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ABSTRACT  The cells in the preimplantation mammalian embryo undergo several rounds of fast

cell division. Whether the known DNA repair pathways are active during these early stages of

development where cell division is of primary importance, has not been fully established. Because

of the important role of phosphorylated H2A.X (γH2A.X) in the DNA damage response as well as

its putative role in assembly of embryonic chromatin, we analysed its distribution in the

preimplantation mouse embryo. We found that H2A.X is highly phosphorylated throughout

preimplantation development in the absence of any induced DNA damage. Moreover, γH2A.X

levels vary significantly throughout the cell cycle. Interestingly, after the 4-cell stage, we detected

high levels of H2A.X phosphorylation in mitosis, where telomeres appeared focally enriched with

γH2A.X. In contrast, 53BP1, which is known to be recruited to DNA damage sites, is undetectable

at mitotic chromosomes at these stages and its localisation changes upon blastocyst formation

from mainly nuclear to cytoplasmic. We also show that 53BP1 and γH2A.X rarely colocalise,

suggesting that the high levels of phosphorylation of H2A.X in the embryo might not be directly

linked to the DNA damage response in the embryo. Our data suggest that phosphorylation of

H2A.X is an important event in the fast dividing cells of the early embryo in the absence of any

induced DNA damage. We discuss the possible consequences of these findings on the genome-

wide chromatin remodelling that ocurs in the preimplantation mammalian embryo.
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Introduction

The DNA is daily exposed to a variety of agents that can
potentially cause damage. Amongst these, double strand breaks
(DSB) occur in response to a variety of environmental stresses
such as ionizing radiation (Ismail and Hendzel, 2008). Cellular
response to DSBs involves key proteins that function by delaying
cell cycle thereby allowing repair of DNA damage. Cell cycle
checkpoints become activated upon DNA damage and are essen-
tial to allow proper progression through the cell cycle and safe-
guard the integrity of the genetic information (Fernandez-Capetillo
et al., 2003a, Stiff et al., 2004, Wang et al., 2002). Responses to
the DNA damage are therefore essential to ensure the transmis-
sion of intact genetic information. The cells in the preimplantation
mammalian embryo proliferate with a high rate compared to
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somatic, differentiated cells and spend most of their cell cycle in
the S and G2-phases. In particular, the G1 phase of the blas-
tomeres is short or almost non-existing. The mammalian embryo
develops within the reproductive tract of the female, in a relatively
protected environment within the uterus. The response to differ-
ent DNA-damaging agents or whether the known DNA repair
pathways are active during these stages of development where
cell division is central, has not been fully established. This
knowledge will help us to further understand early and key steps
of embryonic development.
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Eukaryotic DNA is packed around an octamer of 4 core histone
proteins, two molecules each of H4, H3, H2A and H2B. Chromatin
lies at the crossroad of epigenetic reprogramming during early
embryogenesis, and is subject to exquisite regulation through
remodelling, covalent modifications of histones and replacement
by histone variants (Morgan et al., 2005, Reik, 2007, Torres-
Padilla, 2008). Histones are essential targets for regulation of
DNA-mediated processes including transcription, replication and
DNA repair. Amongst the core histones, H2A has the highest
number of variants, and some of them display specific functions
in spermatogenesis and during preimplantation development
(Faast et al., 2001, Govin et al., 2007). Loss of the H2A variant
H2A.X in mice results in genome instability and male infertility
(Celeste et al., 2002). Indeed, phosphorylation of the SQ motif on

H2A.X is necessary for efficient DSBs repair. Phosphorylation of
H2A.X is focally enriched at DSBs sites upon DNA damage and
is mediated by kinases of the PI3-K family including ataxia
telangiectasia mutated (ATM), ATM and Rad-3 related (ATR) and
the DNA-protein kinase (DNA-PK) in response to DNA damage
(Stiff et al., 2004). Phosphorylation of H2A.X spreads along
several megabases from the site of break and is believed to help
to recruit, concentrate and retain the proteins that modify, remodell
and repair DNA lesions. Thus, the phosphorylated form of H2A.X
(referred to as γH2A.X) acts both as a DNA damage sensor as well
as to amplify signals required to prevent cells with damaged DNA
to enter into mitosis.

