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ABSTRACT

The X chromosome in placental mammals is subject to a unique system of 

developmental regulation which involves the coordinate activation and inactivation of 

all or most of an entire chromosome in a cw-limited fashion. Females begin life with 

two active X chromosomes but, in the course of their development, genes on one of 

these X chromosomes become transcriptionally silent and late replicating. X- 

inacüvaüon results in dosage compensation whereby female (XX) somatic cells 

become equivalent to male (XY) cells in terms of their X-linked gene products.

The inactivation event in the embryonic lineages is random with respect to the 

parental origin of X chromosomes such that the developing embryo and resulting adult 

is a mosaic of cells with one or the other X chromosome active. However, X 

inactivation is non-random in female marsupials and in the extraembryonic tissues of 

developing female rodents; in these cases, the paternally-inherited X chromosome is 

preferentially inactivated. Paternal X-inactivation is one of the best known examples 

of imprinting, i.e., the differential expression of the genetic material dependent on its 

gamete of origin.

It has been suggested that imprinting of the X chromosome and of autosomal regions 

are manifestations of the same phenomenon and that evidence from X-inactivation 

studies may help to elucidate factors responsible for the imprinting of autosomal 

genes. Although the molecular mechanisms which underly the phenomena of X- 

inactivation and imprinting have remained elusive, there is growing evidence that 

DNA modification, in the form of cytosine méthylation, may be involved. There is 

considerable evidence that DNA méthylation is associated with changes in chromatin 

structure and potential for gene expression and critical méthylation changes in the 

promoter regions and other sites correlate with X-linked gene silencing on the inactive 

X chromosome.

The main subject of this thesis is the investigation of the changes in méthylation of 

specific CpG sequences associated with X-linked gene inactivation and an imprinted
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transgene at different stages of embryonic development. The approach used is PCR 

amplification of sequences containing informative CCGG sites, 5’ to the X-linked Pg/t- 

7, Hprt and G6pd genes and within the CAT 17 transgene. The DNA is cut with 

Hpall before amplification; if the site is methylated, amplification will be resistant to 

Hpall digestion. Primordial germ cells, oocytes, sperm, individual preimplantation 

embryos, dissected regions of postimplantation embryos and embryonic stem cells 

have been analysed.

Consistent with the activity of both X chromosomes in female embryos as determined 

by biochemical criteria, it has been shown that oocytes, individual preimplantation 

embryos and embryonic stem cells are unmethylated. Méthylation of the Pgk-1 gene 

on the inactive X chromosome occurs at the time of X-inactivation in the blastocyst, 

whereas méthylation of the G6pd gene occurs later, but within two days of the 

initiation of X-inactivation (by 5.5 days’ gestation). The méthylation process may be 

progressive in that it occurs earlier for the Pgk-1 gene which is located close to the 

inactivation centre. Méthylation also occurs in female extraembryonic tissues (paternal 

X-inactivation) although the sites are unmethylated on the inactive X chromosome in 

sperm. Hence, X-linked gene méthylation is not part of the gamete imprinting 

mechanism distinguishing the paternal X chromosome.

In the female germ cell lineage, which is derived from the epiblast after X-inactivation 

has occurred, these sites do not become methylated on the inactive X chromosome. 

Thus, it appears that the germ cell lineage remains separate and undifferentiated with 

respect to méthylation.

//pflll-sensitive PCR analysis of specific CpG sites failed to elucidate the role of 

méthylation in the phenomenon of imprinting associated with this transgene. It is still 

unclear whether or not the parent-of-origin-dependent differential méthylation observed 

in some transgenes is a parallel system to the genomic imprinting of endogenous 

genes.

These studies have advanced our knowledge of the role of méthylation as a molecular
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mechanism regulating the differential activation and silencing of specific genes in 

different lineages in early development. The sensitive techniques devised will 

undoubtedly be informative when applied to an analysis of specific CpG sites 

associated with the X-inactivation centre gene, Xist, and to endogenous imprinted 

genes in mouse and human.
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1.1 Mouse embryonic development

The developmental stages described below are illustrated in Figure 1.1. (For more 

detailed accounts of mouse embryonic development see Rugh, 1968; Slack, 1983; 

Theiler, 1989).

Pre-implantation stages

Ovulation in the female mouse occurs a few hours after mating. The oocyte has 

already undergone the first meiotic division whereby one diploid set of chromosomes 

has been retained in the oocyte and the other is segregated into the first polar body. 

Fertilization takes place in the upper regions of the oviduct. The sperm enters the egg, 

usually at a site opposite the first polar body, and triggers the second meiotic division. 

One haploid set of maternal chromosomes remain in the oocyte, the other is 

segregated into the second polar body (-2-3 hours post-fertilization). The male (sperm- 

derived) and female pronuclei come together to form the zygote nucleus.

Development through the cleavage stages in the mammal is very slow: The first 

cleavage occurs about 24 hours after fertilization and the second and third cleavages 

follow at about 12 hour intervals. At the 8-cell stage the cells compact and the embryo 

acquires a spherical shape. Compaction is associated with the formation of tight 

junctions between the blastomeres (Ducibella & Anderson, 1975) and establishes 

intracellular polarity (Johnson, 1981).

The embryo is called a morula from compaction until about the 32-cell stage when, 

3 days after fertilization, a fluid filled blastocoel cavity begins to form. Cells on the 

inside become inner cell mass (ICM) and those surrounding it and the blastocoel 

become the trophectoderm (TE). At this stage the embryo has about 64 cells, one 

quarter of which are found in the ICM and three quarters in the trophectoderm. These 

two stable cell types can be physically separated and have been shown to be 

biochemically distinct (Van Blerkom et al, 1976).

From 3.5 to 4.5 days post-fertilization both the ICM and the trophectoderm diversify. 

Trophectoderm cells differentiate, according to their location, into mural
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Figure 1.1. Schematic diagram of the development of the mouse embryo from 

fertilized egg to the 10̂ ’’ day of gestation, described more fully in the text. 

Abbreviations: d-days post-fertilization; PB-polar bodies; PN-pronucleus; B- 

blastomere; ICM-inner cell mass; T-trophectoderm; Ep-epiblast; Eex-extraembryonic 

ectoderm; GC-giant cells; VEex-extraembryonic visceral endoderm; VEem-embryonic 

visceral endoderm; PE-parietal endoderm; EPC-ectoplacental cone; Ch-chorion; EX- 

exocoelom; YC-yolk cavity; M-mesoderm; AC-amniotic cavity; HP-head process; PS- 

primitive streak; Am-amnion; Ne-neurectoderm; G-gut ; H-heart; No-notochord; HF- 

head fold; S-somite; OA-omphalomesenteric artery; Al-allantois; VYS-visceral yolk 

sac; FLB-forelimb bud; Ot-otic capsule; Op-optic évagination; SE-surface ectoderm. 

Reproduced from Ao (1990), with permission.
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trophectoderm in contact with the blastocoel, and polar trophectoderm overlying the 

ICM. While the polar trophectoderm continues to proliferate, the mural trophectoderm 

becomes transformed into polyploid ’giant cells’ in which the DNA continues to be 

replicated in the absence of mitosis. The ICM, in the meantime, delaminates a layer, 

known as primitive endoderm, on its blastocoelic surface; the ICM forms a core of 

primitive ectoderm, now called the epiblast. The epiblast alone gives rise to the 

embryo proper, whilst the trophoblast and primitive endoderm derivatives go on to 

form extraembryonic tissues.

Post-implantation development

At about 4.5 days post coitum (d.p.c.), just before implantation, the blastocyst hatches 

from the zona pellucida. The mural trophectoderm contacts the uterine wall (and 

becomes known as the trophoblast) and induces the proliferation of uterine cells at the 

site of implantation to form a decidual swelling.

The egg cylinder forms as a result of the polar trophectoderm proliferating to become 

the ectoplacental cone (EPC) and, below it and pushing down into the blastocoel, the 

extraembryonic ectoderm (EEE). The primitive endoderm around the epiblast 

proliferates to surround the egg cylinder and to line the inner face of the mural 

trophectoderm.

This endoderm differentiates into visceral endoderm (around the egg cylinder) and 

parietal endodenn (on the blastocoel face of the mural trophectoderm) to form the 

visceral and parietal yolk sacs respectively. The parietal endoderm cells secrete an 

extracellular basement membrane, known as Reichert’s membrane, which separates 

them from the giant cells and encloses the embryo. At this stage a cavity (proamniotic 

cavity) forms inside the epiblast; the cavity expands in the embryonic region and also 

extends into the extraembryonic part of the egg cylinder.

Shortly afterwards, around 6 d.p.c., the beginning of the primitive streak appears at 

the posterior end of the embryonic ectoderm and the anteroposterior axis of the future 

embryo is defined. Epiblast cells invaginate through the streak to form a layer of
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mesoderm underlying the endoderm of the egg cylinder. The mesoderm cell layer 

spreads as the streak extends and more cells recruited from the ectoderm move in 

through the streak. At around 7 d.p.c., the amniotic fold which forms as an outpushing 

of ectoderm and mesoderm at the junction of the primitive streak and extraembryonic 

ectoderm, crosses the proamniotic space and separates the amniotic cavity from the 

exocoelom cavity which underlies the extraembryonic ectoderm. The chorion is 

derived from the extraembryonic ectoderm and defines the ectoplacental cavity.

By 7.5 d.p.c. the head process appears in the definitive endoderm between the anterior 

extremity of the primitive streak and the anterior edge of the embryo. The mid part 

of this becomes the notochord and the remainder, the gut lining. The mesoderm layer 

gives rise to somites and lateral plate and the ectoderm gives rise to epidermis and 

neural plate.

Germ cell development

In all vertebrates and many invertebrates, the germ line first arises in the early embryo 

as a small migratory population of cells, the primordial germ cells (PGCs). These 

migrate through the tissues of the embryo to the genital ridges, thus forming the 

complete gonad (reviewed in Nieuwkoop & Sutasurya, 1979; Snow & Monk, 1983). 

Chiquoine (1954) identified a population of PGCs in the posterior part of the mouse 

embryo at 8.5 d.p.c.; these were subsequently to be found along the wall of the 

invaginating hind gut and in the genital ridges. The putative PGCs were characterized 

by their high activity of alkaline phosphatase (ALP; EC 3.1.3.1). ALP is not specific 

to germ cells and it can be found in many other tissues in postimplantation embryos 

(Moog, 1965). Nevertheless, despite this lack of specificity, evidence from a number 

of sources appears to confirm Chiquoine*s suggestion that these were PGCs. The 

number of such ALP-positive cells was found to be greatly reduced in two sterile 

mouse mutants known to lack germ cells in the gonads. White-spotting (WO(Mintz & 

Russell, 1957) and Steel (5/)(McCoshen & McCallion, 1975). Further evidence that 

these were indeed PGCs came from light and electron microscope studies (Spiegelman 

& Bennett, 1973; Clark & Eddy, 1975). Ozdzehski (1967) was able to identify the 

ALP-positive cells as early as 8 d.p.c., at the base of the allantois. More recently.
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ALP-positive cells have been identified at 7 d.p.c. (~125), just posterior to the 

primitive streak in the extraembryonic mesoderm (Ginsburg et al, 1990). At 9.5 d.p.c., 

approximately 350 PGCs can be identified in the wall of the hind gut During the 

following three days, the PGCs migrate along the hind gut mesentery to the dorsal 

body wall, and then laterally to the genital ridges, which provide the somatic tissue 

of the gonad. During this time, PGC numbers increase to 1000 at 10.5 d.p.c., 4000 at

12.5 d.p.c., and eventually to 20000-25000 at 13.5 d.p.c. by which time the genital 

ridges are fully colonised (Tam & Snow, 1981)(see Table 6.5 for summary of events).

Differences in the morphology of the genital ridges of male and female embryos can 

first be detected at about 12.5 d.p.c. by light microscopy. At this time, the female 

germ cells enter meiosis in réponse to a stimulus provided by the somatic cells of the 

genital ridge (McLaren, 1983). In contrast, male germ cells repond to the environment 

of the male genital ridge by entering mitotic arrest in the Gj phase of the cell cycle; 

they do not enter meiosis until after birth (reviewed by Heath, 1978; Eddy et al, 1981; 

Wylie et al, 1985).

1.2. Gene expression in development

In many species, including the mouse, the early events that take place following 

fertilization are largely under maternal control (reviewed by Davidson, 1976; 

Woodland et al, 1979; Rosenthal et al, 1980; Johnson, 1981; Schultz, 1986). In the 

ovulated mouse egg, the bulk of the RNA is made during the growth phase of the 

oocyte and inherited along with ribosomal proteins (Young et al, 1978; La Marca & 

Wassarman, 1979; Bacharova & De Leon, 1980). From the total RNA in the ovulated 

egg, about 23-25pg (7-8% of total RNA) is polyadenylated (poly A"̂ ) RNA, sufficient 

to contribute substantially to protein synthesis during early cleavage (Bacharova & De 

Leon, 1980).

Braude et al (1979) found a group of proteins appearing at the 2-cell stage on two- 

dimensional gels. Inhibition of messenger RNA (mRNA) synthesis by a-amanitin did 

not prevent synthesis of these proteins, even when the eggs were fertilized in the 

presence of inhibitor (Flach et al, 1982). It may be concluded that these proteins are
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translated from stable mRNA inherited in the egg cytoplasm. In addition. Monk and 

Harper (1983) have presented evidence for the synthesis of a specific enzyme, the X- 

codedHPRT (hypoxanthine phosphoribosyl transferase), on the stable maternal mRNA 

up to the 8-cell stage. The events determined by maternal proteins and mRNA in the 

egg cytoplasm will be termed "the oocyte programme".

The contribution of the oocyte programme to the developing embryo will be ended 

when maternally-inherited macromolecules are diluted out or destroyed. There is a loss 

of maternally-derived mRNA from the embryo by the late 2-cell stage. This is 

evidenced by the cessation of synthesis of proteins on stored mRNA (a-amanitin 

insenstive protein synthesis) (Flach et al, 1982; Bolton et al, 1984) and the decline in 

total polyadenylated RNA (Pikô & Clegg, 1982; Clegg & Piko, 1983a, b). A report 

by Paynton et al (1988) suggests that significant loss of maternal message for actin, 

HPRT and tubulin occurs by the late 2-cell stage. The loss of some or all maternal 

transcripts may occur even earlier than the 2-cell stage (Piko et al, 1984). However, 

maternally-inherited enzymes appear to be more stable; some may be actively 

degraded between the 8-cell stage and the blastocyst stage (reviewed by Harper & 

Monk, 1983). The DNA methylase appears to be another example of this class of 

enzyme (see later).

The analysis of macromolecular synthesis in preimplantation mouse embryos suggests 

that the activation (Knowland & Graham, 1972) and expression of the embryonic 

genome may occur as early as the 2-cell stage (Levey et al, 1978; Young et al, 1978; 

Braude et al, 1979; Flach et al, 1982). Some RNA, heterogeneous in size, is 

synthesised at the 2-cell stage and some of this new RNA is polyadenylated, 

presumably it is mRNA (Levey et al, 1978). Clegg and Pikô (1977) detected ^H- 

uridine incorporation into RNA even at the 1-cell stage. Other investigations suggest 

the activation of certain embryonic genes may occur after the 2-cell stage. The 

paternally-inherited isozyme of GPI (glucose phosphate isomerase) and embryonic 

HPRT activity can be detected at the 8-cell stage (Brinster, 1973; Harper & Monk, 

1983), p-glucuronidase at the morula stage (Wudl & Chapman, 1976) and pg" 

microglobulin at the 2-cell stage (Sawicki et al, 1981).
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More recent data indicates that the transition from maternal to embryonic control is 

abrupt and may result in extensive reprogramming of the early embryo with respect 

to the pattern of proteins synthesized (Latham et al, 1991).

X-chromosome expression in development

Several studies indicate that both X chromosomes are functional in oogenesis. Most 

of the evidence comes from the expression of ubiquitously expressed enzymes 

associated with metabohsm, such as G6PD, HPRT and PGK. Indirect evidence 

suggesting that both X chromosomes are expressed comes from comparisons of these 

enzyme activities in oocytes from XX versus XO females (Epstein, 1969, 1972; Monk 

& Harper, 1978). Each of these enzymes shows the expected two fold difference in 

specific activity between two-X and one-X oocytes. More direct evidence suggests that 

both X chromosomes are expressed in the same oocyte. These conclusions come from 

studies of oocytes from female embryos that are heterozygous for allelic variants of 

X-linked genes (see below).

There is some evidence that maternally and paternally derived alleles of X-linked 

genes may be expressed at different times in embryogeneis. For example, the maternal 

allele of Pgk-1 (Pgk-1'^) appears at 3.5 d.p.c., whereas the paternal allele (Pgk-F) is 

first detected at 5.5 d.p.c. (Papaioannou et al, 1981; Krietsch et al, 1982; Krietsch et 

al, 1986). Late activation of Pgk~F cannot be entirely attributed to delayed activation 

of the paternal X chromosome (X )̂ since embryo-derived products of another X-linked 

gene, Hprt, appear at the 8-cell stage (Epstein et al, 1978; Kratzer & Garder, 1978; 

Monk & Harper, 1978), and isozyme analysis of Hprf/Hpr^ heterozygotes has 

unequivocally established that the paternal allele is expressed at that time (Chapman,

1986). Additionally, quantitative analysis of the X-encoded a-galactosidase has shown 

the appearance of a bimodal distribution of activities by the 8-cell stage, indicating 

simaltaneous transcription of two X chromosomes in female embryos versus one in 

male embryos (Adler et al, 1977). Recently, more sensitive studies using reverse 

transcriptase PGR (RT-PCR) to detect mRNA from Pgk-r  and Pgk-1^ alleles in 

individual female embryos have indicated expression of both alleles at the 8-cell stage 

(Singer-Sam and Riggs, personal communication).
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1.3 The X chromosome

Sex determination

The mammalian X chromosome was first identified by virtue of its histological 

appearance during meiosis in the male (reviewed by Solari, 1974; Burgoyne, 1982). 

Female mammals have two X chromosomes (homogametic sex), while males have one 

X chromosome and one Y chromosome (heterogametic sex). The roles of both the X 

and Y chromosomes in sex determination continue to attract widespread attention 

(reviewed by Burgoyne, 1992).

A single active X chromosome

The X chromosome is of interest for another reason, namely, the mechanism of 

compensation for the different genetic doses of the chromosome in males and females. 

In Drosophila, which also has XX females and XY males, genes located on the one 

X chromosome in males transcribe twice as actively as do the same genes located on 

female X chromosomes (Mukherjee & Beermann, 1965; Seecof et al, 1969; reviewed 

by Lucchesi, 1978, 1983). This form of dosage compensation effectively ensures that 

male and female Drosophila have equivalent levels of X-linked products.

Dosage compensation in mammals is achieved by a different mechanism. Barr and 

Bertram (1949) first identified a chromocentre (Barr body) that was present in female 

but absent in male cells. This was shown to be heterochromatic DNA which resolves 

in prophase of mitosis into a single large chromosome condensed along its entire 

length (Ohno et al, 1959). These authors proposed that only one of the two X 

chromosomes in females was extended and euchromatic during interphase; the other 

was condensed, heterochromatic and formed the Barr body.

Lyon (1961) proposed that the heterochromatic X chromosome was genetically 

inactive and that this was the mechanism by which the dose of X-linked genes was 

equalised between the two sexes. Evidence that only the genes on one X chromosome 

functioned in any one cell of a female came from the variegated phenotypes of 

females heterozygous for X-linked genes with observable phenotypic effects, e.g., X- 

linked coat colour gene in the mouse (Fraser et al, 1953; Dickie, 1954; Phillips, 1961).
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Further evidence has been provided by studies using isozymes that are the product of 

different alleles of X-linked genes, e.g., variant forms of human glucose-6-phosphate 

dehydrogenase (G6PD, EC 1.1.1.49), phosphoglycerate kinase (PGK, EC 2.7.2.3), 

hypoxanthine phosphoribosyltransferase (HPRT, EC 2.4.2.8) and a-galactosidase 

(GALA, EC 3.2.1.22) (reviewed by Lyon, 1972).

Late replication

During mitosis, DNA from one X chromosome is replicated later in the S phase than 

the rest of the chromosomes (Evans et al, 1965; Nesbitt & Gartler, 1970; Gianelli, 

1971). The late-replicating X chromosome was identified as the inactive one, using 

cloned female mule cells in which the clones expressing the donkey form of G6PD 

had a late-replicating horse X chromosome and vice versa. (Ratazzi & Cohen, 1972; 

Ray et al, 1972). With the discovery of the inactive state of one of the two X 

chromosomes in female mammals (marsupial as well as placental mammals. Cooper 

et al, 1971,1977), the stability of the inactive state and the timing of inactivation 

during development became important questions.

The stability o f the X-inactivated state

Once X-inactivation has occurred, it appears to be very stable, both in vitro and in 

vivo. Within a clone of cultured cells in vitro, all cells express only the X-coded 

marker isozyme of the original parent cell (for examples see Davidson et al, 1963; 

Ratazzi & Cohen, 1972; Ray et al, 1972). Studies of tumours in women heterozygous 

for X-hnked genes have shown that the inactive X chromosome in vivo is also 

extremely stable within all progeny of a particular cell. Gartler and Andina (1976), for 

example, showed that uterine leiomymas from women heterozygous for electrophoretic 

variants of G6PD expressed only the A or B form of the enzyme and never both.

Although the inactive X chromosome in eutherian mammals is extremely stable 

(Migeon, 1972; Kahan & DeMars, 1975), in marsupials spontaneous reactivation of 

certain genes on the inactive X chromosome occurs in vitro and in vivo, especially in 

ageing animals (Cooper et al, 1977). Spontaneous reactivation of the ornithine 

transcarbamylase (OTC) gene has also been observed in ageing mice (Wareham et al.
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1987) and of several genes on the inactive X chromosome in mammalian cell lines in 

culture (Migeon et al, 1982). These data, combined with the reactivation of a coat 

colour gene that is close to the X-inactivation centre (see below) in the mouse, suggest 

that destabalization of the maintenance of the X-chromosome inactivation system may 

be a general feature of the ageing process (Brown & Rastan, 1988).

Paternal X-chromosome inactivation

In general, inactivation of the maternally derived (X^) X chromosome or the 

paternally derived (X )̂ X chromosome is random in the embryo (Lyon, 1961; Evans 

et al, 1965; Mukheijee et al, 1970), while in extraembryonic membranes of the mouse 

conceptus, preferential X^-inactivation prevails (Takagi & Sasaki, 1975; West et al, 

1977; Frels et al, 1979; Papaioannou & West, 1981; Harper et al, 1982). In 

marsupials, paternal X-inactivation occurs in somatic tissues (reviewed by VandeBerg 

et al, 1987).

Transcriptional silencing

X-inactivation arrests the genetic activity of most of the genes on the inactivated 

chromosome - a state that is stably inherited within any cell lineage. Where this has 

been investigated, the basis for the inactivation of genes has been found to lie at the 

level of transcription (Graves & Gartler, 1986; Nadon et al, 1988; Brown et al, 1990) 

and is associated with late replication (Schmidt & Migeon, 1990). Significantly, some 

genes on both the short and long arms of the human X chromosome have been shown 

to escape X-inactivation indicating that the process is not a global phenomenon but 

sequence-specific (Shapiro et al, 1979; Goodfellow et al, 1984; Schneider-Gadicke et 

al, 1989; Brown & Willard, 1989; Fisher et al, 1990).

The inactivation centre

It has been suggested that X-inactivation is most likely to be a multistep process 

(Holliday & Pugh, 1975; Monk, 1986), although the precise mechanisms of initiation, 

establishment and maintenance of the inactive X chromosome are unknown. Once 

established, the silencing of the genes on the inactive X chromosome is extremely 

stable and heritable within any somatic cell lineage.
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All models of X-inactivation propose the existence of an inactivation centre and a 

process of spreading from its centre to the rest of the chromosome (Russell, 1963; 

Therm an et al, 1974; Cattanach, 1975; Mattel et al, 1981; Gartler & Riggs, 1983). 

Evidence for the existence of the X-inactivation centre came first from work on 

chromosome translocations between the X and autosomes (Russell, 1983). Only one 

of the two segments into which the X is broken by such a translocation undergoes 

inactivation, the other segment remaining active in all cells (Rastan, 1983; Russell, 

1983). Furthermore, in individuals with supernumerary X chromosomes, e.g., XXX or 

XXXY, only a single X remains active. The interpretation of these data is that, at a 

critical stage in development, one X-inactivation centre in each cell receives a signal 

that blocks its function (Rastan, 1983). All other centres present initiate the X- 

inactivation process. Genes on an X chromosome segment in physical continuity with 

an unblocked centre then undergo inactivation, whereas those in physical continuity 

with a blocked centre, or on a segment lacking a centre, remain active (Rastan, 1983; 

Lyon et al, 1986).

The spreading and maintenance o f the X-inactivated state

This interpretation has implications for the structure and function of the X-inactivation 

centre. First, it must include a binding site for a rra/w-acting factor that can block 

activity. Second, there must be sequences involved in initiating the spreading signal 

for inactivation. To understand what these sequences might be it would be useful to 

know the nature of the spreading signal, but this is still unknown. The suggestion that 

differential DNA méthylation might be involved now has ample support (see section 

1.11; Pfeifer et al, 1990b). Genes on the inactive X tend to be heavily methylated in 

5’ promoter regions and treatment with a demethylating agent leads to reactivation of 

genes, accompanied by loss of méthylation (see section 1.8.3; reviewed by Jones, 

1985). However, in marsupials, the CpG islands associated with genes on the inactive 

X are not differentially methylated (Kaslow & Migeon, 1987) and this, together with 

other evidence, suggests that méthylation is involved in the maintenance of 

inactivation rather than initiation and spreading. However, it may be that méthylation 

of critical sites is involved and these sites may not have been investigated. Other 

possible mechanisms for spreading include a change in the condensation of the
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chromatin fibre (Zakian etaU 1987,1991), perhaps mediated by chromosomal proteins 

(Gartler & Riggs, 1983), or a more direct role for chromosomal proteins in inhibiting 

transcription (see section 1.7; McBumey, 1988). Although the mechanism of 

postulated spreading of inactivation from the inactivation centre is not understood, it 

has often been likened to cw-position effect variegation in Drosophila, i.e., the 

variable expression of genes in euchromatin which has been translocated next to 

heterochromatin (Tartof et al, 1989). In Drosophila, the different extents of spreading 

of inactivity in different cells are believed to be stably established in early embryonic 

development and clonally inherited thereafter (see section 1.7.3). Whether, in 

mammals, the extent to which cell to cell variation in spreading of inactivation is 

primarily laid down in development (see e.g., McLaren & Monk, 1981) or due to later 

reactivation is not clear.

Evidence for the existence of a locus that influences the probability of X-inactivation 

comes from studies involving the mouse X-chromosome-controlling element {Xce) 

(Cattanach & Isaacson, 1967; Cattanach etal, 1969, 1970). Three alleles of this locus 

are recognized - Xce", Xce^ and X c^  (Cattanach & Papworth, 1981; Johnston & 

Cattanach, 1981). In Xce heterozygotes, cells with an active Xcê * chromosome are 

statistically more numerous than those with an active Xce** and cells with an active 

Xce"" chromosome are more numerous than those with an active Xce^ (i.e., 

Xce‘'>Xce^>Xce''). This phenomenon is considered to be a result of non-random X- 

inacüvaüon rather than cell selection.

The influence of the parental source of the X chromosome and its interaction with Xce 

alleles in determining the frequency with which X^ or X  ̂ remains active has been 

discussed by several authors (for examples see Johnston & Cattanach, 1981; Rastan, 

1982; Fowlis et al, 1991), but the direction of these effects remains controversial. 

Some authors have found no reciprocal cross differences (Johnston & Cattanach, 1981) 

while others demonstrate a paternal effect, i.e., X  ̂ having a higher probability of 

remaining active (Cattanach, 1975; Falconer gf aZ, 1982). In selection experiments with 

the X-linked brindled alleles. Falconer et al (1982) and Cattanach and Papworth 

(1981) found a positive correlation between the expression of brindled in mothers and
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daughters. However, this maternal effect was attributed to a physiological difference 

rather than the parental origin of the chromosome.

Paternal X-inactivation may be influenced by the expression of different Xce alleles 

(Cattanach, 1975; Rastan & Cattanach, 1983; Bûcher & Kreitsch, 1988). Rastan & 

Cattanach (1983), for example, have demonstrated that strong alleles at the Xce locus 

can override the maternal effect even in extraembryonic membranes, i.e., when 

carries the Xcef allele, these tissues do not exclusively express X^.

Recently, an X-linked gene has been identified in humans (XIST, Brown et al, 1991a, 

b) and mouse (Xist, Borsani et al, 1991; Brockdorff et al, 1991) which is only 

expressed from the inactive X chromosome. The XIST (X inactive specific transcript) 

gene maps in the region of the X-inactivation centre in human (Brown et al, 1991b) 

and mouse (Borsani et al, 1991; Brockdorff et al, 1991). The role played by the XIST 

gene in X-chromosome inactivation is not yet known (see Chapter 8).

1.4 The X chromosome in development

Developmental changes in X-chromosome activity have been examined extensively 

using a variety of techniques (reviewed by Gartler & Riggs, 1983; Grant & Chapman,

1988). The activities of the two X chromosomes have been monitored by sensitive 

microassays for X-linked enzyme activity to investigate X-inactivation by dosage (two 

active X chromosomes will give twice the activity of one) and the specificity of 

inactivation by X-linked isozyme expression (using heterozygous female embryos with 

maternally and paternally inherited X chromosomes distinguishable by their expression 

of different isozymes). The timing and tissue-specific patterns of X-activation, X- 

inactivation and X-reactivation in mouse embryonic development are summarized in 

Figure 1.2.

During spermatogenesis the single X chromosome is inactive, heterochromatic and 

sequestered away from the events of meiosis in the sex vesicle. In oogenesis, however, 

two X chromosomes are active during meiosis and oocyte growth (Epstein et al, 1978; 

Monk & Harper, 1978). At fertilization, the paternal X chromosome is activated and
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two X chromosomes are active in the female embryo (Epstein et al, 1978; Kratzer & 

Gartler, 1978; Monk & Harper, 1978). X-inactivation does not occur in all cells of the 

developing embryo at the same time. The switch is developmentally controlled and X 

inactivation occurs first in the cells of the trophectoderm and the primitive endoderm, 

concomitant with their differentiation, at or prior to 3.5 (Takagi et al, 1978; Monk & 

Harper, 1979) and 4.5 (Kratzer & Gartler, 1978; Sugawara et al, 1985) days’ 

gestation, respectively. In the embryo proper, random X-inactivation has occurred in 

virtually all cells by 5.5 days’ gestation (Monk & Harper, 1979; Rastan, 1982; Takagi 

et al, 1982; summarized in Table 1.1). This apparent correlation between 

differentiation and the determination of a switch to X-inactivation is further supported 

by the knowledge that many embryonal carcinoma (EC) and embryonic stem (ES) cell 

lines possess two active X chromosomes; X-inactivation proceeds as EC or ES cell 

lines are induced to differentiate (Takagi & Martin, 1984; Rastan & Robertson, 1985). 

A further developmental switch in the process of controlling X-inactivation occurs in 

the female germ line: The primordial germ cells of the developing embryo appear to 

be similar to somatic cells with respect to single active X-chromosome expression but, 

in the germ cells, the inactive X chromosome is reactivated in oogonial stages prior 

to the onset of meiotic prophase (Gartler et al, 1975; Johnston, 1981; Kratzer & 

Chapman, 1981; McMahon et al, 1981; Monk & McLaren, 1981).

1.5 Imprinting and differential allele expression

The term "chromosomal imprinting" was originally applied by Crouse (1960) to the 

mechanism that led to selective paternal chromosome elimination in the soma and 

germ line of the fly, Sciara. Imprinting as gamete-specific genetic modification has 

since been observed in a diversity of biological systems (reviewed by Monk & Grant, 

1990) involving studies at the level of whole nuclei (Surani et al, 1986; McGrath & 

Solter, 1984), chromosome sets (in insects; Nur, 1990), individual chromosomes (the 

X; Monk & Grant, 1990), chromosome regions (Cattanach & Beechey, 1990) and 

individual genes (Barlow et al, 1991; Bartolomei et al, 1991; DeChiara et al, 1991). 

It is possible that all imprinting effects, including paternal X-inactivation in the mouse, 

represent diverse manifestations of the same basic phenomenon. However, the nature 

of this basic phenomenon is yet to be elucidated. Given a potential common ancestry.
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Figure 1.2. Diagram showing the pattern of X-chromosome activity during 

development of the female mouse embryo (m, maternal; p, paternal; +, active; -, 

inactive). Reproduced from Grant et al (1992b).
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TABLE 1.1

The timing of X-chromosome inactivation in mouse embryonic development

Time
(dpc)

3.5

4.5

5.5-6

Tissue/ Lineage

Trophectoderm 

Primitive endoderm

Embryonic ectoderm

References

Takagi etaU 1978; Monk & Harper, 1978 

Kratzer & Gartler, 1978; Sugawara et al, 

1985

Monk & Harper, 1979; Rastan, 1982; 

Takagi et al, 1982
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information on paternal X-inactivation could help to elucidate factors which underly 

imprinting effects seen for autosomal regions and genes.

The genetic information contributed by eggs and sperm to development of embryos 

was until recently assumed to be equivalent. However, evidence now suggests that in 

the mouse, and perhaps in all mammals, the parental genomes have complementary 

roles to play during development (see introduction to Chapter 7; Surani et al, 1984; 

McGrath & Solter, 1984; Cattanach & Kirk, 1985). Functional differences between the 

parental genomes presumably arise as a consequence of specific modifications of the 

homologous chromosome regions in the female and male germline, when they are 

exposed to different epigenetic factors during oogenesis and spermatogenesis. These 

gamete-specific modifications of parental chromosome regions presumably interact in 

the zygote and are subsequently propagated to influence events throughout 

development.

The paternal X chromosome is preferentially inactivated in the extraembryonic 

lineages of rodents and was one of the first recorded examples, in mammals, of 

differential expression dependent on parental origin. Since X-inactivation is random 

in embryonic cells, the memory mechanism, or imprint, which initially distinguishes 

the X chromosomes in the extraembryonic lineages, must be erased early in 

development. Little is known about whether paternal X-inactivation occurs in other 

eutherian mammals. In the non-placental marsupials, non-random X inactivation 

occurs in somatic cells.

In addition to gamete-specific imprinting of the X chromosomes, strain (Cattanach, 

1975) and species (Zakian et al, 1987) differences between the parents also influence 

the randomness of X-chromosome inactivation.

1.6 Epigenetic modification of DNA

The epigenetic modification of homologous genes or chromosomes, leading to 

differences in their expression pattern or behaviour depending on maternal or paternal 

inheritance, is referred to as imprinting (see section 1.5). Such modifications might
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operate at the level of the DNA bases (e.g., in mammals by méthylation of cytosine), 

DNA configuration and higher order structure of chromosomes, timing of DNA 

replication in the cell cycle and nuclear organization. Activation of transcription is 

itself a form of modification, in that it will alter the conformation of the DNA 

segment concerned and affect its subsequent modification (e.g., by méthylation). In 

addition the products of transcribed genes may exert effects, in trans, on the function 

of other genes whose regulatory circuits or functions are connected in some way 

(Monk, 1990b).

In differentiated somatic tissues, epigenetic modifications must be faithfully inherited 

to ensure stability of function. It has been shown that méthylation of DNA is a stable, 

heritable modification propagated throughout DNA replication and cell division 

(Wigler et al, 1981; Stein et al, 1982). However, development and cell differentiation 

are characterised by changing patterns of epigenetic information. In the case of 

méthylation modification, the changes may be finely tuned, such as those correlated 

with the onset of specific gene transcription in differentiating cells (lost et al, 1990), 

or they may be observed as global and more generalised, as in early development 

(Monk et al, 1987; Monk, 1990a).

1.7 DNA méthylation

Naturally occurring modified bases have been found in the DNA of a variety of 

prokaryotic and eukaryotic organisms. DNA modification in prokaryotes, which 

predominantly takes the form of 6-methyl adenine (6mA) or 5-methyl cytosine (5mC), 

has been implicated in the restriction/ modification systems of these organisms (Boyer, 

1971; Arber et al, 1972; Meselson et al, 1972). In addition, there is evidence to 

suggest that prokaryotic DNA méthylation plays a role in mismatch repair during 

DNA replication (Pukkila et al, 1983) and in the control of gene expression, e.g., of 

the mom gene of bacteriophage Mu (Hattman et al, 1982). Méthylation of DNA in 

prokaryotes seems to render its effect chiefly through direct interference of protein- 

DNA interactions, either negatively or positively (Lacks & Greenburg, 1975; Riggs, 

1975; Fisher & Caruthers, 1979; Hattman et al, 1982). However, DNA méthylation 

does not play an essential role in bacteria since strains of E.coli which have defective
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modification systems are still viable (Marinus et al, 1984).

DNA méthylation is involved in "immune recognition" in bacteria but appears to 

regulate the structure and expression of the genome in complex higher eukaryotes. The 

DNA-methylating systems in bacteria and higher eukaryotes appear to have had a 

common origin and, when genome structure and the nature of DNA méthylation in 

some fungi and higher plants is considered, a mechanism becomes apparent by which 

a cellular system that confers immunity to bacteriophage infection could have evolved 

into a regulator of multicellular development. Methylation-based regulatory systems 

have probably evolved to enable complex higher eukaryotes to regulate the function 

of their enormously expanded genomes (Bestor, 1990).

DNA modification in eukaryotes is primarily in the form of 5mC (see Figure 

1.3)(Sneider & Potter, 1969; Vanyushin, 1970), although low levels of 6mA have been 

reported in the DNA of certain green algae (Pakhomova et al, 1968; Hattman et al, 

1978; Burton etal, 1979), protozoa (Gorovsky etal, 1973; Cummings etal, 1974) and 

insects (Adams etal, 1979).The existence of 5mC was initially described by Hotchkiss 

(1948) and first quantitated in animal cells by Wyatt (1951). The percentage of 5mC 

in the DNA of eukaryotes varies over a wide range. It is about 0.03mol% in some 

insects (Adams et al, 1979), 0.7 to 4.0 mol% in mammals (about 2-5% of all cytosine 

residues), and can be as high as 7.1 mol% in higher plants (Ehrlich & Wang, 1981). 

Vertebrates other than mammals, eg, birds and fish (Vanyushin et al, 1973) show 

levels of 5mC intermediate between mammals and higher plants. Organisms with 

small genomes Drosophila and most other arthropods (Rae & Steele, 1979; Urieli- 

Shoval et al, 1982; Achwal et al, 1984; Patel & Gopinathan, 1987) and 

Caenorhabditis (Simpson et al, 1986) appear to contain very few, if any, methylated 

bases in their DNA .

1.7.1 Detection of 5mC in DNA

The 5mC content of DNA has been measured by a variety of procedures. These 

include thin layer chromatography (Silber et al, 1966), paper chromatography (Culp 

et al, 1970), column chromatography (Sneider, 1972), high performance liquid



NHa NHg NHg

H CH3

L: .L „  o J  "0 = C *  . J.C— H 0 = C '  , J C — H 0 = a  J C — H 
N  I Y
A H H

cytosine 5-methyl cytosine 5-azacytosine
(c) (5 me) (pazac)



2 0
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chromatography (Singer et al, 1977), mass spectroscopy (Gautier et al, 1977; Singer 

et al, 1979c), immunoflourescence (Eastman et al, 1980), direct sequencing (Maxam 

& Gilbert, 1977; Church & Gilbert, 1984), PCR-aided genomic sequencing (Pfeifer 

et al, 1989, 1990a, b; Frommer et al, 1992) and restriction enzyme sensitivity (Singer- 

Sam et al, 1989, 1990a, b, 1992; this thesis).

Much of our knowledge of the organization and sequence of specific DNA fragments 

is obtained from restriction enzyme maps. Restriction endonucleases are enzymes that 

cut the DNA at specific sequences. The enzymes are usually purified from bacteria 

and named according to the species strain and origin (Smith & Nathans, 1973). Type 

II restriction endonucleases which are sensitive to 5mC (Stasiak & Klopotowski, 1979; 

McClelland, 1981) have been used extensively to study the 5mC patterns of specific 

DNA sequences (Bird & Southern, 1978). One pair of isoschizomers, HpaW and Mspl, 

both recognise the DNA sequence 5’ CCGG 3’ but differ with respect to the 

sensitivity of their activity in the presence of 5mC. These two enzymes are particularly 

useful in studying specific méthylation patterns. HpaH will not cut the sequence 

CCGG if the internal cytosine is methylated (Mann & Smith, 1977; Cedar et al, 1979). 

Mspl, on the other hand, will cut this sequence irrespective of whether the internal 

cytosine is methylated or not (Waalwijk & Flavell, 1978a; Singer et al, 1979b). Mspl 

can therefore be used as a control to determine the basic CCGG pattern, while Hpall 

will reveal the pattern of méthylation of these sequences. One problem with this 

system is that the cleavage of CCGG by Mspl can be inhibited by certain flanking 

sequences, i.e., if the C^CGG site is part of a longer sequence GGC^CGG (Busslinger 

et al, 1983) or its complement C^CGGCC (Keshet & Cedar, 1983). Mspl action is 

also blocked by méthylation of the external cytosine (^CCGG) (Singer et al, 1979b; 

Sneider, 1980), but this modification is relatively rare or nonexistant in mammalian 

DNA (Sneider, 1980; van der Ploeg et al, 1980; Haigh et al, 1982). These possible 

complications must be bom in mind when interpreting the results of an Mspl or Hpall 

digest.

1.7.2 Distribution o f SmC in eukaryotic DNA

5mC occurs predominantly in the dinucleotide CpG in higher eukaryotes (Grippo et
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al, 1968; Gautier et al, 1977; Pech et al, 1979; Sneider, 1980; van der Ploeg & 

Flavell, 1980), but it is also found in small amounts in CpC, CpT and CpA (Salomon 

& Kaye, 1970; Harbers et al, 1975; Gruenbaum et al, 1981). In plants, 5mC also 

occurs in the pattern CpXpG (Gruenbaum et al, 1981). In animal cell DNA, an 

average of 70% of the CpG sequences are methylated. This figure is greater than 90% 

in mammals (Doskoôil & Sorm, 1962). However, no sequence specificity has been 

found in regions directly flanking individual CpG sites (DoskoCil & Sorm, 1962; 

Grippo et al, 1968; Federoff & Brown, 1978; Bird et al, 1981).

Within the genome of eukaiyotic cells containing 5mC, repetitive sequences 

(Schneiderman & Billen, 1973; Drahovsky et al, 1980), satellite DNA (Salomon etal, 

1969; Harbers et al, 1975; Gautier et al, 1977) and heterochromatin (Miller et al, 

1974; Schnedl et al, 1975) appear to be more methylated than unique sequences or 

euchromatin (Ehrlich et al, 1982). With respect to the nucleosomal structure of 

eukaryotic chromosomes, the nucleosome core particles appear to be significantly 

more methylated than the spacer regions (Razin & Cedar, 1977; Solage & Cedar, 

1978). The highest abundance of 5mC may be found in histone HI containing 

nucleosomes (Ball et al, 1983).

Potentially methylatable sites (CpGs) are significantly under-represented in most 

higher eukaryotes (Subak-Sharpe et al, 1966) and many of their viruses (Morrison et 

al, 1967). This may be of importance with respect to the function of DNA 

méthylation. Alternatively, the rarity of the dinucleotide CpG may be the result of 

DNA méthylation coupled with the failure of DNA repair mechanisms to recognize 

the deamination of 5mC to give thymine (Coulondre et al, 1978; Bird, 1980). The 

potential sites of DNA méthylation have also been found not to be randomly 

distributed throughout the genome of higher eukaryotes. Many of these sites appear 

to exist as CpG rich clusters which are associated with specific genes (Bird et al,

1985). It has been estimated that there are approximately 30,000 of these CpG clusters 

(called CpG islands, Hpall tiny fragment [HTFJ islands or methylation-free islands 

[MFIJ, Bird, 1986) in the haploid genome of mouse cells which, unlike most other 

CpGs of the genome, are largely free of méthylation (Cooper et al, 1983; reviewed
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by Bird, 1986, 1987). CpG islands are separated from each other by an average of 

lOOkb, but there is a great variation about this mean (Brown & Bird, 1986). CpG 

islands are large (typically 500 to 2000 base pairs or greater) and many appear to 

cover an extended region of the 5’ end of a gene, often including the first exon and 

intron as well as upstream sequences (Dush et al, 1985). The list of genes found to 

be assciated with CpG islands is dominated by genes which qualify as "housekeeping” 

(Dynan, 1986; Martini et al, 1986; Gardiner-Garden & Frommer, 1987; reviewed by 

Parker et al, 1986), but it also includes several genes which are thought to be 

specialized (for review, see Bird, 1986).

It has been suggested that CpG islands could act as gene markers in the nucleus. One 

of the advantages for the transcriptional machinery would be the discrimination of 

gene promoters from the rest of the genome. This type of model could explain why 

CpG islands have only been found in organisms with large genomes in which only 

a small fraction of DNA is ever transcribed, e.g., in vertebrates and higher plants 

(Bird, 1987; Antequera & Bird, 1988).

CpG islands are not methylated and hence sensitive to digestion by Hpall. An 

exception to this general rule occurs for genes on the inactive X chromosome; CpG 

islands on the inactive X chromosome are hypermethylated (Wolf et al, 1984a, b; 

Wolf & Migeon, 1985; Keith et al, 1986).

1.7.3 Clonal inheritance o f DNA méthylation

As mentioned above, the majority of 5mC is found in CpG dinucleotides, and occurs 

symmetrically on both strands of the DNA (Bird & Southern, 1978; Cedar et al, 1979; 

Szyf et al, 1982). Biochemical evidence indicates that the cytosine in the DNA is 

methylated in an early post replicative step (Burdon & Adams, 1969) and it is only 

the newly synthesized strand that becomes methylated (Bird, 1978). Holliday & Pugh 

(1975) and Riggs (1975) postulated that méthylation patterns could be faithfully 

perpetuated during cell division in a semi-conservative fashion utilizing an enzyme 

which recognizes a half-methylated (hemimethyl) site in the DNA after replication and 

which methylates the cytosine on the newly synthesized strand. Such maintenance
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DNA methyltransferases (MTases) have been identified and partially purified from 

several eukaryotic sources (see section 1.7.4). Subsequently it was shown that 

méthylation patterns are, in the main, stably replicated at every cell division (Pollack 

et aU 1980; Harland, 1982; Stein et aU 1982) with 97% fidelity (Wigler et al, 1981). 

However, there is also evidence of random variability in DNA méthylation patterns 

during serial passage of mammalian cells in culture (Shmookler-Reis & Goldstein, 

1982; Wolf & Migeon, 1982; Wilson & Jones, 1983a). The variability of méthylation 

patterns includes both increases and losses of methyl groups with cell division. 

Therefore, DNA méthylation patterns may not be replicated with high fidelity in some 

cell systems.

1.7.4 DNA methyltransferases

In this thesis, the biochemistry of méthylation is not investigated. Ultimately, the 

means by which méthylation initiates gene activity or inactivity depends on the 

enzymes involved with the méthylation process. In this section the rapidly expanding 

field of study of the methylating enzymes is reviewed.

DNA methyltransferase (MTase) enzymes (methylase, EC 2.1.1.37) have been 

identified and purified from several eukaryotic sources (Kalousek & Morris, 1969; 

Roy & Weissbach, 1975; Turnbull & Adams, 1976; Simon et al, 1978; Sano & Sager, 

1980; Adams et al, 1981; Bestor & Ingram, 1983; Pfiefer et al, 1983; Sano et al, 1983; 

Wang et al, 1984; Zucker et al, 1985; Adams et al, 1986; Pfiefer & Drahovsky, 1986; 

Theiss et al, 1987; Hitt et al, 1988; Yesufu et al, 1988, 1989) and it is probable that 

all are high molecular mass enzymes, in contrast to prokaryotic MTases (Adams & 

Burdon, 1985). Recently the amino acid sequence of mammalian DNA MTase has 

been deduced from the nucleotide sequence of a cloned cDNA (Bestor et al, 1988). 

It appears that the mammalian enzyme arose during evolution via fusion of a 

prokaryotic restriction methyltransferase gene and a second gene of unknown function. 

The sequence similarities among mammalian and bacterial DNA MTases suggest a 

common evolutionary origin. Immunological studies that demonstrate the presence in 

rodents, primates and amphibians of material cross reacting with an antibody raised 

against the purified MTase from mouse Krebs II ascites tumour cells suggests that



25

there is considerable sequence conservation of the enzyme between different species 

(Adams et al, 1988). AU these MTases have been shown to be specific for the methyl 

transfer from S-adenosyl-L-methionine (SAM) (Drahovsky & Morris, 1971; Roy & 

Weissbach, 1975) to the cytosine of CpG dinucleotides (Gruenbaum et al, 1982). In 

vitro, the MTase seems to bind to a DNA substrate and scan it for CpG sites, 

methylating in series without dissociating from the DNA (Drahovsky & Morris, 1971; 

Creusot & Christman, 1981; Jones & Taylor, 1981; Pfeifer et al, 1983). Whether the 

MTase "walks" along the DNA has not, however, been unequivocally proven. The 

specific mechanism of the methyl group transfer has been proposed to involve both 

the 5 and 6 positions of the cytidine ring (Santi et al, 1983) in a manner similar to 

that of thymidylate synthetase (Pogolotti & Santi, 1977; Starzyk et al, 1982).

MTase preparations isolated from different eukaryotic species possess various 

properties in common, the most important of which is the preference of these enzymes 

for hemimethylated DNA over unmethylated duplex DNA by at least an order of 

magnitude in vitro (Jones & Taylor, 1981; Gruenbaum et al, 1982; Pfeifer et al, 1983; 

Bolden et al, 1984; Wang et al, 1984; Carotti et al, 1986). The preference for 

hemimethylated DNA by eukaryotic MTases has not been universal, however 

(Griinwald & Drahovsky, 1984; Willis et al, 1984). In all cases examined so far, the 

MTase preparations exhibit substantial de novo methylase activity. Considerable 

biochemical and genetic evidence has been generated for the existence of a MTase 

which will methylate totally unmodified CpG sites (Drahovsky & Boehm, 1980; Razin 

& Friedman, 1981; Jaenisch & Jahner, 1984; Groudine & Conklin, 1985). This de 

novo MTase activity has been postulated to have a role in cellular differentiation (see 

section 1.9). Several MTases from eukaryotic sources have demonstrated de novo 

methyltransferase activity, but it is still not resolved whether this activity is a separate 

enzyme from the maintenance MTase.

Evidence for the existence of multiple MTase species in vivo has been presented 

periodically. While the bulk of DNA méthylation occurs rapidly after DNA synthesis 

(Burdon & Adams, 1969; Kappler, 1970; Gruenbaum et al, 1983), a significant 

number of methyl groups continue to be added to DNA for several hours after its
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synthesis (Adams et al, 1981; Woodcock et al, 1982; Geraci et al, 1974). Woodcock 

et al (1983) observed a difference in sensitivity of the immediate and delayed DNA 

méthylation to certain inhibitors and suggest that two enzymatic mechanisms are 

involved. Burdon et al (1985) reported MTase activity which is tighdy bound to the 

nuclear matrix fraction of nucleus as opposed to the bulk of the activity (70-80%) 

which can be solubilized with only low salt (Turnbull & Adams, 1976). Further 

evidence suggests that this firmly bound MTase may be responsible for the observed 

delayed méthylation (Davis et al, 1985). The enzymatic properties of the tightly bound 

MTase are, however, similar to those of the soluble form (Burdon et al, 1985) and 

may therefore be the same enzyme species. Multiple species of MTase have reportedly 

been separated and isolated from murine erythroleukemia cells (Bestor & Ingram, 

1983), and the relative proportion of the three activities observed was a function of 

the proliferative state of the cells (Bestor & Ingram, 1985). It was therefore proposed 

that at least three species of MTase were used to fulfill different roles in processes 

leading to the perpetuation of DNA méthylation patterns. These three activities had 

very similar enzymatic characteristics, however, and it has not been convincingly shown 

that they are indeed three different enzymes.

Thus, there is no convincing evidence that the maintenance and de novo activities 

reside on separate enzymes. In fact, substantial evidence suggests that both of these 

activities are indeed carried out by the same enzyme (Bolden et al, 1984; Grünwald 

& Drahovsky, 1984). In vivo, de novo méthylation events have been shown to be rare 

compared to maintenance méthylation (Pollack et al, 1980; Wigler et al, 1981; Niwa 

et al, 1983). Thus, it is likely that these two activities are highly regulated in 

eukaryotic cells by other mechanisms (see below), and that the maintenance MTase 

shows de novo activity only under certain conditions in vivo. The ratio of maintenance 

to de novo activity in vitro has been shown to be dependent on many parameters 

including salt concentration, pH, SAM concentration and time of incubation (Jones & 

Taylor, 1981; Pfeifer et al, 1983; Wang et al, 1984).

Many studies of the MTase enzyme in vitro and in vivo have suggested mutiple 

mechanisms for its regulation. Eukaryotic MTase levels have been shown to drop
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dramatically in the nuclei of cells arrested at 0^, suggesting a cell cycle-dependent 

regulation of MTase (Szyf et al, 1985). It is not known at what level this regulation 

is taking place. The use of synthetic oligonucleotides with partially purified MTase 

have suggested that sequences flanking CpG dinucleotides may influence the 

susceptibility of these sites to MTase action (Bolden et al, 1986). In particular, it 

seems that flanking regions which have a high CG content may inhibit or eliminate 

the methyl accepting ability of CpG sites in vitro (Bolden et al, 1986; Carotti et aU

1986). The inhibitory effect is seen with both maintenance and de novo DNA 

substrates. Bolden et al (1986) have also reported that the spacing between CpG sites 

may be important in determining whether a specific site will be methylated by MTase 

in vitro. Other compounds which have been reported to be inhibitory to MTase in 

vitro are oligomers of C, G, dC, dG, poly dC-dG, RNA (Bolden et al, 1984), single

stranded DNA and S-adenosyl-L-homocysteine (SAH) (Sano & Sager, 1980). The 

inhibitory effects of C and G containing oligomers may reflect the affinity of the 

MTase for these two nucleotides in DNA or RNA complexes and they may compete 

away or trap the MTase from methylatable CpG sites. It has been reported that human 

and murine MTases prefer poly (dl-dC)-poly (dl-dC) as a sustrate over 

hemimethylated DNA (Pedrali-Noy & Weissbach, 1986). It has been suggested that 

this preference is due at least in part to the more relaxed duplex structure of this 

synthetic oligomer, which has a melting temperature much lower than poly (dG-dC) 

duplexes (Grant et al, 1968). This raises the possibility that conformational changes 

in the DNA substrate which may involve the hydrogen bonding of the duplexed DNA 

strands may be important for the action of the MTase. This could explain how DNA 

regions containing large percentages of CpG pairs, which may be more refractory to 

the needed changes, are apparently inhibitory to the MTase. Inhibition by RNA could 

reflect a possible naturally regulating system of DNA méthylation, while inhibition by 

SAH suggests a feedback inhibition system may be present in vivo for the MTase.

Eukaryotic MTase has been suggested to be part of a DNA replication complex of 

enzymes and may therefore be regulated by virtue of this association. However, 

studies using permeabilized cells indicate that the action of MTase in vivo lags behind 

DNA synthesis by approximately 1 minute (Gruenbaum et al, 1983) and therefore
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cannot be associated with such a complex. Compounds which inhibit DNA synthesis 

by suppressing the progression of the replication fork cause hypermethylation in the 

DNA of the cells being treated (Jones & Taylor, 1980; Boehm & Drahovsky, 1984; 

Nyce et al, 1986). The mechanism of the hypermethylation is thought to involve the 

slowing of the MTase progression along the DNA, thus allowing greater de novo-typt 

méthylation to take place.

Not all inhibitors of DNA synthesis resulted in hypermethylation of the genome. 

Treatment of cells with agents that block the action of DNA topoisomerase resulted 

in hypomethylation of the genome (Nyce et al, 1986), implying that higher orders of 

chromatin structure may have profound effects on the action of the MTase. Enhanced 

MTase activity has been observed on supercoiled as opposed to relaxed or linear DNA 

in vitro (Adams et al, 1984). Alternatively, it has been shown that the de novo action 

of eukaryotic MTase on DNA containing histone or non-histone proteins is severely 

inhibited (Wang et al, 1984; Davis et al, 1986; Kautiainen & Jones, 1986). In 

addition, Creusot and Christman (1981) have localized MTase from murine 

erythroleukemia cells on the intemucleosomal linker regions of condensed chromatin, 

suggesting that DNA binding proteins play a role in regulating access of MTase to 

specific sites in DNA. Thus, DNA méthylation may not only affect the formation of 

chromatin (Keshet et al, 1986), but chromatin structure may play a role in regulating 

DNA méthylation (see section 1.8.4 for a more detailed discussion). The observed rate 

of de novo méthylation in vivo is probably much lower than that observed in vitro and 

chromatin structure may be the agent responsible for this difference. The observation 

that DNA méthylation in vivo may not take place until after the newly synthesized 

DNA has reconstituted with histones and non-histone proteins (Gruenbaum et al, 

1983) makes chromatin structure an attractive potential regulator of the MTase.

