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Summary

This paper shows stage- and tissue-specific global
demethylation and remethylation occurring during
embryonic development. The egg genome is strikingly
undermethylated and the sperm genome relatively
methylated. Following a loss of genomic methylation
during preimplantation development, embryonic and
extraembryonic lineages are progressively and inde-
pendently methylated to different final extents. Meth-
ylation continues postgastrulation and hence could be
a mechanism initiating, or confirming, differential

programming in the definitive germ layers. It is
proposed that much of the methylation observed in
somatic tissues acts to stabilize and reinforce prior
events that regulate the activity of specific genes,
chromosome domains' or the X chromosome (in fe-
males). Fetal germ cell DNA is markedly undermeth-
ylated and we favour the idea that the germ lineage is
set aside before the occurrence of extensive methyl-
ation of DNA in fetal precursor cells.
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Introduction

Methylation of the pyrimidine base cytosine in DNA
may be one of the mechanisms underlying differential
programming of cell lineages in mammalian develop-
ment. In somatic tissues approximately 2—5 % cyto-
sines are methylated and the vast majority of these
occur in the dinucleotide CpG and hence symmetri-
cally on both DNA strands. Hemimethylated DNA
produced by DNA replication becomes fully meth-
ylated by the action of a maintenance methylase.
Differential patterns of methylation of CpG sites in
the genome therefore provide stable and heritable
information capable of regulating expression of
specific genes (reviewed in Doerfler, 1983), of
chromosomes domains (Naveh-Many & Cedar, 1981)
and of whole chromosomes (e.g. the active and
inactive X chromosomes in female cells, reviewed in
Monk, 1986).

Mechanisms must exist that establish different
patterns of methylation during embryonic develop-
ment. Generally the idea of a methylated ‘ground
state’ for development has been favoured (Singer,

Robert-Ems, Luthardt & Riggs, 1979; Razin & Riggs,
1980; Jahner & Jaenisch, 1984). This would be in
keeping with demethylation being associated with the
onset of expression of specific genes. In addition,
direct measurement has suggested high levels of
methylation in preimplantation mouse (Singer ef al.
1979) and rabbit (Manes & Menzel, 1981) embryos,
as well as in teratocarcinoma cells (Singer et al. 1979).
Furthermore, Jahner, Stuhlmann, Stewart, Harbers,
Lahler, Simon & Jaenisch (1982) have argued for the
presence of a de novo methylase activity during
preimplantation development and in embryonal
carcinoma cells (Stewart, Stuhlmann, Jahner &
Jaenisch, 1982), to explain the methylation of
Moloney murine leukaemia virus sequences following
integration into the host genome.

Differential methylation 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 extraembryonic
lineages as they differentiate and later in embryonic
tissue (Monk & Harper, 1979; Takagi, Sugawara &
Sasaki, 1982). The preferential inactivation of the
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paternal X chromosome in the early extraembryonic
lineages (Takagi & Sasaki, 1975; West, Frels, Chap-
man & Papaioannou, 1977; Harper, Fosten & Monk,
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 differ-
ential methylation and changing patterns of meth-
ylation be the molecular bases for these events?

In this work we have developed a highly sensitive
technique, using only several hundred cells, for
looking at genomic DNA methylation. We have
examined methylation in oocytes and sperm, pre-
implantation mouse embryos, different lineages dis-
sected from postimplantation embryos, and purified
fetal germ cells, and we have established the timing
and pattern of changes in methylation during mouse
embryo development.

Materials and methods

Mouse embryo tissues and DNA preparation

All samples were collected in TNE (100 mM-NaCl, 50 mm-
Tris pH7-5, 5mM-EDTA) containing 2 % sodium dodecyl
sulphate and 200 ug ml~! protease K and stored at —70°C.
When sufficient tissue was collected; samples were pooled
for DNA preparation.