In human fibroblasts, H2A.X represents 2-25% of the H2A pool
(Rogakou et al., 1998). However, in Xenopus eggs, H2A.X is the

Fig. 1. Dynamics of phosphorylation of H2A.X during murine preimplantation development. (A) Embryos at the indicated stages were freshly
collected, fixed, stained with a γH2A.X (red) antibody and analysed through confocal microscopy. DNA is shown in blue. Shown are full projections
of Z-sections taken every 1 μm. All embryos are shown at the same magnification scale. The bottom panel is the same channel for γH2A.X shown
at the top but in grayscale. When present, the polar body is indicated by an arrowhead. The male and female pronuclei are indicated. At least 10 embryos
from independent experiments were analysed per stage. Embryos shown were imaged in parallel under identical conditions, thus fluorescence levels
are directly comparable. (B,C) H2A.X phosphorylation levels decrease between the zygote and the 2-cell stage. Zygotes and 2-cell stage embryos were
fixed and processed for double immunostaining with γH2A.X and H2A.X antibodies. Embryos shown were processed in parallel under identical
conditions. Note that H2A.X accumulation is sustained at the 2-cell stage. Shown are full projections (B) or middle sections (C) of Z-series taken every
1 μm. Male and female pronuclei are indicated. Where visible, the polar body is indicated by an arrowhead. (D) Blastocysts were fixed as in A and
stained with the γH2A.X antibody. Shown is a full projection of stack series taken every 2 μm for the γH2A.X (red) and the DAPI (blue) channels. A
merge and grayscale (γH2A.X) Top and Middle sections of the same blastocyst are shown in the middle and right panels.
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most abundant H2A variant, and the ability to remodel the sperm
nucleus to form a paternal pronucleus after fertilisation is directly
associated with phosphorylation of H2A.X (Dimitrov et al., 1994).
This suggests that H2A.X might be involved in the series of steps
required for chromatin assembly after fertilisation. Indeed, major
changes of H2A.X phosphorylation occur concomitant with chro-
matin remodelling and over 50% of H2A.X is stably phosphory-
lated in the decondensed sperm nucleus in Xenopus (Dimitrov et
al., 1994). Although the changes in the phosphorylation state
might not directly contribute to generating nucleosomes,
stabilisation of phosphorylated state of H2A.X is involved in
generating de novo nucleosomes with physiological spacing
(Kleinschmidt and Steinbeisser, 1991). Thus, H2A.X has the
potential of playing multiple roles during mouse embryogenesis.

53BP1 is an evolutionary conserved Tudor domain-containing
protein that is also invoved in DNA damage-induced cell cycle
arest (Wang et al., 2002). 53BP1 null mice are growth retarded
and are prone to develop tumors (Ward et al., 2003). 53BP1 was
originally identified as a p53 binding protein (Iwabuchi et al.,
1994), it displays both, cytoplasmic as well as nuclear localisation
and stimulates p53-mediated transcription (Iwabuchi et al., 1998).
53BP1 is also phosphorylated in an ATM-dependent manner and
becomes gradually localised to DSBs (Anderson et al., 2001,
Ward et al., 2006). Both, H2A.X-/- and 53BP1-/- cells display a
G2/M arrest when DNA damage is unduced upon γ-irradiation
(Fernandez-Capetillo et al., 2003a). Phosphorylated H2A.X is
directly linked to the recruitment of 53BP1 into DSB foci, suggest-
ing that they mediate DNA repair in similar pathways (Fernandez-
Capetillo et al., 2003a). However, 53BP1 can participate in DNA
repair independently of H2A.X, most likely via its ability to interact
with histone H4 (Botuyan et al., 2005, Sanders et al., 2004, Xie et
al., 2007). Indeed, 53BP1 has been shown to bind to dimethylated
lysine 20 of H4 (H4K20me2) and to a lesser extent, to H4K20me1
(Botuyan et al., 2005).

