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Abstract
The first successful rabbit SCNT was achieved more than one decade ago, yet rabbits remain one
of the most difficult species to clone. The present study was designed to evaluate the effects of
two histone deacetylase inhibitors (HDACi), namely trichostatin A (TSA) and scriptaid (SCP), on
cloning efficiency in rabbits. The in vitro development, acetylation levels of histone H4 lysine 5
(H4K5ac), and Oct-4 protein expression patterns of cloned embryos were systemically examined
after various HDACi treatments. Supplementation of TSA (50 nM) or SCP (250 nM) in the culture
medium for 6 h improved blastocyst development rates of cloned embryos compared to treatment
without HDACi. The combined treatment with TSA (50 nM) and SCP (250 nM) further enhanced
morula (58.6%) and blastocyst (49.4%) rates in vitro. More importantly, compared to single
HDACi treatments, embryos with the combined treatment had a higher level of H4K5ac and an
increased total cell number (203.7±14.4 vs 158.9±9.0 or 162.1±8.2, P<0.05) with better Oct-4
expression pattern in hatching blastocysts, indicating substantially improved embryo quality. This
was apparently the first report regarding Oct-4 expression in cloned rabbit embryos. We inferred
that the majority of cloned rabbit embryos had an aberrant ICM structure accompanied with
abnormal spatial distribution of Oct-4 signals. This study demonstrated a synergistic effect of TSA
and SCP treatments on cloned rabbit embryos, which may be useful to improve cloning efficiency
in rabbits.
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1. Introduction
Somatic cell nuclear transfer (SCNT) technology has been a useful tool for reprogramming
terminally differentiated cells in agriculture, as well as in research in biomedicine and
regenerative biology. Using this technology, cloned animals have been born in many
species; however, the success rates remain low. Improper gene expression patterns, likely
from the inheritance of epigenetic marks of differentiated donor nuclei, can lead to
developmental arrest or abnormalities [1–6]. Recently, a key enzyme, oxidase TET3 (tet
methylcytosine dioxygenase 3) in oocytes, was reported to promote active demethylation of
the paternal genome through a base excision repair pathway [7–10]. In addition, TET3–
mediated DNA demethylation was also reported in cloned embryos [9,10]. However, it is
noted that the somatic genome is much different from the sperm, in which high acetylation
levels and lack of normal repressive marks on histone tails are observed after protamine-
histone exchange [11]. This discrepancy likely resulted in inefficient demethylation in
SCNT embryos and produced a methylation pattern more similar to the donor cell rather
than a zygote [12]. Treatments of chromatin modifiers to moderate epigenetic settings are
thus suggested to improve SCNT efficiency [13]. Among these approaches, the use of a
histone deacetylation inhibitor (HDACi) to alter histone acetylation patterns greatly
improved nuclear reprogramming, gene expression, blastocyst quality and full-term
development in various species [14–19].

Applying TSA, an HDACi, on cloned rabbit embryos has advantageous effects on histone
modification patterns, cell number, and embryo development during preimplantation stages
in rabbits [20,21]. Notably, however, Meng et al. reported that TSA was not helpful with
regards to term development and may have caused neonatal death of cloned rabbits [22].

The effects of HDACi agents other than TSA on rabbit cloning have apparently not been
reported. For example, SCP, a novel histone deacetylase inhibitor, enhanced transcriptional
activity and protein expression in mammalian cells [23]. In SCNT, SCP treatment is of low
toxicity for embryo development and improved cloning efficiency by modifying histone
acetylation patterns and alleviating aberrant gene expression, as demonstrated in mice, pigs
and cattle [18,19,24]. However, there are apparently no reports regarding the use of SCP in
culture of cloned rabbit embryos.

Oct-4 is the most important transcription factor required for pluripotent lineage formation
and germ cell development in mice [25,26]. Inefficient reprogramming by SCNT was
associated with abnormal Oct-4 reactivation [27]. Moreover, the acetylation level of H4K5
was an indicator of global gene activation. Previously, we documented Oct-4 expression
patterns and level of H4K5ac in normally fertilized embryos [28].