One final enzyme activity which has been implicated in the DNA méthylation system 

is a demethylase activity (see below). This activity is postulated to recognize and 

remove specific methyl groups without the need for DNA replication. A role for such 

an enzyme in the mechanism of cellular differentiation has recently been postulated 

(Gjerset & Martin, 1982; Razin et al, 1986; Jost et al, 1990).
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It is likely that DNA méthylation patterns are maintained and changed during a cell’s 

lifetime by a balance of these activities in vivo. Studies of the relationship of these 

activities and their regulation may be the key to discovering how eukaryotic cells 

utilize this important system to regulate genetic activity (see section 1.10).

1.7.5 Déméthylation

It was proposed that the déméthylation events involved inhibition of the maintenance 

MTase at specific sites coupled with two rounds of DNA replication, possibly by site- 

specific DNA binding proteins. It is now evident that loss of methyl groups may also 

be accomplished using a déméthylation enzyme activity (Gjerset & Martin, 1982; 

Razin et al, 1986; Adams et al, 1990; Frank et al, 1990; Jost et al, 1990). While 

déméthylation is a common reaction, which takes place in various cells during 

development, little is known about its mechanism. As the chemical removal of the 

methyl moiety from the cytosine base is considered to be thermodynamically 

impossible (Razin et al, 1986), it was originally thought that functional déméthylation 

is a passive process and takes place as a result of DNA replication in the absence of 

maintenance méthylation. Several pieces of evidence now suggest that déméthylation 

is an active process. Most importantly, it was shown that déméthylation of the Ô- 

crystallin gene occurs in the absence of any DNA synthesis within post-mitotic lens 

cells in vivo (Sullivan & Grainger, 1987). Furthermore, experiments with mouse 

erythroleukemia cells demonstrate clearly, that upon induction, the genome undergoes 

a massive déméthylation with rapid kinetics that could not be accounted for by the 

replication model (Razin et al, 1985). These authors suggested that active 

déméthylation could take place through a base-replacement model similar to the 

mechanism used to remove unwanted methylated residues from DNA in bacteria and 

animal cells (Razin et al, 1986). The results of Frank et al (1990) for the a-actin gene 

in rat myoblasts provide the strongest evidence to date that déméthylation occurs by 

an active enzymatic process. This conclusion is based on the observation that 

déméthylation takes place within a few hours after entry of methylated DNA to the 

cell and from the fact that these plasmid molecules do not undergo any replication 

even after several days in culture.
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1.8 DNA méthylation and gene expression

The involvement of DNA méthylation in eukaryotic gene expression has been 

proposed by several researchers (Scarano et al, 1967; Holliday & Pugh, 1975; Riggs, 

1975; Sager & Kitchin, 1975). These proposals were developed to explain the 

differential states of the DNA observed in developing organisms and in different 

tissues. A tremendous amount of experimental evidence for the role of DNA 

méthylation in eukaryotic gene expression has been generated (for reviews see Razin 

& Riggs, 1980; Cooper, 1983; Doerfler, 1983; Razin et at, 1984; Grant & Chapman, 

1988; Chomet, 1991). The majority of the evidence falls into one of three categories 

of experiment: (a) correlation of DNA méthylation patterns with expression of specific 

genes using restriction endonucleases (section 1.8.1), (b) in vitro méthylation of genes 

followed by introduction of these genes into an appropriate cell host (section 1.8.2; 

see also Chapter 3) and (c) inhibition of DNA méthylation in vivo using specific 

agents (section 1.8.3).

1.8.1 Restriction enzyme studies

Restriction enzyme analysis reveals an inverse relationship between DNA méthylation 

and expression of specific genes. That is, genes which are being actively expressed 

generally lack 5mC residues (Doerfler, 1983). However, while hypermethylation does 

correlate highly with gene inactivity, hypomethylation does not necessitate gene 

activity (van der Ploeg & Flavell, 1980; Kuhlmann & Doerfler, 1982; LaVolpe et al, 

1982; Ott et al, 1982). Thus DNA hypomethylation is described as a necessary but not 

sufficient condition for gene expression. Studies of specific sites of méthylation 

suggest that CpGs located at or near the 5’ end of a gene may be of greater 

importance for gene expression (Ott et al, 1982; Keshet et al, 1985; Hansen et al, 

1988; Toniolo et al, 1991) than sites located within the coding regions, implying that 

DNA méthylation may directly interfere with the mechanism of initiation of 

transcription. 5mC studies using restriction enzymes generally confirm the correlation 

between active chromatin and the absence of methyl groups (McGhee & Felsenfeld, 

1980; Reeves, 1984).

In contrast to the many examples of an inverse correlation between the level of gene
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méthylation and its transcriptional activity, expression of the H-2K gene is directly 

correlated with the extent of méthylation of certain sequences (Tanaka et al, 1983). 

Moreover, various genes have been examined which do not show an obvious 

correlation between hypomethylation and gene expression. Some of these genes are 

heavily (but not totally) methylated in all tissues regardless of their expression 

(Shmookler-Reis & Goldstein, 1982; Riggin & Pitha, 1982; Wolf & Migeon, 1982; 

Gerber-Huber etal, 1983; Kelley et al, 1988). Other genes have been examined which 

are hypomethylated in all tissues whether they are expressed or not (van der Ploeg & 

Flavell, 1980; Yagi & Koshland, 1981; McKeon etal, 1982; Cooper etal, 1983; Stein 

et al, 1983). Some genes appear to vary in their méthylation status in a manner which 

does not relate to transcription (Hjelle et al, 1982; Wilks et al, 1982; Kunnath & 

Locker, 1983).

Although a clear correlation in these cases could not be shown, many of these 

exceptions still conform to the necessary but not sufficient role postulated for DNA 

undermethylation and gene expression. In cases where genes do not conform to this 

rule, limitations of the analysis method must be considered. In almost all of the studies 

on DNA méthylation and gene expression, analysis has been restricted to certain 

specific sites. Using the restriction endonucleases Hpall and Mspl, only about 6% of 

the CpG sites can be examined. It is possible, therefore, that the potential méthylation 

sites located in CCGG sequences may not be the important ones in regulating gene 

expression. In at least one case, the méthylation pattern of CCGG sites was not found 

to be representative of CpG sites (Sano & Sager, 1982). In addition, problems with 

Mspl restriction of certain sites (section 1.7.1) can also interfere with the interpretation 

of the results. Analysis of all CpG sites may be necessary to understand more clearly 

the role of DNA méthylation in the regulation of gene expression (section 1.8.2).

The correlation between hypomethylation and gene expression cannot equivocally 

prove a cause and effect relationship. While some changes in méthylation definitely 

precede transcription (Weintraub et al, 1982), it has been shown in other cases that 

the loss of méthylation at the 5’ end of a gene does not precede the onset of gene 

activity (Wilks et al, 1982; Lock et al, 1987). It is possible that the mechanism of
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transcription may be the cause of déméthylation rather than the effect, possibly by 

inhibiting access to MTases needed to maintain the méthylation state (Creusot & 

Christman, 1981). Resolution of the question of cause and effect may be answered 

using different methods of analysis. The answer may also depend on which CpG site 

is examined.

1.8.2 In vitro méthylation and expression

Transfection, transformation and microinjection of genes methylated in vitro has 

provided further evidence for the involvement of DNA méthylation with gene activity. 

Many specific genes or viral sequences methylated with de novo prokaryotic DNA 

methyltransferases have shown reduced or no gene activity after their introduction into 

nuclei of eukaryotic cells compared to their unmethylated counterparts (Harbers et al, 

1981; Vardimon et al, 1981; Wigler et al, 1981; Chapman et al, 1982; Christy & 

Scangos, 1982; Fradin et al, 1982; Stein et al, 1982; Vardimon et al, 1982; McGeady 

et al, 1983; Simon et al, 1983; Christy & Scangos, 1986; Feenstra et al, 1986; 

Langner et al, 1986). DNA méthylation has been shown to reduce the transformation 

efficiency of certain sequences (Pollack et al, 1980; Chapman et al, 1982; McGeady 

et al, 1983). While these types of experiments attempt to address the heart of the 

DNA méthylation problem, they have not proved to be unequivocal. Other genes have 

failed to yield a correlation between undermethylation and gene activity using this 

approach (Korn & Gurdon, 1981; McKeon etal, 1982; Subramanian, 1982; Vardimon 

et al, 1982; Doerfler et al, 1983).

It should be noted that, in addition to the méthylation state, the expression of 

artificially introduced genes may be dependent on the cell type used for transient or 

transformed expression assays or the site of integration in addition to the méthylation 

state. Certain cells have shown a higher potential for de novo méthylation of 

introduced sequences than others (Jahner et al, 1982).

The subject of in vitro méthylation and gene expression in preimplantation 

development is addressed in Chapter 3 of this thesis.
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1.8.3 Inhibition o f DNA méthylation and gene expression

A  large body of good evidence for a causal relationship between DNA méthylation 

and gene expression has been generated using agents which artificially disrupt the 

inherited DNA méthylation pattern in vivo. The most widely used agents for this effect 

are the cytidine analogues, 5-aza-cytidine (5azaC)(see Figure 1.3) and 5-aza-2- 

deoxycytidine (5azadC). These analogues contain a nitrogen at the 5’ position of the 

cytidine ring and therefore cannot accept a methyl group once it is incorporated into 

DNA. 5azaC is thought to decrease méthylation by directly inhibiting the maintenance 

MTase during subsequent DNA replication (Jones & Taylor, 1980; reviewed by Santi 

et al, 1983; Jones, 1985). A possible mechanism for the inhibition is thought to 

involve the trapping of the MTase in a tight binding or covalent complex with 5azaC 

in the DNA (Jones & Taylor, 1980; Creusot et al, 1982; Santi et al, 1983). Such 

complexes have been observed with bacterial methylases in vitro (Santi et al, 1984).

Many eukaryotic genes have been shown to be activated in cells in which they were 

previously silent after treatment with 5azaC (for examples see. Compere & Palmiter, 

1981; Niwa et al, 1983; Davis et al, 1987; for reviews see Jones, 1985; Holliday,

1987). Previously quiescent eukaryotic viruses have also been shown to be reactivated 

with 5-azaC treatment (Altanerova, 1972; Groudine et al, 1981; Niwa & Sugahara, 

1981; Hoffman et al, 1982; Stewart et al, 1982). In addition, 5azaC treatment is 

known to radically effect the differentiation state of certain cells (Jones & Taylor, 

1980; Creusot et al, 1982; Momparler et al, 1985).

Evidence that 5azaC activation of DNA sequences involves DNA déméthylation is 

multi-fold. The effects of 5azaC are not seen with other cytidine analogues and seem 

to be specific for the 5’ position of the cytidine ring (Jones & Taylor, 1980). 5azadC 

has been shown to be a much better effector than 5azaC (Groudine et al, 1981). The 

level of activation observed is much higher than can be accounted for by simple 

mutation (Harris, 1982; Jones et al, 1982). Finally, reactivated genes were shown to 

be hypomethylated as compared to their silent counterparts (Compere & Palmiter, 

1981; Groudine et al, 1981; Clough et al, 1982; Ley et al, 1982) and these genes 

could be expressed after transfection into other cells (Ley et al, 1982; Venolia et al.



34

1982). Not all genes have shown the reactivation effect of 5azaC, however (Stein et 

al, 1982; Wolf & Migeon, 1982). In these cases it is worth mentioning again that loss 

of DNA méthylation does not necessitate gene activity, and other factors may be 

involved. 5azaC has been shown to be only weakly mutagenic (Landolph & Jones, 

1982), but is tumorigenic (Benedict et al, 1977; Carr et al, 1984) in mammalian 

systems.

1.8.4 Mechanism of gene regulation by méthylation

The detailed mechanism of DNA méthylation and its effect on gene expression is still 

unknown. 5mC has been shown to dramatically promote the formation of Z DNA 

(Behe & Felsenfeld, 1981; Zacharias et al, 1982), which has been implicated in being 

associated with inactive regions of chromosomes (Nordheim et al, 1981). DNA 

méthylation has not been shown to have an effect on histone binding (Felsenfeld et 

al, 1982). However, 5mC may effect overall chromatin structure (Bugler et al, 1980; 

Magnaval et al, 1981; Quint & Cedar, 1981; Nishio & Uyeki, 1982). It has also been 

suggested that DNA méthylation may facilitate the condensation of chromatin essential 

for cell division (Ott et al, 1982). As in prokaryotic systems, méthylation may have 

a direct effect on protein-DNA interactions. CpG méthylation could interfere with 

transcription either directly, by preventing the binding of transcription factors, or 

indirectly, by binding to nuclear proteins that would render a particular site 

inaccessible to the factor. In the first case, different results have been obtained for 

different factors. The presence of 5mC in binding sites for transcription factors directly 

inhibits the interaction of some factors in vitro (Becker et al, 1987; Kovesdi et al, 

1987; Watt & Molloy, 1988; Iguchi-Ariga & Schaffner, 1989; Comb & Goodman,

1990), but not of others: The Spl factor, for example, binds equally well to 

methylated and non-methylated sites and can stimulate transcription from both types 

of template (Harrington et al, 1988; Holler et al, 1988).

In other cases, a number of reports imply that méthylation has a role in the 

establishment of inert chromatin structures. Using in vitro methylated and 

unmethylated genes in transfection studies, Keshet et al (1986) observed that while 

unmethylated DNA adopts a DNase I (deoxyribonucleate 5 ̂ -oligonucleotide hydrase.
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EC 3.1.21.2) sensitive conformation when stably integrated into the genome, 

methylated sequences were packaged into nuclease-inaccessible structures. 

Buschhausen et al (1987) demonstrated the effect of méthylation on transcriptional 

activity is indirect as chromatin formation is required for methylation-dependent 

repression to be observed. These results suggest the existence of a mechanism that can 

distinguish between methylated and non-methylated DNA and directs the former into 

an inactive conformation (see also Selker, 1990).

How could the introduction of methyl groups in the DNA be transduced into 

conformational changes of chromatin? The finding of Ball et al (1983) that methylated 

CpG dinucleotides are predominantly located in nucleosomes containing histone HI 

and, conversely, the very low amount of HI in CpG islands compared with bulk 

chromatin (Tazi & Bird, 1990) provide evidence for a link between méthylation and 

chromatin organization. A possible model is that methylated DNA interacts 

specifically with certain nuclear proteins (Dynan, 1989). These interactions could 

determine a different conformation for any particular sequence depending only on its 

méthylation status. A protein that binds to methylated DNA (methylated DNA binding 

protein, MDBP) has been detected in nuclear extracts from a variety of sources 

(Huang et al, 1984; Wang et al, 1986a, b), but this protein is highly sequence-specific 

(Wang et al, 1986a; Khan et al, 1988) and can in fact bind to sequences that contain 

neither CpG nor 5mC (Zhang et al, 1989). A more likely candidate is a recently 

identified nuclear protein (methyl-CpG binding protein, MeCP, designated MeCPl) 

that specifically binds to multiple mCpG dinucleotides which may influence nuclease 

resistance of chromatin and methylation-mediated transcriptional repression in vitro 

and in vivo (Antequera et al, 1989; Meehan et al, 1989, 1990; Boyes & Bird, 1991, 

1992). In addition, MeCPl could be involved in modifying the nucleosomal structure 

at positions of methylated DNA (see Bird, 1992). Lewis et al (1992) have recently 

identified a second member of the MeCP family, MeCP2. Unlike MeCPl, the new 

protein is able to bind to a single mCpG pair and its distribution along the 

chromosomes parallels that of mCpG. The availability of a cloned gene for MeCP2 

should allow some insight into the molecular and phenotypic consequences of this 

protein both in vivo and in vitro.
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DNA méthylation is uncommon among those eukaryotes having genomes of less than 

10* base pairs (see section 1.7), but nearly universal among large-genome eukaryotes. 

This and other considerations (outlined in this section) make it likely that sequence 

inactivation by DNA méthylation has evolved to compensate for the expansion of the 

genome that has accompanied the development of higher plants and animals. As 

methylated sequences are usually propagated in the repressed, nuclease-insensitive 

state, it is likely that DNA méthylation compartmentalizes the genome to facilitate 

gene regulation by reducing the total amount of DNA sequence that must be scanned 

by DNA-binding regulatory proteins (Bestor, 1990).

1.9 DNA méthylation, cellular differentiation and cancer

The role of DNA méthylation in the expression of genes coupled with its somatic 

heretability makes it an attractive mechanism for the modulation of cell differentiation. 

Models have been proposed which implicate DNA méthylation in such a role 

(Holliday & Pugh, 1975; Riggs, 1975), for example, X chromosome inactivation. 

Evidence using restriction analysis of 5mC patterns, DNA mediated gene transfer and 

reactivation with 5azaC of the inactive X chromosome compared to its active 

counterpart strongly suggests that DNA méthylation plays a major role in the 

maintenance of the inactive chromosome state (see below; for review see Gartler & 

Riggs, 1983; Razin et al, 1984; Monk, 1986; Grant & Chapman, 1988). However, the 

role of méthylation in the initiation of X-chromosome inactivation is less clear, it has 

been suggested that CpG clusters located on the X chromosome may be involved in 

initiation and spreading of inactivation (Riggs et al, 1985). The efficiency with which 

DNA méthylation maintains the inactive X chromosome throughout the cell’s lifetime 

suggests that eukaryotes might use méthylation as a means of "locking" genes or gene 

regions in an inactive state. Such a system might provide an efficient, reliable way to 

protect cells from aberrant gene expression, even if positive transcription factors were 

present by mistake.

A model which involves DNA méthylation with cellular differentiation and cancer 

proposes that the ground state in the early embryo is full méthylation, with most of 

the CpG sites modified (Singer et al, 1979a; Razin & Riggs, 1980). Specific
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déméthylation events would occur to give rise to differentiated cells and the specific 

subset of methyl groups lost would determine the type of cell which resulted by 

dictating which specific genes would be expressed. This would account for the tissue 

specificity of méthylation patterns observed (Waalwijk & Flavell, 1978b). The new 

pattern of méthylation could be maintained thereafter as discussed above. This model 

must be modified to account for more recent results, e.g., germ cells, gametes and 

preimplantation embryos are undermethylated compared to somatic cells, not fully 

methylated (see Chapter 6).

1.9.1 Differentiation

While models for the involvement of DNA méthylation in cellular differentiation have 

so far suggested that relatively subtle site specific changes in méthylation patterns may 

take place, recent data has suggested that changes in 5mC content may be large scale 

and global as in early embryogenesis (see section 1.10). By measuring the level of 

5mC in murine erythroleukaemia cells during the process of differentiation, Razin et 

al (1986) were able to show that the genome underwent extensive déméthylation 

without concomitant DNA replication. It was further shown that the déméthylation was 

due to active replacement of the 5mC in the DNA by cytosine. This replacement of 

5mC was subsequently followed by massive remethylation of the DNA de novo. It 

was suggested that the déméthylation is carried out by a 5mC glycosidase which may 

only be present for a short period of time during the specific act of cellular 

differentiation (Razin et al, 1986). Following the de novo méthylation event, the 

specificity of the de novo 5mC pattern may be governed by specific DNA binding 

proteins or other mechanisms which can remember (and change) the transcriptional 

state of the DNA. The mechanism and action of 5azaC has also been shown to cause 

massive déméthylation of the genome (Jones & Taylor, 1980), followed by 

remethylation, some of which may be de novo. Therefore, this may be the mechanism 

by which 5azaC can render its effect on the differentiation state of cells.

1.9.2 Cancer

The involvement of DNA méthylation in cell differentiation suggests that it may also 

play a role in cell transformation, "de-differentiation" and cancer. Interference with the
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changing 5mC pattern during the differentiation process could lead to abnormal 

méthylation patterns and hence abnormal gene expression. If the wrong genes were 

expressed (i.e., oncogenes), neoplastic transformation could result Evidence which 

supports a role for DNA méthylation in cell transformation is the observation that 

many genes (including oncogenes) are hypomethylated in neoplastic cells as compared 

to their normal counterparts (Cheah et al, 1984). Furthermore, it has been reported that 

many chemical carcinogens are able to inhibit the MTase enzyme (Wilson & Jones, 

1983b). In addition, 5azaC is mutagenic and tumorigenic in mammalian systems (see 

above). The possible roles of DNA méthylation in tumor progression have been 

reviewed (Riggs & Jones, 1983; Nyce et al, 1983; Jones, 1986). While it is probable 

that DNA méthylation does play an important role in cell transformation, it is likely 

to be only a part of a very complicated process.

1.10 DNA méthylation and embryonic development

Méthylation of cytosine residues in vertebrate DNA has a regulatory role in that 

méthylation of specific sites in the vicinity of certain genes suppresses transcription 

of those genes (reviewed by Doerfler, 1983). However, little is known about how 

specific patterns of méthylation are established in early development due to the lack 

of sufficiently sensitive techniques to analyse the DNA in the amount of tissue 

available. Variation in overall DNA méthylation clearly occurs during normal 

development. Monk et al (1987) described an initial loss of overall genomic 

méthylation during preimplantation development, followed by de novo méthylation 

occurring to different degrees in the embryonic, extraembryonic and germ cell 

lineages. Other studies show that repetitive and low copy number DNA sequences are 

substantially undermethylated in all derivatives of two extraembryonic cell lineages 

in early mouse embryos, whereas DNA of the postimplantation embryonic lineage is 

highly methylated (Chapman et al, 1984; Sanford et al, 1985; Monk et al, 1987; 

Sanford et al, 1987). This tissue-specific méthylation pattern correlates with the 

specificity of X-inactivation (preferential paternal X-inactivation) in these lineages in 

female conceptuses. However, it is not known whether the overall méthylation 

difference is associated with the imprinting of the X chromosomes in extraembryonic 

lineages.
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Marsupial development differs from early development of placental mammals in that 

the blastocyst is unilaminar, so that both the embryonic and extraembryonic cells are 

derived from a single layer of cells (protoderm) which faces the blastocyst cavity. 

Also, all cells in female marsupial conceptuses so far examined show preferential 

paternal X-inactivation. Stevens et al (1988) demonstrated that the pattern of DNA 

méthylation of the marsupial genome during development is similar to that of the 

mouse, with embryonic DNA being more highly methylated than extraembryonic 

DNA, despite the occurrence of paternal X-inactivation and the outside position of 

marsupial embryonic cells.

The basis of these large scale changes in méthylation is uncertain. One possibility that 

should be considered is the availability and activity of MTases in development. During 

preimplantation development, the activity of MTase will be determined by the level 

of enzyme inherited in the egg, the stability of maternally inherited enzyme and the 

timing of activation of transcription of the embryonic gene for the enzyme.

Monk et al (1991) show a large decrease in methylase activity in early mouse 

development. If one assumes that the level of activity measured in vitro is correlated 

with the activity of the enzyme in vivo, the marked decrease in enzyme activity might 

account for the overall decrease in méthylation at the blastocyst stage. A decrease in 

methylase activity during de-differentiation of Chlamydomonas gametes appears to be 

the reason for a loss of chloroplast méthylation (Sano et al, 1984). The decrease in 

methylase in this case was consistent with dilution of the enzyme during cell division.

However, the results in the mouse embryo are not so easily interpreted owing to the 

fact that the level of methylase in the egg is very high at the start. A four hundredfold 

increase in the concentration of DNA methylase is found in fully grown oocytes and 

MIX stage oocytes as compared to somatic cells (Howlett & Reik, 1991). High DNA 

methylase activity is also associated with unfertilized eggs (Monk et al, 1991). With 

this high level of methylase, de novo méthylation may be occurring from the onset of 

development of the fertilised egg. The efficiency of the de novo méthylation may be 

low in early development (see Adams & Burdon, 1985; Adams, 1990) so that an
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overall increase in méthylation only becomes detectable by the ICM stage (Monk, 

1988). Alternatively, the high methylase in the egg may ensure that sufficient enzyme 

survives dilution (due to cell division) so as to be available for the onset of de novo 

méthylation at a later stage (Monk et al, 1991).

There is also some evidence that de novo méthylation may be occuiing during oocyte 

growth. The Intracistemal A Particle (lAP) gene and the Murine Urinary Protein 

(MUP) gene are highly methylated in unfertilized eggs (Howlett & Reik, 1991) and 

the RSV-Ig-myc transgene becomes methylated during oocyte growth (Chaillet et al,

1991).

A targeted mutation of the DNA MTase gene results in a threefold reduction in 5mC 

in mutant mice (Li et al, 1992); homozygous mutant embryos are stunted and die at 

midgestation suggesting that DNA méthylation is an essential requirement for normal 

mammalian development. Significant morphogenesis and tissue differentiation are 

nonetheless observed in these homozygous mutants and several explanations could 

account for their apparently normal development up to organogenesis. Firstly, normal 

méthylation patterns may be maintained in early development by additional MTases; 

however, the evidence for more than one species of MTase is unconvincing (see 

section 1.7.4). An alternative and more likely explanantion is that early development 

proceeds normally in the presence of high levels of maternal MTase inherited in the 

egg (see above). Only when the embryo begins to acquire adult levels of méthylation, 

starting at the time of gastrulation (Monk et al, 1987), do the reduced levels of MTase 

become limiting for development. Genes that are normally repressed by méthylation 

may be activated in the presence of limiting levels of MTase; expression of many 

genes at high levels or in inappropriate tissues might result in cell death or a reduced 

ability of affected cells to participate in tissue formation. The targeted mutation of 

MTase may elucidate the proposed role of méthylation in other developmental 

processes, including X-inactivation and imprinting (see below).

1.11 DNA méthylation and X-inactivation

Although X-inactivation is thought to be initiated near the genetically defined X
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inactivation centre (Xce, Cattanach et al, 1970) it may also depend on other 

controlling sequences necessary for the coherent regulation of the whole chromosome 

(Monk, 1986; Riggs, 1990). Since the suggestion by Holliday and Pugh (1975) and 

Riggs (1975) that méthylation might provide a molecular mechanism for X- 

chromosome inactivation in female cells, many correlations between méthylation and 

X-linked gene function have been recorded (reviewed by Monk, 1986). Extensive 

studies involving 5-azacytidine-induced reactivation of X-linked genes (Mohandas et 

al, 1981; Graves, 1982; Lester gf a/, 1982; Hors-Cayla et al, 1983; Goss, 1984; Grant 

& Worton, 1989; Hockey etal, 1989), transfection experiments with the X-linked//prr 

gene (Liskay & Evans, 1980; Lester et al, 1982; Venolia & Gartler, 1983) and 

methylation-sensitive restriction enzyme analyses show that there are regions of the 

mouse and human X-linked genes that are methylated only on the inactive X- 

chromosome. These include the normally methylation-free CpG-rich islands (Bird, 

1986) of X-linked housekeeping genes, e.g., hypoxanthine phosphoribosyltransferase 

(Wolf et al, 1984b; Yen et al, 1984; Lock et al, 1986), glucose 6-phosphate 

dehydrogenase (Wolf et al, 1984a; Toniolo et al, 1984; Toniolo et al, 1988) and 

phosphoglycerate kinase (Keith et al, 1986). The stability of gene repression on the 

inactive X-chromosome in somatic cells of eutherian (but not marsupial) mammals 

clearly owes much to the méthylation of CpG islands (see Riggs & Pfeifer, 1992).

The 5’ regions of a number of X-linked genes have been well characterized in both 

mice and humans and several CpG sites identified as important, i.e., in adult somatic 

tissues these sites are always methylated on the inactive X chromosome (Lock et al, 

1986; Yen et al, 1986; Hansen et al, 1988; Toniolo et al, 1991). However, until 

recently, the methods available to study the méthylation of these sites with respect to 

the initiation of X-chromosome inactivation in development, were not available. The 

advent of the polymerase chain reaction (PCR) for amplification of specific DNA 

sequences raises the possibility of a closer examination of changes in méthylation in 

development. The main investigation in this thesis is the development of highly 

sensitive procedures for the detection of méthylation of specific CpG sequences and 

the application of these procedures to X-linked gene silencing and X-linked gene 

activation in germ cells, in preimplantation embryos and in different lineages of
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postimplantation stages of development of the mouse.

1.12 DNA méthylation and imprinting

Transgene imprinting shows similar properties to X-chromosome inactivation. The 

degree of méthylation and expression of a transgene in the progeny may, like X 

inactivation, depend on the combination of mouse strains in a given cross (Sapienza 

et al, 1989; Allen et al, 1990; Reik et al, 1990; see Chapter 7). There are other 

similarities, e.g., cellular mosaicism with different proportions of cells with the 

transgene or a particular X chromosome active in different individuals (McMahon et 

al, 1983; McGowan et al, 1989) and differential expression of X-linked genes and 

transgenes correlated with allele-specific variation in méthylation. The additional 

component in X-inactivation, unlike the imprinted transgene, is that the inactivation 

spreads to encompass the whole X chromosome. In this property, X-inactivation may 

be likenend to differential allele expression observed in cfj-position effect variegation 

in Drosophila where wild-type genes are variably expressed in euchromatin which has 

been translocated next to heterochromatin (Tartof et al, 1989). In this thesis, the 

méthylation status of specific CpG sites in a transgene, associated with imprinting, is 

examined throughout mouse embryonic development, using a variety of techniques, 

including the PCR assay developed for X-chromosome inactivation studies (see section 

1.11), in an attempt to elucidate the role of méthylation in this phenomenon.

In Chapters 2, 3 and 4 of this thesis I report background studies to the major work on 

studies of specific CpG méthylation in development given in Chapters 5, 6 and 7. In 

Chapter 2, I begin with a re-examination of overall méthylation in development to 

complement earlier studies and to investigate the evidence for méthylation changes in 

the male germ line. In Chapter 3, I investigate the approach of in vitro méthylation 

followed by oocyte injection as a means to study the méthylation dynamics in 

preimplantation development. In Chapter 4 ,1 determine the méthylation status of three 

X-linked genes in embryonic and extraembryonic lineages by Southern blot. In 

Chapter 5 ,1 describe the development of the //pall-sensitive PCR technology and its 

miniturization for tiny tissue samples. In Chapters 6 and 7 ,1 describe the application 

of //pall-sensitive PCR to the study of X-linked gene inactivation and transgene
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imprinting in different cell lineages throughout development. Concluding remarks are 

given in Chapter 8.



CHAPTER 2

Méthylation and déméthylation during development
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2.1 Introduction

Early mouse development is associated with large changes in DNA méthylation (see 

Table 2.1 and Figure 2.1). The sperm and the egg genomes are differently methylated, 

overall (Monk et al, 1987), for repetitive DNA sequences and low copy gene 

sequences (Sanford et at, 1987). The egg is markedly undermethylated. Although 

overall méthylation is lower in sperm than in somatic tissue (Razin et al, 1986; Monk 

et al, 1987), genes that will have a specialised function in somatic tissues, and 

repetitive sequences, are highly methylated in sperm. However, sperm satellite DNA 

is undermethylated (Sturm & Taylor, 1981; Adams et al, 1983). The CpG islands 

associated with household genes are also unmethylated in sperm as they are in somatic 

tissues (Bird, 1986).

During preimplantation development there appears to be a loss in overall méthylation 

between the 8-cell and the blastocyst stage (Monk et al, 1987). The undermethylation 

of blastocyst DNA could be due to déméthylation, or lack of maintenance méthylation, 

occurring solely, or primarily, in trophoblast cell DNA. Certainly, trophoblast cell 

DNA is less methylated than ICM DNA in the rabbit blastocyst (Manes & Menzel, 

1981) and in the late blastocyst in the mouse (Monk, 1988). However, it is also 

possible that the low méthylation of the early blastocyst is due to absent or inefficient 

de novo méthylation.

It is not yet clear when de novo méthylation begins in development. A crude method 

to look at overall méthylation shows detectable de novo méthylation in the ICM cells 

of the late blastocyst in the mouse (Monk, 1988) and increasing levels of de novo 

méthylation in the fetal precursor cells during the period of implantation and 

gastrulation. The PGC DNA, both male and female, is markedly undermethylated as 

early as 11.5 days’ gestation and it is proposed that the germ line may escape 

extensive de novo méthylation (Monk et al, 1987). These early differences in 

méthylation in gametes, and large scale changes in early development, could be 

associated with processes of programming, deprogramming and reprogramming of the 

genome.
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Figure 2.1 Diagram of hypothesised changes in DNA méthylation during early mouse 

embryonic development. There is an overall loss of méthylation by the blastocyst stage 

and extensive de novo méthylation at implantation. The germ line may escape de novo 

méthylation. Reproduced from Monk (1990a), with permission.
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TABLE 2.1 

Méthylation in development® 

Specialized &

Overall low copy Repetitive

Stage

Sperm ++

Oocyte

Blastocyst

(ICM) +

Postimplantation (7.5 d.p.c.) +++ 

Primordial germ cells 

Extraembryonic cells +

+++

4-4-4-

4-4-4-

+ /-

4-4-4-

Satellite

+ /-

4-4-4-

+ /-

“Published in Monk & Grant (1990).
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As a preliminary approach to studies on méthylation in development, some aspects of 

the early work on the overall profile of méthylation are re-examined in this chapter. 

Previous work (Monk et al, 1987) produced suggestive evidence that the male germ 

cells showed an increase in méthylation at 16.5 d.p.c. at a time when these cells are 

in mitotic arrest. This seemed surprising and at the outset of these studies on 

méthylation it was essential to clarify this observation. In this chapter, méthylation of 

the repetitive LI (or mouse interspersed family [MIF]) sequence in the male germ line 

is more carefully examined.
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2.2 Materials & Methods

2.2.1 Collection o f embryonic samples

Random bred Q-strain females (Edinburgh), mated with Q males, were sacrificed at

14.5 and 16.5 d.p.c.. Gonads from the post-implantation embryos were dissected, 

together with attached mesonephros tissue, into PBl (Whittingham & Wales, 1969) 

containing 0.4% polyvinyl pyrrolidone instead of albumin (PBl.PVP), and sexed 

according to their characteristic morphology (developing testes show cords from 12.5 

days’ gestation, see Hogan et al, 1986). The mesonephros was dissected apart, the 

gonads collected in IxTNE (see Appendix X), containing 2% sodium dodecyl sulphate 

(SDS) and 200|ig/ml proteinase K, and stored at -70“C. When sufficient material had 

been collected, samples were pooled (according to sex) for DNA preparation (see 

below).

2.2.2 DNA preparation

Samples at -70°C were pooled according to sex and stage, the volume made up to 2ml 

with TNE (plus 2% SDS, 200|LLg/ml proteinase K, as above), incubated at 37°C for one 

hour (to allow proteinase K digestion) and phenol-extracted twice (see Appendix II). 

Two volumes of absolute alcohol were added to the aqueous phase. Following 

centrifugation, the pellet was gently washed in 70% alcohol, resuspended in TE8 (see 

Appendix X) and stored at -20°C ready for use.

2.2.3 Southern blotting and hybridization

DNA samples were digested with Mspl and HpaU. Completion of digestion was 

monitored by digestion of phage X DNA [BRL] added to a sample of the main digest 

and incubated alongside. Samples of restriction digests (-0.1 p.g per lane) were 

electrophoresed through 0.7% agarose gels for 16 hours at 25V, alkali-transferred to 

Hybond N  ̂membranes [Amersham] by Southern blot (Southern, 1975) and hybridized 

with the ^^P-labelled oligolabelled probe (Bennet et al, 1984) for 18 hours at 65°C. 

The filters were washed and exposed to X-ray film [Fuji].

Detailed protocols for DNA preparation and digestion. Southern blotting and 

hybridization are given in Appendices II, VII and VIII, respectively.
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2.3 Results

The repetitive sequence LI is represented by ~5x 10̂  copies dispersed throughout the 

genome (Bennett et al, 1984). Monk et al (1987) showed that this sequence was 

unmethylated throughout PGC development from 11.5 d.p.c. to 16.5 d.p.c.. At 16.5 

d.p.c. their results showed de novo méthylation in the male (but not in the female) 

germ cells. This was puzzling in so far as the male germ cells are in mitotic arrest at 

this time. In order to reinvestigate these findings the experiments were repeated, 

carefully controlling the amount of DNA in male and female samples loaded in each 

lane on the gel and also comparing DNA from equivalent numbers of gonads.

Méthylation of LI repetitive sequences was examined by Southern blot analysis. DNA 

from gonads (germ cells plus supporting somatic cells) was isolated as described in 

Materials and Methods and digested with the isochizomeric enzymes Mspl and Hpall. 

Both enzymes cut the DNA at the unmethylated four-base sequence 5’CCGG3’, but 

only Mspl cuts the methylated sequence (Waalwijk & Flavell, 1978a). An indication 

of the degree of méthylation may be observed by a comparison of the Mspl and Hpall 

patterns after electrophoresis, blotting and hybridization.

Plate 2.1a shows hybridization of probe pMR134 to 14.5 and 16.5 d.p.c. male and 

female gonadal DNA preparations with equivalent amounts of DNA loaded in the 

lanes. The Mspl lanes show two bands of hybridization at approximately 10 and 3kb, 

in all samples. In the Hpall lanes, both male and female gonad DNA from 14.5 d.p.c. 

embryos show the unmethylated bands, as well as methylated DNA at the top of the 

lanes. At 16.5 days’ gestation the female gonads continue to show an unmethylated 

component in the Hpall digests, but the unmethylated bands appear much fainter for 

the 16.5 day male gonads. These observations confirm previous findings by Monk et 

al (1987). From these early results, it was suggested that male germ cells were 

becoming methylated at 16.5 d.p.c..

However, there could be another explanantion for this observation. In reproducing 

these experiments, it was observed that the somatic component of the male gonad 

develops faster than that of the female gonad in that the male gonad is larger. Thus,
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the ratio of somatic to germ cell DNA is higher in the male. In order to load an 

equivalent number of male and female germ cells on the gel it was necessary to load 

DNA from an equivalent number of gonads. When this was done, Plate 2.1b, the 

intensity of the unmethylated LI sequence bands in the Hpall digests at lOkb and 3kb 

was more equal in both the male and female samples (though the intensity of the 

uncut somatic DNA at the top of the Hpall lanes is greater for male samples, as 

predicted).
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Plate 2.1. (a) Méthylation of MIF sequences in whole gonads. DNAs isolated from 

male (cT) and female (?) gonads at 14.5 and 16.5 days’ gestation were digested with 

Mspl (M) and Hpall (H). Equivalent amounts of DNA were loaded in each lane, 

subjected to electrophoresis. Southern blotted on to a nylon filter and hybridized to the 

mouse probe pMR134 to repetitive LI sequences (see Materials & Methods). 68 hour 

exposure. Abbreviations: -, uncut DNA; +, cut DNA. Fragment sizes are in kilobases 

(kb), (b) As above, but the DNA from equivalent numbers of male and female 16.5 

d.p.c. gonads were loaded in each lane. 100 hour exposure.
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2.4 Discussion

During female mouse development the PGCs reach the developing gonads at around 

11 days’ gestation (see the summary of mouse development in Chapter 1, section 1.1) 

and by 13 days’ gestation female cells have entered into the prophase of the first 

meiotic division. The previously inactive X chromosome is reactivated by 13 days’ 

gestation (Monk & McLaren, 1981). At this time, male germ cells have entered 

mitotic arrest; further rounds of mitosis and subsequent entry into meiosis in the male 

will begin after birth (for reviews see Heath, 1978; Eddy et al, 1981; Wylie et al, 

1985). Monk et al (1987) have demonstrated that 11.5 day germ cells are already 

unmethylated for LI repetitive sequences, in whole gonads. Furthermore, they 

observed unmethylated LI sequences in female gonads up to 16.5 days’ gestation. The 

unmethylated sequences were attributed to the germ cells by analysis of purified germ 

cells at 12.5 and 14.5 d.p.c..

It is proposed that since the original evaluation did not take germ cell to somatic cell 

ratios in male and female gonads into account, the conclusion that 16.5 d.p.c. male 

germ cells are methylated is an erroneous one. Somatic cells in the gonads continue 

to divide after the germ cells have been mitotically arrested (males) or have entered 

meiosis (females). As the number of somatic cells increase in relation to germ cell 

numbers, the germ cell méthylation pattern of the 10 and 3kb bands in the Hpall lanes 

is swamped by the undigested (methylated) DNA of the somatic cells. This is 

especially true of male gonads which develop at a greater rate than female gonads of 

equivalent age (there are slightly more germ cells in the testis than in the ovary at

14.5 d.p.c. [6x10^ vs. 4.7x10^] however, the testis is twice the size of the ovary; 

McCoshen, 1983); estimates put the ratio of somatic cells to germ cells as high as 6:1 

in male gonads by 16.5 d.p.c.. Therefore, when equal amounts of male and female 

DNA are compared the méthylation pattern of germ cell LI sequences in the 16.5 

d.p.c. male gonads is less clear due to the greater proportion of somatic cells. When 

DNA from equivalent numbers of gonads are analysed the male germ cells are clearly 

unmethylated.

However, méthylation in the male germ line does occur at some stage during
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spermatogenesis. Overall, sperm shows a lower proportion of 5mC than any other 

adult somatic tissue (Gama-Sosa et al, 1983) and this is reflected in the 

hypomethylated state of both the major and minor satellite sequences (Sanford et al, 

1984; Ponzetto-Zimmerman & Wolgemuth, 1984); however, other low copy repeat 

sequences (Sturm & Taylor, 1981; Chapman et al, 1984; Sanford et al, 1987) and 

many unique sequences (Waalwijk & Flavell, 1978b; Mandel & Cham bon, 1979; Rahe 

et al, 1983) are highly methylated. LI (Monk gf aZ, 1987 and this study) and lAP 

(Howlett & Reik, 1991) sequences are undermethylated in male fetal germ cells but, 

in mature spermatozoa as well as in spermatids and pachytene spermatocytes, these 

sequences are highly methylated, suggesting that there are major de novo méthylation 

events in the male germ line, perhaps associated with the resumption of mitosis in 

germ cells after birth (Sanford et al, 1987). In support of this, Driscoll and Migeons’ 

(1990) observations of meiotic germ ceUs suggest that CpG méthylation of several X- 

linked and autosomal genes in male germ cells occurs posmatally, prior to or during 

the early stages of spermatogenesis. This is also consistent with observations that de 

novo méthylation occurs in chicken testes between the spermatogonial stage and the 

first meiotic prophase (Groudine & Conklin, 1985). Chaillet et al (1991) find that an 

imprinted transgene becomes methylated in male fetal germ cells at 17.5 d.p.c.

, well before meiosis and spermiogenesis, and this pattern 

persists in new bom testes. The méthylation pattern observed in mature sperm, 

established during meiosis and spermiogenesis, is erased in the early embryo by 3.5 

d.p.c..

The functional significance of the méthylation and déméthylation events in mouse 

gametogenesis and early embryogenesis remains elusive. How differential méthylation 

patterns in gametes influence subsequent méthylation patterns in the zygote at the time 

of de novo méthylation and how such parental diffemces are translated into differential 

expression of parental genes remains to be determined.



CHAPTER 3

The effect of in vi>o méthylation on the expression of exogenous DNA in early

mouse embryos
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3.1 Introduction

The establishment of inverse correlations between the levels of DNA méthylation and 

gene expression leaves the question undecided as to whether DNA méthylation 

constitutes the cause or consequence (or both) of the shut-off of specific genes. There 

is evidence in favour of both these mechanisms: Evidence for a causal effect is 

derived from the observation that the expression of cloned DNA is inhibited by in 

vitro méthylation (for e.g., Stein et û/, 1982; Vardimon era /, 1982; see Chapter 1, 

section 1.8.2), whilst a secondary role is suggested by systems in which inactivation 

precedes méthylation (Niwa et al, 1983; Lock etal, 1987; Grosschedl & Marx, 1988).

The experiments using in vitro méthylation with bacterial methylases could miss 

possibly important sites of méthylation. Simon et al (1983) compared the effect of 

methylating selected CpG sites with methylating all CpG sites of a proviral clone in 

vitro and found that the biological activity of the proviral DNA in the latter case was 

reduced by more than three orders of magnitude, while méthylation of selected sites 

had only a marginal effect. In addition, the inactivation was reversible with 5azaC 

treatment suggesting that the méthylation of CG dinucleotides other than those 

detectable with restriction enzymes may be crucial for gene expression. Observations 

made by Waechter and Baserga (1982) confirm that méthylation has different effects 

on different exogenous genes in mammalian cells, and that these effects depend 

strictly on the sites that are methylated. In this chapter only the Hpall sites of the 

HPRT minigene chosen for investigation were methylated.

The entire X-linked Hprt gene is 33kb long and contains 9 exons (Melton et al, 1984). 

The HPRT minigene was constructed by fusing the 5’ and 3’ ends of the gene onto 

a fragment of Hprt cDNA. The resulting 3kb minigene functions efficiently in cultured 

mammalian cells (Melton et al, 1986; see Figure 3.1). The expression of HPRT 

(hypoxanthine phosphoribosyl transferase; EC 2.4.2.8) is ideal for these studies on the 

effect of méthylation on gene expression in preimplantation embryos for a number of 

reasons: (i) It is expressed early in development, from the 2- to 4-cell stage (Ao, 

1990) and (ii) a highly sensitive assay is available that detects the activity of HPRT 

in single embryos (Monk, 1987).
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This thesis is concerned with méthylation and déméthylation as possible molecular 

mechanisms of initiation and inactivation of gene expression in development. The 

important question of the cause and/or effect of méthylation in the regulation of gene 

expression might be better addressed at the onset of development. The approach 

attempted here is an investigation of in vitro méthylation on the expression of an 

HPRT minigene in early mouse embryos.

The work is preliminary but it is reported here as it was one of the initial approaches 

to sensitive and specific studies in early embryos and it shows considerable potential 

for further studies by others.
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3.2 Materials & Methods

3.2.1 Preparation o f DNA for microinjection

3.2.1.1 Plasmid DNA preparation

The 3kb HPRT minigene (pDWMl, Figure 3.1; Melton et a/, 1986) was prepared 

from purified clone DNA (kindly provided by David Melton) by the plate-lysis method 

(see Appendix III; Maniatis et al, 1982). The preparation was verified from the 

predicted restriction fragment pattern after digestion with endonucleases Hpall and 

Hindlll (conditions for digestion were as recommended by the suppliers [New England 

Biolabs]).

3.2.1.2 In vitro méthylation

The pDWMl plasmid was methylated in vitro using the prokaryotic DNA enzyme 

Hpall methylase {M.Hpall) [New England Biolabs] under the conditions 

recommended by the manufacturers. Plasmid DNA was incubated with 3U/|ig of 

methylase at 37°C for one hour in a lOjil reaction mix containing 50mM Tris.HCl (pH 

7.5), lOmM ethylene diamine tetra-acetic acid (EDTA)[BDH], 80jiM S-adenosyl-L- 

methionine (SAM)[New England Biolabs], and 5mA/ p-mercaptoethanol (P- 

ME)[Sigma]. In addition, an equivalent amount of plasmid DNA was incubated under 

the same conditions but in the absense of M.//paII (mock-methylated control). 

M.Hpall catalyzes the transfer of a methyl group from SAM to the internal cytosine 

of the Hpall recognition sequence 5’CCGG3’ (Mann & Smith, 1977; Cedar et al, 

1979) which renders it resistant to Hpall endonuclease cleavage. Methylase activity 

was terminated by additional incubation at 65°C for 20 minutes (as recommended by 

manufacturers) and the extent of méthylation was determined by digesting an aliquot 

of the sample with 6U of Hpall [New England Biolabs] at 37°C for one hour. The 

products of digestion were analysed on a 1% agarose [BDH] gel with //pûll-digested 

and undigested pDWMl DNA, which had not been subjected to the méthylation 

treatment, serving as controls. After méthylation was verified, the in vitro methylated 

DNA was purified by ethanol precipitation at -70°C and resuspended in 0.1 x TE8 (see 

Appendix X).
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Figure 3.1. Construction of the HPRT minigene (pDWMl; ~3kb) derived from the 

mouse Hprt gene (~33kb). The structure of the entire gene is included for comparison. 

Vertical bars, exons (1-9); open boxes, HPRT coding sequences; closed boxes, 

untranslated regions; thick lines, Hprt flanking and intervening sequences; thin lines, 

vector sequence; A, Aval; B, BamH\\ Eg, Bg/II; H, Hindlll; P, Pstl; R, EcoRl; X, 

Xhol. Reproduced from Melton et al (1986), with permission.
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3.2.1.3 DNA concentration

For microinjection purposes, a DNA concentration of l-5ng/p,l is required; this 

corresponds to about 200-1000 copies of the 5.5kb pDWMl fragment and its vector 

in l-2pl of DNA, the volume that can be injected into the pronucleus. DNA 

concentrations were estimated on a 1% agarose gel in which an aliquot of the sample 

was run alongside dilutions of known concentration of phage X DNA for comparison.

3.2.2 Egg collection for microinjection

Eggs for microinjection were obtained from 3-5 week old (CBA/Ca x C57BL/6J)F1 

female mice (henceforth called FI). The mice were superovulated by intraperitoneal 

injection of 5 i.u. of pregnant mare’s serum gonadotropin (PMS)[Intervet], followed 

45-48 hours later by 5 i.u. of human chorionic gonadotropin (hCG)[Intervet]. They 

were then mated with FI males. Ovulation is assumed to occur about 12 hours after 

administration of the hCG injection (Gates & Beatty, 1954) and the presence of a 

vaginal plug was taken as proof of mating.

On the first day of pregnancy, one cell zygotes were isolated from the oviducts of 

mated females and separated from cumulus cells by 5-10 minutes incubation at room 

temperature in hyaluronidase (3(X) i.u./ml)[Sigma]. Residual cumulus cells were 

removed by finely drawn Pasteur pipettes. The eggs were then washed free of enzyme 

in PBl medium (Whittingham & Wales, 1969), and transferred to Hepes-buffered M2 

medium under oil in the microinjection chamber (Allen et al, 1987).

3.2.3 Microinjection

Microinjection techniques were essentially as described in Allen et al (1987). 

Methylated, mock-methylated (control) and unmethylated (untreated) pDWMl DNAs 

were injected into paternal pronuclei (2pl of a 5p,g/ml plasmid dilution/ pronucleus, 

i.e., ~1(X)0 copies).

I thank Asangla Ao for her help and guidance with the preparation of glassware for 

microinjection and with the microinjection itself.
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Figure 3.2. Microinjection into the pronucleus. The DNA expelled from the needle 

causes the pronucleus to swell visibly. Based on Hogan et al (1986) and reproduced 

from Ao (1990), with permission.
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Preparation o f microinjection instruments

Prepartion of glassware for microinjection is described in detail in Appendix DC. 

The microinjection set-up

The microinjection set-up is described in Appendix IX.

3.2.4 Pronuclear injection

The HPRT minigene was microinjected into the male pronucleus of fertilized eggs 

(see Figure 3.2). The procedure for microinjection is outlined in Appendix IX.

3.2.5 Embryo culture

Droplets of M16 medium (Whittingham, 1971), supplemented with BSA, were 

prepared under paraffin oil in plastic culture dishes and equilibrated in a humidified 

5% COz-in-air atmosphere at 37°C for one hour. Microinjected and control embryos 

were pooled and added to the droplets, via a wash droplet, and cultured to the 2-cell 

stage.

3.2.5 Biochemical double microassay for HPRT and APRT

The HPRT and APRT (adenosine phosphoribosyl transferase; EC 2.4.2.7) enzymes are 

related in function, both of them being involved in the purine salvage pathway which 

reincorporates purine bases into DNA. HPRT is an X-coded enzyme that catalyzes the 

conversion of hypoxanthine and guanine to inosine monophophate (IMP) and 

guanosine monophosphate (GMP) respectively. APRT is autosome-coded and converts 

adenine to adenine monophosphate (AMP). Both enzymes use phosphoribosyl 

pyrophosphate (PRPP) as a source of the phosphoribosyl moeity.

The method used is essentially as described previously (for detailed protocol see 

Monk, 1987).

3.2.5.1 Harvesting embryos

Only healthy appearing 2-cell embryos were harvested. The embryos were washed 

twice in PBl.PVP and isolated individually in 5|il of fresh PB1.PVP in lOfil Figure
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3.3. Diagram summarizing the double microassay for HPRT and APRT activities in 

an embryo extract. The embryo is sealed in a microcap and stored at -70"C. For assay, 

the sample is freeze-thawed three times, centrifuged and the supernatant added to the 

reaction mixture. Reproduced from Monk (1987), with permission.
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Drummond microcaps [Scientific Supplies], the ends of which were sealed by melting 

in a flame (see Figure 3.3). Samples were stored at -70°C. Supernatant extracts were 

prepared by freeze- thawing three times followed by 10 minutes centrifugation at room 

temperature.

3.2.S.2 Measuring enzyme activity

HPRT and APRT activities were measured simaltaneously by incubating embryo 

extracts at 37°C for 14 hours in a 50|il reaction mixture consisting of 38.75mM 

sodium phosphate buffer (pH 7.4)[BDH], 5mM magnesium chloride [BDH], ImM 

phosphoribosyl pyrophosphate (PRPP)[Sigma], IGpAf [^H] hypoxanthine and lOpM 

[̂ '̂ C] adenine [Amersham]. The specific activities of [^H] hypoxanthine and [̂ ^C] 

adenine were 1625 Ci/M and 270 Ci/M respectively.

The reaction was stopped by addition of 1ml of an ice-cold O.lAf lanthanum chloride 

solution [BDH] containing ImM unlabelled hypoxanthine [Sigma]. After 30 minutes 

at 4°C the labelled nucleotide products, IMP and AMP precipitated by the lanthanum, 

were collected by filtration on glass fibre filters (GF/C)[Whatman] and dried in a hot 

air oven. ^H and counts were measured on a scintillation counter (1200 

seconds/sample) using dual label counting parameters. Blank controls of supporting 

medium (PBl.PVP) without extract were included at the beginning and end of the 

sequence of sample loading, to ensure that no counts were carried over. Efficiency of 

counting (counts per minute (c.p.m.)/picomole of substrate or product) for each isotope 

was measured from filters spotted with 5|il of the ^H and reaction mixes.

The activity of each enzyme in the double microassay was calculated by subtracting 

the average blank values (from the complete reaction mix plus the supporting medium) 

from each channel and by subtracting the fraction of counts attributable to spillover 

between the "^H" and channels (calculated from samples incubated in the 

’single’ reaction mixtures). Counts per minute for enzymes were converted into 

activity measurements (picomoles/hour/sample) using the efficiency of counting, 

calculated above.
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3.3 Results

To show transient expression of HPRT activity, fertilized FI mouse eggs were 

microinjected with a 5|ig/ml solution of supercoiled plasmids containing the HPRT 

minigene (Melton et al, 1986). The injected eggs were collected at the 2-cell stage and 

assayed for HPRT and APRT. By expressing the results as the ratio of HPRT and 

APRT activities, the resulting increase in HPRT activity due to the injected HPRT 

minigene DNA is standardized to the endogenous APRT activity in the embryos 

(Monk & Kathuria, 1977).

One day after injection with untreated pDWMl, the 2-cell embryos showed an 

approximate fourfold increase in HPRT activity and HPRT: APRT ratio compared with 

the control, uninjected, embryos (compare pDWMl with uninjected control in Table

3.1). The increase in HPRT activity in the 2-cell embiyos results from transcription 

of the injected plasmids followed by translation into active enzyme protein. The 

endogenous APRT enzyme activities were similar in control and injected eggs.

The HPRT minigene was methylated in vitro using a Hpall methylase (see Materials 

& Methods). In the presence of a methyl donor (SAM), this enzyme methylates all the 

Hpall sites in the minigene. As a control, another sample of HPRT minigene DNA 

was incubated with HpaU methylase in the absence of a methyl donor (mock- 

methylated). Plate 3.1 shows that the plasmid DNA is completely methylated at the 

Hpall sites following treatment with HpaU methylase, in the presence of SAM, since 

the DNA is resistant to Hpall digestion. Mock-methylated DNA remains unmethylated 

after treatment with Hpall methylase, in the absence of SAM; Plate 3.1 shows that the 

mock-methylated sample can still be digested with Hpall (compare digest pattern of 

mock-methylated DNA to untreated control).

To investigate the effect of méthylation on enzyme activity expressed from exogenous 

HPRT DNA, in vitro methylated pDWMl plasmid DNA was microinjected into 

another series of eggs. Control eggs were injected with mock-methylated pDWMl 

DNA. The resulting HPRT activity was again assayed at the 2-cell stage. As shown 

in Table 3.1, comparing methylated pDWMl and mock-methylated pDWMl, in vitro
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Plate 3.1. / / I  vitro méthylation of the HPRT minigene by HpaU methylase. Ethidium 

bromide (EtBr)-stained agarose gel containing in lanes 1 & 2, untreated (CTL) 

pDWMl; lanes 3 & 4, methylated (METH) pDWMl (treated with HpaU methylase 

+ SAM); lanes 5 & 6, mock-methylated (MOCK-METH) pDWMl (treated with///7all 

methylase alone); lanes 7 & 8, unmethylated (UNMETH) pDWMl (treated with SAM 

alone); +, treated with HpaU\ -, uncut DNA; MW, molecular weight marker, bp, base
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méthylation of the minigene shows a reduction in HPRT activity and in HPRT.APRT 

ratio at the 2-cell stage.