Whether these two proteins are present at early stages of
development and how they are distributed in the blastomeres of
the preimplantation embryo has not been addressed in full. Here
we have examined the protein distribution of 53BP1 and γH2A.X.
We found that phosphorylation of H2A.X persists throughout
preimplantation development, with particularly high levels in the
zygote right after fertilisation and after the 4-cell stage. We
observed that phosphorylation of H2A.X increases during mitosis
in the absence of induction of DNA damage. 53BP1 is detected on
the embryonic chromatin only from the 2-cell stage onwards and
is absent from mitotic chromosomes. We also found that 53BP1
and γH2A.X only rarely colocalise, suggesting that these high
levels of phosphorylation of H2A.X are not directly linked to the
DNA damage process in the early embryo. Our data suggest that
phosphorylation of H2A.X is an important event in the embryo in
the absence of any induced DNA damage and suggest that repair
of DSB could be potentially activated in the early embryo.

Results

We first analysed the dynamics of phosphorylation of H2A.X
during preimplantation development. We detected high levels of
phosphorylated H2A.X in the zygote (Fig. 1A). At early stages of
pronuclear development (PN2, (Adenot et al., 1997), the paternal
pronucleus displayed higher levels of γH2A.X compared to the

maternal one (n=6, Fig. 1A). At later stages of pronuclear devel-
opment (PN4) γH2A.X levels were still readily detected in the two
pronuclei. Higher levels of phosphorylation of H2A.X in the male
pronucleus do not reflect a preferential incorporation of H2A.X in
the paternal chromatin as both pronuclei were equally labelled
with a H2A.X antibody (Fig. 1 B,C). At the 2-cell stage, phospho-
rylation of H2A.X decreased significantly compared to the zygote
(Fig. 1A), and only 1 or 2 large foci per nucleus were detected. The
polar body remained strongly stained by the γH2A.X antibody.
Immunostaining of zygotes and 2-cell stage embryos with an
H2A.X antibody revealed strong and wide accumulation of H2A.X
in both pronuclei and in 2-cell stage embryos (Fig. 1 B,C). Thus,
the decrease in γH2A.X levels at the 2-cell stage is not due to a
reduction in the actual level of H2A.X. The levels of phosphory-
lated H2A.X were again high at the 8-cell stage and remained so
in the blastocyst (Fig. 1B). We did not detect any preferential
distribution of γH2A.X between the inner cell mass or the trophec-
toderm in the blastocyst. Moreover, γH2A.X was not particularly
associated with DAPI rich regions (Fig. 1B, merge images). Thus,
H2A.X is abundantly phosphorylated throughout preimplantation
development and embryos seem to exhibit instrinsic high levels of
γH2A.X, even in the absence of DNA damage.

We next assessed whether levels of phosphorylated H2A.X
vary during mitosis in the blastomeres of the early embryo. For
this, we analysed the localisation of γH2A.X during the mitotic
divisions of 4- and 8-cell stage embryos. Condensed mitotic
chromosomes displayed even higher levels of γH2A.X compared
to interphasic cells (Fig. 2A). γH2A.X described a band-like

Fig. 2. Levels of γγγγγH2A.X increase during mitosis. (A) Embryos were
fixed and stained with the γH2A.X antibody (red). Shown are two cells
from a 4- and an 8-cell stage embryo that are undergoing mitosis. The
corresponding DNA labelling (blue) is shown at the right. Note the
increased levels in the mitotic chromosomes compared to the interphasic
cells (arrow) within the same embryo. These changes occur in the
absence of any induced DNA damage. (B) Detail of mitotic chromosomes
stained with γH2A.X (red) and DAPI (blue). Single confocal section of
mitotic chromosomes of an 8-cell stage embryo. Merge (left) and grayscale
(middle and right) images are shown.

B

A



1006    C. Ziegler-Birling et al.

pattern on mitotic chromosomes, with a strong enrichment of
γH2A.X in the telomeres (Fig. 2B). Thus, phosphorylation of
H2A.X appears to be an active continous process during preim-
plantation development and levels of γH2A.X increase drastically
during mitosis.

