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Abstract.  Histone H3 trimethylation on lysine 27 is one of the histone modifications associated with chromatin of
silenced regions.  H3K27me3 labeling is initially asymmetrical between pronuclei in mammalian embryos, and then it is
remodeled during early development.  However, in mouse embryos obtained after somatic cell nuclear transfer (SCNT),
H3K27me3 histones inherited from the somatic female cell and associated with X chromosome inactivation have been
reported to escape remodeling.  Using immunostaining, we investigated the remodeling of H3K27me3 in Bos taurus
embryos obtained after in vitro fertilization (IVF) and SCNT.  In this species, transfer-induced chromatin remodeling can
be clearly separated from embryonic genome activation (EGA), which occurs at the 8–16-cell stage, and cloning by
SCNT is 10 times more successful than in the mouse.  In early IVF bovine embryos, dense H3K27me3 labeling was
localized in the pericentric heterochromatin as recently described in the mouse.  Labeling was however unevenly
distributed up to the 8-cell stage, suggesting that the parental genomes partitioned before EGA.  In female IVF
blastocysts, a somatic-like female profile appeared in 21% of the trophoblast cells.  This profile, which had one major
nuclear H3K27me3 patch, the putative inactive X chromosome (Xi), was absent in male blastocysts.  In contrast, the
somatic-like female H3K27me3 profile was observed in the majority of the nuclei of female bovine SCNT embryos
before EGA.  At the 8–16-cell stage, this profile was transiently replaced by pericentric-like labeling in most nuclei.
Immunostaining of mitotic chromosomes suggested that the ratio of H3K27me3 labeling in pericentric heterochromatin
vs. euchromatin was then rapidly altered.  Finally, Xi-like H3K27me3 staining appeared again in trophoblast cells in
female SCNT blastocysts.  These results suggest a role for EGA in H3K27me3 remodeling, which affects the
heterochromatin inherited from the donor cell or produced during development.
Key words:  Heterochromatin, Preimplantation embryo, Somatic cloning

(J. Reprod. Dev. 56: 379–388, 2010)

he low developmental potential of embryos obtained after
somatic cell nuclear transfer (SCNT) into oocyte cytoplasm

suggests that the transformation of nuclei of differentiated cells into
a fully totipotent state in the early SCNT embryo is inefficient [1].
One of the hypotheses to explain this faulty ‘reprogramming’
points to the different nuclear factors that make up the environment
surrounding the DNA and that are transmitted by the donor cell,
i.e., epigenetic factors [2, 3].  Epigenetic nuclear factors include
methylation of the DNA, nucleosome structure and association of
non-histone proteins.  In nucleosomes, covalent histone modifica-
tions have emerged as a key mechanism that is very closely linked
to transcriptional regulation [46].  In the case of SCNT, the nucleus
of the donor cell carries its own epigenetic structures, which are
different from the ones carried by the gametes, and may prevent or
modify acquisition of the epigenetic structures associated with nor-
mal embryogenesis.  Epigenetic nuclear events that normally take
place during embryogenesis have indeed been found to be abnor-

mal or incomplete—sometimes in relation with altered gene
expression [7]—in SCNT embryos and organisms (reviewed by [1,
3, 8]).  This may give rise to developmental anomalies and early
death, which are frequently observed in mammalian clones [9, 10]
(reviewed by [1, 11]).

Here, we have focused on one N-terminal covalent histone mod-
ification that is particularly present in heterochromatin and other
transcriptionally silent genomic regions, the trimethylation of his-
tone H3 on lysine 27 (H3K27me3).  This allowed us to investigate
the remodeling of the facultative heterochromatin formed by the
transcriptionally inactive X (Xi) chromosome inherited from the
somatic female donor nucleus and to compare the dynamics of the
nuclear events associated with H3K27me3 in bovine embryos
obtained after in vitro fertilization (IVF) and SCNT.  In early
mouse embryos, H3K27me3 is successively accumulated in the
paternally inherited pericentric regions forming constitutive hetero-
chromatin and the inactive X (Xi) chromosome of female cells
forming facultative heterochromatin [12].  Although numerous
other regions (in euchromatin) are enriched in H3K27me3 [13, 14],
pericentric and Xi-associated heterochromatin forms condensed
territories in the nucleus, such as chromocenters for constitutive
heterochromatin [15] and the Barr body for the X chromosome
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[16].
H3K27me3 formation is catalyzed by a multiprotein complex