The present study aimed to assess effects of a combination of TSA and SCP on in vitro
developmental competence of cloned rabbit embryos. We first examined the effects of TSA
or SCP and determined the optimal concentration of the individual HDACi. Development of
cloned embryos treated with a single HDACi and the combined treatment were compared,
and total cell numbers, levels of H4K5ac, and Oct-4 expression patterns of hatching
blastocysts were compared to those in normal embryos.
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2. Materials and methods
All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA) unless
otherwise indicated. The media were prepared as described [29]. Briefly, Dulbecco’s
phosphate-buffered saline (D-PBS; 15240-013, Gibco, Grand Island, NY, USA) containing
0.1% polyvinyl alcohol (PVA) was used for flushing oocytes from oviducts (PBS-PVA) and
collecting cumulus-oocyte complexes (COCs) from ovarian follicles. Tissue and cell
cultures were maintained in Dulbecco’s Minimum Eagle’s medium (DMEM; 11995-065,
Gibco). Medium 199 (M199), which contains Earle’s salts, L-glutamine, 2.2 g/L sodium
bicarbonate, and 25 mM HEPES (12340-014, Gibco), was supplemented with 10% fetal
bovine serum (FBS; SH0070.03, Hyclone, Logan, UT, USA) to serve as the standard
manipulation medium. Rabbit oocytes and embryos were cultured in B2 medium
(Laboratories CCD, Paris, France) containing 2.5% FBS at 38.5 °C in 5% CO2 and
humidified air.

2.1. Preparation of donor animals
Sexually mature (6- to 18-mo old) New Zealand White (NZW) or hybrid strain (NZW
female mating with Rex male) female rabbits (oocyte donors) were superovulated as
described [29]. Briefly, the present study applied two 3-mg, two 4-mg, and two 5-mg im
injections of Folltropin-V (FSH; Bioniche Animal Health Canada, Belleville, ON, Canada)
at 12-h intervals. An intravenous injection (200 IU) of human chorionic gonadotropin (hCG;
Chorulon, animal use, Intervet Inc, Millsboro, DE, USA) was then used to induce ovulation.

The animal maintenance, care, and use procedures were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of National Taiwan University. The
surgical procedures in this study were performed in accordance with the Guiding Principles
for the Care and Use of Laboratory Animals [30].

2.2. Collection of follicular oocytes
The reproductive tracts including ovaries were excised from euthanized donor rabbits by
midventral laparotomy for oocyte collection. Cumulus–oocyte complexes (COCs) were
either collected from top of the ovulation site, the ovarian Graafian follicles, or flushed from
the oviducts at 10–12 h post hCG injection (hpi). Rabbit COCs were treated with 0.5 mg/mL
hyaluronidase in PBS-PVA for 1 min, and cumulus cells were completely removed from the
oocytes by careful pipetting with a fine bore glass pipette. The mature oocytes with first
polar body examined under a stereomicroscope were selected for nuclear recipients.

2.3. Preparation of donor cells from rabbit tissues
The skin notches were taken from the ear of an adult NZW rabbit. Cell culture was
performed as described [29]. Briefly, a skin sample with a diameter of 0.5 cm was cut into
four or five pieces, washed, placed in a Falcon cell culture dish (Falcon 3001, Becton
Dickinson Labware, Oxnard, CA, USA) containing 10% FBS DMEM, and cultured at 37 °C
in 5% CO2 humidified air. Fibroblast monolayers formed around the tissue explants in 5 to 7
d. Fibroblasts were cultured until confluence was reached. During passaging, cultured cells
were thoroughly washed with Dulbecco’s PBS and then gently digested with 0.05% trypsin-
EDTA for 3 min at 37 °C. Trypsinization was terminated by adding 10% FBS in DMEM
and washing. The cell suspension was then centrifuged at 450 xg for 5 min, and cells were
seeded into new dishes, where they were maintained for an additional 3 to 5 d. Fibroblasts at
passages 8 to 10 were used for NT after being serum starved in 0.5% FBS DMEM for 7 to 9
d. Prior to NT, cells were disassociated by trypsinization, re-suspended in 0.5% FBS in
DMEM, and allowed to recover for approximately 1 h at 37 °C.
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2.4. Nuclear transfer, activation, and embryo culture
The micromanipulations were carried out using a standard procedure [29]. The steps of
enucleation, donor cell transfer, and electrical membrane fusion were completed within 2 to
3 h. For enucleation, an incision was made in the zona pellucida using a sharp-tipped
enucleation needle with the closed end, and the polar body with an appropriate amount of
surrounding cytoplasm was extruded by pressing oocytes with the enucleation needle.
Successful enucleation was confirmed by ultraviolet-light exposure of the presumed
karyoplasts under fluorescent microscope. A donor cell with a diameter of 18 to 20 μm was
selected and transferred into the perivitelline space of an enucleated rabbit oocyte. Donor
cell-cytoplasm pairs were pre-incubated in 0.3 M mannitol supplemented with 0.1 mM
CaCl2 and 0.1 mM MgCl2 for 2–3 min and then transferred into an electrical chamber that
had wires at a 1 mm distance and contained the same fusion medium. Cell fusion was
induced by applying three direct current (DC) pulses of 3.2 kV/cm with a 20 μs -interval
using a BTX 2001 Electro Cell Manipulator (Biotechnologies & Experimental Research
Inc., San Diego, CA, USA). Following the DC pulses, oocytes were incubated for 60–80
min at 38.5 °C.

