Gonzalgo et al., 1997; Huang et al., 1997). In
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methylation-sensitive arbitrarily-primed PCR (MS-AP-PCR), for example, DNA

from tumour and control samples are digested with RsaI and HpaII, and arbitrary

primers in combination with low stringency reaction conditions are used to am-

plify random sequences containing methylated sites (Gonzalgo et al., 1997). The

primers were designed with a 3’ end complementary to the recognition sequence

of HpaII to enhance the chance that an amplified product contains HpaII sites,

and DNA digested with the methylation-resistant isoschizomer of HpaII, MspI,

was used as a control to distinguish between amplified products as a result of

methylation at HpaII sites and lack of HpaII sites. These PCR-based restriction

techniques are simple, fast, and sensitive, but can still only analyse CpGs located

in methylation-sensitive restriction enzyme recognition sites.

The second class of methods ‘fixes’ the methylation pattern in DNA sequence

by selective deamination of unmethylated cytosine to uracil using sodium bi-

sulphite (Frommer et al., 1992). Bisulphite-converted DNA can then be sequenced

to give a detailed methylation profile of individual CpG dinucleotides. Bisulphite

sequencing gives the most comprehensive methylation profiles and remains the

gold standard in DNA methylation studies, but it is also the most laborious

and thus limited in the scale of study. This technique is discussed in more de-

tail in Chapter 4. PCR-based alternatives to sequencing have lower resolution

but are more rapid: methylation-specific PCR (MSP) primers or unmethylated-

DNA-specific PCR (USP) primers can be used to preferentially amplify hyper-

or hypomethylated regions (Herman et al., 1996; Kawakami et al., 2004). Where

accurate quantification of methylation of individual sites is required, methylation-

sensitive single nucleotide primer extension (MS-SNuPE), which uses radioactive

C or T, can alternatively be applied (Gonzalgo and Jones, 1997).
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In recent years, microarrays have gained popularity as a high-throughput

detection method in DNA methylation research. Methylation-specific oligonu-

cleotide (MSO) microarrays were designed to contain sets of oligonucleotides that

distinguish between bisulphite-converted TpGs and methylation-protected CpGs,

and were used to screen methylation at selected CpGs in tumour samples (Adorján

et al., 2002; Gitan et al., 2002). Alternatively, hyper- or hypomethylated fractions

may be enriched prior to hybridisation to microarrays. In differential methylation

hybridisation (DMH), fragmented genomic DNA are ligated to adaptors followed

by digestion with methylation-sensitive restriction enzymes, and the intact hy-

permethylated fragments are enriched by PCR amplification with primers specific

to the adaptors (Huang et al., 1999). Similarly, hypomethylated proportions can

be enriched if the genomic DNA is initially fragmented by methylation-sensitive

restriction enzyme, and the methylated fragments are eliminated by an enzyme

that cleaves DNA containing methylcytosine (Schumacher et al., 2006). More

recently, a promising new technique has been developed to enrich methylated

DNA by immunoprecipitation. In this methylation DNA immunoprecipitation

(MeDIP) approach, genomic DNA is fragmented, denatured, and incubated with

a methylcytosine-specific antibody, and methylated DNA fragments are recov-

ered through immunoprecipitation (Weber et al., 2005). MeDIP-enriched DNA

and control genomic DNA can be labelled with different fluorescent dyes and

hybridised to the same microarray, and methylation levels can be measured by

calculating the ratio between the two signals. Combining MeDIP with two differ-

ent arrays, a whole genome tiling array and a CGI array, Weber and colleagues

(2005) confirmed that the inactive X is globally hypomethylated but hyperme-

thylated at CGIs. These array-based methods are very powerful high-throughput
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methods that yield a great amount of information in a single experiment and

are ideal for whole genome profiling, but they require extensive optimisation and

careful statistical analysis, and are limited in resolution.

Figure 3.1: Approaches to studying DNA methylation.
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3.1.3 Aims

The work described in this chapter had two aims: the first was to assess the use

of CGI methylation state as an indication of a gene’s XCI status in human; the

second was to extend this analysis to the orthologous genes in the mouse in order

to see if there are gross differences between the two species that might explain

variability in escape from XCI.

3.2 Identification of target CpG islands

3.2.1 Region of interest

Recent studies revealed that more than 15% of genes on the human X chromo-

some escape from XCI (Carrel and Willard, 2005), but the distribution of such

‘escapees’ is not uniform, reflecting their evolutionary history. As described in

Chapter 1, the human X chromosome can be divided into five evolutionary strata

(Lahn and Page, 1999; Ross et al., 2005): S1 and S2 in the XCR, which is common

to X chromosomes in all mammalian groups (Graves, 1995); and S3, S4, S5 in the

XAR, which was translocated from an autosome to the sex chromosomes in the

eutherian lineage (Figure 1.2) (Graves 1995). These strata show an increasing

level of sequence identity between X and Y chromosomes from S1 (lowest) to S5

(highest). At the distal end of the XAR, beyond S5, lies PAR1, where X and

Y still recombine. Escapees are very rare in S1 and S2, but constitute a good

proportion of genes in S3 and make up the entire set of genes tested in S4, S5 and

PAR1, supporting a differential recruitment of X-linked genes into XCI (Carrel

and Willard, 2005).
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For the purpose of this study, the candidate region needs to contain a large

number of inactivated and escapee genes and have orthologues on the mouse X

chromosome, so any difference of XCI statuses between human and mouse are

most likely to be seen. The first requirement limits the candidate region to XAR.

In the XAR, most genes in S4 and S5 do not have orthologues on the mouse X

chromosome, and comparison between the human and chicken genomes suggests

that these genes were present in the original XAR and were lost in the mouse

lineage (Ross et al., 2005). Therefore, I have initially chosen to study genes within

S3.

3.2.2 Identification of target human and mouse CGIs

Information about human genes used in this study was obtained from the Vega

database (v19, based on the NCBI36 build) for the high quality annotation. There

were not enough mouse genes annotated in Vega at the time, so the Ensembl an-

notation (v38, based on the NCBIM35 build) was used for the mouse genes.

CGIs were predicted by Val Curwen using the cpg program (Gos Micklem, un-

published) with the following parameters: a minimum length of 400 bp, a minimal

ObsCpG/ExpCpG ratio of 0.6 and a minimal GC content of 50%.

On the human X chromosome, 147 protein-coding genes were found in S3, 91

(62%) of which had a predicted CGI close to the 5’ end. Three pairs of genes,

transcribed in opposite directions, had a CGI overlapping with the first exons of

both genes, so 88 unique CGIs were available to study. CGI sizes ranged between

400 bp and 3 kb, with an average size of about 1 kb. Two CGIs were upstream

from the transcription start site of the genes. The remaining CGIs all overlapped
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exon1, the vast majority extending into intron1.

Orthologous genes in mouse for each of the 147 human S3 genes were identified

based on Ensembl annotation. Putative orthologues were identified for 131 genes,

of which 126 were also X-linked in mouse. Fifty-four of the 126 genes had a

predicted 5’ CGI. Only one gene, CXorf23, has a human orthologue without 5’

CGI, and is not suitable for this study. The other 53 genes were all included in

this study. CGI sizes ranged between 400 bp and 2 kb, with an average size of

about 900 bp. Three CGIs were entirely upstream of the gene start. All the other

CGIs cover the entire exon1 and extend into intron 1.

In total, 88 human CGIs and 53 mouse CGIs were selected for this study.

Their sequences, with 100 bp flanking sequence on each side, were extracted from

the appropriate database (Vega for human, Ensembl for mouse) via Ensembl Perl

API using a Perl script (Appendix V).

3.3 Assessing CpG island methylation on mouse

and human X chromosomes by Restriction-

PCR Methylation Assay (RPMA)

For the purpose of rapidly assaying a large number of CGIs initially, I decided to

use a restriction-PCR approach, which I have termed RPMA (restriction PCR

methylation assay). RPMA is similar to the method used by Singer-Sam and col-

leagues (1990a; 1990b) but includes DNA digested by the methylation-resistant

MspI to serve as a control for successful digestion. Female and male genomic

DNAs are digested with MspI or its methylation-sensitive isoschizomer HpaII,
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and then the digested DNA is tested for its ability to act as template for ampli-

fication of PCR products containing multiple MspI/HpaII sites from predicted

CpG islands. This method was employed by Jegalian and Page (1998) to assay

CGI methylation of four X-linked genes in 19 species. This is the only large

multi-species XCI study to date, from which the authors concluded that CGI

methylation accompanies XCI in a wide range of eutherians and that XCI evolved

on a gene-by-gene or cluster-by-cluster basis.

Human and mouse genomic DNA was extracted from female and male cultured

fibroblast cells, digested with HindIII, HpaII, or MspI, and then used as template

for PCR amplification. Since the predicted amplicons contained no HindIII cleav-

age sites, the HindIII-digested DNA was expected always to support amplification

of PCR products, and thus acted as a positive control. By contrast, DNA di-

gested with the methylation-resistant MspI was expected always to be cleaved

between the PCR primers and to fail to yield any PCR products. This allowed

control for effectiveness of restriction digestion. Cleavage by the methylation-

sensitive HpaII is blocked by methylation of the CpG in the CCGG recognition

site, and so a PCR product was only expected when all the CpG dinucleotides

in the amplicon were methylated. An outline of the experimental strategy and

the expected agarose gel electrophoresis pictures for hypo- and hypermethylated

CGIs are shown in Figure 3.2.
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Figure 3.2: Restriction-PCR Methylation Assay (RPMA). Female and male ge-
nomic DNAs digested with HindIII (Hi, positive control), HpaII (Hp), or MspI
(Ms, negative control) were used as templates for PCR amplification. A strong
band in the female Hp lane (comparable to the female Hi lane) is expected if
the CGI is hypermethylated and the gene undergoes XCI, whereas absence of
product in the female Hp lane is expected when the CGI is hypomethylated and
the gene escapes from XCI. Wherever possible, two regions were tested in each
CGI to give better representation.

3.3.1 Optimisation of experimental conditions

PCR conditions were optimised to ensure successful and specific amplification

of the GC-rich sequences. A set of reaction conditions have been previously

optimised for amplification of GC-rich region: 5% DMSO was included to prohibit

secondary structure formation and to help destabilise the double-helix structure;

50% of the dGTP was substituted with 7-deaza-dGTP to prevent compressions;

and a mixture of AdvantageTM 2 polymerase mix and AmpliTaq R© polymerase

was found to facilitate PCR amplification of a wide range of product sizes (credit

to Christine Burrows and Dr Tamsin Eades). These PCR conditions were tested

on four published primer pairs (Jegalian and Page 1998) using human and mouse
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genomic DNA digested with HindIII, HpaII, or MspI, but it failed to amplify the

ZFX CGI in both human and mouse, and gave only very weak signals for the

CGIs of SMCX and RPS4X, again in both human and mouse.

I then tested the effects of a higher primer concentration, a hot-start step of

heating the template and primers at 100 ◦C for 5 minutes, and an alternative

cycling profile as used by Jegalian and Page (1998) (with a higher annealing

temperature). The higher primer concentration and the hot-start step were found

to improve PCR amplification. The alternative cycling profile reduced appearance

of non-specific products but also gave weaker signals of the desired products. To

find out if the PCR results were affected by the restriction enzyme digestion

step, these experiments were repeated on undigested genomic DNA and digested

DNA that underwent a heat inactivation of restriction enzymes at 65 ◦C for 20

minutes. Heat inactivation reduced appearance of non-specific products, but the

signals were not as clean and strong as when using undigested DNA as template.

On the base of these results, a higher primer concentration and the hot-start step

were incorporated into my original PCR conditions for subsequent experiments.

There are two possible ways that the restriction enzyme digestion step may

affect PCR amplification: template availability may be reduced by over-digestion;

or chemicals present in the digestion reaction may interfere with PCR conditions.

To address the former issue, restriction enzyme digestion conditions were opti-

mised to ensure complete but not over digestion of genomic DNA. Human DNA

was digested with HindIII, to test for over-digestion, or MspI, to test for incom-

plete digestion, at 100 units of enzyme per µg DNA concentration for different

lengths of time. The PCR results from templates generated by 4-, 8-, or 16-

hour digestion were indistinguishable (Figure 3.3a) for all four amplicons, and
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for convenience a 16-hour (overnight) digestion was performed for all subsequent

experiments. Next the human DNA was digested with HpaII or MspI at four

different enzyme concentrations, 10, 20, 50, or 100 units of enzyme per µg DNA,

to test for incomplete digestion. In all cases, no PCR products at expected ampli-

con size were detected, but 10 and 20 units of enzyme per µg DNA resulted in a

number of non-specific products for the SMCX CGI, so the optimal concentration

was decided to be 50 units of enzyme per µg genomic DNA (Figure 3.3b). To ex-

amine the possible negative effects of chemicals present in the digestion reaction

on PCR, the digested DNA was purified from heat-inactivated digestion reaction

by organic solvent extraction followed by ethanol precipitation. PCR using the

purified digested DNA gave comparable results with PCR using undigested DNA,

so the purification step was used in all subsequent experiments.
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Figure 3.3: Optimisation of restriction enzyme digestion conditions. Expected
product sizes are indicated by arrows. a) PCR results from templates generated
by 4-, 8-, or 16-hour digestion. A PCR product is expected after HindIII but
not MspI digestion. b) PCR results from templates generated by digestion with
10, 20, 50, or 100 units of enzyme per µg DNA. ‘+’ are positive controls. No
products are expected from either digestion.
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3.3.2 Primer design

Primers were designed to amplify 150-250 bp products containing multiple

HpaII/MspI cleavage sites (CCGG) lying within the predicted CGI. Since single

cleavage site may be protected by rare methylation, leading to over-representation

of methylation, and a high number of sites may result in digestion despite hyper-

methylation, leading to under-representation of methylation, so I aimed at in-

cluding 2-4 cleavage sites in each amplicon. The amplicon sizes were designed

to be larger than those used in Jegalian and Page’s study (1998) to ensure good

separation of PCR product and primer-dimer in gel electrophoresis. In order to

increase the predictive power of the method, two pairs of primers enclosing regions

with no overlapping CCGG sites were designed for each CGI. For three of the 88

human CGIs and four of the 53 mouse CGIs, only one pair of primers could be

designed. Primers were tested in PCR amplification using male genomic DNA.

Only three pairs of human primers failed the test, one of which is the only pair of

primers available for a CGI. The expected products were successfully amplified

for all other human primers and all mouse primers. Therefore in total, 87 human

CGIs and 53 mouse CGIs were possible to assay. All primer combinations, their

predicted amplicon sizes, and the number of enclosed CCGG sites are listed in

Appendix I.

3.3.3 Analysis of CGI methylation on the human X chro-

mosome

The 87 human CGIs were all successfully assayed in female and male human

fibroblasts. Of these, 82 CGIs had data for both amplicons and five others had
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results from a single amplicon.

The CGIs on the single X chromosome in male cells are expected to be un-

methylated, like the CGIs on autosomes, and serve as a convenient indicator of

the reliability of the assay. Indeed, the vast majority of CGIs showed a pat-

tern consistent with hypomethylation in male samples, as expected (Table 3.1,

Figure 3.4). For 58 (67%) CGIs, no PCR products were amplified using the HpaII

digested material, despite strong PCR amplification from the HindIII digested

control. Another 16 (18%) CGIs had a complete lack of signal in the HpaII lane

for one amplicon, and a faint signal in the HpaII lane for the other amplicon, still

in support with overall hypomethylation. Six CGIs had a faint signal in the HpaII

lane for both amplicons, possibly indicating low level methylation. Only Seven

(8%) CGIs had a signal in the HpaII lane that is comparable with the signal from

the HindIII control. These are discussed in more detail below. In contrast, many

CGIs showed a pattern consistent with hypermethylation in female, confirming

that the assay has the power to detect hypermethylation (Table 3.1, Figure 3.4).