called the Polycomb repressor complex PRC2 [17].  Subsequently,
H3K27me3 facilitates the loading of PRC1, which mediates tran-
scriptional silencing per se, although PRC2-independent
recruitment of PRC1 can also occur [12, 18, 19].  In early mouse
embryos, paternally inherited pericentric regions form heterochro-
matin that is transiently enriched in histone H3K27me3, PRC1 and
PRC2 after fertilization.  In contrast, their maternally inherited
counterparts are silenced via the same dominant pathway that pre-
vails in somatic cells, namely trimethylation of histone H3 on
lysine 9 (H3K9me3) by the Suv39h histone methyltransferases dur-
ing oogenesis [12].  Histone H3K9me3 and heterochromatin
protein HP1 progressively replace histone H3K27me3 in the pater-
nal pericentric heterochromatin, giving rise to H3K9me3 and HP1
in all the pericentric heterochromatin at the morula stage [12].  This
situation, which is also found in the constitutive heterochromatin of
embryonic stem cells and somatic cells, suggests a hierarchy
between PRC2-mediated and Suv39h-mediated silencing [20].
Simultaneously, the nuclear localization of centromeres and peri-
centric regions undergoes profound reorganization during and
immediately after embryonic genome activation (EGA), leading to
the formation of chromocenters [15].  This spatial reorganization
may take place properly at the same development stage, at least in a
proportion of NT mouse embryos [21, 22].

At the blastocyst stage, Xi-associated histone H3K27me3
becomes particularly visible as a large patch in the nuclei of female
mouse embryos [23, 24].  Although H3K27me3 enrichment is not
sufficient to infer gene silencing at this stage [25], it is clearly nec-
essary to X chromosome inactivation (XCI) in placental tissues
[26, 27].  H3K27me3 enrichment coincides with the initial imple-
mentation of XCI at the blastocyst stage, i.e., one of the X
chromosomes is transcriptionally silenced.  The inactivated X-spe-
cific transcript Xist RNA, which triggers XCI and is detected from
the 2–4-cell stage on the paternally-inherited XP chromosome,
starts to accumulate on the XP chromosome from the morula/blas-
tocyst stages in female mouse embryos ([28] and reviewed in [16]).

In female mouse SCNT embryos, immunostaining has shown,
however, that one H3K27me3-rich, X-associated patch is present
from the one-cell stage up to the blastocyst stage in most cells of
mouse SCNT embryos [28].  This suggests that the H3K27me3
patch is most likely associated with the Xi inherited from the
female donor cell and may correspond to the absence of remodeling
of the H3K27me3-rich regions [28] that are present on the Xi of
somatic female cells [29].  This is associated with the delayed and
often abnormal expression pattern of Xist RNA, since it is detected
after the 8-cell stage only and is biallelically expressed in mouse
SCNT embryos [28, 30].  Taken together, these data suggest that
H3K27me3 may provide a valuable marker for comparing chroma-
tin at the nuclear level in normal and SCNT embryos.

The success rate of bovine cloning by SCNT is close to 10% or
even higher, while mouse SCNT efficiency reaches only 1–2% [1],
making bovine embryos a material of choice for studying the
events that follow nuclear transfer.  Moreover, the early bovine
embryo displays features that differ significantly from the mouse
embryo.  Among them is the transition phase from maternal control

to embryonic control of development.  This phase is longer in
bovine than in mouse embryos since the EGA necessary for contin-
uation of development occurs at the 8–16-cell stage in the former
and at the two-cell stage in the latter (reviewed by [31, 32]).  Con-
sequently, nuclear transfer induced remodeling and early
embryonic genome transcription are clearly separate stages in
bovine SCNT embryos.  Finally, the formation of bovine blasto-
cysts is also delayed by one or two cell cycles.  In contrast, the XCI
pattern described in the mouse seems to be largely conserved in
cultured bovine embryos, where it also takes place at the blastocyst
stage [33].  The organization of constitutive heterochromatin is also
conserved in bovine and mouse somatic cells; during interphase,
centromeres and pericentric regions of several chromosomes
aggregate to form chromocenters, and in both cases, this organiza-
tion is acquired from the EGA stage onwards [15, 34].

Most epigenetic studies have addressed the remodeling of DNA
methylation in bovine SCNT embryos [35, 38].  Abnormal methy-
lation patterns have been reported in tissues of abnormal and
deceased bovine clones [38] and may be associated with the aber-
rant expression of imprinted and non-imprinted genes that has been
observed in deceased SCNT newborn calves [39, 42].  Remodeling
of DNA methylation and of one covalent histone modification has
been shown to correlate with developmental potential in early
embryos obtained after nuclear transfer of different types of donor
cells [43].  In our study, we investigated first the intranuclear local-
ization of trimethylated H3K27 in IVF bovine embryos and then
compared it with its remodeling in embryos obtained after SCNT.
Moreover, since it has been shown that H3K27me3 is involved in
the process of X inactivation, the remodeling pattern of this epige-
netic mark was analyzed according to the sex of the embryos.