In somatic cells, the p53 binding protein 53BP1 has been
shown to co-localise to chromatin in association to γH2A.X near
double-strand breaks. However, 53BP1 and γH2A.X functions do
not always depend on the same signals and have distinct roles in
DSB repair (Celeste et al., 2003, Xiao et al., 2006). We thus
investigated the expression and localisation of 53BP1 in preim-
plantation embryos. In contrast to γH2A.X, in zygotes right after
fertilisation (PN0), 53BP1 was present only in the cytoplasm and
was not associated to the anaphasic chromosomes on the female
pronucleus or the forming male pronucleus, both containing
condensed chromatin (Fig. 3A). At late pronuclear stages (PN4),
53BP1 exhibited predominantly cytoplasmic staining, but it was
not excluded from the nucleus and some signal could be detected
in the pronuclei (Fig. 3A). Within the pronuclei, we did not detect
particular foci distribution or enrichment of 53BP1. At the 2-cell
stage, 53BP1 still displayed some cytoplasmic staining, but the
protein was clearly enriched in the nucleus. At this stage, a few
large, intensely stained foci could be seen in some nuclei (usually
1 foci per nucleus, n=8) (Fig. 3A). At the 8-cell stage, nuclear

enrichment of 53BP1 was even more pronounced than in 2-cell
stage embryos, but we could also detect 53BP1 staining in the
cytoplasm. Between the 2- and the 8-cell stage, 53BP1 staining
was punctate and excluded from the DAPI-rich heterochromatic
regions. No particular association with any nuclear structure was
detected (Fig. 3B).

At the morula stage, 53BP1 staining displayed a completely
different pattern: the protein was mostly excluded from the nucleus
and instead displayed a predominant cytoplasmic localisation.
The observed cytoplasmic localisation was not an artifact of the
antibody batch that we used, as culture cells stained with the
same antibody showed a typical nuclear staining with some foci
dispersed throughout the nucleus (Fig. 4E). While we detected
53BP1 in outer cells of the morula, inner cells displayed very low
to undetectable levels of 53BP1 (Fig. 4A). A similar pattern of
staining was observed at the blastocyst stage, where the inner cell
mass cells appeared mostly devoided of 53BP1 and the trophec-
toderm cells were clearly enriched in 53BP1 (Fig. 4B). In these
cells 53BP1 was again excluded from the nucleus (Fig. 4 B,C).
However, in some embryos, we could detect 1-2 cells next to the
forming blastocoeilic cavity that displayed both cytoplasmic and
nuclear localisation of 53BP1 (Fig. 4C, arrow). This suggests that
the change of localisation of 53BP1 from the nucleus to the
cytoplasm might be temporally regulated. The difference in 53BP1

Fig. 3. Accumulation of 53BP1 during preimplantation development in the

mouse. (A) Zygotes at pronuclear stages (PN) 0 and PN4, 2-cell stage and 8-cell
stage embryos were fixed and processed for immunostaining with a 53BP1
antibody (green). DNA is shown in blue. Shown are full projections of Z-series taken
every 1 μm of representative embryos of at least 10 embryos analysed per stage.
In the inset a representative single section of 53BP1 localisation in grayscale is
shown. Note that nuclear enrichment of 53BP1 is only evident from the 2-cell stage
onwards. Embryos were analysed in parallel and fluorescence levels are compa-
rable between stages.  (B) Nuclear accumulation of 53BP1 is punctated and in
euchromatic regions. Single sections of nuclei of 2- and 8-cell stage embryos are
shown. 53BP1 is distributed throughout the nucleoplasm and is mostly excluded
from DAPI-rich regions. The round structures in 2-cell stage nuclei correspond to
pericentric chromatin that surrounds the nucleolar-like bodies. This chromatin
architecture is characteristic of the 1st cleavage stages in the embryo.