Figure 3.4 is a logarithmic plot of the results for individual embryos summarized in 

Table 3.1. It is clear from this figure that the APRT activity is about the same in all 

samples. The HPRT:APRT ratio for embryos injected with the unmethylated 

(untreated) pDWM 1 is greater than the ratio observed in uninjected controls due to an 

increase in HPRT expression in the injected embryos, above endogenous levels. Ratios 

(HPRT: APRT) obtained from embryos injected with mock-methylated pDWMl appear 

to be greater than those obtained from embryos injected with methylated pDWMl. 

However, for both methylated and mock-methylated HPRT minigenes the HPRT 

expression is well below expression levels observed in 2-cell embryos injected with 

unmethylated (untreated) HPRT minigene.

Any conclusions that may be drawn from these results are complicated by the results 

of the mock-methylated control (see below). It is suggested that this failure may be 

attributible to the in vitro méthylation reaction conditions; The incubation period in 

the méthylation reaction (in the absence or presence of HpaU methylase) in itself 

reduces the efficiency of the minigene expression. Nevertheless, the expression with 

methylated and mock-methylated HPRT minigenes is above the endogenous HPRT 

expression observed in the uninjected control embryos.

We can conclude that prior méthylation of the HpaU sites reduces gene transcription 

in preimplantation embryos. However, there are some discrepancies in this experiment 

that should be noted. Firstly, the mock-methylated pDWMl does not increase the 

HPRT activity and the HPRT:APRT ratios to the same extent as the control pDWMI 

(compare results in Table 3.1). Secondly, the reduction in HPRT activity due to 

méthylation of the injected plasmid does not lower HPRT expression to the control 

uninjected level (compare results in Table 3.1). These discrepancies cannot be 

explained at this time. The number of experiments performed is quite low and the 

standard errors high. Further work would need to be done to clarify these results.



A test is available for comparing the means of two small samples (ie., each > 25), called the t-test.

f = Xj - X2

-L *-L
" i "2

where =
* 2  =  
n, =

and

mean HPRT value obtained with mock-methylated pDWMl 
mean HPRT value obtained with methylated pDWMl 
number of samples injected with mock-methylated pDWMl 
number of samples injected with mock-methylated pDWMl 
common variance given by:

where ŝ  (from samples 1 and 2, ie., embryos containing mock-methylated and methylated pDWMl 
respectively) = variance, calculated from standard deviations.
Substituting in the appropriate figures:

t = 424 -  271

93.7. ± . ±  
11 13

153
38.4

= 3.99

with ni + n%-2 degrees of freedom, ie., 11 + 13 - 2 = 22.

Consulting the table of probability of t* we find that the calculated value of 3.99 is larger than the 
tabulated value of 2.074 at P=0.05 for 22 degrees of freedom. We therefore conclude that the difference 
between the two means is statistically signifrcanL

* FowlerJ. and CohenJ .̂ Statistics for Ornithologists, BTO, Guide No. 22.
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Table 3.1. HPRT and APRT activities in fertilized mouse embryos microinjected with 

in vitro methylated and unmethylated HPRT minigene. Embryos were harvested after 

24 hours (at the 2-cell stage) and assayed singly. Both HPRT and APRT enzymes are 

expressed in picomoles per hour per sample. Similar results were obtained from 

replicate experiments (data not shown). The large standard errors are typical of small 

samples; there is considerable variation in the range of values obtained from individual 

embryos. The data in this table is plotted diagrammatically in Figure 3.4.

Plasmid injected Number of 
embryos

HPRT APRT HPRTiAPRT

pDWMl control 7 829+457 122113 7.4112.48

Methylated
pDWMl

13 271± 43 103111 2.6910.35

Mock-methylated
pDWMl

11 4241124 861 8 3.7510.66

Uninjected
control

10 185± 8 1041 8 1.8610.15
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Figure 3.4. A plot of the results shown in Table 3.1: HPRT, APRT and HPRT:APRT 

values for the individual embryos assayed are plotted on a logarithmic scale (indicated 

at the bottom of the figure). Circles represent individual embryos: closed circles, 

HPRT expression; striped circles, APRT expression; open circles, HPRT: APRT ratios. 

Replicate experiments gave similar distributions (data not shown).
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The work does serve to illustrate that this highly sensitive system used to analyse the 

influence of méthylation on gene expression shows much promise for further 

development (see Discussion which follows).
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3.4 Discussion

Endogenous HPRT and APRT activities are low in the egg and an increase is observed 

throughout preimplantation development. The increase in HPRT activity up to the 2- 

to 4-cell stage is coded by stored maternal mRNA but thereafter a more rapid increase 

is governed by the expression of the embryonic gene (Harper & Monk, 1983; Ao, 

1990). In the work reported in this chapter, the HPRT activity from the exogenously 

introduced, untreated, pDWM 1 gene is observed as an increase in activity over and 

above the endogenous HPRT activity levels and confirms earlier observations made 

by Ao et al (1988). The significant increase in HPRT activity above the endogenous 

level, following injection of the HPRT minigene, is transient and Ao et at (1988) have 

shown that there is no further increase due to injected HPRT minigene which is 

detectable beyond the 2-cell stage. The reason for the cessation of synthesis of new 

enzyme from the injected plasmid may be that the injected DNA is degraded or 

inactivated beyond the 2-cell stage.

Here, in vitro méthylation of the exogenous HPRT is shown to have an effect of 

reducing the HPRT activity from the injected minigene. However, the results are 

preliminary and due to the high standard errors, may not be significant (see Results).

Méthylation by sequence-specific bacterial DNA methylases has been shown to 

suppress the expression of some genes (Wigler et al, 1981; Stein et al, 1982; 

Vardimon et al, 1982; McGeady et al, 1983) but not others (Hoffmann et al, 1982). 

A typical CpG-containing restriction site sequence, such as Hpàll, represents only a 

small part (~6%) of all the methylatable CpG residues. In almost all of the studies on 

DNA méthylation and gene expression, analysis has been restricted to certain specific 

sites. Analysis of all of CpG sites may be necessary to understand more clearly the 

role of DNA méthylation in regulation of gene expression (see Chapter 1). Simon et 

al (1983) have shown that infection by retroviruses is sensitive to méthylation by a 

mammalian but not bacterial methyltransferase. Simon et al (1983) used a rat liver 

enzyme to methylate all CG dinucleotides of a proviral genomic clone so as to 

investigate the effect of méthylation on expression without relying on sequence- 

specific methylases. This treatment reduced the biological activity of Moloney murine
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leukemia virus (M-MuLV) proviral DNA by more than three orders of magnitude, 

whereas complete méthylation of 35 Hpa II sites in a sample of the same DNA had 

only a marginal effect (see also Hoffmann et al, 1982). This suggests that the 

méthylation of CG dinucleotides other than those detectable with restriction enzymes 

may be crucial for gene expression. Observations made by Waechter & Baserga 

(1982) confirm that méthylation has different effects on different exogenous genes in 

mammalian cells, and that these effects depend strictly on the sites that are 

methylated. It may be significant that a specific CpG site which may be important in 

regulatory developmental mechanisms (identified after undertaking this work) at the 

5’ end of the mouse Hprt gene (see Chapter 5) is conincidently deleted during 

construction of the HPRT minigene (Melton et al, 1986). The results of these 

experiments may add weight to the notion that individual CpG dinucleotides have 

important roles in developmental processes.

This poses the question as to whether the HpaTL sites in the HPRT minigene, 

methylated in vitro in this study, are important in the control of gene expression. 

Melton et al (1986) observed that only 49 bases of 5’ flanking sequence are necessary 

for normal levels of expression from the HPRT minigene in cultured cells. The 

essential region, which occurs within a complex series of direct repeats, is homologous 

to CG-rich sequences upstream of other housekeeping genes (CpG islands, see Bird, 

1986). The failure of in vitro méthylation of the two Hpall sites contained within this 

region of pDWMl to reduce expression in 1- to 2-cell mouse embryos to the level 

observed in uninjected embryos suggests that there may be other sites which are more 

important in the control of expression of this gene. For example, GGCGGG sequences 

in the HPRT minigene are critical components of the binding site for the transcription 

factor Spl, although Holler et al (1988) have shown that méthylation of this binding 

site does not affect transcription, in vivo or in vitro (see also, Ben-Hattar & Jiricny, 

1988; Harrington et al, 1988).

Murray & Grosveld (1987) have observed that suppression of human y-globin 

expression in mouse L-cells induced by in vitro méthylation is region-specific rather 

than site-specific and suggest that there may be critical methylatable sites in globin
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genes. Clearly the structure of decisive regulatory sites that are sensitive to DNA 

méthylation is not understood. Perhaps a sequence of higher complexity encompassing 

one or several 5’CpG3’ sites constitutes the regulatory signal.

Although the results reported here are preliminary they do indicate that the HPRT 

minigene could serve as an excellent reporter system for the investigation of 

méthylation in preimplantation embryos. To test whether méthylation inhibits gene 

expression in vivo, Frank et al (1991) introduced an in vitro methylated APRT gene 

into a mouse during normal development. In adult transgenic mice, they found that the 

entire 5’ CpG island region became demethylated. However, they did not identify the 

stage of development at which déméthylation occurs. Here, we look at preimplantation 

embryos directly to monitor expression of an in vitro methylated gene. Using the 

approach of Frank et al (1991), we could monitor expression of the HPRT minigene 

in vivo by producing a mouse transgenic for the in vitro methylated construct. From 

the results of this study it follows that a déméthylation event in early embryo 

development would be indicated by an increase in HPRT activity. We could also 

monitor its déméthylation in early development by using Hpall-sensitive PCR (see 

later). PCR primers flanking an in vitro methylated site would amplify that sequence 

in a Hpall-digested DNA sample. When the site becomes demethylated in 

development, Hpall will cut the sequence at that site and amplification will not be 

possible. The exogenous sequence could be distinguished from the endogenous gene 

by amplifying across a region that has been deleted from the construct.

At this stage of the work, it was decided to try the approach of //pall-sensitive PCR 

to monitor méthylation in different lineages of the developing mouse embryo. Before 

trying these experiments it was necessary to do preliminary work to check the CCGG 

sites in X-linked genes Hprt, Pgk-1 and G6pd for their méthylation status on the 

active and inactive X-chromosomes in somatic tissues. Extraembryonic tissues, in 

general, are undermethylated. It was important to know whether the CCGG sites 

examined in the X-linked genes were undermethylated in extraembryonic tissues. 

Previous work by Singer-Sam et al (1989) suggested that Pgk-1 is unmethylated in 

extraembryonic tissues. Therefore, preliminary work was carried out using Southern
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blots of ///?ûll-digested embryonic and extraembryonic DNA hybridized to probes 

which detected the regions containing the CCGG sites in question. These Southern 

blot experiments are described in the next chapter.



CHAPTER 4

Méthylation of X-linked genes - Southern blot analysis
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4.1 Introduction

A direct approach to analyse méthylation on the X chromosomes takes advantage of 

the isoschizomeric pair of restriction endonucleases, HpaYL and Mjpl, both of which 

will cleave the sequence CCGG, but which differ in that Mspl will also cleave the 

sequence if the internal cytosine is methylated, whereas Hpall function is inhibited by 

méthylation. The pair of enzymes may therefore be used to analyse méthylation of 

CCGG sequences in total genomic DNA, as well as defined regions of the genome 

observed by hybridization to specific cloned DNA probes (see Chapter 1, section

1.7.1). This latter method allows studies of X-chromosome méthylation (comparing 

cells with a single active X chromosome and those with active and inactive X 

chromosomes) by the use of X-chromosome clones that light up specific regions of 

X-chromosome DNA following digestion with Mspl and HpaU,

Wolf & Migeon (1982) were the first to use this approach to compare méthylation of 

DNA from active and inactive X chromosomes in human cell cultures and placentae. 

They found no significant differences. The same result was also found with these 

types of human cells by Lindsay et al (1985). Paradoxically, the latter researchers 

found that human blood cell DNA contained methylated sites specific to the active X 

chromosome in three separate regions of the X chromosome. There was no 

méthylation at these sites on the active X chromosome in cell lines and placentae 

which are globally undermethylated compared to blood cell DNA (Lindsay et aU 

1985). Hence, these differentially methylated sites in the blood cell DNA cannot be 

the only feature relevant to the maintenance of activity or inactivity.

A more complete picture was obtained when specific identifiable regions of known 

X-linked genes were examined. Clusters of CpG sequences (and hence CCGG sites) 

occurring in the regions of several household genes examined, both autosomal and X 

linked, have been implicated in their control. Méthylation of these clusters has been 

correlated with genetic inactivity of the X-linked HPRT, PGK-1 and G6PD genes on 

the human inactive X-chromosome (Toniolo et al, 1984; Wolf et al, 1984a, b; Yen et 

al, 1984; Keith et al, 1986; Toniolo et al, 1988). Moreover, following 5azaC 

reactivation of the HPRT and G6PD genes on the inactive X chromosomes, there was
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a tendency for the differentially methylated clusters on the inactive X chromosome to 

be demethylated, although not completely (Wolf et aU 1984a, b; Yen et al, 1984). 

Interestingly, the clusters associated with the HPRT gene are less methylated in sperm 

DNA (Yen et al, 1984) which is active in the transformation assay (Kratzer et al, 

1983).

Overall the results suggest that the regulatory patterns of méthylation of CpG clusters 

in and around housekeeping genes on the active X chromosome are similar to those 

of housekeeping genes on autosomes. The méthylation of these CpG clusters of 

housekeeping genes on the inactive X chromosome could account for their inactivity 

in the transformation assay. However, méthylation of these clusters may not be the 

only reason they are inactive in situ since they are less methylated in sperm and 

placental DNA and yet are inactive in these tissues. Also other genes on the inactive 

X chromosome, which may not possess CpG cluters in their vicinity, are nevertheless 

maintained in the inactive state. Méthylation of CpG clusters near household genes on 

the inactive X chromosome may well be an additional control superimposed on prior 

regulatory events which initially define and inactivate an X chromosome and then, in 

addition, maintain its inactivity in segments of the chromosome (Monk, 1986).

In this chapter. Southern blot analysis is used to determine the méthylation status of 

specific X-linked sites in three mouse genes - Hprt, Pgk-1 and G6pd. The CCGG 

sites, located in the 5’ regions of these genes, have been shown to be methylated on 

the inactive X chromosome in somatic tissues (Lock et al, 1986; Singer-Sam et al, 

1989; Toniolo et al, 1991). It is also important to check the méthylation of these sites 

in extraembryonic tissues prior to //pall-sensitive PCR. Previous work suggests that 

Pgk-1 is unmethylated in extraembryonic tissues (Singer-Sam et al, 1989).
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4.2 Materials & Methods

4.2.1 Collection o f embryonic samples

4.2.1.1 Extraembryonic tissue

Random bred Q-strain female mice (Edinburgh), mated with Q-strain males, were 

sacrificed at 14.5 d.p.c.. Post-implantation embryos were dissected out of the uterus, 

with their extraembryonic membranes intact, in chilled PB1.PVP. Yolk sacs stripped 

from the embryos (sexed according to the morphology of embryonic gonads, see 

Hogan et al, 1986) were isolated individually and washed in phosphate-buffered saline 

(PBS, Dulbecco A)[Oxoid].

The epithelial layer of visceral endoderm was separated from the underlying 

mesoderm (endothelial cells, blood islands, fibroblasts) after incubating the visceral 

yolk sac in a mixture of crude proteases comprising 0.5% (w/v) trypsin [Sigma] and 

2.5% (w/v) pancreatin [BDH]) in calcium- and magnesium-free PBS [Oxoid] for 60 

minutes at 4*C. Enzyme digestion was terminated by transfer of the tissues to 

PBl.PVP, supplemented with 1% fetal calf serum (PCS) at 4“C. The two layers were 

teased apart with watchmaker’s forceps; in well-digested tissues the layers come away 

from one another easily in large sheets. Each layer was passed separately through 

several PBl.PVP washes and female and male endoderm layers and mesoderm layers 

were pooled according to sex and isolated in siliconized Eppendorf tubes [Bioquote] 

with a minimal amount of medium. One volume of Ix TNE (see Appendix X) 

containing 2% SDS and 200|ig/ml proteinase K was added and the tube stored at 

-70“C until required for DNA preparation.

4.2.1.2 Somatic Tissue

Kidneys were isolated from 14.5 d.p.c. post-implantation embryos (from which the 

yolk sac had already been isolated, as above), washed in PBl.PVP and pooled 

according to sex (identified from embryonic gonad morphology, as above). Tissue 

samples were stored at -70*C in TNE/SDS/proteinase K solution (as above) until 

required for DNA preparation.
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4.2.2 DNA preparation and restriction enzyme digestion

When sufficient material had been collected, samples stored at -70"C were pooled 

(according to sex and tissue type), the volume made up to 2ml with 

TNE/SDS/proteinase K (as above), incubated at 37“C for one hour (to allow proteinase 

K digestion) and phenol-extracted twice (see Appendix II). Two volumes of absolute 

alcohol were added to the aqueous phase. Following centrifugation, the pellet was 

gently washed in 70% alcohol, resuspended in TE8 (see Appendix X) and stored at 

4*C ready for use. Approximately 30|ig of each sample of DNA was doubly-digested 

with 30U of Xba\ [New England Biolabs] and 30U of Pvull [New England Biolabs] 

at 37“C in 0.5x potassium glutamate buffer (KGB, both enzymes show optimal [+++] 

activity in 0.5xKGB; McClelland et al, 1988; Sambrook et al, 1989), in a total volume 

of 5(X)|il. Each sample was then split into two aliquots of equivalent volume; one 

sample was further digested with 30U of Mspl [New England Biolabs] and the other 

with 30U of Hpall [New England Biolabs]. Several additions of enzyme were made 

to each reaction mix to ensure that digestion was complete. Completeness of digestion 

was assessed by incubating an aliquot of the main reaction mix with phage X DNA 

at 37°C: It is assumed that completely restricted phage X DNA is indicative of 

complete genomic digestion. Restricted genomic DNA was ethanol precipitated (to 

reduce volume for maxi-gel loading, see below) and resuspended in 30|il of TE8.

4.2.3 Probe preparation

The amplification products from G6pd, Hprt and Pgk-1 PCR reactions (detailed in 

Chapter 5) were used as probes for Southern blot analyses. The amplified products 

were electrophoresed through a 50ml, 3% low melting point (LMP) agarose gel in 

IxTBE (see Appendix X), the bands visualised by UV light, cut out and transferred 

to polypropylene tubes (15ml). The agarose was melted by incubation at 60“C for 10 

minutes. Five volumes of TE8 were added along with glycogen (Ijil of 20mg/ml 

dilution per 1ml of suspension) and the DNA phenol-extracted twice (see Appendix 

V for more detailed protocol). The DNA was ethanol precipitated by the addition of 

two volumes of absolute alcohol, washed twice in 70% alcohol and resuspended in 

sterile TE8. The concentration of the probe DNA recovered was determined by 

spectrophotometry. To verify the identity of the preparation, an aliquot of the DNA
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sample was digested with HpaH (each of the amplified products for the above 

mentioned genes contains an HpaJl site; see Chapter 5): Two fragments of known size 

are expected from the digest of each probe (observed on a 3% agarose gel).

4.2.4 Lxibelling o f probes

Probe DNA was labelled with by the oligolabelling procedure of Feinberg and 

Vogelstein (1983, 1984; see Appendix VIII for detailed protocol). This technique was 

deemed to be preferable to nick-translation given its ability to label very small 

quantities of DNA to high specific activity.

4.2.5 Southern blotting and hybridization

Samples of the restriction digests (~10|Xg) of female and male embryonic and 

extraembryonic tissues were electrophoresed at ~25V for 16-18 hours through 250ml, 

0.7% agarose gels in IxTBE, alkali-transferred to Hybond N"*" [Amersham] membrane 

(see Appendix VII) and hybridized with ^^P-labelled probes specific for the X-linked 

G6pd, Hprt and Pgk-1 genes in a Hybaid oven [Hybaid] (see Appendix VIII). Final 

stringency of washing was O.lxSSC, 1%SDS at 65*C. Filters were exposed to X-ray 

film [Fuji] for -120-140 hours.
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4.3 Results

Southern blot analysis was used to examine the méthylation status of CpG sequences 

in the 5’ regions of a number of X-linked genes in extraembryonic and embryonic 

tissues. DNA from extraembryonic tissues (yolk sac endoderm, YSE, and yolk sac 

mesoderm, YSM) and somatic tissue (kidney) was isolated as described in Materials 

and Methods. To study méthylation, DNA preparations were doubly-digested with 

XbaVPvuW and one of the isochizomeric enzymes Mspl or Hpall which cut the DNA 

at the four-base sequence 5’CCGG3’. Mspl will cut this sequence if the internal 

cytosine is methylated but Hpall will not (Waalwijk & Flavell, 1978a). An indication 

of the degree of méthylation may be observed by a comparison of Mspl and HpaH 

digests after hybridization with probes for specific CpG sites on X-linked Hprt, Pgk-1 

and G6pd genes.

4.3.1 G6pd

Plate 4.1 shows hybridization of the 214bp G6pd probe (see Chapter 5, Figure 5.5), 

specific for the 5’ region of the mouse G6pd gene (intron I), to 14.5 d.p.c. female 

embryonic and extraembryonic DNA. The Xbal-PvuH/Mspl lanes show 2 bands of 

hybridization, due to complete digestion of the sequence whether methylated or not. 

These bands represent the unmethylated condition in the HpaQ. lanes. The HpaU lane 

also shows two bands of hybridization, which correspond to the Mspl bands (and 

represent the unmethylated component of the Hpall digest), but these are less intense 

than the methylated component which is represented by heavy hybridization to high 

molecular weight DNA at the top of the Hpall tracks. (The sum of band intensities 

from the active X chromosome is equal to the intensity of the signal from the inactive 

X chromosomes.) The méthylation pattern for extraembryonic tissues at 14.5 d.p.c. is 

identical to that observed for somatic tissues (14.5 d.p.c. kidney) on this blot.

4.3.2 Hprt

Plate 4.2 shows hybridization of the 222bp Hprt probe (see Chapter 5, Figure 5.3), 

specific for the 5’ region of the mouse Hprt gene (intron I), to 14.5 d.p.c. female 

embryonic and extraembryonic DNA. The Xbal-PvuHJMspl lanes show 2 bands of 

hybridization due to complete digestion. These bands represent the unmethylated
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Plate 4.1. Specific X-linked CpG site méthylation in embryonic and extraembryonic 

tissues of female mice at 14.5 days’ gestation. DNAs isolated from extraembryonic 

and embryonic tissues were digested with Mspl (M) and HpaH (H), subjected to 

electrophoresis, Southern blotted onto a nylon membrane and hybridized to a probe 

specific to mouse G6pd. Abbreviations: d.p.c., days post coitum; YSE, yolk sac 

endoderm; YSM, yolk sac mesoderm; K, kidney; -, uncut DNA; +, cut DNA. 

Fragment sizes shown are in kilobases (kb).



14.5 dpc 9

$

0.6

»  # # »



80

Plate 4.2. Specific X-linked CpG site méthylation in embryonic and extraembryonic 

tissues of female mice at 14.5 days’ gestation. As in legend to Plate 4.1, but 

hybridized to a probe specific to mouse Hprt, Abbreviations as in Plate 4.1. Fragment 

sizes shown are in kilobases (kb).
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condition in the Hpall lanes. The Hpall lane shows several bands of hybridization 

which correspond to the low molecular weight Mspl band (representing the 

unmethylated component of the HpaJl digest), but this is less intense (approximately 

half) than the methylated component which is represented by heavy hybridization to 

high molecular weight DNA at the top of the Hpall tracks, and resembles the uncut 

(methylated) condition. The méthylation pattern for extraembryonic tissues at 14.5 

d.p.c. is identical to that observed for somatic tissues (14.5 d.p.c. kidney) on this blot.

4.3.3 Pgk-1

Plate 4.3 shows hybridization of the 170bp Pgk-1 probe (see Chapter 5, Figure 5.4), 

specific for the 5’ region of the mouse Pgk-1 gene (promoter region/exon I), to 14.5 

d.p.c. female embryonic and extraembryonic DNA. The Xbal-PvullJMspl lanes show 

2 bands of hybridization due to complete digestion at the CCGG site. These bands 

represent the fully undermethylated condition. The Hpall lane shows three bands of 

hybridization, one of which corresponds to the low molecular weight Mspl band 

(representing the unmethylated component of the Hpall digest), but this is less intense 

than the equivalent Mspl band. The methylated component of the Hpall digest is 

represented by two bands of higher molecular weight than either of those observed in 

the Mspl track and a smear of hybidization at the top of the track. The additional two 

bands of higher molecular weight than the Mspl bands presumably represent partially 

methylated Hpall sites flanking the probe sequence (see Singer-Sam et aU 1989). The 

méthylation pattern for extraembryonic tissues at 14.5 d.p.c. is identical to that 

observed for somatic tissues (14.5 d.p.c. kidney) on this blot. This result does not 

support previous data that suggested that Pgk-1 was unmethylated at this site in adult 

female extraembryonic tissues (Singer-Sam et al, 1989).
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Plate 4.3. Specific X-linked CpG site méthylation in embryonic and extraembryonic 

tissues of female mice at 14.5 days’ gestation. As in legend to Plate 4.1, but 

hybridized to a probe specific to mouse Pgk-1. Abbreviations as in Plate 4.1. Fragment 

sizes shown are in kilobases (kb).
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4.4 Discussion

There are three distinct, heritably committed cell lineages established in the 

mammalian embryo by the time of implantation, each producing a well-defined set of 

derivatives in later development (Rossant & Papaioannou, 1977). The pluripotent 

primitive ectoderm lineage gives rise to the fetus itself and extraembryonic mesoderm 

structures, while the trophectoderm and primitive endoderm lineages are more 

restricted in potential and give rise to various extraembryonic structures only (see also 

Chapter 1, section 1.1).

In the mouse, the paternally derived X chromosome is inactivated in the earliest 

differentiating extraembryonic lineages, the trophectoderm and the primary endoderm 

(Papaioannou et ah 1981; Harper et ah 1982) and the placenta and yolk sac tissues 

derived from them (Takagi & Sasaki, 1975; West et ah 1977). Marsupial development 

differs from that of the mouse in that all cells of the embryo and the extraembryonic 

membranes undergo preferential paternal X-inactivation (Johnston & Robinson, 1987; 

VandeBurg et ah 1987); here, the inactivation appears to be less stable than in mouse, 

being incomplete for certain loci in certain tissues. Although there is some evidence 

of paternal X-inactivation the situation in humans is less clear. Harrison (1989) found 

that the paternal X chromosome is inactive in most chorionic villus cells, whereas 

Migeon et al (1985) observed random X-inactivation when these cells were cultured 

in vitro.

CpG sites on the inactive X chromosome have been shown to be undermethylated in 

the extraembryonic tissues in mouse (Lock et ah 1986; Singer-Sam et ah 1989) and 

humans (see Introduction). This undermethylation appears to be the reason why the 

HPRT gene on the inactive X chromosome in the primary endoderm of the yolk sac 

shows transforming activity, whereas the same gene on the inactive X chromosome 

of the fetus does not (Kratzer et ah 1983). Undermethylation could also explain the 

greater instability of the inactive state in the extraembryonic tissues (Migeon et ah 

1985; Kaslow & Migeon, 1987). Undermethylation is not confined to the inactive X 

chromosome; tissue-specific genes (van der Ploeg & Flavell, 1980; Sanford et ah 

1985; Rossant et ah 1986) and repetitive sequences (Sanford et ah 1984; Monk et ah
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1987) are also undermethylated in extraembryonic tissues relative to embryonic tissues 

in rodents. Despite the difference in paternal X-inactivation between mouse and 

marsupials, global DNA méthylation differences between embryonic and 

extraembryonic tissues in marsupials are comparable (Stevens et al, 1988).

In this study we examined embryonic and extraembryonic (primitive ectoderm-derived 

YSM and primitive endoderm-derived YSE) tissues for possible lineage-specific 

differences in méthylation of specific X-linked sequences. Southern blot analyses show 

that both YSE and YSM are methylated at 14.5 d.p.c. in the female mouse embryo in 

the 5’ regions of a number of X-linked genes, namely G6pd, Hprt and Pgk-1, and to 

the same extent as somatic tissues at 14.5 d.p.c.. Clearly, the results of this study do 

not support earlier observations (see above). Moreover, the result for Pgk-1 contradicts 

the work of Singer-Sam et al (1989) which suggested that the 5’ region of the Pgk-1 

gene is unmethylated in female extraembryonic tissues. PCR analysis confirms that 

extraembryonic tissues are methylated at these sites at 14.5 d.p.c. and may become 

methylated (to the same extent as embryonic tissues) as early as 6.5 cLp.c. (see 

Chapters 5 & 6). Specific CpG sites appear to show méthylation differences which are 

more critically correlated with the active and inactive status of X-linked genes (Yen 

et al, 1986; Hansen et al, 1988; Pfeifer et al, 1990a; this thesis).

We wanted to investigate the changes in méthylation of these sites with respect to X 

chromosome activity throughout embryonic development. Southern blot cannot be used 

practically to examine the méthylation status of specific CpG sites in early embryos. 

Single copy probes, like the ones used in this study, require up to lOjig of DNA for 

each lane of the gel (equivalent to approximately 1.6x10® cells worth of DNA). This 

represents an enormous undertaking in the collection of biological material. Southern 

blot analyses have indicated that these sites are informative and would be ideal for 

study by //pall-sensitive PCR, where the amount of biological material required is 

very small. The development of this technique is the subject of the chapter that 

follows.



CHAPTER 5

Development of a ^paH-sensitive PCR assay for the detection of méthylation at

specific CpG sites
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5.1 Introduction

Recent studies have shown that cytosine méthylation at certain specific CpG 

dinucleotides within the recognition sites of a number of transcription factors is 

sufficient to block binding of the factors to DNA (Becker et aU 1987; Kovesdi et al, 

1987; Watt & Molloy, 1988; Iguchi-Ariga & Schaffner, 1989; Comb & Goodman, 

1990; Prendergast et al, 1991) and to inhibit transcription (Watt & Molloy, 1988; 

Iguchi-Ariga & Schaffner, 1989; Comb & Goodman, 1990). Méthylation of specific 

CpG sites is also associated with X-chromosome inactivation (Yen etal, 1986; Hansen 

et al, 1988) and recent evidence is consistent with the notion that specific CpG 

méthylation may also play a role in imprinting (reviewed by Surani, 1991). Therefore, 

to determine the role of cytosine méthylation in regulatory mechanisms in vivo, it has 

become important to know the méthylation status of individual CpG dinucleotides in 

the genomic DNA. There are several approaches to this - genomic sequencing. 

Southern blot analysis and, now, //pûll-sensitive PCR.

Genomic sequencing protocols, which have been developed to ascertain the 

méthylation status of selected regions within genes, utilize the Maxam and Gilbert 

(1977) chemical cleavage reactions carried out on genomic DNA (Church & Gilbert, 

1984) with various additional procedures to enhance the signal from the sequence 

under investigation (Pfeifer et al, 1989; Saluz & Jost, 1989). They can also be adapted 

for the identification of protein-binding sites on genomic DNA in vivo (Saluz & Jost, 

1989; Pfeifer et al, 1990b; Pfeifer & Riggs, 1992). These procedures hold much 

promise, particularly since they analyse every cytosine residue in the DNA. Recently, 

ligation-mediated PCR (LM-PCR) genomic sequencing has been used to establish that 

the promoter region of the PGK-1 gene on the inactive X chromosome is methylated 

at 60 of 61 CpG sites, whereas the active promoter has no methylated sites (Pfeifer 

et al, 1990a).

Frommer et al (1992) describe a PCR-aided genomic sequencing technique that 

provides positive identification of 5mC residues following treatment with sodium 

bisulphite and yields strand-specific sequences of individual molecules in genomic 

DNA. This technique has many advantages over other sequencing protocols in that it
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can be used to analyse the successive déméthylation of sites along a DNA strand (e.g., 

as in the chicken vitellogenin gene [Saluz et al, 1986]) or when the DNA being 

analysed comes from a mixed population of cells; in this instance, the méthylation 

pattern can, for example, be related to the parental origin of the DNA of interest (e.g., 

as in Reik et al, 1990 and Chaillet et al, 1991). Although the bisulphite method 

requires considerably less DNA than standard genomic sequencing protocols, its 

sensitivity is limited to ~2(X)ng (equivalent to ~3.3xlO^ mouse cells worth of DNA).

Southern blot analysis of DNA digested by méthylation sensitive restriction enzymes 

(e.g., HpaU, Hhal) has been used extensively to study méthylation of autosomal and 

X-linked genes (see previous chapter). However, like sequencing. Southern blot 

methods available for the study of X-linked gene méthylation are not sufficiently 

sensitive to study the role of méthylation in the initiation of X-inactivation in the few 

embryonic cells available in early development. Although the results of such studies 

are of value (see Chapter 4 and Chapter 1, section 1.11), the methods may be 

considered crude by today’s standards in that the quantity of biological material 

required to perform these analyses is very large. Therefore, to date, studies on changes 

in méthylation in early development have been restricted to overall méthylation (Monk 

et al, 1987) and repetitive sequence méthylation (Monk et al, 1987; Sanford et al, 

1987). In Chapter 2, whole gonads were used to investigate the méthylation status of 

repetitive sequences in germ cells because the collection of sufficient numbers of pure 

germ cells would have required large numbers of mice. Howlett & Reik (1991) used 

Southern blot techniques to look at the méthylation status of three highly repeated 

sequences in sperm, eggs and preimplantation embryos (with different combinations 

of parental chromosomes) - a study which required considerable quantities of 

biological material. A recent study by Chaillet et al (1991) also used Southern blots 

to examine the méthylation status of a transgene in development; however, the work 

reported on the germ cell stages in this paper is hampered by the lack of sensitivity 

of Southern blots and is, therefore, difficult to interpret (see Chapter 7). The same can 

be said of recent work on the méthylation of CpG regions on X-linked genes in human 

germ cells (Driscoll & Migeon, 1990); this study was done on tissue fractions rather 

than highly purified germ cell preparations which are isolatable only in small
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quantities.

The polymerase chain reaction (PCR) for amplification of specific DNA sequences is 

a highly sensitive procedure for analysis of specific mutations. In our laboratory, it has 

been used to detect deletions or single base pair changes in the human p-haemoglobin 

gene in just a single cell (Holding & Monk, 1989; Monk & Holding, 1990). We 

therefore decided to use PCR as a more sensitive approach to look at developmental 

changes in méthylation (see also Singer-Sam et aU 1989).

The 5* regions of a number of X-linked genes have been well characterized in both 

mice and humans and specific CpG sites (termed "critical" by Singer-Sam et al, 1992) 

which are methylated on the inactive X chromosome have been identified (Lock et al, 

1987; Yen et al, 1986; Hansen et al, 1988; Toniolo et al, 1991). For the PGK-1 gene 

in human, a critical site (H8) was identified by analysis of 5azaC reactivants. Clones 

were selected for reactivation of the X-linked HPRT gene; then the non-selected PGK- 

1 gene was studied. Only the méthylation status of HpaW site 8 (designated H8) was 

found to correlate perfectly with transcriptional silence (Hansen et al, 1988). Ligation- 

mediated genomic sequencing studies confirmed that all 5azaC-treated clones that 

express PGK-1 are demethylated at H8 whereas clones that do not express PGK-1 are 

methylated at this site (Pfeifer et al, 1990a, b). These studies suggested that H8 may 

be a "critical" site for maintaining transcriptional silence in human somatic cells. 

Another study has shown a similar correlation of DNA méthylation and X inactivation 

for the analogous site (designated H7) in mice (Singer-Sam et al, 1989). Pgk-1 H7 has 

been adopted for the purposes of this study. In addition, we have selected CpG sites 

in two other mouse X-linked genes - Hprt and G6pd - for examination. These sites 

were chosen using the same criterion as for Pgk~l H7. Both sites have been shown to 

be completely methylated on the inactive X chromosome in adult female somatic 

tissues by Southern blot analyses: Hprt site 12 (designated M l. 12, Lock et al, 1986) 

and G6pd site 7 (designated H7, Toniolo et al, 1991) are both located in the first 

intron of their respective genes.

Méthylation of single informative X-linked CCGG sites (i.e., sites which are
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methylated only when the gene is inactive) can be followed by PCR amplification of 

a sequence containing the site, before and after digestion with the methyiation- 

sensitive restriction enzyme Hpall. When the site is unmethylated (in male embryos 

with a single active X chromosome or female embryos with two active X 

chromosomes), amplification is not possible after Hpall has cut the CCGG site in the 

sequence. At some point in development, when the site becomes methylated on the 

inactive X in the female, amplification of the sequence becomes resistant to Hpall 

digestion. The //pall-sensitive PCR approach is illustrated in Figure 5.1.

This chapter describes the development of the sensitive PCR assay for the

detection and quantitation of méthylation at specific X-linked CpG sites. In Chapter

6, the technique is applied to embryonic samples throughout development. In Chapter

7, the same technique is used to examine the developmental changes in the 

méthylation status of specific CpG sites located within a transgene that shows 

méthylation imprinting.
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Figure 5.1. The f/pûü-sensitive PCR strategy. Reproduced from Grant (1992), with 

permission from Academic Press.
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5.2 Materials and Methods

5.2.1 Collection o f tissue samples

Unless otherwise stated, MFl mice (Charles River) were used in all experiments. The 

day of the vaginal plug was taken to be 0.5 days post coitum (d.p.c.).

5.2.1.1 Postimplantation embryos

Pregnant female mice were sacrificed at 5.5, 6.5 and 7.5 d.p.c..

Proteolytic enzymes, in conjunction with microsurgical dissection were used to 

separate embryonic and extraembryonic lineages of 6.5d.p.c. embryos (Levak-Svajger 

et al, 1969; see also Beddington, 1987). The embryos were isolated from the decidua 

in PBl (Whittingham & Wales, 1969; see also Pratt, 1987) containing 0.4% PVP 

[Sigma] instead of albumin (PBl.PVP). The ectoplacental cone and Reichert’s 

membrane were removed to release the egg cylinder, which was then transferred to 

a filter-sterilised (0.45|im pore size filter [Millipore Sartorius]) solution of 0.5% (w/v) 

trypsin [Sigma], 2,5% (w/v) pancreatin [BDH] in calcium- and magnesium-free PBS, 

/?H7.3 (Dulbecco A) [Oxoid], for 10-20 minutes at 4°C. Proteolytic activity was 

terminated by flooding the dissection dish with a large excess of PBl.PVP, 1%FCS 

[Gibco]. The embryos were gently drawn into finely pulled Pasteur pipettes, whose 

internal diameters were slightly smaller than that of an egg cylinder, so that the 

endoderm peeled away from the extraembryonic ectoderm and the epiblast. The 

embryo was expelled from the pipette and the different lineages were carefully 

dissected apart, using an electrolytically sharpened tungsten needle. All tissue samples 

were washed three times in clean PB 1 .PVP at 4’C, isolated individually in a minimal 

volume of medium and stored at -70°C.

7.5 d.p.c. egg cylinders were dissected into embryonic and extraembryonic (chorion) 

portions, while 5.5 d.p.c. embryos were left intact.

5.2.1.2 Adult tissues

Adult male and female mice (about 12 weeks old) were starved overnight. They were 

sacrificed next day and their livers were isolated in PBS and stored at 4"C until 

required for DNA preparation. (Overnight starvation reduces glycogen levels in the
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liver and improves DNA yield).

5.2.2 DNA preparation

5.2.2.1 Large scale preparations

DNA was prepared from adult tissue using the standard phenol-chloroform procedure 

(see Appendix II), and resuspended in KGB (see below). DNA was prepared from 

L929 cells (with two active X chromosomes) by Jeanne LeBon, using the technique 

outlined in the section below (5.2.2.2).

5.2.2.2 Small scale preparations

Small scale DNA preparations from embryonic samples were made using the 

proteinase K-guanidine hydrochloride method (Jeanpierre, 1987), which was modified 

to give maximal recovery of DNA from minute quantities of tissue (down to 100 

cells) in a short period of time; using this protocol, DNA can be "PCR-ready" in one 

working day (Grant, 1992). Moreover, the failure of restriction endonucleases to digest 

the DNA isolated in this way was significantly reduced in the absence of a SDS lysis 

buffer. Concentrations of SDS as low as 0.01% can also inhibit Tag polymerase 

activity (Gelfand & White, 1990). (The original protocol of isolating embryonic 

samples into a TNE/SDS/proteinase K lysis buffer [see Appendix II] was, for these 

reasons, superceded by the proteinase K-guanidine HCl method described in Appendix 

V).

DNA was resuspended without drying in 40-50|il of 0.5xKGB (1 in 4 dilution of 

2xKGB stock: McClelland et al, 1988; see Appendix X). Resuspension overnight was 

sometimes required. A short period at 37"C (-10-15 minutes) was found to accelerate 

resuspension in some instances (see Appendix II).

5.2.3 Preparation and quantitation o f standard homologous template 

Many of the PCR experiments incorporated a standard homologous DNA template 

which used the same primers (for Pgk-1) as the experimental DNA. The standard 

homologous template was synthesized in a PCR "deletion" reaction (described in the 

legend to Figure 5.2). Known numbers of copies of this standard were added to
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experimental PCR reaction mixes. The standard construct was amplified under the 

conditions outlined in 5.2.5 (below), electrophoresed in 1% LMP (NuSieve 

GTG)[FMC BioProducts], the construct band was cut out of the gel under ultraviolet 

light (300nm) and the DNA purified as described in Appendix V. To determine the 

concentration of the standard, a dilution series was prepared and amplified. The 

number of molecules in a given aliquot of a particular dilution was determined 

empirically by amplifying 15 samples of the same dilution (usually of the order 10’°) 

for 60 cycles: It is assumed that negative amplification in 30-40% of samples is 

consistent with a concentration of 1 copy of starting substrate (see Saiki et al, 1988).

5.2.4 Hpa/7 treatment

Most restriction endonucleases may be added directly to a sample resuspended in 

KGB. Prior to Hpall treatment, DNA samples should ideally be digested with a 

restriction endonuclease which cuts outside of the sequence of interest to further 

reduce the genomic DNA to fragments of a size more amenable to complete 

dénaturation of genomic DNA (Beck & Ho, 1988) and hence efficient PCR 

amplification (see Grant, 1992). Xbal [New England Biolabs] was chosen for this 

purpose; conveniently Xbal is optimally active in 0.5xKGB (see Sambrook et al, 

1989).

The DNA suspension was divided into two aliquots, one of which was treated with 

the methylation-sensitive restriction endonuclease HpaU. [New England Biolabs]: to 

the other an equivalent volume of TE8 (see Appendix X) was added (mock digest). 

The samples were incubated at 37*C for 60-90 minutes. Following the first incubation 

period another two enzyme additions were made: the third was left at 37*C overnight 

to ensure completeness of cutting at the CCGG site(s) under investigation. Completion 

of digestion was monitored by examining the restriction pattern of the carrier DNA 

(e.g., OX 174 RF DNA) from a small aliquot of the reaction mix on a 2% agarose- 

TBE (see Appendix X) gel. Samples in which the carrier DNA was cut to completion 

by Hpall were incubated for an additional 15 minutes at lOO'C to inactivate the 

enzyme. The restricted samples were stored at 4“C until required for PCR assay. An 

Mspl digest was included as a control for complete undermethylation. (Reminder: The
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Figure 5.2. PCR "deletion" reaction. A diagrammatic representation of the deletion 

process which results in the formation of the standard homologous template used to 

quantitate méthylation (see text). (1) a, sense primer; c , antisense primer; a-»-b, 

"deletion" primer. (2) The deletion primer anneals to regions A and C of genomic 

target DNA, (3) looping out intervening sequence. The resulting fragment is amplified 

exponentially. (4) The standard homologous template formed uses the same primers 

(i.e., a and b), in subsequent reactions, as the experimental genomic DNA under test 

but is distinguishable on the basis of its reduced size (see text; Singer-Sam et al, 

1990b).
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restriction enzymes Mspl and Hpall are isoschizomers; they both recognise the 

sequence CCGG, but only Msp I will cut the site if the internal cytosine is methylated; 

Waalwijk & Flavell, 1978a).

5.2.5 Polymerase chain reaction

Detailed PCR protocols and the theory behind PCR are published elsewhere (for recent 

examples see Sambrook et al, 1989; Innis & Gelfand, 1990; Saiki, 1990).

The basic reaction mix comprises deoxynucleotide triphosphates (dNTPs), primers, 

Tag polymerase and a DNA template in a buffer designed to provide the optimal 

conditions for enzymic activity. The concentration of various components in a given 

PCR has to be determined empirically (see below).

5.2.5.1 dNTP concentrations

A dNTP stock solution should contain equivalent concentrations of dATP, dCTP, 

dGTP and dTTP in order to minimize misincorporation errors. Concentrations of each 

of the dNTPs in the reaction mix are usually in the range of 20-400|iM. Although both 

the specificity and fidelity of PCR are supposedly increased at low dNTP 

concentrations, the //pall-sensitive PCR worked best with 200-400pA/ of dNTPs, 

according to the X-linked gene under investigation (see Table 5.1).

5.2.5.2 Magnesium ion concentration

The concentration of magnesium provided by the PCR buffer is usually sufficient for 

most reactions. However, considerable improvements in sensitivity and specificity can 

be achieved with magnesium concentrations outside of those provided by the PCR 

buffer. Magnesium ion concentrations can be optimized by using a PCR buffer which 

does not contain magnesium; magnesium may be added to this reaction mix to give 

the desired concentration.

In the standard //pflll-sensitive PCR, the concentration of magnesium ions was usually 

provided by the PCR buffer (1.5mM; see Table 5.1). Where polymerases with 

enhanced thermostability were used (see below), the magnesium concentration was
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TABLE 5.1 

Preparation of the PCR reaction mix*

Component’’ Volume
(Added in sequence shown)

Sterile, double-distilled HgO (x-y)*" pi

lOx PCR buffer 5 pi

dNTPs mix (1.25mM each) 8-16pl

5’ primer, 50picomoles 1 pi

3’ primer, 50picomoles 1 pi

Taq polymerase, 5Units/pl 0.5pl

Overlay with 50pl of mineral oil 

Add DNA (under oil)  ̂ y pi

Final Concentration

lx(lQmA/Tris-Ha[pH83]. 

MgCl^^OmM KCl, 0.01% gelatin) 

200-400pA/ each dNTP’ 

50picomoles 

50picomoles 

2.5Units"

Total volume per sample: 50 pi

“The conditions shown here have been optimised for amplification of mouse Pgk-1 and 

G6pd genes. Primer sequences are shown in Table 5.2.

’’IOx PCR buffer, dNTPs, primers and Taq polymerase were stored at -20°C. After use, 

thawed aliquots were discarded.

^Volume of water (x) required depends on volume of DNA sample (y). 

‘’Concentration of dNTPs varied between 200-400pM (see section 5.2.5.1) according 

to X-linked gene under investigation (see sections 5.3.1, 5.3.2 and 5.3.3).

®A number of Taq DNA polymerase enzymes have been used at different 

concentrations and to different effect (see sections 5.2.5.3 and 5.3.1.1).

^DNA was added in area remote from PCR set-up.
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elevated up to 4mM.

5.2.5.3 Taq polymerase enzyme selection and concentration

The concentration of Taq polymerase enzyme used may depend on the source of 

enzyme and vary with respect to individual target templates and primers. A number 

of Taq polymerase enzymes were used in the course of developing the //pall-sensitive 

assay at different enzyme concentrations. Higher concentrations of enzyme (5U) 

tended to result in non-specific amplification. Several makes of enzyme (e.g., NBL, 

Anglian) failed to give satisfactory results at any concentration. Of those that worked 

well, Amplitaq [Perkin Elmer Cetus](a genetically engineered form of native Taq DNA 

polymerase [see below], synthesized in E.coli) gave good results at a concentration of 

1.25U/50|il reaction mix. A native Taq DNA polymerase [Advanced Biotechnologies] 

(purified from Thermus aquattcus) which, at an optimum concentration of 1.25U/50p.l 

reaction mix, gave just as good results as Amplitaq was selected on the basis of lower 

cost. Both forms of polymerase carry a 5’—>3* polymerization-dependent exonuclease 

activity, but they lack a 3’~»5’ exonuclease activity (manufacturers’ literature).

5.2.5.4 Primer selection

Primers should be chosen according to the general guidelines, i.e., 18-28 nucleotides 

in length, having -50-60% G+C composition (Innis & Gelfand, 1990). Avoiding 

primer pairs with 3’ overlaps will also reduce the incidence of "primer-dimer" 

artefacts which may reduce the yield of desired product by competing for PCR 

reagents (Saiki, 1990). The //pûll-sensitive PCR requires primers that flank a single 

Hpall (CCGG) site of interest. Sequences containing the site of interest are usually 

limited in size by the proximity of other CCGG sites in CG-rich sequences. Although 

more than one CCGG site may be included in the target sequence it should be noted 

that interpretation of the méthylation pattern for a particular site will be less clear.

An additional set of primers can be included in the same reaction for the amplification 

of a sequence which does not contain an HpaU site; this serves as a control for 

successful PCR amplification. Internal control primers should be chosen according to 

the same guidelines which apply to the selection of target primers. Their GC:AT ratio
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should match that of the target primers as closely as possible so that they amplify the 

control sequence efficiently under the same annealing conditions. So long as they meet 

these basic requirements, the internal control primers may be located in any part of 

the genome. Primers for Pgk-1, G6pd and Hprt genes and the control sequence in the 

5’ region of the G6pd gene are shown in Table 5.2.

5.2.5.5 Primer concentrations

50picomoles of primer were used in all the PCR reactions in this study. The amount 

of primer required was calculated from its reading, assuming an ODjgonm

corresponds to approximately 20|ig/ml of oligonucleotides (Maniatis et al, 1982), as 

follows:

Concentration of primers in solution:

OD reading x 20p.g/ml = y ^ig/ml = y x 10'^pg/p.l 

Since the weight of 1 base is ~320pg, the weight of an oligonucleotide 

of 20 bases in length is 20 x 320pg = 6400pg and corresponds to 

Ipicomole of primer

The PCR reaction requires 50picomoles of primer, i.e., 50 x 6400pg =

0.32^ig

Therefore, 0.32|ig + y |ig/|xl = x [xl gives required amount of 

50picomoles.

5.2.5.6 Primer annealing temperatures

The temperature and length of time required for primer annealing depend upon the 

base composition, length and concentration of the primers. Primer annealing 

temperatures can be calculated according to their GC:AT content using the formula: 

2(A+T)+4(G+C)-5 (Thein & Wallace, 1986; Innis et al, 1988).

This is only a guide as to where to start. With CG-rich sequences, higher annealing 

(than calculated) temperatures are usually required for enhanced non-specificity.

5.2.5.7 Precautions against contamination

PCR products from previous experiments can be a major source of contamination. 

Consequently, a number of precautions should be observed when setting up the HpaU-
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TABLE 5.2 

Primer sequences

Gene Primers Product size

G-dpd"^ 5’-GCCCATGAGGACTAGACCTT (22mer) 214bp

3’-ACATCCACTGTGGGCAGCTA (22mer)

Hprt*' 5’-GGTCAGGGATTCATGGAGTC (20mer) 182bp

3’-CCTGATCCTTCCTGAAGCCG (20mer)

Pgk-r  5’-CACGCTTCAAAAGCX3CACGTCT(22mer) 170bp

3 -CTTGAGGGCAGCAGTACGGAAT (22mer)

Control *■" 5’-ACTCGCCCCATTTTCAAGGC (20mer) ISObp

3’-AGCTGCTAGTTTGGCTTCGG (20mer)

Zfy-1‘ 5 -AAGATAAGCTTACATAATCACATGGA (26mer) 618bp

3’-CCTATGAAATCCTTTGCTGCACATGT (26mer)

Hpr{ N5’-TGGCTAGATGCCCCATGAG (19mer) see Table 5.5

N3’-CCATCCGCTGCTTGTCACC (19mer) 

2.3’-AATTCCCCTCTCCCAGGAGA (20mer) see Table 5.5

Pgk-P  5’-CACGCrrCAAAAGCGCACGTCTCGACCTCACGGTGTTGCC

(40mer) see Table 5.5

Hpr^ 5 -GGTCAGGGATTCATGGAGTCGGTGGCAATGGCGTTGGAC

(39mer) see Table 5.5

‘Toniolo et al (1991).

‘’Lock et al (1987).

‘’Singer-Sam et al (1989).

‘‘The control primers, which can be used in conjunction with both Pgk-1 and G6pd 

target primers, are located in the 5’ untranslated region of the mouse G6pd gene (see 

Appendix XI for sequence data).

'Nagamine et al (1989); Mardon & Page (1989).

^Hprt nested primers (N5’ and N3’); alternative regular 3’ primer (2.3*); see Table 5.5 

and Appendix XI for sequence data.

^Pgk-1 "Deletion” primer (Singer-Sam et al, 1990b).

*̂ Hprt "Deletion” primer.
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sensitive PCR (see Holding & Monk, 1989; Sambrook et al, 1989; Kwok, 1990) and 

also in the prior preparation of DNA samples for use in the assay. The precautions are 

as follows:

(1) Prepare PCR reaction mixes in an area (set-up area) remote from the laboratory 

where the final amplification products are analysed.

(2) Wear gloves at all stages of the procedure. A change of gloves is required before 

each entry into the set-up area. All the equipment and reagents used in the assay 

should be stored in this area.

(3) Use a set of micropipettes dedicated to the setting up of the PCR experiments. A 

different set of micropipettes should be used for pipetting the final amplification 

products and these should be kept in the amplification laboratory.

(4) Aliquot all PCR reagents, stocks and dilutions (where appropriate) for storage at 

-20“C, i.e., primers, lOxPCR buffer and dNTPs.

(5) Autoclave all tips, tubes and double-distilled water.

With these precautions reaction mixes can be prepared on the open bench in the PCR 

set-up area. One or more reaction tubes which do not contain DNA should be included 

in every PCR as controls for contamination.

5.2.6 -sensitive PCR

5.2.6.1 Basic //pall-sensitive PCR methodology

An aliquot of the Hpall-, Mspl- or mock-digested reaction mixture, estimated to 

contain at least 600pg of DNA (equivalent to -100 mouse cells; where cell numbers 

could not be counted directly, the figures in Table 5.3 were used as a guide to 

estimate the amount of DNA recovered from a particular tissue) was added under the 

mineral oil to a complete PCR reaction which included primers specific for the 

sequence containing the CpG site of interest (see Figures 5.3-5.5 and Table 5.1). Salt 

concentrations and other ingredients in the DNA-KGB suspension do not appear to 

interfere in any way with the efficiency of amplification. The sample DNA was 

amplified using successive rounds of DNA dénaturation, annealing of oligonucleotides 

and DNA chain elongation in an Ericomp or Cambio Mk II PCR thermal cycler. The

actual cycle parameters and conditions depend upon the nature and concentration of
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TABLE 5.3

Cell number estimates

Total cell numbers in the embryonic germ layers*

Age (d.p.c.) Cell numbers

Endoderm Mesoderm Epiblast Total

5.5 95 - 120 215

6.5 250 - 660 910

7.5 680 6230 8060 14970

“Reproduced from Snow (1977).
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the starting DNA template (Saiki et al, 1988). The optimized conditions for 

amplification of the sequences examined in this study are included in Table 5.4. A 

positive DNA control was always included in the PCR. Adult genomic DNA (male 

and/or female) was used as the substrate for the positive control in the amplification 

of the X-linked sequences examined.

5.2.6.2 Internal controls

Two different types of internal control were used for different purposes:

(1) Primers which amplified an unrelated genomic sequence, which did not contain an 

Hpall site, were included in the reaction mixture together with the target primers. The 

amplification of this standard sequence served as a control for amplification efficiency. 

The standard control sequence was identified on the basis of its size difference (cf. the 

target sequence; see Grant, 1992).

(2) A second, more complicated approach, was to include cloned standard homologous 

template DNA with the Hpall site deleted (see 5.2.3 and Figure 5.2) in the reaction 

mix, together with the genomic DNA. The two sequences were coamplified using the 

same primers which thus facilitated the quantitation of méthylation (see later). Due to 

a deletion in the cloned template (see 5.2.3 and Figure 5.2), the control sequence was 

distinguishable from the target sequence on the basis of size.

5.2.7 Gel electrophoresis and quantitation

Following amplification, a 20|il aliquot of the reaction mix (plus bromophenol-blue 

marker dye or equivalent loading buffer) was electrophoresed on a 3-4% agarose-TBE 

gel, containing 2pg/ml ethidium bromide, and the bands were viewed directly under 

shortwave ultraviolet (UV) light. PCR product sizes varied according to the primer 

combinations used (see Table 5.5). Since digestion of the unmethylated CCGG site 

destroys the substrate sequence for PCR the absence of a band on the gel in the Hpall 

track suggests that the site is unmethylated. Conversely, the presence of a band in the 

Hpall track suggests that the site is methylated. A reduction in band intensity suggests 

a mosaic mixture of the DNA sequence, some unmethylated and some methylated.

