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Abstract: Epigenetic modification and expression of key pluripotent factors are critical for development, cell fate
determination, and differentiation in early embryos. In this study, we systematically examined the dynamic patterns
of histone modifications (H3K4me3 and H3K27me3) and Nanog expression during the development of preimplan-
tation rabbit embryos. Rabbit oocytes, 1-, 2-, 4-, 8-, and 16-cell embryos, morulae, and blastocysts were collected
at specific time points following superovulation and assessed for nuclear H3K4me3, H3K27me3, and Nanog ex-
pression by immunofluorescence microscopy. The frequency of H3K4me3-positive nuclear staining was highest
in oocytes through 4-cell embryos (100%), decreased in 8-cell (97.2%) and 16-cell (94.4%) embryos (P > 0.05),
declined dramatically in morulae (86.7%) (1- through 8-cell embryos vs morulae, P < 0.05), and was the lowest in
blastocysts (76.2%) (P < 0.05). Nuclear staining of H3K27me3 was negative in oocytes and embryos through the
16-cell stage but was positive in 25.9% of morulae and 34.2% of blastocyst (P < 0.05). Similarly, rabbit oocytes
and embryos through the 16-cell stage did not express Nanog, but Nanog was expressed in 24.9% of morulae and
36.5% of blastocysts (P < 0.05). The observed decrease in H3K4me3 and increase in H3K27me3 as development
progressed in preimplantation rabbit embryos, together with late Nanog expression, indicates a correlation of these
factors with early embryonic cell fate determination and differentiation. Our study provides a specific and dynamic
profile of histone modifications and gene expression that will be important for the derivation of rabbit embryonic
stem cells and improving rabbit cloning by somatic cell nuclear transfer.
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Introduction H3K9me3 histone modification dynamics in
mouse embryos and found that the reconstitu-
tion of H3K9me3 within long terminal repeats
is critical for the activation of transposable
changes, including the erasure of DNA methyla- elements and heterochromatin regions during
tion from parental genetic material and mas- the resting stage of early embryonic develop-
sive changes in chromatin structure [1, 2]. With ment [6]. Maps of DNA methylation [7, 8] and
the development and application of immuno- histone modification [9] in human early embry-
precipitation and micro-DNA sequencing, vari- os have also been constructed. With the devel-
ous epigenetic modifications in mammalian opment of genome-wide high-throughput sequ-
embryo development, including those in hu- encing and combinatorial approaches for study-
mans, have been elucidated [3-5]. Using micro- ing epigenetic modifications, various epigenetic

Early embryo development following fertiliza-
tion is characterized by dramatic epigenetic

chip technology and chromatin immunoprecipi- modifications, such as H3K27me3, H3K4me3,
tation DNA sequencing (ChIP-Seq), the dynamic H3K9me3, H3K27ac, and H3K9ac, have been
changes of mouse chromatin histone modifica- reported to play important roles in the differen-
tions H3K4me3 and H3K27me3 that occur dur- tiation of embryonic stem cells (ESC) [10-13].
ing early embryo development have been sys-

tematically mapped at the genome-wide level The rabbit is an important model for human

[3-5]. Separately, others have analyzed the diseases [14-17]. We previously reported the
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dynamic expression patterns of Oct4, Cdx-2,
and acetylated H4K5 during early embryonic
development in rabbits. We found that Oct4
expression significantly decreased at the 8-cell
stage and progressively increased from the
16-cell to morula to blastocyst stage [18].
These results indicated that rabbit zygotic
genome activation (ZGA) initiates at the 8-cell
stage, which is similar in timing to ZGA in human
embryos [9]. However, the dynamics of other
epigenetic modifications, such as H3K4me3
and H3K27me3, have not been clearly eluci-
dated in rabbits. Lepikhov et al. studied the
DNA methylation of rabbit embryos and found
that the H3K4me3 and H3K27me3 modifica-
tions were similar to those in mice and cattle
[19]; however, their spatial and temporal pat-
terns remain unclear. We previously reported
dynamic and synergistic expression patterns of
H4Kb5ac, the pluripotency gene Oct4, and the
differentiation gene Cdx2 in rabbit embryos
[20]. Nanog is an embryonic, stem cell-specific
transcription factor and is primarily expressed
in the early stages of embryonic development
and in embryonic germ cells and embryonal
tumor cells [21, 22]. However, the detailed
dynamics of Nanog expression in rabbit early
embryos remain unknown.