staining in inner versus outer cells
was not due to problems of anti-
body penetration as inner cells
were labelled with a pan-acetyl H4
antibody (Fig. 4D). Further, in the
blastocyst, Oct4 positive cells
showed very low to undetectable
levels of 53BP1 staining (Fig. 1F).
Localisation of 53BP1 in trophec-
toderm cells was further confirmed
by costaining with an antibody
recognising Cdx2, which is spe-
cifically expressed in the trophec-
toderm (Strumpf et al., 2005)(Fig.
4G). The predominant cytoplas-
mic localisation was not an artifact
due to problems of antibody pen-
etration into the nucleus, as the
transcription factor Cdx2, showed
a clear nuclear localisation. Thus,
53BP1 is expressed throughout
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preimplantation development and its nuclear localisation is tran-
sitory, as the protein seems to be excluded from the nucleus just
before implantation.

Because of the relationship between phosphorylation of H2A.X
and subsequent recruitment of 53BP1, we further analysed whether
γH2A.X and 53BP1 colocalise in the embryo. We performed
double immunostaining with the 53BP1 and the γH2A.X antibod-
ies. The punctate staining of 53BP1 that we described above did
not colocalise with γH2A.X at any of the stages analysed (2-cell

through blastocyst)(Fig. 5 and data not shown). Instead, only the
large and densely stained 53BP1 foci at the 2-cell stage colocalised
with γH2A.X (Fig. 5B), suggesting that these, but not the former,
are likely to be sites of DNA damage.

Discussion

Expression at the mRNA level of some of the components of
DNA repair cascades in the rat and human embryo has been

Fig. 4. Localisation of 53BP1 at the morula and blastocyst stage is predominantly cytoplasmic. (A) Morula stage embryos stained with the 53BP1
antibody (green) and DAPI (blue). Embryos were fixed, processed for immunostaining and imaged under a confocal microscope. Shown are full
projections of Z-sections taken every 2 μm (left). Single top (middle panel) and middle sections (right) are displayed as merged or grayscale as indicated.
53BP1 is barely detectable in the inner cells of the embryo. Shown are representative embryos of 4 independent experiments and 41 embryos analysed
per stage. Scale bar is 40 μm. (B) Pattern of 53BP1 localisation in the blastocyst. Embryos were analysed as in A. (C) Middle section of an early
blastocyst stained with the 53BP1 antibody. Shown are the merge and grayscale images of green (53BP1) and blue (DAPI) channels. The arrow points
to one cell in which some nuclear localisation of 53BP1 is still visible. Note that in all other outer cells 53BP1 localisation is mostly cytoplasmic. The
white line in the merge and DNA panels delinates the forming blastocyst cavity. Scale bar is 40 μm. (D) Middle section of a morula stained with the
53BP1 and a pan-acetyl histone H4 antibody. Shown are the merge image of 53BP1 (green) and H4ac (red) and greyscale images of 53BP1, H4ac and
DAPI channels as indicated. Scale bar is 40 μm. Embryo shown is representative of 8 embryos analysed. Note that 53BP1 is not associated with mitotic
chromatin (arrow). (E) Localisation of 53BP1 in culture cells is nuclear and displays a foci-like pattern. MHN cells were stained with the same 53BP1
antibody used for immunostaining of embryos. Shown are grayscale of the DAPI and red (53BP1) channels and a merge image. The inset in the merge
panel is shown at a higher magnification (two bottom pannels). (F) Oct4-positive cells in the blastocyst are mostly devoided of 53BP1 staining. Shown
are a middle section of merge (left) and grayscale images of 53BP1 and Oct4 staining. Shown are representative of 6 embryos analysed. (G) 53BP1
is enriched in the cytoplasm of trophectoderm cells in the blastocyst. Blastocysts were stained with the 53BP1 antibody and an antibody specific for
Cdx2, Phalloidin was used to reveal cell-cell boundaries. Shown is a detail of a blastocyst section containing trophectodermal cells as revealed by the
presence of Cdx2 in the nucleus (red). DNA is shown in blue.
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recently collected from the literature and put together in a review
(Jaroudi and SenGupta, 2007). This analysis suggests that a
variety of DNA repair pathways can be potentially triggered during
embryonic development as most components were found to be
expressed in the human and rat embryo. However, no systematic
analysis of protein localisation and expression in the early mouse
embryo has been performed. Such analyses are especially impor-
tant because transcription and translation are often uncoupled in
the embryo (Schultz, 2002).