These observations indicate that the methylation state inferred from the assay

data were reliable.

The CGIs that are hypomethylated in male can be divided into three cate-

gories according to their methylation patterns in the female samples.

Thirteen (15%) CGIs were clearly hypomethylated in both female and male

samples, as demonstrated by the lack of signal in the HpaII lane for both ampli-

cons of each CGI (Figure 3.4, a-c).

Forty-nine (56%) CGIs showed female-specific methylation in at least one

amplicon (Figure 3.4, d-f). In the male samples, at least one amplicon had no

signal in the HpaII lane, and the other amplicon was either absent (3 cases), or
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had no signal (34 cases) or a faint signal (15 cases) in the HpaII lane. In the

female samples, 15 CGIs were clearly hypermethylated at both amplicons, each

having a strong signal in the HpaII lane indistinguishable from the signal from

the HindIII control. The lack of signals from the MspI control eliminated the

possibility of incomplete digestion. An additional 22 CGIs had one amplicon

with the similar clear hypermethylation pattern, and the other amplicon was

either absent (3 cases), had a strong signal in the HpaII lane but also a faint

signal from the MspI control (10 cases), suggesting some incomplete digestion,

or had a faint or no signal in the HpaII lane. For the other 12 CGIs, one or

both amplicons had a strong signal in the HpaII lane but also a faint or very

faint signal from the MspI control. In one case (RP11-450P7.3 ), one amplicon is

hypermethylated in female but hypomethylated in male, and the other amplicon

is hypermethylated in both sexes.
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Figure 3.4: RPMA results of human CGIs with hypomethylation or female-
specific methylation. (a-c) are examples of CGIs with hypomethylation in both
female and male samples. (d-f) are examples of CGIs with female-specific methy-
lation. Lanes in (f) have been re-organised as the original loading pattern had
the two amplicons on separate gels.

In 19 cases (22%), the methylation state of the CGI was less well defined. In

these cases faint bands were observed in the female HpaII lane (Figure 3.5, a-c).

The RPMA approach could be indicating an intermediate state of methylation

of these CGIs but would not be able to distinguish between the two possible

situations, which are a) a small percentage of heavily methylated CGIs, and b)

an intermediate level of methylation in a higher percentage of CGIs. These cases

72



3.3 Assessing CpG island methylation on mouse and human X
chromosomes by Restriction-PCR Methylation Assay (RPMA)

can be further divided into two broad categories: for eight CGIs, one amplicon

was hypomethylated but the other was difficult to score (Figure 3.5a); for another

11 CGIs, the methylation state could not be decided for any amplicon (Figures

3.5, b-c). RPMA was repeated for most of the intermediate cases and the results

were either identical or very similar, indicating that this is not an experimental

artefact but an accurate representation of an intermediate state.

In the remaining six cases, both male and female CGIs are hypermethylated

(Figure 3.5d).

Figure 3.5: RPMA results of human CGIs with other methylation patterns. (a-c)
are examples of CGIs for which the methylation state is difficult to define. (d) is
an example of hypermethylation in both female and male samples.
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Table 3.1: RPMA results of human CGIs. ‘+’ = strong band; ‘f’ = faint band;
‘vf’ = very faint band; ‘-’ = no visible band. In the ‘XCI state’ columns, the
‘prediction’ column contains XCI status prediction based on RPMA results, and
the ‘Lit’ column contains XCI status recorded in Carrel and Willard (2005), where
the numbers of somatic cell hybrids retaining Xi that showed gene expression is
presented. XCI status is colour-coded: pink for X-inactivated, violet for escapee,
and yellow for undetermined. One CGI is shared by each pair of the following:
RP1-93D11.1 and RP13-928P6.1, RP13-314C10.2 and RP11-793H5.3, OFD and
TRAPPC2.
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(Table 3.1 continued)
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3.3.4 Analysis of CGI methylation on the mouse X chro-

mosome

All 53 mouse CGIs were successfully assayed by RPMA in female and male mouse

embryonic fibroblasts (MEF). Of these, 49 CGIs had data for both amplicons and

four others had results from a single amplicon.

Similar to, but more extreme than the situation in human samples, almost

all CGIs were hypomethylated in male samples (Table 3.2, Figure 3.6). For 44

(83%) CGIs, no PCR products were amplified using the HpaII digested material.

Another seven (13%) CGIs had a complete lack of signal in the HpaII lane for

one amplicon, and a faint or very faint signal in the HpaII lane for the other

amplicon. Only two CGIs had a signal in the HpaII lane that is comparable with

the signal from the HindIII control.

However, the methylation patterns in mouse female samples are very different

from that observed in human samples. Only three CGIs, covering the 5’ regions

of the genes Utx, Eif2s3x, and Ddx3x, were clearly hypomethylated in both female

and male samples (Figure 3.6, a-c). The CGIs of the orthologous genes in human

appeared to be either hypomethylated (UTX ) or having low level methylation

(EIF2S3, DDX3X ) in female.

In contrast, the vast majority of mouse CGIs (48 out of 53) exhibited female-

specific methylation in at least one amplicon (Figure 3.6, d-f), and most (35 out

of 48) had both amplicons methylated in female samples. Eight CGIs had one

amplicon clearly hypermethylated, and the other amplicon was either absent (1

case), had a strong signal in the HpaII lane but also a very faint signal from the

MspI control (2 cases), or had a faint signal in the HpaII lane (2 cases). For
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the other five CGIs, all amplicons had a strong signal in the HpaII lane but also

a faint or very faint signal from the MspI control. Interestingly, the patterns

suggesting intermediate levels of methylation, observed in a considerable fraction

of human CGIs, were never seen in mouse CGIs.

In the remaining two cases, the CGIs showed some degrees of methylation in

both female and male samples.

Figure 3.6: RPMA results of mouse CGIs with hypomethylation or female-specific
methylation of CGI. (a-c) are examples of CGIs with hypomethylation in both
female and male samples. (d-f) are examples of CGIs with female-specific methy-
lation. Lanes in (b) and (c) have been re-organised as the original loading pattern
had the two amplicons on separate gels.
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Table 3.2: RPMA results of mouse CGIs. ‘+’ = strong band; ‘f’ = faint band;
‘vf’ = very faint band; ‘-’ = no visible band. The ‘XCI state prediction’ is based
on RPMA results. For most mouse CGIs, no record of XCI status can be found
in literature. XCI status is colour-coded: pink for X-inactivated and violet for
escapee.
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3.4 Discussion

In this chapter, I wish to use the methylation state of the 5’ CGI as an indicator

to predict the genes’ XCI status. To this end, CGI methylation of 90 human

X-linked genes, known to include both inactivated and escapee genes, were ex-

amined in cultured fibroblast cells using a rapid method, RPMA. An attempt was

made to predict the gene’s XCI status based on the methylation profile of its CGI:

hypomethylated CGIs were assumed to associate with escapee genes and hyper-

methylated CGIs were associated with inactivated genes. Since hypomethylation

of a single CCGG site, thus cleavage by HpaII is sufficient to prevent PCR am-

plification, a prediction of escapee was only made when both amplicons in one

CGI gave a pattern consistent with hypomethylation. In total, a prediction was

made for 64 (71%) genes.

Over half of the human CGIs were found to have female-specific methylation

(Table 3.1, Figure 3.4), and the 51 associated genes (57% of all assayed genes)

were predicted to be subject to XCI. Previously, Carrel and Willard (2005) cre-

ated an inactivation profile for the whole human X chromosome by analysing

gene expression from human Xa and Xi in a panel of rodent/human somatic cell

hybrids. From the S3 region, 128 genes were assayed in their study and 83 (65%)

were found to be effectively silenced (expression detected from no Xi hybrid or

up to three Xi hybrids). This proportion of silenced genes based on expression

is similar to the estimation based on CGI methylation in this study. Moreover,

42 out of the 51 genes with a prediction of inactivation in this thesis were ex-

amined in the study by Carrel and Willard (2005). Thirty-nine out of the 42

were shown to be inactivated. MAOA (which encodes monoamine oxidase type
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A) (Figure 3.4, f), one of those whose inactivation state disagreed, was found to

escape XCI in the previous study but should be subject to XCI according to the

methylation test. In Carrel and Willard’s study, the XCI status of MAOA was

also tested using a quantitative SNP assay in primary human cells, and interest-

ingly, the expression from Xi never exceeded 15% in any cell line tested, so MAOA

may still be relatively effectively silenced. In addition, several other studies, us-

ing diverse methods including CGI methylation analysis, expression analysis by

RT-PCR, and allele-specific expression analysis by SNP genotyping, all found ev-

idence supporting inactivation of MAOA (Benjamin et al., 2000; Hendriks et al.,

1992; Nordquist and Oreland, 2006).

Notably, a considerable fraction of human CGIs appeared to be hypomethy-

lated. Thirteen CGIs were clearly hypomethylated at both amplicons in both

female and male samples (Table 3.1, Figure 3.4). If absence of CGI methylation

is a reliable indicator of poor inactivation, these genes are predicted to escape

from XCI in the fibroblast cells used. Alternatively, these genes may not rely on

methylation for maintaining stable inactivation. Comparison to published data

favours the former possibility: of these 13 genes with hypomethylated CGIs, 11

were also assayed by Carrel and Willard (2005), and ten were found to escape

from XCI (expression detected in all, or in one case, 8 out 9, Xi hybrids). The

only disagreement was PRDX4, for which no other XCI data are available in

literature.

In total, 64 genes had a prediction of their XCI status made based on clear

CGI methylation patterns as assayed by RPMA. Of these, 53 genes were assayed

in cell hybrids in the previous study, and for 49 genes (92%), observations from the

previous study strongly support predictions made in current study. Therefore,
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CGI methylation as measured by RPMA can serve as a good indicator of the

gene’s XCI status.

Previous researchers have suggested that XCI in mouse is more complete than

XCI in human (Disteche, 1995). To investigate whether this difference in XCI

is reflected in difference in CGI methylation on the X chromosome, I extended

the methylation analysis to the mouse orthologues of human S3 genes. Of the

53 mouse genes assayed, only the three known escapees, Utx (Greenfield et al.,

1998), Eif2s3x (Ehrmann et al., 1998), and Ddx3x (Disteche et al., 2002), gave a

pattern consistent with escape from XCI (Figure 3.6, a-c). Forty-eight genes were

shown to have a profile consistent with inactivation (Table 3.2, Figure 3.6, d-f),

including Zfx, which is known to be silenced (Adler et al., 1991; Ashworth et al.,

1991). XCI statuses for most of the 48 genes have not been reported in literature

previously, but available evidence suggests that the vast majority of genes on the

mouse X chromosome undergo normal XCI (Disteche, 1995), which is consistent

with my finding.

Comparing the CGI methylation profiles of the orthologous human and mouse

genes reveals a much higher proportion of escapees in human. The same trend

has also been observed by other researchers. Whereas more than 15% of genes

on the human X chromosome were found to escape XCI (Carrel and Willard,

2005), less than ten escapees have been identified on the mouse X chromosome so

far (Disteche et al., 2002), so it might not be surprising that I failed to discover

any novel escapees in mouse. Although an extensive XCI profiling has not been

done for the entire mouse X chromosome, many of the genes that escape from

XCI in human were found subject to inactivation in mouse, suggesting more

complete XCI in mouse (Disteche, 1995). This observation is also supported by
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comparative analysis of a conserved gene cluster around SMCX/Smcx, a known

escapee in both human and mouse (Tsuchiya et al., 2004). Whereas there is a

large escapee domain in human, Smcx is the only escapee in the region in mouse.

Similarly, I found the genes surrounding the three mouse escapees to all have a

CGI methylation profile consistent with inactivation, in contrast to the situation

in human where the escape domains are larger.

Using the rapid RPMA approach, I confirmed that a much higher percentage

of genes are silenced on the mouse Xi than on the human Xi, and identified a

large number of mouse genes that undergo XCI, most of which is novel finding.

It is well known that 5’ CGIs are generally unmethylated in somatic tissues in

healthy individuals. Even in the case of XCI or imprinting, the CGI is only methy-

lated at one of the two alleles. Therefore it is curious that in my study, six human

CGIs (Figure 3.5d) and one mouse CGI displayed identical hypermethylation in

both female and male samples. This methylation pattern is more commonly ob-

served in non-5’ CGIs. A closer examination of the exact locations of the assayed

sites revealed that most sites are either intronic (as the case of Figure 3.5d) or

in the exon of a single-exon gene. Interestingly, the only other human CGI asso-

ciated with a single-exon gene had one amplicon hypermethylated in both sexes

while the other amplicon had normal female-specific methylation. Moreover, in

an additional case in mouse, one assayed site is intronic and was hypermethylated

in male, while the other site is located towards the end of exon1 and showed low

level methylation. It is very possible that these CGIs, or the assayed portions of

them, are not critical in transcriptional control.

Another interesting difference between human and mouse comes from the

unclassifiable cases. The remaining 19 CGIs in human mostly had faint signals
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in female, and sometimes in male, HpaII lane, suggesting intermediate levels

of methylation (Figure 3.5, a-c). These ambiguous methylation patterns make

interpretation of XCI status difficult, but interestingly, were never seen in any

mouse CGIs. Unfortunately, the RPMA approach is limited in its ability to

examine details of methylation. At this stage, it was not possible to distinguish

between patterns formed by a small proportion of hypermethylated CGIs and that

by a large proportion of intermediately methylated CGIs. To test which situation

gave rise to these intermediate methylation patterns, more detailed methylation

information, ideally at single CpG resolution, needs to be obtained.

In this chapter, I have demonstrated that RPMA is a rapid method of pre-

dicting XCI status for a large fraction of genes with a CGI. RPMA results are

consistent with much more complete gene silencing in mouse XCI than in human.

In addition, there is a class of intermediately methylated CGIs unique to the

human species and I shall carry out further study of the detailed methylation

patterns for a representative set of genes in the next chapter.
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Chapter 4

Comparison of detailed CGI

methylation patterns on the human

and mouse X chromosomes

4.1 Introduction

In the early days of DNA methylation research, methods of analysing CGI methy-

lation mainly relied on methylation-sensitive restriction enzymes. Studies using

these techniques helped to build our initial understanding of the phenomenon,

but as discussed in Chapter 3, were limited by the availability of enzyme cleavage

sites and resolution. In 1992, Frommer and colleagues described a completely new

approach that ‘fixes’ the methylation pattern in the DNA sequence and produces

a single-basepair resolution readout using the dideoxy sequencing method. The

key to the novel method is the chemical sodium bisulphite, which preferentially

deaminates cytosine residues to uracil in single-stranded DNA, but rarely reacts
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with 5-methylcytosine. Bisulphite-converted DNA is used as a template for PCR

amplification of regions under investigation. All uracils and thymines are am-

plified as thymines in the PCR products; only 5-methylcytosines are amplified

as cytosines. The PCR products can be cloned and individual clones can be

sequenced to give methylation maps of single DNA molecules in the original ge-

nomic DNA sample (Figure 4.1). Using DNA sequences with known methylation

patterns, Frommer and colleagues (1992) optimised the conditions to completely

convert cytosines, but leave 5-methylcytosines essentially non-converted. Then

they analysed the methylation state of two CpG dinucleotides in a number of hu-

man tissue samples. The methylation state of one of these CpGs was confirmed

using restriction-enzyme digestion, and the other CpG was impossible to assay

using the restriction method. Bisulphite sequencing was found to be a reliable

method for methylation analysis and it offers the major advantage of the ability

to analyse methylation state of single cytosines on single DNA molecules.
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Figure 4.1: Bisulphite sequencing. Note the two strands no longer complement
after bisulphite modification so different primers are needed to amplify the top
and bottom strands. Shown here is the amplification and sequencing of top strand
only.