In this study, rabbit oocytes, 1-, 2-, 4-, 8-, and
16-cell embryos, morulae, and blastocysts
were examined by immunofluorescence micros-
copy to determine the patterns of two histone
modifications, H3K4me3 and H3K27me3, and
expression pattern of Nanog during preimplan-
tation embryonic development. Furthermore,
in combination with previously published Oct4
expression data [18], correlations between
the dynamic histone methylation patterns and
expression of the pluripotent factors Oct4 and
Nanog in rabbit embryos were elucidated.

Materials and methods
Reagents, animals, and superovulation

Chemicals, unless otherwise noted, were pur-
chased from Sigma-Aldrich (Sigma, St. Louis,
MO, USA). All animal experiments were carried
out in accordance with the animal experiment
operating specifications, and the implementa-
tion plan was approved by the Animal Ethics
Committee of Nanjing Normal University. New
Zealand white rabbits of at least 6 months of
age were housed in regular animal facilities
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with unregulated access to food and water.
Female donor rabbits were superovulated using
a routine regime [23], consisting of two 3-mg,
two 4-mg, and two 5-mg administrations of fol-
licle-stimulating hormone (Folltropin, Bioniche
Animal Health Canada, Belleville, Ontario,
Canada) at intervals of 12 h, followed by 150 IU
of human choriogonadotropin (hCG) (Chorulon,
Intervet Inc, Millsboro, DE, USA).

Oocyte and embryo collection

Oocytes were collected from the oviducts of
superovulated donors that were not mated with
males, 14 h post-hCG injection. Embryos at dif-
ferent stages were collected from superovulat-
ed does that had been mated with fertile males
by flushing the oviducts with Dulbecco’s Pho-
sphate-Buffered Saline (DPBS, 15240-013, Gi-
bco, NY, USA) on specific days following mating,
as follows: 1- and 2-cell embryos (Day 1); 4- and
8-cell embryos (Day 2); and 16-cell embryos
(Day 3). Morulae (Day 3.5) and blastocysts (Day
4) were flushed from the uterus of the mated
donors. Oocytes and embryos were searched
and collected under a stereo-microscope, the
cumulus cells surrounding oocytes were re-
moved by a glass pipette. Prior to fixation and
staining, oocytes and embryos were cultured
in 2.5% fetal bovine serum (FBS, SH0070.03,
Hyclone, Logan, Utah, USA) B2 medium (La-
boratories CCD, Paris, France) under 5% CO,
incubator with humid air.

Embryo fixation and immunofluorescence
staining

The oocytes and embryos were washed 3 to 5
times in DPBS medium containing 0.1% polyvi-
nyl alcohol (PVA, P8136) and were then fixed
with 4% paraformaldehyde (16005) in DPBS for
10 min. After subsequent washing in DPBS for
10 min, the fixed oocytes and embryos were
permeabilized by incubation in 0.5% Triton-X100
(T8200, Solarbio, Shanghai, China) for 15-30
min and treatment with 0.25% Tween 20
(9005-64-5, Sangon Biotech, Shanghai, China)
in DPBS under mineral oil (M8410) for 30 min.
The oocytes and embryos were then incubated
with 2% BSA (A6003) in DPBS for 1 h at room
temperature to block nonspecific binding sites.
Immunostaining was performed by incubation
with the primary antibody for Nanog (1:2000
dilution; 4893s; Cell Signaling Technology,
Boston, MA, USA), H3K4me3 (1:1000 dilution;
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ab6000, Abcam Trading (Shanghai) Company
Ltd. Pudong, Shanghai, China), or H3K27me3
(1:200 dilution, ab6002, Abcam Trading (Sh-
anghai) Company Ltd. Pudong, Shanghai, Chi-
na) in DPBS supplemented with 2% FBS over-
night at 4°C. The oocytes and embryos were
washed in PBST 3 times for 5 min at room tem-
perature and then incubated with secondary
antibody Alexa Fluor 488 goat anti-mouse IgG
(H+L) (1:200 dilution; Msaf48801, FMS,
Nanjing, China) for 2 h at 37°C. Oocytes and
embryos were washed in PBST for 30 min at
room temperature and then stained with 100
ng/ml DAPI (SN321-1-1, Shengxing Biological,
Nanjing, China) for 10 min at room tempera-
ture. Finally, oocytes and embryos were mount-
ed on slides with 50% glycerol (G2025) in
DPBS. The mounted cells were observed under
a fluorescence microscope, and the staining
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Figure 1. Morphology of rabbit oocytes and in
vivo-derived embryos at different developmen-
tal stages (A-H). Light micrographs of an oocyte
(A), 1-cell embryo (B), 2-cell embryo (C), 4-cell
embryos (D), 8-cell embryos with mucin coats
(E), 16-cell embryos with thick mucin coats (F),
a morula with a thicker mucin coat (G), and a
blastocyst, comprising ICM (indicated by the ar-
row) and TE cells, with thicker mucin coat (H).
Scale bars = 75 um. (I) The diameters of oocytes
and embryos at different developmental stages.
Error bars indicate SD. Different letters indicate
significant differences between groups (F, ,,, =
107.55, P < 0.01).