Methods

Bovine fibroblasts
Female 5538 and male OV7060 bovine fibroblast cultures were

derived from adult skin biopsies.  Cultures were made in plastic
Petri dishes in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS) and antibiotics.
Confluent cells were recovered after trypsin treatment and diluted 3
times in DMEM before plating or frozen after being resuspended in
concentrated FCS.  Each trypsin treatment increases the number of
‘passages’ the culture undergoes.  For immunofluorescence, cells
were plated on SuperFrost slides.  For SCNT and immunofluores-
cence, confluent fibroblasts were kept for another four days before
nuclear transfer in fresh DMEM medium supplemented with 10%
FCS.  Donor cells were used from passage 4 to passage 10.  The
cells exhibited a normal karyotype in more than 70% of the
metaphases observed.  Furthermore, all the SCNT embryos gener-
ated in our laboratory with the 5538 cells routinely yielded a high
percentage of viable offspring; around 20% of the blastocysts
obtained after 5538 SCNT (‘genotype A’ in [44]) and transferred
into recipient heifers developed to term [44].

In vitro oocyte maturation, fertilization and somatic cell 
nuclear transfer

All procedures have been described previously [45].  The same
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batches of matured oocytes were used for IVF and SCNT.  Sixty to
80% of matured oocytes cleaved after incubation with high-quality
semen.  The rate of IVF blastocysts was on average 35%.  Cleavage
and blastocyst rates for female SCNT embryos were on average 85
and 55%, respectively, and on average 85 and 66% for male SCNT
embryos.

In vitro embryo culture
After IVF or SCNT, presumptive zygotes or reconstituted

embryos were cultured in microdrops of 50 μl B2 medium (Labora-
toire C.C.D., Paris, France) [46] with 2.5% FCS, seeded with Vero
cells [45].  The droplets were overlaid with mineral oil and incu-
bated at 39 C under 5% CO2 conditions.  Cleavage was assessed at
day 1 post-insemination or post- fusion, and blastocyst formation
was evaluated at day 7.  Embryos were harvested at different devel-
opmental stages as described in Table 1.

Preparation of fibroblasts for immunostaining
Cells grown on slides were pre-permeabilized in cold phosphate

buffered saline (PBS) supplemented with 0.2% Triton X-100 for 7
min prior to fixation in 4% paraformaldehyde in PBS for 15 min at
room temperature.  After three washes in PBS, the cells were post-
permeabilized in PBS- 0.5% Triton X-100 at room temperature for
10–15 min.

Preparation of bovine embryos for immunostaining
All embryos were collected and placed in PBS before fixation or

removal of the zona pellucida with Pronase (Ref P5147 from
Sigma, St. Quentin Fallavier, France) at 37 C for 5 min.  After the
Pronase activity had been inhibited in B2 medium supplemented
with 2.5% FCS, embryos at the morula and blastocyst stages were
pre-permeabilized in PBS-0.2% Triton X-100 on ice for 5 min and

washed in PBS-0.5% bovine serum albumin.  At earlier stages, this
step was omitted, and embryos were fixed directly in 4% paraform-
aldehyde or after removal of the zona pellucida.  All embryos were
post-permeabilized by 0.5% Triton X-100 treatment for 15 min to
30 min, depending on the stages and presence or absence of the
zona pellucida.  For blastocyst embryos, our experimental proce-
dure was only optimized for the analysis of trophoblastic cells.
Under these conditions, cells of the inner cell mass were insuffi-
ciently permeabilized to highlight specific H3K27me3 signals in
their nuclei and were not taken into account.

Indirect immunofluorescence
After the blocking step in 2% bovine serum albumin - 0.05%