The gel was photographed onto technical film (Kodak 4415 or Polaroid 665) under
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TABLE 5.4

Conditions of amplification

Gene Conditions Cycle #

Denturation Annealing Elongation 

Pgk'l^, G6pd 95“C, 4mins; 60“C, Imin; 73°C, Imin x 2

95’C, Imin; 60‘C, Imin; 73“C, Imin x30-40

Hprt 1 96“C, 1.3mins; 64*C, 1.5mins; 73“C, Imin x30-40

73“C, lOmins x 1

2 96“C, 4mins; 64*C, 1.5mins; 73"C, Imin x 2

96“C, 1.3mins; 64"C, 1.5mins; 73“C, Imin x30-40

3 (Stoffel)^ 98‘C, Imin; 65"C, Imin; 73“C, Imin x 5

96’C, Imin; 65“C, Imin; 73'C, Imin x30

73‘C, lOmins x 1

Z fy -r  94‘C, Imin; 60"C, Imin; 72‘C, 2mins x30

72*C, lOmins x 1

“Conditions as per Singer-Sam et al (1989, 1990a, b).

^"Stoffel" conditions were applied to all Taq polymerases with enhanced 

thermostability (see 5.3.1.1).

^Conditions as per Nagamine et al (1989) and Mardon & Page (1989).
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TABLE 5.5

PCR products

Prim er combination Product size Product

Hprt

5 ’+ 3’ 222bp 68

5 ’+ N3’ 202bp 69

5 ’+ 2.3’ 262bp 69

N5’+ 3’ 202bp 69

N5’+ N3’ 182bp 63

N5’+ N3’ 242bp 65

D5’+ 3’ 106bp 50

Pgk-1

5’+ 3’ 170bp 56

D5’+ 3’ 133bp 53

G6pd

5’+ 3’ 214bp 51

Key: N, nested primer; D, "deletion" primer (see section 5.2.3); 2.3’, alternative 3’ 

primer. (See Plate 5.1b for nested primer amplification products).

Note: Primer sequences are given in Table 5.2.
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UV light. A video densitometer [Biorad] together with programs for peak integration 

(the 1-D analyst programs [Biorad]) were used to determine the intensity of each band 

(from the negative), with care taken to be in the linear response range of the film (see 

Figure 5.6). The degree of méthylation was determined by comparing the cut with the 

uncut signal. The intensities of the bands were standardized by comparison with the 

standard signal in the same lane of the gel.

5.2.8 Sexing embryos by PCR

Individual postimplantation mouse embryos were sexed using a PCR which employs 

primers that specifically amplify a sequence of the Zfy-1 gene on the mouse Y 

chromosome (see Table 5.2) under the conditions published (Nagamine et ah 1989; 

Mardon & Page, 1989; see Table 5.4). A single band of 618bp was observed only in 

the presence of the Y chromosome in male samples (see Chapter 6, Plate 6.3).



105

5.3 Results

Méthylation of a specific CpG site can be detected by PCR amplification before and 

after//pûll digestion of genomic DNA (Singer-Sam et aU 1989,1990a, b, 1992; Grant 

et aU 1992a; allele-specific //pall-sensitive PCR, Allen et al, 1991). The CpG site 

studied is one which is shown to be methylated on the inactive X chromosome in 

adult somatic tissue. The site must be methylated on the inactive X chromosome in 

the female embryo at some point in development; after this time, amplification of the 

sequence containing the methylated site becomes resistant to Hpall digestion. When 

the site is unmethylated (male embryos with a single active X chromosome) 

amplification is not possible after HpaU has cut the CCGG site in the sequence. We 

expect that this will also be the case in female embryos with two active X 

chromosomes.

We chose primers which flank single informative HpaU (CCGG) sites (i.e., sites 

which are methylated only when the gene is inactive) in the mouse Hprt (Lock et al, 

1986), P gk'l (Singer-Sam et al, 1989) and G6pd (Toniolo et al, 1991) genes (see 

Figures 5.3, 5.4 and 5.5, respectively). To control for successful PCR and to allow 

quantitation, either an additional set of primers (Table 5.2) were included for the 

amplification of a control sequence (without a HpaU site) or a standard homologous 

template (deleted for the Hpall site) was amplified in the same reaction using the 

same primers as the experimental sequence.

The result for three X-linked gene sequences in the 5’ regions of Hprt, Pgk-1 and 

G6pd are given separately below. First the development of the PCR procedures are 

given for the three genes (5.3.1, 5.3.2 and 5.3.3) and then the application of the 

procedures to embryonic samples (see Chapter 6).

5.3.1 WpdJl-sensitive PCR o f an Hprt gene sequence

DNA sequences have been identified in the first intron of the mouse Hprt gene that 

are methylated on the inactive but not the active X chromosome (Lock et al, 1986). 

Figure 5.3 represents a map of the 5’ region of the mouse Hprt gene, including the 

first intron. Also shown are the HpaYl sites examined by Lock et al (1986, 1987) and
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Figure 5.3. Schematic diagram of the 5’ region of mouse hypoxanthine phosphoribosyl 

transferase gene (//prr)(Meiton et al, 1984; Lock et al, 1986). HpaVL sites are 

represented by triangles in the diagram and primers flanking the specific site of 

interest (see below) are represented by horizontal arrows. The sequence is included in 

Appendix XI. Key: Unshaded bar, 5* untranslated region; shaded bar, exon; hatched 

bar, intron; bp, base pairs; A, sense primer (5’); B, antisense primer (3’) (see Tables

5.2 and 5.5); M l.12, specific Hprt HpaW site #12 (see text; Lock et al, 1986). Nested 

primers and alternative antisense primer are not shown in this figure (see text and 

Table 5.5).
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the location of the HpaYL site (designated M l. 12), selected for this assay. M l.12, 

located in the first intron, is the only assayable site showing 100% female specific 

méthylation on the inactive X-chromosome by Southern blot analysis (Lock et al,

1986). Primers flanking this site (see Figure 5.3 and Tables 5.2 and 5.5) amplify a 

222bp product in undigested samples. The Hprt 5’ region is particularly CG-rich (see 

Appendix XI for sequence) and this has caused considerable problems. A range of 

strategies were tried to overcome these problems.

5.3.1.1 Strategies attempted for the CG-rich Hprt sequence

Experience suggests that, in order to amplify CG-rich DNA sequences by PCR, 

prolonged dénaturation at high temperature is required, e.g., 2 cycles of amplification 

which include dénaturation at 95“C for 4 minutes followed by a further 30-40 cycles 

each of which include dénaturation at 95"C for 1 minute. It is very important in the 

early cycles to be sure to completely melt the template DNA; the dénaturation time 

can be reduced for later cycles because the smaller PCR product usually melts more 

easily than the starting genomic DNA. For particularly CG-rich sequences, like Hprt 

(-70% GC: 30% AT; see Table 5.5), dénaturation temperatures of 96-98'C have been 

found to be necessary. In order to amplify such small quantities of DNA it is 

sometimes necessary to use a large number of cycles (i.e., up to 40). Consequently, 

care should be taken not to exhaust the Taq polymerase activity through prolonged 

periods of dénaturation at high temperature over many cycles.

Under such circumstances it may be advisable to add a second aliquot of Taq 

polymerase at some stage during the cycles (Gomez et al, 1990) although this 

increases the risk of introducing potential contaminants into the reaction mix. In such 

situations it may be preferable to start the reaction with a Taq polymerase which has 

enhanced thermostability, e.g., Amplitaq DNA polymerase, Stoffel fragment [Perkin 

Elmer Cetus], with a half-life of 20 minutes at 97.5’C (cf. Amplitaq's half-life of 10 

minutes at 97“C). Stoffel fragment has a broad MgClj optimum and generally requires 

higher concentrations of magnesium ion than Amplitaq DNA polymerase (see section 

5.2.5.2).
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The Hprt sequence was amplified under various conditions, which included elevated 

dénaturation temperatures (see above, Table 5.4, conditions 1, 2 and 3), and at 

different magnesium concentrations (l-4mAf). Under all conditions tried, amplification 

could not be achieved with less than ~6ng of starting substrate (see Plate 5.1a). This 

is to be compared to sensitivities of ~6(X)pg achieved with Pgk-1 and G6pd sequences 

(see below). There were also problems with the specificity of the Hprt reaction which 

resulted in the amplification of multiple bands unrelated to the sequence of interest.

A "polmerase enhancer" (Perfect Match [Stratagene]) which claimed to minimize non

specific priming events (by destabalizing mismatched primer-template complexes) and 

improve the yield of desired PCR products also failed to improve Hprt amplification. 

Its addition to the reaction mix actually resulted in increased non-specificity (data not 

shown).

A simpler and more inexpensive method of overcoming the problems associated with 

CG-rich templates, without elevating dénaturation temperatures or using polymerase 

enhancers, may be to use cosolvents such as dimethyl sulfoxide (DMSO), formamide 

or glycerol: optimum concentrations of cosolvent have to be determined empirically 

for each set of primers (Sarkar et al, 1988). Each of these cosolvents was tried in the 

1.25-10% range in an attempt to aid dénaturation of the CG-rich Hprt sequence but 

to little avail (data not shown). Once again, amplification was non-specific and/or of 

limited sensitivity. As with the Stoffel treatment, annealing temperatures were raised 

from 64-65'C  (see Table 5.4) to 67’C in an attempt to reduce non-specificity, but this 

had the effect of limiting the sensitivity of amplification to an even greater degree 

(~60ng of starting substrate cf. 6ng; see Plate 5.1a).

Similar results (data not shown) were also observed with the non-ionic detergent 

Nonidet P-40 (ethylphenyl-polyethylene glycol; NP40)[Sigma], which reportedly helps 

stabalize the Tag polymerase and improves the specificity of amplification (Holding 

& Monk, 1989).

Improved PCR specificity may also be achieved with 7-deaza-2’-deoxyguanosine 5’-
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Plate 5.1. PCR amplification of mouse Hprt. (a) An EtBr-stained agarose (2%) gel 

showing the PCR products of a genomic tenfold DNA dilution series (prepared from 

adult female mouse liver) in the absence of internal controls and Hpall digestion (the 

numbers at the top of each lane represent the approximate number of cells worth of 

DNA used as starting substrate for the PCR reaction, assuming 1 cell contains 6pg of 

DNA). With this combination of primers (5’+3’; see Tables 5.2 and 5.5) DNA could 

not be amplified with <6ng of starting substrate (i.e., ~1000 cells worth of DNA). 

MW, molecular weight marker: 4>X174RF///a^III fragments [BRL]. (b) Nested primer 

approach (see text). An EtBr-stained agarose gel containing the PCR products resulting 

from amplification of Hprt (from 60ng of adult female DNA) using different primer 

concentrations. Having established that the primers work, the nested primers would 

be used in conjunction with the outer primers (see text). Lane 1, outer primers 5’+3’ 

(222bp product); lane 2, outer primers 5’+2.3’ (262bp product); lane 3, nested primers 

N5’+N3’ (182bp product; see Tables 5.1 and 5.5); 0 , no DNA control (water was 

added to the reaction mix in place of DNA). Various other primer combinations were 

tried (see Table 5.5; data not shown). MW, molecular weight marker: 123bp ladder 

[BRL]. Band sizes are shown in base pairs (bp).
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triphosphate (c^dGTP) (in a 3:1 mixture with dGTP): secondary structures associated 

with CG-rich templates are destabalised by cMGTP (McConlogue et al, 1988; Innis, 

1990). With Hprt this resulted in non-specific amplification which could not be 

remedied by increased annealing temperatures (see above).

Finally, an alternative strategy to increase sensitivity and specificity of PCR was tried; 

namely, the nested primer approach. This strategy requires two steps. In the first step, 

the target fragment is amplified using two primers as usual. Then an aliquot of the 

PCR product from the first round is diluted 1 in 50 in a second reaction mix 

containing "inner” primers (nested primers) just inside the position of the primers of 

the first reaction (outer primers). Alternatively, one nested primer is used with one of 

the original outer primers (heminested PCR)(see Tables 5.2 and 5.5 and Plate 5.1b). 

Both the nested and heminested approach were successful to some extent in improving 

the sensitivity of amplification (to ~lng, ~200 cells worth of DNA), but the results 

were not reproducible. The reason for this irreproducibility could not be identified. 

Primer (both regular and nested) and dNTP concentrations were altered in an attempt 

to improve the amplification efficiency of the Hprt gene. It was found that an increase 

in dNTP concentration to 400pM (from 200}iAf) resulted in improved specificity, but 

at the cost of reduced sensitivity (down to ~6ng of starting substrate; data not shown).

Due to the difficulties incurred in amplifying the CG-rich Hprt sequence, I was unable 

to develop the PCR assay to the level of sensitivity required for an examination of the 

range of embryonic stages and tissues looked at for Pgk-1 and G6pd (see Chapter 6; 

Grant et al, 1992a). Nonetheless, the limited results that were obtained for Hprt are 

included in Table 6.7.

5.3.2 'Hpoll-sensitive PCR o f a Pgk-1 sequence

I thank Judy Singer-Sam and Art Riggs for their help and guidance in the development 

of the //pflU-sensitive PCR for mouse Pgk-1.

The promoter and first exon of the mouse Pgk-1 gene are part of a CpG-rich island 

showing 68% homology with its human counterpart (Keith et a f  1986; Adra et al.
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Figure 5.4. Schematic diagram of the 5’ region of mouse phosphoglycerate kinase 

gene (fg/:-7)(Mori et al, 1986). Hpall sites are represented by triangles in the diagram 

and primers flanking the specific site of interest (see below) are represented by 

horizontal arrows. Key: Unshaded bar, 5’ untranslated region; shaded bar, exon; 

hatched bar, intron; bp, base pairs. A, sense primer, B, antisense primer (see Tables

5.2 and 5.5); H7, specific Pgk-1 Hpall site #7 (see text; Singer-Sam et al, 1989). 

Sequence is included in Appendix XI.
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1987). Figure 5.4 schematically shows a 2kb portion of the mouse sequence, bounded 

by Xbal restriction sites. Also shown are the seven Hpall sites in this region and the 

location, relative to the start site of translation, of the Hpall site (designated H8) in 

human DNA whose méthylation is perfectly correlated with transcriptional silence 

(Hansen et al, 1988; Pfeifer et al, 1990a, b) of the Pgk-1 gene on the inactive X 

chromosome. The mouse Pgk-1 site, H7, is similarly located and is the only assayable 

Hpall site showing clear and complete female specific méthylation by Southern blot 

analysis (Singer-Sam et al, 1989).

Primers flanking H7 (see Figure 5.4 and Table 5.2) were chosen to direct the synthesis 

of a 170bp product (E). Amplification is prevented if the template DNA is 

unmethylated and cut by Hpall.

5.3.2.1 Quantitative approach with standard Pgk-1 homologous template deleted for 

the Hpall site

One of the main constraints in obtaining quantitative data from PCR is inherent in the 

amplification process itself. Because amplification is exponential, small differences in 

any of the variables (e.g., concentration of dNTPs, Mĝ "̂ , primers, Taq polymerase, 

DNA starting substrate; denaturing, annealing and elongation temperatures; cycle 

length and cycle number, ramping times; rate of "primer-dimer" formation; the 

presence of contaminating DNA) which influence the reaction will dramatically affect 

the yield (Gilliland et al, 1990). Even when these parameters are controlled precisely 

(or as precisely as possible), there is sometimes tube-to-tube variation that precludes 

accurate quantitation. For example, significant differences in yield occur in PCR 

samples that are prepared as a pool, aliquoted into separate tubes, and amplified in the 

same run. The basis for this variation is not certain, but it may be related to events 

that occur during the first few cycles or small temperature variances across the thermal 

cycler block.

Therefore, to allow precise and comparative quantitation of amplification before and 

after HpaU digestion (to determine the extent of méthylation) a standard homologous 

template is co-amplified with the experimental target (genomic) DNA sequence, using
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Plate 5.2. Quantitative //pall-sensitive PCR assay of 6.5 d.p.c. male and female 

embryos. An EtBr-stained agarose gel containing in lanes 1 and 2, 100 molecules of 

internal standard; 3 and 4, 300 molecules of internal standard; EPC, ectoplacental 

cone; EEE, extraembryonic ectoderm; EC, embryonic ectoderm; +, with Hpal\\ -, 

without Hpall. Larger fragments seen in the lanes in which the samples were not 

subject to Hpall treatment are carrier M13 RF DNA bands (which also serve as 

controls for complete Hpall digestion, see Materials & Methods), and not PCR 

products. Reproduced from J.Singer-Sam, M.Grant, J.M.LeBon, K.Okuyama, 

V.Chapman, M.Monk & A.D.Riggs (1990) Mol. Cell. Biol. 10, 4987-4989, with 

permission.

E, experimental (embryonic) sample; S, standard
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the same primers. The two amplification products, experimental (E) and standard (S), 

can be distinguished on the basis of size.

The homologous template deleted for the HpaU site is synthesized as described in the 

legend to Figure 5.2. It has an internal deletion which gives a PCR product of 133bp 

in length (S). The ratio of the intensity of the E and S band was determined by 

densitometry as described in Materials and Methods. Figure 5.6 shows the accuracy 

of the method even when <300 cells worth of DNA was used: The ratio of genomic 

template to internal standard (E/S) is proportional to the percentage of uncut DNA 

over an approximately five-fold range.

Using the E/S quantitation technique and PCR on DNA before and after Hpall 

digestion, the CpG site in the adult Pgk-1 sequence in adult female mouse DNA was 

found to be 50% methylated (methylated on inactive X chromosome, unmethylated on 

active X chromosome; see Table 6.6). This is in agreement with Southern blot data 

(see Chapter 4).

For single embryo work (see Chapter 6), DNA was prepared by the proteinase K- 

guanidine hydrochloride procedure (described in Appendix V and outlined in Materials 

& Methods), and embryo sex was determined by PCR with Zfy-1 primers, previously 

shown to be male specific (see Plate 6.3 and Table 5.2). As an example of the embryo 

results (see Chapter 6 for full results) Plate 5.2 shows the results obtained by assaying 

DNA from ectoplacental cone (EPC), extraembryonic ectoderm (EEE) and embryonic 

ectoderm (EC) tissues dissected from two 6.5 day embryos (as described in Materials 

& Methods), one male and one female. The genomic DNA is partially resistant to 

Hpall digestion (bands E in + lanes) in all three tissues of the female, but not in the 

male embryo. For each embryo assayed, two different amountts of standard were used 

(see Plate 5.2) to be certain of being within the linear range of the assay (see Figure 

5.6).

5.3.3 UpdJI-sensitive PCR o/G6pd sequence

I thank Maurizio Zuccotti for his collaboration in developing the PCR assay for G6pd
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Figure 5.5. Schematic diagram of the 5’ region of mouse glucose-6-phosphate 

dehyrogenase gene {G6pd)(Jomolo et al, 1991) gene. Hpall sites are represented by 

triangles in the diagram and primers flanking the site of interest (see below) are 

represented by horizontal arrows. Key: Unshaded bars, 5 ’ untranslated region; shaded 

bar, exon; hatched bar, intron; bp, base pairs; A, sense primer; B, antisense primer 

(see Table 5.2); H7, specific G6pd HpaU site #7 (see text; Toniolo et al, 1991). The 

control primers which are located in the 5’ untranslated region of the mouse G6pd 

gene are not shown in the map, but are included in the sequence data given in 

Appendix XI (see also Table 5.2).
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Figure 5.6. Standard curve. A reconstruction experiment was performed using 300 cell 

equivalents of DNA and 300 molecules of internal standard (standard homologous 

template) in each PCR reaction. DNA from L929 cells (unmethylated at H7) either cut 

or uncut by Hpall was mixed in the proportions shown. The ratio of the intensity of 

the E and S bands was determined by densitometry (see Materials & Methods; Singer- 

Sam et al, 1990a).

DNA from L929 cells was digested with Xba I (as described in Materials and 
Methods) and split into two fractions. One fraction was digested further with Hpa II; 
completion of digestion was checked as described in Materials and Methods. The 
samples QCba l/Hpa II - digested DNA and Xba I - digested DNA) were then mixed 
in the proportions shown, ie.,

Ratio of DNA volumes in mixture
% DNA uncut cut by Hpa II Uncut by Hpa

0 10 0
10 9 1
20 8 2
30 7 3
40 6 4
50 5 5
60 4 6
70 3 7
80 2 8
90 1 9
100 0 10

DNA equivalent to that from 300 L929 cells (calculated from the initial DNA 
concentrations) was taken from each of the samples above (E), along with 300 
molecules of standard (S), and PCR was performed as described in Materials and 
Methods. The gel is not shown, but E/S values for each sample, obtained by 
densitometry, were plotted against the corresponding %DNA uncut.

The experiment was performed as part of a collaboration and is published in Singer- 
Sam et al., 1990a.
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and in its application to embryonic samples, and Daniela Toniolo for providing the 

sequence data ahead of publication.

Comparison of the nucleotide sequence of the 5’ region of the human and mouse 

G6pd has demonstrated a high level of conservation of transcribed as well as non

transcribed regions (Toniolo et al, 1991). The promoter, and several boxes from about 

-900 to the first intron show long stretches of sequences which are more than 80% 

identical. These regions may have a regulatory function in the expression of the G6pd 

gene, as it has been shown with other genes in similar promoters (Reid et al, 1990). 

The human G6PD 5 ’ region is a typical CpG island but, in the mouse, the 

corresponding region has a lower C+G and CpG content (Toniolo et al, 1991). 

However, differential méthylation of the HpaU sites in the CpG island of the mouse 

G6pd gene demonstrates that, in mouse, transcriptional silencing correlates with CpG 

méthylation, as it does for humans.

Figure 5.5 shows a map of the 5’ region of the mouse G6pd gene, including the first 

exon. Also shown are the HpaU sites examined by Toniolo et al (1991). The HpaU 

site located in the first intron (designated H7) is the only assayable site in the region 

showing 100% female specific méthylation on the inactive X-chromosome by Southern 

blot analysis in the mouse (Toniolo et al, 1991). Primers flanking this site (see Figure 

5.5 and Table 5.2) amplify a 214bp product in a PCR using samples undigested by 

HpaU. The parameters for the PCR amplification of the G6pd sequence are given in 

Table 5.4. It was found that a dNTP concentration of 400pAf (cf. the suggested 

200|iA/; Saiki et al, 1988) gave better results for G6pd and Pgk-1; both the senstivity 

and specificity of amplification were improved.

Plate 5.3 shows amplification of the G6pd sequence in control adult male and female 

DNA and a 1:1 mixture of male and female DNA. Where the DNA is uncut, we 

observe two bands on the gel resulting from amplification of the sequence containing 

the critical site of interest (E) and the control sequence (S). Amplification of the G6pd 

sequence containing the critical sites (E) is prevented by prior HpaU digestion of male 

DNA (single active X chromosome unmethylated at these sites) and is halved by prior
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Plate 5.3. PCR analysis of X-linked G6pd CpG méthylation in male and female adult 

somatic DNA and a 1:1 mixture of these DNAs. An EtBr-stained agarose gel 

containing PCR products: The upper band in each case is the amplified sequence 

containing the critical HpaU site (B) and the lower band is the amplified internal 

control sequence (S, an X-linked sequence in the 5’ untranslated region of the G6pd 

gene which does not contain an HpaU site) included to show successful PCR and to 

aid quantitation. Band sizes are shown in base pairs (bp). Published in Grant (1992).
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Hpall digestion of female DNA (in somatic tissues one active X chromosome is 

unmethylated at these sites, one inactive X chromosome is methylated at these sites). 

For the 1:1 mixtures of male and female DNA, 30 per cent of the signal remains (as 

determined by densitometry) which is clearly visible. This is important since, pre

implantation embryos (see Chapter 6) are collected in batches of 2(X) to 4(X) and will 

contain approximately 50% male and 50% female embryos. Similar results were 

obtained for the Pgk-1 gene sequence (data not shown).
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5.4 Discussion

The results of the //pall-sensitive PCR assay suggest that it is an extremely effective 

tool for the detection and quantitation of CpG méthylation associated with X 

chromosome activty in development. The assay has several major advantages over 

conventional Southern blot techniques previously applied to the issue of the role of 

méthylation in development. It enables us to look at individual CpG sites on specific 

genes which may be important in the phenomenon of X-inactivation (see Introduction), 

where previously they could only be analysed as part of a cluster of sites. It also 

allows us to examine the méthylation of these specific CpG sites at the level of the 

single embiyo (down to ~6(X)pg worth of DNA), where previously up to 10p,g may 

have been required. Moreover, it is rapid and the results are highly reproducible.

Having developed the A/pall-sensitive PCR to a sufficiently sensitive level for Pgk-1 

and G6pd, I embarked on experiments to profile the méthylation changes of specific 

CpG sites throughout mouse embryonic development. This work is the subject of 

Chapter 6.

A manuscript describing the methodology of the //pall-sensitive PCR in is press 

(Grant, 1992).



CHAPTER 6

Méthylation of specific X-linked CpG sequences in development
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6.1 Introduction

Although the role of méthylation in the maintenance of inactivity of genes on the 

inactive X chromosome is well established (see Chapter 1), little is known about the 

role of méthylation in the initiation of X-inactivation during female embryonic 

development. Several studies suggest that méthylation occurs after inactivation. In one 

study, Lock et al (1987) did not detect méthylation of the Hprt gene on the inactive 

X chromosome in the mouse until several days after the inactivation event. Other 

studies in the human germ line have suggested that X-inactivation can occur without 

X-linked gene méthylation. Using human fetal germ cells, Driscoll and Migeon (1990) 

showed undermethylation at a number of CpG sites for six X-linked genes, and, more 

recently, Singer-Sam et al (1992) found the human PGK-1 gene in human fetal germ 

cells to be unmethylated at a specific CpG (designated H8). Earlier, in the mouse, 

Monk et al (1987) showed a general undermethylation of PGCs and hypothesised that 

the germline may escape méthylation.

In this chapter, I examine the role of differential méthylation as a basis for the onset 

of X-chromosome inactivation in embryonic, extraembryonic and germ cells in 

developing female embryos. During development, inactivation of an X chromosome 

occurs first in the extraembryonic lineages as they differentiate and later in embryonic 

tissue (Monk & Harper, 1979; Takagi et al, 1982). The preferential inactivation of the 

paternal X chromosome in the early extraembryonic lineages (Takagi & Sasaki, 1975; 

West et al, 1977; Harper et al, 1982) suggests that paternal and maternal genomes are 

distinguishable (imprinting). During ontogeny of the female germ line the inactive X 

chromosome is reactivated (Monk & McLaren, 1981). Could differential méthylation 

and changing patterns of méthylation be the molecular bases for these events as well?

There are specific CCGG sites located in the 5’ regions of the mouse Pgk-1 and G6pd 

genes which are always methylated on the inactive X chromosome (see Introduction 

to Chapter 5). To recap, Hpa II site H7 is located in the 5’ promoter region of the 

mouse Pgk-1 and is analogous to the human Hpa II site H8 (see Figure 5.4; Singer- 

Sam et al, 1989). The specific CpG site of interest in mouse G6pd (also designated 

H7) is located in intron I (see Figure 5.5; Toniolo et al, 1991).
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The ///7ûII-sensitive PCR assay was extensively developed in Chapter 5 to detect (and 

quantitate, where appropriate) the méthylation of these specific CpG sites in mouse 

Pgk-1 and G6pd genes, from minute quantities of tissue. In this chapter, the technique 

is applied to material derived from samples at all stages of development, from the 

gametes through to adult tissues in an attempt to elucidate the role of méthylation with 

respect to X-chromosome activity in development.
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6.2 M aterials & Methods

6.2.1 Collection o f embryonic samples

Unless otherwise stated, MFl mice (Charles River) were used in all experiments. The 

day of the vaginal plug was taken to be 0.5 d.p.c..

6.2.1.1 Gametes

Eggs were obtained from 3-5 week old female mice. The mice were superovulated as 

described in the Materials and Methods section of Chapter 3. Oocytes were isolated 

from superovulated females (about 18 hours post-hCG) by rupturing the ampullae of 

the oviducts with a sharpened needle; Monk, 1987). Cumulus cells were removed by 

5-10 minutes incubation at room temperature in hyaluronidase (300 i.u./ml)[Sigma] 

(Monk, 1987). Residual cumulus cells attached to the zonae pellucidae were 

mechanically removed with finely drawn Pasteur pipettes. Oocytes were washed three 

times in PB1.PVP (to remove residual enzyme), counted, transferred to siliconized 

eppendorf tubes in a minimal volume of medium and stored at -70“C.

Sperm was collected from the vas deferens and epididymus of adult male mice. The 

sperm (in PBS) were dispersed with a Pasteur pipette and re suspended in solution A 

(Table 6.1; volume of solution A varies according to volume of sperm collected: a 

sperm sample from a single male should be resuspended in approximately 200|il: 

small scale preparations may be performed in an Eppendorf tube). To this suspension, 

an equal volume of solution B (see Table 6.1) was added. Following incubation at 

50"C for three hours, the DNA was extracted using standard phenol/chloroform 

procedures at 37"C (see Appendix II), precipitated with isopropanol (-70"C overnight, 

centrifuged for 20 minutes at room temperature, washed twice in 70% ethanol) and 

resuspended in 0.5xKGB.

6.2.1.2 Preimplantation embryos

Female mice, superovulated as in 6.2.1.1, were mated with males. Ovulation is 

assumed to occur about 12 hours after administration of the hCG injection (Gates & 

Beatty, 1954) and the presence of a vaginal plug was taken as proof of mating.
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TABLE 6.1

Lysis buffer for DNA extraction from sperm*

Reagent

Solution A**

Supplier [Stock] [Required] Volume

NaCl BDH 1 M 75mM 75pl

EDTA

ddHzO

BDH 0.5M(pH8) 25mM 50^1

875pl

Solution B"

Tris BDH 1 M(pH8) lOmAf lOpl

EDTA BDH 0.5M lOmM 20pl

SDS BDH 20% 1% 50|il

Prot K Sigma lOmg/ml SOOpg/ml 50̂ 11

P-ME

ddHzO

Sigma 14 M 70mM 5pl

865pl

“Based on Reik et al (1987a).

‘’Solution should be filter-sterilised and stored at 4“C. 

^Solution is made up freshly as required from sterile reagents.
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TABLE 6.2

Early development of the mouse embryo*

Age** (d.p.c.) Hours (posi-hCG injection)

0.5 -18

1.5

2.5

3.5

4.5

5.5

6.5

7.5

-42

-72

-84

-90-98

-110

-120

Stage

1-cell

2-cell 

8-cell

16-cell, morula

late morula, blastocyst (32 cells) 

fully expanded blastocyst 

hatched blastocyst (-128 cells) 

egg cylinder

embryonic axis determined 

late primitive streak

•Based on Hogan et al (1986) and Pratt (1987). 

^Day of detection of vaginal plug = 0.5d.p.c.
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On the first day of pregnancy (0.5 d.p.c.; about 18 hours post-hCG), one cell zygotes 

were isolated from the oviducts of mated females and separated from cumulus cells 

as in 6.2.1.1.

Two- and eight-cell embryos are present in the oviduct about 20-60 hours post-coitum 

(h.p.c.). By this time they have lost their cumulus cells and they were flushed from 

the oviduct with medium (by insertion of an hypodermic needle into the infundibulum; 

Monk, 1987).

Compacted morulae were isolated by flushing both the oviduct and uterus at about 60- 

72 h.p.c. (Monk, 1987).

Blastocysts were flushed from the uterine horns of mated females between 3.5 and 4.5 

d.p.c.. The timing of these events in development are summarized in Table 6.2.

Some of the blastocysts collected in this way were cultured for 24 to 48 hours (post

isolation): Droplets of M16 medium (Whittingham, 1971), supplemented with bovine 

serum albumin (BSA), were prepared under paraffin oil in plastic culture dishes and 

equilibrated in a humidified 5% COg-in-air atmosphere at 37°C for one hour. 

Blastocysts were pooled and added to the droplets, via several wash droplets.

6.2.1.3 Isolation of inner cell masses (ICMs) by immunosurgery 

This technique was first described by Solter and Knowles (1975) for isolation of ICMs 

by selectively killing the outer trophectoderm cells (TE) of the blastocyst. The 

principle is outlined in Figure 6.1.

Blastocysts, isolated as in 6.2.1.2, are maintained at 37*C in M2 medium, 

supplemented with BSA at 5% CO2 before being transferred to a warm (37‘C) 1:100 

dilution of rabbit anti-mouse serum [Gibco] (heat-inactivated at 56‘C for 30 minutes 

and stored at -70°C) for 15 minutes (in an atmosphere of 5% COg in air). Antibodies 

bind to the outer trophectoderm cells but are prevented by the tight junctions between 

these cells from penetrating the blastocoel and binding to the inner cell mass cells.
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Figure 6.1. Isolation of inner cell masses by immunosurgery. Blastocysts are incubated 

with rabbit anti-mouse serum, washed and exposed to guinea pig complement. Only 

the outer trophectoderm cells are lysed. The ICM cells remain intact. See Materials 

and Methods. Based on Hogan et al (1986).
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The embryos were than transferred through several wash droplets into 1:5 guinea pig 

complement [Gibco] and incubated for a further 15 minutes at 37*C (at 5% COjin 

air). Complement binds to the antiserum-marked TE cells. The embryos were then 

transferred to fresh M2 (+BSA) at 37*C for 20-30 minutes. Dead (swollen) TE cells 

were removed from the ICMs by gently pipetting with finely drawn Pasteur pipettes. 

Isolated ICMs were washed three times in fresh M2 medium, pooled in Eppendorf 

tubes and stored at -70°C. ICMs from cultured blastocysts were isolated using the 

same procedure after one (+1) or two (+2) days in culture (culture conditions as 

described in the Materials & Methods section of Chapter 3). Removal of ICMs from 

cultured embryos was easier than for 3.5 d.p.c. blastocysts.

6.2.1.4 Postimplantation embryos

Postimplantation embiyos at 5.5, 6.5 and 7.5 d.p.c. were isolated individually and 

dissected (where appropriate) as described in the Materials and Methods section of 

Chapter 5.

6.2.1.5 Primordial germ cells 

PGCs at 7 d.p.c.

Naturally mated female mice (Q-strain) were sacrificed at 7 d.p.c..

Postimplantation embryos were isolated as described above (6.2.1.3) at stages 7-II (full 

primitive streak: 7 day 6 h according to Green, 1941) and 7-III (it is often difficult to 

distinguish between these two stages in living embryos; see Ginsburg et al, 1991) and 

stained for alkaline phosphatase (ALP)(see Table 6.3) activity using the whole-mount 

technique of Ginsberg et al (1990). These embryos were then surgically manipulated 

in PBl medium: The trophoblast and Reichert’s membrane were removed as well as 

the ectoplacental cone. Tungsten needles were used to cut out a small piece, 

containing the PGCs (which had been ALP stained), of the posterior wall of the egg 

cylinder just above the amnion (see Plate 6.5). The operated embryo and the piece 

isolated from it were stored separately at -70“C. DMA isolated from the operated 

embryo was used to sex the embryo by Y-specific PCR (see 6.2.6, below).
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TABLE 6.3 

Alkaline phosphatase (ALP) staining

I. Buffered acetone fixative for ALP staining*

Supplier Quantity required in 40ml

BDH 8.3g

BDH 4.6g

Double distilled HjO*’ 

Acetone^

Total volume:

BDH

40ml

60ml

100ml

“Solution should be made up freshly as required: If solution is left for any length of 

time the salts come out of solution and will not redissolve (see also footnote )̂.

*Tris and sodium citrate should be completely dissolved in water before adding 

acetone to the mixture.

Acetone is added slowly, while stirring solution. Once prepared, the fix should be 

stirred constantly otherwise the acetone will separate out

11. Reagents for ALP stain**

Compound Supplier Quantity
(Added in sequence shown)®

Sodium a-naphthyl phosphate Sigma 5 mg

Diazonium salt (Fast Red TR salt) Sigma 25 mg

Distilled water 44.6ml

10% magnesium chloride solution BDH 0.3ml

4-5% borax solution Boots 5 ml

Total volume: 50 ml

‘‘Based on Mintz and Russell (1957), Brinster & Harstad (1977), McMahon (1981) and 

Ginsburg et al (1990).

®The stain was made up freshly and discarded after 2 hours.
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PGCs at 11.5 to 185 d.p.c.

Pregnant MFl female mice were sacrificed at one day intervals and sexed according 

to gonad morphology (see Chapter 2). Gonads were isolated from the postimplantation 

embryos and washed three times in PBl.PVP prior to incubation for 15-20 minutes 

at room temperature in freshly made up EDTA solution (see Table 6.4). Gonads were 

transferred to a petri dish with an agar (2%) base. Germ cells were released from the 

gonads by rupturing and squeezing the gonads with tweezers and electrolytically 

sharpened tungsten needles. Germ cells were collected one by one according to 

morphology with a finely drawn Pasteur pipette and transferred to an Eppendorf (for 

storage at -70“C). Germ cell numbers were estimated from a counting chamber aliquot. 

The degree of purity was assessed by ALP staining (Chiquoine, 1954) of germ cell 

samples up to 15.5 d.p.c.; beyond this stage ALP activity decreases.

For ALP staining, cell spreads were made by applying a sample to a microscope slide 

and air drying (these can be stored at 4*C). These were fixed in 60% Tris-citrate 

buffered acetone (see Table 6.3) at room temperature for about 20-30 seconds, 

carefully rinsed in tap water for 10-20 seconds, dried and immersed in the dye 

solution (see Table 6.3) for 30 minutes in the dark. Slides were carefully washed and 

dried before viewing under the microscope. Approximately 97% pure populations of 

germ cells were obtained at all stages.

Beyond 15.5 d.p.c., germ cell ALP activity declines such that this technique is no 

longer of use in distinguishing germ cells from somatic cells (Mia Buehr, personal 

communication). Consequently, the purity of germ cell samples collected at later 

stages was assessed by eye (based on germ cell morphology).

New born

New bom female mice were sacrificed at 19.5 d.p.c. (0.5 days post partum [d.p.p.]). 

Germ cells were isolated from gonads as described for pre-partum stages and germ 

cell purity determined by moiphology.



131 

TABLE 6.4

Composition of EDTA solution for germ cell isolation*

Reagent Supplier Quantity in 100

Ethylenediaminetetra-acetic acid (EDTA, Nâ "̂ ) BDH 20 mg

Sodium Chloride (NaCl) BDH 800 mg

Potassium Chloride (KCl) BDH 20 mg

/i/-Sodium hydrogen orthophosphate (Na2HP0 4 ) BDH 115 mg

Potassium dihydrogen orthophosphate (KHgPO^) BDH 20 mg

Phenol red*’ Sigma O.lmg

Double distilled HjO 100 pi

‘Based on protocol of Mia Buehr (personal communication). 

‘’Optional pH indicator.
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6.2.1.6 Extraembryonic tissues

The YSM is derived from the epiblast and undergoes random X-inactivation and the 

YSE is derived from the primitive endoderm and undergoes non-random paternal X 

inactivation. YSM and YSE were isolated, as representative tissues with random and 

non-random X-inactivation, from 14.5 d.p.c. embryos as described in Chapter 4.

6.2.1.7 Adult tissues

Liver was isolated from adult male and female mice as described in the Materials and 

Methods section of Chapter 5.

6.2.2 DNA preparation

6.2.2.1 Large scale preparations

DNA was prepared from extraembryonic and adult tissues using the standard phenol- 

chloroform procedure (see Appendix U), and resuspended in KGB (see below).

6.2.2.2 Small scale preparations

Small scale DNA preparations from embryonic samples were made using the 

proteinase K-guanidine hydrochloride method (see Appendix V) and resuspended in

O.SxKGB (see Appendix X), as described in the Materials and Methods section of 

Chapter 5.

6.2.3 Hpa// treatment

DNA samples were digested with Xbal [New England Biolabs] before treatment with 

HpaW [New England Biolabs], as described in the Materials and Methods section of 

Chapter 5. Completion of digestion was monitored by examining the restriction pattern 

of the carrier DNA (e.g., OX 174 RF DNA) from a small aliquot of the reaction mix 

on a 2% agarose-TBE gel (see Materials & Methods, Chapter 5).

6.2.4 UpdJl-sensitive PCR

An aliquot of the //pall-treated DNA, estimated to contain at least 600pg of DNA 

(equivalent to -100 mouse cells; where cell numbers could not be counted directly, 

the figures in Table 6.5 were used as a guide to estimate the amount of DNA
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TABLE 6.5

Cell number estimates

I. Total cell numbers in the embryonic germ layers*

Age (d.p.c.)

5.5

6.5

7.5

Cell numbers 

Endoderm Mesoderm Epiblast

95 - 120

250

680 6230

660

8060

Total

215

910

14970

7

8.5

9.5

10.5

12.5

13.5-14.5

II. Primordial germ cells’*

Cell numbers Location

125

350

1000

4000

20-25000

Posterior to primitive streak 

Base of allantois 

Hind-gut wall

Dorsal body wall-genital ridges 

Genital ridges 

d'y mitotic arrest 

?, enter meiosis

‘Reproduced from Snow (1977).

’’Cell number estimates based on Tam & Snow (1981) and modified according to 

Ginsburg et al (1990).
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recovered from a particular tissue) was added under the mineral oil to a complete PCR 

reaction which included primers specific for the sequence containing the CpG site of 

interest (see Figures 5.3-5.5 and Table 5.2). DNA samples were subject to 30-40 

rounds of PCR amplification in an Ericomp or Cambio Mk II PCR thermal cycler. The 

cycle parameters and conditions were established in Chapter 5 (Table 5.5).

6.2.4.1 Internal controls

The internal controls were as specified in the Materials and Methods section of 

Chapter 5.

6.2.5 Gel electrophoresis and quantitation

Gel electrophoretic technique and quantitative measurement of DNA méthylation 

(where appropriate) were as described in the Materials and Methods section of Chapter 

5.

6.2.6 Sexing embryos by PCR

Individual postimplantation embryos were sexed by Y-specific PCR as described in 

the Materials and Methods section of Chapter 5 using the primers listed in Table 5.2.
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6.3 Results

The first section (below) contains the results of the quantitative PCR approach applied 

to postimplantation stages (and includes the 6.5 d.p.c. embryos used in the 

development of the assay; see Chapter 5) and adult tissues. These early experiments 

include the synthesized homologous template for the control PCR reaction. The 

sections which follow detail the results of the //pall-sensitive PCR applied to 

embryonic samples but in these later experiments a different control amplification 

reaction is used for quantitative purposes. Although the latter control PCR does not 

use the same primers as the experimental sequence (see Chapter 5), the PCR signals 

can nonetheless be quantified by comparison with the chosen sequence, lacking a 

HpaW site, situated upstream from the G6pd gene (see below and Chapter 5). The 

latter approach is applied to a much wider range of stages and for a number of X 

linked CpG sites.

6.3.1 Early work on quantitative analysis o/Pgk-l CpG méthylation in eggs, sperm 

and postimplantation stages

The results in this section are the product of a collaboration between our laboratory 

and Art Riggs and Judy Singer-Sam (Beckman Research Institute, City of Hope, 

California). We looked at oocytes, sperm and postimplantation stages with the HpaW- 

sensitive PCR assay which included a standard homologous template (synthesized as 

described in Chapter 5). This work has already been published (Singer-Sam et al, 

1990a).

The results of this study show that adult male DNA is not methylated at H7. 

Méthylation of the male embryos (at 5.5, 6.5 and 7.5 d.p.c.) is less than 10% as 

determined by densitometry and comparison of digested and undigested samples. As 

might be expected, the PCR products after HpaW digestion correlates well with the sex 

of the embryo as determined by Zfy-1 PCR, i.e., all female samples are 50% 

methylated while males are unmethylated. Table 6.6 summarizes the data on female 

samples. Oocytes, like male embryos, show less than 10% méthylation. The whole 

embryo at 5.5 d.p.c. appears, in these early experiments, to be transitionally 

methylated (12-24%; but see later). By 6.5 d.p.c. the female embryo is already
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TABLE 6.6

Quantitation of méthylation of HpàQ. site 7 during female mouse 

postimplantation development*

Gestation
(d.p.c.)

FEMALE

Tissue % Méthylation*

0.5 oocyte <10

5.5 whole embryo 18 ± 4

6.5 epiblast 
extraembryonic 
ectoplacental cone

43 ± 8  
40 ± 7  
40 ± 9

7.5 embryonic
chorion
ectoplacental cone

50 ±11 
41 ± 7  
57 ± 6

13.5 mesonephros 58

16.5 kidney 52

adult spleen 51 ± 3

MALE Sperm, embryonic or adult <10
all stages

•Published as collaborative work: J.Singer-Sam, M.Grant, J.M.LeBon, K.Okuyama, 
V.Chapman, M.Monk & A.D.Riggs, Mol. Cell. Biol. 10, 4987-4989 (1990).

méthylation = PCR amplification after Hva II digestion 
PCR amplification control
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significantly methylated (40%) in the five samples assayed, for both the embryo 

proper and the extraembryonic lineages (see Plate 5.3). Similar levels of méthylation 

are observed in the same lineages at 7.5 d.p.c.. Statistically, these values are not 

significantly different from those obtained from 13.5 and 16.5 d.p.c. embryos (Table 

6.6, reproduced from Singer-Sam et al, 1990a) or adult female tissues (Singer-Sam et 

al, 1989). The results were highly reproducible.

6.3.2 Detection o f CpG méthylation in two X-linked genes by ¥ipall-sensitive PCR 

The work that follows is in press (Grant et al, 1992a).

6.3.2.1 Preimplantation embryos

For the G6pd sequence at all preimplantation stages (Plate 6.1), i.e., 1-cell, 2-cell (not 

shown, but see Table 6.7), 8-cell, morulae and blastocysts and their isolated ICMs, 

amplification is prevented by prior HpaU digestion. Thus the X chromosomes in 

female (as well as male) embryos are unmethylated at these sites. The same results 

are seen for the Pgk-1 sequence containing a critical CCGG site. However, by the 

blastocyst stage, some méthylation (indicated by an occasional weak amplification 

signal in Hpall digested samples) is variably detectable for different embryo isolations 

(not present in the experiment shown in Plate 6.1). Thus, the méthylation of Pgk-1 

occurs even earlier than suggested in our initial experiments with quantitative PCR 

(see 6.3.1; Singer-Sam et al, 1990a).

In order to look at the stages around the time of implantation more carefully, 

blastocysts were harvested at day 3.5 of gestation and also after a further one (3.5+1) 

or two (3.5+2) days in vitro culture (see Materials & Methods). However, cultured 

blastocysts would be delayed in development compared to 4.5 and 5.5 d.p.c. in vivo 

embryos (it is extremely difficult to isolate 4.5 d.p.c. in vivo embryos). For G6pd, the 

cultured blastocysts and their isolated ICMs remain unmethylated. However, for Pgk-1, 

there is the same variably detectable méthylation in cultured blastocysts and in the 

ICMs isolated from cultured blastocysts that was observed for blastocysts and ICMs 

at 3.5 d.p.c. (although not shown in Plate 6.1, this data is included in the table under 

the legend).
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Plate 6.1. PCR analysis of X-linked gene CpG méthylation during mouse 

preimplantation development. The analysis was performed on pooled samples of 

preimplantation embryos. EtBr-stained agarose gels show the two PCR products 

obtained for the G6pd and Pgk-I genes. The upper band in each case is the amplified 

sequence containing the specific HpaU site (E) and the lower band is the amplified 

internal control sequence (S, an X-linked sequence in the 5’ untranslated region of the 

G6pd gene which does not contain an HpaU site). Band sizes are shown in base pairs 

(bp). The table below indicates the results (- or + méthylation) for the number of 

different samples analysed (different symbols) and the number of replicate experiments 

of the same sample (same symbols). Abbreviations: 1-C, one cell embryos; 8-C, eight 

cell embryos; MOR, morulae; BL, blastocysts; ICM, inner cell masses; +1, plus one 

day in culture; +2, plus two days in culture; +, DNA digested with Hpall\ -, 

undigested DNA; MW, molecular weight markers (HaelU fragments of d>X replicative 

form (RF) DNA [1353, 1078, 872, 603,310, 281/271, 194, 118 and 72 bp]). Published 

in Grant et al (1992a).
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It seems unlikely that the variably detectable méthylation we observe in the DNA 

from blastocysts and ICMs, at 3.5, 3.5+1 and 3.5+2 d.p.c., for Pgk~l is due to 

incomplete digestion of these DNAs; this was always controlled by observing 

complete digestion of 0X174 RF DNA added to the digestion reaction. In support of 

this observation, all the embryo samples that were methylated for Pgk-1 were 

unmethylated for G6pd. The absence of G6pd méthylation in these late stages of 

preimplantation development could not be attributed to less efficient amplification 

compared to Pgk-1, since the intensity of uncut signals for both X-linked gene 

products was approximately the same for all the samples assayed. Similarly, where 

méthylation was not detected for Pgk-1, the uncut signals in these samples were of the 

same intensity as the uncut signals observed in the samples where Pgk-1 méthylation 

was detected.

6.3.2.2 Postimplantation stages

Plate 6.2 shows that the CCGG sites of the G6pd and Pgk-1 genes are methylated in 

female postimplantation stages. Individual postimplantation embryos were sexed as 

female by the absence of amplification of Y-specific sequences (see Materials & 

Methods and Plate 6.3), then different regions of the conceptus were carefully 

dissected apart for separate analysis, viz., 5.5 d.p.c. egg cylinder, 6.5 and 7.5 d.p.c. 

embryonic (EMB) and extraembiyonic (FEE) ectoderm and 14.5 d.p.c. yolk sac 

mesoderm (YSM) and endoderm (YSE) layers. Southern blot analysis confirmed the 

méthylation of the critical sites of the G6pd, Pgk-1 (and Hprt) genes in 

extraembryonic tissues (see Chapter 4, Plates 4.1, 4.2 and 4.3, respectively). Thus, in 

contrast to the preimplantation stages, the inactive X chromosome is methylated 

throughout for both genes at all postimplantation stages. Méthylation of the Pgk-1 

gene on the inactive X chromosome in postimplantation stages confirms our earlier 

results (see section 6.3.1; Singer-Sam et al, 1990a).

6.3.2.3 Primordial germ cells

Plate 6.4 (see also Table 6.7) shows results for female PGCs from 7 d.p.c. to new 

bom oocytes and mature oocytes. The 7 d.p.c. female PGCs were dissected as a cone 

of tissue from the posterior wall of the egg cylinder just above the amnion (Ginsberg
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Plate 6.2. PCR analysis of X-linked gene CpG méthylation for G6pd and Pgk-1 during 

postimplantation development. The analysis was done on DNA from single sexed 

postimplantation embryos. Numbers represent days’ post coitwn (d.p.c.). 

Abbreviations: EMB, embryo; EEE, extra-embryonic ectoderm; YSE, yolk sac 

endoderm; YSM, yolk sac mesoderm; Ad, adult; 0 , no DNA control (water added to 

PCR reaction in place of the DNA sample); otherwise as in Plate 6.1. Published in 

Grant et al (1992a).
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Plate 6.3. Sexing embryos with Zfy-1 PCR. Embryos ages are given in d.p.c.. The 

arrow indicates the fragment size expected from amplification of the Zfy-1 gene in 

male samples. Tracks 10 and 11 contain adult somatic female and male DNA (200pg) 

samples respectively, as controls. The sample in track 4 is of undeteimined sex, due 

to underloading the DNA. Although this figure shows only a few examples of 

postimplantation embryos it is representative of the PCR test performed on all samples 

of unknown sex. Modified reproduction from Singer-Sam et al (1990a).
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et al, 1990; see Materials & Methods and Plate 6.5). The number of PGCs in the cone 

of tissue is estimated to be 125 (Ginsberg et al, 1990) and the proportion of mesoderm 

cells might outnumber the PGCs by about two to one. These dissections were 

performed with the guidance of Mika Ginsburg (Hebrew University, Jerusalem). 

Individual egg cylinders were subsequently identified as female by PCR for a 

Y-specific sequence (^ -7 )(see  Materials & Methods and Plate 6.5) and the presence 

of the germ cells in the dissected cone of tissue confirmed by ALP staining (see 

Materials & Methods). Premeieotic (11.5 d.p.c.) and meiotic germ cells (preleptotene 

at 12.5 d.p.c., leptotene at 13.5 d.p.c., zygotene at 14.5 and 15.5 d.p.c., pachytene at

16.5 d.p.c. and dictyate new bom oocytes) were released from developing gonads or 

ovaries (see Materials & Methods). Samples from 11.5 up to 15.5 d.p.c. were checked 

for purity of greater than 96-97% germ cells by positive ALP staining; germ cells 

collected at later stages were purified by morphology (see Materials & Methods).

It is clear in Plate 6.4 that the female germ cell lineage DNA is unmethylated at the 

X-linked G6pd and Pgk-1 CpG sites throughout. The absence of méthylation is 

perhaps not surprising after 12.5 d.p.c. when X-reactivation occurs in the germ line 

(Monk & McLaren, 1981). Before this time however one X chromosome is inactive. 

Nevertheless, we find that premeiotic germ cells at 11.5 d.p.c. are unmethylated (see 

Table 6.7). In addition, at the earliest stage possible to dissect a cone of PGCs 

together with extraembryonic mesoderm cells from the embryo (7 d.p.c.), these cells 

are unmethylated at the G6pd and Pgk-1 sites although X-inactivation has already 

occurred in precursor lineages for the somatic and germline cells (McMahon et al, 

1981). Strikingly, this lack of méthylation is in contrast to the rest of the female egg 

cylinder at this stage (Plate 6.5). Some of the mesoderm surrounding the germ cells 

at this stage is destined to become yolk sac mesoderm but it may also contain 

haemopoietic (liver precursor) stem cells. Previous work (Monk, unpublished) has 

shown that early yolk sac mesoderm is undermethylated for repetitive gene sequences 

and overall. Due to the absence of amplification in repeated experiments with this 

cone of cells we conclude that the PGCs as well as the surrounding mesoderm cells 

are unmethylated on their inactive X chromosome at 7 d.p.c..
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Plate 6.4. PCR analysis of X-linked G6pd and Pgk-1 CpG méthylation during female 

germ cell development. The analysis was performed on DNA derived from pooled 

female germ cells (isolated as described in Materials & Methods). Abbreviations: GC, 

germ cells; NB OOC, new bom oocytes; M OOC, mature oocytes; otherwise as in 

Plate 6.1. Sperm DNA is also analysed and shows no amplification after Hpall 

digestion. Published in Grant et al (1992a).
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Plate 6.5. Diagram showing the region containing the PGCs dissected from the 

posterior wall of the egg cylinder just above the amnion at 7 d.p.c. (see Materials & 

Methods). The embryo samples were sexed using PCR of a Y-specific sequence 

{Zfy-1) (see Materials & Methods). The PGC (GC) sample and the remaining embryo 

(EMB) sample were analysed for méthylation of the G6pd sequence as described in 

the Materials and Methods. This result is representative of the female méthylation 

pattern observed from five separate germ cell clusters for both G6pd and Pgk-1 genes. 

Published in Grant et al (1992a).
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6.3.2.4 Embryonic stem cells

Plate 6.6 shows the results for male and female embryonal stem cells (with two active 

X chromosomes; Bradley & Robertson, 1986). The DNA was isolated from these cells 

at the time when both X chromosomes were thought to be active (Robin Lovell- 

Badge, personal communication). The X-linked sites are again unmethylated in the 

female (as well as the male) stem cells.



bp

(E) 214 - 
(S) 150 -

y -n O  (E) 
— 150 (S)

G 6 p d pgk-i



146

Plate 6.6. PCR analysis of X-linked CpG méthylation in embryonic stem cells, either 

female, HD 14 or male, CPI (Bradley and Robertson, 1986) and adult DNA. 

Abbreviations: ES, embryonic stem cells; otherwise as in Plate 6.1. Published in Grant 

et al (1992a).
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6.4 Discussion

The X chromosome provides an important model system for the study of gene 

activation and silencing in development and for the spreading of inactivation 

throughout the chromosome (Cattanach and Papworth, 1981). We have examined two 

X-linked gene CCGG sites whose méthylation is correlated with the maintenance of 

inactivity of these genes on the inactive X chromosome in adult cells. The sensitivity 

and accuracy of the PCR amplification before and after HpaM digestion has allowed 

us to precisely detect the timing of méthylation of these sites relative to the timing of 

inactivation of an X chromosome. The results are summarized in Tables 6.6 and 6.7 

and diagrammatically in Figure 6.2 (cf. Figure 2.1 in Chapter 2).

In female preimplantation embryos, both X chromosomes are active. In keeping with 

this, we see no sign of méthylation of these sites in the G6pd and Pgk-1 genes up to 

the 3.5 d.p.c. blastocyst. Then an interesting difference in G6pd and Pgk-1 emerges. 