intensity was measured using Image-Pro In-
sight software (version 8.0; Madia Cyberne-
tics). Nuclear staining of Nanog, H3K4me3,
and H3K27me3 was deemed positive for
oocytes and embryos that had visible fluores-
cence in the nuclei/chromosomes. In other
words, nuclear fluorescence was assessed as
either positive or negative for each oocyte and
embryo, some oocytes or embryos with cyto-
plasm staining were judged as negative if
nuclei/chromosomes were not clearly stained.

Statistical analysis

All data were analyzed and processed using
Statistica version 6.0 (Tulsa, OK, USA). Kol-
mogorov-Smimov-test was analyzed with the
normality of the data, and Bartlett’s test meth-
od was used to analyze the homogeneity. The
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measurement data were expressed by mean +
standard deviation (SD). Analysis was used to
compare with the diameters of embryos at dif-
ferent developmental stages by one-way ANOVA
and linear regression analysis. One-way ANOVA
was used to assess differences between H3-
K4me3, H3K27me3, and Nanog expression
among embryos at different developmental
stages. P < 0.05 was considered significant.

Results

The morphology and diameter of in vivo-de-
rived rabbit embryos

The average diameters of oocytes, 1-, 2-, 4-, 8-,
and 16-cell embryos, morulae, and blastocysts
were measured using Image J software. The
diameters of oocytes, 1-cell embryos, and
2-cell embryos were 15445 uym, 15747 pm,
and 158+6 pym, respectively (Figure 1A-C). All
embryos beyond the 2-cell stage were covered
with a layer of mucin coat. The diameters of the
embryos at 4-, 8-, and 16-cell stages were
15047 pm, 15247 pym, and 15345 um, respec-
tively (Figure 1D-F), whereas morulae were
14848 um in diameter (Figure 1G), and blasto-
cysts were 298+68 pm in diameter (Figure 1H).
The blastocysts were visibly distinguished as
inner cell mass (ICM) and trophoectoderm (TE)
cells. There was no significant difference in the
diameters of oocytes or embryos through the
morulae stage (P > 0.05), but the average diam-
eter of blastocysts was significantly larger than
those of all embryo stages (P < 0.01) (Figure
11). Overall, there was a positive correlation
between diameter and embryonic stage (r =
0.5585).