Triton X100 - 0.05% Tween - PBS, cells and embryos were
sequentially incubated overnight at 4 C with primary antibodies,
then for 1 h at room temperature with secondary antibodies.
Between the two antibody reactions, cells and embryos were
washed in 0.05% Tween - PBS and again blocked for 15 min.  All
antibodies were diluted in the blocking solution.  Commercial anti-
H3K27me3 antibodies (Upstate 07-449) were diluted 500 times for
immunostaining.  Anti-H3K9me3 (Abcam ab8898) antibodies
were diluted 300 times.  Anti-rabbit IgG coupled to FITC (Jackson
211-095-109), anti-rabbit IgG coupled to TRITC (Jackson 211-
025-109), anti-sheep IgG coupled to FITC (Jackson 713-095-147)
and anti-sheep IgG coupled to TRITC (Jackson 715-025-147) anti-
bodies were diluted 200 times.  Anti-digoxigenin (Roche 11 333
08) antibodies were used as a 400-fold dilution.  Finally, cells and
embryos were rinsed in 0.05% Tween - PBS before being counter-
stained and mounted in Vectashield (Vector Laboratories,
Burlingame, USA).  For DNA counterstaining, 1 μg.ml–1 Hoechst
33342 (Sigma-Aldrich) and 3.3 μg.ml–1 YOYO-1 (Invitrogen,
Cergy Pontoise, France) were used for epifluorescence and confo-

Table 1. Evolution of the H3K27me3 histone pattern during early development of cultured female bovine embryos obtained after IVF or SCNT

Group Developmental Time (hours Number Number of (pro)nuclei / total number of (pro)nuclei (%)
stage post-insemination  of embryos  showing one of the two main H3K27me3 labeling patterns

or -fusion) Type 1 labeling a Type 2 labeling a

In vitro Zygote 2PN 16–18 hpi 9 0/18 (0) 0/18 (0)
  fertilization 2–4 cells 30–32 10 0/24 (0) 0/24 (0)

4–8 cells 44–48 15  9/110 (8) 0/110 (0)
8–16 cells 68–74 12 145/134 (97) 0/134 (0)
16–32 cells 94–100 10 192/207 (93) 0/207 (0)
Morula 115–120 23 681/740 (92) 3/740 (0)
Blastocystb 170–190 11 nd 250/1177 (21) c

Somatic 1 cell 16–18 hpf 15 0/15 (0) 8/15 (54)
   cell nuclear 2 cells 25–28 20 0/40 (0) 20/40 (50)
   transfer 4–8 cells 40–44 12 19/82 (23) 56/82 (68)

8–16 cells 68–74 12 92/107 (86) 11/107 (9)
16–32 cells 94–100 14 194/285 (68) 14/285 (4)
Morula 115–120 20 382/621 (62) 36/621 (6)
Blastocyst 170–190 29 nd 675/2469 (27) c

a Type 1, ‘pericentric labeling’(IVF) or ‘pericentric-like labeling’ (SCNT), corresponds to dense labeling of pericentric dots and low labeling sig-
nal in the euchromatin; type 2, ‘somatic-like female labeling’, corresponds to one large patch, the putative Xi.  b Putative IVF female embryos,
i.e., containing at least 5 nuclei with the H3K27me3 somatic-like female pattern.  c The percentage is given in consideration of immunostained
nuclei only, which excluded nuclei of the inner cell mass and included ≥90% of the nuclei of the trophoblast cells in our conditions.
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cal microscopy observation, respectively.

Microscopy and image analysis
Fibroblast cells were observed using digital imaging microscopy

with an epifluorescence microscope Axiovert (Zeiss, Le Pecq,
France) and ×40 and ×100 oil immersion objectives (numerical
aperture=1.3).  Fibroblast images were recorded digitally with a
high resolution CCD camera using IPLab image analysis software.
In some cases, grayscale images were pseudo-colored after capture
using Image J.  Digital optical sections from IVF and SCNT preim-
plantation embryos were recorded using a confocal laser scanning
microscope (Zeiss LSM 510) with an ×63 oil immersion objective
(numerical aperture=1.4).  For the figures, depending on the stage,
complete or partial projections of the confocal images were gener-
ated using the Z project plug-in of the ImageJ software (http://
rsb.info.nih.gov/ij/java 1.5.0_13) based on the maximum intensity.
Cells were counted after projection of all stacks.  All nuclei were
numbered according to the H3K27me3 patterns in embryos at early
stages, from 1 to 32 cells.  At morula and blastocyst stage, 0 to 5%
and 0 to 10% of the nuclei were not immunostained, respectively,
and were not recorded.  At the blastocyst stage, only trophectoder-
mal nuclei were analyzed as mentioned above.