Because of the crucial role of γH2A.X in the DNA damage
response as well as its putative role in assembly of embryonic
chromatin, we started by analysing its distribution in the preim-
plantation mouse embryo. Most importantly, our work documents
for the first time the patterns of γH2A.X and 53BP1 localisation in
freshly collected embryos. Patterns of γH2A.X in the embryo have
been previously analysed in response to DSBs caused by γ-
irradiation in in vitro fertilised embryos (Derijck et al., 2006,
Yukawa et al., 2007), but not under normal conditions in the
absence of DNA damage in freshly collected embryos. This is
particularly relevant as in vitro fertilisation procedures and/or
culture environment could have important effects in the abun-
dance of histone modifications or DNA methylation patterns (Li et
al., 2005, van der Heijden et al., 2009). Derijck et al., (Derijck et
al., 2006) have followed γH2A.X levels in zygotes fertilised in vitro
with γ-irradiated sperm and exposed to the DNA-damaging agent
etoposide. Interestingly, they document a different degree of
H2A.X phosphorylation responsiveness to DNA damage be-
tween male and female chromatin, in line with our observations.
Our work contrasts to a report published earlier by Adiga et al.,
where basal levels of γH2A.X are undetectable in normal embryos
(Adiga et al., 2007). This is very likely due to different
immunostaining protocols and techniques (e.g. non complete
permeabilisation and specially, the use of normal epifluorescence
microscope as opposed to the use of confocal acquisition). The
protocol that we used here has been optimised for preserving
cellular structures and achieving an efficient permeabilisation to
the nucleus without damaging its structure (for example fixation is
performed at 37°) (Torres-Padilla and Zernicka-Goetz, 2006,
Torres-Padilla et al., 2006, Torres-Padilla et al., 2007).

We have found that levels of γH2A.X are sustained in the
embryo in the absence of induced DNA damage. This is in line
with previous reports documenting phosphorylation of H2A.X
independent of DNA damage (McManus and Hendzel, 2005). In
particular, we observed very high levels of phosphorylated H2A.X
in the zygote right after fertilisation, with a small, but clear
asymmetry between the male and the female pronucleus. Be-
cause phosphorylated H2A.X plays an important role in the
generation of nucleosome arrays with physiological spacing prop-
erties (Kleinschmidt and Steinbeisser, 1991) we suggest that the
high levels of γH2A.X in the male pronucleus might reflect the fact
that this constitutes newly assembled chromatin that needs to
achieve a proper nucleosomal configuration. Additionally, high
levels of γH2A.X could reflect an intense repair process in the
male pronucleus compared to the female one. After fertilisation,
both the maternal and the paternal chromatin undergo epigenetic
reprogramming, which includes a decrease in global levels of
DNA methylation (Li, 2002, Morgan et al., 2005, Santos et al.,
2002). While female chromatin is passively demethylated (e.g.
through replication), the paternal chromatin is believed to un-

Fig. 5. Co-staining of 53BP1 and γγγγγH2A.X shows rare colocalisation in

the embryo. (A) Single confocal sections of 2- and 8-cell stage embryos
stained with the 53BP1 (green) and γH2A.X (red) antibodies. DNA was
stained with DAPI (blue). (B,C) Nuclei of embryos at the 2-cell (B) and 8-
cell (C) stage stained with the 53BP1 (green) and γH2A.X (red) antibodies.
Shown are merge and grayscale images as indicated. Note that only large
53BP1 and γH2A.X foci colocalise and overall, the punctate stainings of
both proteins do not colocalise.
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dergo an active DNA demethylation process before replication
(Mayer et al., 2000). DNA demethylation occuring in the male
pronucleus has been suggested to be mediated via the repair
pathway (Branco et al., 2008, Reik, 2007), high levels of γH2A.X
might provide support for this hypothesis. Thus, the high levels of
H2A.X phosphorylation that we observed might be related to
reprogramming in the embryo. Indeed, H2A.X plays an important
role in chromatin remodelling in male meiosis (Fernandez-Capetillo
et al., 2003b). However, whether there is a direct relationship
between phosphorylation of H2A.X and DNA demethylation re-
mains to be determined.