Dynamics of the H3K4me3 modification

H3K4me3 localized to the nucleus and was
absent from the cytoplasm in 100% of MiII
oocytes (Figure 2A). Similarly, in 1-cell (Figure
2B), 2-cell (Figure 2C), and 4-cell embryos
(Figure 2D), H3K4me3 was predominantly
located in the nucleus, with only scattered
staining observed in the cytoplasm (100%
positive) (P > 0.05). At the 8-cell stage, a por-
tion of examined embryos were negative for
nuclear H3K4me3 staining (Figure 2F) while
97.2+2.8% of examined 8-cell embryos were
H3K4me3-positive (Figure 2E). At16-cell stage,
a slightly larger proportion of embryos lacked
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nuclear H3K4me3 staining (Figure 2H), with
94.4+2.9% of embryos staining H3K4me3-
positive (Figure 2G). Morulae exhibited incre-
ased loss of nuclear H3K4Ame3 (Figure 2J),
with 86.7+1.4% staining H3K4me3-positive
(Figure 2I), a frequency significantly lower than
that in oocytes and embryos between the 1-
and 8-cell stages (P < 0.05) (Figure 2M). BI-
astocysts exhibited the highest rate of H3-
K4me3-negative staining (Figure 2L), with an
H3K4me3-positive frequency of only 76.2+
4.8% (Figure 2K), which was significantly lower
than that in oocytes and all other stages of
embryos (P < 0.05). H3K4me3-positive stain-
ing frequency was not significantly different
between the 8- and 16-cell stages or between
16-cell and morula stages (P > 0.05) (Figure
2M).

Dynamics of the H3K27me3 modification

H3K27me3 was not detected in oocytes (Figure
3A and 3K) or embryos of the 1-, 2-, 4-, 8-, or
16-cell stages (Figure 3B-F, 3K). However,
25.9+1.7% of morulae were positive for nuclear
H3K27me3 staining (Figure 3G and 3K) while
most stained negative (Figure 3H). The fre-
quency of H3K27me3-positive staining was fur-
ther increased in blastocysts to 34.2+3.7%
(Figure 3l and 3K), with the remaining blasto-
cysts staining negative (Figure 3J). The fre-
quencies of H3K27me3-positive staining in bo-
th morulae and blastocysts were significantly
higher than those in all earlier stages (P <
0.05) (Figure 3K). In addition, the H3K27me3-
positive frequency in blastocysts was signifi-
cantly higher than that in morulae (P < 0.05)
(Figure 3K).

Dynamic pattern of Nanog expression

The expression of Nanog was undetectable by
immunofluorescence microscopy in oocytes
(Figure 4A) and in embryos at the 1-cell (Figure
4B), 2-cell (Figure 4C), 4-cell (Figure 4D), 8-cell
(Figure 4E), and 16-cell stages (Figure 4F).
However, the proportion of morulae exhibiting
Nanog expression was dramatically increased
to 24.945.6% (Figure 4G), with the remaining
morulae lacking detectable expression (Figure
4H). Blastocysts exhibited the highest frequen-
cy of Nanog expression, with 36.5+2.8% stain-
ing positive (Figure 4l), while the remaining
blastocysts stained negative (Figure 4J). Nanog
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Figure 2. Pattern of H3K4me3 modification
in rabbit oocytes and embryos (A-L). Light
and fluorescence micrographs of an oocyte
(A1-A4), 1-cell embryo (B1-B4), 2-cell em-
bryo (C1-C4), 4-cell embryo (D1-D4), 8-cell
embryos (E1-F4), 16-cell embryos (G1-H4),
morulae (11-J4), and blastocysts (K1-L4) du-
ally stained for the H3K4me3 modification
(green) and DNA (DAPI, blue). Scale bars =
75 um. (M) Proportion (%) of oocytes (n = 23),
1-cell embryos (n = 21), 2-cell embryos (n =
20), 4-cell embryos (n = 21), 8-cell embryos
(n=41), 16-cell embryos (n = 57), morulae (n
= 49), and blastocysts (n = 49) that stained
positive for nuclear H3K4me3. Values are
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was located in both the nucleus and cytoplasm
of morulae (Figure 4G) and was present th-
roughout the blastocyst, including both the ICM
and TE; however, Nanog was primarily located
in the ICM of blastocysts, as indicated by the
higher staining intensity in the ICM compared
to the TE cells (Figure 41). Additionally, although
Nanog was present in both the nucleus and
cytoplasm of the blastocyst, the nucleus exhib-
ited stronger staining (Figure 41). The frequen-
cies of Nanog expression in morulae and blas-
tocysts were higher than those in all earlier
stages, and the Nanog-positive frequency in
blastocysts was significantly higher than that in
morulae (P < 0.05) (Figure 4K).