Bisulphite sequencing provides an ideal method to study cell populations with

mixed methylation profiles. One such example is X chromosome inactivation.

Using restriction enzymes, it has been shown that the 5’ region of the human

HPRT and mouse Hprt genes is methylated on the inactive X, but unmethylated

on the active X (Lock et al., 1986; Wolf et al., 1984; Yen et al., 1984), but it was not

clear whether all CpGs in the region were uniformly methylated. Nor was it known

whether the methylation patterns are faithfully reproduced after cell division.
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To address these questions, Park and colleagues (1994) analysed methylation

patterns of 32 CpGs in a 371 bp region 5’ of the mouse Hprt gene. They confirmed

the Xi-specific methylation suggested by previous studies, but found that not all

CpGs were methylated on all molecules, and levels of methylation at individual

CpGs varied greatly. Moreover, the heterogeneous methylation patterns were not

only observed within a tissue, but even in clonal cell populations, suggesting a

dynamic nature of maintenance of methylation.

The fine resolution of bisulphite sequencing is also important to reveal methy-

lation changes in early development, when the material is scarce and states of

individual CpGs vary. A differentially methylated region (DMR) was identified

5’ to the imprinted gene H19 in mouse, which is methylated in the non-expressing

paternal allele (Ferguson-Smith et al., 1993). Using a restriction-PCR method, it

was shown that this region is methylated in sperms but not eggs and the pattern

is carried over to pre-implantation embryos (Tremblay et al., 1995). Bisulphite

sequencing of the 5’ end of this DMR helped to identify the 5’ differentially

methylated boundary and provided much insight into the establishment of this

boundary in early embryos (Olek et al., 1996).

Methylation at the 5’ promoter region of the tumour suppresser gene Rb has

been studied using restriction enzymes, and suggested CGI methylation as a po-

tential mechanism of oncogenesis (Greger et al., 1989; Sakai et al., 1991). How-

ever, only a limited number of sites were studied in this way and it was not clear

if the whole island was methylated, because in theory, it’s enough to methylate

just a few critical sites, e.g. transcription factor binding sites. Also the dynamics

of methylation was not clear. Stirzaker and colleagues (1997) re-analysed this

area (27 CpGs in 161 bp containing the core promoter sequence) using bisulphite
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sequencing, and found that every single CpG in the whole island was extensively

methylated in tumours, but completely unmethylated in normal cells from the

same patients. Moreover, examination of individual clones, derived from individ-

ual DNA molecules in the tumour sample, revealed a mosaicism of methylation

pattern in one patient, although the whole tumour was presumably originated

from a single clone. This demonstrated a continuing dynamics of the mainte-

nance of methylation patterns.

The precision of bisulphite sequencing makes it the gold standard of methyla-

tion analysis. Even studies employing other high throughput methods normally

check a selection of samples using bisulphite sequencing as confirmation. When

Weber and colleagues (2005) found aberrant methylation at CGIs in tumour cells

in the large scale MeDIP-chip study, they carried out bisulphite sequencing for

four genes to comfirm the MeDIP data. Bisulphite sequencing can also be ap-

plied to large-scale studies. Instead of cloning and sequencing, the PCR products

can be directly sequenced to give an averaged methylation profile. The Human

Epigenome Project aims to sequence all human genes in all major tissues, in order

to characterise the genome-wide DNA methylation profile for all human genes. An

analysis of chromosomes 6, 20, and 22 provided high resolution methylation infor-

mation from 2524 amplicons, comprising coding, non-coding, and evolutionarily

conserved sequences associated with 873 genes in 12 different tissues (Eckhardt

et al., 2006).

In recent years, the development of next generation sequencing technologies

makes it possible to carry out whole genome bisulphite sequencing. A first

such study has just been published for the Arabidopsis epigenome (Lister et al.,

2008). Using sequencing-by-synthesis technology, highly integrated epigenome
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maps were generated, revealing the interplay between DNA methylation, tran-

scription and small RNA transcription. Currently, the application of this tech-

nology is still limited in its scope, because the short sequence length generated by

the new sequencing methods presents a major obstacle for conventional sequence

assembly algorithms, but with continuing advances in sequencing and bioinfor-

matics, it will become more widely applied and provide unprecedented depth of

understanding of DNA methylation.

4.1.1 Aims of this chapter

In the RPMA study, I identified hyper- and hypomethylated CGIs that are asso-

ciated with X-inactivated and escapee genes. A much higher proportion of mouse

genes were found to be associated with hypermethylated CGIs. I also found a

third group of CGIs with intermediate levels of methylation. This methylation

profile is not informative of the associated gene’s XCI status, and interestingly,

is specific to the human samples. I thus have the hypotheses that a) mouse

CGIs are more densely methylated than human CGIs; and b) human CGIs are

more variably methylated than mouse CGIs, as illustrated in Figure 4.2. To test

these hypotheses, the methylation patterns need to be examined in much higher

resolution, for which bisulphite sequencing provides the ideal method. Sodium

bisulphite treatment ‘fixes’ the methylation pattern of genomic DNA by convert-

ing all unmethylated cytosine bases to uracil. The target region can then be PCR

amplified, subcloned and sequenced. Each clone represents an individual DNA

molecule in the original sample, so the proportion of methylated molecules, as

well as single-base resolution CpG methylation state of each molecule, can be
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examined (Figure 4.1).

Figure 4.2: Hypothesised model of CGI methylation patterns on the human and
mouse X chromosomes. Based on RPMA results, mouse CGIs are either hy-
pomethylated or hypermethylated, but a proportion of human CGIs are interme-
diately methylated.

In this chapter, bisulphite sequencing is employed to study the detailed methy-

lation profiles of a selected group of human and mouse CGIs. The aims include:

1. To verify methylation patterns interpreted from RPMA profiles.

2. To confirm differences in CGI methylation between the human and mouse

X chromosomes.

3. To investigate whether the intermediate methylation pattern as revealed by

RPMA was formed by a small portion of hypermethylated CGIs or by a

large portion of intermediately methylated CGIs.
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4.2 High resolution analysis of methylation levels

on the mouse and human X chromosomes by

bisulphite sequencing

4.2.1 Identification of target CGIs

For the purpose of confirming the exact methylation profiles that give rise to

specific RPMA patterns observed in Chapter 3, I selected CGIs that displayed

a range of methylation levels by RPMA in both human and mouse. To investi-

gate the details of the intermediate methylation patterns in human samples, most

islands were chosen from this category, giving a good representation of different

kinds of intermediate PRMA patterns. The final selection consisted of CGIs asso-

ciated with 16 human-mouse orthologous gene pairs. The human CGIs included

three clearly hypomethylated CGIs, four clearly hypermethylated CGIs, and nine

intermediately methylated CGIs that were associated with either inactivated or

escapee genes according to Carrel and Willard (2005). The mouse CGIs included

three clearly hypomethylated CGIs, nine clearly hypermethylated CGIs, had four

hypermethylated CGIs with a faint HpaII signal in one female or male sample (the

closest to an intermediate pattern). RPMA results and XCI statuses (predicted

from methylation status and recorded in literature) of the 16 human-mouse CGI

pairs are summarised in Table 4.1.
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4.2.2 Primer design and PCR

CGI sequences, together with 500 bp upstream and downstream sequences, were

repeatmasked and bisulphite converted in silico, assuming that all CpGs were

methylated. This converted sequence was used to design primers to amplify 400-

800 bp overlapping fragments covering the entire CGI. The CpG dinucleotides

were masked with ‘XX’ for primer design purpose so that primers would contain

no CpGs, thus ensuring that hypo- and hypermethylated sequences would be am-

plified with similar efficiencies. Primers were designed using Primer3 with relaxed

parameters to accommodate the very unusual sequence composition: melting tem-

perature was between 55 and 65 ◦C, and primer length was between 18 and 27

bases. For CGIs of human genes POLA, ZFX, ATP6AP2, RAB9A, EIF2S3, and

CRSP2, primers were provided by Christine Burrows (personal communication).

All primer combinations and their predicted amplicon sizes are listed in Appendix

II.

Human and mouse genomic DNA were extracted from female and male cul-

tured fibroblast cells and treated with sodium bisulphite. The bisulphite modi-

fication was carried out using the EZ DNA methylation kitTM (Zymo Research)

following manufacturer’s recommendations (section 2.10.5). Because of the het-

erogeneous nature of CpG methylation, the bisulphite-converted DNA contains

a variety of sequences with different cytosines converted or unconverted, so it

was not possible to check primer specificity through BLAST against a reference

sequence database. Therefore primers were used directly in PCR with female

and male bisulphite-converted DNA using previously optimised PCR conditions

(Vardhman Rakyan, personal communication, and section 2.11.3). A fraction of
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each PCR product was visualised using gel electrophoresis. PCR products pro-

viding the best coverage for each CGI were used for subcloning and sequencing.

At least one pair of primers was successful for each CGI.

4.2.3 Cloning and sequencing

The selected PCR products were column-purified using a PCR purification kit

(section 2.10.1) and ligated with the plasmid pGEM R©-T Easy (section 2.12.1).

Plasmid DNA was introduced into Mach1 cells by chemical transformation (sec-

tion 2.12.2), and seven white colonies from each ligation were checked for suc-

cessful subcloning of the correctly-sized PCR product using colony PCR (section

2.11.4). If more than two colonies contained the right product, the clone was

progressed into sequencing. For each successful ligation, up to 384 clones were

sequenced (by the Faculty Small Sequencing Projects team at the Wellcome Trust

Sanger Institute, section 2.13). The resulting sequences were processed using

Gap4 (section 2.14.4) prior to methylation analysis, as follows: Sequences were

aligned to the in silicobisulphite-converted sequence (the ‘reference’), the flanking

vector sequences were removed, and low quality sequences were discarded. For-

ward and reverse reads of the same sequence were joined and sequences missing

more than 10% of the expected full length were discarded. All sequences from

the same ligation, each representing an individual CGI molecule, were exported

into a single text file, together with the genomic and the reference sequences.
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4.2.4 Methylation analysis

Further sequence processing was carried out to fulfil the strict input format re-

quirement of the subsequent methylation analysis. The sequences of each analysis

region needed to be correctly aligned, of equal length (padded with ‘-’ wherever

necessary), and to contain only the characters a, t, c, g, and n. After experi-

menting with a number of alignment programs, MUSCLE (Labarga et al., 2007)

was found to give best alignment for my purpose and was used in all subsequent

analysis. To ensure accurate methylation analysis, each CpG dinucleotide has to

be located at exactly the same position in each sequence, and the C and G should

not be separated by one or more ‘-’, so the alignments were manually checked in

Genedoc (section 2.14.5) for correct alignment of all CpGs. Methylation analysis

was carried out using a modified version of MethTools, a collection of open source

Perl scripts that makes graphical representation of bisulphite sequencing results

and calculates methylation densities (Grunau et al., 2000). Instead of using the

web interface, the scripts were downloaded and modified as follows. The original

program can analyse several forms of cytosine methylation. For this study, only

CpG methylation was considered. For better visualisation of the methylation

distribution, clones were ordered by methylation level in the graphical represen-

tation. A shell script was also created to automate the analysis. The source

code of all scripts used in this study is included in Appendix IV and all modi-

fications are logged in the code. The reference sequence was included in every

output graph (named ‘EXP’ for expected) to demonstrate the expected positions

of CpG dinucleotides. An example of the graphical representation of bisulphite

sequencing results is shown in Figure 4.3.
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Figure 4.3: Graphical representation of CGI
methylation. (a) shows CGI methylation pat-
tern of a gene inactivated by XCI in female.
Each line represents an individual molecule with
unmethylated (blue) and methylated (red) CpG
dinucleotides (circles). The bottom line (‘EXP’)
represents a reference sequence where every ex-
pected CpG is methylated in silico (thus all
red). The island region is framed by the red
box and exon is shadowed in green. Direction
of transcription is indicated by arrow. (b) shows
CGI methylation pattern of the same gene, but
in a male sample, where CGIs on the only X
chromosome are expected to be unmethylated.
Note that all molecules are comprised of mostly
unmethylated CpGs (blue), except for the arti-
ficial reference sequence at the bottom, which
demonstrates a fully methylated molecule.
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4.2.5 Comparison between human and mouse methylation

profiles

Bisulphite sequencing was successful for ten human CGIs and ten mouse CGIs in

both female and male samples (Figures 4.4-4.15). Eight human CGIs and eight

mouse CGIs form orthologous pairs (Figures 4.4-4.11). One or two amplicons were

sequenced for each CGI, and at least 40 individual molecules, each representing

the island of an individual chromosome, were sequenced for most amplicons.

The single X chromosome in male remains active, so CGIs on the male X

chromosome are expected to be free from methylation. As expected, in both

human and mouse, all male CGIs are clearly hypomethylated, regardless of the

methylation situation in the corresponding female sample (Figures 4.4-4.15). For

each male CGI, the vast majority of island molecules are completely free from

methylation, and the remaining cases only have one or a few CpGs methylated.

The female CGIs of the eight orthologous pairs can be divided into three

groups according to their behaviour in human and mouse.

The CGIs of DDX3X/Ddx3x, UTX/Utx and EIF2S3/Eif2s3x were also hy-

pomethylated in female samples in both human and mouse (Figures 4.4-4.6). Like

their male companions, the female CGIs of the three known escapees had the ma-

jority of island molecules completely unmethylated, apart from a small number

with one or two methylated CpGs. Only three molecule of the human EIF2S3

CGI (n=31) had more than two CpGs methylated in females.
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Figure 4.4: CGI methylation profiles of human DDX3X and mouse Ddx3x. Both
genes escape from XCI. The human CGI had a faint signal in the HpaII lane, in-
dicating low level methylation, but the mouse CGI was shown to be hypomethy-
lated in RPMA. The human fragment covers the middle third of the CGI and the
mouse fragment covers the first half of the CGI. Exons are shadowed in green.
Directions of transcription are indicated by arrows. For detailed annotation see
Figure 4.3.
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Figure 4.5: CGI methylation profiles of human UTX and mouse Utx. Both genes
escape from XCI and both CGIs were shown to be hypomethylated in RPMA.
The human fragment covers the end third of the CGI and the mouse fragment
covers the first quarter of the CGI. The island regions are indicated by the red
boxes and exons are shadowed in green. Directions of transcription are indicated
by arrows. For detailed annotation see Figure 4.3.
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Figure 4.6: CGI methylation profiles of human EIF2S3 and mouse Eif2s3x. Both
genes escape from XCI. The human CGI had a faint signal in the HpaII lane, indi-
cating low level methylation, but the mouse CGI was shown to be hypomethylated
in RPMA. The human fragment covers the entire CGI and the mouse fragment
covers almost the entire CGI (missing the first three CpGs). The island region
is indicated by the red box and exons are shadowed in green. Directions of tran-
scription are indicated by arrows. For detailed annotation see Figure 4.3.