The fused cloned embryos were activated by the same electrical DC setting for cell fusion
and subsequently incubation in M199 containing 10% FBS, 2.0 mM 6-dimethylaminopurine
(6-DMAP) and 5 μg/mL cycloheximide (CHX) for 1 h. For the control groups, the flushed
oocytes were parthenogenetically activated by the same activation regime at 16–18 hpi
without SCNT. In addition, superovulated rabbits were mated with fertile NZW males and
served as embryo donors. At 18 hpi, the reproductive tracts of embryo donors were flushed
to harvest zygotes for in vitro culture. For each batch of experiments, five NZW female
rabbits used as oocyte donors, and two more rabbits served as embryo donors, according to
the experimental design.

Cloned, parthenogenetically activated (PAR) and fertilized (IVC) embryos were cultured in
the B2 medium with 2.5% FBS to investigate their in vitro developmental potential.
Cleavage rates were recorded 18 h post culture, and 2- to 4-celled embryos were cultured in
the same B2 medium (Laboratories CCD, Paris, France) for an additional 4 d to monitor
blastocyst development at 38.5 °C in 5% CO2 humidified air.

2.5. Treatment of TSA and SCP
The TSA and SCP were dissolved in DMSO and prepared as stock solutions and stored at –
20 °C. According to the experimental design, various concentrations of TSA (0, 25, 50 and
100 nM) or/and SCP (0, 50, 250 and 500 nM) in 2.5% FBS B2 medium were used to treat
activated cloned rabbit embryos for 6 h at 38.5 °C in 5% CO2 and humidified air. The
treated NT embryos were then washed thoroughly and cultured in 2.5% FBS B2 medium for
subsequent development.

2.6. Immunocytochemistry and image processing of cloned embryos
Hatching blastocysts (hBLs) from each group were fixed with fresh 4% paraformaldehyde in
DPBS for 10 min and stored in DPBS at 4 °C until ready for processing [28]. Briefly, after
washing in DPBS for 10 min, embryos were permeabilized by 0.5% Triton-X 100 for
approximately 30 min, and then washed in 0.25% DPBS/Tween 20 (PBST) for 30 min at
room temperature. Then, DPBS supplemented with 2% bovine serum albumin for 1 h at
room temperature was used to block nonspecific binding sites. Immunostaining was
performed by incubation with the primary monoclonal antibody against Oct-4 (1:150;
MAB4401; Millipore, Billerica, MA, USA) at 4 °C overnight. Samples were then washed in
PBST three times for 15 min at room temperature and incubated with secondary antibody
Alexa Fluor 488 (A11029, Invitrogen, Carlsbad, CA, USA, 1:500) for 1 h at 37 °C. For

