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DNA methylation patterns were evaluated during pre-
implantation mouse development by analyzing the bind-
ing of monoclonal antibody to 5-methylcytosine (5-MeC)
on metaphase chromosomes. Specific chromosome pat-
terns were observed in each cell stage. A banding pattern
predominated in chromosomes at the one-cell stage.
Banding was replaced at the two-cell stage by an asym-
metrical labeling of the sister chromatids. Then, the pro-
portion of asymmetrical chromosomes decreased by one-
half at each cell division until the blastocyst stage, and
chromosomes became progressively symmetrical and
weakly labeled. Our results indicate that chromosome
demethylation is associated with each DNA replication
and suggest that a passive mechanism predominates dur-
ing early development.
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The importance of DNA methylation during early stages
of mammalian development has been demonstrated by
genetic studies. Homozygous mutants for the DNA
methyltransferase gene (Li et al. 1992) or for the gene
encoding MeCP2 (a protein that binds specifically meth-
ylated CpGs) (Tate et al. 1996) are unable to complete
embryogenesis.

The pattern of methylation is dynamic. Assays for
overall genomic methylation indicate that the genome of
the mature oocyte is less methylated than sperm DNA,
which is itself less methylated than DNA of somatic
tissues (Monk et al. 1987; Razin and Cedar 1993). Nev-
ertheless, individual DNA sequences display specific
methylation patterns in gametes (Sanford et al. 1984,
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1987; Howlett and Reik 1991; Antequera and Bird 1993;
Razin and Cedar 1993; Rubin et al. 1994).

A genome-wide demethylation, which was first dem-
onstrated in mice by analysis of total genomic DNA
from eight-cell to blastocyst stages (Monk et al. 1987),
characterizes the preimplantation embryo. Single-copy
genes, the low-copy gene MUP (murine urinary protein),
L1 (long interspersed repeated elements, LINES), and the
minor satellite (a component of centromeric heterochro-
matin) all become demethylated in the embryo prior to
implantation (Sanford et al. 1987; Howlett and Reik
1991; Razin and Cedar 1993; Razin and Shemer 1995).
However, little is known about the methylation pattern
of other highly and mildly repeated sequences that are
likely to have a significant effect on the overall genome
methylation owing to their GC level (Sanford et al. 1984;
Hastie 1996; see also Yoder et al. 1997). These sequences
include the major satellite of mouse centromeres and the
SINES (short interspersed repeated elements). The Alu
sequences of primates and the mouse B1 (Alu equivalent)
and B2 sequences belong to this category of elements
(Schmid 1996).

The mechanism of genome-wide preimplantation de-
methylation remains unknown. It is, for example, clear
that the promoter region of the APOA1 gene is actively
demethylated (Kafri et al. 1993). In contrast, the associa-
tion between the demethylation of L1 sequences and
DNA replication reported by Howlett and Reik (1991) at
early stages of preimplantation development suggests a
passive demethylation mechanism. More recently, de-
methylation associated to replication was reported in
Xenopus early embryos (Matsuo et al. 1998).

To gain insight into topological aspects of global meth-
ylation changes in early mouse embryos, we have
employed an immunochemical approach to study meta-
phase chromosome methylation profiles using mono-
clonal antibodies recognizing specifically 5-methylcy-
tosines (5-MeCs). The reliability of this technique has
been firmly established by a number of independent
studies. The antibody has been well characterized and
used with success in several laboratories (Reynaud et al.
1991; Miniou et al. 1994; Niveleau et al. 1994; Tweedie
et al. 1997). The intensity of antibody labeling correlates
with the density of 5-MeCs in particular regions of the
genome. The resolution of this approach is not high
enough to assess the methylation of individual DNA se-
guences. However, the antibody-staining profiles of met-
aphase chromosomes are likely to provide direct infor-
mation about the methylation status of highly and in-
terspersed repeated sequences (Miniou et al. 1994, 1997).
Because only clustered methylated CpGs can be recog-
nized at chromosomal level, CpG islands [which repre-
sent only 1% of the total genomic DNA and are unmeth-
ylated, except in the X inactive chromosome (Bird 1986)],
and single- or low-copy DNA sequences contribute little
to the overall staining profile.