Results and Discussion

Analysis of H3K27me3-rich nuclear regions during 
development in IVF bovine embryos

Using commercial antibodies directed against the peptide motif
of branched trimethylated lysines 27 on histones H3 (H3K27me3),
the nuclear profiles in bovine embryos were analyzed up to the
blastocyst stage.  In zygotes, H3K27me3 immunolabeling was
observed in one of the pronuclei and in the polar bodies (Fig. 1).
This labeling appeared as a few dense spots surrounded by a homo-
geneous signal in the nucleoplasm.  This corroborates the data of
Ross et al. [47], who showed unambiguously that only the female
pronucleus is enriched with H3K27me3 histones in bovine
embryos.  At the 2-cell stage and up to the early 8-cell stage, the
H3K27me3 labeling was unevenly distributed in most nuclei (Fig.
2a).  Intense spots appeared clearly and randomly distributed in
most nuclei at late 8–16-cell (not shown), early 16–32-cell (Fig. 2a)
and morula (Fig. 3a) stages and in a proportion of the nuclei from
blastocyst embryos (Fig. 3b).  The evolution of this pattern seems
to support the global decrease in H3K27me3 labeling signals fol-
lowing fertilization reported by Ross et al. [47] in bovine embryos.
Since this pattern was found in more than 90% of embryos, it had
no relationship with the sex chromosome content.

On several occasions, we were able to observe H3K27me3
immunolabeling directly on mitotic chromosomes in 16–32-cell
embryos.  H3K27me3 spots were clearly seen on the ends of 20 to
30 chromosomes (Fig. 2b).  Given that all bovine autosomes are
acrocentric, the polarization of the labeling strongly suggests that
H3K27me3 spots were close to the centromeres (Fig. 2b, M),
namely in the pericentric regions as demonstrated in the mouse [12,
48].  This profile will therefore be referred to as the pericentric
profile.

In bovine IVF embryos, crescent shaped H3K27me3 immun-

ostaining was encountered at the 2-cell and 4–8-cell stages (Fig.
2a), i.e., up to the beginning of EGA.  Cowell et al. [49] have also
observed uneven nuclear labeling with H3K9me3 in early mouse
embryos before and during EGA, at the 1- and 2–4-cell stages.  It
has been postulated that uneven labeling is the consequence of
asymmetrical labeling between the paternal and maternal chromo-
somes in their pronuclei [49].  In mouse embryos, it is well
established that at the 2-cell stage the two genomes remain parti-
tioned in the interphase nucleus [50].  Since H3K9me3 labeling is
detected in the maternal pronucleus only, this leads to asymmetri-
cal labeling of the two parental genomes at the two-cell stage [49].
We also observed in bovine embryos an asymmetrical labeling in
the nuclei up to the late 8–16-cell stage (Fig. 2a), probably because
the parental genomes remain partitioned until this stage.  Therefore,
in both mouse [49, 50] and bovine (this paper) embryos, partition-
ing of the parental genomes disappears after EGA, strongly
suggesting a link between partition of the parental genomes and
genome-wide transcription.

The asymmetry for PRC2-associated H3K27me3 between pro-
nuclei -namely the high level in the female pronucleus- has been
demonstrated in mouse ([12, 48] and references therein), bovine
([47], this paper) and pig [51] embryos.  However, in mouse
embryos, H3K27me3 immunolabeling is observed in the pericen-
tric regions in the late male pronucleus; transient enrichment in

Fig. 1. Differential H3K27me3 immunostaining in zygotes at the
pronuclei stage. Matured oocytes were harvested 16 to 18 h post
insemination, fixed and permeabilized before immunostaining.
Antibodies against H3 histones trimethylated on lysine 27
(H3K27me3) were used to immunolocalize the modified
histones in the two pronuclei. Nuclear DNA was counterstained
with YOYO-1. In the late embryo (A), H3K27me3 is strongly
detected in the polar body and the closest pronucleus. The
H3K27me3-free pronucleus is moderately enlarged. In the more
advanced embryo (B), the H3K27me3-free pronucleus has
enlarged and moved closer to the positively immunostained
pronucleus. Scale bars: 20 μm.
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H3K27me3 of other non-pericentric regions is observed in the
female pronucleus but disappears during the 2nd cell cycle [12].  In
bovine embryos at the late pronucleus stage (Fig. 1B, B’),
H3K27me3 was not detected when the male pronucleus was greatly
enlarged and close to the female pronucleus.  Altogether, these data
strongly suggest that in bovine embryos H3K27me3 is initially
enriched on the chromatin inherited from the mother and becomes

transiently restricted to the pericentric regions during EGA; it
remains to be determined whether this latter localization depends
on the parental origin in bovine embryos or not.