For G6pd, preimplantation embryos are not detectably methylated. However, for 

Pgk-1, there is variably detectable méthylation in the whole blastocysts, one isolated 

ICM sample at 3.5 d.p.c. and in blastocysts and ICMs isolated after one or two days 

in culture. The replicate results (shown in the table adjacent to Plate 6.1) are 

consistent with the possibility that méthylation occurs earlier in trophectoderm (whole 

blastocysts) than in ICM; however, they are not sufficient to be conclusive on this 

issue. We do not think the variable detection of méthylation is due to incomplete 

digestion. This was always controlled by observing the complete digestion of 0X174 

DNA added to the digestion reaction. In addition, the same embryo samples (same 

symbols in the replicate experimental results shown in the table adjacent to Plate 6.1) 

were completely unmethylated for G6pd. Therefore, méthylation of the Pgk-1 gene on 

the inactive X chromosome is detectable at 3.5 d.p.c. while the G6pd gene on the 

same inactive X chromosome was not detec tably methylated before 5.5 d.p.c.. It is 

difficult to look at 4.5 d.p.c. embryos because they cannot be isolated in vivo. The 

closest we can get to this stage of development is to culture blastocysts for one or two 

days in vitro. However, blastocysts and ICMs isolated from 3.5+1 and 3.5+2 d.p.c. 

embryos were still unmethylated for G6pd. Clearly, méthylation of this specific site 

on G6pd occurs between 3.5 and 5.5 d.p.c. but the actual timing of this
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TABLE 6.7

Méthylation of specific CpG sites on X-linked genes in development*

Pgk-1 G6pd Hpr^
EMBRYONIC STEM CELLS 

Male 
Female

PREIMPLANTATION STAGES
1-Cell
2-Celi 
8-Cell 
Morulae
Blastocysts (3.5dpc)
ICM (3.5dpc)

POSTIMPLANTATION STAGES 
5.5d EMB 
6.5d EMB 
6.5d EEE 
7.5d EMB 
7.5d EEE

EXTRAEMBRYONIC TISSUES 
14.5d YSE 
14.5d YSM 

GERM CELLS 
7.0dpc 

ll.Sdpc 
12.5dpc 
13.5dpc 
14.5dpc 
15.5dpc 
16.5dpc 
18.5dpc
Newborn oocytes 
Mature oocytes 
Mature sperm

ADULT TISSUES 
Male 
Female

+ /-
+ /-

4-

+
+
+
4-

4-

4-

4-

4-

-h

4-

4-

4-

4-

4-

4-

'Pgk-1 and G6pd data published in Grant et al (1992a).
•’Preliminary data (see text and Chapter 5).
Key: -, unmethylated; 4-, methylated; 4-/-, variable detectable méthylation (see text).
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event remains to be established. The timing of Pgk-1 méthylation at 3.5 d.p.c. is 

coincident with X-inactivation and earlier than previously shown by quantitative PCR 

(i.e., 5.5 d.p.c. - reported in this chapter, see section 6.3.1 - and published in Singer- 

Sam et al [1990a]).

It is noteworthy that Pgk-1 is closely linked to the Xic whereas G6pd is at some 

distance away. The Hprt gene is even further from the Xic on the X chromosome. 

Previous data, obtained by Southern blot experiments, on the mouse Hprt gene (Lock 

et al, 1987) indicated that méthylation of this gene is initiated even later in 

development, at around 8.5 d.p.c.. It is possible that the timing of méthylation is a 

function of the distance from the Xic (see Figure 6.3). Unfortunately, we have been 

unsuccessful in developing PCR techniques for the CpG island region of Hprt of 

sufficient (reproducible) sensitivity to repeat these experiments with this gene prior to 

implantation (see Chapter 5; preliminary data is included in Table 6.7).

Using a large number of probes from anonymous CpG-rich islands distributed along 

the length of the mouse X chromosome, Norris et al (1990) have demonstrated that 

there is an overall correlation between méthylation of island CpGs and the inactive X 

chromosome. Distance from the Xic did not affect the méthylation of these CpG 

sequences and their results are consistent with the hypothesis that méthylation of the 

inactive X chromosome occurs to stabilize the inactive state after X-inactivation.
I

Preferential paternal X-inactivation in the extraembryonic lineage of rodents was one 

of the first observed examples of imprinting, i.e., the differential expression of genetic 

material depending on its parental origin (see Chapter 7). Clearly, there is some 

memory mechanism (imprint) that distinguishes the paternal from the maternal X 

chromosome when inactivation occurs in the extraembryonic lineages. The X 

chromosmes must be differentially modified or marked in the sperm and the egg. 

Méthylation has been implicated as a possible molecular mechanism in X-inactivation 

and imprinting (see Chapter 1, sections 1.11 and 1.12); CpG méthylation may be the 

imprint that distinguishes parental X chromosomes.



M é t h y l a t i o n  in Ç  X-linked genes SOMA, EXTRA-EMB:

iff?':'/:':'!

GERM LINE>i
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Figure 6.2. Changes in DNA méthylation of X-linked genes during early female 

embryonic development. Méthylation is first observed on Pgk-1 at 3.5 days’ gestation 

and on G6pd by 5.5 days’ gestation. By 6.5 days’ gestation, méthylation of both genes 

has reached adult levels in both embryonic and extraembryonic tissues. The germ line 

appears to escape méthylation. Published in Grant et al (1992b). Compare with Figure 

2 .1.
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In this study, the CpG sites examined are unmethylated in the male throughout 

development; this is to be expected where the single X chromosome in the male is 

active. However, during spermatogenesis, where the X chromosome is inactive, the 

two genes are unmethylated despite their inactive state. Since oocytes are also 

unmethylated, it is clear that the méthylation of these X-linked gene sites in sperm are 

not the marks which distinguish the two parental X chromosomes when preferential 

inactivation of the paternal X chromosome occurs in the extraembryonic lineages. The 

Xist gene, which is expressed only from the inactive X chromosome and may be 

involved in the initiation and maintenance of the inactivated state, may provide an 

insight into the role of méthylation in the imprinting process. It would be interesting 

to follow méthylation changes in this gene through early development with the Hpall- 

sensitive PCR (see discussion in Chapter 8).

The méthylation of the X-linked genes in female postimplantation stages is the same 

for extraembryonic lineages as it is for embryonic lineages. This result was unexpected 

given that previous work suggested that the extraembryonic lineage was 

undermethylated compared to the embryonic lineage for an X-linked gene on the 

inactive X chromosome {Hprt, Lock et al, 1986) as well as overall and for repetitive 

sequences (reviewed in Chapter 1, section 1.10). Furthermore, if méthylation is one 

of the molecular mechanisms underlying imprinting we might expect to see a 

méthylation difference between the extraembryonic lineage (where preferential paternal 

X-inactivation occurs) and the embryonic lineage (where random X-inactivation 

occurs).

In contrast to somatic cells and extraembryonic tissues, the female PGCs dissected 

(along with some extraembryonic mesoderm) from the 7 d.p.c. egg cylinder are 

unmethylated. Previous work has also shown the early extraembryonic mesoderm of 

the yolk sac to be undermethylated for overall and repetitive sequences (Monk, 

unpublished data). The Hpall-sensitivity of amplification of the gene sequences in this 

segment implies that both the PGCs and the extraembryonic mesoderm are 

unmethylated for these gene sites on the inactive X chromosome. The PGCs at 11.5 

d.p.c. are also unmethylated. This is in spite of the fact that the
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Figure 6.3. Model of progressive méthylation of X-linked genes involving the 

initiation of X-inactivation at the X-inactivation centre (Xce), Published in Grant et 

al (1992b).
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germ cells have one X chromosome inactivated at these stages (Kratzer and Chapman, 

1981; Monk and McLaren, 1981). Our results in mouse confirm recent work in human 

fetal germ cells by Singer-Sam et al (1992) who show that a Hpdü. site of the PGK-1 

gene is also unmethylated on the inactive X-chromosome prior to the onset of meiosis. 

Inactivation without méthylation of a number of Hpall sites of Pgk-I and Hprt genes 

has also been shown in differentiating mouse embryonal carcinoma cells in culture by 

Bartlett et al (1991).

The very early méthylation difference for X-linked gene sequences between the PGCs 

and the rest of the embryo make it highly likely that the lack of méthylation of the 

genes on the inactive X chromosome in the germ line is not due to a déméthylation 

event but rather due to an escape from méthylation of the genes on the inactive X 

chromosome from the outset. These results are in keeping with earlier findings that 

female PGC DNA is strikingly undermethylated overall and appears to escape de novo 

méthylation (Monk et aU 1987; Driscoll and Migeon, 1990; Singer-Sam et aU 1992). 

A continuity in the early stages of development with the germ line is seen in this 

absence of méthylation which may thus be a requirement for developmental 

totipotency.



ADDENDUM: Chapter 6, Discussion.

Mesoderm (YSM) is methylated at specific CpG sites in Pgk-1 and G6pd at 14.5 d p.c. 

but not at 7.25 d.p.c in PGC clusters. In the Nature Genetics paper (Grant et al,, 1992) 

we suggested that the ’mesoderm’ in the vicinity of the germ cells detected by ALP 

staining at 7.25 d.p.c. might be precursor haemopoetic lineage stem cells; since early 

yolk sac and liver are undermethylated (Monk, unpublished data), this suggestion 

could account for the apparent absence of méthylation in these samples. We know that 

mesoderm is less methylated at 10.5 d.p.c. relative to somatic tissues (Monk et al., 

1987) than it is at 14.5 d.p.c. (this study) so it may be that mesoderm, if present in 

the PGC cluster, is not methylated at all at 7.25 d.p.c.. Alternatively, it is suggested 

that the cluster analysed may in fact contain germ cells exclusively, but not all of 

them are stained by ALP; Ginsburg et al. (1990) suggest that: "Differentiation of all 

the cells of the cluster to form mature PGCs would provide the number observed at 

8 days, without the need for mitosis between 7 and 8 day s...During the period when 

the putative PGC cluster is sequestered in the extraembryonic region, the cells with 

the ALP-rich spot increase in number at the expense of those showing diffuse ALP 

staining."
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7.1 Introduction

"Classical" imprinting

Otherwise identical chromosome complements behave differently according to their 

parent of origin. It is possible to replace either maternal or paternal pronuclei of 

fertilized eggs with pronuclei from other eggs. In this way it has been shown that 

embryos with two female pronucei (gynogenetic embryos) or with two male pronuclei 

(androgenetic embryos) are not viable (McGrath & Solter, 1984; Surani et al, 1984; 

Cattanach & Kirk, 1985). Gynogenetic embryos fail to develop adequate embryonic 

tissues, although the embryo itself is morphologically normal. Androgenetic embryos 

have apparently normal extraembryonic structures, but have much reduced embryonic 

material (Surani et al, 1984). Not only are both parental genomes required for normal 

development, but the absence of one or the other genomes results in reciprocal defects.

Additional support for the nonequivalence of the paternal and maternal contributions 

comes from genetic experiments. The effect of inheritance of specific regions of the 

genome has been evaluated using intercrosses in mice carrying either Robertsonian or 

reciprocal translocations of non-homologous chromosomes (Searle & Beechey, 1978; 

Cattanach & Kirk, 1985; Searle & Beechey, 1985; Cattanach, 1986; Surani, 1986; 

Solter, 1987). The implication of these studies is that both the maternal and paternal 

contributions of specific chromosomal regions, and thus specific genes, are necessary 

for normal embryonic development. These genes must somehow be "imprinted" during 

passage through the germ line of either parent. The distinctive information imparted 

by the male or female parent evidently results in obligatory complementation in the 

development of the embryo. Differential expression of paternally and maternally 

derived genes may underly the failure of successful parthenogenesis in mammals. The 

development of hydatidiform moles in human pregnancies results from an excess of 

paternal genetic complement following abnormalities at fertilization or during 

preimplantation events (Kajii & Ohama, 1977).

So far, many of the studies that provide evidence of genomic imprinting have been 

done in mice. However, there is increasing evidence for the involvement of imprinting 

in a number of human diseases (reviewed by Reik, 1989; Hall, 1990). Genomic
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imprinting is assumed to occur during gametogenesis such that by the time of 

fertilization epigenetic differences in the two genomes have been established. In this 

way, the parental chromosomes become imprinted as maternal or paternal in origin.

Imprinted chromosomal domains

Although a number of chromosomal regions that contain imprinted genes are known, 

the identification of individual imprinted genes has only recently begun. Genetic 

complementation tests have produced at least eight separate chromosomal regions 

which are likely to contain some of the imprinted genes (Beechey et al, 1991). In 

these tests, both copies of particular chromosomal regions are derived from the same 

parent (termed uniparental disomy) as a result of meiotic non-disjunction, giving rise 

to genetically balanced embryos. If these regions carry imprinted genes a phenotypic 

effect may be observed as a result of an excess or deficiency of the gene products 

(Cattanach & Beechey, 1990; Searle & Beechey, 1990). In some cases, the phenotypic 

effects of some individual imprinted genes may be too subtle to detect or be offset by 

the expression of other genes. In other cases, phenotypic effects are observed. A 

phenotypic effect, due to one imprinted gene, may point to the presence of other 

imprinted genes within a chromosomal region with or without additional phenotypic 

effects. It is this logic that has recently led to the identification of the first endogenous 

imprinted genes. Only a handful of endogenously imprinted genes are known and 

these are described in the following paragraphs.

T-associated matemal-effect (Tme) was one of the first clear-cut parental-effect 

mutations in the mouse (Johnson, 1974, 1975). The Tme locus is absent in the hairpin 

tail (T^) mutant, a small, nuclear-encoded (McGrath & Solter, 1984) deletion in the 

f-complex region of the mouse chromosome 17 (Silver, 1985; Willison, 1986) which 

produces a dominant, viable effect on tail morphology if inherited from the male 

parent, but a much more severe defect leading to prenatal death (at around 15 d.p.c.) 

if inherited from the mother (Johnson, 1974). Barlow etal (1991) mapped the position 

of the postulated imprinted gene Tme to within a ~lkb region containing at least four 

genes, including that for the insulin-like growth factor-2 receptor (IgfZr). Northern blot 

analysis of the steady-state levels of transcripts of these genes in heterozygous
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embryos showed a striking lack of Igflr transcripts in embryos inheriting the deletion 

from the mother but not when the deletion was inherited from the father (Barlow et 

al, 1991). Hence, IgfZr is imprinted, such that the paternal allele is repressed but the 

maternal allele is active.

Two separate studies have identified another imprinted gene, Igf2 (insulin-like growth 

factor-2), on the distal region of mouse chromosome 7. Northern blot analysis showed 

that the IgfZ gene is imprinted such that the maternal allele is repressed (cf. Igflr  

imprinting) (Ferguson et al, 1991) and confirms the findings made from homologous 

recombination experiments of DeChiara et al (1990, 1991).

A third gene, H I9, which is closely linked to Igfl but has no known protein product 

or function, is also apparently imprinted. Interestingly, H19 is imprinted reciprocally 

with respect to Igfl, i.e., the maternal allele is active and the paternal allele is inactive 

(Bartolomei etal, 1991; Brunkow & Tilghman, 1991). This means that, in contrast to 

X-inactivation, the imprinted silencing of genes occurs in small regions of the 

autosome, perhaps operating at the level of the gene itself.

Mechanisms o f imprinting

The means by which parental alleles are distinguishable and functionally non

equivalent are not understood, although the molecular basis of imprinting has long 

been sought. The imprinted genome must, presumably, maintain its imprinted state 

through many rounds of chromosome replication at least until the fetus begins to 

develop after implantation and possibly into the adult. The most likely mechanism 

would be a modification of the DNA itself and recently the méthylation state of the 

genome has been examined in this light. DNA méthylation can be stably preserved 

through rounds of replication by maintenance methyltransferases (reviewed by Razin 

& Riggs, 1980; see Chapter 1, sections 7.3 and 7.4) and plays a role in gene 

regulation (reviewed by Cedar, 1984; see Chapter 1, section 8) through modification 

of specific CpG sequences associated with those genes.
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Transgenes as molecular probes for imprinting

In the previous chapter, I looked at the méthylation of CpG sequences of X-linked 

genes as a possible mechanism for imprinting of the paternal X chromosome (see 

Chapter 6). Since it is normally difficult to identify and look at the parental alleles 

separately, the random introduction of transgenes into the mouse genome has been 

used as a method for probing imprinted chromosomal regions by serendipity (Surani 

et al, 1988). It is then possible to follow a hemizygous transgenic locus in offspring 

that is inherited from one parent or the other. The restriction enzymes, Mspl and 

Hpall, can be used to examine the méthylation status of CCGG sites within and 

flanking the transgene.

Independent observations of several different transgenic mouse strains have suggested 

that méthylation may be involved in the imprinting process, although it is not clear 

whether or not it is the primary imprinting (i.e., occurring in the gametes) mechanism 

(Hadchouel et al, 1987; Reik et al, 1987a; Sapienza et al, 1987; Swain et al, 1987). 

In all cases (except one - see below) the méthylation imprint is maternally inherited.

Reik et al (1987a) showed that in one of seven cases examined, a transgene 

comprising a chloramphenicol acetyl transferase (CAT) gene with an immunoglobulin 

(Ig) enhancer, was methylated at several CCGG sites within the transgene in mid

gestation embryos if it was inherited from the mother, but was much less methylated 

following paternal inheritance. The méthylation pattern was reversible with successive 

female and male transmission. If the transgene was passed through the egg or sperm 

it would gain or lose méthylation. The female transmitted méthylation of the transgene 

must be present in the egg and propagated throughout development: Alternatively, 

méthylation of the female transmitted transgene occurs during development based on 

some other modification of the genetic material in the egg. Female transmitted 

méthylation persists in the adult in all tissues except the testes (germ cells in ovaries 

were not tested), where a maternally inherited (methylated) transgene loses its 

méthylation during spermatogenesis. The transgene was not expressed.

A number of other transgenes were examined by Sapienza et al (1987) who looked
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at the méthylation status of the troponin-I transgene in the tails of adult mice. Of the 

five examined, one showed no méthylation difference, three had more méthylation 

when inherited from the mother, one showed the reverse pattern, being less methylated 

after maternal transmission. The parent-transmitted méthylation status did not affect 

transgene expression. The troponin I transgene was appropriately expressed in muscle 

in all cases, irrespective of parental origin. By contrast, another transgene has been 

shown to be expressed differently depending on parent of origin (Swain et al, 1987). 

The transgene in question, an RSV-wyc construct, is less methylated at CCGG sites 

when inherited from the father, and is expressed in the adult myocardium of the 

progeny. The maternally-transmitted transgene is not expressed, and is more 

methylated.

Imprinted transgenes are capable of switching méthylation status with the sex of the 

transmitting parent, i.e., the imprint switches with inheritance from mother to 

inheritance from father, etc.. However, one transgene has been described which will 

only switch one way (Hadchouel et al, 1987). On passing through the male germ line 

this transgene (derived from the Hepatitis B genome) is undermethylated and is 

expressed in the liver. When it passes through the female, it becomes methylated and 

is no longer expressed. Furthermore, the female transmission méthylation state, once 

imposed, is irreversible, so that the male offspring from a transgenic mother now pass 

on a methylated, unexpressed transgene. A change in epigenetic inheritence has 

occurred; the information has not been erased in the germ line, as in the classical 

imprinting situation, and is inherited as a stable epigenetic modification (an 

epimutation; see Holliday, 1987). Allen et al (1990) showed a similar effect with the 

TKZ751 transgene; in this instance, irreversible méthylation occurred after three 

successive passages through the female germ line.

There is some debate as to how representative transgenes might be of endogenous 

events. Our perceptions of imprinting, preferential X-chromosome inactivation aside, 

are based primarily on studies with transgenes and some aberrant chromosomal 

translocations or inversions. Some of these mutations could interrupt domain 

boundaries of endogenous loci, giving rise to the position-effect variegation-like
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phenomenon (observed in Drosophila), where variable spreading of heterochromatin 

domains represses nearby genes (Tartof et al, 1989). One contention is that the 

imprinting of such aberrant loci may be primarily attributable to post-fertilization 

rather than germline events (Surani et al, 1990; Sapienza, 1990; Allen et al, 1990). 

The insertion of a transgene into a chromosome is a disruptive event, and the effect 

that this has on neighbouring chromatin structure and behaviour is not known. 

Furthermore, it is not known whether the méthylation differences observed in 

transgenes occur normally along chromosomes: Transgenic DNA can experience 

méthylation changes that are induced by the chromosomal position of insertion, 

without concomitant changes of méthylation in the surrounding regions (Jahner & 

Jaenisch, 1985).

The méthylation imprint may not necessarily be causally related to the genetically 

detected imprinting in terms of differential gene expression. If it is related, it begs the 

question as to whether méthylation is the primary imprinting signal or whether 

differential méthylation is a consequence of primary modifications of another nature. 

It has been suggested that the epigenetic modification that determines the méthylation 

we observe in later development, may be carried by an alternative mechanism - a 

’’blueprint” for méthylation: Silva & White (1988) demonstrated that, in humans, 

homologous (endogenous) alleles on different chromosomes have distinct ’’blueprints” 

other than méthylation in sperm for the tissue-specific regulation of méthylation.

CpG méthylation and imprinting

We decided to investigate the méthylation of the transgene (CAT 17, see above) 

studied by Reik et al (1987a) using //pall-sensitive PCR techniques. Differences in 

DNA méthylation according to the gamete of origin were detected in both mid

gestation and adult tissues of CAT 17 transgenic mice, but were not directly compared 

between oocytes and sperm. If DNA méthylation were to act as the imprinting 

mechanism in mammalian development, one possibility is that different patterns of 

DNA méthylation present in eggs and sperm are perpetuated throughout early 

development and possibly into the adult. This was the popularly held view at the time 

(1987) and is still the hypothesis supported by Chaillet et al (1991). However, the
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results presented in an earlier chapter of this thesis (see Chapter 6) on the sweeping 

changes in méthylation in mouse development and particularly the extensive loss of 

méthylation by the blastocyst stage raises some doubts about these simpler 

interpretations.

This study set out to answer a number of questions raised by these expectations: Is the 

differential méthylation imprint observed in fetal and adult somatic tissues present in 

the egg and sperm and throughout early development? Alternatively, does the 

méthylation imprint become established during development based on some other 

memory mechanism in the egg or sperm? Is the méthylation imprint erased in the 

germ line? Or does the germ line escape méthylation imprinting? If the different 

méthylation imprint is present in sperm and egg, when is it established?

In this chapter I will describe experiments to confirm the original observations of 

differential méthylation of the CAT 17 transgene depending on its parent of origin 

(Reik et al, 1987a). This chapter also includes attempts to determine the origin and 

timing of the differential méthylation by using the //pall-sensitive PCR (developed in 

Chapters 5 and 6) to examine four distinct HpaU. sites in the CAT 17 transgene.
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7.2 Materials & Methods

7.2.1 Matings for different parental transmission o f CAT 17 transgene

CAT 17 transgenic mice (C57 x CBa) were established by Wolf Reik et al (1987b) 

in Cambridge (AFRC, lAPGR, Babraham). The transgene contains a chloramphenicol 

acetyl transferase (CAT) coding region, at the 5’ end of which is an Sphl/HindTLl 

fragment of simian virus (SV) 40 that includes the early promoter, but not an intact 

copy of the 72bp terminal repeat; the 3’ end of the CAT gene is flanked by SV40 

sequences that provide it with an intron and poly A signal. Located 3’ of the CAT 

gene is a Ikb Xbal fragment from the mouse IgH locus that contains the enhancer 

activity (see Figure 7.1). Despite construction, the CAT gene is not expressed in the 

transgenic mice that carry it (Reik et al, 1987b).

The terms CAT-IgH-E (the transgene construct) and CAT 17 (the strain of transgenic 

mouse which shows the méthylation imprinting effect described in the introduction) 

will, for convenience, be used interchangeably throughout this chapter.

Homozygous male and female CAT 17 transgenic mice (kindly provided by Wolf 

Reik) were mated with 6-8 week old male and female (CBA/Ca x C57BL/6J)F1 mice 

respectively. To produce preimplantation embryos, 3-4 week old CAT 17 and FI 

female mice were superovulated (see Chapter 3, section 2.2) and mated to FI or 

homozygous CAT 17 males. Postimplantation embryos were obtained from naturally 

ovulating and mated females.

7.2.2 Collection o f embryonic samples

Samples for Southern blot and PCR analyses were collected under different conditions 

for DNA preparation.

7.2.2.1 Samples for Southern blot analysis 

Gonads

Pregnant CAT 17 female mice (in the case of female transmission) and FI female 

mice (in the case of male transmission) were sacrificed at 14.5 days post coitwn 

(d.p.c.). Gonads from the post-implantation embryos were dissected, together with
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Figure 7.1. A schematic representation of the structure of the CAT-IgH-E transgene 

showing key restriction enzyme sites and probes. Probes A and B are the result of a 

//mdlII/fîûmHI onùXbaVXbal digest of the transgene construct, respectively. The Sphl 

restriction site was destroyed during the construction of the transgene (see text; Reik 

et al, 1987b). Hpall sites 1, 2 and 3 are located in the CAT sequence (derived fron 

Tn9; see text), while Hpall site 4 is located in the SV40 sequence. The actual 

locations of these sites within the transgene sequence are included in Appendix XI. 

Key: Hatched region, SV40 sequence; stippled region, CAT sequence; shaded region, 

mouse IgH enhancer sequence. Not drawn to scale. Based on Reik et al (1987b).
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attached mesonephros tissue, into PBl (Whittingham & Wales, 1969) containing 0.4% 

PVP instead of albumin (PBl.PVP), and sexed according to their characteristic 

morphology (developing testes show cords from 12.5 days’ gestation). At least 100 

gonads of each sex (for both routes of transgene transmission) were isolated, and the 

mesonephros dissected apart. All samples were collected in TNE (see Appendix X) 

containing 2% SDS and proteinase K and stored at -70°C. When sufficient tissue had 

been collected the samples were pooled for DNA preparation (see below).

Postimplantation Embryos

Pregnant CAT 17 female mice (in the case of female transmission) and FI female 

mice (in the case of male transmission) were sacrificed at 9.5 d.p.c. Postimplantation 

embryos were dissected away from their placental trophoblast and the yolk sac 

removed. Embryos were pooled (according to parental transmission of transgene) and 

isolated in Eppendorf tubes containing TNE/SDS/proteinase K solution (see Appendix 

II) and stored at -70°C until required for DNA preparation.

Yolk sac and placental trophoblast

Yolk sac and placental trophoblast tissue, removed from 9.5 d.p.c. embryos (see 

above), were pooled (according to parental transmission of transgene), isolated in 

Eppendorf tubes and stored at -70“C (as above).

Tail tips

A ~l-2cm tip of tail was removed from adult male and female CAT 17 mice using 

sterile scalpel blades. Tail tips were isolated individually in Eppendorf tubes 

containing TNE with 1% SDS and proteinase K. DNA was prepared directly without 

storing the samples at -70*C.

Spermatogonial and Sertoli cells

Male CAT 17 mice were sacrificed at 6 d.p.p., where day of birth = 1 d.p.p.. The 

tunica albuginea was stripped from each testis with watchmaker’s forceps and the 

tubules teased apart in a drop of Hank’s balanced salt solution (BSS) and incubated 

for 15 minutes in 2ml of a 0.1% solution of collagenase (Type lA)[Sigma] in BSS at
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3 rC  on a roller. The resulting tubule fragments were gently pipetted up and down 

before being allowed to settle. The supernatant ("Leydig” fraction) was removed. The 

tubule fragments which remained were incubated for 15 minutes in 0.1% collagenase 

and then washed twice in BSS. Two further 15 minute incubations in 0.1% 

hyaluronidase aided removal of the peritubular cells (Tung et al, 1984). The tubule 

fragments were washed twice in 1% ESA in BSS and resuspended in 0.04% EDTA 

in calcium- and magnesium-free BSS. The tubules were pipetted vigorously up and 

down 50 times to produce small Sertoli cell/spermatogonial cell aggregates and 

washed in 1% BSA in BSS (Tung et al, 1984). The aggregates were reuspended in a 

drop of 1% BSA and layered onto coverslips in small Petri dishes containing Hepes- 

buffered minimum essential medium (MEM)[Flow Laboratories] supplemented with 

non-essential amino acids, glutamine, fungizone, penicillin and streptomycin. The 

dishes were incubated in humidified air at 3TC for 2 days with one medium change. 

The Sertoli cells were collected where they formed a monolayer on the coverslip and 

the spermatogonial cells were collected from the suspension. Purity was assessed by 

morphological examination of an aliquot of the resulting cell suspensions: Sertoli and 

spermatogonial cell samples were approximately 98% pure.

1.22.2 Samples for PCR analysis

Samples were isolated on ice in a minimal volume of medium to which lysis buffer 

was added directly (see below).

Oocytes

Oocytes were harvested from superovulated females about 18 hours post-hCG (see 

Table 6.2). Cumulus cells were removed and the oocytes washed as described for 

fertilized eggs in Chapter 3 (section 2.2).

Fertilized eggs

Fertilized eggs were harvested from superovulated, mated females about 18 hours 

post-hCG (see Table 6.2). Cumulus cells were removed and the eggs washed as in 

Chapter 3 (section 2.2).
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Blastocysts

Blastocysts were flushed with PBl.PVP from the uteri of superovulated female mice, 

and washed 3 times in medium (see Chapter 6, section 2.1.2).

Post-implantation embryos

Pregnant CAT 17 and FI mice were sacrificed at 6.5 d.p.c.. Embryos were dissected 

out of the decidua in PBl.PVP. Ectoplacental cones and Reichert’s membrane were 

removed from the egg cylinders. Germ layers were not separated. Egg cylinders 

(comprising epiblast, extraembryonic ectoderm and primary endoderm) were washed 

in medium and isolated individually in siliconized Eppendorf tubes [Bioquote].

7.2.3 DNA preparation

7.2.3.1 DNA for Southern blot analysis

Samples at -70°C were pooled, the volume made up to 2ml with TNE (plus 2% SDS, 

200|Xg/ml proteinase K, as above), incubated at 37°C for one hour (to allow proteinase 

K digestion) and phenol-extracted twice (see Appendix H; Sam brook etal, 1989). Two 

volumes of absolute alcohol were added to the aqueous phase. Following 

centrifugation, the pellet was gently washed in 70% alcohol, resuspended in TES (see 

Appendix X) and stored at -20°C ready for use. Spermatogonial cell samples were 

treated as described in the Materials and Methods section of Chapter 6 (section 

6.2.1.1). DNA concentration was determined by spectrophotometry (see Appendix VI).

Tail tips were incubated at 55°C overnight in the TNE mix in which they were 

isolated (see above) before phenol/chloroform extraction (see Appendix II). Sodium 

acetate was added (to 0.3M) and the DNA precipitated with two volumes of 100% 

ethanol. The precipitate was washed in 70% ethanol, dried in a 37"C oven and 

resuspended in TES.

1 2 3 .2  DNA for PCR analysis

DNA was prepared from all the embryo samples using the technique described in

5.2.2.2 (Appendix V) and resuspended in 0.5xKGB (McClelland et aU 19SS; see 

Appendix X).
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DNA samples were digested with Xbal [New England Biolabs] under the conditions 

recommended by the suppliers in order to reduce the genomic DNA to fragments of 

a size more amenable to PCR amplification (see Chapter 5; Beck & Ho, 1988).

7.2.4 Probe preparation

The probes were prepared by digesting the transgene construct with the restriction 

enzymes Hindlll/BanMl [New England Biolabs] in the case of the CAT-specific 1.8kb 

probe (designated probe A, see Figure 7.1) and [New England Biolabs] in the 

case of the 0.9kb probe (designated probe B, see Figure 7.1). The digested samples 

were electrophoresed through 1% LMP agarose and the appropriate size fragments cut 

out of the gel under UV light. DNA was recovered from the agarose as described in 

Appendix IV.

7.2.5 Southern blotting and hybridization

50|Xg of yolk sac and trophoblast or embryonic DNA preparations from 9.5 d.p.c. 

conceptuses and tail tip DNA from adult transgenic mice were digested with BamHI 

[New England Biolabs] in 0.5xKGB in a total volume of 500|il at 37“C. DNA samples 

were then split into three ahquots, two of which were further digested with Mspl [New 

England Biolabs] or Hpald [New England Biolabs]. Completion of digestion was 

monitored by digestion of X phage DNA added to a sample of the main digest. The 

third aliquot was kept as a BflmHI-digested control.

Samples of restriction digests (10|ig) of these DNAs were electrophoresed through 

0.7% agarose gels and alkali-transferred to Hybond N"̂  membranes [Amersham] (see 

Appendix VII). The membrane was hybridized with the 0.9kb Xbal fragment (specific 

to the IgH enhancer, see Figure 7.1; Reik et al, 1987a, b), labelled by oligonucleotide 

priming (see Appendix VIII). Final stringency of washing was O.lxSSC, 0.1%SDS at 

65°C.

14.5 d.p.c. gonadal, 9.5 d.p.c. embryonic and 6.5 d.p.p. spermatogonial DNA samples 

were digested directly with Mspl [New England Biolabs] and Hpall [New England 

Biolabs]. Completion of digestion was monitored by digestion of X phage DNA added
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to a sample of the main digest. Samples of restriction digests (lug) were 

electrophoresed through 1% agarose gels, alkali-transferred to Hybond membranes 

[Amersham] and hybridized with a 1.8 kb CAT-specific DNA fragment (see Figure 

7.1; Reik et al, 1987a, b), labelled by oligonucleotide priming (see Appendices VII 

and VIII). Final stringency of washing was O.lxSSC, 1%SDS at 68°C.

7.2.6 Polymerase chain reaction

The PCR protocol is outlined in greater detail in Chapter 5.

7.2.6.1 DNA digestion with Mspl or Hpall

The X^al-digested DNA suspensions were divided into three aliquots, one of which 

was digested with Mspl [New England Biolabs], another with Hpall [New England 

Biolabs] whilst to the third an equivalent volume of TE8 was added. Digestions were 

carried out in 20|il of reaction mix (0.5xKGB) at 37°C, with enzyme at 6-20U/ng 

DNA. Analysis of the M 13 digest pattern on a 2% agarose gel verified completion of 

digestion. Endonucleases were inactivated by incubation at 1(X)°C for 15 minutes, the 

samples spun briefly and placed on ice prior to PCR.

7.2.6.2 The polymerase chain reaction

An aliquot of the DNA sample treated as above (in 7.2.6.1) was diluted into IxPCR 

buffer (see section 5.2.6) and 0.2mM dNTPs [Perkin Elmer Cetus], in a final reaction 

volume of 50pl. Primers (see Table 7.1) were present at a final concentration of 

25pmoles per 50)11 reaction mix. 2.5U of Taql polymerase (Amplitaq)[PQTkin Elmer 

Cetus] were added to the reaction mixes overlayed with 50|il mineral oil. PCR 

amplification was performed in an Ericomp Twinblock Thermal Cycler for 30-40 

cycles (under the conditions shown in Table 7.1). Following amplification, a 20)il 

aliquot was analysed by gel electrophoresis on 2% agarose containing 0.4|ig/ml EtBr.
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TABLE 7.1

//pall-sensitive PCR CAT assay

CAT primer sequences 

Primer Primer sequence

341 5 ’-CCAGACCGTTCAGCTGGATATTACGGCC (28mer)

343 5 ’-CCGTATGGCAATGAAAGACGGTGAGCTG (28mer)

012 5 -CAGGTTCATCATGCCGTCTGTGA (23mer)

342 3 -GGCATCAGCACCTTGTCGCCTTGCGTAT (28mer)

072 3 -GTCCAATTATGTCACACCACAG (22mer)

PCR products'

Primer combination HpaW sites Product sizes

341+342 1.2,3 455bp

343+342 3 338bp

012+072 4 228bp

343+072 3,4 577bp

341+072 1,2,3,4 698bp

Conditions of amplification 

All primers 93’C, 2.5mins; 55’C, 3mins; 70"C, 3mins x30-40

‘See Figure 7.2 for an illustration of this data.



CAT 17

1 2  3 4
_____________ I______  HpQ II Fragment

1------------------------  sites sizes (bp)

1,2,3 455
341 342

^  3 338
343 342

_w ^  4  228
012 072

^  3,4 577
^  1,2,3,4 698

341 072



169

Figure 7.2. A schematic representation of the data shown in Table 7.1. The unshaded 

block represents the CAT-IgH-E transgene, flanked by mouse genomic sequence 

(single line). HpaYL sites are labelled 1, 2, 3 and 4. The horizontal arrows (numbered 

according to the notation used in Table 7.1) represent the PCR primers. The sites 

analysed and the corresponding PCR products obtained from various primer 

combinations are indicated at the right of the figure. Not drawn to scale.
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7.3 Results

In the first instance Southern blot analysis was performed to confirm the results of 

Reik et al (1987a) of differential méthylation in progeny depending on parental 

transmission. Then PCR analysis was used to monitor méthylation of specific CpG 

sequences in the CAT 17 transgene. DNA from different pre- and post-implantation 

stages of development and from gonads (germ cells plus supporting somatic cells) was 

isolated as described in Materials and Methods.

To study méthylation, DNA preparations were digested with the isoschizomeric 

enzymes Mspl and Hpall which cut the DNA at the four-base sequence 5’CCGG3*. 

Mspl will cleave the DNA at this sequence whether the internal cytosine is methylated 

or not, whereas Hpall will only cut the unmethylated sequence (Waalwijk & Flavell, 

1978a).

7.3.1 Méthylation o f a unique sequence in the germline o f transgenic CAT 17 mice

The CAT-IgH-E transgene is serendipitously integrated into a region that is apparently 

subject to chromosomal modification specific for the parental origin (surmised from 

the fact that there is a méthylation difference in the progeny based on the parental 

origin of the transgene), and méthylation of the transgenic DNA reflects this property 

(Reik et al, 1987a). Alternatively, the integration of the transgene into the genome 

may itself cause the imprint we observe as a méthylation difference (see discussion 

in Chapter 8).

Mice transgenic for CAT-IgH-E (strain CAT 17) were bred with wild-type | FI mice 

(C57 BL/6 X CBa/Ca)

Plate 7.1 shows hybridization of a ^^P-labelled 1.8kb Hindlll-BamHl fragment specific 

for CAT (Reik et al, 1987b; see Figure 7.1) to //pall-digested DNA derived from 

hemizygous 9.5 d.p.c. of mixed sex. These results clearly show the méthylation 

imprint The 3.9kb band (lane 1) represents the undermethylated condition of the 

paternally inherited transgene; by contrast, the maternally inherited copy shows a high 

level of méthylation (lane 2).
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Plate 7,1. Alternative transmission of the transgene through male and female 

germlines. Animals heterozygous for CAT 17 («T, f  ), starting with the male founder 

(Fo) were bred with wild type animals (<f, $) to derive heterozygous animals of the 

next generation (FJ and fetuses at 9.5 d.p.c. for méthylation analysis. Southern blot 

of Hpall digested DNA derived from embryos (E) at 9.5 d.p.c hybridized to a l.Skb 

Hin&lllJBamyil CAT-specific probe (A, see Figure 7.1). Extraembryonic tissues are 

not shown (see Plate 7.2). Fragment sizes are indicated in kilobases (kb).
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Plate 12  shows hybridization of a ^^P-Iabelled Xbal fragment that contains the IgH 

enhancer (Reik et al, 1987b; see Figure 7.1) to 9.5 d.p.c. yolk sac/trophoblast, embryo 

and adult male and female tail tip DNA preparations, in a reconstruction of the 

original work performed by Reik et al (1987a). The transgene consists of two BarriHi 

fragments (see Figure 7.3), that of 2.7kb resulting from the head to tail arrangement 

of 3 copies of the CAT-IgH-E and that of 4.3kb presumably extending into flanking 

mouse sequences. BanïHl/Hpall digestion of both yolk sac/trophoblast and embryonic 

DNA at 9.5 d.p.c. gives several bands of hybridization of low molecular weight 

following paternal transmission of the CAT transgene: The pattern of hybridization 

observed is intermediate between that observed for the completely undermethylated 

condition (represented by the BamHl-Mspl digest) and the completely methylated 

condition (represented by the 2.7 and 4.3kb bands of the BamHl digest), i.e., the 2.7kb 

band is still present but the 4.3kb band has disappeared. Following female 

transmission of the transgene, the Hpall digest of both extraembryonic and embryonic 

DNA gives two bands of hybridization (at 2.7 and 4.3kb) which resemble the BaniHl 

pattern (the methylated condition) more closely, i.e., the intensity of the 4.3kb band 

is diminished but it is not removed. The adult animals (either male or female) 

receiving the CAT 17 transgene from their mother also show Hpall hybridization 

patterns which correspond closely to the methylated condition with bands at 2.7 and 

4.3kb.

These results (from both Plates 7.1 and 7.2) suggest that when the transgene is 

paternally transmitted it is relatively unmethylated compared to the maternally 

transmitted copy and confirms the overall observations made by Reik et al (1987a). 

However, the results depicted in Plate 7.2 also suggest that the extraembryonic DNA 

shows the same méthylation imprint that is observed for embryonic DNA; this is 

contrary to the observations of Reik et al (1987a).

To examine the méthylation status of CAT 17 in the germ line, embryonic gonads 

were isolated from CAT 17 hemizygous offspring at 14.5 days’ gestation, as described 

in Materials and Methods. DNA from gonads, after maternal and paternal transmission 

of the transgene, was restricted with Hpall and subjected to Southern blot analysis
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Plate 7.2. Méthylation of the maternally and paternally inherited transgene DNA 

derived from the embryonic and yolk sac/ trophoblast cells of 9.5 d.p.c. male and 

female hemizygous CAT 17 mice and the somatic cell (liver) DNA of adult male and 

female hemizygotes. Southern blot of BamHUHpaW and BamHUMspl digested DNA 

hybridized to a 0.9kb Xbal fragment (probe B, see Figure 7.1) that contains the IgH 

enhancer (Reik et al, 1987b). Fragment sizes are in kilobases (kb). Abbreviations: E, 

embryo; YS+T, yolk sac and trophoblast (these tissues were isolated together as in 

Reik et al, 1987a; see Materials & Methods); B, BamHI; H, HpaH', M, Mspl.
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Figure 7.3. Insertion of the CAT-IgH-E transgene into the mouse genome (designated 

strain CAT 17). The transgene consists of two BaniHl fragments, that of 2.7kb 

resulting from the head-to-tail arrangement of 3 copies of the transgene and that of 

4.3kb which, it is presumed, extends into the mouse sequence flanking the transgene 

(this has not been sequenced, hence the question marks relating to the location of the 

BaniHi restriction site(s) in the flanking mouse genomic sequence responsible for the 

observed 4.3kb fragment; see Reik et al, 1987a). Hatched region, SV40 sequence; 

stippled region, CAT sequence; shaded region, mouse IgH enhancer sequence; single 

line, flanking mouse genomic sequence. Abbreviations: Tg, transgene; BamHI, 

restriction sites. Not drawn to scale.
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using the CAT-specific probe. An Mspl digest was included to show the unmethylated 

pattern of bands for CAT 17 sequences. Plate 7.3 shows hybridization of the CAT- 

specific probe to the gonadal DNA preparations. The Mspl lanes shows several bands 

of hybridization (notably at 0 .4 ,1.8 and 2  kb; confirming the observation of Reik et 

aU 1987a in sperm). Hpall digestion of male and female gonad DNA gives 4 bands 

of hybridization of low molecular weight, for both maternal and paternal transmission 

of the transgene. These results suggest that the transgene sequence, detected by the 

CAT-specific probe, is unmethylated in PGCs regardless of its parental origin.

Although the PGCs are undermethylated and show no sign of méthylation imprinting, 

the méthylation imprint is apparent in the male germline in post-natal development. 

Plate 7.4 shows hybridization of the CAT-specific probe to DNA derived from 6 d.p.p. 

Sertoli and spermatogonial cells of male hemizygous CAT 17 mice. Both the 

maternally and the paternally inherited transgene in spermatogonial cells are less 

methylated than somatic (Sertoli) cells, but more methylated than PGCs (compare with 

Plate 7.3). However, following paternal transmission, the 3.9kb band predominates so 

déméthylation of the paternally transmitted transgene must occur in spermatogenesis 

or post-zygotically in preimplantation development.

The results of Southern blot analysis of the CAT 17 transgene are summarized in 

Table 7.2.

PCR analysis o f méthylation o f specific CpG sites on the CAT 17 transgene during 

development

The CAT-IgH-E transgene is integrated into a region of the mouse genome that is 

apparently subject to chromosomal modification specific for parental origin. CAT 

17/CAT 17 mice were bred with non-transgenic animals of the same genetic 

background (C57BL/6JxCBa/Ca) and parent-of-origin-specific méthylation of progeny 

DNA during embryonic development were examined by amplification of a specific 

CAT sequence by //pflll-sensitive PCR (see Chapter 5). There are only four Hpall 

sites present in the CAT-IgH-E transgene (not 5 as originally stated by Reik et al, 

1987a; Wolf Reik, personal communication) and it is presumed that, based on the
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Plate 7.3. Méthylation of the maternally and paternally inherited transgene DNA 

derived from 14.5 d.p.c. gonads of hemizygous CAT 17 mice. Restriction digests were 

alkali-transferred from agarose to Hybond N  ̂membranes and hybridized to a l.Skb 

HindllVBamYÜ. CAT-specific probe (probe A, see Figure 7.1). Fragment sizes are 

indicated in kilobases (kb).



I

»

o ) I

ro
b o b

# #  #

CO

'o

%

•+0-I

4 0
- I

S e r t o i i  c e l l s

Spermatogonialcells



177

Plate 7.4. Méthylation of the maternally and paternally inherited transgene DNA 

derived from the spermatogonial cells of 6.5 d.p.p. male hemizygous CAT 17 mice. 

Southern blot of HpaW digested DNA hybridized to a l.Skb HindWVBarriHl CAT- 

specific probe (A, see Figure 7.1). cTj, paternally inherited transgene; î j ,  maternally 

inherited transgene. Spermatogonial cells in lanes 2 and 3 are from separate isolations. 

Fragment sizes are indicated in kilobases (kb).
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results of the Southern blot analysis of CAT 17 transgenic DNA, one or more of these 

sites may be responsible for the observed méthylation imprint. It is not known whether 

any of these Mspl sites bound the 3.9kb unmethylated fragment following paternal 

transmission.

The results illustrated in Plate 7.5 suggest that the transgene is unmethylated in 

oocytes (OOC) derived from hemizygous CAT 17 females at HpdU. sites 1, 2 and 3, 

regardless of parental transmission. Adult sperm (SP) DNA from hemizygous CAT 17 

males was also subjected to /^^all-sensitive PCR (see Materials & Methods) and 

found to be unmethylated at sites 1, 2 and 3 (see Plate 7.5). Identical results were 

obtained from PCR analysis of individual sites (i.e., 3 and 4; see Table 7.1) and 

collective sites (i.e., 3,4 and 1,2,3,4; see Table 7.1).

Blastocysts (BL) carrying the transgene, after maternal and paternal transmission were 

collected in batches each containing 5-10 embryos (see Materials & Methods) and 

subjected to //pall-sensitive PCR. The results shown in Plate 7.5 suggest that the 

transgene is unmethylated following both maternal and paternal transmission.

If the méthylation imprint is not present in oocytes, sperm or preimplantation embryos, 

when does it appear? Early postimplantation stages were examined: DNA was 

prepared from individual 6.5 d.p.c. embryos (see Materials & Methods), hemizygous 

for the CAT transgene and restricted with Xbal-Hpall and Xbal alone. Xbal-Mspl 

digests were included as a control for the unmethylated pattern following complete 

digestion of the 4 Hpall sites present in the PCR target sequence (see Figure 7.2). The 

PCR amplification reaction involved 35 rounds of amplification (under the conditions 

outlined in Materials and Methods) and the resulting amplified fragments were 

resolved directly on agarose gels in the presence of 0.4|ig/ml EtBr.

Plate 7.6 shows the méthylation status of Hpall sites 1, 2 and 3 (see Table 7.1 and 

Figure 7.2) in the fragment amplified from 6.5 d.p.c. embryos, for both maternal and 

paternal transmission of the transgene. It appears from Plate 7.6 that these three Hpall 

sites are methylated in 6.5 d.p.c. embryos regardless of whether the transgene is
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Plate 7.5. An EtBr-stained agarose gel (4%) showing the products of //p^II-senstitive 

PCR analysis of sites in transgene DNA derived from the gametes and preimplantation 

stages of hemizygous CAT 17 mice after maternal and paternal transmission of the 

transgene. The photograph is a composite of two photographs taken from the same 

gel; the intervening tracks of the original contained PCR products from replicate 

reactions for oocytes and sperm. Although the figure shows the méthylation status of 

a combination of sites (i.e., 1, 2 and 3; see Table 7.1 and Figure 7.2) it is 

representative of the pattern observed for each primer combination (see results Table 

7.3). Fragment sizes are in base pairs (bp). Abbreviations: OOC, oocytes; SP, sperm; 

l-C, 1-cell embryos; 8-C, 8-cell embryos; BL, blastocysts; -, uncut DNA; +, cut with 

Hpall; MW, molecular weight marker.
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Plate 7.6. Méthylation of the maternally and paternally inherited transgene DNA 

derived from individual 6.5 d.p.c. mouse embryos hemizygous for CAT 17. An EtBr- 

stained agarose gel (2%) of the products of PCR analysis of Hpall sites 1, 2 and 3 

(see Table 7.1 and Figure 7.2). The méthylation observed at these sites is 

representative of the results obtained from using different primer combinations to 

examine other Hpall sites in the transgene (see results Table 7.3). Fragment sizes are 

in base pairs (bp). Abbreviations: -, uncut DNA; +, digested DNA; MW, molecular 

weight marker. The M l3 DNA visible in the gel was added to the embryo sample as 

a carrier in DNA isolation (see Materials & Methods).
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maternally or paternally inherited. Different primer combinations gave identical results 

for different HpaW sites in 6.5 d.p.c. embryos (see Figure 7.2 and results Table 7.3).

Plate 7.7 shows that HpaW sites 1, 2 and 3 are methylated in adult somatic (tail tip) 

tissues whether the transgene is maternally or paternally inherited (due to their close 

proximity to one another in the transgene, HpaW sites 1 and 2 were amplified 

simaltaneously in a sequence which also contained site 3). Again, identical results 

were obtained using various primer combinations to analyse different HpaW site(s) 

(see Plate 7.7, lanes 3 and 4 and results Table 7.3). The results of the PCR analysis 

of adult somatic tissues directly contradict the results of the Southern blot analysis 

undertaken as part of this study (see Plates 7.1 and 7.2), which suggested that there 

is a méthylation imprint dependent on parental origin of the transgene.

The results of //pall-sensitive PCR analysis of CAT 17 transgene méthylation at 

different stages of development are summarized in Table 7.3.
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Plate 7.7. Méthylation of the maternally and paternally inherited transgene DNA 

derived from adults (tail tip DNA) hemizygous for CAT 17. An EtBr-stained agarose 

gel (2%) of the products of PGR analysis of Hpall sites 1, 2 and 3 and site 3 on its 

own (see Table 7.1 and Figure 7.2). The méthylation observed at these sites is 

representative of the results obtained from using different primer combinations to 

examine other Hpall sites in the transgene (see results Table 7.3). Fragment sizes are 

in base pairs (bp). Abbreviations: -, uncut DNA; -f, digested DNA; 0 , -ve control 

(water was added to the reaction mix in place of DNA); MW, molecular weight 

marker.
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7.4 Discussion

Large scale changes in méthylation occur in early development. First, there are 

méthylation differences in the gametes, then extensive déméthylation during 

preimplantation development, followed by de novo méthylation at around the time of 

implantation and the establishment of differences in méthylation in the embryonic and 

extraembryonic cell DNA (Monk et aU 1987; Sanford et al, 1987; see Chapter 1 

[section 10] and Chapter 2). The epigenetic modifications which generate these 

differences in méthylation during development are transmitted through the germ line: 

Méthylation of a transgene in the progeny switches from one state to another 

according to its parental origin.

With the exception of the work by Chaillet et al (1991) and the work presented here 

in Chapters 5 and 6 few reports have appeared dealing with the analysis of germ cell 

méthylation. The major difficulty has been to collect a sufficient number of germ cells 

for molecular analysis. In this study we used PCR to amplify DNA from a small 

number of purified germ cells. The effect of parental origin of the CAT 17 transgene 

on its state of méthylation has been assessed by comparing méthylation patterns after 

maternal and paternal transmission using the methylation-sensitive enzyme HpaU.

The CAT 17 transgene méthylation data is summarized in Tables 7.2 and 7.3, and 

discussed below in the light of the questions posed in the introduction. The 

conclusions of this study are that:

(i) it has previously been shown (Reik et ai, 1987a) that on day 10 (where day of plug 

= day 0) of gestation there is a clear difference in transgene méthylation specific for 

its parental origin, with the paternally inherited copy being relatively undermethylated. 

We have confirmed this observation but,

(ii) our results also suggest that the extraembryonic DNA shows a méthylation imprint 

as well; this is in contrast to those of Reik et al (1987a). Southern blot analysis 

reveals differences in méthylation, dependent upon the parental origin of the transgene 

in both embryonic and extraembryonic tissues of the CAT 17 mouse conceptus. This 

suggests that the méthylation imprint may be established before these lineages are set
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TABLE 7.2

The results of Southern blot analysis of the CAT 17 transgene

Méthylation status of transgene 

transmission $ transmission

9.5 d.p.c. embryos - +

9.5 d.p.c. extraembryonic - +

14.5 d.p.c. gonads

6 d.p.p. spermatogonia

Adult d* - +

Adult ? - +
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TABLE 7.3

The results of the //pall-sensitive PCR analysis of the CAT 17 transgene

Méthylation status of HpaU sites 

<f and $ transmission

1,2,3 3 4 3,4 1,2,3,4

Sperm - - - - -

Oocyte - - - - -

8-cell - - - - -

Blastocyst - - - - -

6.5 d.p.c embryo + + 4- 4- 4-

Adult cf 4- + 4- 4* 4-

Adult ? + 4- 4- 4- 4-
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aside, i.e., some time between gametogenesis and the blastocyst stage.

(iii) the transgene is partially methylated in spermatogonia! cells at 6 d,p.p., 

irrespective of parent-of-origin;

(iv) //pall-sensitive PCR analysis of oocytes and sperm has shown that the transgene 

is unmethylated at all the sites available for examination;

(v) the transgene is unmethylated in blastocysts at 3.5 days’ gestation regardless of 

parental transmission;

(vi) by 6.5 days’ gestation the 4 Hpall sites on the transgene are methylated, in both 

maternally and paternally inherited DNA, i.e., there is no méthylation imprint 

detectable;

(vii) Southern blot analysis suggests that the transgene is unmethylated in 14.5 d.p.c. 

germ cells irrespective of parental origin;

(viii) PCR analysis of 4 Hpall sites in adult DNA suggests that there is no 

méthylation imprint contrary to the results of the Southern blot analysis also 

undertaken in this study which confirm the results of Reik et al (1987a) in somatic 

tissues (though not in extraembryonic tissues).

The contradiction between the PCR analysis and the Southern blot analysis cannot be 

explained at present. The PCR analysis indicates that there is no méthylation imprint 

at any of the Hpall sites examined at any stage in development. Considering the 

Southern blot analysis, the data presented here suggests that the maternally inherited 

méthylation imprint is not present in the germ line (by 14.5 days’ gestation). It may 

be that the early germ lineage escapes méthylation imprinting in the same way that 

it escapes overall méthylation and méthylation at specific X-linked CpG sites (see 

Chapters 2 and 6). The méthylation imprint may be established during gametogenesis 

(as suggested in Chaillet et ah 1991) or during early development. In the latter case, 

some other form of modification must distinguish parent-of-origin transmission in 

germ cells which leads to the méthylation differences established during development.



ADDENDUM: Chapter 7, Discussion.

It was noted after this thesis was complete that Allen & Mooselehner (1992)* state that 

"...In the case of CAT17, the partemally transmitted transgene was under-methylated 

compared to the maternally transmitted transgene when observed on a mixed 

background (outbred against (CBAxC57 BL/6) FI mice), but crossing the transgene 

to C57 BIV6 resulted in a high méthylation phenotype while crossing to CBA, DBA/2 

and Balb/c mice resulted in a low méthylation phenotype. In each case the changes 

were independent of the paternal origin of the transgene."

Due to the uncertain genetic background of the progeny tested by Southern blot and 

PCR (in this thesis), these observations may account for the variability in the results.

* Allen, N.D. and Mooselehner, K.A. (1992) Imprinting, transgene méthylation and 

genotype-specific modification. In: Genomic imprinting in mouse and man (eds. 

A.Surani and W.Reik), pp. 87-98, Seminars in Developmental Biology, 3.



CHAPTER 8

Conclusions
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In this thesis I describe various approaches to examining the méthylation of DNA 

during embryonic development in the mouse with a view to elucidating the role of 

CpG méthylation in the phenomena of X-chromosome inactivation and imprinting. The 

development of a highly sensitive PCR assay has enabled us to look at méthylation 

changes at specific sites throughout embryonic development much more closely than 

was previously possible.

We find that méthylation of a specific CpG site on one X-linked gene is coincident 

with the timing of X-inactivation and occurs much earlier than previously reported. 