The CGI of the human gene OFD1 was also hypomethylated in both sexes,

but the CGI of the mouse orthologue Ofd1 showed striking methylation difference

between female and male samples (Figure 4.7). Around half of the Ofd1 island

molecules were hypomethylated like their male companions, but the remaining

island molecules had more than 30% of all CpGs methylated. This is the picture

that would be expected if half of the clones were derived from methylated CGIs

on the inactive X.
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Figure 4.7: CGI methylation profiles of human OFD1 and mouse Ofd1. The hu-
man gene escapes from XCI. The human CGI had a faint signal in the HpaII lane,
indicating low level methylation, while the mouse CGI was shown to be hyper-
methylated in RPMA. The human CGI also overlaps the 5’ region of TRAPPC2,
the mouse orthologue for which is not X-linked. The human fragment covers the
first half of the CGI and the mouse fragment covers most of the CGI. The island
regions is indicated by the red box and exon is shadowed in green. Directions of
transcription are indicated by arrows. For detailed annotation see Figure 4.3.
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For the remaining four orthologous pairs, the CGIs displayed female-specific

methylation in both human and mouse, but to different extents (Figures 4.8-

4.11). In each case, the female island molecules can be easily divided into two

groups based on their methylation levels: one group resembling the male pattern,

possibly derived from the inactive X, and the other with considerably higher levels

of methylation, presumably derived from the active X. The CGI of POLA/Pola1

showed very similar methylation patterns in human and mouse (Figure 4.8). The

human CGI had 65% of island molecules methylated, where 41-77% of all CpGs

were methylated. The mouse CGI had a slightly higher proportion (72%) of

methylated molecules, but the methylation levels of individual molecules (41-78%)

were similar to those of human. Difference in methylation levels between human

and mouse is more obvious for the CGI of MSL3L1/Msl3l1 (Figure 4.9). The

human CGI had 39% of the female island molecules methylated, where 48-65%

of all CpGs were methylated. A higher proportion of the female island molecules

were methylated for the mouse CGI, where the two amplicons had 60% and 44%

of female island molecules methylated respectively. Heavier methylation was also

noted for the mouse island, where up to 100% of all CpGs were methylated.

Similar pattern was seen for the CGI of ATP6AP2/Atp6ap2 and PRPS2/Prps2

(Figures 4.10 and 4.11). Whereas female-specific methylation was seen in both

species, a higher proportion of the female island molecules were methylated in

mouse, and the mouse islands were methylated to much greater extents.
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Figure 4.8: CGI methylation profiles of human POLA and mouse Pola1. Both
genes are X inactivated and both CGIs were shown to be hypermethylated in
RPMA. The human fragment covers the entire CGI and the mouse fragment
covers most of the CGI. The island region is indicated by the red box and exons
are shadowed in green. Directions of transcription are indicated by arrows. For
detailed annotation see Figure 4.3.
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Figure 4.9: CGI methylation profiles of human MSL3L1 and mouse Msl3l1. The
human gene is X inactivated and both CGIs were shown to be hypermethylated
in RPMA. The human fragment covers the first half of the CGI and the mouse
fragment covers the first two thirds of the CGI. The island region is indicated
by the red box and exons are shadowed in green. Directions of transcription are
indicated by arrows. For detailed annotation see Figure 4.3.
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Figure 4.10: CGI methylation profiles of human ATP6AP2 and mouse Atp6ap2.
The human gene is X inactivated. Both CGIs were shown to be hypermethylated
in RPMA but the human CGI had a faint signal in the HpaII lane of one amplicon.
Both fragments cover the first half of the CGI. The island region is indicated
by the red box and exon is shadowed in green. Directions of transcription are
indicated by arrows. For detailed annotation see Figure 4.3.
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Figure 4.11: CGI methylation profiles of human PRPS2 and mouse Prps2. The
human gene is X inactivated. Both CGIs were shown to be hypermethylated in
RPMA but the human CGI had a faint signal in the HpaII lane of one amplicon.
The human fragment covers the first half of the CGI and the mouse fragment
covers most of the CGI. The island region is indicated by the red box and exons
are shadowed in green. Directions of transcription are indicated by arrows. For
detailed annotation see Figure 4.3.

Two CGIs in human and two CGIs in mouse had no information available

from the orthologous genes in the other species. The CGI of the human escapee

RAB9A was clearly hypomethylated in both sexes (Figure 4.12), but the CGI of
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the other human escapee CDKL5 had a small number of female island molecules

with low level methylation (Figure 4.13). The CGIs of the mouse genes Syap1

and Hccs (Figures 4.14 and 4.15) were like the ones shown in Figures 4.7-4.11. A

good proportion of the female island molecules were methylated to great extents.

Figure 4.12: CGI methylation profiles of human RAB9A. This gene escapes from
XCI and its CGI had a very faint signal in the HpaII lane in RPMA. The bisulphite
sequenced fragment covers the entire CGI. The island region is indicated by the
red box and exon is shadowed in green. Direction of transcription is indicated by
arrow. For detailed annotation see Figure 4.3.
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Figure 4.13: CGI methylation profiles of human CDKL5. This gene escapes from
XCI. Its CGI was shown to be hypomethylated in RPMA, but had had a very
faint signal in the HpaII lane. The bisulphite sequenced fragment covers the
second half of the CGI and is in intron1. The island region is indicated by the
red box . Direction of transcription is indicated by arrow. For detailed annotation
see Figure 4.3.
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Figure 4.14: CGI methylation profiles of mouse Syap1. The CGI was shown to be
hypermethylated in RPMA. The bisulphite sequenced fragment covers the first
half of the CGI. The island region is indicated by the red box and the exons is
shadowed in green. Direction of transcription is indicated by arrow. For detailed
annotation see Figure 4.3.
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Figure 4.15: CGI methylation profiles of mouse Hccs. The CGI was shown to
be hypermethylated in RPMA. The bisulphite sequenced fragment covers almost
the entire CGI. The island region is indicated by the red box and the exons is
shadowed in green. Direction of transcription is indicated by arrow. For detailed
annotation see Figure 4.3.

4.2.6 Comparison between bisulphite sequencing and RPMA

results

In total, results were compared from bisulphite sequencing and RPMA analysis for

12 RPMA targets in six human CGIs and 11 RPMA targets in eight mouse CGIs

(summarised in Table 4.2, note that some RPMA fragments are not contained in

available bisulphite sequences). For each RPMA target, the assayed CCGG sites
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were identified in the bisulphite sequencing results, and a template availability

value was calculated, which is the percentage of clones in which these CCGG sites

were fully methylated (thus available as PCR template).

This comparison has shown the limitations of RPMA. When the HpaII band

is absent in the RPMA assay, the template availability according to bisulphite

sequencing is zero. The same is also true in the two (male) cases where the HpaII

band is classified as very faint (vf). In cases where the HpaII band was comparable

with the HindIII band (+), the template is always present, but the template

availability ranges from a fairly low 8.6% to as high as 61.7%, encompassing a

wide range of methylation levels. The RPMA results are least informative of

the true methylation levels when the HpaII band was classified as faint (f). Most

such cases are characterised by a zero template availability, though there are three

examples where the figure lies between 2.4% and 8.6%.
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4.3 Discussion

The initial RPMA study, described in Chapter 3, indicated that the majority of

CpG islands on the mouse Xi are heavily methylated, with a small percentage

associated with genes escaping from XCI being hypomethylated. The data from

analysis of human CGIs, by contrast, indicated both a larger percentage of genes

with unmethylated CGIs and a greater variation in the methylation levels of

the methylated CGIs. To investigate this variation in greater detail, bisulphite

sequencing was carried out on 32 CGIs (16 human-mouse orthologous pairs) with

varied methylation profiles in human and mouse. Ten human and ten mouse

CGIs, including eight orthologous pairs, were successfully bisulphite sequenced

in both female and male samples.

Before analysing the bisulphite sequence data for methylation status, it is

first important to confirm the efficiency of bisulphite conversion. In almost all se-

quences, cytosines were almost completely absent outside the CpG dinucleotides.

Therefore the conversion was very efficient and the resulting sequence data are

trustworthy. As a further precaution to ensure any CpG dinucleotide seen in

the final sequence was a true representation of methylation, it was investigated

whether or not bisulphite conversion is less efficient when an unmethylated C

is part of a CpG. CGIs on the only X chromosome in males are expected to

be unmethylated, thus provide a perfect substrate to test the efficiency of bi-

sulphite conversion and the ability to clone and sequence DNA molecules with

such unusual sequence composition. Indeed the bisulphite sequences of all the

male samples are almost completely devoid of cytosines. Given the extremely

low frequency of cytosine appearance in general (data not shown), it is highly
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likely that the CG dinucleotides observed in male samples are indicative of very

occasional CpG methylation.

In using the bisulphite sequencing approach to study CGIs on the female

X chromosomes, there is an assumption that approximately equal numbers of

molecules studied in a large sample will be derived from the active and the inac-

tive X chromosome (Stöger et al., 1997). However, the possibility of PCR bias

because of differences in sequence composition should be considered. If the test

region contains molecules with vastly different methylation states, the cytosine

content will differ substantially between molecules in the bisulphite-converted

DNA. In the case of CGIs associated with X-inactivated genes, where half of the

molecules are expected to be unmethylated but the other half hypermethylated,

we would expect half of the molecules to be extremely T-rich, and the other half

relatively C-rich. It is possible that one group of sequences will be amplified pref-

erentially. Warnecke and colleagues (1997) studied such PCR bias in a number

of regions and found that the bias to be sequence-dependent, but was mostly to-

wards amplification of unmethylated DNA. This finding is consistent with PCR

bias observed in a number of bisulphite sequencing studies, both on autosomal

and X-linked genes (Stöger et al., 1997; Stirzaker et al., 1997). In the results of

this study, the methylated clones in female samples tend to make up around half

of the total number, consistent with expectation, so it is unlikely that such PCR

bias occurred. Additional support comes from the RPMA data. Wherever methy-

lation is suggested by RPMA, it was also observed in the bisulphite sequencing

results, so complete bias against amplification of the methylated molecules could

be ruled out.

The first aim of this thesis was to confirm whether the RPMA data represent
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true patterns of methylation. As seen in Figures 4.4-4.15, in both the human and

the mouse samples, the bisulphite sequencing results are mostly consistent with

methylation patterns interpreted from the RPMA results. A negative HpaII sig-

nal in RPMA is always associated with absence of methylation in the bisulphite

sequencing results, whereas a strong HpaII signal in RPMA is in most cases

backed up by considerable methylation. However, the limitations of the RPMA

approach are also obvious, as revealed by Table 4.2. Intermediate RPMA pat-

terns, characterised by presence of faint bands in the HpaII lane, do not correlate

with a consistent methylation profile revealed by bisulphite sequencing. In addi-

tion, details of methylation levels are lost in the RPMA results as a wide range of

methylation densities can give rise to the same strong RPMA signal. In general,

bisulphite sequencing results confirm that RPMA is a useful method of studying

methylation, most suitable for an initial screen.

The major purpose of this detailed methylation analysis was to confirm that

the CGI methylation differences suggested by RPMA between human and mouse

are real and not artefactual. In support to the RPMA results, all but three mouse

genes investigated showed female-specific CGI methylation, while a much larger

number of human genes were hypomethylated at their CGIs in female samples. In

addition, variation of methylation densities were compared between the human

and mouse CGIs. In all samples that showed female-specific methylation, the

female island molecules consisted of two distinct groups, one group unmethylated,

and the other methylated. This bimodal distribution of methylation densities

is consistent with the samples containing active and inactive alleles and was

observed also in a previous study of the X-linked gene FMR1 (Stöger et al.,

1997). Another noticeable feature is the heterogeneity of methylation: within the
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same island, the methylated molecules always presented a diversity of methylation

densities. Such methylation mosaicism was also recorded in the previous study

(Stöger et al., 1997) and has been proposed to manifest the dynamic nature in

maintaining an overall stable methylation level (Genereux et al., 2005).

A wide range of methylation densities were found in the female CGIs of both

human and mouse, but the methylation densities of the mouse islands tend to

occupy the denser end of the spectrum, with most medians above 60%. One

molecule of the Msl3l1 CGI was even fully methylated. In contrast, no a single one

of the hundreds of human island molecules sequenced had more than 80% CpGs

methylated, and most human CGIs had methylation density medians below 50%.

When the homologous human-mouse CGIs are compared, it is also clear that,

when the island was methylated in both species, the mouse samples always showed

heavier methylation than the human samples, both in terms of the proportions

of methylated clones and the methylation densities of individual clones (Figures

4.8-4.11).

Two human CGIs had low density methylation that is not observed in any

mouse samples (Figures 4.6 and 4.13). Interestingly, the two CGIs with simi-

lar methylation states are associated with genes with apparently divergent XCI

states. One of these CGIs is associated with a well-established escapee, EIF2S3

(Ehrmann et al., 1998), and the other, CDKL5, is shown to be inactivated (ex-

pression from Xi only observed in two out of nine cell hybrids) according to Carrel

and Willard (2005). It is possible that such low level methylation is not enough

to have an impact on the XCI state of a gene.

From the 20 CGIs for which bisulphite data were produced, a prediction of the

XCI state of the associated gene was previously made based on the RPMA results
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for five human and ten mouse genes. All these predictions were strongly supported

by the bisulphite sequencing results. For five human CGIs, no predictions could

be made based on RPMA results because of ambiguous methylation status. Based

on bisulphite sequencing results, three of these CGIs were clearly hypomethylated,

and two CGIs both had low proportions of methylated clones, which all had only

low level methylation, leading to a prediction of escape (4/5 agree with Carrel

and Willard (2005)).

In this study, it has been confirmed that CGI methylation on the human X

chromosome does exhibit a different density variation from that in mouse, at least

in fibroblasts. Both species display a wide range of methylation densities, but the

mouse CGIs tend to be either completely unmethylated or densely methylated,

whereas most human CGIs are only moderately methylated. A revised model

of CGI methylation on the X chromosome in these two species is illustrated in

Figure 4.16.

Figure 4.16: Variation of CGI methylation on the human and mouse X chromo-
somes - revised model (see Figure 4.2 for the original model).
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Chapter 5

Investigation of CpG island

methylation on the opossum X

chromosome

5.1 Introduction

Marsupial and eutherian mammals shared a common ancestor approximately 180

MYA (Murphy et al., 2004). The separation of the marsupial lineage is half way

between the split between birds and mammals ∼ 310 MYA (Bininda-Emonds

et al., 2007; Hedges and Kumar, 2004) and the radiation of the eutherian clades

∼ 100 MYA (Bininda-Emonds et al., 2007; Woodburne et al., 2003), making

them an important group for studying the biology and evolution of mammals.

Although the marsupials share some basic mammalian characteristics with the

eutherians, for example giving birth to live young, presence of mammary glands

and fur, they also display a great number of differences, the most distinct being
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the early developmental stage at birth and the long and complicated lactation

period. Such divergence is also apparent in the genetics of the sex chromosomes.

Marsupial mammals share the same XY sex determination system with the

eutherians, and also achieve dosage compensation through XCI, but with dis-

tinct differences. In both groups, the inactive X chromosome is late replicating

and turned into heterochromatin. Key histone modification on the eutherian in-

active X chromosome, like hypoacetylation of histone H4, was identified on the

marsupial X. However, the initiation and maintenance of XCI appear to be very

different in the marsupials. Most noticeably, the master switch gene for random

XCI in eutherians, XIST, is not present in marsupials, and XCI in marsupials is

imprinted, where the paternal X is always silenced. It has also been suggested

that methylation of the CGIs on the inactive X chromosome, contributing to-

wards maintenance of XCI in the eutherians mammals, may be absent from the

marsupial mammals (Kaslow and Migeon, 1987).

To investigate whether the apparently poor maintenance of XCI states in

marsupials (Cooper et al., 1977; Samollow et al., 1987) is associated with lack

of CGI methylation, Kaslow and Migeon (1987) studied the 5’ CGI of G6PD

in a North American marsupial, the Virginian opossum (Didelphis virginiana).