Discussion

Our study has revealed epigenetic modification
dynamics of H3K4me3 and H3K27me3 and
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mean * SD. Different letters indicate signifi-
cant differences between groups (P < 0.05).

dynamic expression of a key pluripotent regula-
tory protein, Nanog, during early development
of in vivo-derived rabbit embryos. Embryos un-
dergo intense epigenetic reprogramming after
fertilization, and the expression of pluripotent
regulatory factors regulates the developmental
potential and lineage differentiation of embry-
onic cells [24, 25]. Histone H3 is essential for
embryonic development and chromosomal re-
modeling after fertilization [26, 27]. The modifi-
cation of several lysine residues in H3 (H3K4,
H3K9, H3K27, H3K36) is regulated by histone
methyltransferases and demethylases [28, 29]
and is necessary for embryo development at
various stages, from acquisition of pluripotency
by the embryo after fertilization to multi-linea-
ge differentiation after implantation [13, 30].
Among these modifications, H3K4me3 and
H3K27me3 are critical for initiating the classi-
cal regulatory processes of either activating or
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(n = 38), 16-cell embryos (n = 47), morulae (n
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positive for nuclear H3K4me3. Values are
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suppressing gene expression [4, 5]. We found
that H3K4me3 decreased overall during preim-
plantation embryo development. All examined
oocytes and 1-, 2-, and 4-cell embryos were
positive for nuclear H3K4me3, but its occur-
rence decreased slightly among 8-cell embryos
and decreased significantly in morulae (86.7%)
and blastocysts (76.2%). A recent model pro-
poses that H3K4me3 is located as a broad
peak at promoter regions and at various distal
sites, whereas the classical model postulates
that H3K4me3 is located only in the CpG-rich
regions of promoters [4]. This new model indi-
cates a more important role for H3K4me3 in
embryo development and differentiation. In
mice, H3K4me3 is highly elevated in oocytes,
following the erasure of a non-canonical form
of H3K4me3 on the maternal genome of
mature oocytes and rapid replacement with the
H3K4me3 modification in late 2-cell embryos,
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mean * SD. Different letters indicate signifi-
cant differences between groups (P < 0.05).

in accordance with the timing of zygotic genome
activation (ZGA) [4, 5, 26]. The erasure of non-
canonical H3K4me3 is necessary to direct the
process of ZGA, while replacement with typical
H3K4me3 activates the expression of several
development-related genes [5, 26]. Our results
indicated that rabbit oocytes and embryos pri-
or to the 4-cell stage possess a high nuclear
abundance of H3K4me3, with levels declining
from the 8-cell stage onward. This trend differs
slightly from that reported in 2-cell mouse
embryos, but the observed reduction beginning
at the 8-cell stage is in accordance with rabbit
embryonic ZGA [5, 26].

In contrast to H3K4me3, H3K27me3 was not
observed in oocytes or any embryos between
the 1- and 16-cell stages, but H3K27me3
occurrence dramatically increased in morulae
and reached the highest level in blastocysts
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(34.2%). The localization of H3K27me3 and
DNA methylation is highly related to transcrip-
tional silencing [4]. H3K27me3 is widely distrib-
uted in a non-canonical pattern among inter-
genic spacers and gene deserts [5]. After
fertilization, H3K27me3 is largely removed
from the promoter regions of development-
related genes. As recently reported, paternal
(i.e., sperm) H3K27me3 is erased but the
H3K27me3 in distal regions of maternal (i.e.,
oocyte) promoters is retained [5, 26]. This
allele-specific pattern of differential H3K27me3
modification persists from the fertilized egg
until the blastocyst stage [4, 5, 26]. It has been
reported that the Polycomb complex is respon-
sible for catalyzing the formation of H3K27me3,
and H3K27me3 deposition represses the ex-
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ters indicate significant differences
between groups (P < 0.05).