Another X-linked gene, located further from the Xic than the first, is methylated later 

in development. Contrary to earlier reports, extraembryonic tissues are methylated to 

the same extent as embryonic tissues. Female germ cells escape méthylation at the 

specific X-linked sites examined; a continuity in the early stages of development with 

the germ line is seen in this absence of méthylation which may thus be a requirement 

for developmental totipotency. Mature gametes are not differentially methylated, 

suggesting that méthylation of these sites is not the mark which distinguishes parental 

chromosomes when the paternal X chromosome is preferentially inactivated in 

extraembryonic tissues. The méthylation imprint of a transgene, observed by Southern 

blot analysis, could not be attributed to specific CpG sites within the transgene; the 

role of méthylation in imprinting remains elusive.

The phenomena of X-inactivation and imprinting are discussed in the light of the work 

contained in this thesis and of recent discoveries which will undoubtedly advance our 

understanding of the mechanisms that underly these processes.

X-chromosome inactivation

The X chromosome provides an important model system for the study of gene 

activation and silencing in development. We have examined CCGG sites whose 

méthylation is correlated with the maintenance of inactivity of two genes on the 

inactive X chromosome in adult female cells. The sensitivity and accuracy of the PCR 

amplification before and after Hpall digestion and the inclusion of all developmental 

stages has allowed us to precisely detect the timing of méthylation of the two X-linked
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genes, in female embryonic and extraembryonic tissues and to investigate the 

méthylation status of the inactive X-chromosome in female PGCs. Our results are 

summarized in Tables 6.6 and 6.7.

This is the most comprehensive study of all embryonic stages for the initiation of 

méthylation of genes on the inactive X chromosome in development. Previous studies 

have looked at only germ cells (e.g., Driscoll & Migeon, 1990; Singer-Sam et al, 

1992) or only at gametes and postimplantation embryos (Lock et al, 1987; a 

collaborative study; see Chapter 6 and Singer-Sam et al, 1990a). Driscoll and Migeon 

(1990) have looked at 57 CpG sites in 6 X-linked and one autosomal gene in human 

PGCs which is comprehensive with respect to sites (although the result was the same 

for all of them). Our data is comprehensive with respect to developmental stages and 

possibly more interesting in that it highlights the méthylation changes that occur.

All models of X-inactivation propose the existence of an inactivation centre and a 

process of spreading from its centre to the rest of the chromosome (evidence for the 

existence of an inactivation centre is reviewed in Chapter 1, section 1.3). It is thought 

that the Xce locus, which maps in the region of the X-inactivation centre, is the X- 

inactivation centre in the mouse (Xic). The difference in timing of méthylation at 

specific CpG sites on Pgk-1 and G6pd is particularly interesting given their locations 

on the X chromosome relative to the Xic, i.e., Pgk-1 (which is closely linked to the 

Xic) becomes methylated 2 days before G6pd (which is further away). The Hprt gene 

is even further from the Xic on the X chromosome and preliminary PCR data (see 

Chapter 6) on the mouse Hprt gene indicates that méthylation of this gene is initiated 

even later in development, about 2 days after G6pd. It is therefore tempting to suggest 

that the timing of méthylation is a function of the distance from the Xic (Figure 6.3). 

Clearly, much more work needs to be done in this area; if not on Hprt (due to the 

difficulties encountered in amplifying such CG-rich sequences; see Chapter 5), then 

on other X-linked genes. It will require the identification of other specific X-linked 

CpG sites before such a study can be undertaken.

However, the Hpall-sensitive PCR approach may be applied to a more recent
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discovery: An X-linked gene in mouse (Xisty Borsani et aly 1991; Brockdorff et al, 

1991) and man (XlSTy Brown et aU 1991a, b) which is only expressed from the 

inactive X chromosome. The gene in both mouse and man maps in the region of the 

X-inactivation centre (Borsani et al, 1991; Brockdorff et al, 1991; Brown et al, 

1991b); conservation between mouse and man of chromosomal position and unique 

expression exclusively from the inactive X chromosome lends support to the 

hypothesis that Xist and its human homologue are involved in X-inactivation. There 

are an increasing number of genes which appear to escape X-inactivation or cannot 

maintain their inactive state in human (see Chapter 1, section 1.3), but not in mouse 

(Jones et al, 1989; Ashworth et al, 1991), suggesting that there are important 

differences in X-inactivation between the species. In the light of these differences it 

would be interesting to evaluate the expression of these genes at the time of X 

inactivation, in early development, since presumably their expression must be modified 

in some critical way if they are to have a role in the process of X-inactivation. 

Various mechanisms have been proposed for the action of the XIST gene in 

development (see Ballabio & Willard, 1992; Bartolomei & Tilghman, 1992). It is 

likely that evidence for the role of this gene in X-inactivation (in whatever form it 

takes) will come from work on the mouse, which offers a more tractable system for 

developmental studies.

Little is known about the initiation of inactivation at the Xic early in embryogenesis 

or about spreading of inactivation in cis along the length of the chromosome. All X 

chromosomes in excess of one are inactivated (see Chapter 1, section 1.3) which 

suggests that some signal prevents one X chromosome (the eventual active X) from 

responding to the developmental signal for inactivation affecting all unmarked X 

chromosomes. If Xist has a primary role in X-inactivation, the signal may interact 

directly with the Xist locus and prevent its expression from active X chromosomes. 

A number of studies suggest that CpG méthylation in critical regions of many 

vertebrate genes may be part of a gene silencing mechanism involved in cell 

differentiation, X-inactivation and imprinting (reviewed elsewhere in this thesis). 

Based on these observations it is reasonable to speculate that DNA méthylation may 

act as the signal in Xist expression.
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It would be of considerable interest to determine the timing of specific CpG 

méthylation on the Xist gene during development and may help to elucidate its role 

in the phenomenon of X-chromosome inactivation. If we assume that méthylation 

controls the expression of the Xist gene in development, we would expect to find it 

methylated in its inactive state (on the active X chromosome) and unmethylated in its 

active state (on the inactive X chromosome). Therefore, in early female 

preimplantation development, before X-inactivation has occurred, while other X-linked 

genes like Pgk-I and G6pd are unmethylated (this thesis), we might expect to detect 

méthylation of the Xist gene. Déméthylation would occur at the time of X-inactivation, 

when Xist is expressed from the inactive X chromosome and induces the inactivation, 

by some unknown mechanism (see Brown et al, 1991a for discussion), of other X 

linked genes (which become methylated themselves). Xist would be methylated de 

novo when the X chromosome is reactivated in the female germ line at the onset of 

meiosis; this observation would be particularly significant given that other X-linked 

genes remain unmethylated throughout germ cell development (in this thesis).

f/pall-sensitive PCR makes such an undertaking feasible. Xist CpG méthylation can 

be followed throughout embryonic development in the mouse where biological 

material is scarce. The unmethylated condition of the active Xist allele (expressed from 

the inactive X chromosome) would be detected as a 50% decrease in the méthylation 

signal from two inactive Xist alleles (i.e., when both X chromosomes are active), 

f/pall-sensitive PCR is sensitive and accurate enough to detect this difference (see 

Chapters 5 and 6). This requires that the Xist gene is sequenced and specific CpG sites 

characterized; this work has not yet been completed.

There is an intriguing (albeit superficial) similarity between an endogenously 

imprinted gene, H19, on chromosome 7 (Bartolomei et al, 1991; see Chapter 7) and 

Xist, on the X chromosome; H19, like Xist, is active in a region of inactivity. If 

similar genes are detected elsewhere on imprinted regions of chromosomes, their role 

in imprinting or in the maintenance of the repressed state may be of considerable 

interest (see Bartolomei & Tilghman, 1992).
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Imprinting

The data obtained with CAT 17 (see Chapter 7) leaves the question of what role does 

méthylation play in imprinting in development unanswered. A méthylation imprint 

observed by Southern blot analysis could not be attributed to specific CpG sites in the 

transgene by //pall-sensitive PCR. One possible explanation is that the imprinting 

observed by Southern blot detects CpG sites outside the transgene in flanking 

chromosome regions. It would be of interest to clone and characterize the site of 

integration of the CAT 17 transgene and to examine CpG sites in the flanking regions 

or the flanking host sequences at the site of integration of the transgene (in the 

absence of the transgene) to see if they show differential méthylation patterns.

Imprinting is a special case of epigenetic inheritance through the germ line, in that it 

is parent-specific. The parent-specific modification may reside either in differential 

packaging, different overall patterns of méthylation or in the different histories of gene 

expression in the sperm and egg.

Many questions regarding the molecular basis of imprinting remain unanswered. It has 

not yet been determined how far the chromosomal location and/or the DNA sequences 

associated with the individual imprinted genes confer the property of being imprinted. 

Also, it is still unclear whether or not parent-of-origin-dependent differential 

méthylation observed in some transgenes reflects genomic imprinting of endogenous 

genes. Three endogenously imprinted mouse genes have been identified to date (Jgf2, 

DeChiara et al, 1991; Igf2r, Barlow et al, 1991; 7/79, Bartolomei et al, 1991). In each 

case, expression of the gene depends upon the sex of the parent from which it was 

transmitted. A detailed analysis of genomic clones revealed sites whose méthylation 

is determined by parental origin (DeChiara et al, 1991), a phenomenon very similar 

to transgene méthylation imprinting. Analysis of the méthylation status of these sites 

during gametogenesis by TTpall-sensitive PCR may help to determine whether 

méthylation control mechanisms similar to that for transgene méthylation also operate 

on endogenously imprinted genes.

There is evidence that certain loci of mammalian autosomes display allelic differences
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with respect to their DNA méthylation levels (reviewed by Monk, 1990b). One such 

example is a heritable variation, which was identified in human pedigrees by 

discriminating parental alleles using polymorphic tandem repeat markers (Silva & 

White, 1988). The findings suggest that the programs for tissue-specific DNA 

méthylation can be transmitted through the germ line unchanged. This allele-specific 

modification is different from transgene imprinting in which the méthylation level of 

the transgene is determined by the sex of the parent from which the transgene is 

transmitted (see introduction to Chapter 7). In all but one case studied so far 

(Hadchouel et al, 1987), méthylation patterns are erased and re-established upon each 

passage through the germ line and then propagated to somatic tissues. Perhaps the 

allele-specific modifications observed in the human originated in offspring of a 

particular mating in this way.

The parent-of-origin-dependent allelic méthylation differences are consistent with a 

primary role for DNA méthylation in genomic imprinting but the only evidence for 

this is from one transgene studied by Chaillet et al (1991) where the maternally 

transmitted transgene is already methylated in the egg. In general, genomic imprinting 

is a process that modifies maternal and paternal chromosomes differently by an 

unknown mechanism, resulting in the differential expression, and in some cases 

differential méthylation, of parental alleles. The importance of imprinting during 

mouse embryogenesis has been well established (reviewed by Solter, 1988; Surani et 

al, 1990) and, more recently, a possible role of imprinting in tumorigenesis and 

expression of disease phenotypes has been suggested (reviewed by Reik, 1989; Hall, 

1990). Since observed méthylation imprinting is apparently independent of sequence, 

size or copy number of the transgenes, the parental influence on méthylation could be 

a consequence of chromosomal position effect. Thus méthylation imprinting of 

transgenes may be a reflection of the méthylation behaviour of the surrounding or 

corresponding host chromosome regions and, if DNA méthylation were to act as the 

imprinting mechanism, one might expect to clone "imprinted" endogenous loci by 

using the transgenes as tags (Pratcheva et al, 1991; Sasaki et al, 1991).

However, several findings on méthylation imprinting of transgenes are inconsistent
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with this possibility, largely because of the discrepancies with the map of imprinting 

regions defined by genetic complementation experiments (Searle & Beechey, 1985; 

Cattanach, 1986). First, if one assumes both random integration of transgenes and 

random distribution of endogenous imprinted loci throughout the genome, the 

frequency of transgenes showing méthylation imprinting is apparently higher than 

expected (Sasaki et al, 1991; Allen & Mooslehner, 1992, argue against this 

interpretation). Second, the transgene was undermethylated after paternal transmission 

in all instances except one (Sapienza et al, 1987), but no such extreme is expected 

from the imprinting map. Third, the only transgene that has been mapped was present 

on chromosome 13 (Hadchouel et al, 1987) which, based on the genetic experiments, 

does not appear to be subject to imprinting. These observations raise the possibility 

that transgene méthylation imprinting may not be a good model for endogenous 

genomic imprinting of the host chromosomes (if this is so, transgenes will not be 

useful as probes to identify endogenous imprinted regions). It is also possible that the 

phenomenon of imprinting may be much more widespread throughout the genome than 

indicated in the imprinting map of the mouse. Another complication is that the 

variation in expression of transgenes in cells of different tissues and organs (correlated 

with overall changes in DNA méthylation) appears to be dependent upon genetic 

background (Sapienza et al, 1987; McGowan etal, 1989; Sapienza, 1989; Allen etal, 

1990; Reik et al, 1990). Sasaki et al (1991) have identified an imprinted transgene 

(MPA434) which is inserted in a region of the proximal part of chromosome 11 which 

shows no evidence of méthylation imprinting; however, this region does display 

heritable, strain-specific allelic méthylation differences. Their results add to the body 

of evidence which suggests that transgenes do not necessarily reflect gamete-of-origin 

specific méthylation status of either the surrounding or corresponding chromosome 

region. Therefore, even if differential méthylation is the molecular mechanism of 

endogenous imprinting, transgenes may not serve as markers for imprinted regions.

In conclusion

The isolation of the Xist gene in mouse and human provides an important molecular 

marker for X-inactivation and a starting point for the characterization of the X 

inactivation centre region in the two species. The study of the Xist gene, in this
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context (and in the areas of research speculated upon above), will be of major 

importance in defining the molecular mechanisms which underly the process of X- 

inactivation in development.

Our current ideas concerning the molecular basis of imprinting owe a great deal to 

studies of transgene imprinting (reviewed in Introduction to Chapter 7). Since 

transgenes are influenced by chromosomal position-effects, one of the theories behind 

identifying imprinted transgenes was that they would be useful to identify endogenous 

imprinted genes. So far, this hope has not been fulfilled. Before the role of 

chromosomal position-effect can be fully evaluated, it will be necessary to clone and 

analyse sequences within endogenous genes adjacent to transgenes. Only two 

transgenes described to date abide by the rules of imprinting defined by endogenously 

imprinted genes (see Allen & Mooslehner, 1992). While these observations are of 

interest, their relationship to the imprinting of endogenous genes is not yet clear. Only 

three endogenously imprinted genes have been identified so far (see above); although 

the molecular basis for the imprinting of these genes is not yet known, preliminary 

data suggests that endogenous imprints, unlike transgene imprints, may be quite subtle 

(Allen & Mooslehner, 1992). The suitability of individual transgenic lines to serve as 

models for specific aspects of imprinting must therefore be evaluated critically. The 

future for transgenic experiments in this field will probably be dominated by the study 

of endogenous imprinted loci.
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APPENDIX I. Preparation of organic solvents for DNA isolation

Preparation of organic solvents is perfonned in a fume cupboard. Gloves, lab coat and 

goggles should be worn.

Phenol

1. Add 0.25g of 8-hydroxyquinoline to 250g of solid phenol [BDH] (in the bottle in 

which the phenol is supplied) to give a final concentration of 0.1%.

2. Add 250ml of IM Tris [pH8] to the bottle and shake well.

3. Pour the resulting mixture into a 500ml measuring cylinder and allow to the two 

phases to separate.

4.Pour off the aqueous (colourless phase) layer and add an equal volume of O.IM Tris 

[pH8] to the organic (yellow phase) layer.

5. Pour the two phases back into the bottle and shake well. Pour the mixture back into 

the 500ml measuring cylinder and allow the two phases to separate.

6. Repeat steps 4 and 5 until the pH of the phenolic phase is >7.8. (pH is measured 

using indicator paper in the appropriate range [BDH]). DNA will partition into the 

organic phase at acid pH.

7. When the phenol is equilibrated and the final aqueous phase has been removed, add

0.1 volume of O.IM Tris [pH8] (to give a final concentration of lOmAf) and 20mAf 

EDTA [pH8] (to give a final concentration of 2mM).

8. Dispense phenol into 50ml aliquots and store at 4“C for up to one month.

Phenol:Chloroform:Isoamylalcohol

Neither chloroform or isoamylalcohol requires treatment before use.

1. Equlibrated phenol (prepared as described above), chloroform [BDH] and 

isoamylalcohol [BDH] are mixed in the proportions 25:24:1, respectively.

2. The mixture is dispensed into 25ml aliquots and stored under O.IM Tris [pH8] at 

4"C for up to one month.
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Chloroform:!soamylalcohol

Neither chloroform or isoamylalcohol requires treatment before use.

1. Chloroform and isoamylalcohol are mixed in the proportions 24:1, respectively.

2. The mixture is stored at room temperature in a light-tight bottle.
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APPENDIX IL Isolation of high molecular weight DNA by phenol-chloroform

A. Phenol extraction method

NOTES: (i) Always use new solutions to avoid contamination with other DNAs. (ii) 

Wear gloves at all stages o f procedure to avoid nuclease contamination, (iii) Be 

careful not to shear high molecular weight DNA by rough handling, (iv) Keep all 

discarded tubes and supernatants to the end o f the procedure in case DNA remains.

1. Isolate tissue samples into proteinase K buffer (see Table II. 1).

2. Incubate at 37“C overnight.

3. Add 0.2 volume of a 5M sodium perchlorate (NaClO^) solution drop by drop whilst 

gently swirling mixture to give a final concentration of \M.

4. Add 1 volume of Tris-saturated phenol (see Appendix I) and invert tube several 

times to achieve complete emulsion.

5. Spin the tube for 5 minutes to separate the phases.

Steps 6-12 and steps 13-29 represent alternative protocols which can be followed from 

this stage of the procedure. The first technique has been applied to extraction of DNA 

from mouse tail tips, for example. The second technique (modified from Monk et al, 

1987) was developed to isolate very pure DNA from smaller tissue samples and has 

been applied to the extraction of DNA from mouse gonads, for example. Steps 30 and 

31 apply to both procedures.

NOTE: Tris-saturated phenol extracts DNA more efficiently at 37 X) than at room 

temperature.

Protocol 1

6. Using a Pasteur pipette (broken to a wide bore to avoid shearing the DNA), transfer 

the aqueous phase to a clean Eppendorf.

7. Add 1 volume of phenol; chloroform: isoamylalcohol to the aqueous phase, invert 

the tube several times to mix the contents and spin in the microfuge for 5 minutes.

8. Repeat steps 6 and 7 until there is no protein at the interface between the aqueous 

and organic phases.
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9. Add 1 volume of chloroform: isoamylalcohol to the aqueous phase, invert the tube 

to mix contents and spin in the microfuge for 5 minutes.

10. Transfer the aqueous phase to a fresh tube and add 0.1 volume of a 2M sodium 

acetate solution [pH5.2] (to give a final concentration of 0.2M) and 2 volumes of 

ethanol. Invert the tube several times until a stringy precipitate forms.

11. Using a yellow Gilson tip, transfer the precipitate into an Eppendorf containing 

1ml of 70% ethanol. Wash the precipitate by inverting the tube several times and 

leave at room temperature for 30 minutes.

12. Using a new Gilson tip, transfer the precipitate to a new siliconized tube and dry 

in an oven at 37*C.

Protocol 2

13. Using a Pasteur pipette (broken to a wide bore to avoid shearing the DNA), 

transfer the aqueous phase to a polypropylene tube.

14. Add 2 volumes of Tris-stuarted phenol (see Appendix I) and mix contents 

thoroughly by inverting the tube several times.

15. Spin in centrifuge at lOK for 5 minutes at room temperature.

16. Pasteur pipette aqueous phase into small (10ml) beaker and precipitate with 2 

volumes of ethanol. Allow to stand as stringy DNA precipitate forms.

17. Gently lift precipitate out of the beaker with a glass hook (taking care not to spool 

the DNA as this will delay/prevent its re suspension) and carefully wash it by 

immersion in another beaker containing 70% ethanol.

18. Dissolve the DNA precipitate in a polypropylene tube containing O.lxTNE.

19. Pour the original precipitating alcohol between beakers and allow further DNA 

precipitate to rise (if any).

20. Add DNase-free RNase to give a final concentration of 20p.g/ml.

21. Add TNE (lOx) to give a final concentration of Ix.

22. Add SDS (20%) to give a final concentration of 2%.

23. Add proteinase K to give a final concentration of 100|ig/ml.

24. Incubate the tube at 37“C for 30 minutes.

25. Add 1 volume of phenol: chloroform: isoamylalcohol and mix thoroughly by 

inversion.
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26. Spin in centrifuge at lOK for 5 minutes at room temperature.

27. Transfer the aqueous phase to a clean glass (10ml) beaker and add 0.1 volume of 

a 2M solution of NaAc [pH5.2] to give a final concentration of 0.2M.

28. Precipitate DNA by rapid addition of 2 volumes of ethanol. Follow steps 17 and 

18.

29. Transfer precipitate to a clean Eppendorf and leave to dry at room temperature. 

Protocols 1 and 2

30. Re suspend the DNA in a suitable volume of TE8 or KGB (see Appendix X); for 

small tissue samples start with 100-200p,l. Store at 4'C.

NOTE: DNA may take some time to go into solution. It is important that the 

precipitate is not too dry, otherwise it may not resuspend at all. The sample should 

be left at room temperature for several hours after the addition o f buffer. Gentle 

agitation o f the tube may be required to help the buffer penetrate the precipitate. 

Sometimes brief incubation (10-15 minutes) at 37 V  appears to accelerate 

resuspension. Where buffers o f high-ionic-strength are required (i.e., those that 

contain MgCl2 or >0,1M NaCl), DNA may not go into solution very easily; under 

these circumstances it is advisable to dissolve the pellet in a small volume o f low- 

ionic-strength buffer or ddH2 0  first and adjust the composition o f the buffer after 

resuspension.

31. Measure the ODĝ onm and calculate the concentration of DNA (see appendix VI).

B. Concentration of nucleic acids

Precipitation with ethanol

This technique may be applied to solutions where the DNA is suspended in large 

volumes but is required in a more concentrated form, e.g., when loading a restriction 

digest onto a maxigel for Southern blot analysis. Modified from Maniatis et al (1982).

1. Estimate the volume of the DNA solution.

2. Add 0.1 volume of a 2M NaAc solution [pH5.2] (to give a final concentration of

0.2M) and mix well.

3. Add 3 volumes of chilled ethanol, mix well by inversion and store at -70"C for at



2 0 1

least 30 minutes to allow the DNA precipitate to form.

NOTE: I f  the size o f the DNA to he recovered is small (i.e,, <Ikb) andlor it is present 

in small amounts (i.e., <0.1\xglml), the storage time should be extended.

4. Spin tube in microfuge for 15 minutes.

NOTE: For low concentrations andlor small fragments extend centrifugation time and 

speed (where possible).

5. Discard supernatant. Add 70% ethanol to the tube and wash the pellet by gentie 

inversion. Repeat with fresh 70% ethanol.

NOTE: Sometimes pellets are dislodged during washing with 70% ethanol. Where this 

occurs, the tube should be spun for 5 minutes before removing the ethanol so as not 

to lose the pellet.

6. Drain as much 70% ethanol as possible. Brief incubation in an oven at 37“C can 

be used to remove any excess. However, care should be taken not to overdry the 

pellet, particularly where DNA is at low concentration.

7. Resuspend the pellet in the required volume of TE8 buffer, e.g., ~40fxl for maxigel 

loading.

TABLE II. 1

Disruption buffer for extraction of high molecular weight DNA

Reagent

NaCl

Tris [pH8] 

EDTA [pm] 

SDS 

ddH^O

Total volume

[Stock]

4 M 

1 M  

0.5M 

20%

[Final]

lOOmM

50mA/

100mA/

1%

Volume required

0.25ml

0.5 ml 

2 ml

0.5 ml 

6.75ml

10 ml

Proteinase K* 20mg/ml 50p.g/ml 25iil

*20mg of proteinase K is dissolved in 1ml of ddHgO and stored at -20'C in 50|il 

aliquots.
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APPENDIX III. Large scale preparation of plasmid DNA

A. Introduction of plasmid DNA into Escherichia coU

Transformation by the calcium chloride (CaClg) procedure (Mandel & Higa, 1970; see 

also Sambrook et aly 1989).

1. Streak agar plate with bacteria and incubate at 37°C overnight.

2. Pick a single colony. Inoculate lOml of L broth and incubate at 37‘C overnight in 

an oscillator.

3. Inoculate 100ml of L broth in a 500ml flask with 1ml of the overnight bacterial 

culture (from 2). Stopper flask with cotton wool bung. Grow the cells with vigorous 

shaking at 37"C. It is suggested that 2-4 hours under these conditions will provide the 

required density of 5x10^ cells/ml. 3ml of cells are required for each transformation 

assay.

4. Chill the culture on ice for 10 minutes.

5. Load 20ml of culture into two 30ml centrifuge tubes, cover with tin foil (do not use 

cotton wool in centrifuge) and spin the cell suspension at 5K for 5 minutes at 4°C.

6. Discard the supernatant. Resuspend the cells in half of the original culture volume 

(i.e., lOml/tube) of an ice-cold, sterile solution of 50mAf CaClj and lOmM Tris.Cl 

[pH8].

7. Place the cell suspension in an ice bath for 15 minutes.

8. Centrifuge the suspension at 5K for 5 minutes at 4°C.

9. Discard the supernatant. Resuspend the cells in 1/15 of the original volume (i.e.,

1.5ml/tube) of an ice-cold , sterile solution of 50mM CaClg and lOmM Tris.Cl [pH8].

10. Dispense 0.2ml aliquots into prechilled (at -20“C) Eppendorf tubes. Store the cells 

at 4°C overnight.

NOTE: For maximum transformation efficiency, the bacterial culture should be in the 

logarithmic phase of growth and the cell density low during CaCl2 treatment. 

Furthermore, it is important that the cells are maintained at 4 V  for 12-24 hours since 

the efficiency o f transformation increases four to six-fold during this period (Dagert 

& Ehrlich, 1979).

11. After overnight storage at 4“C, vortex tube(s) briefly to resuspend cells.
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12. Dilute plasmid DNA in TE or ddHjO, mix well and store on ice for 30 minutes.

13. Add up to 40ng of plasmid DNA to Eppendorf containing bacterial suspension.

14. Incubate Eppendorf for 2 minutes at 42°C.

15. Add 1ml of L broth to each tube and incubate at 37"C for 1 hour (ampicillin [Ap] 

selection) without shaking. This allows the bacteria to recover and begin to express 

antibiotic resistance.

16. Spread cells (~500pl of suspension) onto selective media (Ap"̂  agar) by using an 

alcohol sterilized/flamed glass spreader. Leave the plates at room temperature until the 

liquid has been absorbed.

17. Invert the plate(s) and incubate at 37“C overnight.

NOTE: When selecting for ampicillin resistance, the density o f cells plated should be 

low and plates should be removed from the incubator after 16-24 hours and placed 

at 4 V  otherwise Ap-sensitive satellite colonies may appear.

18. Remove plates from incubator. Saran-wrap and store at 4°C.

NOTE: Cover 314 o f agar surface with transformed cells and remaining quarter with 

100\\,l o f non-transformed cells as a control to test for Ap function. I f  nothing grows 

in this H4 o f the dish, it suggests that the Ap is effective since bacteria cannot grow 

in the presence o f Ap unless they are resistant to it (i.e., they contain a plasmid that 

confers resistance to Ap).

B. Isolation of plasmid DNA from transformed cells

Alkali lysis method (Bimboim & Doly, 1979; see also Maniatis et al, 1982).

1. Inoculate 10ml of L broth containing the appropriate antibiotic (e.g., ampicillin) 

with a single bacterial colony carrying the plasmid of interest (prepared as described 

in section A of this Appendix) and incubate at 37'C overnight in an oscillator.

2. After 24 hours, inoculate 5(X)ml of fresh L broth (plus Ap) with 1ml of the 

overnight bacterial culture (from 1) and incubate at 37“C overnight with vigorous 

shaking.

3. Transfer the suspension to 250ml plastic, screw-top centrifuge bottles and spin at 

8K for 20 minutes at 4°C.

4. Discard the supernatant and invert the bottle to drain as much of supernatant as
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possible.

5. Resuspend the bacterial pellet(s) in 10ml of solution I (see Table III.2).

6. Transfer suspension to 30ml Corex centrifuge tubes (5ml/tube) and leave to stand 

at room temperature for 5 minutes.

7. Add lOml/tube of freshly prepared solution II (see Table III.2). Cover the top of the 

tube with parafilm and mix the contents by gently inverting the tube several times. 

Leave to stand on ice for 10 minutes.

8. Add 7.5ml/tube of ice-cold solution III (see Table III.2). Cover the top of the tube 

with parafilm and mix the contents by shaking the tube several times. Store on ice for 

10 minutes.

9. Centrifuge the tube(s) at 15K for 15 minutes at 4“C. The cell DNA and bacterial 

debris should from a tight pellet on the bottom of the tube.

10. Transfer equal quantities of the supernatant (bacterial lysate) into fresh 30ml Corex 

tubes.

11. Add 0.6 volumes of propan-2-ol (Analar grade)[BDH], mix well and store at room 

temperature for 15 minutes.

12. Recover the DNA by centrifugation at lOK for 30 minutes at room temperature.

13. Discard supernatant and invert tubes to drain as thoroughly as possible.

14. Wash the pellet with 70% ethanol (prepared from Analar grade [BDH]) at room 

temperature. Drain and repeat.

15. Invert the tube(s) and leave at room temperature to allow ethanol to 

drain/evaporate.

16. Dry the pellet briefly in a 37*C oven.

17. Resuspend the pellet(s) in a total volume of 16ml of TE [pH 8] (8ml/500ml 

pellet).

C. Purification of plasmid DNA by centrifugation to equilibrium in caesium 

chloride-ethidium bromide gradients (based on Maniatis et al, 1982).

1. Measure the volume of the DNA solution, obtained in B.17 (above) as accurately 

as possible. Add exactly Ig of solid caesium chloride (CsCl) for every millilitre. 

Cover the top of the tube in parafilm and mix the contents by gentle inversion until
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all of the salt is dissolved. Incubation at 37"C will speed up dissolution.

2. Add 0.8ml of a lOmg/ml solution (in ddHjO) of ethidium bromide for every 10ml 

of caesium chloride. Cover the top of the tube in parafilm and mix the contents by 

shaking.

3. Using a Pasteur pipette, transfer the mixture to a tube suitable for 

ultracentrifugation and fill the remaining space with light paraffin oil; to ensure that 

all air is excluded, fill the tubes to overflowing with the oil. Stopper tubes with black 

plugs and aluminium caps and seal in press.

4. Spin tubes at 50K overnight at 20°C.

5. Visualize the DNA bands by clamping the tube in front of a UV light source. Allow 

air to enter the tube by puncturing the top of it with a 21 guage hypodermic needle. 

NOTE: Several bands are observed in UV light. The uppermost band contains linear 

bacterial DNA and nicked circular plasmid DNA; the lower band consists o f closed 

circular plasmid DNA.

6. Insert an 18 guage hypodermic needle (with the beveled side up) attached to a 2ml 

disposable syringe just below the lower band. Collect the DNA into the syringe and 

transfer to a clear plastic 10ml tube.

The following steps, designed to remove EtBr from the DNA, should be performed 

in a fume cupboard.

7. Add an equal volume of isoamylalcohol (Analar grade)[BDH], stopper the tube and 

shake it vigorously. Allow to stand for 2 minutes.

8. Using a Pasteur pipette, transfer the lower aqueous phase to a clean tube. Repeat 

the extraction (4 to 6 times) until all the pink colour (due to EtBr) disappears from the 

aqueous solution.

9. Remove CsCl from the DNA solution by dialysis for 24 hours against TE8:

a. Remove dialysis tube from 4°C storage with gloved hands and rinse inside 

and out with ddH2 0 .

b. Cut to required length and seal lower end with dialysis clip.

c. Pasteur pipette DNA solution into dialysis tube and seal top end with clip.

d. Immerse dialysis tube in IL flask containing freshly prepared TE8 and leave
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to stir gently.

e. Replace contents of flask with fresh TE8 at suitable intervals (about 3 

changes in 24 hours).

NOTE: Initially the dialysis bag sinks in TE8 due to the presence o f heavy 

CsCl. As CsCl passes out o f the bag, it floats.

f. Pipette DNA solution into Falcon tube and store at 4“C.

10. Ethanol precipitate the DNA (see Appendix II) and resuspend in a suitable volume 

of TE8.

11. Measure the ODĝ onm of the DNA and calculate its concentration. Store at -20"C.
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TABLE m.l 
LB (Luria-Bertani) medium

Reagent

Bacto-tryptone 

Bacto-yeast extract 

NaCl

Quantity required per litre

10g

5g
10g

NOTE: pH is adjusted to 7.5 with NaOH

TABLE m.2
Solutions used in isolation of plasmid DNA (modified from Maniatis et aly 1982)

Solution

r

Reagent

D-Glucose 

Tris.Cl [pHS] 

EDTA [pHS] 

Lysozyme**

Concentration

50mAf

25mA/

10mA/

5mg/ml

Volume

IT NaOH

SDS

0 .2 n

1%

iir Potassium acetate 

Glacial acetic acid® 

ddHp

5mA/ 60 ml 

11.5ml 

28.5ml

•Solution I can be made up in batches of 100ml (in the absence of lysozyme; see 

footnote b), autoclaved and stored in 10ml aliquots at 4'C.

‘’Powdered lysozyme should be dissolved in the solution just before use.

^Solution II should be prepared freshly each time it is required.

‘‘Solution III is 3A/ with respect to potassium and 5M with respect to acetate.

®Add acid to water in fume cupboard.
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APPENDIX IV. Recovery of DNA from agarose gels

The low melting point of some agarose gels, termed low melting point (LMP) agarose, 

has been exploited to develop a technique for the recovery of DNA from 

electrophoresis gels (Wieslander, 1979; see also Sambrook et al, 1989).

1. DNA is electrophonesed through LMP agarose gel.

2. The band of interest is identified under UV light (long wavelength UV minimizes 

damage to DNA).

3. Using a sterile scalpel blade, the band is cut out of the gel and the agarose slice 

transferred to a clean polypropylene tube (of appropriate capacity, e.g., 15ml). Small 

scale recovery may be performed in an Eppendorf tube.

NOTES: (i) The gel should be photographed under UV light (minimize exposure o f  

DNA to UV light) before and after the band has been removed so that there is a 

record o f which band was eluted, (ii) Cut the smallest slice o f agarose possible in 

order to reduce the amount o f contamination o f DNA with inhibitors. The lowest 

percentage agarose possible for resolution o f a band o f particular size should be used 

in preparation o f the gel.

4. Stopper the tube and melt the gel in a 65“C water bath for 10 minutes. Estimate its 

volume as accurately as possible.

5. Add 5 volumes of TE8 and mix well.

6. Add 20)ig of glycogen (as carrier) per 1ml of agarose/TE8 mixture (i.e., 1 pi of a 

20mg/ml solution of glycogen per 1ml) and mix well.

7. Add 1 volume of Tris-saturated phenol (see Appendix I) and vortex the mixture for 

20 seconds.

8. Spin the tube at lOK for 10 minutes at 20“C.

9. Using a Pasteur pipette, transfer the aqueous phase to a clean polypropylene tube 

and add 1 volume of phenol: chloroform: isoamylalcohol. Mix the contents and 

centrifuge as in step 8.

10. Re-extract the aqueous phase and add 1 volume of chloroform: isoamylalcohol. 

Mix and spin as in step 8.

11. Transfer the aqueous phase to a clean polypropylene tube, estimate its volume and
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add 0.1 volume of 2M sodium acetate (or ammonium acetate or potassium acetate) to 

give a final concentration of 0.2Af.

12. Add 2 volumes of ethanol (chilled at -20*C) and mix well by inversion.

13. Store tube at -70“C for 30 minutes.

14. Centrifuge at lOK for 20 minutes at 4‘C.

15. Discard supernatant and wash pellet with 70% ethanol by gentle inversion of tube. 

Repeat.

16. Drain thoroughly and leave pellet to dry at room temperature. The pellet can be 

dried in a 37°C oven, but care should be taken not to overdry it.

17. Resuspend pellet in a suitable volume of TE8 or KGB (see Appendix X) and store 

at 4“C.

18. Measure OD260nm by spectrophotometry and calculate DNA concentration (see 

appendix VI).

19. Perform a test digest on a sample of the isolated DNA with a restriction enzyme 

that will produce fragments of known size which can be observed on an agarose gel.
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APPENDIX V. Isolation of DNA by proteinase K-guanidine hydrochloride

This procedure has been modified from a technique developed by Jeanpierre (1987). 

It can be used to isolate DNA from minute quantities of tissue (down to 100 cells).

1. Isolate tissue samples directly into a sterile, siliconized Eppendorf [Bioquote] 

containing 160|il of freshly prepared lysis buffer (see Table V.l).

2. Add l.Sp-g of d>X 174 RF [BRL] or M13 RF DNA [BCL] to the mix to act as 

carrier and internal control for complete digestion by HpaW (see below). (The sample 

may be stored at

-70“C for several months in this form).

3- Incubate tube at 60“C for 60-90 minutes.

4. Spin tube briefly and load lysate into a 1ml sterile disposable syringe.

5. Pass lysate through an hypodermic needle (guage 25G%)[Becton Dickinson] 10-20 

times in order to shear high molecular weight genomic DNA into smaller fragments.

6 . Add Ipl of a 20mg/ml solution of glycogen (stored at -20“C) to the resulting 

suspension.

7. Add 3 volumes of 95% ethanol and mix the tube contents by inversion. (Three 

volumes cf. two of alcohol appears to improve DNA recovery where potential yields 

are low).

8 . Store tube at -70“C for 30 minutes to overnight. See Appendix II.B.3.

9. Spin tube in a microfuge at room temperature for 30 minutes.

10. Discard supernatant and wash pellet twice in 2 volumes of 70% ethanol (observing 

precautions detailed in Appendix II.B.5).

11. Resuspend DNA pellet in KGB (see Appendix X) without drying. See Appendix

II.A.30.
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TABLE V.l

Proteinase K-Guanidine Hydrochloride Lysis Buffer*

Reagent Supplier (Stockf Volume‘S

Guanidine Hydrochloride BDH 6 M 140 pi

Ammonium Acetate BDH 7.5M 1 0  pi

Sarkosyl BDH 2 0 % 1 0  pi

Proteinase K** Sigma 2 0 mg/ml 1 .6 pl

Total volume per sample: 161.6pl

“Based on Jeanpierre (1987).

‘’Stock solutions were prepared in a location remote from the PCR amplification 

laboratory, filter-sterilised in a laminar flow hood, aliquoted and stored at room 

temperature.

Xysis buffer was made up freshly as required. For multiple samples, a master mix was 

prepared and aliquoted as appropriate.

‘‘Proteinase K was stored in solution (with sterile H2O) at -20°C. After use, thawed 

aliquots were discarded.



2 1 2

APPENDIX VI. Determination of DNA concentration by absorbance

1. Zero spectrophotometer using quartz cuvette containing ddHjO at 260nm.

2. Dilute subject DNA in ddHzO (500^1 total volume) to give a dilution series (e.g., 

1/20, 1/40, 1/80, 1/100; experience suggests that too weak or too great a dilution of 

DNA gives erroneous ODẑ omn values).

3. Obtain absorbance reading at 260nm and calculate DNA concentration from the 

following equation:

Concentration of DNA = ODẑ onm x Dilution factor* x DNA factor**

“e.g., for 1 / 2 0  dilution, multiply by 2 0 .

^^Concentration of ssDNA = 20jLtg/ml, dsDNA = 50jig/ml (Maniatis e/ al, 1982). 

NOTE: Purity o f the DNA sample may be assessed by taking an additional absorbance 

reading at 280nm. The ratio o f OD260IOD2S0 should be in the range o f 1.8-2.0 

(Maniatis et al, 1982),
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APPENDIX VII. Southern blot procedure

The procedure described here applies to Hybond membranes [Amersham]. It is 

based on the manufacturers protocol and modified according to Sambrook et al (1989). 

Gloves and a lab coat should be worn at all stages of the procedure.

1. Following electrophoresis, the gel is soaked in 500ml of 0.25A/ HCl for 2x15

minutes. This depurination step is not necessary if the fragments to be transferred are 

< 1 0 kb.

2. Rinse the gel in ddHgO and leave to soak in 0AM  NaOH until blotting apparatus 

is set up.

3. Fill a large glass dish with 0AM  NaOH transfer buffer and make a platform for a 

glass plate. Cover the platform with 2 layers of 3MM paper [Whatman] (saturated 

with 0.4M NaOH) cut so that their edges touch the bottom of the dish on all sides of 

the platform.

4. Place the gel on the platform and surround it with clingfilm to prevent the paper 

towels above from touching the wick and short circuiting the transfer.

5. Cut a sheet of Hybond N  ̂paper to the exact size of the gel and place it on the gel

without trapping air bubbles.

6 . Place 3 sheets of 3MM paper which have been cut to the exact size of the gel and 

presoaked in 0AM  NaOH on top of the membrane.

7. Place more 3MM paper (dry) on top of the wet sheets and add a stack of absorbent 

paper towels. Place a glass plate on top and add a 1kg weight.

8 . Allow the transfer to proceed overnight.

9. Dismantle the apparatus and mark the gel slots with a pencil to allow later 

identification of tracks.

10. Rinse the membrane in 2x SSC (see Appendix X) to remove any residual agarose 

and dry it on 3MM paper at room temperature. Wrap membrane in clingfilm and store 

at 4“C.

11. View the gel under UV light to ensure that all the DNA has transferred to the 

membrane.
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APPENDIX VIII. Southern hybridization procedure

Labelling by random priming with ^̂ P

Gloves and lab coats should be worn throughout this procedure (sections A-C).

A. Preparation of radioactively labelled DNA probes

The protocol is based on the oligolabelling technique developed by Feinberg and 

Vogelstein (1983, 1984; see also Sambrook etaU 1989) and makes use of the Klenow 

Fragment, a synthetic subunit of DNA polymerase I which exhibits 5’-^3’ primer 

elongation but possesses no exonuclease activity. The procedure described below uses 

an oligolabelling "kit" [Pharmacia].

Steps 1-5 can be performed on the laboratory bench.

1. In a siliconized Eppendorf tube, dissolve the probe DNA in TE8  to give a 

concentration of 200ng in 34|il; where the DNA does not require dilution, simply 

make the volume up to 34|il.

2. Denature the DNA by heating at 100"C for 3 minutes in a heating block.

3. Place the tube on ice immediately on removal from the heating block. After 2 

minutes, spin the tube briefly in a microfuge.

4. Add lOfil of oligolabelling buffer (Reagent Mix, supplied by manufacturer: a 

buffered aqueous solution containing dATP, dOTP, dTTP and a random assortment 

of hexadeoxyribonucleotides which associate with homologous regions on the probe 

DNA and form primers for DNA synthesis) to the tube containing the denatured probe 

DNA.

5. Add 49}il of ddHgO to the tube.

Steps 6-17 should be performed in the radioactivity suite. Wherever possible, 

manipulations should be carried out behind a perspex screen and the tube should be 

sheathed in a perspex block.

6 . Add 5|il of [a-^^P]dCTP (3(XX)Ci/mmol) [Amersham] to the tube to give a final
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concentration of 50}iCi.

7. Add l|il of Klenow Fragment (provided by the manufacturer; FPLC pure form of 

E.coli DNA polymerase I).

8 . Mix the tube contents gently by vortexing and spin briefly in a microfuge to collect 

the reaction mix at the bottom of the tube.

9. Place the tube in a heating block at 37°C for 30-60 minutes.

10. After incubation, spin the tube briefly in a microfuge.

11. Unincorporated nucleotides are removed by gel filtration on Sephadex G-50 (DNA 

grade). A spin column for this purpose is prepared as follows:

a. Plug the bottom of a 1ml disposable syringe with sterile glass wool.

b. Fill the syringe with Sephadex G-50, preswollen in STE (100mA/ NaCl, 

10mA/ Tris [pHS], 1mA/ EDTA [pH8 ]; see Appendix X). Keep adding more 

resin until the syringe is full.

c. Place the syringe in a 15 ml tube and spin at 1.5K for 3 minutes at room 

temperature.

d. Repeat steps b and c until the syringe completely filled with resin.

e. Add lOOp.1 of STE to the column and spin at 1.5K for 3 minutes. Repeat.

12. Remove the cap from an Eppendorf tube and place it at the bottom of a clean 

15ml tube. Position the spin column (prepared as above) over i t

13. Add lOOpl of STE to the labelling reaction and add the entire mixture to the spin 

column.

14. Spin at 1.5K for 3 minutes.

15. Discard the spin column (containing the unincorporated radiolabelled dCTP) and 

recover the Eppendorf from the bottom of the 15ml tube with forceps.

16. Remove a l|il aliquot of the eluted radiocative DNA probe to a clean tube and 

measure its activity in a scintillation counter. The DNA should be labelled to a 

specific activity of 1 - 2  xlO* dpm/|ig.

17. The labelled probe may used immediately in the hybridization reaction or can be 

stored at -20’C in a lead pot until required (for up to 2 weeks).
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B. Filter hybridization procedure

Steps 1-5 can be performed on the laboratory bench.

1. Roll the membrane on a disposable 10ml pipette in 2 x SSC (see Appendix X) with 

a piece of nylon mesh (cut to the same size as the membrane) on its outer surface, 

taking care not to damage the membrane itself. If there is more than one membrane, 

place an additional piece of nylon mesh between the membranes.

2. Insert the membrane/nylon mesh roll into a hybridization bottle [Hybaid], 

containing 5ml of 2 x SSC. Unroll the membrane/mesh by rotating the bottle (in the 

horizontal position) so that the nylon mesh contacts the wall of the bottle. Try to avoid 

air bubbles. Discard the 2 x SSC.

3. Prepare the prehybridization solution (see Table Vin.l).

4. Add 15ml (per 20x20cm membrane) of the prehybridization solution to the Hybaid 

bottle.

5. Stopper the bottle and incubate at 65*C for at least one hour in a hybridization oven 

[Hybaid].

Steps 6-11 should be performed in the radioactivity suite.

6 . Denature the probe DNA (prepared as above in section Vni.A) by incubation at 

1(X)“C for 5 minutes. Spin the tube briefly in a microfuge.

7. Add the probe DNA to 15ml of prehybridization solution.

8 . After sufficient incubation, replace the prehybridization solution in the Hybaid 

bottle with the hybridization solution (prepared as above in step 7) and incubate at 

65°C overnight.

9. Following hybridization, recover the membrane from the Hybaid bottle using 

forceps and wash it in 500ml of 2 x SSC, 0.1% SDS for 10 minutes at room 

temperature.

10. Replace the solution with 500ml of O.lx SSC, 0.1% SDS and wash the membrane 

at 65“C for 1 hour. Repeat.

NOTE: Monitor the level o f activity on the membrane before and during washing.
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Modify the stringency o f washing according to the signal. The nylon mesh should be 

washed at the same time as the membrane; stripped o f radioactivity, it can be reused 

in further hybridization experiments.

11. Check that the counts in the final wash are at backgound.

12. Briefly dry the membrane on 3MM paper and seal it in a bag. Proceed directly to 

autoradiography.

NOTE: Care should be taken not to allow the membrane to dry out, otherwise the 

membrane cannot be reprobed. (In order to strip a probe from the membrane for the 

purposes o f reprobing it, the membrane should be treated with a boiling solution o f

0 .5 .  SDS, allowed to cool to room temperature. Overnight autoradiography [see 

section C below] is used to ensure that the probe is removed completely).

C. Autoradiography

1. Place the bagged membrane in a light-tight cassette containing an intensifying 

sreen.

2. Preflash a piece of X-ray film [Fuji] and place it betwwen the membrane and the 

screen.

3. Seal the cassette and store at -70“C until the film is ready to be developed. 

Exposure time will vary according to the specificity and activity of the probe.

4. Develop the autoradiograph for 5 minutes in a 1:5 dilution of Phenisol [Ilford]. Fix 

for 5 minutes in Hypam [Ilford]. Wash in running water for 30 minutes and dry.
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TABLE V m . l  

Prehybridization solution

Reagent^

SSC"

Denhardt’s solution"

SDS

ddHzO

Total volume

[Stock]

20x
lOOx
20%

Volume required 

15 ml 

2.5 ml 

1.25ml 

31.25ml

50 ml

Salmon sperm DNA^ lOmg/ml 0.15ml

‘‘Add reagents in the order in which they arc listed.

"See Appendix X.

‘'Salmon sperm DNA (Type II sodium salt)[Sigma] is dissolved in ddHgO at a 

concentration of ~10mg/ml (may require stirring for 2-4 hours at room temperature 

to help the DNA dissolve); DNA is sheared by passage through an hypodermic needle 

(18 guage) and then boiled for 10 minutes; DNA is stored at -20'C in small aliquots. 

Salmon sperm DNA should be freshly boiled prior to addition to prehybridization 

buffer.
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APPENDIX IX. Microinjection of DNA into mouse embryos

A. Preparation of glassware for microinjection

1. Glass capillaries

Gloves and lab coats should be worn.

15cm thick walled borosilicate glass capillaries (1mm outer diameter, GClOO TF-15 

[Clark Electromedical Instruments]) are used for making holding pipettes.

10cm thin walled capillaries with an internal fibre (outer diameter 1mm, internal 

diameter 0.8mm, GClOO TF-10 [Clark Electromedical Instruments]) are used for 

making injection pipettes.

Capillaries are cleaned by soaking them overnight in 40% nitric acid.

Rinse thoroughly with double-distilled water (ddHjO) and finally with acetone. Leave 

to dry.

In addition, the injection pipettes should be siliconized; capillaries are soaked in 

Sigmacote [Sigma] for 10 minutes. This step of the procedure should be performed 

in a fume cupboard.

The pipettes are then rinsed in acetone to remove excess silicone and washed 

thoroughly with ddHzO.

Both holding and injection pipettes should be baked in the oven overnight at 150“C 

before use.

2. Holding pipettes

A 15cm capillary tube is drawn in a micro-bumer to an outside diameter of 80-100pm. 

If the diameter of the pipette is larger than required, the desired diameter can be 

obtained by gently melting the tube next to a microforge filament [Beaudouin].

The capillary should be broken 1.5-2 cm away from the narrowing of the tube and two 

bends made over a micro-bumer. The introduction of these bends allows the end of 

the holding pipette to be positioned horizontally in the injection chamber (see Figure 

IX.l).

The capillary tube is then broken neatly at the diameter of 80-100pm using the
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microforge (see Figure IX.l). To do so, the tube is inserted into an instrument holder 

and positioned horizontally on the microforge so that the point at which it reaches the 

required diameter, is just in contact with the glass bead on the filament. The heated 

glass bead is then gently touched onto the surface of the capillary tube. When the two 

glass surfaces fuse, the heating is switched off immediately. The sudden contraction 

of the filament upon cooling breaks the glass tube neatly (see Figure IX.l).

The end of the tube is heat-polished on the hot glass bead until the internal diameter 

is in the region of 15-20p.m.

3. Injection pipettes

10 cm siliconized glass capillary tubes are pulled on a pipette puller (Model 

753)[Camden Instruments] in order to make injection pipettes. A good pipette for 

injecting mouse eggs should have a tip with a diameter of less than l|im . However, 

this is below the limits of resolution of the light microscope. Pipettes with orifices that 

can be visualised under the microscope should be rejected since they are considered 

to be too large; pipettes with large tips tend to lyse the eggs during micronjection. 

Conversely, if the tips are too small, the holes tend to clog easily. The best way to 

choose a good pipette is to try various pipettes and to use the one that works best. 

Two needles are usually obtained from each glass capillary and the tips of the two 

pipettes are usually similar such that both can be used.

To enable the injection pipettes to be positioned horizontally in the injection chamber, 

two bends are made, making sure that all the bends are in the same plane (see Figure

IX.1).

NOTE: The injection pipettes should be made on the day o f injection since on storage, 

they usually become blunt and accumulate dust.

4. Injection chamber

The injection chamber is made with a 2 x 3 inch glass slide onto which four supports 

of 2mm thickness are stuck with glue. A 22 x 22mm cover slip (baked) is held in 

place with vacuum grease.

A small drop of M2 medium is placed in the centre of the cover slip and the slide 

below. These two drops are joined together by addition of more medium (with the
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help of a fine pipette) forming a continuous column of medium between the slide and 

the cover slip.

The remaining space between the cover slip and the slide is filled with paraffin oil 

(see Figure IX.2).

For micronjection, the injection chambers and coverslips should be clean. They are 

soaked overnight in 40% nitric acid, rinsed thoroughly with distilled water and finally 

rinsed twice with acetone, before sterilization in the oven.

To clean the chamber after use, the grease and oil are removed with soft tissue and 

the chambers scrubbed individually with a soft sponge soaked in strong detergent (7x).

The chambers are then rinsed thoroughly under running water followed by rinsing in 

distilled water, in order to remove all traces of detergent, and then oven sterilized.

B. The micoinjection set-up

1. Microscope

Microinjection can be carried out either using an upright or an inverted microscope. 

For the microinjection experiments carried out in Chapter 3, an upright microscope 

(Laborlux II)[Leitz] is used. This microscope is fitted with objectives of lOx and 16x 

long working range and 6x wide field eye pieces.

2. Micomanipulators

Leitz micromanipulators are mounted on each side of the microscope stage. These are 

controls for the holding pipettes and for the injection pipettes. The joy-stick allows 

simaltaneous movement of the pipettes (holding and injection) in two dimensions.

3. Table

Vibration-firee conditions are important for micrinjection. Building vibration or other 

sources of vibration (e.g., nearby instruments) may cause the pipette to vibrate when 

viewed under high magnification. To avoid this problem, a heavy sturdy table is used 

and positioned away from the wall. In addition, three groups of three squash balls are 

positioned between the top of the table and a 1 cm thick aluminium plate. A second 

aluminium plate and a set of squash balls are added to this pile. The microinjection
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set-up is mounted on this. This arrangement reduces the possibilities of any movement 

of the pipette tip.

4. Micrometer to control holding pipette

A Leitz instrument tube is connected to a micrometer (a syringe with a mechanism for 

fine movement) through a piece of plastic tubing. The syringe is clamped on the right 

hand side of the micromanipulator for easy access during micrinjection. The entire 

system is filled with paraffin oil while taking care to eliminate any air bubbles. The 

entire holding pipette is also filled with paraffin oil and inserted into the instrument 

tube. The instrument tube with pipette is clamped on the left hand side of the 

micromanipulator. The apparatus is adjusted so that the tip of the holding pipette can 

reach the injection chamber. Under the microscope, the heavy liquid paraffin should 

be seen to fill the pipette to its tip.

5. Micrometer to control injection pipette

The tip of the injection pipette is filled with about l|il of DNA solution (as described 

below) and the pipette was inserted into a Leitz instrument tube. The instrument tube 

is connected through a piece of plastic tubing to a 20ml glass syringe. The entire 

system is filled with air (except for DNA solution in the tip). The flow of DNA is 

controlled by the exertion of pressure on the syringe. When pressure is exerted on the 

syringe, the DNA is expelled out of the tip of the pipette and on releasing the 

pressure, the plunger returns to its neutral position and the flow of DNA ceases.

C. Pronuclear microinjection

1. An injection chamber (see section IX.A and Figure IX.2) is set up and using a 

pulled Pasteur pipette, several mouse eggs are transferred into the chamber. The 

assembled holding pipette (prepared as described in section IX.A and illustrated in 

Figure IX.l) is inserted into the drop from the left side and adjusted so that it lies 

horizontally on the bottom of the chamber.

2. A siliconized glass capillary is drawn over a flame with a shaft of about 6 cm in 

length and 0.3mm in diameter. Using a mouth piece, 2-3|il of DNA solution is drawn
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into the injection pipette. The instrument tube with the injection pipette is clamped to 

the micromanipulator and the tip of the pipette inserted into the drop of medium.

3. It is impotant to make sure that the injection needle is not closed at the tip or 

clogged up. This can be checked by placing the tip of the pipette next to an egg in the 

same focal plane, and on exerting pressure on the injection syringe, the stream of 

DNA from the pipette should be able to blow the egg away. If this does not happen, 

then either the tip of the needle is closed, or it has become clogged. In this case, the 

test is repeated with a new injection pipette.

4. To inject, an egg is oriented with the aid of the manipulator joy-sticks so that both 

pronuclei were in focus. Either of the two pronuclei may be injected but the male 

pronucleus is greater in size which makes it easier to inject than the female 

pronucleus.

5. By exerting a slight negative pressure on the syringe, the egg is picked up by the 

holding pipette and when the egg is firmly held, the pronucleues to be injected may 

be focused by adjusting the manipulator height.

6. The injection pipette is placed next to the egg and the tip of the needle is brought 

into focus. The injection pipette is then gently pushed into the pronucleus with the aid 

of the joy-stick. Once the tip of the pipette is inside the nucleus, a positive pressure 

is applied on the syringe; if the injection is successful, the pronucleus is seen to swell 

(see Chapter 3, Figure 3.2). The pronucleus will later shrink back to its original size. 

A small round bubble is formed around the tip of the pipette if penetration of the 

plasma membrane is unsuccessful.

7. After injecting the DNA into the pronucleus, the injection pipette is pulled back 

quickly out of the egg. A slow withdrawal may cause the pronucleus to be pulled out 

with the pipette.