In 39% (11/28) of the IVF embryos analyzed at the blastocyst
stage, on average 21% of the trophoblast cells displayed one large
H3K27me3 peripheral signal in the nuclei (Fig. 3b), suggesting the
presence of the Xi-associated H3K27me3 patch as observed in

Fig. 2. Enrichment in H3K27me3 of pericentric heterochromatin in early bovine embryos.  Cultured embryos were harvested at the appropriate stages and
immunostained as described in Fig. 1. (a) The embryos obtained after in vitro fertilization (IVF) and recovered before embryonic genome
activation (EGA) at the 2-cell, 4-cell, early 8-cell stages or after EGA (17-cell stage) were fixed in 4% formaldehyde and then permeabilized.
Arrows indicate the magnified nuclei; nuclei showing an uneven distribution of labeled H3K27me3 histones are indicated by letter u. (b)
Magnifications of H3K27me3 and DNA profiles of metaphases of IVF (left panel) and SCNT (right panel) 16–32-cell embryos. The metaphase M
of the 17-cell IVF embryo originates from the 17-cell embryo shown in a. In the color prints, immunolabeling is in red and YOYO-1 in green.
H3K27me3 spots are located on one extremity of many chromosomes as seen on the merged image, strongly suggesting that the spots observed in
(interphase) nuclei are localized in pericentric regions. GC-rich bovine centromeres and pericentromeres are poorly stained by YOYO-1. Scale
bars: (a) 20 μm; (b) 10 μm.
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somatic female cells ([23, 24] and see below).  This concurs with
what is known from the XCI process, which is detected at least in
some cells in female bovine IVF embryos at the blastocyst stage
[33].  In a specific experiment, biopsies were recovered from
embryos (N=10) before fixation to sex them using PCR as previ-
ously described [52, 53].  After immunolabeling of the sexed
embryos, the Xi-like H3K27me3 patch was detected exclusively in
female embryos (data not shown).

To test if our immunostaining procedures were compatible with
antigen access in bovine embryos between the key 8-cell and blas-
tocyst stages, immunolabeling was performed under the same
conditions with antibodies directed against H3K9me3.  H3K9me3
labeling displayed the expected profile, since it was concentrated in
several spots from the 8–16-cell stage to the blastocyst stage (data
not shown).  Therefore, the H3K9me3 pattern in the blastocysts
conformed to the well-established preferential H3K9me3 labeling
of pericentric regions in somatic and embryonic cells after EGA
([12] and references therein).  This result confirmed that in our
immunostaining conditions, the low frequency of Xi-like
H3K27me3 patches and the decrease in H3K27me3 labeling in
pericentromeric heterochromatin were not the result of a lack of
antigen accessibility or of a simple change in chromatin compac-
tion [54].

H3K27me3 nuclear profiles of female and male bovine 
fibroblasts 

The H3K27me3 nuclear profiles in bovine fibroblast cells were
analyzed (Fig. 4a).  The bovine Xi chromosome displays two
intense H3K27me3-rich bands at metaphase [55].  During inter-
phase, a bright, heavily labeled patch was visible in the nucleus
(Fig. 4a) of a proportion of female fibroblast cells varying from 30
to 70% as reported by others in the mouse [28].  This profile was
never observed in male fibroblast cells (data not shown).  The fate
of this H3K27me3-rich nuclear region was then studied after
nuclear transfer of the bovine fibroblast nuclei into enucleated
bovine oocytes.

Analysis of H3K27me3-rich nuclear regions during 
development in female and male SCNT embryos

Previous studies have revealed that clones of lower potential dis-
played hypermethylation of DNA and H3K9 as compared with IVF
embryos [43].  These hypermethylated regions had not been identi-
fied but most likely correspond to pericentric heterochromatin [43]
as shown by another study [35].  Here, we focused on H3K27me3
(Table 1).

On average, 85% of 1-cell SCNT embryos cleaved, and 65%
reached the 4–8-cell stage.  The 8–16-cell embryos represented on
average 55% of the reconstituted embryos, i.e., 85% of the 4–8-cell

Fig. 3. The evolution of H3K27me3 nuclear profiles in bovine
e m b r y o s  a f t e r  e m b r y o  g e n o m e  a c t i v a t i o n .
Immunostaining was performed as described in Fig. 1
except that morula and blastocyst embryos were
permeabilized before and after fixation to reduce non-
specific signals and ensure proper access to the epitopes.
The multi-dot, pericentric H3K27me3 profile described
in Fig. 2 disappeared between the morula (a) and
blastocyst (b) stages in both IVF and SCNT embryos.
(a) At the 16–32-cell and morula stages, a pericentric-
like profile was found in the majority of the nuclei of
90% of the female SCNT embryos, but it was more
heterogeneous than in those of the IVF embryos. (b) At
the blastocyst stage, on average 21 and 27% of the nuclei
of the trophoblast cells in the female IVF and SCNT
embryos displayed the somatic-like female profile,
respectively (arrowheads), suggesting that an X-
associated H3K27me3-rich patch was present in these
cells. This profile was absent in the male IVF and SCNT
embryos. Arrows indicate the magnified nuclei. Scale
bars: 20 μm.
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embryo population and 65% of the cleaved embryos.  More than
95% of the 8–16-cell embryos reached the blastocyst stage.