In this study anti-5-MeC staining profiles were ob-
tained for metaphase chromosomes at each embryonic
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mitosis from the pronuclear to the blastocyst stages. The
results indicate that there is a programmed progression
of methylation events in chromosomes. The methyl-
ation pattern of old and new chromatids can be distin-
guished, suggesting that a replication-dependent mecha-
nism of demethylation occurs during early development.

Results

Chromosome methylation patterns were analyzed after
each DNA replication of preimplantation development
by indirect immunofluorescence using a monoclonal an-
tibody recognizing 5-MeC.

At the one-cell stage in normal mouse embryos, two
distinct sets of chromosomes could be distinguished eas-
ily (Fig. 1A,B). One set, which we show below as the
maternal set, consisted of 20 elements (in the mouse,
2n =40 chromosomes) with a heterogeneous fluores-
cence in euchromatic chromosome arms that corre-
sponded to an R-like banding pattern. This banding pat-
tern indicates that methylated sites recognized by the
antibody were clustered in definite chromosome regions
along the euchromatic arms. The paternal set of 20 chro-

Figure 1. Chromosome methylation patterns of mouse em-
bryos at the one-cell stage. Methylated sites were revealed by
indirect immunofluorescence labeling with 5-MeC monoclonal
antibody. (A,B) Metaphases from normal mouse embryos ob-
tained without (A) and with (B) colchicine treatment. (A) Two
distinct sets of 20 chromosomes each are observed (in mouse
2n = 40). One chromosome set displays an intense R-like band-
ing pattern (right, medium thin arrow). The other set is faintly
labeled (left, long thin arrow). Centromeric heterochromatin
(small thick arrows) is labeled intensely in only a few chromo-
somes of the first set, whereas it is labeled in most chromo-
somes of the second set. (C) Parthenogenetic embryos: all chro-
mosomes display an R-like banding pattern confirming that
more labeled chromosomes in normal embryos are of maternal
origin. (D) Chromosomes from an embryo carrying Robertso-
nian translocations of paternal origin: Normal maternal chro-
mosomes (medium thin arrow) are labeled more intensely than
paternal translocated chromosomes (long thin arrow).
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mosomes was labeled only faintly. The pale staining was
not due to the extended length of these chromosomes, as
it persisted when chromosomes were condensed by a
prolonged colchicine treatment (Fig. 1B).

The parental origin of the two sets of chromosomes
was determined in two different ways. First, we exam-
ined the chromosomes from parthenogenetic embryos,
in which all of the chromosomes are of maternal origin.
In these embryos, all 40 chromosomes showed a bright
heterogeneous fluorescent pattern similar to R-banding
(Fig. 1C). Next, we examined embryos with a number of
translocated chromosomes from paternal origin. Here,
all of the translocated chromosomes were stained
faintly. In favorable examples, it could be seen that pa-
ternally inherited chromosomes were also labeled het-
erogeneously (Fig. 1D). However, the weakness of the
labeling made difficult the identification of the banding
pattern.

Centromeric regions of the pale chromosomes were
usually strongly labeled, except for a small chromosome,
probably the Y. Among the maternally derived chromo-
somes, only a few were labeled intensely at the centro-
meric heterochromatin (Fig. 1A).

Important changes in the chromosome staining ap-
peared at the two-cell stage. The chromosomes still fell
into two classes, strongly and weakly labeling with the
anti-5-MeC antibody, corresponding to their maternal
and paternal origin, respectively. But now, the staining
was restricted to only one of the sister chromatids of
each chromosome (Fig. 2A). This asymmetrical labeling
of the chromatid pairs was also evident in the faint
stained chromosomes of paternal origin, such as the
translocated chromosomes in Figure 2, B and C. The dif-
ferential staining of the two chromatids is particularly
evident after image enhancement. In the parthenoge-
netic embryos, all 40 (maternally derived) chromosomes
showed the strong, asymmetric labeling of the euchro-
matic arms. As was found for the chromosomes at the
one-cell stage, in slightly undercondensed chromo-
somes, a band-like pattern reminiscent of R-banding
could be observed along the brightly labeled chromatids
of maternal origin.