Chen et al. Page 4

Theriogenology. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



H4K5ac staining, the embryos were further incubated primary monoclonal antibody against
H4K5ac (monoclone, ab51997, Abcam, Cambridge Science Park, Cambridge, UK, 1:250)
for 1.5 h at room temperature and then treated with secondary antibody Alexa Fluor 594
(A21207, Invitrogen; 1:500) for 1 h at 37 °C. After washing in PBST for 30 min at room
temperature, embryos were subsequently incubated with DAPI (100 ng/mL) for 10 min and
mounted in DPBS plus 50 % glycerol, and observed with a laser scanning confocal
microscopy (Olympus IX71 with UltraVIEW Confocal Software, PerkinElmer Inc, Covina,
CA, USA). Volocity (Version 5.3.1, Improvision) and ImageJ (version 1.45b, National
Institutes of Health) were performed for intensity analysis of these images. For H4K5ac
intensity of the whole embryo, image planes of each individual embryo were merged by
Volocity without any modification on fluorescent intensity. Images were first converted to
8-bit gray scale and the background value was eliminated by the background subtract
function. The nuclear H4K5ac intensities of integrated fluorescent were measured by
manually outlining all nuclei of embryos at hBL stage using ImageJ and then quantized by
the ratios of H4K5ac to DAPI (DNA) signals as reported [31].

2.7. Categorization of rabbit blastocysts and its Oct-4 expression patterns
Based on the observation of ICM morphology and the spatial expression pattern of Oct-4
signals in rabbit blastocysts, hBLs were categorized into four groups (Table 1). Class I
embryos were presumably of best quality, i.e. with obvious ICM structures, intensive signals
in the ICM cells, and diminished signals in the TE cells. Class II embryos were of second
best quality, with obvious ICM structures and intensive Oct-4 signals in the ICM cells;
however, these embryos had high Oct-4 signals in the TE cells, indicating aberrant Oct-4
expression in the TE cells. Class III embryos displayed only indistinct ICM structure
accompanied with a scattered Oct-4 signal, indicating aberrant Oct-4 expressions in both
ICM and TE cells. Class IV embryos were considered of worst quality, with unobservable
ICM structure and barely detectable Oct-4 signals throughout the embryos, indicating failure
of correct linage formation and reactivation of Oct-4. Of note, we did not observe other
classes (i.e. other combination of ICM structure, Oct-4 in ICM, and Oct-4 in TE) of embryos
in the present study; therefore we did not include such other possible categories in Table 1.

2.8. Experimental designs
Experiment 1: Comparison of preimplantation development of cloned rabbit
embryos treated with various TSA concentrations—In Experiment 1, cloned
embryos were treated with TSA at 0, 25, 50, or 100 nM for 6 h and subsequently cultured
for 5 d to assess cleavage (18 h), morulae (72 h) and blastocyst (120 h) development.
Developmental rates of cloned embryos were compared with that of PAR embryos obtained
by the same activation treatment of matured oocytes.

Experiment 2: Comparison of the preimplantation development of cloned
rabbit embryos treated with various SCP concentrations—In Experiment 2,
cloned embryos were treated with SCP at 0, 50, 250, or 500 nM for 6 h and subsequently
cultured for 5 d to examine cleavage, morulae and blastocyst development. Developmental
rates of cloned embryos were compared with that of PAR embryos obtained by the same
activation treatment of matured oocytes.

Experiment 3: Comparison of the preimplantation development of cloned
rabbit embryos treated with TSA and SCP—Cloned embryos were treated with 50
nM TSA (NTTSA), 250 nM SCP (NTSCP) or the combination of 50 nM TSA and 250 nM
SCP (NTTSASCP) for 6 h. Rates of cleavage, morulae and blastocyst development were
compared to those of IVC, or PAR embryos obtained by the same culture condition, or
cloned without HDACi treatment (NT). On Day 5 of culture (5 dpc), the hBL stage embryos
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were collected from various groups for evaluating the total cell number, acetylation levels of
H4K5 and Oct-4 expression pattern by immunostaining.

2.9. Statistical analysis
Rates of in vitro embryo development were analyzed by General Linear Model in SPSS
(Version 11.0, IBM Corporation, Chicago, IL, USA). Differences of H4K5ac intensity in
hBLs by different HDACi treatments were subjected to one-way ANOVA in SPSS. The data
of Oct-4 characterization were pooled from at least three replicates and analyzed by a Chi
square test in Prism (Version 5.0C, GraphPad Software, Inc., La Jolla, CA, USA). For all
analyses, P < 0.05 was considered significant.