8. The same procedure is repeated for the next egg.
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9. The same injection pipette is used as long as it continues to inject successfully. The 

problems faced during microinjection are mostly due to blockage of injection pipettes. 

Injection pipettes may become clogged for a number of reasons, i.e., high 

concentration DNA, the presence of dust in the DNA or nuclear materials which may 

be picked up from the egg during injection.

10. When the injection is completed, the healthy eggs which have been operated on 

are separated from the lysed ones. A healthy egg can be easily distinguished by the 

presence of a distinct outline and a perivitelline space between the zona pellucida, 

whereas the lysed egg fills the entire zona. The separated healthy eggs are cultured as 

described in Chapter 3 (section 3.2.5).
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Figure IX.l. Preparation of a holding pipette for microinjection. A. The introduction 

of two bends allows for horizontal use of the holding pipette in the injection chamber.

B. The holding pipette is broken to the required diameter over a heated glass bead. C. 

The tip of the holding pipette should be smooth and symmetrical so as not to damage 

the egg. Reproduced from Ao (1990), with permission.
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Figure IX.2. The microinjection chamber. See text for details. Abbreviations: M2, 

medium; HP, holding pipette; CS, cover slip; GS, glass support; S, slide; PO, paraffin 

oil; E, embryos. Reproduced from Ao (1990), with permission.
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APPENDIX X. Commonly used solutions

Solution Components

IxTNE* lOOmM NaCl

50mM Tris [pHS]

100mA/ EDTA [pH8]

lxTE8“ 10mA/ Tris [pH8]

1mA/ EDTA 

25fig/ml RNase

IxTBE^ 100mA/ Tris-borate

2mA/ EDTA

2xKGB‘̂ 200mA/ potassium glutamate

50mA/ Tris-acetate [pH7.5] 

20mA/ magnesium acetate 

lOOpg/ml BSA 

1mA/ P-mercaptoethanoI

20xSSC NaCl 

Na citrate

88.2g

175.3g

SOxDenhardt’s solution® 

Ficoll 

PVP 

BSA 

ddH^O

5g

5g

5g
500ml

"TNE (also known as STE) and TE8 are suitable for the suspension of DNA which is to be 

further purified or stored intact at 4“C or -20'C.
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*TBE is used as an electrophoresis buffer.

^KGB is a universal buffer which can be used for storage of DNA and/or in restriction enzyme 

digests. It has the advantage (over TNE and TES) of not requiring additional reagents 

necessary for enzymic activity nor does it interfere with the function of Taq polymerase in 

PCR reactions. By diluting the 2x stock solution, the optimum (i.e., maximal) activity of any 

restriction enzyme(s) can be accomodated (McClelland et al, 1988; see Sambrook et al, 1989 

for updated information on enzyme activity in KGB).

‘‘SSC is used at different concentrations as a transfer buffer in Southern blotting (see Appendix 

VII) and for washing membranes (see Appendix VIII). Reagents are added to 800ml of 

ddHjO; the pH is adjusted to 7 with ION NaOH and the volume made up to 1 litre. 

*Denhardt’s solution is used in the preparation of hybridization solution in Southern blot 

analysis (see Appendix VIII). Filter-sterilize solution and dispense into aliquots for storage at - 

20“C.
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APPENDIX XI. Sequence data

Mous^ glucose-6-phosphate dehyrogenase (G6pd)(Tomo\o etal, 1991), 5’ gene sequence. The 

Hpall site of interest (see below) is underlined. Primers flanking this site are represented by 

bold type in the sequence. Key: x, uncertain of identity of bases at these sites (Toniolo et al, 

1991). A, sense primer; B, antisense primer (primer sequences are also featured in Table 5.2); 

H7, specific G6pd Hpall site #7 (see Chapter 5; Toniolo et al, 1991). The control primers 

(labelled Ctl A and Ctl B) are located in the 5’ imtranslated region of the mouse G6pd gene. 

See Figure 5.5 for map of 5’ region.

5’ untranslated region

-559 GATCTACCTG CCTGTmTTC CCGTCTGCTA GGGATTAAAG TAGTGCGTCA 
Q l A—>

CCACGCCCAA CTCGCCCCAT TTTCAAGGCA CCGCATCCGC ACTAAAACAC

CCAAGTTTCA GTCTGGTCCT GCTACTGGGC TCTCTGCCGC TGGGCCCCCA

CCAAGGAAAA AGCCTAGAGG AAGCTGCGAA AGTCCAGCTC CGAAGCCAAA 
4—CÜ B

CTAGCAGCTA GGGAAGGCGT GGCTATGCTA TG...

In Iron I

+148 CGCGCxTAAT CTACAAGTTT TTAACCCATC CCTTTGTATC CCGCACITTC
A—>

CCCGCATTGG GCCCATGAGG ACTAGACCTT TAGAAGAGAA GGGACTTTCG
H-7

GGGATCACCC AACTGGGCCA GAAGAGAGCC GGAGCTGAAC TCCATCATCT

GCACAATCAA ACGTGTGCTx CAGTTCATTG TGGAGTTTCT GGCAGACACC

CGAGTACGAT ACGATGGTCC CATATACAGA GTGTGGATGC CGTAACCAGA
4— B

mTATCTAG CTGCCCACAG TGGATGTCCT AGGTGAATTA TATTAAA...
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Mouse hypoxanthinephosphoribosyltransferase (Hprt), 5’ gene sequence (Melton et al, 1984; 

unpublished sequence data communicated by Tom Yang). Hpall sites are underlined. Primers 

flanking the specific site of interest (see below) are represented by bold type in the sequence. 

Key: exon I is underlined by a dashed line; A, sense primer (5’); B, antisense primer (S’); 

A+C, hybrid sense primer (see Figure 5.2 and Table 5.2); Ml. 12, specific HprtHpa II site #12 

(see Chapter 5; Lock et at, 1986). Nested primers and alternative antisense primer are not 

highlighted but are contained within the sequence detailed here (primer sequences are shown 

in Table 5.2). See Figure 5.3 for map of 5’ region.

-213 AGGGCGGGCC GAGGGGCGGA GCCTGGCCGG CAGCGTTTCT GAGCCATTGC 

TGAGGCGGCG AGGGAGAGCG TTGGGCTTAC CTCACTGCTT TCCGGAGCGG

TAGCACCTCC TCCGCCGGCT TCCTCCTCAG ACCGCTTTTT GCCGCGAGCC 

GACCGGTCCC GTCATGCCGA CCCGCAGTCC CAGCGTCGTG GTGAGCCAAG 

GGGACTCCAG CAGAGCCCCA CAGCCGGGCC CCATGCGCCC GGTGGCACAG 

TGACGCAGGC CGGAGCCCTG AGGCTCCCGA GGCCCGCTCT GGGCGCTGGG
A—>

GCGGCCGGGA CTCTTTGATG GCGGGGGCGG TCAGGGATTC ATGGAGTCTG

GCTAGATGCC CCATGAGGGC GGCGGGCAGG ACGGGATGGA GGGGTTCGGG

GGTGGGGATG CCCCTCCAGT GAGCCCCGAC AGAGAGAGAG GGCAGGCTGC 
C—> M l.12

GTGTGGACCA GGAAGGTGGC AATGGCGTTG GACTTGACAT GTGCGCCCGG
<— B

CGGACGCGCG CGGTGGCAAG CGGCGGAGGG CGGCTTCAGG AAGGATCAGG 

CGCGGGGCGG GCGGGGGAGC TCTCCTGGGA GAGGGGA...
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Mousephosphoglycerate kinase {Pgk-l)(}Aon etal, 1986), 5 ’ gene sequence. Hpall sites are 

underlined. Primers flanking the specific site of interest (see below) are highlighted by bold 

type in the sequence. A, sense primer; B, anti sense primer, A+C, hybrid sense primer (see 

Figure 5.2 and Table 5.2); H7, specific Pgk-1 Hpall site #7 (see Chapter 5; Singer-Sam et al, 

1989). See Figure 5.4 for map of 5’ region.

-160 AGGGGTGGGT GCGGGGGCGG GCTCAGGGGC GGGCTCAGGG GCGGGGCGGG
A—¥

CGCGAAGGTC CTCCGGAGCC CGGCATTCTG CACGCTTCAA AAGCGCACGT
H-7 C -»

CTGCCGCGCT GTTCTCCTCT TCCTCATCTC CGGGCCTTTC GACCTCACGG

TGTTGCCAAA ATGTCGCTTT CCAACAAGCT GACTTTGGAC AAGCTGGACG
<—B

TGAAGGGGAA GCGGGTCGTG ATGAGGTAAT TCCGTACTGC TGCCCTCAAG 

CCCTCGGGGC CACATTCTCT CTGGCGTGGC AAGCACGGTT TTCCCATCAC 

CTTAAGTTGC ACTTATTITT CAGCTG...
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Chloramphenicol acetyl transferase (CAT) sequence. The sequence of the 773bp TaqVTaql 

CAT fragment, which forms part of the CAT-IgH-E transgene, derived from the pBR322- 

transposon 9 (Tn9) plasmid (Alton & Vapnek, 1979; see also Gorman et al, 1982) - containing 

Hpall sites 1, 2 and 3 - is shown in full below (see Chapter 7, Figure 7.1 for schematic of 

transgene construct). Horizontal arrows represent primers: A, sense primer 341; B, antisense 

primer 342; C, alternative sense primer 343; D, alternative sense primer 012 (see Table 7.1 

and Figure 7.2). Vertical arrows represent Taql restriction sites. The fourth Hpall site 

examined and the antisense primer (designated 072) used to amplify the 228bp sequence 

containing that site are located in the SV40 sequence flanking the CAT sequence in the CAT- 

IgH-E construct (see Table 7.1 and Figure 7.2).

START
................................... iGAGAT TTTCAGGAGC TAAGGAAGCT AAAATGGAGA

AAAAAATCAC TGGATATACC ACCGTTGATA TATCCCAATG GCATCGTAAA
A—̂

GAACATTTTG AGGCATTTCA GTCAGTTGCT CAATGTACCT ATAACCAGAC

CGTTCAGCTG GATATTACGG CCTTTTTAAAGACCGTAAAG AAAAATAAGC 
1

ACAAGTTTTA TCCGGCCTTT ATTCACATTC TTGCCCGCCT GATGAATGCT 
2

CATCCGGAAT TCCGTATGGC AATGAAAGAC GGTGAGCTGG TGATATGGGA 

TAGTGTTCAC CCTTGTTACA CCGTTTTCCA TGAGCAAACT GAAACGTTTT
3

CATCGCTCTG GAGTGAATAC CACGACGATT TCCGGCAGTT TCTACACATA

TATTCGCAAG ATGTGGCGTG TTACGGTGAA AACCTGGCCT ATTTCCCTAA

AGGGTTTATT GAGAATATGT TTTTCGTCTC AGCCAATCCC TGGGTGAGTT

TCACCAGTTT TGATTTAAAC GTGGCCAATA TGGACAACTT CTTCGCCCCC
<—C

GTTTTCACCA TGGGCAAATA TTATACGCAA GGCGACAAGG TGCTGATGCC 
D—>

GCTGGCGATT CAGGTTCATC ATGCCGTCTG TGATGGCTTC CATGTCGGCA

GAATGCTTAA TGAATTACAA CAGTACTGCG ATGAGTGGCA GGGCGGGGCG
STOP
TAATTTTTTT AAGGCAGTTA TTGGTGCCCT TAAACGCCTG GTGCTACGCC 

TGAATAAGTG ATAATAAGCG AGAAATTCi....................
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Summary

Non-random X-chrom osom e inactivation in m am m als 
was one of the first observed exam ples o f differential 
expression dependent on the gam ete o f origin o f the 
genetic m aterial. The paternally-inherited X chrom o
some is preferentially inactive in all cells o f fem ale 
marsupials and in the extra-em bryonic tissues o f  
developing fem ale rodents. Som e form  o f parental 
imprinting during male and fem ale gam etogenesis must 
provide a recognition signal that determ ines the non- 
randomness o f X -inactivation hut its nature is thus far 
unknown. In the m ouse, the im print distinguishing the X 
chromosomes in the extra-em bryonic tissues m ust be 
erased early in developm ent since X-inactivation is 
random in the em bryonic cells. Random  X-chrom osom e 
inactivation leads to cellular m osaicism  in expression  
and differential m éthylation o f active and inactive X- 
linked genes. Transgene im printing shares m any fea
tures with X -inactivation, including differential DNA  
méthylation.

In this paper we consider when m éthylation differ

ences in early developm ent affecting X-chrom osom e 
activity and im printing are established. There are 
processes of m éthylation and dém éthylation occurring in 
early developm ent, as well as changes in the activity of 
the DNA m ethylase itself. M éthylation o f a specific CpG  
site associated with activity o f the X-linked PGK-1 gene 
has been studied. This site is already m ethylated on the 
inactive X chrom osom e by 6 .5  days’ gestation, close to 
the tim e o f X -inactivation. H ow ever, differential m éthyl
ation o f this site is not the prim ary im print m arking the 
paternal X chrom osom e for preferential inactivation in 
the extra-em bryonic m em branes.

A consideration of factors influencing both X- 
chrom osom e inactivation and im printing suggests that a 
process o f com m unication and com parison between non
identical alleles m ight by the basis for the differential 
modification and expression patterns observed.

Key words: X chromosome, DNA, méthylation, 
imprinting.

Introduction

in all female mammals one or other of the two X 
chromosomes is inactivated in all somatic cells (Lyon, 
1961; reviewed in Grant and Chapman, 1988). This 
means that females are eqivalent to males with respect 
to X-linked gene dosage. Once established, X-inacti- 
vation in somatic cells is clonally inherited and 
extremely stable. The inactive X chromosome may be 
distinguished from the active X chromosome by a 
number of criteria. The inactive X chromosome is: (1) 
heterochromatic: in certain interphase cells it can be 
seen as a dark staining body, the sex chromatin or Barr 
body, in the nucleus; (2) late replicating in the cell cycle 
(Takagi and Oshimura, 1973); (3) transcriptionally 
inactive (except for a short region at one end which is 
homologous to the Y chromosome, and where pairing 
and recombination between the X and the Y occurs 
(Burgoyne, 1982); (4) differentially methylated
(reviewed in Monk, 1986).

One of the first examples of imprinting observed in 
mammals was the preferential inactivation of the 
paternally-inherited X chromosome in female m ar
supials (Cooper etal. 1971; Richardson etal. 1971;

VandeBurgh etal. 1987) and in the extra-embryonic 
tissues of rodents (Takagi and Sasaki, 1975; West et al. 
1977; H arper et al. 1982). In this paper we will review 
changing patterns of X-chromosome activity and 
méthylation in development and consider the role of 
méthylation in the initiation and specificity of inacti
vation. This specificity (or choice) of which X chromo
some will be active or inactive is affected by a number 
of factors. These influencing factors may also result in 
differential allele expression in general, i.e. whether the 
region concerned is on the X chromosome or is on an 
autosome (see Monk, 19906). In order to clarify these 
influences, we will start by defining what we mean by 
gamete-specific imprinting in the context of differential 
gene expression in general.

C lasses of imprinting

We define imprinting in a general sense as the 
differential modification and /o r expression in the 
offspring of the homologous alleles or chromosome 
regions inherited from each parent.
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Gamete-specific imprinting
Gamete-specific im printing applies to differential m odi
fication or expression of an allele depending on w hether 
its inheritance is via the sperm or the egg. The term 
‘im printing’ originally applied to gamete-specific 
im printing (Crouse, 1960), and is m ost commonly used 
in this context.

Gamete-specific im printing may be seen only in a 
particular tissue. For exam ple, in rodents the preferen
tial inactivation of the paternal X chrom osom e, 
dependent on gam ete of origin, is only seen in the extra- 
em bryonic tissues. Similarly, certain im printed trans
genes showing differential m éthylation of transgene 
sequences which depend on the gam ete of origin of the 
transgene may show tissue differences, e.g. the m éthyl
ation im print may not occur in certain tissues of the 
developing conceptus (R eik et al. 1987). In insects, the 
behaviour of the paternal set of chrom osom es may be 
different in germ line and soma (see Chandra and 
N anjundiah, this volum e). In maize, only the endo
sperm  shows im printing (Kermicle and A llem an, this 
volum e).

Strain- and species-specific imprinting 
A part from classical im printing dependent on the 
gam ete of origin of the X chrom osom e, strain 
(C attanach, 1975) and species (Zakien etal. 1987) 
differences betw een the parents also influence the 
random ness of X-chrom osom e inactivation. There may 
be a bias tow ards inactivation of a particular X 
chrom osom e depending upon its strain of origin in the 
m ouse cross (C attanach, 1975; this volum e). There are 
also similar effects, depending on the com bination of 
mouse strains in a given cross, on the degree of 
m éthylation and expression of a transgene in the 
progeny (Sapienza etal. 1989; Allen etal. 1990; Reik 
et al., this volum e).

Species differences may have even m ore pronounced 
effects: there may be preferential inactivation of a 
particular X chrom osom e from one of the species in an 
interspecific cross (e.g. in interspecific hybrid voles, 
Zakian etal. 1987). H owever, this is not a rule of 
interspecific crosses -  mules and hybrids betw een foxes 
do not show preferential X-inactivation (Serov etal. 
1978a,6 ) .

In these latter examples of strain- and species-specific 
X chrom osom e im printing, non-random  X chrom o
some expression is not concerned with w hether the X 
chrom osom e comes from the m other or the father but 
with a ‘dom inance’ of one X over the other. N everthe
less, interspecific crosses can show parental source 
effects, i.e. phenotypic differences depending on 
gam ete of origin. The classical example given is the 
horse/donkey  hybrid (Fig. 1; Chandley, 1989) although 
it has not been clearly dem onstrated that the differ
ences are due to gam ete of origin of either the horse or 
donkey genom e or to the different uterine environ
m ents when the horse or the donkey is the m other.

Allele-specific imprinting
M ention should also be m ade of allele-specific imprint-

«

F ig . 1. (A) shows a hinny (donkey mother and horse 
father) and (B) shows a mule (horse mother and donkey 
father). The hinny and the mule clearly demonstrate the 
differential roles of paternal and maternal genomes in this 
interspecific cross. These pictures were kindly provided by 
Dr Ann Chandley, MRC, Edinburgh, Scotland and 
Lorraine Travis, Hope Mount Farm, Alstonfield, 
Derbyshire, England. See Chandley (1989).

ing. Silva and W hite (1988) demonstrated that in the 
hum an a num ber of loci, distinguished by differences in 
size of tandem  repeat sequences (VNTR), may be 
differently m ethylated. The méthylation pattern 
specific for a particular allele is heritable through 
several generations. The allele appears to be irrevers
ibly modified and imprinted. If such a modification 
were to result in the silencing of expression of an allele, 
it would appear to be a mutation. Such a heritable 
modification of gene expression has been termed an 
epim utation by Holliday (1987).

X -chrom osom e activity in development

X-chrom osom e inactivation occurs in early develop
m ent. Therefore to understand the mechanisms which

1
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PGK in 6.5 day embryo tissues 

Male Female
Fig. 2. The embryonic 
lineage, epiblast (epi), 
and two extra-embryonic 
lineages, extra- 
embryonic ectoderm 
(e.e.e.) and primary 
endoderm (end), were 
dissected apart from 6.5 
day embryos and extracts 
electrophoresed and 
stained from PGK-1 
activity. The embryos 
were derived from a 
PGK-IB mother and a

PGK-1 A father. Male embryos inherit only PGK-IB on the X chromosome from the mother. Female embryos show 
random inactivation in epiblast (both PGK-1 A and PGK-IB are expressed) and non-random inactivation in the extra- 
embryonic lineages (only PGK-IB of the maternal X chromosome is expressed). A, PGK-IA control; T, testis control from 
a PGK-1 A male, showing the position of the testis-specific autosome-coded PGK-2. Data from Harper etal. (1982).

e.e .e .

end

e.e .e .

PGK-2

PGK-1 A 
PGK-IB

e.e.e.

affect inactivation and imprinting in general, we must 
investigate the early developing embryo. Changes in X- 
chromosome activity may be m onitored by the use of 
highly sensitive microassays for X-coded enzymes. For 
example, the two X chromosome from either parent 
can be marked with different alleles for the electrophor- 
etically distinguishable forms of phosphoglycerate 
kinase (PGK-1, EC 2.7.2.3). In this way we can see the 
proportions of cells in a particular tissue with one or the 
other X chromosome active. Fig. 2 shows evidence for 
preferential inactivation of the paternal X chromosome 
in the extra-embryonic tissues of 6.5 day embryos.

Using such highly sensitive assays, we and others 
(Epstein etal. 1978; K ratzer and G artler, 1978; M onk 
and Harper, 1979; Kratzer and C hapm an, 1981; M onk 
and McLaren, 1981) have established the timing and 
tissue specific patterns of X-activation, X-inactivation 
and X-reactivation in female mouse embryo develop
ment. Fig. 3 summarises these changes. Two X chrom o
somes are active during oocyte growth and m aturation, 
whilst in the later stages of sperm atogenesis the single X 
chromosome is inactive, heterochrom atic and seques
tered away from the events of meiosis in the sex vesicle. 
After fertilisation, the paternally-inherited X chrom o
some becomes active but then it is inactivated again in 
the trophectoderm and in the prim ary endoderm  as

morula

fo etu s  

XmXp orXinXp

sperm Xp

oocyte Xm

/rX"X+

germ line

epiblast
XmXp

XmXp

these extra-em bryonic tissues are form ed. Clearly, 
there is some memory mechanism (im print) distinguish
ing the paternal from the m aternal X chromosome 
when inactivation occurs in these tissues. H owever, in 
the fetal precursor cells inactivation is random . E ither 
the im print has been erased by this stage or it is not seen 
in these cells. Reactivation of the inactive X chrom o
some occurs in the germ line around the time of 
meiosis.

We are interested in the possible role of méthylation 
in these changes -  activation, inactivation, reactivation 
-  and in particular w hether méthylation is associated 
with the gamete-specific imprinting of the X chrom o
some observed in extra-em bryonic m em branes. We 
know that differential m éthylation is correlated with the 
active and inactive state of X chrom osom es in somatic 
tissues (reviewed in M onk, 1986) and that it is also 
observed for im printed transgenes (reviewed by Surani 
etal. 1988).

C hanges in X -chrom osom e activity and 
m éthylation

Several lines of evidence suggest that D N A  m éthylation 
plays a role in the m aintenance of dosage com pensation

trophecto- ' 
derm

primary
endoderm

Fig. 3. Diagrammatic representation 
XmXp of the changes in X-chromosome 

activity in female mouse embryo 
development, m, maternal; 
p, paternal; +, active; - ,  inactive. 
Reproduced with permission from 
Monk (1990a).



58 M. M onk and M. Grant

of X-linked genes. The observed m éthylation differ
ences may be sum m arised as follows (reviewed in 
M onk, 1986): (1) CpG  islands at the 5' end of X-linked 
genes are m ethylated on the inactive X chrom osom e. In 
contrast, o ther CpG  sequences in the body of X-linked 
genes may be m ore m ethylated on the active X 
chrom osom e (W olf et al. 1984; Yen et al. 1984; Toniolo 
etal.  1984; Keith etal.  1986; Lindsay etal.  1985); (2) 
certain tissues are hypom ethylated on the inactive X 
chrom osom e suggesting that there are o ther modifying 
mechanism s apart from m éthylation which m aintain the 
inactive state (M onk, 1986). For instance, CpG  sites on 
the inactive X chrom osom e are underm ethylated in 
extra-em bryonic tissues in m ouse and m an and in 
somatic tissues of m arsupials. This underm ethylation 
may explain a greater instability of the inactive state in 
these tissues (M igeon et al. 1985; Kaslow and M igeon, 
1987); (3) M sp\  and HpaW  restriction digest studies 
only look at a proportion of CpG  sites and, in addition, 
it has been shown recently that not all of these sites 
show m éthylation differences which are critically 
correlated with active and inactive status (Yen etal.  
1986; H ansen et al. 1988).

The im portant questions are when do these m éthyl
ation changes occur in developm ent and how do they 
relate to changes in X -chrom osom e activity and 
im printing? D o the m éthylation differences im print the 
X chrom osom es in the gam etes? D o they precede or 
follow inactivation or reactivation of the X-linked 
genes? Similar questions could be asked about the role 
of m éthylation in im printed transgenes, i.e. are certain 
transgenes differentially m ethylated in the sperm  and 
egg and does the observed pattern  correspond to the 
m éthylation im printing seen in the offspring?

M éthylation in early  developm ent

Very little is known about m éthylation in early 
developm ent at the time when m éthylation may be 
playing a role in im printing, i.e. determ ining preferen
tial modification a n d /o r  expression of the X chrom o
som e, transgenes and endogenous genes. Until recently 
it has been impossible to look at CpG  m éthylation of 
specific single copy genes in developm ent because of 
the shortage of biological m eterial. H ow ever, attem pts 
have been m ade to look at total m éthylation (M onk 
et al. 1987) as well as m éthylation of repetitive and low 
copy num ber sequences (Sanford etal.  1987; M onk 
et al. 1987) at various stages of developm ent. The data 
is sum m arised in Table 1 and gives the following 
picture.

The sperm  genom e is m ore m ethylated than the egg 
genom e, although both are globally undem ethylated 
com pared to som atic tissue (M onk etal.  1987). D is
persed repetitive L I sequences are m ethylated in sperm 
but underm ethylated in fetal oocytes (Sanford etal. 
1984). In the preim plantation em bryo, there is a loss of 
overall m éthylation by the blastocyst stage, occurring 
betw een the 8-cell and blastocyst stages, but this could 
be due to a lack of m éthylation in the trophectoderm

Table 1. M éthylation in development

Overall

Specialised 
and low 

copy Repetitive Satellite

Sperm 4-4- 4-4-4- 4-4-4- -
Oocyte - - - -
Blastocyst

(ICM)
+ 4 - -

Post implantation 
7.5d

Primordial germ 
cells

4-4-4- 4-4-4- 4-4-4- 4-4-4-

Extra-embryonic
cells

4- 4 -- + -

cells (which are increasing in number) rather than an 
absolute decrease (M onk etal.  1987). In the rabbit 
blastocyst the trophectoderm  is also markedly under
m ethylated com pared with the ICM (Manes and 
M enzel, 1981).

In the  preim plantation stages there is not much sign 
of de novo  m éthylation, either overall or for LI 
sequences and satellite sequences (Sanford etal. 1987). 
D etectable de novo  méthylation commences around the 
time of im plantation in the ICM of the late blastocyst 
and increases throughout gastrulation. (Since it is 
occurring independently in different lineages, it is 
potentially occurring differently in these lineages and 
may therefore be implicated in differential program
ming.) W e, and others (Lock etal.  1987; Kaslow and 
M igeon, 1987), proposed that méthylation may serve to 
lock in, or reinforce, patterns of potential gene 
transcription established by other means.

It is clear that dém éthylation is also occurring in early 
developm ent. D ispersed repetitive sequences inherited 
from the sperm  are dem ethylated in primordial germ 
cells of the progeny at some time before 11.5 days' 
gestation (M onk etal.  1987). Sperm-derived LI se
quences are also dem ethylated either before, or soon 
after, the delineation of extra-embryonic tissues. Either 
dém éthylation occurs in the preimplantation embiyo 
and the extra-em bryonic and germ line lineages 
segregate from dem ethylated precursor cells, or 
dém éthylation may occur independently in the extra- 
em bryonic tissues and germ line after their segregation. 
M éthylation is certainly very low in the germ line; this 
may be a prerequisite for reprogramming of the germ 
line to developm ental totipotency.

A lthough the data for méthylation changes in 
developm ent is fairly meagre because of the tiny 
am ounts of tissue available, there are clearly processes 
of both dém éthylation and de novo méthylation 
occurring in early developm ent.

A re we able to obtain any clues as to what is 
happening to D N A  méthylation by looking at the 
activity of m ethylase, DNA(cytosine-5)methyltransfer- 
ase, EC 2.1.1.37? Establishm ent and maintenance of 
m éthylation patterns in development will depend upon



the availability and activity of the methylase. This in 
turn will depend on the amount of enzyme inherited in 
the egg cytoplasm, the stability of the maternally- 
inherited enzyme and the time of onset of activity of the 
embryonic gene coding for the methylase. In the egg the 
low level of méthylation observed suggests that 
methylase activity might be low. The opposite turns out 
to be true.

Using a highly sensitive microassay for the methylase 
developed by Roger Adams (D epartm ent of Biochem
istry, University of Glasgow, U .K .), we showed that the 
level of maternally-inherited enzyme is extremely high 
in the egg, and that the activity is stable for the first 
three cleavage divisions but then is degraded between 
the 8-cell and the blastocyst stage (M. M onk, R. Adams 
and A. Rinaldi, unpublished data). There is a marked 
absolute decrease (10-fold) of methylase activity per 
embryo. On a per-cell basis, the fall in methylase 
activity between the egg and the blastocyst is 1000-fold. 
However, the activity in the egg is so high that, despite 
the absolute decrease and dilution of enzyme, the final 
level of enzyme activity at the blastocyst stage reaches a 
similar level to that observed in cultured cells. The 
reason for the high level of methylase activity in the egg 
isopen to speculation at this stage. Ofte possibility is 
that de novo méthylation occurs at the onset of 
development of the fertilised egg although its efficiency 
may be low.

Méthylation of specific CpG sites  in developm ent

Is differential méthylation the primary signal which 
distinguishes the sperm and egg X chromosomes for 
preferential paternal X inactivation? If not, when does 
differential méthylation occur -  at the time of inacti
vation of the expression of the X chromosome or later? 
When is the differential méthylation erased -  at the 
lime of X-reactivation or earlier, or later? A lterna
tively, do the X chromosomes in the female germ line 
escape méthylation modification? To attem pt to answer 
some of these questions we need to look at specific CpG 
sites associated with X-linked genes.

The development of the polymerase chain reaction 
(PCR) for amplification of specific DNA sequences 
allows us to look at méthylation in development more 
closely. This procedure is so sensitive that we can now 
look at changes in méthylation of informative single 
CpG sites whose méthylation is correlated with activity 
or inactivity of a gene when it is on the active or inactive 
Xchromosome (Singer-Sam etal. 1989; \990a,b).

Méthylation o f CpG o f X-Unked PGK  
This work is being done in collaboration with Judy 
Singer-Sam, Jeanne LeBon and A rt Riggs (Beckman 
Research Institute, LA, U .S .A .), and Kazuhika 
Okuyama and Verne Chapman (Roswell Park, Buffalo, 
U.S.A.) (Singer-Sam etal. 1990a). The méthylation of 
a specific CpG site in the 5' region of PGK is followed 
by PCR amplification of a sequence containing that site, 
before and after Hpall digestion. When the site
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Table 2. Méthylation o f a critical Hpa/7 site 
(designated H7) o f PGK-1 during mouse 

development"^
Gestation %
(dpc) Tissue methylationt

Female
0.5 Oocyte <10
5.5 Whole embryo 18±4
6.5 Epiblast 

Extraembryonic 
Ectoplacental cone

43±8 
40 ±7 
40±9

7.5 Embryonic
Chorion

50±11
41±6

Ectoplacental cone 57±6
13.5 Mesonephros 58
16.5 Kidney 52
Adult Spleen 51±3

Male
all stages Sperm, embryonic or adult <10

*Data from Singer-Sam etal. (1990a).
, . PCR amplification after HpaW digestion
t  % méthylation = ----------- ------------------------------- ---------

PCR amplification control

becomes methylated on the inactive X in the female, at 
some point in development, amplification will be 
resistant to HpaW digestion. When the site is unm eth
ylated, amplification is not possible after digestion with 
HpaW. Thus, amplification can not occur after HpaW 
digestion of male DNA (single active X chromosome) 
or female DN A  at a time when both X chromosomes 
are active. However, when one X becomes methylated 
at this site in the female, amplification will be 50 per 
cent that observed in control undigested female DNA 
(as half the X chromosomes will be methylated and 
resistant to cutting by HpaW). The amplification 
procedures must be quantitative and this is made 
possible by incorporating an internal standard in the 
amplification reaction (Singer-Sam etal. 1989; 
1990a,6).

Eggs, sperm, preim plantation embryonic stages, 
germ cells, and dissected tissues of ealy post-implan
tation stages are examined in this way. A small sample 
of DNA from single embryo samples allows determ i
nation of embryo sex by PCR using Y-specific primers 
(Nagamine etal. 1989; M ardon and Page, 1989). 
Samples are then cut with either HpaW or Msp\ and the 
PGK region containing the diagnostic HpaW site is 
amplified. The results (see Table 2 and Fig. 4), allow 
the following conclusions: (1) since the CpG site is not 
methylated in sperm and eggs, at least this site is not 
serving as the primary imprint to distinguish the 
maternal and paternal X chromosomes when inacti
vation of expression occurs in the extra-embryonic 
tissues; (2) the CpG site on the inactive X is already 
methylated by 6.5 days’ gestation whether X-inacti- 
vation is random , (as it is in embryonic tissue) or 
preferential paternal X-inactivation (in extra-embry
onic tissues). We still do not know precisely if 
méthylation precedes or follows transcriptional silenc-
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epc

-  +

6 .6 .6 .

-  +

PCR PGK b6for6 ( - )  and aft6r (+ )  
Hpa II digastion

6mb cT epc

-  +

6 .6 .6 .

-  +

6mb

—  +

Fig. 4. Ethidium bromide 
stained gels of an amplified 
fragment spanning the 
Hpall site 7 in the 5' region 
of the X-linked PGK gene 
(E). A standard cloned 
D N A  is included in each 
PCR reaction to allow

quantitation  of experim ental (E ) com pared to  standard  (S) amplification. The lanes show amplification of the sequence in 
D N A  from dissected regions of 6.5 day em bryos, extra-em bryonic ectoplacental cone (epc), extra-embryonic ectoderm 
(eee) and em bryonic (em b) tissues. D N A  was extracted , digested with Hpall (-f) o r mock digested ( - ) ,  the standard 
D N A  added and the PC R  reactions carried out as described in Singer-Sam et al. (1989; 1990a,b).

ing, but we do know that the events are close in time. 
M éthylation of this inform ative site is certainly occur
ring about three days earlier than the timing proposed 
by Lock et al. (1987) for H PR T.

Méthylation o f CpG sites in an imprinted transgene 
CAT17 transgenic mice are now being studied by Wolf 
Reik, Sarah H ow lett and ourselves, to determ ine 
w hether a m éthylation difference exists in eggs and 
sperm  and, if not, to determ ine the timing of the 
establishm ent of the female transm itted méthylation 
im print in developm ent. A lso, using the PCR ap
proach, we can ask w hether the m éthylation im print is 
present in the germ line of the progeny, and, if so, when 
it is erased. Prelim inary results suggest that, like the X- 
inactivation picture, m éthylation is not the primary 
im print in the sperm and egg, and in addition, the 
m éthylation im print does not appear to be present in 
the prim ordial germ cells.

Concluding rem arks

We have considered the choice of which X chromosome 
is to be active and the role of m éthylation in the 
im printing mechanism determ ining paternal X-inacti
vation in extra-em bryonic tissues of the m ouse. It is 
clear that the prim ary im print in the gam etes is not 
méthylation of a key site relating to PG K  inactivation in 
somatic tissues. The m éthylation difference for the 
PGK gene on the active and inactive X chrom osom es is 
due to de novo m éthylation in early developm ent and it 
is in place in both em bryonic (random  inactivation) and 
extra-em bryonic (paternal X-inactivation) lineages by 
6.5 days’ gestation, close to the time of X-inactivation 
itself. Prelim inary experim ents looking at m éthylation 
im printing in transgenes suggest that there may be 
parallels betw een the X-inactivation phenom enon and 
imprinting.

If we consider the factors operating in a m ore general 
context which result in differential transgene and X- 
chrom osom e modification and expression (including 
gamete-specific im printing), it appears that the differ
ence in origin of the two parental alleles or chromosome 
regions is the key factor. The differences in ancestry 
may be simply from the previous generation in the case 
of gamete-specific im printing, or may extend further 
into the past in the case of parental strain and species

differences. In interspecific crosses between fish, Whitt 
etal. (1977) have observed that the more distantly 
related the parents in the cross the greater the 
imprinting effects (non-reciprocal lethality, develop
m ental abnorm alities, preferential allele expression).

We conclude with a working hypothesis incorporat
ing all these seemingly diverse phenomena -  the cross
talk hypothesis (see M onk, 1990) which proposes the 
following; (1) communication between homologous 
regions of each chrom osom e pair allows a comparison 
of degree of similarity or difference; (2) response to 
differences detected by modification of one or both (or 
neither) homologous regions, resulting in ‘repair' by 
recom bination or gene conversion, duplication, or 
differential expression (which may be partial or 
absolute).

Irregularities between homologous chromosome 
regions may be modifications themselves, e.g. due to 
insertion (transgenes or repeat sequences), rearrange
m ent or deletion, perhaps resulting in cis-position- 
effect variegation; they could be accumulated epigen
etic modifications transm itted through the germ line 
(ancestral differences), or DNA sequence differences 
(e.g. in interspecific crosses). In the case of gamete- 
specific im printing, the differences may be memories of 
differential packaging and programming of gene ex
pression in the gam etes. Just how homologous chromo
somes (X chrom osom es or autosomes) communicate 
and perceive these differences is open to speculation at 
this stage.

We thank Judy Singer-Sam, Jeanne Le Bon and Art Riggs 
for the invaluable contribution of the quantitative single site 
m éthylation technique and their collaboration in the study of 
CpG  site m éthylation in the early embryo.
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A H palhP C R  assay was used to study DNA méthylation in individual mouse embryos. It was found that 
H pall site H-7 in the CpG island of the X-chromosome-linked Pgk-1 gene is <10%  methylated in oocytes and 
male embryos but becomes 40% methylated in female embryos at 6.5 days, about the time of X-chromosome 
inactivation of the inner cell mass.

An assay based on the use o f H p a ll  prior to the polymer
ase chain reaction (PCR) (20, 22) allowed us to study D N A  
méthylation in individual mouse embryos at the time of  
X-chromosome inactivation. We probed méthylation in the 
CpG-rich island at the 5' end o f the X-linked gene for 
phosphoglycerate kinase (Pgk-1), at a H p a ll  site (H-7) 
showing female-specific méthylation in aduh somatic tissues 
(Fig. 1). We found that site H-7 is not significantly methyl
ated in male embryos but that in female embryos DNA  
méthylation begins near 5.5 days and then rises, in both the 
embryo proper and the extraembryonic tissues, reaching 
nearly the adult level by 6.5 days.

X-chromosom e inactivation occurs in the inner cell mass 
of female mouse embryos between 5.5 and 6.5 days, at about 
the time o f implantation (3, 10), a stage when the embryo 
consists o f fewer than a thousand cells and the sex is not 
easily distinguishable. For this reason, only one prior study 
has been done correlating méthylation with X-chromosome 
inactivation in the early embryo. Lock et al. (9) pooled many 
nonsexed embryos and found that méthylation at sites in the 
first intron o f the H prt gene takes place between 9.5 and 13.5 
days, well after the time o f X-chromosom e inactivation and 
the méthylation we observe in the P gk-I  gene.

The promoter and first exon o f P gk-I are part o f a CpG 
island that has been well characterized in both mice and 
humans (Fig. 1). Eight H p a ll  sites in the human Pgk-1 
promoter and first exon are methylated only on the inactive 
X chromosome (7), as are most o f the other CpG dinucle
otides in this island (G. Pfeifer, personal communication). 
Reactivation studies using 5-azacytidine as a méthylation 
inhibitor have shown that human H-7, located 22 base pairs 
downstream o f the transcription start site, is in a region 
whose méthylation is perfectly correlated with transcrip
tional silence (4; Pfeifer, unpublished). M ouse H-7 is simi
larly located and is the most methylated H p a ll  site in the 5' 
region o f the P gk-I  gene o f fem ale-m ouse D N A  (22).

For single-embryo work, we prepared D N A  by treating 
tissues with proteinase K in guanidine hydrochloride (6) and

then determined the sex o f each embryo by performing PCR 
on a sample with Z fy  primers previously shown to be male 
specific (15) (Fig. 2). To assay for méthylation, we made use 
o f the fact that PCR amplification occurs only if the D N A  
between the two primer sites is intact. We chose PCR 
primers that flank H-7 and used a quantitative PCR proce
dure (20) to assay for //pa ll-resistan t (methylated) m ole
cules. We had previously found, using this assay, that while 
male-embryo D N A  was not amplified by PCR after H p a ll  
digestion, female-embryo D N A  was amplified, giving a sig
nal 50% that o f undigested D N A . Our interpretation was that 
site H-7 is methylated only on the inactive X chromosome 
(22). Figure 3 show s results o f the H p a ll-P C R  assay on DNA  
from ectoplacental cone, extraembryonic ectoderm , and 
embryonic ectoderm dissected from tw o 6.5-day embryos, 
one male and one fem ale, //p a ll-resistan t genomic m ole
cules were present (giving band G in lanes marked + ) in all 
three tissues o f the female but not the male embryo. The 
larger fragments seen in the lanes without H p a ll  treatment 
came from M13 D N A , which was added as a carrier and also 
as a control for com pleteness o f  H p a ll  digestion. Band I in 
Fig. 3 is the PCR product o f an internal standard, amplified 
by the same primers used for genom ic D N A . The internal 
standard was a D N A  fragment identical to genomic D N A  
except for a deletion internal to the primer binding sites (20). 
This internal standard automatically corrects for any varia-

100 bp

Xb«l

* Corresponding author.

FIG. 1. Mouse 2-kilobase X b a l  fragment showing location of 
H-7. The first exon (solid bar), part of the first intron (hatched bar), 
and the 5' region are indicated. Triangles mark the seven H pall  
sites. The inverted triangle shows the position in human Pgk-I  DNA 
of the H p a l l  site whose méthylation is most correlated with reacti
vation of the X chromosome (4). The horizontal arrows show the 
positions of primers 1 and 2,5 -C ACGCTTC AAAAGCGCACGTCT 
and 5 -CTTGAGGGCAGCAGTACGGAAT, respectively, bp. Base 
pairs.
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1 2 3 4 5 6 7 8 9  10 11
FIG. 2. Sex determination of mouse embryos. DNA was pre

pared from individual embryos as described in the legend to Fig. 3. 
The Zfy  primers used and conditions of PCR are described else
where (15, 21). Lanes: 1 to 6, 7.5-day embryos; 7 and 8, 5.5-day 
embryos; 9, 6.5-day embryo; 10, 200 pg of adult female DNA; 11, 
200 pg of adult male DNA. Arrow, Expected position of the 
618-base-pair Z fy  product. Embryos 2, 5, 6, and 9 were considered 
male; the other embryos were considered female.

tion in amplification efficiencies and allows accurate quanti
tation by measurement o f band ratios. Figure 4 show s the 
accuracy o f  the method even when 300 cells or less are used. 
The ratio o f genom ic template to internal standard D N A  
(G//) is proportional to the percentage o f uncut D N A  over 
about a fivefold range. For each embryo assayed, we used 
tw o different amounts o f internal standard (Fig. 3) to ensure 
that the ratios o f G/7 were in the linear range o f the assay.

M13< 2

M13< _

1.0-,

0.8 -

0.6 -

(9

0.4 -

0.2 -

0.0
200 40 60 80 100

% DNA uncut

FIG. 4. Standard curve. A reconstruction experiment was done 
with 3(X) cell equivalents of DNA and 300 molecules of internal 
standard in each PCR reaction. DNA from L929 cells (unmethylated 
at H-7) either cut or uncut by HpaW  was mixed in the proportions 
shown. The ratio of the intensities of the G and I bands (FIG. 3) was 
determined by densitometry as previously described (22).

The results were considered valid only when this criterion 
was met.

Adult-male D N A  and sperm D N A  are not methylated at 
H-7 (22 and our unpublished data). Méthylation of male- 
embryo D N A  w as som etim es zero and always less than 10% 
(Fig. 3), the variability possibly being due to slight contam
ination with maternal cells. O ocytes from superovulated 
fem ales also were methylated no more than 10% at H-7. 
Table 1 summarizes the data for oocytes and samples from 
female m ice. Five-and-one-half-day female embryos were 
transitional (18% methylated) and 6.5-day female embryos 
were already 40% methylated, for both the embryo proper 
and the extraem bryonic lineages. The level of méthylation of 
7.5-day fem ale em bryos w as not statistically different from 
that o f  13.5- or 16.5-day fem ale embryos (Table 1) or adult 
fem ale tissues (20, 22).

FIG. 3. H p a l l -P C R  assay of 6.5-day male and female embryos. 
EC, Ectoplacental cone; EEE, extraembryonic ectoderm, EE, 
embryonic ectoderm; - ,  without H p a l l ;  4-, with Hpall. For each 
set, the first two lanes contain 100 molecules of internal standard 
and the second two lanes contain 300 molecules of internal standard. 
Embryos of strain C57BL/6 or F1(CBA x C57BL76J) were isolated 
and dissected into the three tissues shown above by published 
procedures (13,14) and then frozen at -70°C. Cells were suspended 
in a proteinase K-guanidine hydrochloride lysis buffer containing 
2 Jig of M13 replicative-form DNA, and DNA was purified as 
previously described (20), followed by digestion with Xbal and 
H p a l l  or with X b a l  only. X b a l  was added to reduce fragment size 
and assume complete dénaturation of genomic DNA. Samples were 
checked for completeness of cutting of M13 replicative-form DNA 
by gel electrophoresis. After heat inactivation of the Hpall (20), 
samples were assayed by PCR (20, 22) in the presence of 100 to 
1,200 molecules of internal standard. The standard contained an 
internal deletion to give a PCR product 133 base pairs in length (I). 
It is otherwise identical to the genomic template, which gives a 
170-base-pair PCR product (G). Details of the synthesis of the 
internal standard by using deletion PCR are published elsewhere 
(20).
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TABLE 1. Percent méthylation of X-linked Pgk-I site 7 
in female embryos

Source of 
cells

% Méthylation (no. of embryos assayed)" 4.
Whole

embryo EC EEE EE

Embryo
5.5 day 18 ± 4 (4) 5.
6.5 day 40 ± 9 (4) 40 ± 7 (5) 43 ± 8 (5)
7.5 day 57 ± 6 (4) 41 ± 6 (5) 50 ± 11 (8)

Oocyte slO  (2) 6.
13.5-day meso 58

nephros 7.
16.5-day kidney 52
Adult spleen 51 ± 3

“ Standard deviation is shown where at least four independent determina
tions were made. EC, Ectoplacental cone; EEE, extraembryonic ectoderm; 
EE, embryonic ectoderm (epiblast). Oocytes (from superovulated females), 
embryonic mesonephros, and kidney were isolated from strain FKC57BL/6J) 
as previously described (12).

There is much evidence that cytosine méthylation is 
involved in the maintenance of X-chromosome inactivation 
(3, 11, 17), but virtually no information is available as to its 
role in the initiation or establishment of X-chromosome 
inactivation (2, 3, 11). Previous results on the X-linked Hprt 
gene were interpreted to mean that méthylation is a locking 
mechanism (9, 16), but our results suggest other possible 
interpretations as well. One possibility is that méthylation 
timing is a function of the distance from the center of 
X-chromosome inactivation (Xce) (1) and thus of the 
“ spreading” of X-chromosome inactivation. Another hy
pothesis consistent with current data is a hierarchy of sites, 
methylated at different stages. Primary sites would become 
methylated as part of the inactivation process; secondary 
and tertiary sites would become methylated later and per
haps function only to stabilize the inactive state. The previ
ous data on méthylation at the Hprt locus in embryos (9) can 
be interpreted to support this notion; méthylation of an Aval 
site is seen 4 days before méthylation of HpaW sites in the 
same intron (9.5 versus 13.5 days). A hierarchy of sites is 
also consistent with X inactivation being reversible by 
5-azacytidine in some embryonal carcinoma cells before, but 
not after, differentiation (5).

Regardless o f mechanism, it now seems clear that the 
timing of méthylation during development is site specific. A 
second finding is that, unlike the Hprt gene and repetitive 
sequences probed previously (8, 9 ,13 ,18 ,19 ), site H-7 of the 
Pgk-1 gene is similarly methylated in embryonic and extra
embryonic lineages.

This work was supported by Public Health Service grants 
GM24125 and GM33160 (to V.C.) and AG08196-01 (to A.D.R.) from 
the National Institutes of Health.
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We have identified a short, highly repetitive element within intron - 1  of the human c-Ha-ras gene. This 
element was found to be transcribed in both orientations and to be homologous to heterogeneous nonpoly- 
adenylated transcripts. The repetitive element blocked transcriptional readthrough from a strong upstream 
viral promoter but allowed unimpaired readthrough from the c-Has-ra^ promoter. We suggest that it may serve 
to prevent excessive transcription into the coding region of the gene under such circumstances as viral insertion.

Elevated expression o f the c-Ha-ra^ gene is associated  
with many important tumor types, such as breast (28), colon  
(13), and gastric (4). In addition, elevated expression o f the 
normal gene under the control o f a retrovirus long terminal 
repeat has been shown to induce tumorigenic transformation 
o f 3T3 cells (7), and activation o f the c-Ha-ruf oncogene in 
an avian nephroblastoma has been attributed to proviral 
insertion (30).

The potential importance o f c-Ha-ras transcriptional 
deregulation in tumor progression led us to examine the 
nature o f the c-H a-raj promoter and the factors which 
regulate its expression (20), and w e have recently identified 
a bidirectional c-H a-rui promoter w hose 3' end (the donor 
splice site) is located 1,105 base pairs (bp) upstream o f the 
ATG codon. The direct promoter contains 18 initiation sites 
between -1 9 6  and - 1 6  bp relative to the donor splice site 
(D). The reverse promoter contains nine initiation sites 
betw een -2 4 8  and -2 7 8  bp relative to D. A 43-bp element 
between -2 4 3  and -1 9 6  up regulates activity o f the direct 
promoter by 20- to 40-fold (20; summarized in Fig. Ic).

A highly repetitive, transcribed element in c-Ha-ms intron 
- 1. To confirm that the far upstream exon - 1  promoter 
gives rise to mature 1,400-bp c-Ha-ruf m RNA, we per
formed Northern (RNA) blot analysis, using probes derived 
from exon - 1  and the coding exon 1. Total RNA was 
prepared from EJ bladder carcinoma cells (23) and the 
human erythroleukemia cell line K562 (26). Probes derived 
both from exon - 1  and exon 1 detected a major 1,400-bp 
c-H a-rof mRNA species and a minor species o f approxi
mately 5.5 kilobase pairs (kb) (Fig. la ). To determine 
w hether the larger R N A  species represented a splicing 
intermediary, a 1.16-kb S a u l A  fragment containing intron 
- 1  was used as a hybridization probe. Surprisingly, this 
probe hybridized to highly repetitive heterogeneous RNA  
species ranging in size from approximately 7 kb to 800 bp. 
We proceeded to localize the D N A  sequence coding for 
repetitive RNA  by using a series o f probes derived from 
intron - 1 .  The 837-bp X m a \\\-S a u 3 A  probe (containing the 
3' end o f intron - 1  and coding exon 1) hybridizes to 
c-Ha-r«5 1,400-bp m R NA , whereas the 305-bp %muIII probe

* Corresponding author.

detects the repetitive species. A 130-bp %maIII-5fdl frag
ment from the extrem e 5' end o f intron -1  also hybridizes to 
repetitive R N A , whereas the 170-bp Si/II-YmolIl probe 
does not. The repetitive RNA species are mainly repre
sented in the nonpolyadenylated RNA fraction. Using mul
tiple overlapping probes, we have confirmed that the entire 
length o f the 130-bp YmuIII-^^tll fragment hybridizes to 
repetitive RNA and that sequences immediately 5' and 3'of 
this fragment do not (not shown).

To determine whether the highly repetitive RNA species is 
derived from a single (or low-copy-number) DNA sequence 
or from highly repetitive D N A , 10 pig of genomic DNA from 
the EJ bladder carcinoma cell line was digested to comple
tion with B a m H l or E co R l, electrophoresed through 1% 
agarose, and transferred to nitrocellulose. Using an 837-bp 
A'mflIII-5aM3A probe and a 170-bp Sj/II-YmoIII probe, we 
detected a single-copy 6.4-kb B a m E l  fragment and a single
copy 23-kb EooRI fragment spanning the c-Ha-ra5 gene. A 
305-bp A'wfllll probe and an 1,146-bp Sau3A probe hybrid
ized to highly repetitive D N A  ranging in size from 35 kb to 
400 bp (Fig. lb ). By serial dilution of genomic DNA samples, 
we calculate that this element is repeated approximately 
300,000 times in the genome. Computer analysis of this 
sequence reveals no resemblance to any known repetitive 
elem ent.

Pattern o f transcription within the intron -1  repetitive 
element. To analyze the transcription pattern from this 
highly repetitive elem ent, we cloned a 460-bp 5a«3A-5fld 
fragment derived from intron - 1  (in both orientations) into 
the BamHI site o f the promoterless chloramphenicol acetyl- 
transferase (CAT) vector pCO (20) (Fig. 2a). Increasing 
amounts (from 0.1 to 20 \ig  of DNA per 75-cm  ̂ flask) d 
constructs 460D-CAT, 4&)R-CAT, and pCO were intro
duced by calcium phosphate precipitation (31) into Cos 1 
cells; 48 h later, cell extracts were analyzed for CAT activity 
(15). The construct lE-CAT described by Lowndes et al. (20l 
On which the herpesvirus immediate-early [lEl promoter is 
cloned into the B a m H l site o f pCO) was included for 
comparison. Maximum CAT activity was generated by 
460D-CAT and 460R-CAT at an input concentration oflO|ig 
per flask, whereas lE-CAT reached maximum activity at 0.5 
pig per flask. CAT activity generated by the repetitive intron 
promoter was identical in both orientations and was approx-
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This chapter describes the PCR detection of méthylation changes at specific CpG sites 

during development in the DNA isolated from minute quantities of biological material, 

such as single postimplantation mouse embryos and small numbers of preimplantation 

embryos, stem cells or germ cells. We have concentrated on refining these techniques 

to look at méthylation changes of specific sites in X-linked genes associated with X 

chromosome activity. However, the general principles of the Hpa Il-sensitive PCR 

assay described here should be applicable and adaptable to specific CpG sites in other 

genes of interest.

Méthylation in development

Méthylation of the pyrimidine base cytosine is the only known modification of 

vertebrate genomic DNA. In mammals, about 2-7% of cytosine residues are 

methylated and the majority (90%) of these occur in the dinucleotide sequence 

5’CpG3’*.

There is little information on the role played by méthylation in development. Initial 

studies on local méthylation patterns revealed that tissue-specific genes are heavily 

methylated in most tissues, but are unmethylated in their tissue of expression^. On the 

other hand, housekeeping genes appear to contain CpG islands^ which are 

unmethylated in every tissue and at all stages of development"*. This clear-cut inverse 

correlation between gene expression and DNA méthylation levels strongly suggests 

that this modification inhibits RNA transcription and thus may have a function in 

controlling the appearance of gene activity during development. Most of the evidence 

in support of this hypothesis comes from transfection experiments with in vitro 

methylated DNA. While unmethylated genes are generally active following 

transfection, enzymatically methylated constructs are strongly inhibited^’̂ . Indirectly, 

these experiments suggest that DNA modification may also be the cause of inactivity 

of the endogenous tissue-specific genes present in the same cell type. Although the 

exact mechanism of transcriptional inhibition is not known, it is thought that 

methylated bases may regulate gene activity by modulating DNA-protein interactions, 

which are well known in the case of prokaryotic DNA méthylation.
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Finely tuned changes in méthylation correlated with the onset of tissue-specific gene 

expression have been studied by Jost et al (1990/, who show déméthylation of 

specific CpG sites associated with the appearance of DNAse I hypersensitivity, 

changes in specific protein-DNA interactions and onset of transcription. How these 

specific changes in méthylation occur is not known at present. However, during 

differentiation of Friend erythroleukemia cells, there is a marked, transient 

déméthylation**^ which may be associated with replacement of methylated cytosines 

by non-methylated cytosines; i.e., déméthylation could be an enzymic process. 

Although the onset of appropriate enzyme activities in specialised cell differentiation 

may be associated with fme scale adjustments of méthylation, the events of 

programming, deprogramming and reprogramming the genome may be characterised 

by more sweeping changes occurring during a period of rapidly changing patterns of 

gene activity'®.

Early mouse development is associated with large changes in DNA méthylation 

overall", for repetitive sequences, and low copy sequences'^. Using a crude method 

to look at overall méthylation Monk et al (1987)" show detectable de novo 

méthylation in the ICM cells of the late blastocyst in mouse and increasing levels of 

de novo méthylation in the fetal precursor cells during the period of implantation and 

gastrulation. The primordial germ cell DNA, both male and female, is markedly 

undermethylated and it is proposed that the germ line may escape extensive de novo 

méthylation". These early differences in méthylation in gametes and large scale 

changes in early development could be associated with processes of programming, 

deprogramming and reprogramming of the genome.