Sperm was collected from the testis and epididymis. Eggs
were collected from female MF1 mice (OLAC) superovu-
lated by intraperitoneal injection of 5i.u. of PMS (pregnant
mare serum) followed 45 to 48h later by Si.u. of HCG
(human chorionic gonadotrophin). The following day ap-
proximately 1500 ovulated eggs were collected from the
oviducts of unmated females. The eggs were treated with
hyaluronidase (300i.u. ml™! in PB1 medium; Whittingham
& Wales, 1969) for 5 min to remove cumulus cells. Residual
adhering cumulus cells were removed by finely drawn
pipettes.

From mated females approximately 500 8-cell embryos
were flushed from the oviducts on the third day of preg-
nancy, and around 200 blastocysts from the uterine horns
on the fourth day of pregnancy. Approximately 60 post-
implantation embryos at 64 and 7} days’ gestation were
dissected from the uteri of naturally mated females. The
egg cylinders were treated with trypsin and pancreatin to
loosen the cells layers. The 63-day egg cylinders were
dissected into epiblast, extraembryonic ectoderm and pri-
mary endoderm as described in Monk & Harper (1979),
and the 73-day egg cylinders into embryonic and extra-
embryonic (chorion) portions.

From 123-days’ gestation gonads can easily be recognized
as male or female; male gonads show developing testicular
cords. At 11} days, embryos must first be sexed by
examination of amnion cell nuclei for sex chromatin (Bur-
goyne, Tam & Evans, 1983) to identify gonads as male or
female (part of this work was kindly performed by Mr
Phillip Lee). At least 30 gonads, together with attached
mesonephros tissue, were isolated from postimplantation

embryos from 113 to 165 days’ gestation and the gonad and
mesonephros were dissected apart. Embryonic kidneys,
extraembryonic placentae and yolk sacs were also isolated.
The mesoderm and endoderm components of the yolk sac
were separated as described in McMahon, Fosten & Monk
(1983).

Approximately 90 % pure populations of germ cells were
obtained from isolated 12}- and 143-day female and male
gonads as follows. Gonads were incubated in phosphate-
buffered saline, containing 0-4 % polyvinylpyrrolidone and
0-2% EDTA, at room temperature for 30 min. The germ
cells were released by rupture and squeezing of the gonads
and purified by gently wafting them away, in a stream of
medium, from gonadal somatic cells and red blood cells,
keeping them always grouped together. They were col-
lected into microcaps for storage at —70°C. Germ cells
were collected in this way from between 150 and 200 gonads
for each sample. We are grateful to Susan Lindsay for help
with the collections.

For the larger amounts of tissue, DNA was isolated as
described in Flavell, Kooter, de Boer, Little & Williamson
(1978). DNA was prepared from sperm nuclei according to
Bird, Taggart & Gehring (1981). For the samples of low cell
numbers, DNA was isolated by ultracentrifugation as
follows. Samples stored at —70°C were pooled, the volume
made up to 2ml with TNE (2 % SDS, 200 ug ml™! protease
K, see above), incubated at 37°C for 1h (to allow protease
K digestion), phenol-extracted two times and two volumes
of absolute alcohol added to the aqueous phase. Following
ultracentrifugation (25000revmin™!, 18 h) the deposit was
gently washed with 70 % alcohol, resuspended in 30 ul of
Tris 10mm pH7-4, EDTA 1mM, RNase 25ugml™', and
stored at —20°C ready for use.

To ensure the reproducibility of results, collections of
biological material and DNA preparations were made on at
least two separate occasions for each stage of embryonic
development, except the pure germ cell isolations that were
performed once only.