G6PD is stably inactivated in human and mouse, and its 5’ CGI was found to be

methylated on the inactive X in both species. Its XCI appears to be less stable

in several marsupial species, where expression of the paternal (inactive) allele of

G6PD was detected in tissue samples or cultured fibroblast cells (Samollow et al.,

1987). Kaslow and Migeon (1987) found this CGI to be hypomethylated in both

male and female samples, possibly leading to its incomplete XCI. However, despite

lack of methylation, expression of the paternal allele was at best partial, so they
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proposed that methylation may not play a role in marsupial XCI, but that it serves

to stabilise XCI in eutherians. Later, bisulphite sequencing analysis of the 5’ CGI

of G6PD in an Australian marsupial, the common wallaroo (Macropus robustus),

confirmed hypomethylation (Loebel and Johnston, 1996). The paternal allele of

G6PD was previously found to be completely repressed in this species, so the

authors speculated that CGI methylation might not be required for maintenance

of XCI in marsupials.

At the time of commencement of this study, the notion that 5’ CGIs are not

methylated on the marsupial X chromosome is based on methylation analysis

of only a single gene, G6PD. During the course of the study, a new study was

described where Hornecker and colleagues (2007) examined CGI methylation of

G6PD and PGK1 in adult females of the grey short-tailed opossum (Monodel-

phis domestica). Using bisulphite sequencing, they concluded that both CGIs

were hypomethylated on the paternal X (also the inactive X), so the previous

perception about CGI methylation in marsupial XCI remained unchallenged.

However, there is now evidence for differential methylation at the 5’ CGIs of

imprinted autosomal genes in marsupials (Smits et al., 2008; Suzuki et al., 2007).

Suzuki and colleagues (2007) reported that PEG10 is imprinted in tammar wal-

laby, with almost exclusive expression from the paternal allele. Its 5’ promoter

region, covered by a CGI, was heavily methylated on the maternal allele but un-

methylated on the paternal allele. The same CGI also covers the 5’ promoter

region of an adjacent gene, SGCE, but the SGCE part of the CGI was com-

pletely unmethylated, correlating with the biallelic expression pattern of SGCE.

A second differentially methylated region associated with an imprinted gene in

marsupials was identified at the H19 promoter and exon 1 in tammar wallaby in a
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recent study of the H19 -IGF2 imprinting locus in mammals (Smits et al., 2008).

This association between differential methylation and imprinting is similar to the

situation in eutherians. On the basis of these observations, and considering the

dearth of information on X-linked genes, it remains a possibility that differential

methylation of X chromosome genes may be involved in marsupial XCI.

The availability of the first whole genomic sequence of a marsupial (Mikkelsen

et al., 2007) provides a great opportunity to examine the methylation states of a

greater number of X-linked genes in marsupials and to ascertain the importance

of methylation in marsupial XCI.

5.1.1 The grey short-tailed opossum (M. domestica)

There are more than 300 species of marsupial mammals currently identified,

mainly in Australia, where they are the dominant mammalian group (more than

200 species, including kangaroos, possums and koalas), and in South America

(more than 90 species of opossums and shrew opossums) (Wilson and Reeder,

2005). Only one species is found in North America, the Virginian opossum (D.

virginiana).

The chosen species for the first marsupial genome sequencing project was

the grey short-tailed opossum, M. domestica (Figure 5.1), a South American

marsupial that is used as a model organism in a wide range of biological studies

(reviewed in Samollow, 2006). It is small, fast-growing, rapid-breeding, and can

easily adapt to standard rodent facilities, so it is probably not surprising that M.

domestica has been raised in pedigreed lab colonies for over 25 years (VandeBerg,

1989). Some earlier work on marsupial XCI was carried out using the Virginian
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opossum, the original ‘opossum’, but as M. domestica gains popularity as an

experimental model, D. virginiana is used much less. Both D. virginiana and M.

domestica belong to the Didelphidae family. For the purpose of this thesis, the

name ‘opossum’ refers to M. domestica.

Figure 5.1: South American, grey short-tailed opossum (Monodelphis domestica).
Courtesy of Paul Samollow, Southwest Foundation for Biomedical Research, San
Antonio. Freely distributed image obtained from http://www.genome.gov/

5.1.2 The opossum X chromosome

A high quality draft of the genomic sequence of opossum was described in May

2007 (Mikkelsen et al., 2007). The genome of a partially inbred female opossum

was sequenced using the whole genome shotgun approach to 6.8x depth. The
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current assembly, monDom5, covers 99% of the estimated euchromatic sequence,

and has excellent accuracy and contiguity.

The opossum X chromosome is very small compared to the autosomes. It is

the smallest chromosome in opossum, representing only 2% of the total opossum

genome, and is approximately 76 Mb in length (Mikkelsen et al., 2007). In com-

parison, the sizes of X chromosomes in eutherian mammals tend to be comparable

with that of the autosomes. The human, mouse, and dog X chromosomes each

represent approximately 5% of the genome and are about twice the size of the

opossum X (Lindblad-Toh et al., 2005; Ross et al., 2005; Waterston et al., 2002).

The size difference reflects the addition of the XAR to the X chromosome after

the split between marsupial and eutherian mammals. Comparative mapping con-

firmed the conservation of synteny between the opossum X chromosome and the

XCR of the human X chromosome (Mikkelsen et al., 2007).

The opossum X chromosome is also unique in its sequence composition in

relation to its autosomes. In eutherian mammals, the X chromosome has lower

(G+C) content and CpG density than the autosomes. The situation in the opos-

sum genome is just the opposite. The (G+C) content of the opossum X is not

only higher than that of the autosomes, which have the lowest mean autosomal

(G+C) content among all mammals sequenced, but also higher than any other X

chromosome sequenced (Mikkelsen et al., 2007). Similarly, despite the extremely

low CpG frequency in opossum autosomes (two-fold lower than in other mam-

mals), the CpG density of the opossum X chromosome is comparable with that of

the eutherian X chromosomes (Mikkelsen et al., 2007). One hypothesis proposes

that the decline of (G+C) content, especially CpG dinucleotides, is balanced by

a recombination-mediated (G+C)-biased gene conversion process (Duret 2006).
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Consistent with this model, the opossum autosomes have lower recombination

rates than those of other sequenced mammals, while the recombination rate of

the opossum X was estimated to be higher than that of the autosomes, possi-

bly as a result of their dramatic size difference (Mikkelsen et al., 2007). If at

least one recombination event is required for each chromosome pair at meiosis

to ensure proper disjunction, then the small size of the X would result in very

high recombination rate relative to the autosomes. Interestingly, this is also the

opposite of the situation in eutherian mammals, where the X chromosome has a

lower recombination rate than the autosomes.

5.1.3 Aims of this chapter

The aim of the work described in this chapter is to explore a large number of

CGIs on the opossum X chromosome to investigate the hypothesis that lack of

differential methylation between the female X chromosomes is a common feature

of marsupial X-linked genes.

5.2 Identification of CGIs on the opossum X chro-

mosome

Information about the opossum genes used in this study was obtained from the

Ensembl database (v47) based on the sequence assembly monDom5. Opossum

CGIs were predicted (by Val Curwen) using the cpg program with the same

parameters that were applied in identifying human and mouse CGIs (section

3.2.2).
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There were 448 protein coding genes found on the opossum X chromosome,

144 (32.1%) of which had a predicted CGI within 2 kb of the 5’ end. CGI sizes

range between 400 bp and 5 kb, with an average size of about 1 kb. Of the 130

CGIs that are each associated with a single gene, 94 overlap with exon1, the vast

majority extending into intron1, and the remaining 36 are upstream from the 5’

end of the genes. Seven pairs of genes, transcribed in opposite directions, had

a CGI covering the 5’ regions of both genes. Four of these CGIs overlap with

exon1 of one gene and are a short distance upstream from the 5’ end of the other

gene, two CGIs are upstream from both genes, and one CGI overlaps with exon1

of both genes.

Out of these 144 genes with a predicted 5’ CGI on the opossum X chromo-

some, 110 have putative human orthologues according to Ensembl annotation;

107 of these are also X-linked and are of particular interest for this study. For

convenience, in this thesis all opossum genes are referred to using the gene ID of

their putative human orthologues (predicted in Ensembl).

5.3 Assessing CGI methylation on the opossum X

chromosomes by RPMA

In my previous studies on CGI methylation in human and mouse, RPMA was

shown to be a reliable method to assess rapidly the methylation states of a large

number of CGIs. Therefore in the initial stage of the project, RPMA was used

to examine methylation of a number of CGIs on the opossum X chromosome.

Predicted CGIs on the opossum X chromosome, with 500 bp flanking se-
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quences, were extracted from Ensembl, and primers were designed to amplify

150-250 bp products containing multiple HpaII/MspI cleavage sites lying within

the predicted CGI (section 3.3.2). Since bisulphite sequencing in human revealed

that RPMA may produce a signal in case of low level methylation, three pairs

of primers were designed for each CGI wherever possible to increase the predic-

tive power of the method. Primers were tested in PCR amplification using male

genomic DNA. For the 41 CGIs targeted (see below for details on selection of

candidate CGIs), the expected products were successfully amplified for 37 CGIs:

nine of these had three pairs of successful primers, 18 had two, and 10 had only

one. All primer combinations, their predicted amplicon sizes, and the number of

enclosed CCGG sites are listed in Appendix I.

Genomic DNA was extracted from the liver of one female and one male opos-

sum (section 2.9.1). Restriction enzyme digestion was performed as described in

Chapter 3, but a simpler PCR protocol (optimised by Frances Lovell, personal

communication, section 2.11.2) was applied.

5.3.1 Analysis of CGI methylation on the opossum X chro-

mosome

Initially, I selected nine candidate CGIs to assay: G6PD, HPRT1, PGK1, SMCX,

RBM10, UBE1, USP11, SOX3, and DIAPH2. Three genes, G6PD, HPRT1, and

PGK1, are housekeeping genes that have been extensively studied in human,

mouse, and marsupials. All three are from evolutionary stratum S1, so are among

the first genes recruited into XCI and have had a long time to achieve methylation.

Allele-specific expression of all three genes and the CGI methylation state of
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G6PD have been studied in a number of marsupial species, making them obvious

candidates for further methylation studies. Two additional genes, SOX3 and

DIAPH2, were chosen from S1. SOX3 is particularly interesting as it has been

suggested to be the X-borne homologue of the mammalian male-sex-determining

gene SRY (Foster and Graves, 1994). Therefore in theory it should be the first

excluded from recombination and has had the longest time of all X-linked genes

to acquire methylation. I assayed CGI methylation for both genes by RPMA in

a pilot study preceding work described in Chapter 3. SOX3 had female-specific

CGI methylation in both species, consistent with the gene being X inactivated.

DIAPH2, a partial escapee in human (Carrel and Willard, 2005), had female-

specific CGI methylation in mouse but not in human. To provide a contrast to the

above five genes, another four genes were chosen from the younger evolutionary

stratum S2; genes on which have been recruited into XCI for a shorter time and

a greater proportion escape from XCI. SMCX escapes XCI in both human and

mouse (Agulnik et al., 1994), and the CGI was found to be hypomethylated in 6

of 11 eutherian orders (12 of 18 species) tested by Jegalian and Page (1999). The

RBM10 (inactivated) - UBE1 (escapee) - USP11 (partial escapee) gene cluster in

human contains a potential boundary separating inactivated and escapee domains

(XCI status from Carrel and Willard (2005)). The orthologous genes on the

opossum X form a cluster in the same order, so it is interesting to investigate

whether such domains and boundary are also present in opossum. In addition,

the marsupial UBE1 has a homologue on the Y chromosome (Mitchell et al.,

1992), so is expected to escape from XCI and free from CGI methylation, thus

providing a negative control for methylation analysis.

RPMA results were obtained for seven of these genes, but no PCR primers
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were successfully designed for the CGIs of HPRT1 or RBM10. Consistent with

expectation, and as in human and mouse, no CGIs showed a pattern indicating

hypermethylation in male samples (Table 5.1). However, not all male results

showed clear hypomethylation. In some cases, a very faint or faint signal was

present in the HpaII lane, which may be caused by low level methylation at the

enzyme cleavage sites or incomplete digestion. These faint signals in the HpaII

lane were often accompanied by a similar signal in the MspI lane, where cleavage is

not affected by methylation, so it is more likely that the HpaII signal has resulted

from partial digestion rather than methylation. The opossum DNA was extracted

from tissue samples, so may still contain substances that inhibit digestion, for

example glycogen. This problem was not seen in human an mouse, possibly due

to the different source of the test DNA (from cultured fibroblast cells). Attempts

were made to remove this problem, including use of fresh batch of restriction

enzymes, digestion with higher concentration of enzymes, re-purification of the

DNA samples, and use of spermidine to facilitate digestion, but without success.

In spite of the problems with digestion, giving rise to faint signals in male sam-

ples, speculations about methylation states are still possible through comparison

between male and female results. In all but one CGIs, the female pattern was

identical (4 CGIs) or very similar (2 CGIs) to the male pattern (Table 5.1). The

only exception is PGK1, which showed a greater level of methylation in the female

sample in both amplicons (Table 5.1, Figure 5.2). RPMA results for these seven

CGIs are consistent with female-specific methylation being rare on the opossum

X chromosome.

In order to explore this apparent lack of sex-specific differential methylation of

CGIs on the opossum X chromosome further, I extended the study to another 15
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CGIs, selected from the centromeric end of the chromosome. As expected, most

CGIs were not hypermethylated in male samples (Table 5.1). As before, faint or

very faint signals were frequently found in the HpaII and MspI lanes, indicative

of partial digestion. Therefore, no attempt was made to define the methylation

state of a CGI, as described in Chapter 3, but the island was simply scored for

presence or absence of female-specific methylation.

Four amplicons, three of which contain only one cleavage site, had strong

PCR products for all enzymes in both sexes, making them not informative for es-

timating presence of female-specific methylation. Eleven CGIs exhibited identical

(5) or very similar (6) RPMA patterns in both sexes (Table 5.1). One of them,

the CGI of ATP6AP2 had a strong signal in the HpaII lane for both sexes, the

MspI lane was clean in the female sample and had only a faint signal in the male

sample, suggesting hypermethylation at both female and male islands. Heavier

methylation in female was detected for the CGIs associated with MPP1, FAAH2,

and F8A∼ (Table 5.1, Figure 5.2). For all three CGIs, the male samples had a

very faint signal in the HpaII and MspI lanes, while the female samples had a

strong signal in the HpaII lane, but only a very faint signal in the MspI lane.

Repeated experiments showed identical or very similar patterns. For the remain-

ing CGI, the only amplicon available was not informative so no conclusion could

be made. In general, these results are still consistent with lack of female-specific

methylation, but uncovered a small cluster of CGIs with heavier methylation in

females.
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Figure 5.2: RPMA results of three opossum genes with female-specific methyla-
tion of CGI. FAAH2 and F8A∼ only had one amplicon each.

Interestingly the MPP1, FAAH2 and F8A∼ genes reside in the same neigh-

bourhood of a 1.5 Mb region on the opossum X chromosome, only separated by a

few non-CGI-associated genes. Having previously observed higher female methy-

lation associated with the CGI of PGK1, I hypothesised that I might have success

in detecting additional examples of methylation among its neighbouring genes. I

assayed 15 CGIs surrounding PGK1. Disregarding the three uninformative am-

plicons, which had strong signals in the MspI lane, 12 CGIs exhibited identical

(6) or very similar (6) methylation patterns in both sexes (Table 5.1). Interest-

ingly, the three CGIs immediately surrounding PGK1, FGF16, IAG2, ITM2A,

all showed some degree of female-specific methylation (Table 5.1). The CGIs of

FGF16 and ITM2A each had two amplicons, one showed no difference between

sexes, but the other with strong signal in the HpaII lane in female and no signal

in male. The only amplicon of the IAG2 CGI had a strong signal in the HpaII

lane in female and a faint signal in male.