In some chromosomes, pale and brightly stained re-
gions alternated in the chromatids, presenting a pattern
similar to that resulting from sister chromatid exchanges
(SCE) observed after 5-bromodeoxyuridine (BrdU) treat-
ment during two S phases (Zakharov and Egolina 1972;
Latt 1973). Similar chromosomes were occasionally ob-
served at later stages (Fig. 2E,F).

In normal four-cell-stage mouse embryos, most chro-
mosomes were labeled faintly (Fig. 2E). The number of
intensely and asymmetrically labeled chromosomes
(maternal origin) was lower than at the previous stage,
varying from cell to cell with a mean number per cell of
10 (20 metaphases were analyzed). Thus, at this stage,
the proportion of asymmetrically stained chromosomes
was half that at the two-cell stage. The weak labeling of
chromosomes of paternal origin made an accurate count-
ing of the number of asymmetrically labeled chromo-
somes difficult. Nevertheless, the global fluorescence of
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Figure 2. Chromosome methylation patterns of mouse em-
bryos at the two-, four- and eight-cell stages. 5-MeC antibody
binding and indirect immunofluorescence detection. (A-D)
Chromosomes from two-cell embryos showing an asymmetri-
cal labeling of the two sister chromatids (arrows). In some chro-
mosomes labeling similar to sister chromatid exchanges can be
seen. (A) Chromosomes of maternal origin from a normal mouse
embryo. (B,C) Chromosomes from embryos carrying Robertso-
nian translocations of paternal origin. Paternal chromosomes
are faintly labeled in relation to maternal chromosomes. In C
fluorescence of the same paternal chromosomes showed in B
was intensified. (D) Metaphase from a parthenogenetic embryo
showing the asymmetrical labeling of maternal chromosomes.
(E) Chromosomes from a four-cell embryo: Asymmetrical (ar-
rows) and faintly labeled chromosomes are observed. (F) Meta-
phase from a eight-cell embryo: Asymmetrical chromosomes
are rare (arrow).

the karyotype was lower than at the two-cell stage.
Again, chromosomes were often fluorescent in the cen-
tromeric region. In parthenogenetic embryos, the num-

Figure 3. Diagram of the chromosome
methylation changes occurring during

fertilization 1-cell stage
(1st metaphase)

(2nd metaphase)

ber of asymmetrically labeled chromosomes also fell by
50% between the two- and four-cell stages.

At the eight-cell stage, the overall level of methylation
of euchromatin was lower than at the four-cell stage.
Centromeric heterochromatin was labeled intensely in
more than half of the chromosomes. Only five intensely
labeled asymmetrical chromosomes were observed per
metaphase (Fig. 2F). Thus, the number of asymmetrically
labeled maternal chromosomes was again reduced by
half. Concordantly, the number of asymmetrically la-
beled chromosomes observed in parthenogenetic em-
bryos at the eight-cell stage was only 25% of that found
at the two-cell stage.

At the morula and blastocyst stages, asymmetrically
labeled chromosomes were very rare and the overall anti-
5MeC fluorescence was low. Two populations of weakly
staining metaphases were observed in normal and par-
thenogenetic embryos (not shown). In some metaphases,
chromosomes had a normal appearance while in others
they were thick and apparently less condensed. Micro-
nuclei were frequently (10%-15%) observed (not shown).
New experiments are required to clarify the origin of
these two populations. Note that at these stages troph-
ectoderm and ICM cells are already differentiated.

A diagram of the chromosome methylation patterns
observed in euchromatin during preimplantation and the
DNA modifications compatible with these patterns are
shown in Figure 3.