pression of numerous development-related
genes [31, 32]. However, there is evidence that
the promoter regions of such development-
related genes and specific chromatin states
can be bivalently modified with both H3K4me3
and H3K27me3 in early embryos [33]. Bivalent
H3K27me3 and H3K4me3 methylation also
occurs in the promoters of mesendoderm-spe-
cific genes [33]. The genes with bivalent modifi-
cation are usually responsible for embryo de-
velopment and differentiation [33], and expres-
sion of these genes is low in undifferentiated
ESC but rapidly induced in embryonic cells in
response to differentiation signals [33]. In addi-
tion, bivalent H3K4me3 and H3K27me3 modi-
fication occurs in the promoter regions of post-
implantation-related genes during ICM-specific
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Figure 5. Expression patterns of H3K4me3 and H3K27me3 modifications
and Oct4 and Nanog proteins in early rabbit oocytes and embryos. The pro-
portion (%) of oocytes, 1-cell embryos, 2-cell embryos, 4-cell embryos, 8-cell
embryos, 16-cell embryos, morulae, and blastocysts staining positive for
H3K4me3, H3K27me3, Oct4, or Nanog. Oct4 nuclear expression data was

derived from our previously published studies [18].

lineage differentiation, indicating that this biva-
lent modification is closely related to post-
implantation development.

In this study, the H3K27me3 modification was
not detected prior to the 16-cell stage but in-
creased in abundance in morulae and reached
the highest levels in blastocysts; in contrast,
H3K4me3 began to decline in 8-cell embryos.
These results indicated that the morulae and
blastocysts carried both H3K4me3 and H3-
K27me3 modifications. We noticed, however,
that the decline of H3K4me3 (8-cell stage) pre-
ceded the increase of H3K27me3 (morulae
stage) in rabbitembryos [4]. In mice, H3K27me3
begins to rise after the blastocyst stage, and
the conversion from non-canonical to typical
H3K27me3 modification indicates that lineage
differentiation occurs in blastocysts [5, 26].
The increase of H3K27me3 in rabbit morulae
suggest that the embryonic cells in morulae
have undergone lineage differentiation. We
believe that an equilibrium of H3K4me3 and
H3K27me3 modifications in rabbit blastocysts
may be functionally similar to bivalent modifica-
tion in mouse blastocysts [4, 5, 26]. This equi-
librium may enable embryos to precisely con-
trol expression of differentiation-related genes,
subsequently allowing the determination of lin-
eage fate in response to time-dependent devel-
opmental events [4, 5, 26]. Although rabbit
embryos showed different histone H3 repro-
gramming patterns than mouse embryos, the
detailed patterns of H3K4me3 and H3K27me3
modification and transition between non-cano-
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nical and typical modifications

—+—H3K4me3 X bbi b .
-=-H3K27me3 in rabbit embryos remain un-
—+-Nanog clear. Future work, perhaps

—=-0Octd using high-resolution histone-
modification specific ChIP-Seq
will be important to gain a
more comprehensive under-
standing of H3K4me3, H3K27-
me3, and other epigenetic in-
formation in developmental ge-
nes and specific chromatin
states during rabbit embryo
development. Such informa-
tion will be invaluable for un-
derstanding the differences
and similarities in embryo de-
velopment among different
species, including reprogram-
ming events in human embr-
yos.

In this study, Nanog expression followed a pat-
tern similar to that of H3K27me3, wherein it
was not expressed in oocytes or embryos
between the 1- and 16-cell stage, but its occur-
rence increased in morulae (24.9% positive)
and reached the highest level in blastocysts
(36.5% positive). To the best of our knowledge,
there is no prior report describing Nanog
expression in in vivo-derived rabbit embryos.
Our previous study revealed that the expres-
sion of Oct4, another pluripotency gene, gradu-
ally increased following the 8-cell stage (Figure
5), although the maternal Oct4 signal in the
nuclei of embryos initially decreased prior to
the 8-cell stage [18]. In oocytes, Oct4 was not
detected in the nuclei of MIl oocytes but rather
was distributed in the cytoplasm [18]. However,
the expression of Oct4 is complex, and although
Oct4 was expressed throughout the early blas-
tocysts, its expression was higher in the ICM
than in TE cells [18]. Furthermore, in the ex-
panded blastocyst, Oct4 expression in the ICM
and TE are simultaneously downregulated, and
although expression rapidly resumes in the ICM
of hatching blastocysts, its expression in TE
cells remains off or occurs at very low le-
vels. In this study, we found that Nanog was
expressed throughout the rabbit embryo, simi-
lar to Oct4, with higher expression in the ICM
than in TE cells in Day 4 blastocysts. It remains
to be determined if late stage (Day 5) rabbit
blastocysts exhibit the same pattern. It is evi-
dent from these results that Nanog gene
expression, which initiates at the morula stage,
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follows the onset of Oct4 expression and rabbit
ZGA at the 8-cell stage [18]. Oct4, as a tran-
scription factor, can bind to the promotor region
of the Nanog gene and, in turn, activate Nanog
transcription [34-36]. It is reported that Nanog
expression occurs primarily in early embryos,
ESC, and embryonic tumor cells [21, 37] but
not in more differentiated cells, such as hema-
topoietic stem cells, luminal endoderm, and dif-
ferentiated ESC [38]. The removal of Nanog
results in the differentiation of ESC into primi-
tive endoderm-like cells but does not affect the
differentiation of early embryonic trophoblasts
[39]. It is believed that when both pluripotency
genes, Oct4 and Nanog, are expressed, they
can, in turn, activate other corresponding devel-
opmental genes to enable cell repro gramming
[40, 41]. Our results in Nanog expression are in
support of those previously published results.
In addition, we observed similar pattern be-
tween Nanog and H3K27me3. It will be inter-
esting to test whether they appeared in the
same embryos and what is the mechanism gov-
erning this association.