In summary, 37 CGIs were successfully assayed. The majority (73%) showed

no methylation differences between the female and male samples (Table 5.1,

Figure 5.3). Only seven CGIs, in two distinct clusters, demonstrated greater
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level of methylation in the female samples (Table 5.1, Figure 5.3). However, a

weak signal was frequently detected in the MspI lanes in both female and male

RPMA results, suggesting incomplete digestion and making it difficult to estimate

the exact extent of methylation.

Table 5.1: RPMA results of opossum CGIs. ‘+’ = strong band; ‘f’ = faint band;
‘vf’ = very faint band; ‘-’ = no visible band. One CGI is shared by each pair of
the following: BCAP31 and ABCD1, IDH3G and SSR4
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Figure 5.3: Distribution of assayed CGIs on the opossum X chromosome. Lo-
cations of all assayable CGIs are indicated by grey bars. The assayed CGIs are
coloured: those with female-specific methylation are in red, and the ones without
female-specific methylation are in purple. Location of centromere is indicated by
arrow.

5.4 Assessing CGI methylation on the opossum X

chromosomes by bisulphite sequencing

The data described indicate that most CGIs on the female opossum X chromo-

somes are hypomethylated. This is consistent with the previous picture for other

marsupial species but extends the basis for this conclusion well beyond the study

of a single gene. Most significantly, the RPMA analysis has uncovered a number

of apparent examples of higher female methylation. If confirmed, this would be

the first demonstration of this phenomenon in marsupial and would open up the

possibility of a role for methylation in marsupial XCI that was not previously

appreciated. Owing to the possibility of incomplete digestion, as well as the lim-

ited resolution of RPMA, it was necessary to confirm these findings using a more

accurate method. To this end, six CGIs that showed differential methylation by

RPMA, together with two CGIs that are associated with well-studied genes in
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marsupials (HPRT1 and G6PD), were examined by bisulphite sequencing. It was

not possible to design primers for the MPP1 CGI, which also showed differen-

tial methylation by RPMA. Bisulphite sequencing was performed as described in

Chapter 4. All primer combinations and their predicted amplicon sizes are listed

in Appendix II.

The CGIs of G6PD, HPRT1, FAAH2, FGF16, IAG2, PGK1, and ITM2A

were successfully bisulphite sequenced in both female and male samples (Figures

5.4-5.10). F8A∼ results were only available for the female sample (Figure 5.11).

One or two amplicons were sequenced for each CGI, and at least 40 individ-

ual molecules, each representing the island of an individual chromosome, were

sequenced for each amplicon. Some amplicons contain CpG dinucleotides out-

side the actual island, these CpGs were not counted in the methylation statistics

presented below.

Most CGI molecules were clearly hypomethylated in the male samples. For

five CGIs, the majority of island molecules were completely free from methylation,

and the remaining ones had only one or two CpGs methylated (Figures 5.4-5.8).

The CGI of ITM2A had a small proportion of island molecules with three out of

22 CpGs methylated (Figure 5.10). For the CGI of PGK1, a small proportion of

island molecules had nearly identical low level methylation, but most other island

molecules had no methylated CpG dinucleotides (Figure 5.9).

The CGIs of G6PD and HPRT1 were hypomethylated in both sexes (Figures

5.4, 5.5). Like their male companions, the female CGIs had the majority of

island molecules completely unmethylated, apart from a small number with one

or two methylated CpGs. Only one molecule of the HPRT1 CGI (n=77) and six

molecules of the G6PD CGI (n=155) had more than two CpGs methylated in
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females.

Figure 5.4: CGI methylation profiles of opossum G6PD. This CGI was shown to
lack female-specific methylation in RPMA. The bisulphite sequenced fragments
are overlapping and cover the first two thirds of the CGI. The overlapped region
is indicated by the blue box. The CGI is upstream of the gene and direction of
transcription is indicated by arrow. For detailed annotation see Figure 4.3.
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Figure 5.5: CGI methylation profiles of opossum HPRT1. It was not possible
to assay this CGI by RPMA. The bisulphite sequenced fragment covers the first
two thirds of the CGI and is upstream of the transcription start site. Direction
of transcription is indicated by arrow. For detailed annotation see Figure 4.3.

As predicted by RPMA, the CGIs of FAAH2, FGF16, IAG2, PGK1, and
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ITM2A all showed clearly heavier methylation in the female samples (Figures

5.6-5.10). However, unlike the mouse and human female CGIs which contained

distinct hypo- and hypermethylated portions, there was a continuum of methy-

lation densities for all opossum female CGIs and the methylation densities were

generally low. Therefore it was not easy to decide which molecules might have

come from the active X, and which from the inactive X. Since the single X in

male can be regarded as an equivalent as the active X in female, the methyla-

tion pattern of each male CGI was used as benchmark for methylation level of

Xa. The female molecules with higher level of methylation than the most heavily

methylated molecule from male are presumably derived from the Xi.

Using this approach, FAAH2 and FGF16 exhibited a CGI methylation pat-

tern most typical of more heavily methylated female Xi and unmethylated male

X / female Xa (Figures 5.6, 5.7). Methylation was scarce in the male samples,

but around half of the island molecules in the female samples had greater than

male level of methylation. A similar CGI methylation pattern was observed for

PGK1 and ITM2A, but their male samples had a very small number of island

molecules with more elevated methylation, so a smaller portion of female island

molecules had greater than male level of methylation (Figures 5.9, 5.10). In the

case of IAG2, the female CGI was still more methylated than the male CGI, but

had lower proportion of methylated molecules and lower levels of methylation in

the methylated molecule compared to the above islands (Figure 5.8). Around

half of the island molecules in F8A∼ CGI female samples were also methylated

(Figure 5.11). Although the male results were not available for comparison, given

the methylation patterns in other male CGIs it is most likely that the F8A∼ CGI

was also hypomethylated in males.
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It should be noted that, overall, the extent of methylation is still low in

females, even for the most highly methylated molecules. On the other hand, a

clear difference between the sexes was observed, not just for the level of methyla-

tion, but also in the pattern of methylation. There are regions that were clearly

methylated in female island molecules that were classified as being from the Xi,

but were devoid of methylation in the male (see Figures 5.6 and 5.9 for example).
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Figure 5.6: CGI methylation profiles of opossum FAAH2. This CGI was shown
to have heavier methylation in females in RPMA . The bisulphite sequenced
fragments are overlapping (but with no overlapping CpGs) and cover the entire
CGI, but one amplicon only had data from female samples. The island region is
indicated by the red box and the exon is shadowed in green. Female molecules
potentially derived from the Xa or Xi are divided by the horizontal red line based
on methylation levels in male. Direction of transcription is indicated by arrow.
For detailed annotation see Figure 4.3.
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Figure 5.7: CGI methylation profiles of opossum FGF16. This CGI was shown
to have heavier methylation in females in RPMA. The bisulphite sequenced frag-
ment covers the first quarter of the CGI, and is upstream of the transcription
start site. The island region is indicated by the red box . Female molecules po-
tentially derived from the Xa or Xi are divided by the horizontal red line based
on methylation levels in male. Direction of transcription is indicated by arrow.
For detailed annotation see Figure 4.3.
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Figure 5.8: CGI methylation profiles of opossum IAG2. This CGI was shown
to have heavier methylation in females in RPMA . The bisulphite sequenced
fragments are overlapping (but with no overlapping CpGs) and cover the entire
CGI. The island region is indicated by the red box and the exon is shadowed in
green. Female molecules potentially derived from the Xa or Xi are divided by the
horizontal red line based on methylation levels in male. Direction of transcription
is indicated by arrow. For detailed annotation see Figure 4.3.
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Figure 5.9: CGI methylation profiles of opossum PGK1. This CGI was shown
to have heavier methylation in females in RPMA . The bisulphite sequenced
fragment covers the entire CGI. The island region is indicated by the red box
and the exon is shadowed in green. Female molecules potentially derived from
the Xa or Xi are divided by the horizontal red line based on methylation levels in
male. Direction of transcription is indicated by arrow. For detailed annotation
see Figure 4.3.
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5.4 Assessing CGI methylation on the opossum X chromosomes by
bisulphite sequencing

Figure 5.10: CGI methylation profiles of opossum ITM2A. This CGI was shown
to have heavier methylation in females in RPMA . The bisulphite sequenced
fragment covers the first half of the CGI. The island region is indicated by the
red box and the exon is shadowed in green. Female molecules potentially derived
from the Xa or Xi are divided by the horizontal red line based on methylation
levels in male. Direction of transcription is indicated by arrow. For detailed
annotation see Figure 4.3.
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5.5 Comparison of methylation status across multiple tissues

Figure 5.11: CGI methylation profiles of opossum F8A∼. This CGI was shown
to have heavier methylation in females in RPMA. Bisulphite sequencing was only
successful using the female samples. The bisulphite sequenced fragment covers
a quarter of the island in the second half of the CGI. The exon is shadowed in
green. Direction of transcription is indicated by arrow. For detailed annotation
see Figure 4.3.

5.5 Comparison of methylation status across mul-

tiple tissues

Following confirmation of the elevation in CGI methylation levels on some female

opossum X chromosomes, I decided to investigate whether or not such methyla-

tion is limited to the liver. Therefore, all eight CGIs successfully assayed using

liver samples were examined by bisulphite sequencing in three additional tissue
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5.5 Comparison of methylation status across multiple tissues

samples from the same individuals: heart, kidney, and spleen. The CGIs of

FGF16, IAG2, PGK1, and ITM2A were successfully assayed in all three tissues

(except PGK1 in male kidney); the CGI of HPRT1 was successfully assayed in

kidney and spleen; but the CGI of FAAH2 failed in all tissues. For FA8∼ results

were produced from kidney and spleen, and, as previously seen for liver, only

female samples were successfully assayed. For convenience of comparison, methy-

lation density was calculated for each CpG to produce an average methylation

level plot for each CGI (Figure 5.12).

Methylation patterns of all test CGIs in the other tissues were similar to

those found in liver. The CGIs of G6PD and HPRT1 were hypomethylated in

both sexes in all tissues (Figures 5.13 and 5.14). The CGIs of FGF16, PGK1,

and ITM2A showed differential methylation consistent with the female Xi being

more heavily methylated than the male X / female Xa (Figures 5.15-5.17). The

CGI of F8A∼ shared a similar methylation pattern in female samples with these

three, and is likely to have sex-specific differential methylation although no firm

conclusion can be made due to the lack of male results (Figure 5.19). Heavier

methylation in female was also observed in the IAG2 CGI across all tissues, but

the methylation was always at very low levels (Figure 5.18).

It is noted from Figures 5.15-5.19 that the distribution of methylation densities

along a CGI is not uniform. Interestingly, in all methylated female samples, the

methylation density peaks were located around the same positions in all tissues.

In general, the methylation levels were slightly higher in liver and spleen than in

heart and kidney, but this difference in methylation densities does not affect the

distribution of methylation densities in any single tissue, only altering the height

of density peaks.
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5.5 Comparison of methylation status across multiple tissues

Figure 5.12: Graphical representation of average methylation levels in individ-
ual CGI. Methylation density was calculated for each CpG as the percentage of
molecules methylated at this CpG out of the total number of molecules where
this CpG is present. Methylation densities are shown in a bar chart where the
grey bars indicate locations of expected CpGs according to the reference sequence
(‘EXP’) and blue bars represent methylation levels. Methylation density calcu-
lation for an example CpG is demonstrated in the figure. Note that the ‘EXP’
sequence was excluded in the calculation.
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5.5 Comparison of methylation status across multiple tissues

Figure 5.13: CGI methylation profiles of opossum G6PD in four tissues. Methy-
lation levels are average of two overlapping sequences, the first covering 1-599 bp,
and the second covering 175-951 bp. For female heart and male kidney samples,
only the first sequence was available. For male heart and spleen samples, only the
second sequence was available. Direction of transcription is indicated by arrow.
For detailed annotation see Figure 5.12.
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5.5 Comparison of methylation status across multiple tissues

Figure 5.14: CGI methylation profiles of opossum HPRT1 in three tissues. Di-
rection of transcription is indicated by arrow. For detailed annotation see Figure
5.12.
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5.5 Comparison of methylation status across multiple tissues

Figure 5.15: CGI methylation profiles of opossum FGF16 in four tissues. The
island region is indicated by the red box. Direction of transcription is indicated
by arrow. For detailed annotation see Figure 5.12.
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5.5 Comparison of methylation status across multiple tissues

Figure 5.16: CGI methylation profiles of opossum PGK1 in four tissues. Bi-
sulphite sequencing using the male kidney sample was unsuccessful. The island
region is indicated by the red box and the exon is shadowed in green. Direction
of transcription is indicated by arrow. For detailed annotation see Figure 5.12.
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5.5 Comparison of methylation status across multiple tissues

Figure 5.17: CGI methylation profiles of opossum ITM2A in four tissues. The
island region is indicated by the red box and the exon is shadowed in green.
Direction of transcription is indicated by arrow. For detailed annotation see
Figure 5.12.
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5.5 Comparison of methylation status across multiple tissues

Figure 5.18: CGI methylation profiles of opossum IAG2 in four tissues. The
island region is indicated by the red box and the exon is shadowed in green.
Direction of transcription is indicated by arrow. For detailed annotation see
Figure 5.12.
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5.5 Comparison of methylation status across multiple tissues

Figure 5.19: CGI methylation profiles of opossum F8A∼ in three tissues. Bi-
sulphite sequencing was only successful using the female samples. The exon is
shadowed in green. Direction of transcription is indicated by arrow. For detailed
annotation see Figure 5.12.
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5.6 Discussion

5.6 Discussion

Before this study, the only two methylation studies of marsupial X-linked 5’ CGIs

were both in G6PD. Using methylation-sensitive restriction enzymes, Kaslow and

Migeon (1987) found no sex difference in methylation of the CGI at the 5’ end

of G6PD in the Virginian opossum. Loebel and Johnston (1993) made the same

observation in a distantly related marsupial species, the common wallaroo, using

both methylation-sensitive restriction enzymes and bisulphite sequencing analy-

sis. The study described in this chapter greatly extends our knowledge of this

area by including almost a third of all CGIs of X-linked protein coding genes in

the grey short-tailed opossum. Methylation analysis is described of DNA from

female and male opossum using RPMA analysis for 37 CGIs. For eight of these,

bisulphite sequencing analysis was performed to gain methylation profiles of single

base pair resolution.

In this study, methylation of the 5’ CGI of G6PD was examined in another

marsupial species, the grey short-tailed opossum. Bisulphite sequencing analysis

confirmed hypomethylation in both female and male samples in four different

tissues, consistent with the previous findings in other marsupial species (Kaslow

and Migeon, 1987; Loebel and Johnston, 1993). Similar to the situation in walla-

roo, the majority of CpGs were completely unmethylated in all clones sequenced

(Loebel and Johnston, 1993). Therefore, if the analysis in this study was also

limited to this gene, I would have come to the same conclusion as previous re-

searchers and suggest that methylation may not be a feature of CGIs on the

marsupial X chromosome. However, the wealth of other information generated

from the current study has presented a different picture.
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5.6 Discussion

For a set of seven genes, comprising nearly a fifth of all CGIs examined in this

study, clear differential methylation was observed between females and males.