Differential méthylation has also been proposed as a basis for the onset of X- 

chromosome inactivation in female embryos. During development, inactivation of an 

X chromosome occurs first in the extraembryonic lineages as they differentiate and 

later in embryonic tissue'^*'''. The preferential inactivation of the paternal X 

chromosome in the early extraembryonic lineages'^ '  ̂ suggests that paternal and 

maternal genomes are distinguishable (imprinting). During ontogeny of the female 

germ line the inactive X chromosome is reactivated'*. Could differential méthylation
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and changing patterns of méthylation be the molecular bases for these events as well?

Until recently, the methods available to study X-linked gene méthylation were not 

sufficiently sensitive to study the initiation of X-inactivation in development. Now, the 

polymerase chain reaction (PCR) for amplification of specific DNA sequences has 

enabled us to look at developmental changes in méthylation more closely and to 

reexamine earlier and more crude data with greater sensitivity (see also ref. 19). The 

5’ regions of a number of X-linked genes have been well characterized in mice and 

several CpG sites identified as critical, i.e., in adult somatic tissues these sites are 

always methylated on the inactive X chromosome^®'^ .̂

Méthylation of single informative X-linked CCGG sites (i.e., sites which are 

methylated only when the gene is inactive) can be followed by PCR amplification of 

a sequence containing the site, before and after digestion with the methylation- 

sensitive restriction enzyme Hpa II. When the site is unmethylated (in male embryos 

with a single active X chromosome or female embryos with two active X 

chromosomes), amplification is not possible after Hpa II has cut the CCGG site in the 

sequence. At some point in development, when the site becomes methylated on the 

inactive X in the female, amplification of the sequence becomes resistant to Hpa II 

digestion. The Hpa Il-sensitive PCR approach is illustrated in Figure 1.

Tissue isolation

Embryonic and adult tissues from which DNA is derived for the Hpa Il-sensitive PCR 

assay are isolated according to procedures described elsewhere^. However, particular 

care should be taken to ensure that the instruments and media used to isolate these 

samples are, wherever possible, sterile. Ideally, the isolations should take place in an 

area remote from the amplification laboratory.

DNA preparation

DNA may be prepared from adult tissue using the standard phenol-chloroform 

procedure^^, and resuspended in KGB (see below). Small scale DNA preparations from 

embryonic samples are made using the proteinase K-guanidine hydrochloride method^®.
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which has been modified to give maximal recovery of DNA from minute quantities 

of tissue (down to 100 cells) in a short period of time; using this protocol, DNA can 

be PCR-ready in one working day. Moreover, the failure of restriction endonucleases 

to digest the DNA isolated in this way is significantly reduced in the absence of a 

sodium dodecyl sulphate (SDS) lysis buffer. Tissue samples are isolated directly into 

161.6|il of freshly prepared lysis buffer (see Table I) in a sterile, preferably siliconized 

1.5ml eppendorf tube. 1.5|Xg of 0X  174 RF (replicative form) [BRL] or M13 RF DNA 

[BCL] is included in the mix to act as a carrier and internal control for complete 

digestion by Hpa II (see below). The sample may be stored at -70“C for several 

months in this form. Otherwise, or following a period at -70°C, the sample is 

incubated at 60°C for 60-90 minutes to lyse the cells and allow the proteinase K to 

work. Following this incubation period, the lysate is spun briefly, loaded into a 1ml 

syringe (sterile) and passed through an hypodermic needle (250%) [Becton Dickinson]

10-20 times in order to shear the high molecular weight genomic DNA into smaller 

fragments. Glycogen (20mg/ml) [BCL] is added (as carrier) to the resulting suspension 

along with 3 volumes of 95% ethanol. Care must be taken to ensure that the ethanol 

and lysate are thoroughly mixed by inversion. When DNA is present in small amounts, 

yield may be improved and precipitation accelerated by storage at -70°C for 30 

minutes to overnight (although ethanolic DNA solutions may be stored indefinitely at - 

70°C). DNA is precipitated by centrifugation (at ~14000g) for 30 minutes at room 

temperature in a microfuge. The pellet is washed twice with 2 volumes of 70% 

ethanol and resuspended without drying in 40-50|il of 0.5 x potassium glutamate 

buffer (1 in 4 dilution of 2 x KGB stock: 200mM potassium glutamate [Sigma], 

50mM Tris-acetate (pH 7.5), 20mM magnesium acetate [BDH], 100|ig/ml bovine 

serum albumin (BSA) [Sigma], ImM |3-mercaptoethanol [Sigma]^^’̂ ). Re suspension 

overnight is sometimes required.

Hpa II treatment

Restriction endonucleases may be added directly to a sample resuspended in KGB. 

Prior to Hpa II treatment, DNA samples should ideally be digested with a restriction 

endonuclease which cuts outside of the sequence of interest to further reduce the 

genomic DNA to fragments of a size more amenable to PCR amplification^®.
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The DNA suspension is divided into two aliquots, one of which is treated with the 

methylation-sensitive restriction endonuclease Hpa II [New England Biolabs]: to the 

other an equivalent volume of TE8 (Tris EDTA [pH8]) is added (mock digest). The 

samples are incubated at 37°C for 60-90 minutes. Following the first incubation period 

another two enzyme additions are made: the third may be left at 37°C overnight to 

ensure completeness of cutting at the CpG site(s). Completion of digestion is 

monitored by examining the restriction pattern of carrier DNA (e.g., OX 174 RF 

DNA) from a small aliquot of the reaction mix on a 2% agarose-TBE (Tris borate 

EDTA buffer) gel. Samples in which the carrier DNA appears to be cut to completion 

by Hpa II are incubated for an additional 15 minutes at 100“C to inactivate the 

enzyme. The sample may be stored at 4'C until required for PCR assay. An Msp I 

digest may be included as a control for complete undermethylation. (The restriction 

enzymes Msp I and Hpa II are isoschizomers; they both recognise the sequence 

CCGG, but only Msp I will cut the site if the internal cytosine is methylated^’).

Primer selection

Primers should be chosen according to the general guidelines, i.e., ~50-60% G+C 

composition^®. They should flank a single Hpa II (CCGG) site of interest. Sequences 

containing the site of interest are usually limited in size by the proximity of other 

CCGG sites in GC-rich sequences. Although more than one CCGG site may be 

included in the target sequence it should be noted that interpretation of the méthylation 

pattern for a particular site will not be as clearly defined: it is advisable to restrict the 

number of CCGG sites within an amplified sequence to one. An additional set of 

primers can be included in the same reaction for the amplification of a sequence 

which does not contain an Hpa II site; this serves as a control for successful PCR 

amplification. Internal control primers should be chosen according to the same 

guidelines which apply to the selection of target primers. Their GC:AT ratio should 

match that of the target primers as closely as possible so that they amplify the control 

sequence efficiently under the same annealing conditions. So long as they meet these 

basic requirements, the internal control primers may be located in any part of the 

genome.
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Polymerase chain reaction 

An aliquot of the Hpa H- {Msp I-) or mock-digested reaction mixture, estimated to 

contain at least 600pg of DNA (equivalent to ~1(X) mouse cells), is added under the 

mineral oil to a complete PCR reaction which includes primers specific for the 

sequence containing the CpG site of interest (see Table II). Salt concentrations within 

the DNA-KGB suspension do not appear to interfere in any way with the efficiency 

of amplification. The sample DNA is amplified through successive rounds of 

dénaturation, annealing and elongation in a PCR thermal cycler; the actual conditions 

depend upon the nature and concentration of the starting DNA template^\ A positive 

DNA control should be included in the PCR.

Additional considerations

Experience suggests that, in order to amplify GC-rich DNA sequences by PCR, 

prolonged dénaturation at high temperature is required, e.g., 2 cycles of amplification 

which include dénaturation at 95“C for 4 minutes followed by a further 30-40 cycles 

which include dénaturation at 95*C for 1 minute. For particularly GC-rich sequences 

(i.e., 70% GC: 30% AT), dénaturation temperatures of 96“C have been found to be 

necessary. In order to amplify such small quantities of DNA it is sometimes necessary 

to use a large number of cycles (i.e., up to 40). Consequently, care should be taken 

not to exhaust the Taq polymerase activity through prolonged periods of dénaturation 

at high temperature over many cycles.

Under such circumstances it may be advisable to add a second aliquot of Taq 

polmerase at some stage during the cycles, although this increases the risk of 

introducing potential contaminants into the reaction mix. In such situations it may be 

preferable to use Taq polymerases which have enhanced thermostability, e.g., Amplitaq 

DNA polymerase, Stoffel fragment [Perkin Elmer Cetus] or Vent DNA polymerase 

[New England Biolabs], with half-lives of 20 minutes at 97.5*C and 95 minutes at 

100“C, respectively. Elevated levels of magnesium are required for these enzymes.

A simpler and more inexpensive method of overcoming the problems associated with 

GC-rich templates, without elevating dénaturation temperatures, may be to use
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cosolvents such as dimethyl sulfoxide (DMSO) or glycerol: optimum concentrations 

of cosolvent have to be determined empirically for each set of primers^^

Improved PCR specificity may also be achieved with 7-deaza-2’-deoxyguanosine 5’- 

triphosphate (cMGTP) (in a 3:1 mixture with dGTP): secondary structures associated 

with GC-rich templates are destabalised by cMGTP” ’̂ .

An alternative strategy would be to employ nested primers to increase the efficiency 

and sensitivity of amplification. This strategy requires two steps: In the first step, the 

target fragment is amplified with two regular primers. Then an aliquot of the PCR 

product from the first round (usually 2%) is amplified with one regular primer and a 

nested primer that is internal to the two regular primers (heminesting) or two nested 

primers (full nesting).

Precautions against contamination 

PCR products from previous experiments can be a major source of contamination. 

Consequently, a number of precautions should be observed when setting up the Hpa

Il-sensitive PCR (see also ref. 35), although they apply equally well to the preparation 

of DNA samples for use in the assay:

(1) Prepare PCR reaction mixes in an area remote from the laboratory where the final 

amplification products are analysed.

(2) Wear gloves at all stages of the procedure and ensure that they are changed before 

every entry into the set-up area. All the equipment and reagents used in the assay 

should be stored in this area.

(3) Use a set of dedicated micropipettes for setting up the PCR experiments. A 

different set of micropipettes should be used for pipetting the final amplification 

products and these should be kept in the amplification laboratory.

(4) Aliquot all PCR reagents, stocks and dilutions (where appropriate), i.e., primers, 

10 X PCR buffer and dNTPs.

(5) Autoclave all tips, tubes and double-distilled water.

With these precautions reaction mixes can be prepared on the open bench in the PCR
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set-up area. A reaction mix which does not contain DNA should be included in every 

PCR as a control for contamination.

Gel electrophoresis and quantitation 

Following amplification, a 20|xl aliquot of the reaction mix (plus bromophenol-blue 

marker dye or equivalent loading buffer) is electrophoresed on a 3-4% agarose-TBE 

gel, containing 2|ig/ml ethidium bromide, and the bands viewed directly under 

shortwave ultraviolet (UV) light. Méthylation may simply be scored as plus or minus. 

The absence of a band on the gel in the Hpa II track suggests that the site is 

unmethylated. Conversely, the presence of a band in the Hpa II track suggests that the 

site is methylated. Photographed under UV light onto technical film (Polaroid 665), 

band intensities may be measured from the negative using a densitometer and the 

degree of méthylation determined by comparing the cut with the uncut signal (see 

example below).

The Hpa Il-sensitive PCR assay has been used to examine méthylation changes 

associated with X chromosome activity during mouse embryonic development. Primers 

which flank single informative CCGG sites (i.e., sites which are methylated only when 

the gene is inactive) in the mouse Pgk-1 and G6pd genes have been chosen (see 

Figure 2 and Table III). An additional set of primers are included for the amplification 

of a control sequence (without an Hpa II site) to show successful PCR and aid 

quantitation.

Interpretation o f Data 

Figure 3 shows amplification of only the G6pd sequence, in adult male and female 

DNA and a 1:1 mixture of male and female DNA, but is also representative of the 

Pgk-1 result (data not shown). Where the DNA is uncut, two bands are observed on 

the gel resulting from amplification of the sequence containing the critical site of 

interest (E) and the control sequence (S). Amplification of the G6pd sequence 

containing the critical site (E) is prevented by prior Hpa II digestion of male DNA 

(single active X chromosome unmethylated at this site) and is halved by prior Hpa II 

digestion of female DNA (one active X chromosome unmethylated at this site, one
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inactive X chromosome methylated at this site). For the 1:1 mixtures of male and 

female DNA, 30 per cent of the signal remains (as determined by densitometry) which 

is clearly visible. This result is highly reproducible.

Summary

Hpa Il-sensitive PCR amplification provides a rapid and highly reproducible way of 

detecting méthylation of specific CpG sites in any gene of interest from as few as 100 

cells. The whole procedure, from DNA preparation to gel electrophoresis of the PCR 

products can take as little as two working days.
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TABLE I

Proteinase K-Guanidine Hydrochloride Lysis Buffer

Reagent" [Stock]'’ Volume*’

Guanidine Hydrochloride 6M 140 pi

Ammonium Acetate 1.5M 10 pi

Sarkosyl 20% 10 pi

Proteinase K‘' 20mg/ml 1.6pl

Total volume per sample: 161.6|il

"Reagents are obtained from BDH, with the exception of proteinase K which is 

obtained from Sigma.

'’Stock solutions are prepared in a location remote from the PCR amplification 

laboratory, filter-sterilised in a laminar flow hood, aliquoted and stored at room 

temperature.

T^ysis buffer is made up freshly as required. For multiple samples, a master mix is 

prepared and aliquoted as appropriate.

‘'Proteinase K is stored in solution (with sterile HgO) at -20“C. After use, thawed 

aliquots should be discarded.
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TABLE II 

Preparation of the PCR reaction mix*

Component’’ Volume
(Added in sequence shown)

Sterile, double-distilled H2O (x-y)  ̂p,l

lOx PCR buffer 5 p.1
M gClj,

dNTPs mix (1.25mM each) 16 |il

5’ primer, 50 picomoles 1 p.1

3’ primer, 50 picomoles 1 |xl

Taq polymerase, 5Units/|il 0.5|xl

Overlay with 50|il of mineral oil 

Add DNA (under oil)'’ y |xl

Total volume per sample: 50 jil

Final Concentration

lX(10mAf'nis-Ha[pH83]. 15mM 

50mA/ KCl, 0.01% gelatin) 

400|iM each dNTP 

50 picomoles 

50 picomoles 

2.5Units

*The conditions shown here have been optimised for amplification of mouse Pgk-1 and 

G6pd genes. Primers sequences are shown in Table III.

’’Reagents are obtained from Perkin Elmer Cetus. lOx PCR buffer, dNTPs, primers and 

Taq polymerase are stored at -20“C. After use, thawed aliquots are discarded. 

‘’Volume of water (x) required depends on volume of DNA sample (y).

‘’DNA is added in area remote from PCR set-up.
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TABLE in

Primers used in the Hpa Il-sensitive PCR assay

Gene Primers Product size

G-6pd^ 5 -GCCCATGAGGACTAGACCTT 214bp

3 ACATCCACTGTGGGCAGCTA

Pgk-1 " 5 -CACGCTTCAAAAGCGCACGTCT 170bp

3 ’-CITGAGGGCAGCAGTACGGAAT

Control 5 -ACTCGCCCCATTTTCAAGGC 150bp

3 AGCTGCTAGTTTGGCTTCGG

‘D.Toniolo, M.Fillipi, R.Dono, T.Lettieri and G.Martini, Gene 102, 197-203 (1991)^.

‘’J.Singer-Sam, T.P.Yang, N.Mori, R.L.Tanguay, J.M.LeBon, J.C.Flores and A.D.Riggs, 

in "Nucleic Acid Méthylation" (G.Clawson, D.Willis, A.Weissbach and PJones, eds), 

UCLA Symp., Molecular and Cellular Biology, New Series 128, Alan R.Liss, New 

York, 1989'".

The control primers, which can be used with either set of target primers, are located 

in the 5’ untranslated region of the mouse G6pd gene (not shown in map in Figure 2).
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Figure 1. A schematic representation of the polymerase chain reaction detection of 

CCGG méthylation.
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Figure 2. Schematic diagram of the 5’ regions of the mouse G6pd^ and Pgk-1  ̂genes. 

Hpa II sites are represented by triangles. Each of the sequences amplified by PCR 

contains one critical Hpa H site. Primers flanking these sites are represented by 

horizontal arrows. Unshaded bars, 5’ untranslated regions; shaded bars, exons; hatched 

bars, introns; bp, base pairs.

•D.Toniolo, M.Fillipi, R.Dono, T.Lettieri and G.Martini, Gene 102, 197-203 (1991).^  ̂

*’J.Singer-Sam, T.P.Yang, N.Mori, R.L.Tanguay, J.M.LeBon, J.C.Flores and A D.Riggs, 

in "Nucleic Acid Méthylation" (G.Clawson, D.Willis, A.Weissbach and P.Jones, eds), 

UCLA Symp., Molecular and Cellular Biology, New Series 128, Alan R.Liss, New 

York, 1989^".
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Figure 3. PCR analysis of X-linked G6pd CpG méthylation in male (cf)(lanes 1 and 

2) and female (?)(lanes 3 and 4) adult somatic DNA and a 1:1 mixture (lanes 5 and 

6) of these DNAs. 600pg of starting DNA is subjected to 40 rounds of PCR 

amplification: 2 cycles of 95"C for 4 minutes, 60“C for 1 minute and 73“C for 1 

minute, followed by 38 cycles of 95'C for 1 minute, 60*C for 1 minute and 73°C for 

1 minute. Ethidium bromide-stained 3% agarose-TBE gel. Band sizes are shown in 

base pairs (bp). Abbreviations: E, sequence containing specific CpG site of interest; 

S, internal standard; -, mock-digested DNA; -f, DNA sample treated with Hpa II; 0 , 

negative control (HgO added to reaction mix in place of DNA); MW, molecular weight 

marker {Mae III fragments of OX 174 RF DNA [1353,1078, 872, 603, 310, 281/271, 

194, 118, 72bp]).
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Introduction

The X chromosome in placental mammals is subject to a unique system of 

developmental regulation which involves the coordinate activation and inactivation of 

all or most of an entire chromosome in a d5-limited fashion. Females begin life with 

two active X chromosomes but, in the course of their development, genes on one of 

these X chromosomes become transcriptionally silent and late replicating (reviewed 

by Grant & Chapman, 1988). X-inactivation results in dosage compensation whereby 

female (XX) somatic cells become equivalent to male (XY) cells in terms of their X 

linked gene products (Lyon, 1961, 1972).

The inactivation event in the embryonic lineages is random with respect to the 

parental origin of X chromosomes such that the developing embryo and resulting adult 

is a mosaic of cells with one or the other X chromosome active (McMahon et a/, 

1983). However, X-inactivation is non-random in female marsupials (Cooper et al, 

1971; Richardson et al, 1971; VandeBerg et al, 1987) and in the extraembryonic 

tissues of developing female rodents (Takagi & Sasaki, 1975; West etal, 1977; Harper 

et al, 1982); in these cases, the paternally-inherited X chromosome is preferentially 

inactivated. Paternal X-inactivation is one of the best known examples of imprinting, 

i.e., the differential expression of the genetic material dependent on its gamete of 

origin.

It has been suggested that imprinting of the X chromosome and of autosomal regions 

are manifestations of the same phenomenon and that evidence from X-inactivation 

studies may help to elucidate factors responsible for the imprinting of autosomal genes 

(Monk & Grant, 1990; Cattanach & Beechey, 1990). Although the molecular 

mechanisms which underly the phenomena of X-inactivation and imprinting have 

remained elusive, there is growing evidence that DNA modification, in the form of 

cytosine méthylation, may be involved. There is considerable evidence that DNA 

méthylation is associated with changes in chromatin structure and potential for gene 

expression and critical méthylation changes in the promoter regions and other sites 

correlate with X-linked gene silencing on the inactive X chromosome.
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In this paper, we review X-chromosome activity and imprinting in the light of new 

data about méthylation changes at specific CpG sites in early development.

X-chromosome activity in development

Developmental changes in X-chromosome activity have been examined extensively 

using a variety of techniques (reviewed by Cartier & Riggs, 1983; Grant & Chapman,

1988). The timing and tissue-specific patterns of X-activation, X-inactivation and X 

reactivation in mouse embryonic development are summarized in Figure 1.

During spermatogenesis the single X chromosome is inactive, heterochromatic and 

sequestered away from the events of meiosis in the sex vesicle. In oogenesis, however, 

two X chromosomes are active during meiosis and oocyte growth (Epstein et al, 1978; 

Monk & Harper, 1978). At fertilization, the paternal X chromosome is activated and 

two X chromosomes are active in the female embryo (Epstein et al, 1978; Kratzer & 

Gartler, 1978; Monk & Harper, 1978). X-inactivation does not occur in all cells of the 

developing embryo at the same time. The switch is developmentally controlled and X- 

inactivation occurs first in the cells of the trophectoderm and the primitive endoderm, 

concomitant with their differentiation, at or prior to 3.5 (Takagi et al, 1978; Monk & 

Harper, 1979) and 4.5 (Kratzer & Gartler, 1978; Sugawara et al, 1985) days’ 

gestation, respectively.In the embryo proper, X-inactivation occurs in virtually all cells 

by 5.5-6 days’ gestation (Monk & Harper, 1979; Rastan, 1982; Takagi et al, 1982). 

The primordial germ cells of the developing embryo appear to be similar to somatic 

cells with respect to single active X-chromosome expression but, unlike somatic cells, 

the inactive X chromosome is reactivated in oogonial stages prior to the onset of 

meiotic prophase (Gartler et al, 1975; Johnston, 1981; Kratzer & Chapman, 1981; 

McMahon et al, 1981; Monk & McLaren, 1981).

Non-random X-chromosome inactivation in the extraembryonic lineages of rodents 

was one of the first recorded examples, in mammals, of differential expression 

dependent on parental origin. Since X-inactivation is random in embryonic cells, the 

memory mechanism, or imprint, which initially distinguishes the X chromosomes in 

the extraembryonic lineages, must be erased early in development. Little is known
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about whether paternal X-inactivation occurs in other eutherian mammals. In the non- 

placental marsupials, non-random X inactivation occurs in somatic cells.

Imprinting

The genetic information contributed by eggs and sperm to development of embryos 

was until recently assumed to be equivalent. However, evidence now suggests that in 

the mouse, and perhaps in all mammals, the parental genomes have complementaiy 

roles to play during development (Surani et al, 1984; McGrath & Solter, 1984; 

Cattanach & Kirk, 1985). Functional differences between the parental genomes 

presumably arise as a consequence of specific modifications of the homologous 

chromosomes in the female and male germline, when they are exposed to different 

epigenetic factors during oogenesis and spermatogenesis. These gamete-specific 

modifications of the parental chromosomes presumably interact in the zygote and are 

subsequently propagated to influence events throughout development.

The term "chromosomal imprinting" was originally applied by Crouse (1960) to the 

mechanism that led to selective paternal chromosome elimination in the soma and 

germ line of the fly, Sciara. Imprinting as gamete-specific genetic modification has 

since been observed in a diversity of biological systems (reviewed by Monk & Grant, 

1990) involving studies at the level of whole nuclei (Surani et at, 1986; McGrath & 

Solter, 1984), chromosome sets (in insects; Nur, 1990), individual chromosomes (the 

X; Monk & Grant, 1990), chromosome regions (Cattanach & Beechey, 1990) and 

individual genes (Barlow et al, 1991; Bartolomei et al, 1991; DeChiara et al, 1991). 

It is possible that all imprinting effects, including paternal X-inactivation in the mouse, 

represent diverse manifestations of the same basic phenomenon. However, the nature 

of this basic phenomenon is yet to be elucidated. Given a potential common ancestry, 

information on paternal X-inactivation could help to elucidate factors which underly 

imprinting effects seen for autosomal regions and genes.

In addition to gamete-specific imprinting of the X chromosomes, strain (Cattanach, 

1975) and species (Zakien et al, 1987) differences between the parents also influence 

the randomness of X-chromosome inactivation. Transgene imprinting shows similar
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effects; the degree of méthylation and expression of a transgene in the progeny may 

also depend on the combination of mouse strains in a given cross (Sapienza et al, 

1989; Allen et al, 1990; Reik et al, 1990). There are other similarities, e.g., cellular 

mosaicism with different proportions of cells with the transgene or a particular X 

chromosome active in different individuals (McMahon et al, 1983; McGowan et al,

1989) and differential expression of X-linked genes and transgenes correlated with 

allele-specific variation in méthylation. The additional component in X-inactivation, 

unlike the imprinted transgene, is that the inactivation spreads to encompass the whole 

X chromosome. In this property, X-inactivation may be likenend to differential allele 

expression observed in c/5-position effect variegation in Drosophila where wild-type 

genes are variably expressed in euchromatin which has been translocated next to 

heterochromatin (Tartof & Bremer, 1990).

It has been suggested that X-inactivation is most likely to be a multistep process 

(Holliday & Pugh, 1975; Monk, 1986), although the precise mechanisms of 

establishment and maintenance of the inactive X chromosome are unknown. Once 

established, the silencing of the genes on the inactive X chromosome is extremely 

stable and heritable within any somatic cell lineage.

DNA méthylation in early development

Méthylation of cytosine residues in vertebrate DNA has a regulatory role in that 

méthylation of specific sites in the vicinity of certain genes suppresses transcription 

of those genes (reviewed by Doerfler, 1983). However, little is known about how 

specific patterns of méthylation are established in early development due to the lack 

of sufficiently sensitive techniques to analyse the DNA in the amount of tissue 

available. Variation in overall DNA méthylation clearly occurs during normal 

development. Monk et al (1987) described an initial loss of overall genomic 

méthylation during preimplantation development, followed by de novo méthylation 

occurring to different degrees in the embryonic, extraembryonic and germ cell 

lineages. Other studies show that repetitive DNA sequences are substantially 

undermethylated in all derivatives of two extraembryonic cell lineages in early mouse 

embryos, whereas DNA of the postimplantation embryonic lineage is highly
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methylated (Chapman et al, 1984; Sanford et al, 1985; Monk et al, 1987). This tissue- 

specific méthylation pattern correlates with the specificity of X-inactivation 

(preferential paternal X-inactivation) in these lineages in female conceptuses. 

However, it is not known whether the overall méthylation difference is associated with 

the imprinting of the X chromosomes in extraembryonic lineages.

DNA méthylation and X-inactivation

X-inactivation is thought to be initiated near the genetically defined X-inactivation 

centre QCce, Cattanach etal, 1970; orXist, Borsani etal, 1991; Brockdorff etal, 1991) 

but may also depend on other controlling sequences necessary for the coherent 

regulation of the whole chromosome (Monk, 1986; Riggs, 1990). Since the suggestion 

by Holliday and Pugh (1975) and Riggs (1975) that méthylation might provide a 

molecular mechanism for X-chromosome inactivation in female cells, many 

correlations between méthylation and X-linked gene function have been recorded 

(reviewed by Monk, 1986). Extensive studies involving 5-azacytidine-induced 

reactivation of X-linked genes (Mohandas et al, 1981; Graves, 1982; Lester et al, 

1982; Hors-Cayla et al, 1983; Grant & Worton, 1989), transfection experiments with 

the X-linked Hprt gene (Liskay & Evans, 1980; Lester et al, 1982; Venolia & Gartler, 

1983) and methylation-sensitive restriction enzyme analyses show that there are 

regions of the mouse and human X-linked genes that are methylated only on the 

inactive X-chromosome. These include the normally methylation-free CpG-rich islands 

(Bird, 1986) of X-linked housekeeping genes, e.g., hypoxanthine 

phosphoribosyltransferase (Wolf et al, 1984b; Yen et al, 1984; Lock et al, 1986), 

glucose 6-phosphate dehydrogenase (Wolf et al, 1984a; Toniolo et al, 1984; Toniolo 

et al, 1988) and phosphoglycerate kinase (Keith et al, 1986).

Méthylation of X-linked genes in development

The 5’ regions of a number of X-linked genes have been well characterized in mice 

and several CpG sites identified as critical, i.e., in adult somatic tissues these sites are 

always methylated on the inactive X chromosome (Lock et al, 1986; Yen et al, 1986; 

Hansen et al, 1988; Toniolo et al, 1991). Until recently, the methods available to 

study X-linked gene méthylation were not sufficiently sensitive to study the initiation
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of X-inactivation in development. Now, the polymerase chain reaction (PCR) for 

amplification of specific DNA sequences has enabled us to look at developmental 

changes in méthylation more closely and to reexamine earlier and more crude data 

with greater sensitivity (see also Singer-Sam et al, 1990).

Méthylation of single informative X-linked CCGG sites (i.e., sites which are 

methylated only when the gene is inactive) in mouse G6pd and Pgk~l genes can be 

followed by PCR amplification of a sequence containing the site, before and after 

digestion with the methylation-sensitive restriction enzyme Hpa II. At some point in 

development, when the site becomes methylated on the inactive X in the female, 

amplification of the sequence becomes resistant to Hpa II digestion. When the site is 

unmethylated (in male embryos with a single active X chromosome or female embryos 

with two active X chromosomes), amplification is not possible after Hpa II has cut the 

CCGG site in the sequence. The //pall-sensitive PCR approach is illustrated in Figure 

2 .

DNA from eggs, sperm, preimplantation embryos, dissected tissues of postimplantation 

stages, germ cells and embryonic stem cells was examined in this way. The results are 

summarised in Table 1 and represented diagrammatically in Figure 3.

The CCGG sites studied were unmethylated in the male throughout development and 

in the adult (the single X chromosome in the male is active) as well as in 

spermatogenesis (where the single X chromosome is inactive). It would appear that 

méthylation is not the primary mechanism by which the paternal X chromosome is 

imprinted in the sperm so as to be distinguished from its maternal counterpart in the 

extraembryonic lineages of the developing embryo.

In keeping with the observation that both X chromosomes are active in female 

preimplantation embryos we see no sign of méthylation at these critical sites in the 

G6pd and Pgk-1 genes up to the blastocyst stage. Interestingly, a difference emerges 

soon after: whilst the G6pd site remains unmethylated up to 5.5 days’ gestation, the 

Pgk-1 site becomes methylated in blastocysts and their inner cell masses (ICMs) at 3.5



days’ gestation.

It is noteworthy that, since Pgk-1 is more closely linked to the X-inactivation centre 

{Xce) than G6pd, our data appear to fit the theory that méthylation timing may be a 

function of the distance from the Xce and thus of the "spreading" of X-chromosome 

inactivation (Cattanach & Papworth, 1981). In keeping with this hypothesis Lock et 

al (1987), using Southern blot analysis, showed that méthylation of the 5’ sequence 

of the Hprt gene was not initiated in the embryonic tissue until about 8.5 days’ 

gestation, several days after X-inactivation had occurred. The Hprt gene is an even 

greater distance from the inactivation centre than G6pd. The model for progressive 

méthylation of genes on the inactive X chromosome is shown in Figure 4.

A striking observation is the continuity of the unmethylated status of these genes 

throughout early development and the germ line even at times when one X 

chromosome is inactive. In contrast to the rest of the female egg cylinders from which 

they were isolated the 7 days’ gestation female primordial germ cells were 

unmethylated on their inactive X chromosome. In addition, premeiotic primordial germ 

cells at 11.5 days’ gestation are unmethylated. After reactivation at 12.5 days’ 

gestation the germ line remains unmethylated. It would seem, therefore, that the 

absence of méthylation of genes on the inactive X in the germ line is not due to a 

déméthylation event but an escape from méthylation. These results confirm earlier 

findings that the primordial germ cell DNA is strikingly undermethylated overall and 

appears to escape de novo méthylation (Monk et al, 1987; see also Driscoll & Migeon,

1990).

Concluding remarks

Our experiments addressed three main questions: namely, what is the role of 

méthylation in the changes in X-linked gene activity observed with (1) preferential 

paternal X-inactivation in extraembryonic tissues (imprinting), (2) the timing of X- 

inactivation in extraembryonic and somatic cells and (3) X-inactivation and - 

reactivation in the germ line.
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Our results show that the primary imprint in gametes distinguishing the paternal X 

chromosome in the extraembryonic lineages is not the méthylation in sperm of critical 

sites relating to X-linked gene inactivation in somatic tissues. The méthylation 

difference between genes on the active and inactive X chromosomes is due to de novo 

méthylation in early development and in both the embryonic (random inactivation) and 

extraembryonic (paternal X-inactivation) lineages by 3.5 days’ gestation (in the case 

of Pgk-1), at the time of X-inactivation itself and by 5.5 days’ gestation (in the case 

of G6pd). However, the germ line escapes this de novo méthylation. The lack of 

méthylation throughout preimplantation development and into the germ line may be 

the basis of the continuity of developmental totipotency in the germ line.
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Table 1: X-linked gene CpG méthylation in development (numbers represent days* post 

coitum; ES, embryonic stem cells; 1-C, one cell embryos; 8-C, eight cell embryos; MOR, 

morulae; BL, blastocysts; ICM, inner cell masses; EMB, embryo proper, EEE, extraembryonic 

ectoderm; GC, primordial germ cells; NB OOC, new bom oocytes; M OOC, mature oocytes; 

+, methylated; variably detectable méthylation; -, unmethylated).

Pgk-1 G6pd
Preimplantation stages

1-C

8-C

MOR

BL +/-

ICM +/-

Postimplantation stages

5.5 EMB + 4-

7.5 EMB + +

7.5 EEE + +

Germ cells 

7.0

12.5

18.5

NB OOC 

M OOC 

SPERM

Adult

& +

$  - +

Embryonic stem cells 

cT

Î  -
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Figure 1: A diagrammatic representation of the pattern of X-chromosome activity during 
development of the female mouse embryo (M, maternal; P, paternal; +, active; -, inactive).
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Figure 2: The Hpa Il-sensitive PCR method.
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Figure 3: Changes in DNA méthylation of X-linked genes during early female embryonic 

development. Méthylation is first observed on Pgk-1 at 3.5 days’ gestation and on G 6pd  at 5.5 

days’ gestation. By 7.5 days’ gestation, méthylation of both genes has reached adult levels in 

both embryonic and extraembryonic tissues. The geim line escapes méthylation in toto. (Grant, 

Zuccotti & Monk, in press).
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Figure 4: Model of progressive méthylation of X-linked genes involving the initiation of X- 

inactivation at the X-inactivation centre (Xce).
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DNA modification in higher eukaryotes, which is primarily in the form of 5- 

methylcytosine (5mC) and occurs predominantly in the dinucleotide 5’CpG3’, has 

been implicated in the regulation of gene expression, X-chromosome inactivation and 

genomic imprinting (1).

Here, we describe the PCR detection of méthylation changes at specific CpG sites 

during mouse development in the DNA isolated from minute quantités of biological 

material (down to ~1(X) cells). Although we have concentrated on refining these 

techniques to look at méthylation changes of specific sites associated with X 

chromosome activity, the general principles of the assay should be applicable and 

adaptable to specific sites in other genes of interest.

PCR amplification has enabled us to look at changes in méthylation associated with 

X-chromosome inactivation more closely than was previously possible and to 

reexamine earlier and more crude data with greater sensitivity (2,3). The 5’ regions 

of a number of X-linked genes have been well characterized in mice and several CpG 

sites have been identified as critical in the control of gene expression, i.e., in adult 

somatic tissues these sites are always methylated on the inactive X chromosome 

(4,5,6,7).

DNA is prepared from embryonic samples using the proteinase K-guanidine 

hydrochloride method (8), resuspended in potassium glutamate buffer (KGB,9) and 

treated with the méthylation-sensitive restriction enzyme Hpa II. Completion of 

digestion is monitored by examining the restriction pattern of carrier DNA (e.g., 0X  

174 RF DNA) from a small aliquot of the reaction mix. Hpa II is heat inactivated at 

IOO°C for 15 minutes and an aliquot of DNA added to a complete PCR reaction mix 

containing primers which flank the CpG site of interest (3).

Méthylation of single informative X-linked CCGG sites (i.e., sites which are 

methylated only when the gene is inactive) in mouse G6pd and Pgk-1 genes can be 

followed by PCR amplification of a sequence containing the site, before and after 

digestion with Hpa II. At some point in development, when the site becomes
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methylated on the inactive X in the female, amplification of the sequence becomes 

resistant to Hpa H digestion. When the site is unmethylated (in male embryos with a 

single active X chromosome or female embryos with two active X chromosomes), 

amplification is not possible after Hpa II has cut the CCGG site in the sequence.

We find that méthylation of critical CpG sites of two X-linked genes occurs 

asynchronously during mouse development whereas the germ line escapes méthylation 

(10). The méthylation process may be progressive in that it occurs earlier for the Pgk- 

1 gene which is located close to the X-inactivation centre.

A similar approach may be adopted to look at the méthylation of specific CpG sites 

in any system in which site-specific méthylation appears to be correlated with gene 

expression, chromosomal activity or imprinting. Allele-specific Hpa E-sensitive PCR 

already shows promise in carrier diagnosis for X-linked gene disorders (11).
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As an approach to the understanding of the molecular mechanisms of initiation 

and imprinting of X-chromosome inactivation, we investigate méthylation of 

specific CpG sites of X-linked Pgk~l and G6pd genes throughout female mouse 

development. Méthylation occurs around the time of inactivation and earlier for 

Pgk-1 which is closer to the X-inactivation centre. In female primordial germ 

cells, the inactive X chromosome escapes méthylation; this may underly the 

reversibility of inactivation at meiosis. Similarly, the genes are unmethylated on 

the inactive X chromosome in sperm; hence, the imprint specifying preferential 

X-inactivation in extra-embryonic tissues must reside elsewhere.

Dosage compensation for X-linked gene products in female (XX) and male (XY) 

mammals is achieved by genetic inactivation of one of the two X chromosomes in the 

female \  The inactivation event occurs in female mouse embryos around the time of 

implantation. The paternal X chromosome is preferentially inactivated in the 

extra-embryonic lineages (one of the first examples of imprinting in mammals) 

whereas inactivation is random in the embryonic lineage  ̂^ The inactive state of one 

X chromosome is stable and heritable in female somatic cells. In the female germ line, 

however, inactivation is reversible the inactive X chromosome is reactivated again 

at the time of meiosis (reviewed in refs 12 and 13). There is substantial evidence that 

DNA méthylation is correlated with the maintenance of inactivation of genes on the 

inactive X chromosome in adult female somatic tissues (reviewed in refs 12 and 14). 

Extensive analysis of the human PGK-1 (phosphoglycerate kinase) promoter region 

by ligation-mediated PCR sequencing has shown that the majority of CpG 

dinucleotides are methylated on the inactive X chromosome; however, specific CpG 

sites may be more important in the maintenance of inactivation

Less is known about the role of méthylation in the initiation of X-inactivation during 

female embryonic development Several studies suggest that méthylation occurs after 

inactivation. Lock et al did not detect méthylation of the Hprt (hypoxanthine 

phosphoribosyl transferase) gene on the inactive X chromosome in the mouse until 

several days after the inactivation event. Subsequently, Singer-Sam et at detected 

méthylation of the Pgk-1 gene at 5.5 days* gestation, closer to the time of X-



2

inactivation. Other studies have suggested that X-inactivation can occur without X- 

linked gene méthylation in the human germ line. In human fetal germ cells, Driscoll 

and Migeon showed undermethylation at a number of CpG sites for six X-linked 

genes, and, more recently, Singer-Sam et al found the human PGK-1 gene to be 

unmethylated at a specific CpG site (designated H8). Earlier, Monk et al showed 

a general undermethylation of primordial germ cells (PGCs) in the mouse, and 

hypothesized that the germline may escape méthylation.

In this paper, we examine the méthylation of two X-linked {Pgk-1 and glucose-6- 

phosphate dehydrogenase, G6pd) genes at all stages of mouse embryo development 

to further investigate the role of méthylation in the initiation of inactivation, the 

reversibility of inactivation in the female germ line and in imprinting of the paternally 

inherited X-chromosome.

//pûll-sensitive PCR

In order to examine méthylation in the very few cells of the early embryo, we use the 

polymerase chain reaction (PCR) to amplify specific DNA sequences containing single 

CCGG sites sensitive to digestion by Mspl and Hpall There are specific CCGG 

sites located in the 5’ regions of the mouse Pgk-1 and G6pd genes which are always 

methylated on the inactive X chromosome: site H7 located in the 5’ promoter region 

of the mouse Pgk-1 (analogous to the human HpalL site H8) and site H7 in the first 

intron of mouse G6pd Méthylation of these sites can be detected by PCR 

amplification, using primers which flank the sites, before and after Hpall digestion of 

genomic DNA (see Methodology) . When a site is methylated on the inactive X 

chromosome, amplification of the sequence around that site is resistant to Hpall 

digestion. When a site is unmethylated (male embryos with a single active X 

chromosome or female embryos with two active X chromosomes), it will be cut by 

Hpall and amplification is not possible.

The validity of the //pall-sensitive PCR approach is shown in Figure 1. Where the 

DNA is uncut by HpaU (-), the G6pd sequence is amplified (E) along with a control 

sequence (S). Where the samples are treated by prior Hpall digestion (+),
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amplification of the G6pd sequence is prevented for male DNA (single active X 

chromosome unmethylated at this site) and is halved for female DNA (one active X 

chromosome unmethylated at this site, one inactive X chromosome methylated at this 

site). For the 1:1 mixtures of male and female DNA, 30 per cent of the signal remains 

(as determined by densitometry) and is clearly visible. This is important since, pre

implantation embryos (see below) are collected in batches of 200 to 400 and will 

contain approximately 50 per cent male and 50 per cent female embryos. Similar 

results were obtained for the Pgk~l gene sequence (data not shown).

Méthylation of CpG sites in pre-implantation embryos

X-linked gene méthylation in pre-implantation embryos has not been previously 

studied.

Figure 2a shows typical results for amplification of the G6pd and Pgk-1 sequences in 

1-cell, 8-cell, morula and blastocyst (3.5 d.p.c.) stages and in isolated inner cell 

masses (ICMs) ^  (3.5 d.p.c.) (the results for other pre-implantation stages studied are 

given in Table I). The ICMs of blastocysts are examined in addition to whole 

blastocysts to detect a possible difference in timing of méthylation between the 

extra-embryonic and embryonic lineages. The results show that the G6pd sequence 

is unmethylated (amplification is prevented by prior Hpall digestion) on the X 

chromosomes in the female (as well as male) at all pre-implantation stages. The same 

results are seen for the Pgk-1 sequence in Figure 2a. However, in some experiments 

(data not shown), méthylation of Pgk-1 is detectable at the blastocyst stage (indicated 

by a weak Pgk-1 amplification signal in four out of ten independently //pall-digested 

samples).

Méthylation of CpG sites in post-implantation female embryos

Previous work has shown méthylation of Pgk-1 in female embryos at 5.5 d.p.c.̂ ®. Our 

data (Figure 2b) confirm this result and also shows that the CCGG site of the G6pd 

gene is methylated by 5.5 d.p.c.. The dissected embryonic and extra-embryonic regions 

of the post-implantation stages are similarly methylated; Southern blot analysis 

confirmed the méthylation of the informative sites of the G6pd and Pgk-1 (and Hprt) 

genes in both cell lineages (data not shown). In the PCR analysis shown in Figure 2b,
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méthylation is evident from the approximately 50 per cent of the amplification signal 

remaining after Hpall digestion (the per cent signal remaining may appear to be more 

than 50 per cent where the amplification signals are stronger, e.g., for some Pgk~l 

samples).

Méthylation of CpG sites in the germ line and in embryonic stem cells

Female primordial germ cells (PGCs) carry an inactive X chromosome prior to the 

onset of meiosis (about 12.5 d.p.c.) when reactivation occurs  ̂ We examined 

méthylation of the two X-linked genes from the earliest time the PGCs could be 

isolated (7 d.p.c.) ^  to new bom and mature oocytes (Figure 2c). It is clear from the 

results shown in Figure 2c that the female germ cell lineage DNA is unmethylated at 

the X-linked G6pd and Pgk-1 CpG sites throughout. The absence of méthylation is 

perhaps not surprising after 12.5 d.p.c. when X-reactivation occurs in the germ line 

Before this time however one X chromosome is inactive. Nevertheless, we find that 

premeiotic germ cells at 11.5 d.p.c. are unmethylated (data not shown in Figure 2c, 

but included in Table I). In addition, at the earliest stage possible to dissect a cone of 

PGCs (together with extra-embiyonic mesoderm cells) from the embryo (7 d.p.c.), 

these cells are unmethylated at the G6pd and Pgk-1 sites on their inactive X 

chromosomes. Strikingly, this is in contrast to the rest of the female egg cylinder at 

this stage (Figure 3). Some of the mesoderm surrounding the germ cells at this stage 

is destined to become yolk sac mesoderm, but it may also contain haemopoietic stem 

cells. Previous work (Monk, unpublished data) has shown that early yolk sac 

mesoderm is undermethylated at early stages of development. Due to the absence of 

amplification in repeated experiments with this cone of cells, we conclude that the 

PGCs, as well as surrounding mesoderm cells, are unmethylated on their inactive X 

chromosome.

Pluripotent embryo stem (ES) cells are derived from ICM cells around the time of X- 

inactivation, but may retain two active X chromosomes. Figure 4 shows the results for 

male and female ES cells the X-linked sites are again unmethylated in the female, 

as well as in the male.
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Discussion

The X chromosome provides an important model system for the study of gene 

activation and silencing in development, imprinting of the paternally inherited X 

chromosome and spreading of inactivation We have examined CCGG sites whose 

méthylation is correlated with the maintenance of inactivity of two genes on the 

inactive X chromosome. The sensitivity and accuracy of the //pall-sensitive PCR 

techniques and the inclusion of all developmental stages have enabled us to detect the 

méthylation of these genes at the time of inactivation. We cannot say whether 

méthylation precedes or follows inactivation, but the fact that genes on the inactive 

X-chromosome are not methylated in female PGCs means that inactivation can occur 

in the absence of méthylation.

Our results (Table I) may be summarised as follows. In female pre-implantation 

embryos, both X chromosomes are active. In keeping with this, we see no sign of 

méthylation of the G6pd and Pgk-1 genes up to the 3.5 d.p.c. blastocyst. Then an 

interesting difference in G6pd and Pgk-1 emerges. For G6pd, pre-implantation 

embryos are not detectably methylated. However, for Pgk-1, there is detectable 

méthylation in 4 out of 10 blastocyst samples and in 1 out of 5 isolated ICM samples 

tested. These results are consistent with the possibility that méthylation occurs earlier 

in trophectoderm (3.5 d.p.c. whole blastocyst) than in ICM (3.5 d.p.c.), but they are 

not sufficient to be conclusive on this issue. We do not think the variable detection 

of méthylation is due to incomplete digestion. This was always controlled by 

observing the complete digestion of 0X174 DNA added to the digestion reaction. In 

addition, the same embryo samples were completely unmethylated for G6pd. 

Therefore, méthylation of the Pgk-1 gene on the inactive X chromosome is detectable 

at 3.5 d.p.c. while the G6pd gene on the same inactive X chromosome was not 

detectably methylated at this time {G6pd, however, is methylated by 5.5 d.p.c.). The 

timing of Pgk-1 méthylation is thus coincident with X-inactivation and earlier than 

previously shown (5.5 d.p.c.)’®. It is noteworthy that Pgk-1 is closely linked to the X- 

inactivation centre (Xic) whereas G6pd is at some distance away. The Hprt gene is 

even further from the Xic on the X chromosome. Previous data, obtained by Southern 

blot experiments, on the mouse Hprt gene indicated that méthylation of this gene
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is initiated even later in development, at around 8.5 d.p.c.. It is possible that the 

timing of méthylation is a function of the distance from the Xic (unfortunately, we 

have been unsuccessful in developing PCR techniques for the CpG island region of 

Hprt of sufficient sensitivity to repeat these experiments with this gene).

The CpG sites examined are unmethylated in the male throughout. The single X 

chromosome in the male is active except in spermatogenesis but the two genes are 

unmethylated in sperm despite their inactive state. We can therefore exclude the 

méthylation of these sites in sperm as marks which distinguish the two parental X 

chromosomes when preferential inactivation of the paternal X chromosome occurs in 

the extra-embryonic lineages. In general, extra-embryonic lineages are less methylated 

than embryonic lineages (see e.g. refs. 14 and 21). However, méthylation of the X- 

linked genes is present in both lineages in female post-implantation stages, i.e., 

whether preferential paternal X-inactivation (extra-embryonic lineage) or random X 

inactivation (embryonic lineage).

In contrast to somatic cells and extra-embryonic tissues, the genes are unmethylated 

on the inactive X chromosome in female PGCs dissected (along with some extra

embryonic mesoderm) from the 7 d.p.c. egg cylinder. The //pall-sensitivity of 

amplification of the gene sequences implies that these genes in both the PGCs and the 

extra-embryonic mesoderm in this region are unmethylated on the inactive X 

chromosome. The genes are also unmethylated in PGCs at 11.5 d.p.c. in spite of the 

fact that one X chromosome is inactivated at this stage ’ Our results in mouse are 

in keeping with earlier findings and confirm recent work in human fetal germ cells 

showing that a HpaW site of the human PGK-1 gene is also unmethylated on the 

inactive X-chromosome prior to the onset of meiosis Inactivation without 

méthylation of a number of HpaW sites of Pgk-1 and Hprt genes has also been shown 

in differentiating mouse embryonal carcinoma cells in culture The very early 

méthylation difference for X-linked gene sequences between the PGCs and the rest of 

the embryo make it highly likely that the lack of méthylation of the genes on the 

inactive X chromosome in the germ line is not due to a déméthylation event but rather 

due to an escape from de novo méthylation from the outset. A continuity in the early
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stages of development with the germ line is seen in this absence of méthylation which 

may thus be a requirement for continued developmental totipotency.

Thus, méthylation of X-linked genes occurs at the time of X-inactivation (except in 

the germ line) and may spread throughout the X chromosome. It will be very 

interesting to monitor méthylation of the Xist gene (located at the Xic and expressed 

only from the inactive X chromosome throughout early development and to 

determine whether the méthylation status of this gene imprints the paternal X 

chromosome for preferential inactivation in extra-embryonic lineages and the inactive 

X chromosome in the germ line.
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Methodology

Collection of embryonic samples. MFl mice (Charles River) were used for all experiments. The day 

of the vaginal plug was taken to be 0.5 d.p.c.. Pooled unsexed pre-implantation embryos were isolated 

from superovulated females according to published methods ICMs were isolated from blastocysts at 

3.5 d.p.c. by immunosurgery Post-implantation embryos were isolated as previously described and 

sexed using a Y-specific PCR reaction 5.5 d.p.c. embryos were left intact For dissection of post

implantation 6.5 d.p.c. embryos, the ectoplacental cone and primary endoderm layer were removed prior 

to dissection of the egg cylinder into embryonic (EMB) and extra-embryonic ectoderm (EEE) portions 

The 7.5 d.p.c. egg cylinders were dissected into embryonic and extra-embryonic portions after 

removal of the ectoplacental cone. YSE and YSM were isolated as described by McMahon et al 

Collection of germ cells. The 7 d.p.c. female PGCs were dissected from sexed embryos, along with 

neighbouring mesoderm cells, as a cone of tissue from the posterior wall of the egg cylinder just above 

the amnion The number of PGCs in the cone of tissue is estimated to be 125 “ and the proportion 

of mesoderm cells might outnumber the PGCs by about two to one. Premeiotic (11.5 d.p.c.) and meiotic 

germ cells (preleptotene at 12.5, leptotene at 13.5 d.p.c., zygotene at 14.5 and 15.5 d.p.c., pachytene 

at 16.5 d.p.c. and dictyate new bom oocytes) were released from developing gonads or ovaries from 

embryos or new bom mice sexed by gonad morphology and assayed for purity by alkaline phosphatase 

staining (up to 15.5 d.p.c.) or by morphology at later stages. Germ cell purity was estimated to be 

96-97%. Mature oocytes were collected from superovulated females Sperm samples were collected 

from the vas deferens of adult male mice and DNA isolated as previously described 

DNA isolation and f/pall-sensitive PCR assay. Small scale DNA preparations were made by the 

proteinase K-guanidine HCl method and included d>X RF DNA [ERL] as a carrier and intemal 

control for complete digestion by HpaU. Samples, resuspended in 0.5x potassium glutamate buffer 

(KGB) were first digested with Xba I (reduced size DNA fragments are more amenable to PCR ’̂) 

and split into two aliquots, one of which was further digested with HpaU (restriction enzymes supplied 

by New England Biolabs). Completion of digestion was monitored by examining the restriction pattern 

of the OX RF DNA from an aliquot of the reaction on a 1.5% agarose-TBE gel. HpaU was inactivated 

by heating the samples at lOO'C for 15 min. The DNA (approximately 600 pg) was added to a 50pL 

PCR reaction containing 400tiM dNTPs, 50pM of each primer and 2.5U of Taq polymerase in the 

supplied buffer [Perkin Elmer Cetus] and amplified by 2 cycles of 95"C for 4 minutes, 60°C for 1 

minute and 73'C for 1 minute followed by 38 cycles of 95*C for 1 minute, 60*C for 1 minute and 73'C 

for 1 minute in a Cambio Mkl or Ericomp Thermal Cycler. A 20 pL aliquot was electrophoresed on 

a 3% agarose-TBE gel. Primers were supplied by Oswel DNA (Department of Biochemistry, 

Edinburgh): Pgk-1 primer sequences are published elsewhere G6pd primer sequences are: 5’- 

GCCCATGAGGACTAGACCTT and 3 -ACATCCACTGTGGGCAGCTA, with a PCR product of 

214bp; control primer sequences, 5 -ACTCGCCCCATTTTCAAGGC and 3 ’- 

AGCTGCTAGTTTGGCTTCGG, produce a PCR product of 150bp.
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Figure 1. PCR analysis of X-linked G6pd  CpG méthylation in male and female adult somatic DNA and 

a 1:1 mixture of these DNAs. The //poll-sensitive PCR assay is described in Methodology. The upper 

band in each case is the amplified sequence containing the critical Hpa n site (E) and the lower band 

is the amplified internal control sequence (S, an X-linked sequence in the 5’ untranslated region of the 

G6pd gene which does not contain an H pall site) included to show successful PCR and to aid 

quantitation. Band sizes are shown in base pairs (bp).
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Figure 2. PCR analysis of X-linked gene CpG méthylation during mouse pre-implantation stages (2a), 

female post-implantation stages (2b), and female germ cell development (2c). The analyses are 

performed on pooled samples (female and male) for pre-implantation embryos, on single female (sexed 

by Zfy PCR, see Figure 3) post-implantation embryos and pooled female germ cells. Numbers represent 

days’ post coitum, d.p.c.. Ethidium bromide stained agarose gels show the PCR products obtained for 

the G6pd and Pgk-J genes. The results are confirmed by replicate experiments (with up to 6 separate 

embryo, and 5 germ cell, isolations). In the case of Pgk-1, méthylation was variably detectable for in 

different blastocyst and ICM samples (see text). The same blastocyst and ICM samples were 

consistently unmethylated for G6pd. Abbreviations: 1-C, one cell embryos; 8-C, eight cell embryos; 

MOR, morulae; BL, blastocysts; ICM, inner cell masses; EMB, embryo; EEE, extra-embryonic 

ectoderm; YSE, yolk sac endoderm; YSM, yolk sac mesoderm; GC, germ cells; NB OOC, new bom 

oocytes; M OOC, mature oocytes;+, DNA digested with Hpall; -, undigested DNA; Ad, adult; 0 , 

control (water added to PCR reaction in place of the DNA sample); MW, molecular weight markers 

(Haelll fragments of OX replicative form DNA [BRL]).
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Figure 3. ///7aII-sensitive PCR analysis of the region containing the PGCs dissected from the posterior 

wall of the egg cylinder just above the amnion at 7 d.p.c.. The embryo samples were sexed using PCR 

of a Y-specific sequence {Tfy-lf*  and the presence of the germ cells in the dissected cone of cells 

confirmed by alkaline phosphatase staining (see Methodology). The PGC sample and the remaining 

embryo sample were analysed for méthylation as described in the Methodology. This result (for G6pd) 

is representative of the female méthylation pattern observed from five germ cell clusters for both the 

G6pd and the Pgk-1 genes.
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Figure 4. PCR analysis of X-linked CpG méthylation in embryonic stem cells, either female, HD 14 or 

male, CP1“  and adult DNA. The DNA was isolated firom these cells at the time when both X 

chromosomes were shown to be active (Robin Lovell-Badge, personal commuitication). Abbreviations: 

ES, embryonic stem cells; otherwise as in Figure 2.
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TABLE I

Méthylation of specific CpG sites on X-linked genes

Pgk-1 G6pd

EMBRYONIC STEM CELLS 
Male 
Female

PRE-IMPLANTATION STAGES 
1 -Cell - Morulae
Blastocysts (3.5dpc) +/-
ICM (3.5dpc) +/-

POST-IMPLANTATION STAGES
5.5 - 7.5dpc EMB + +
6.5 - 7.5dpc EEE + +

EXTRA-EMBRYONIC TISSUES
YSE + +

14.5dpc
YSM + +

GERM CELLS
7.0 - 18.5 dpc 
Newborn oocytes 
Mature oocytes 
Mature sperm

ADULT TISSUES 
Male
Female + +