Sixty-five percent (15/23) of the female bovine 1-cell SCNT
embryos fixed at 16–18 h post-fusion (hpf) displayed expanded
nuclei, and in two embryos the nuclei were in metaphase.  In 26%
(6/23) of the observed embryos, poorly expanded nuclei were seen;
these embryos were most likely blocked and were not considered
for H3K27me3 analysis.  About half (8/15) of the expanded nuclei
displayed the nuclear H3K27me3 profile close to the one observed
in IVF embryos at this stage, except that immunostaining was
observed throughout the nucleus (Fig. 4b, A1).  The remaining half
displayed a somatic-like female profile characterized by an
H3K27me3 patch (Table 1, Fig. 4a, A2).  Since such a pattern was
not observed in IVF embryos at this stage, this suggests that in a
proportion of SCNT embryos, the Xi chromosomal territory
remained the main heterochromatin region enriched by these modi-
fied histones during chromatin remodeling.  Metaphase figures

indicate that H3K27me3 was present along the whole chromo-
somes at the end of the first cycle (Fig. 4b, A3).

At the 2-cell stage, an Xi-like H3K27me3 patch was detected in
both nuclei of 50% of the embryos (Table 1), although it was not as
clearly delineated as in the somatic nucleus (Fig. 4c, B1).  In the
remaining embryos, the patterns were similar to those observed in
IVF embryos, except that labeling was found throughout the whole
nucleus (Fig. 4c, B2) as expected in the absence of parental based
genome partition.  In the 4–8-cell embryos, a dominant peripheral
patch with or without numerous smaller dots was found.  These pat-
terns that were both considered to be somatic-like female profiles
were found in 68% of the nuclei (Table 1; Fig. 4c, C) and 75% of
the embryos.  Nuclei without any dominant patch and similar to the
pericentric-like pattern (see below) were found in 23% of the nuclei
and 33% of the embryos.  The remaining nuclei displayed the other
patterns described at earlier stages.  In contrast, the pericentric-like
pattern was found in all embryos and 86% of the nuclei in the 8–16-

Fig. 4. Representative H3K27me3 nuclear profiles in female bovine SCNT embryos up to embryo genome activation. H3K27me3 immunostaining in
female SCNT embryos and donor (fibroblast) cells was performed as in Fig. 1 and Fig. 3, respectively. Embryos were fixed (b) at the one-cell
stage at 16–18 hpf (A1 & A2), (c) at the 2-cell stage at 27 hpf (B1 & B2) and at the early (46 hpf, C, C1 & C2) and late (70 hpf, D) 8-cell stages.
DNA was stained with YOYO-1. Arrowheads indicate nuclei with the putative Xi-associated patch. The magnified views correspond to the nuclei
indicated by the arrows.  Scale bars: (a) 2 μm; (b) 10 μm; (c) 20 μm.
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cell embryos, while the somatic-like female pattern was observed
in less than 10% of the nuclei (Table 1 and the late 8-cell embryo in
Fig. 4c, D).

To assess whether the somatic-like female profile was most
likely associated with the Xi of the donor cell, bovine male SCNT
embryos (N= 10) were also analyzed at the 1 to 8-cell stages.  They
never displayed the somatic-like female pattern (data not shown).

Nuclei of early 16–32-cell and morula female SCNT embryos
displayed a pericentric-like profile and rarely (4–6%) the somatic-
like female profile (Fig. 3a).  While all nuclei of all IVF embryos
examined displayed the well-contrasted pericentric pattern, 90% of
the SCNT embryos displayed much more heterogeneity in the
H3K27me3 staining profile than IVF embryos at these stages (Fig.
3a).  Indeed, H3K27me3 staining displayed either very dense foci
or hardly visible spots in most female SCNT embryos (Fig. 3a).
Moreover, the difference between the IVF and SCNT embryos
could be directly seen on mitotic figures at the early 16–32-cell
stage (Fig. 2b), uncovering a different ratio of H3K27me3 labeling
on pericentric heterochromatin and euchromatin and different
staining intensity between chromosomes.