We found that phosphorylation of H2A.X varies along the cell
cycle in the embryo, with highest levels displayed during mitosis.
Changes in the levels of phosphorylation of H2A.X have also been
observed in normally growing and non-radiated mammalian cells
in culture and primary cells. These changes in the phosphoryla-
tion levels of H2A.X were suggested to be cell cycle regulated, as
ATM-dependent phosphorylation of H2A.X is maximal at mitosis
(Ichijima et al., 2005, McManus and Hendzel, 2005). Phosphory-
lation of H2A.X may thus contribute to the proper course of
mitosis. In support, a non-phosphorylatable S134A mutation of
H2A.X in Tetrahymena results in impaired cell division (Xiaoyuan
et al., 2007). High levels of H2A.X phosphorylation could also be
related to the replicative stress in fast dividing cells. Thus, high
levels of γH2A.X during mitosis in embryonic cells could be
relevant for mitotic progression during the intense phase of cell
division that the embryo undergoes before implantation.

We found that phosphorylated H2A.X is focally enriched in
mitotic telomeres from the 4-cell stage. In senescence cells,
where telomerase activity decreases, telomeres accumulate
γH2A.X foci (Meier et al., 2007). Because telomerase activity is
high in germ cells, but lower in cleavage stage embryos, telom-
eres lengthen drastically during preimplantation development
(Liu et al., 2007). Sister-chromatid exchange at the telomeres and
colocalisation of the DNA recombination proteins Rad50 and
TRF1 have been documented during these stages of develop-
ment (Liu et al., 2007). Indeed, high levels of γH2A.X at telomeres
may result from telomere lengthening, which has been suggested
to occur through a recombination-based mechanims in cleavage
stage embryos (Liu et al., 2007).

Outside of mitosis, two types of γH2A.X foci have been de-
scribed in interphasic nuclei of non-irradiated cultured cells: large
foci, which colocalise with a number of DSB repair proteins, and
much smaller foci (McManus and Hendzel, 2005). The latter foci
look similar in appearance to the punctate pattern that we de-
scribe in the interphasic blastomeres in the embryo in this work
and are therefore likely to reflect other functions of γH2A.X than
repair. Indeed, we found that the small punctate foci only rarely
colocalise with 53BP1. This suggests that the foci where the two
proteins colocalise are perhaps indicative of DNA repair, while the
remaining foci, which are smaller and more broadly distributed
through the nucleoplasm could correspond to sites where phos-
phorylation of H2A.X could be important for chromatin structure.
Of note, these small γH2A.X foci are present both in euchromatin
as well as in heterochromatin.

Lastly, 53BP1 was present throughout preimplantation devel-
opment from the 2-cell stage onwards and its cellular localisation
changed drastically upon blastocyst formation, with a marked
cytoplasmic accumulation in trophectoderm cells. In order to

sustain implantation of the embryo, trophoblast cells differentiate
into giant cells. This involves a switch from a proliferative cell cycle
to an endocycle in which DNA undergoes many rounds of replica-
tion without cell division. Downregulation of p53 activity in tropho-
blast cells -mediated at least partially through cytoplasmic reten-
tion- participates in this transition by allowing the cell to overcome
cell cycle checkpoints (Cohen et al., 2007, Soloveva and Linzer,
2004). Although we cannot exclude the possibility of 53BP1 being
subject to a post-translational modification resulting in epitope
exclusion in the nucleus, the gradual cytoplasmic retention of
53BP1 in the trophectoderm that we report here is in agreement
with findings in human trophoblast, where p53 is also retained in
the cytoplasm (Cohen et al., 2007, Soloveva and Linzer, 2004).
Our findings suggest that this temporally regulated change in
53BP1 localisation contributes to reducing p53 function in tropho-
blast cells thereby allowing further differentiation for successfull
implantation. In the future, it will be interesting to assess whether
cytoplasmic 53BP1 locailsation becomes nuclear after DNA dam-
age is induced.