The dynamic expression patterns of Oct4,
Nanog, and the H3K4me3 and H3K27me3
modifications in rabbit embryos (Figure 5) pro-
vide important information for the derivation of
naive rabbit ESC [18]. Pluripotent rabbit ESC
were first derived many years ago, but, to date,
no rabbit ESC line has been proven capable of
germ-line transmission [16, 42-44]. In ESC, the
methylation of H3K4 and H3K27 regulates
transcription and determines ESC fate [32, 33,
45-49], and epigenetic factors can regulate
mouse ESC self-renewal [50]. Histone modifica-
tion studies have shown that bivalent H3K4me3
and H3K27me3 modification in ICM resembles
that of ESC [4]. Nanog, together with other fac-
tors, such as Oct4, KIf4, and Sox2, plays an
important role in maintaining ESC self-renewal,
proliferation, and naive pluripotency. Co-ex-
pression of Nanog and Oct4 is beneficial to
derive and maintain ESC [34, 45], and we pre-
dict that rabbit ESC can be derived from embry-
os expressing higher levels of Nanog and Oct4.

Cloned embryos derived by somatic cell nucle-
ar transfer (NT) possess much lower rate of
developmental success [51], and the patterns
of histone modification are highly disruptive
[52, 53], with epigenetic abnormalities such as
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DNA methylation [52, 53]. and abnormal pat-
terns of H3K9me3 posing major barriers for
successful cloning [52, 53]. Specifically, gene
activation in NT embryos is hindered due to
incomplete erasure of H3K9me3 in donor nu-
clei, resulting in an arrested development of NT
embryos. Overexpression of the H3K9me3-spe-
cific demethylase, Kdm4d, in early NT embryos
can greatly increase the rates of NT blastocyst
production (> 90%) and birth of cloned mice
[52, 53]. It is reported that loss of H3K27me3
imprinting in cloned embryos will disrupt post-
implantation development, which is another
barrier for embryo development to terms [54].
Our study in normal rabbit embryo can provide
a good reference for studying the development
of rabbit cloned embryos. It will be interesting
to see the dynamics of histone modification
and pluripotent factors in rabbit NT embryos.

In summary, we used immunofluorescence
staining to reveal the dynamic expression pro-
files of H3K4me3, H3K27me3, and Nanog
during development of in vivo-derived rabbit
embryos. H3K4me3 abundance declined at the
8-cell stage whereas H3K27me3 increased
after the 16-cell stage. Nanog expression also
increased specifically after the 16-cell stage. At
the blastocyst stage, H3K4me3, H3K27me3,
and Nanog expression rates reached 76.2%,
34.2%, and 36.5%, respectively. This equilibri-
um pattern in in vivo-derived rabbit embryos
provides an important molecular and epigene-
tic profile for rabbit pre-implantation embryos,
which will be using for deriving authentic rabbit
ESC and improving the efficiency of rabbit
somatic cell NT.
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