Bisulphite sequencing analysis of the CGIs of FAAH2, FGF16, IAG2, PGK1,

and ITM2A confirmed the sex-specific difference. While the male samples were

notably hypomethylated, up to half of the clones in each female sample, presum-

ably representing the inactive X chromosomes, were methylated to various extents

(Figures 5.6-5.10), just like the CGIs of X-inactivated genes in human and mouse.

This is the first observation of female-specific methylation on any marsupial X

chromosome. It has demonstrated the risk of relying on only a single observation

to derive a general rule.

The presence of higher CGI methylation for X-linked genes in opossum females

opens up the possibility that methylation may play a role in maintaining XCI in

some marsupial genes. It is noted that the methylation densities in opossum

CGIs were much lower than the ones found in human and mouse, but it is not

known what level of methylation is needed to silence any gene. Maybe some of the

methylation densities observed in this study is already enough to have an effect.

It is also possible that a lower level of methylation can stabilise silencing in con-

junction with other epigenetic modifications. Having found heavier methylation

in females for not one, but a group of genes in opossum, it is highly likely that

female-specific methylation will be identified for additional genes in opossum and

in other marsupial species. Some of these genes might have high enough methy-

lation to repress gene expression. If methylation does play a role in marsupial

XCI, it probably has not become as widespread in marsupials as in eutherians,

so that many CGIs still remain unmethylated even on the inactive X.

It has been noted that XCI in marsupials is not always stable and expression
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5.6 Discussion

of paternal alleles have been observed in at least one species for all genes studied

(reviewed in Cooper et al., 1993). Previous researchers thus proposed that DNA

methylation ‘locks in’ the inactivation state and that lack of CGI methylation on

the marsupial X chromosome might be responsible for this leaky XCI (Kaslow and

Migeon, 1987). Later evidence confirmed that DNA methylation is a late event in

the XCI process (Lock et al., 1987), but it has not been possible to test whether

CGI methylation protects a marsupial gene from ‘leaky’ XCI, since no methy-

lated CGI was recognised before this study. It would therefore be of interest to

compare the newly uncovered methylation profiles with the effectiveness of XCI

of the relevant genes. Allele-specific expression of three genes, G6PD, HPRT, and

PGK1, has been assessed in a related species, D. virginiana. Interestingly, the

CGI methylation profiles of these genes in M. domestica correlates with their pa-

ternal allele expression in D. virginiana. The CGI of G6PD was hypomethylated

in both sexes in M. domestica; and expression of the paternal allele was detected

in tissues as well as in cultured fibroblasts of D. virginiana females (Migeon et al.,

1989; Samollow et al., 1989). In contrast, CGI methylation was observed here in

M. domestica female samples for PGK1 ; and no paternal allele expression was

found in either tissues or cultured fibroblasts of D. virginiana (Samollow 1986,

Samollow 1989). HPRT has a similar CGI methylation profile to that of G6PD. If

the correlation observed for G6PD and PGK1 extends to HPRT1, expression of

the paternal allele in D. virginiana females is expected. Although the situation in

vivo is unknown, it has been demonstrated that the paternal allele of HPRT from

D. virginiana becomes reactivated in cultured fibroblasts, which is indicative of

unstable XCI (Migeon et al., 1989).

During the course of this study, Hornecker and colleagues (2007) described the
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5.6 Discussion

first study of CGI methylation of G6PD and PGK1 in M. domestica. Bisulphite

sequencing analysis was performed on both islands in a number of tissues, includ-

ing liver, which is used in my study. Similar to my observation, they also found

the CGI of G6PD to be hypomethylated in both sexes. However, their found

hypomethylation of the PGK1 CGI in both sexes whereas my study showed clear

female-specific methylation for the same island. There are a number of possi-

ble explanations for the discrepancy between the two studies. Firstly, they only

assayed a small number of CpGs in a small number of molecules (for PGK1 in

liver, 17 CpGs in 6 molecules, compared with 36 CpGs in 95 molecules in the

current study), so might have missed low level methylation by chance. However,

their accompanying expression study, in which biallelic expression was found to

be common for PGK1, does support lack of methylation at this CGI. It is also

possible that there is big inter-individual variation in CGI methylation on the

opossum X chromosome, and methylation in some individuals is too low to af-

fect expression. The fact that G6PD is stably inactivated in some marsupial

species despite lack of CGI methylation indicates operation of other maintenance

mechanism. Therefore, if methylation plays a role in maintenance of XCI in

marsupials, it might form a dispensable layer of ‘extra insurance’, and allows for

greater extents of plasticity.

In recent years there has been increased interest in the role DNA methylation

plays in regulating tissue-specific gene expression. In his initial report of CGI,

Bird (1985) noted that CGIs remain unmethylated in tissue types and develop-

mental stages where a gene is not expressed, and concluded that it is unlikely

for DNA methylation to have a regulatory role in tissue-specific gene expression.

More recently, an increasing number of tissue-specific differentially methylated
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regions (tDMRs) have been identified and the question has been raised again. A

large-scale systematic study by Eckhardt and colleagues (2006), contributing to-

wards the International Epigenome Project, found that only 17% of the analysed

genes had tDMRs located in their 5’ UTRs and that two-thirds of these tDMRs

did not correlate with gene expression. I found the general levels of methylation

vary among different tissues for all seven CGIs examined, but not substantially

(Figures 5.15-5.19). In contrast, the methylation density distribution patterns

remain remarkably stable across different tissue types (Figures 5.15-5.19). Based

on these results, methylation of X-linked CGIs in opossum may not play a role

in tissue-specific expression control.

This study has provided the first evidence that methylation may have a role

in XCI in marsupials, at least for a subset of genes. Greater understanding of the

significance of CGI methylation in marsupial XCI will come from further study of

expression and methylation patterns of X-linked genes in several different species.
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Chapter 6

Comparative analysis of features of

5’ CGIs in human, mouse and

opossum

6.1 Introduction

CpG islands were initially identified when genomic DNA was digested with rare

cutter restriction enzymes, whose recognition sequences are CpG rich and methy-

lation sensitive (Antequera and Bird, 1993; Cooper et al., 1983). These islands

were found to have the common characteristics of high (G+C) content, and close

to random expectation of CpG dinucleotide frequency (Bird, 1986). CGIs are

often located at the 5’ region of genes and have been implicated in transcrip-

tional control, so are of particular interest both in gene expression studies and

as markers in search for novel gene sequences. Ideally, they should be defined by

directly testing for hypomethylation, but this is not always practical, especially
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6.1 Introduction

in chromosome or even genome scale studies, so computational methods to iden-

tify putative CGIs are very useful. Knowing the characteristics of CGIs allowed

development of in silico methods to search for CGIs. Using the sequence data

available in public databases, Gardiner-Garden and Frommer (1987) proposed a

first CGI-search algorithm, in which a CGI was defined as a sequence greater

than 200 bp in length, having a (G+C) content greater than 50%, and having an

observed CpG / expected CpG ratio (ObsCpG/ExpCpG) of greater than or equal

to 0.6.

The Gardiner-Garden and Frommer definition has been widely applied in

analysis of CGIs, and was used in CGI identification in the International Human

Genome Project (Lander et al., 2001). A total of 29890 CGIs were found in the

non-repetitive portion of the genomic sequence, comparable with the previous

prediction of 35000 (Lander et al., 2001). The CGIs are highly GC-rich. Most

islands have a (G+C) content between 60% and 70%, compared to the genome

average of 41%. A similar analysis of CGI was performed for the International

Mouse Genome Project (Waterston et al., 2002). The mouse genome was found

to contain considerably less CGIs than the human genome (15500 compared with

27000, note that the number of human islands are slightly different from the

previous paper, due to different computer algorithms used in the two studies),

despite the slightly higher (G+C) content of the mouse genome (42% compared

with 41%). In both genomes, a good correlation was found between gene density

and CGI density on a chromosome, although there are a few outliers in human

(Lander et al., 2001; Waterston et al., 2002).

The full sequence of the opossum genome has also become available recently,

but analysis of opossum CGIs was not described in the report (Mikkelsen et al.,
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6.2 CGIs in the conserved region of human, mouse and opossum X
chromosome

2007). Therefore it is of interest to compare the features of CGIs on the X

chromosomes of human, mouse, and opossum.

6.1.1 Aims of this chapter

The aims of the work described in this chapter are:

1. To explore the density and gene-association of predicted CGIs in the ho-

mologous region of the human, mouse, and opossum X chromosomes.

2. To compare characteristics of the subset of CGIs present in the 5’ region of

genes.

3. To compare characteristic of CGIs associated with orthologous genes in all

three species.

6.2 CGIs in the conserved region of human, mouse

and opossum X chromosome

The opossum X chromosome is believed to represent the ancestral X chromo-

some in therian mammals (Graves, 1995). Its homologous region in human, the

XCR, has undergone few arrangements and includes the entire long arm and the

proximal short arm (Graves, 1995). The X chromosome in mouse is more rear-

ranged, but still well conserved in several homology blocks (Ross et al., 2005);

seven of them make up almost the entirety of the XCR. For the purpose of this

study, the homologous regions in the three species (all referred to as the ‘XCR’

for convenience) were defined as the complete X chromosome in opossum, the
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XCR in human, and the homology blocks corresponding to the human XCR in

mouse. The boundary of the human XCR was mapped at 46.85 Mb on the hu-

man X chromosome according to the sequence of the opossum X chromosome

(Mikkelsen et al., 2007), in agreement with the boundary between evolutionary

strata S2 and S3 as defined from analysis of the human X chromosome (Ross et al.,

2005). The locations of the mouse homology blocks that make up the mouse XCR

were obtained from the SyntengyView of the Ensembl browser (v50).

For each XCR, all protein-coding genes and CGIs were extracted from the

Ensembl database (v50) using a Perl script via Ensembl API. For each gene, 5’

CGI was searched for within 5000 bp of the gene start. When a 5’ CGI was

found, its size in base pair, DNA sequence, and the distance from the CGI end

to the gene start (a negative value indicating overlapping with gene 5’ end) were

recorded. The % GC content, CpG frequency, and ObsCpG/ExpCpG ratio were

calculated from the CGI sequence using the following formula:

% GC content = total(G+C) / total(ACTG) * 100

% CpG content = total(CpG) / total(ACTG) * 100

ObsCpG/ExpCpG ratio = total(CpG) / (freq(C) * freq(G) * total(ACTG))

The features of XCR-linked protein-coding genes and 5’ CGIs associated with

such genes in these three species are summarised in Table 6.1. All three XCR have

similar (G+C) content and abundance of predicted CGIs, but a significantly lower

proportion of mouse genes have CGIs present in their 5’ regions. In addition, the

mouse 5’ CGIs are smaller than the opossum and human ones. The distribution

of 5’ CGI sizes were plotted for all three species in Figure 6.1. Whereas the

opossum and human CGIs show a more even distribution between 400 and 1000

bp, small CGIs with sizes between 400 and 600 bp make up a good proportion
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chromosome

of the mouse CGIs. However, the mouse CGIs are no ‘weaker’ than the opossum

and human ones in terms of (G+C) content and ObsCpG/ExpCpG ratios.

Over 90% of human and mouse 5’ CGIs overlap with the gene start, but this

is only the case for two-thirds of opossum 5’ CGIs. One possible cause of this

difference is higher number of incomplete annotation of 5’ gene start in opossum.

To investigate this possibility, annotation of several opossum genes with non-

overlapping 5’ CGIs were manually checked in the Ensembl browser, and in all

cases the 5’ end of predicted transcript was incomplete.

Table 6.1: Comparison of XCR gene and CGI features in opossum, human, and
mouse.
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6.3 CGIs associated with orthologous genes on human, mouse and
opossum XCR

Figure 6.1: Comparison of sizes of 5’ CGIs in opossum, human, and mouse XCR.

6.3 CGIs associated with orthologous genes on

human, mouse and opossum XCR

For each XCR-linked protein-coding gene in each species, X-linked putative or-

thologues in the other two species were identified, again using a Perl script via

Ensembl API. In the cases of presence of paralogues, all paralogous genes were

recorded. The resulting lists of orthologous genes for each species were compared

manually for consistency. Three human orthologues of opossum X-linked genes

are outside the human XCR. Sixteen mouse orthologues of human XCR genes

are outside of the mouse XCR homology blocks. The numbers of orthologous

genes are summarised in Figure 6.2. A set of 280 genes are preserved on the X

chromosomes of all three (thereafter referred to as the ‘shared gene set’).
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6.3 CGIs associated with orthologous genes on human, mouse and
opossum XCR

Figure 6.2: Orthologous genes on the opossum, human, and mouse X chromo-
somes. The number under each species name is the total number of protein-coding
genes in each XCR. Genes that were identified as orthologues of the same gene
(i.e. paralogues) were counted as one orthologue. Symbols: a, two human genes
are outside of XCR; b, eight mouse genes are outside of XCR; c, one human gene
and eight mouse genes are outside of XCR.

Features of 5’ CGIs associated with these 280 genes in opossum, human, and

mouse are compared in Table 6.2. In all three species but especially in mouse,

the shared gene set is enriched with 5’ CGI-associated genes (compare Table 6.2

with Table 6.1). The average sizes of 5’ CGIs associated with this set of genes

are also slightly larger than the XCR average. The numbers of genes with a 5’

CGI in the shared gene set are summarised in Figure 6.3. A set of 53 genes have

a 5’ CGI in all three species.
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6.4 Conservation of 5’ CGIs associated with orthologous genes

Table 6.2: Comparison of 5’ CGIs associated with the orthologous gene set.

Figure 6.3: CGIs associated with the orthologous gene set. The number under
each species name is the total number of genes that are associated with a 5’ CGI.

6.4 Conservation of 5’ CGIs associated with or-

thologous genes

In the shared gene set, 53 genes have a 5’ CGI identified in all three species.

It is of interest to investigate whether sequence homology is conserved in CGIs
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associated with orthologous genes in different species. For each of the 53 sets of

orthologous genes, CGI sequences from all three species were aligned using the

ClustalW2 multiple sequence alignment programme (Larkin et al., 2007) and the

distribution of percentage identity scores are plotted in Figure 6.4. The homology

between human and mouse islands is on average 70%. There is generally a lack of

sequence homology between human and opossum islands or between mouse and

opossum islands. Details of the 53 genes and their CGIs in the three species are

recorded in Appendix III.

Figure 6.4: Homology between 5’ CGIs of the orthologous genes.

To explore the relationship of island homology and gene homology, the full

gene and island sequences were compared for several sets of orthologous genes

using the VISTA server (Frazer et al., 2004).

The CGI of PGK1 is differentially methylated in human and mouse, and dif-
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ferential methylation was also detected in opossum in the current study. Human-

mouse homology and human-opossum homology for this island are both close to

average, but opossum-mouse homology is low. Alignments of gene and island

sequences in the three species showed that homology is limited to exons (Figure

6.5). The portion of CGIs outside gene start showed poor homology.

SOX3, presumably the oldest gene recruited into XCI, has a very high se-

quence identity between CGIs in the three species. However, for the gene in all

three species, most of the island overlaps with the exons, and the island homology

is mainly accounted for by gene homology (Figure 6.6). Like the case of PGK1,

the portions of CGIs outside exons showed poor homology.

The CGI of PGRMC1 showed the highest sequence homology between human

and opossum, as well as high sequence homology between mouse and opossum.

Again, the homology can largely be explained by the great extent of overlapping

between the island and exon of genes (Figure 6.7). The CGI covers the entire

exon1 in all three species, and is almost entirely made up of exonic sequence in

opossum.

PIM2 showed among the lowest island homology between human and opossum

or between mouse and opossum. The CGI overlaps with exons 1 and 2 in all three

species, but a high sequence divergence between opossum and human or mouse

was revealed for both exons (Figure 6.8).