In summary, we have shown that phosphorylation of H2A.X
occurs in the mouse embryo as early as the zygote stage imme-
diately after fertilisation, opening the possibility for a role in
chromatin assembly and remodelling during these stages. Levels
of γH2A.X occur in the absence of induced DNA damage and vary
throughout the cell cycle, suggesting a role in mitosis during
periods of fast division. Moreover, subcellular localisation of
53BP1 appears to be regulated in a temporal fashion during
development. Our data contributes to the analysis of chromatin-
associated proteins present throughout preimplantation develop-
ment that could be potentially involved in epigenetic reprogram-
ming.

Materials & Methods

Embryo collection and culture
Mice were bred in a 12 h light cycle. Embryos were collected as

described (Hogan et al., 1994) from CD1 ~6 weeks-old females that were
crossed with CD1 males upon natural matings. Briefly, zygotes and
cleavage stage embryos were collected at the indicated developmental
stages upon puncturing of the ampulla swollen and the oviduct, respec-
tively. Blastocysts were obtained by flushing the uterus with M2 medium
(Sigma) as described (Hogan et al., 1994). Experiments with animals
were carried out according to valid legislation in France. Pronuclear
stages (PN) were classified according to Adenot et al. (1997).

Immunostaining
Embryos were fixed immediately after collection. After removal of the

zona pellucida with acid Tyrode’s solution (Sigma), embryos were washed
three times in PBS and fixed as described (Torres-Padilla et al., 2006).
Fixation was performed at 37° to ensure preservation of nuclear architec-
ture. After permeabilisation with 0.5% Triton, embryos were washed three
times in PBS-T (0.1% Tween in PBS), blocked and incubated with the
primary antibodies in 3% BSA 0.1% Tween in PBS for ~12 h at 4°C.
Antibodies used were: anti-phosho H2A.X antibody, Upstate 05-636,
1:500 dilution; anti 53BP1 antibody, Novus Biologicals, 1:100 dilution;
anti-Cdx2 antibody, BioGenex CDX2-88, 1:75 dilution; anti-Oct4 anti-
body, BD 611202 1:100 dilution; anti H2A.X antibody, Abcam ab11175,
1:250 dilution; anti pan-acetylated H4, IGBMC, 1:150 dilution. 53BP1 and
γH2A.X antibodies used in this work have been widely used in previous
reports (see for example (Difilippantonio et al., 2005, Toledo et al., 2008).
Embryos were then washed twice in PBS-T, blocked for 30 minutes and
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incubated for 2 h at 25°C with the corresponding secondary antibodies in
3% BSA in PBS-T. Secondary antibodies used were: A488-conjugated
goat anti rabbit IgG, Molecular probes or Cy3-conjugated goat anti
mouse, Jackson ImmunoResearch. After washing, DNA was stained with
4'-6-Diamidino-2-phenylindole (DAPI) and embryos were mounted in
Vectashield (Vector Laboratories). For visualizing cell-cell boundaries,
blastocysts were stained with Alexa Fluor 635 phalloidin (Molecular
Probes). MHN (human normal myoblasts) were grown on a glass slide in
MEM supplemented with 20% FCS, fixed with 4% paraformaldehyde,
permeabilised with 0.5% Triton X-100 in PBS and blocked in 1% BSA prior
to addition of the 53BP1 antibody.

Confocal analysis
Confocal microscopy was performed using a 63x oil objective in a

Leica SP2 UV inverted microscope (zygotes and cleavage stages).
Sections were taken every 0.5 or 1 μm as indicated in the figure legends.
For imaging of blastocysts a 40x oil objective in a Leica SP2 AOBS MP
confocal was used and sections were taken every 2 μm. All the stainings
were repeated independently at least two times with at least 10 embryos
analysed per stage.
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