Discussion

The methods currently used for the study of DNA meth-
ylation rely on either differential enzymatic or chemical
cleavage or on differential sensitivity to chemical con-
version of one base to another. Our experimental ap-
proach is based on the detection of 5-MeC on mouse

2-coll stage 16/32-cell stage blastocyst

4-coll stage
(3rd metaphase)

preimplantation development of mouse I
embryos. (A) Chromosome patterns ob- [
tained after 5-MeC antibody binding. (B)
Summary of DNA methylation alter-

-
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ations that are compatible with the ob-
served chromosome patterns. (A) At the
one-cell stage, maternal and paternal
chromosomes display heterogeneous
but symmetrical labeling of chromatids. -
Maternal chromosomes are labeled
more intensely than paternal chromo-
somes and display an R-like banding
pattern. At the two-cell stage, maternal
and paternal chromosomes become

o

wo distingt
undermethyiated populations
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N
number of asymmetrical chromosomes haives after each cell division
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asymmetrically labeled, maternal chromosomes always being stained more strongly than paternal chromosomes. From the four-cell
stage to blastocyst the number of asymmetrical chromosomes halves after each S phase. At morula (16/32 cells) and blastocyst stages,
two cell populations differing by their chromosome condensation can be distinguished: in the first, chromosomes are normally
condensed (A, left); in the second, chromosomes are thick and their condensation seems relaxed (A, right). (B) The presence of
asymmetrical chromosomes after two S-phases following fertilization (two-cell stage) indicates that after the first S phase (one-cell
stage, first metaphase), DNA is hemimethylated in both chromatids, and after the second S phase (two-cell stage, second metaphase),
DNA is hemimethylated in one chromatid and demethylated in the other one. As the number of asymmetrical chromosomes halve
as cleavage progresses, a failure in maintenance activity on the new DNA strand of each S phase can explain the progression of
demethylation. (S) Sphase; (O) unmethylated CpGs; (®) methylated CpGs.

2110 GENES & DEVELOPMENT



metaphase chromosome preparations using a highly spe-
cific monoclonal antibody. This method is able to pro-
vide a general overview of genomic methylation patterns
with a resolution at the level of chromosomal bands. The
results obtained help to understand how and where in
the genome major methylation changes occur during the
first steps of development. However, they give little di-
rect information about the nucleotide sequences in-
volved in these changes. Nevertheless, the R-band-like
appearance of the antibody labeling pattern at some
stages may suggest that the role of mildly repeated se-
guences like B1 (the mouse equivalent of the human Alu
sequences) or B2 preferentially found in R bands (Boyle et
al. 1990) could be important in the establishment of ge-
nomic methylation patterns.

In accordance with previous studies (Monk et al.
1987), we observe a gradual demethylation of the ge-
nome. However, each developmental stage has its own
characteristic chromosome pattern. At the one-cell
stage, half of the chromosomes in normal embryos are
labeled more intensely and display an R-like banding
pattern. Chromosome analysis of parthenogenetic em-
bryos and embryos carrying Robertsonian translocations
of paternal origin shows that the more strongly labeled
chromosomes are those of maternal origin. Earlier stud-
ies concluded that the genome is undermethylated in
mature oocyte and methylated in sperm (Monk et al.
1987). Thus, our observation is unexpected, raising the
possibility of a differential accessibility of the antibody
to DNA. Independent confirmation is clearly needed.

Nevertheless it should be noted that major sperm
chromatin remodeling seems to occur before the repli-
cation of male and female pronuclei (McLay and Clarke
1997), and chromosomes were analyzed after this first S
phase. In addition, we still observed parental differences
at the two-cell stage. A lower overall methylation level
of the paternal genome would correlate well with the
reported higher transcriptional activity and higher hy-
peracetylated H4 histone content of the paternal pro-
nucleus in fertilized oocyte (Ram and Schultz 1993;
Wiekowski et al. 1993; Adenot et al. 1997). Finally, the
study of Monk et al. (1987) deals with unmethylated
Hpall cutting sites, whereas our approach emphasizes
the detection of clustered abundant methylated sites.