End-labelling

DNA preparations were digested for 1 h with MspI or Hpall
(enzymes from BioLabs). Completeness of digestion was
assured by the use of excess of enzyme (about 100-fold) on
the minute quantities of DNA involved. Completeness of
digestion and lack of degradation was supported by the
reproducibility of the results from replicate experiments
with independent DNA preparations, and the appearance
of bands representing repetitive sequences or mitochon-
drial DNA (see Results). The digests were end-labelled
with [¢->P]dCTP using the Klenow fragment of DNA
polymerase I (Maniatis, Fritsch & Sambrook, 1982). Uncut
(mock-digested) DNA was end-labelled in each experiment
to ensure the high molecular weight of the starting DNA
preparations and verify the absence of degradation (e.g. see
Fig. 1). A HindIII digest of S ng of A DNA was end-labelled
to serve as markers. The end-labelled DNA was subjected
to electrophoresis (16 h, 25 V) on a 0-7 % agarose gel (0-5 to
1ng DNA per slot) and Southern blot (Southern, 1975) of
the labelled fragments. The fragment size distribution could
be observed following exposure of the filters to X-ray film
(about 3 days). Transfer of DNA from the 0-7 % gels to the
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Fig. 8. A model for DNA methylation in development. Increasing (de novo) methylation is shown by a line of
increasing thickness, decreasing methylation by a line of decreasing thickness, and undermethylation by a single straight
line. The definitive germ layers, ectoderm (ect), mesoderm (mes) and endoderm (end), and the extraembryonic tissues,
are patterned differently to indicate the possibility of different patterns of methylation. X-inactivation precedes the
delineation of the germ layers and the germ line (McMahon et al. 1983) and occurs in fetal precursor cells around the
time of onset of de novo methylation (this paper). Two alternative pathways for the origin of the germ line are shown by
dashed lines. The early departure of a markedly undermethylated germ line which escapes further ‘reinforcing
methylation’ (see text) is favoured. ICM, inner cell mass; epi, epiblast; eee, extraembryonic ectoderm; cho, chorionic

region.

(E) X-chromosome inactivation and reactivation

The early X-inactivation in the extraembryonic tis-
sues does not appear to be linked to a global
methylation event. Rather, these tissues arise at a
time when there is little methylation remaining. The
preferential inactivation of the paternal X chromo-
some could be related to the higher methylation of
the sperm genome compared to that of the oocyte,
and residual methylation differences in the paternally
inherited X chromosome at the blastocyst stage.

The initiation of X-chromosome inactivation in the
embryonic region may coincide with the onset of de
novo methylation in this tissue but further methyl-
ation follows and the primary X-inactivation event
may well be initiated by other mechanisms.

The extremely low methylation in fetal germ cells
may be one aspect of the molecular basis of X-
chromosome reactivation in that the low methylation
condition may allow, or enable, reactivation. How-
ever, a specific demethylation event as the -basis for
X-chromosome reactivation does not appear to
occur; as early as 113 days’ gestation, prior to

X-reactivation, fetal germ cells are already under-
methylated.

(F) The origin of the germ line

Fig. 8 shows a working model for stage- and tissue-
specific demethylation and de novo methylation in
early development. Strikingly undermethylated DNA
is depicted by a single line, and increasing and
decreasing methylation as changing thickness of line.
The two alternative paths for the origin of the germ
line are shown as interrupted lines — one prior to de
novo methylation, the other involving methylation
and demethylation. We favour the hypothesis that the
germ line delineates independently prior to the de-
lineation of the three germ layers, and prior to any
extensive methylation of the fetal precursor cell
genomes. First, at the earliest stage we have exam-
ined, germ cell DNA is already undermethylated.
Second, on theoretical grounds, the germ line
genome must not be subjected to ‘reinforcing methyl-
ation’ since it must remain totipotent, or permissive
to reprogramming to developmental totipotency.
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(G) Conclusions

In early mouse development, following loss of meth-
ylation of the paternal genome DNA, methylation
occurs independently and to different extents in the
primary germ layers, the extraembryonic lineages
and in the germ line. The onset of methylation in
development will be regulated by the timing of
activation of the embryonic genes for maintenance
methylase and the extent of methylation may be
determined by an interplay of lineage-specific
chromatin structure and methylase activities. Exten-
sive methylation may be a mechanism of reinforcing
or stabilizing active and inactive chromatin (e.g. the
inactive X chromosome) and the germ cell lineage
may well be delineated before this occurs.

We thank Anne McLaren, Robin Lovell-Badge and Peta
Maidens for their interest and their critical reading of the
manuscript, Anne McLaren for advice on statistical analysis
of the data and Peta Maidens for help with densitometry
and photography.
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