In all cases, the sequence homology between CGIs in different species reflects

the extent of overlap between islands and exons and the sequence homology be-

tween the exons.
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6.4 Conservation of 5’ CGIs associated with orthologous genes

Figure 6.5: VISTA plot of human, mouse and opossum PGK1 and its CGI.
Sequences for human, mouse, and opossum were compared using the MLAGAN
alignment program. (a) shows the alignment of the human locus with the mouse
and opossum loci; (b) shows the alignment of the mouse locus with the human and
opossum loci; and (c) shows the alignment of the opossum locus with the human
and mouse loci. Conserved regions with more than 70% sequence similarity (Y-
axis) over a 100 base pair window are coloured: conserved non-coding sequences
in pink, exons in violet, and UTRs in light-blue.
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Figure 6.6: VISTA plot of human, mouse and opossum SOX3 and its CGI.
Sequences for human, mouse, and opossum were compared using the MLAGAN
alignment program. (a) shows the alignment of the human locus with the mouse
and opossum loci; (b) shows the alignment of the mouse locus with the human and
opossum loci; and (c) shows the alignment of the opossum locus with the human
and mouse loci. Conserved regions with more than 70% sequence similarity (Y-
axis) over a 100 base pair window are coloured: conserved non-coding sequences
in pink, exons in violet, and UTRs in light-blue.
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Figure 6.7: VISTA plot of human, mouse and opossum PGRMC1 and its CGI.
Sequences for human, mouse, and opossum were compared using the MLAGAN
alignment program. (a) shows the alignment of the human locus with the mouse
and opossum loci; (b) shows the alignment of the mouse locus with the human and
opossum loci; and (c) shows the alignment of the opossum locus with the human
and mouse loci. Conserved regions with more than 70% sequence similarity (Y-
axis) over a 100 base pair window are coloured: conserved non-coding sequences
in pink, exons in violet, and UTRs in light-blue.
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Figure 6.8: VISTA plot of human, mouse and opossum PIM2 and its CGI. Se-
quences for human, mouse, and opossum were compared using the MLAGAN
alignment program. (a) shows the alignment of the human locus with the mouse
and opossum loci; (b) shows the alignment of the mouse locus with the human
and opossum loci; and (c) shows the alignment of the opossum locus with the
human and mouse loci. Conserved regions with more than 70% sequence simi-
larity (Y-axis) over a 100 base pair window are coloured: conserved non-coding
sequences in pink, exons in violet, and UTRs in light-blue.
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6.5 Discussion

In this chapter a comparative analysis of 5’ CGIs in the conserved region of the

human, mouse and opossum X chromosomes was carried out.

The (G+C) content and CGI density of the human XCR are very similar to

the whole human X chromosome (Ross et al., 2005), but much lower than the

autosomes (Lander et al., 2001). It has been noted that the distribution of CGIs

in the human genome was found to vary greatly among some of the chromosomes.

While most chromosomes have around 10 CGIs per Mb, the Y chromosome has

only 2.9 CGIs per Mb, and chromosome 19, on the other extreme, has 43 CGIs

per Mb. The density of CGIs on individual chromosomes correspond relatively

well with the density of genes, although there are a few outliers. Apart from the

Y chromosome, consistent with its low gene density, the X chromosome has the

lowest predicted CGI frequency, at only 5.25 CGI per Mb, which is half of the

estimated genome average (Lander et al., 2001; Ross et al., 2005).

Similar to the situation in human, the mouse X chromosome is also among

the mouse chromosomes with lowest (G+C) content and CGI density (Waterston

et al., 2002). Interestingly, the mouse XCR has slightly higher frequency of

CGI than the human XCR, despite the generally lower (G+C) content and CGI

frequency of the mouse genome. This is possibly due to the more homogeneous

distribution of CGIs among the mouse chromosomes, where no extreme CGI

densities like that of human chromosome 19 can be found (Waterston et al.,

2002).

The opossum XCR, which is the entire X chromosome, has a slightly higher

(G+C) content than that of human and mouse XCR. The CGI frequency is
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slightly lower than that of human and mouse, but the CGI to gene ratios are

very similar in these three species. However, this is not the general pattern

of the opossum genome. As described in Chapter 5, the opossum genome has

low overall (G+C) content and CpG density, but curiously the (G+C) content

of the opossum X is similar to that of human and mouse, and actually highest

in all amniotes. The CpG density of the opossum X is also much higher than

the genome average (1.4 compared with 0.9), but similar to that of human and

mouse. There has been speculation that this is due to the short length and high

recombination frequencies of the opossum X (Duret et al., 2006).

A set of 280 genes were found to be shared by the X chromosome of all three

species. These make up a third of all XCR genes in human and mouse, and half of

all XCR genes in opossum. The good gene conservation is consistent with Ohno’s

law, which predicted a very conserved mammalian X chromosome as a result of

the XCI (Ohno, 1967). The evolutionary distance between two species is reflected

by the number of orthologous genes. Apart from the 280 genes shared by all three

species, more than 200 genes are shared by human and mouse, but only less than

ten genes are shared by opossum and human or opossum and mouse.

The set of genes preserved on all three X chromosomes were found to be en-

riched with CGI-association. One possible explanation is that most housekeeping

genes are associated with a 5’ CGI (Larsen et al., 1992) and the vital housekeep-

ing genes are less likely to be lost from the X chromosome. It is also possible that

rearrangement and duplication of genes might disrupt the association of genes

and CGIs.

A set of 53 genes from the preserved gene set are associated with a 5’ CGI

in all three species. Sequence alignment of the homologous CGIs showed good
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conservation between human and mouse but poor conservation between human

and opossum or mouse and opossum. When the alignment was extended to

the full length of genes, it became clear that the sequence homology is mainly

limited to exons, suggesting that sequence conservation is not necessary for island

function.
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Chapter 7

Discussion

This thesis has described the analysis of 5’ CGI methylation states in a large num-

ber of X-linked genes in three species, (human, mouse, and opossum) belonging

to the two extant mammalian groups that use X chromosome inactivation for

dosage compensation.

A dynamic landscape of X chromosome CGI methylation patterns has been

revealed in the females of these three species. On one extreme, the vast majority

of CGIs assayed in mouse were found to be methylated in mouse females following

the RPMA analysis (Chapter 3). Single base pair resolution methylation maps

generated by bisulphite sequencing revealed a heterogeneous pattern of methy-

lation within individual islands, but most of the methylated island molecules

tend to have more than half of the CpG dinucleotides methylated (Chapter 4).

Only three CGIs were hypomethylated in females, where the lack of methyla-

tion was almost complete, indistinguishable from the methylation pattern seen in

males. A different pattern was seen in the human CGIs. In the RPMA analysis,

a much greater proportion of human islands were found to be hypomethylated
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in females as well as in males (Chapter 3). The difference between human and

mouse is also obvious in the levels of methylation in individual CGIs. As shown

by bisulphite sequencing, the human islands were never methylated to the same

extent as that of their mouse homologues (Chapter 4). In addition, intermedi-

ate levels of methylation were found in a good proportion of human CGIs, but

never in mouse (Chapters 3 and 4). At the other end of the spectrum, the first

large scale methylation analysis of marsupial CGIs to date revealed an overall

hypomethylation of 5’ CGIs on the opossum X chromosome.

Methylation of 5’ CGIs is rarely seen on the autosomes, but very common on

eutherian X chromosomes, presumably playing a role in maintaining the silencing

state of genes on the inactive X (Kaslow and Migeon, 1987). One aim of this thesis

was to test whether CGI methylation serves as a good indicator for a gene’s XCI

status, as previous research has established a correlation between CGI methyla-

tion and gene silencing from XCI (Tribioli et al., 1992). The work presented in this

thesis has greatly extended this correlation (Chapter 3). For the human genes,

a comparison of their CGI methylation states with their XCI status determined

using the somatic cell hybrid system (Carrel and Willard, 2005) demonstrated

a very strong correlation between CGI methylation and gene silencing (49/53 in

agreement). For the mouse genes with known XCI status, their CGI methylation

states enabled perfect prediction of their XCI status.

The findings in this thesis have also provided novel XCI information for a

great number of genes. For eleven human genes that could not be assayed in the

previously published human XCI profile (Carrel and Willard, 2005), an XCI state

prediction was made based on their 5’ methylation profile in this study. In the

case of mouse, XCI information uncovered for most genes in this thesis is novel.
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The differences in CGI methylation between human and mouse correlate with

the extent of escape from XCI seen in these species, providing some clue to the

mechanism of escape. It is currently not clear if escapees occur from failure to

establish or failure to maintain inactivation. The latter scenario is supported

by experimental demonstration that a mouse escapee gene, Smcx, is inactivated

in early embryonic development followed by re-activation (Lingenfelter et al.,

1998). The progressive loss of CGI methylation has been proposed as a possible

reason for re-activation (Disteche et al., 2002). The findings in this thesis are

also in support of this hypothesis. In mouse, the vast majority of CGIs studied

were hypermethylated, possibly contributing towards more complete XCI than

in human. In human, a good proportion of CGIs studied showed low level or

hypomethylation, in agreement with the extent of escape from XCI. The lower

level of methylation in human than mouse is consistent with the suggestion that

escape from XCI is associated with a failure to maintain the inactive state.

Very little is known about the inactivation status of X-linked genes in marsu-

pials. Prior to this study, allozyme studies of a small number of genes showed that

these genes are less stably inactivated in marsupials than in human and mouse

(reviewed in Cooper et al., 1993). The less stable XCI in marsupials has been

linked to lack of CGI methylation (Kaslow and Migeon, 1987), which was con-

firmed for G6PD in several marsupial species (Kaslow and Migeon, 1987; Loebel

and Johnston, 1996). Findings presented in this thesis have greatly expanded our

knowledge about CGI methylation on the marsupial X chromosome. CGI methy-

lation analysis was performed for 36 novel genes, comprising almost a third of all

assayable genes on the X chromosome of a model marsupial, the grey short-tailed

opossum (M. domestica). Four-fifths of them showed indistinguishable patterns
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of hypomethylation between female and male. If escaping from XCI is a result of

failure to maintain the inactive state, as speculated above, a high level of escape

from XCI might be anticipated in marsupials. However, this may not be the case

as there might be other maintenance mechanisms in place. For example, the CGI

of G6PD is not methylated in the common wallaroo (Loebel and Johnston, 1996),

but the paternal allele is completely repressed in this species, and re-activation

was only seen in culture cell lines (Johnston et al., 1978; Richardson et al., 1971).

This thesis has also demonstrated for the first time existence of female-specific

methylation on a marsupial X chromosome. Based on limited evidence, it is be-

lieved that methylation is not part of the molecular mechanism of marsupial XCI

(Graves, 1996, 2006), but a fifth of all genes assayed in this study showed some

degree of differential methylation between the two sexes (Chapter 5). Bisulphite

sequencing analysis of seven CGIs in four different tissues confirmed the presence

of female-specific methylation, and also revealed conservation of methylation pat-

terns across different tissues. It is not clear whether such degree of methylation

may bear any functional significance in the absence of expression data, but in-

terestingly, the CGI methylation states of three genes uncovered in this study

correlate with their expression from the inactive X in a related species, the Vir-

ginian opossum, in the same fashion that CGI methylation profiles of human and

mouse genes correlate with their XCI status. It leaves open the possibility that

DNA methylation may play a role in maintaining XCI for a subset of marsupial

genes.
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7.1 Future directions

Many of the features associated with XCI in the eutherian mammals are absent

from the XCI system in the marsupial mammals, which is thought to represent

a more ancestral mechanism. Studying the details of XCI in marsupials is there-

fore of key importance to help our understanding of the evolutionary origin of

this unique form of dosage compensation in therian mammals. Contrary to the

common view that CGI methylation is absent from the marsupial X chromosome,

this thesis has described the first evidence of female-specific CGI methylation on

a marsupial X (Chapter 5). It is of immediate interest to investigate whether

this extent of methylation may have any functional significance in regulation of

marsupial XCI. Expression studies could be carried out in parallel with methyla-

tion studies to see if level of methylation is correlated with expression from the

inactive X. The imprinted XCI in marsupial enables easy identification of gene

expression from the active or inactive X chromosome, which can only be achieved

in human and mouse using experimental systems that don’t necessarily represent

situations in normal cells. This thesis has also shown a stable methylation pattern

across different tissues in the same individual. This could be extended to com-

parison of methylation profiles of the same CGIs among different individuals. If

such methylation bears functional significance, it is more likely to be preserved in

multiple individuals. In addition to DNA methylation, it is worthy to search for

other factors that may affect stability of XCI in marsupials, for example histone

modifications.

In the eutherian domain, little is known about the XCI status of X-linked

genes in most eutherian mammals, as the expression-based techniques used to
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assess XCI in human and mouse are mostly difficult to extend to other species.

In order to understand how the landscape of gene silencing has evolved, it is

necessary to study a group of genes’ XCI status in a number of species on dif-

ferent branches of the mammalian evolutionary tree. Moreover, multi-species

comparison will give an opportunity to define more precisely the characteristics

that influence the XCI status of a gene or region. This thesis has demonstrated

an indirect method to predict rapidly the XCI status of a large number of genes

based on their 5’ CpG island methylation status (Chapter 3), and therefore pro-

vided a platform for constructing a comparative XCI profile in mammals. Recent

advances in sequencing technology have greatly promoted the growth of genomic

sequencing projects. During the course of this project, full genomic sequence has

become available for an increasing number of mammals, covering a great total

branch length of the evolutionary tree, and providing a good representation of

the diversity of mammalian species (Figure 7.1). In this thesis, the S3 region,

containing both inactivated and escapee genes, where different XCI patterns are

known between different species, was studied in human and mouse (Chapters 3

and 4). This work can be extended to other mammalian species to make pre-

dictions of the ancestral XCI status for a number of genes. As demonstrated by

Jegalian and Page’s study of the XCI status of four genes in 18 species (1999),

generation of XCI profiles for even a small number of genes in these species will

greatly expand our understanding of the evolution of XCI.
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7.1 Future directions

Figure 7.1: Phylogeny and time scale of mammalian species with available se-
quence information. Chicken is outgroup. Species highlighted in green have
completed medium to deep coverage sequences; species in yellow have completed
low coverage sequences; and sequencing are in process towards low-coverage for
those in pink.
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On the other dimension, more in-depth methylation analysis could be carried

out on the basis of current findings. As many X-linked genes are not associ-

ated with a predicted CGI yet undergo stable XCI, it is of great interest to know

whether DNA methylation still plays a role in maintaining their silencing. To this

end, oligo-array-based technology could be applied to the entire human X chro-

mosome. It may reveal CpG-rich domains at 5’ region of genes with methylation

patterns typically associated with inactivated or escapee genes as established in

this study. Most recently, bisulphite sequencing has been combined with advanced

sequencing technology to yield a single base resolution map of the Arabidopsis

methylome (Lister et al., 2008). With further development of technology, similar

details may be revealed for the human and other X chromosomes and enable more

thorough understanding of the dynamics of DNA methylation in X chromosome

inactivation.
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7.2 Conclusions

This thesis has shown the potential of DNA methylation analysis to further our

understanding of X chromosome inactivation. Described here is the most exten-

sive methylation analysis to date of 5’ CGIs associated with genes subject to and

escaping from XCI. The generation of fine methylation maps has revealed a great

extent of variation in DNA methylation, on the levels of molecules, islands, and

species. Comparative study of three species with different extent of escape has

provided support to the nature of escape being a lack of maintenance of XCI. It

has also provided the first evidence of female-specific methylation on any marsu-

pial X chromosome. This study has formed a basis of more extensive multi-species

studies to explore the evolutionary landscape of X chromosome inactivation.
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