At the two-cell stage, chromosome labeling of parthe-
nogenetic embryos and embryos carrying paternally in-
herited translocated chromosomes indicates that mater-
nal chromosomes are still labeled more intensely, but
the signal is found asymmetrically on only one of the
two sister chromatids of each chromosome. In less con-
densed maternal chromosome preparations, the visible
banding on asymmetrically labeled chromatids indicates
that methylated sites are still clustered in definite re-
gions. Paternal chromosomes are also asymmetrically la-
beled, although the intensity of the label is very weak.

In embryos at the four-cell stage the number of asym-
metrically labeled chromosomes decreases by half, and
by the blastocyst stage, asymmetrically labeled chromo-
somes are very rare and most have become pale and sym-
metrically stained. Therefore, the distinction between

Chromosome methylation in preimplantation embryos

parental chromosomes as detected by the monoclonal
antibody is progressively lost between fertilization and
implantation.

Asymmetrically stained chromosomes and sister chro-
matid exchanges have been described in somatic tissues
following treatment of normal cells for two successive S
phases with the thymidine analog BrdU (Zakharov and
Egolina 1972; Latt 1973) and the demethylating agent
5-azadeoxycytidine (5-aza-dC) (Haaf et al. 1986). The in-
corporation of 5-aza-dC into DNA disturbs DNA meth-
yltransferase activity at replication, resulting in chromo-
somes with hemimethylated DNA in both chromatids
(Juttermann et al. 1994). After a second replication cycle,
chromosomes have one chromatid with unmethylated
DNA and the other one with hemimethylated DNA.
These chromosomes are stained asymmetrically. If the
incorporation of the base analog is continued, the aver-
age number of asymmetrical chromosomes halves at
each additional cell cycle.

By analogy, if there is a failure of methylation activity
during the first DNA replication in the zygote, both new
chromosomes will have two hemimethylated chroma-
tids and 5-MeC antibody labeling will then be symmetri-
cal. This is observed for the first metaphase after fertil-
ization (pronuclear or one-cell embryos). After the sec-
ond cycle, if there is again no methylation activity, the
chromosomes will be labeled asymmetrically due to the
presence of one hemimethylated and one unmethylated
chromatid. Asymmetrically labeled chromosomes are
observed at the two-cell stage. The number of asym-
metrical chromosomes thereafter decreases by one-half
after each cell cycle, indicating that the failure of main-
tenance methylation persists during DNA replications
until blastocyst. The preferential cytoplasmic localiza-
tion of DNA methyltransferase in embryos (Carlson et
al. 1992) is compatible with a failure in maintenance
activity. However, methylation activity in chromo-
somes is not inhibited completely during preimplanta-
tion development, as centromeric heterochromatin re-
mains labeled until blastocyst stage.

Loss of DNA methylation may also result from active
mechanisms involving either an enzymatic activity,
which removes methylcytosine and replaces it by cyto-
sine, or a deamination of methylated CpGs, creating a
mismatch that is then repaired (Jost and Saluz 1993;
Weiss et al. 1996). The existence of such mechanisms
during preimplantation development cannot be ex-
cluded. Nonetheless, the chromosome methylation pat-
tern that we observed in euchromatin reveals a loss of
methylation correlated with DNA replication and
strongly suggests that passive demethylation predomi-
nates during early development, at least for the DNA
sequences recognized by 5-MeC antibody in chromo-
somes. Site-specific passive demethylation may result
from the binding of specific proteins that inhibit meth-
ylase (Riggs and Jones 1983) or by the action of factors
that protect DNA against methylation, as observed in
postimplantation development (Brandeis et al. 1994;
Macleod et al. 1994) and in germinal tissues (Chesnokov
and Schmid 1995). The factors acting on DNA demeth-
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ylation during preimplantation development remain to
be identified.