In mouse embryos obtained after fertilization, silencing of the
paternal pericentric regions is transiently associated with enrich-
ment in H3K27m3 catalyzed by PRC2 complexes [12].  The
different ratios of H3K27me3 labeling between pericentric hetero-
chromatin and euchromatin, which are observed at the 16–32-cell
and morula stages in most SCNT bovine embryos as compared
with IVF embryos, may therefore be due to an alteration in the
silencing mechanisms.  One possible mechanism supposes that
H3K9me3 histones present in somatic pericentric heterochromatin
are randomly replaced by other histones in a variable proportion of
these regions following nuclear transfer, which leaves the possibil-
ity of PRC2 recruitment and subsequent H3K27me3 enrichment
when these regions are silenced [12, 20].  Alternatively, the
H3K27me3 enrichment that is observed in other than pericentric
genomic regions in the nuclei of morula SCNT embryos may be
associated with altered epigenetic regulation and gene expression.

However, at the blastocyst stage, all female SCNT embryos dis-
played the somatic-like female H3K27me3 profile in a significant
proportion of trophoblast nuclei (10 to 38%), similar to IVF
embryos (Fig. 3b).  This pattern was never observed in male SCNT
embryos (N=10), strongly suggesting that the somatic-like female
profile was really associated with XCI.  This will have to be con-
firmed by using other markers of XCI, such as the accumulation of
XIST RNA on H3K27me3-enriched regions of the Xi [56] and
monoallelic expression of X-linked genes [24, 57, 58].

In conclusion, our observations indicate that the H3K27me3-
rich genomic regions are highly dynamic in bovine IVF embryos,
as recently shown in mouse embryos [12].  Our results indicate a
temporal correlation between EGA, i.e., the initiation of genome-
wide transcription, and H3K27me3 remodeling and the end of par-
titioning of the parental genomes in early bovine IVF embryos.  A
similar correlation has been observed between EGA and the organi-
zation of chromosomal territories [59] and centromeric and
pericentromeric regions [21] in the interphase nuclei of bovine
embryos.  The developmental dynamics of H3K27me3 give rise
first to an embryo-specific, sex-independent, pericentric profile

that culminates immediately after the EGA stage.  It corresponds to
the transient enrichment in H3K27me3 in pericentric heterochro-
matin regions, as demonstrated recently in mouse embryos [12].
Two other profiles are then observed at the blastocyst stage in
bovine embryos, which depend on sex: (i) a ‘male’ somatic-like
profile, most likely corresponding to euchromatic labeling, and (ii)
a somatic-like female profile in female embryos only, which is
associated with the presence of the Xi-like H3K27me3-rich patch.
This latter observation confirms that in cultured bovine embryos,
XCI-related events are detected early [60].  Notably, XIST gene
expression dramatically increases from at least the 8–16-cell stage
onward [60].

Following SCNT, epigenetic regulation in the early bovine
embryo appears to be flexible.  In contrast to mouse SCNT
embryos [28], the H3K27me3 epigenetic profile of the somatic
donor nucleus is in bovine SCNT embryos largely remodeled.
However, up to the 8-cell stage, the somatic-like female
H3K27me3 profile was observed in a large proportion of the nuclei
and embryos.  The 8–16-cell stage marks the onset of a second
phase of epigenetic changes, characterized by profiles resembling
the pericentric profile to varying degrees.  It does not preclude that
the Xi of the donor cell remains partially enriched in H3K27me3,
but it strongly suggests that in SCNT bovine embryos, large-scale
H3K27me3 remodeling can occur several cell cycles after nuclear
transfer and that EGA marks a key stage in remodeling this histone
modification.

Recent studies have demonstrated that the local enrichment of
histone modifications associated with inducible gene activity is
controlled by transcription elongation in mammalian cells [6].  The
temporal correlation of the changes in nuclear organization and
chromatin structure ([15, 59], this paper) with EGA in early bovine
embryos may therefore indicate that these changes depend some-
how on genome-wide transcription.  X chromosomes are a useful
asset for understanding the role of EGA in chromatin remodeling in
SCNT embryos.  In normal female mouse embryos, transient tran-
scription on both X chromosomes is clearly established [24, 57,
58].  On the other hand, different patterns of transcriptional activa-
tion on the Xi (and the Xist gene on the Xa) have been described in
mouse SCNT embryos [28, 30, 61].  Consequently, it will be neces-
sary in the future to determine whether the different pattern of
H3K27me3 remodeling observed in mouse [28] and bovine (this
study) SCNT embryos is correlated with a different pattern of chro-
mosome-wide transcriptional activation of the Xi of the donor cell
after nuclear transfer.
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