Materials and methods

Collection and preparation of eggs

Six- to eight-week-old F1 female mice (C57BL/6 x CBA) were superovu-
lated by intraperitoneal injection of 5 IU of pregnant mare’s serum (Fol-
ligon, Intervet), and 48 hr later, with 5 IU of human chorionic gonado-
tropin (Chorulon, Intervet). They were then mated overnight with either
adult F; males or a male with nine homozygous Robertsonian translo-
cations (Beechey and Evans 1996). The next morning (0 day), females
with a vaginal plug were killed; fertilized eggs were removed by punc-
turing the oviducts with a needle and released in M-2 medium (Hogan et
al. 1994). Eggs were then incubated for 5-10 min at room temperature
with 300 pg/ml hyaluronidase (Sigma) to remove cumulus cells and
washed in M-2 medium. Embryos were cultured in M-2 medium micro-
drops under paraffin oil (Merck) and incubated at 37°C in 5% CO, in air
either singly or in groups (15-30) until the blastocyst stage.

Parthenogenetic activation

Eggs originating from the same mice and surrounded by cumulus cells
were activated 16 hr after hCG treatment by incubation for 6 min in 7%
ethanol in M-2 medium (Hogan et al. 1994) and then transferred to a
medium containing 5 pg/ml cytochalasin B (Calbiochem). After 4 hr,
cumulus cells were removed by incubation in 300 pg/ml hyaluronidase.
Eggs with two pronuclei were cultured in groups (15-30) in microdrops of
M-2 medium under paraffin oil as described above.

Embryo fixation

Embryos at the pronuclear stage were fixed 28-32 hr after injecting hCG,
when pronuclei disappeared completely, without or with mitotic arres-
tant, in the night of 0 day. Other early embryos (two to eight cells) were
incubated for 9-12 hr with 1 pg/ml colchicine at 37°C and then fixed.
Morula and blastocyst stages were fixed after 7 and 4 hr of incubation
with colchicine, respectively.

Chromosomes were prepared according to a modification of the air-
drying technique (Tarkowski 1966). The hypotonic treatment time was
varied according to the stage of development: 1/6 dilution of fetal calf
serum (FCS), 400 pg/ml EDTA at room temperature for 2-10 min (pro-
nuclear to morula); 1/20 FCS, 1200 pg/ml EDTA at room temperature for
30 min (blastocyst). Each embryo was then transferred onto a clean mi-
croscope slide in a droplet of hypotonic solution. Methanol/acetic acid
(3:1) fixative was dropped onto the embryos and blow-dried. For two- and
four-cell embryos, the fixation was performed in the morning and in the
afternoon of the second day, respectively. The chromosome preparations
were done in the morning and in the afternoon of the third day for eight-
cell and morula embryos, respectively. Blastocysts were fixed in the af-
ternoon of the fourth day. Slides were kept at —20°C until use.

5-MeC monoclonal antibody binding and chromosome analysis

The indirect immunofluorescence method used here was as described
previously (Miniou et al. 1994). Slides were irradiated with UV light for
B hr with a germicidal lamp, rinsed with cold PBS for 5 min, and im-
mersed briefly in PBT (PBS, 0.1% Tween 20, 0.4% BSA). 5-MeC mono-
clonal antibody diluted in PBT (1:10) was added, and the slides were
incubated for 45 min at room temperature. They were then rinsed for 5
min in PBT, and the second antibody, an anti-mouse fluorescein-conju-
gated 1gG (Sigma) diluted 1:40 in PBT, was added. Slides were incubated
again for 45 min at room temperature and rinsed with PBS. Before the
microscopic observation of the slides at pH 8, PPD (P-phenylenediamine)
solution was added to avoid the quenching of fluorescence. Slides were
examined under a Leica fluorescence microscope equipped with fluores-
cein and double-pass band filters. Fluorescence labeling was intensified
with Adobe Photoshop.

At each cell stage, 20-40 metaphases were analyzed. Normal embryos
were analyzed from pronuclear to blastocyst stage, parthenogenetic em-
bryos were analyzed from pronuclear to morula stages, and embryos car-
rying translocated chromosomes of paternal origin were analyzed from
pronuclear to eight-cell stages.
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