3. Results
3.1. In vitro development of cloned embryos treated with various TSA concentrations

Various concentrations of TSA (0, 25, 50 and 100 nM) were used to treat cloned embryos.
Rates of cleavage (75.0 – 86.1%) and morula formation (26.8 – 46.3%) were not different
between TSA treatments (Table 2). However, there were higher rates of cleavage (89.3%),
morula (89.3%) and blastocyst (85.7%) formation in the PAR group compared to those in
SCNT groups, regardless of the TSA concentrations (P < 0.05). Blastocyst development of
cloned embryos was highest with the supplementation of 50 nM TSA (31.7%), which was
higher than the untreated group (0 nM TSA, 12.2%; P < 0.05).

3.2. In vitro development of cloned embryos treated with various SCP concentrations
Cloned embryos were treated with various concentrations of SCP (0, 50, 250 and 500 nM)
and examined for their developmental potential (Table 3). Cleavage rates were not different
between SCP treatments (68.0 – 87.5%). There were higher rates (P < 0.05). of cleavage
(92.4%), morula (87.9%) and blastocyst (81.8%) formation in the PAR group than those in
SCNT groups treated with 0, 50 or 500 nM of SCP. Notably, morula (67.4%) and blastocyst
(40.7%) development appeared highest when 250 nM SCP was applied, and the blastocyst
rate was higher than that in the untreated group (0 nM SCP, 14.0%; P < 0.05).

3.3. In vitro development of cloned embryos treated with TSA and SCP
To examine whether the combination of histone deacetylation inhibitors could further
improve cloning efficiency, cloned embryos were treated with various HDACi treatments
(i.e. NT, NTTSA, NTSCP, and NTTSASCP treatments), and compared to PAR and IVC
embryos.

The morula (28.4%) and blastocyst (14.9%) rates were lowest in the NT group (Table 4). In
addition, embryos in the NT group had small blastocoels (Fig. 1, A) and reduced blastocyst
cell numbers (147.7±7.3). Treatment of TSA (50 nM) or SCP (250 nM) alone increased
rates of morula (44.1.4–50.9%) and blastocyst (33.3–33.8%) formation compared to the NT
group (P < 0.05), consistent with results in Experiments 1 and 2. It was noteworthy that
single HDACi treatment had no obvious beneficial effects on total cell number (Fig. 1, B
and C; Table 4). In the NTTSASCP group, the morula (58.6%) and blastocyst (49.4%) rates
were further improved. Moreover, embryos in this group had a high number of total cells
(203.7±14.4; Fig 1, D) in the hBLs, which was similar to that of PAR or IVC embryos
(P>0.05), but much higher than the NT group (P<0.05; Table 4).

3.4. The effects of HDACi treatments on acetylation level of H4K5
Alevels of histone H4K5 in rabbit D5 hBLs were examined by immunostaining. The
intensity of H4K5ac (Fig. 2) for each hBL was scored as a mean ratio of H4K5ac (red stain)
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to DAPI counterstain of chromatin (blue stain). The H4K5ac score of untreated cloned
embryos appeared lower than that in the PAR or IVC groups (P < 0.05). Treatment of TSA
appeared to only slightly enhance acetylation level of H4K5 in cloned embryos (P > 0.05).
However, in the NTSCP or NTTSASCP groups, the H4K5ac score was higher than that in
untreated or TSA groups (P < 0.05) and similar to that in the PAR or IVC groups.

3.5. Lineage formation and Oct-4 expression patterns in cloned hBLs
We examined Oct-4 expression in various cell lineages (i.e. ICM and TE) of the hBLs of
different HDACi treatment groups (i.e. NT, NTTSA, NTSCP, and NTTSASCP treatments),
and compared with that in the PAR or IVC embryos. The embryos were categorized as Class
I (Fig. 3, A), Class II (Fig. 3, B), Class III (Fig. 3, C) and Class IV (Fig. 3, D).

Previously, we documented the expression pattern of Oct-4 in hBLs of normally IVC
embryos. Consistent with the previous observation in IVC embryos, all of the hBLs
expressed Oct-4, and 86.7% (26 of 30 IVC embryos) were categorized as Class I (highest
quality). Similarly, Oct-4 was expressed in all PAR hBLs, but the ratio of Class I was
decreased to 62.2% (23/37), as shown (Fig. 3, E).

In contrast to IVC and PAR embryos, only 4% of hBLs (1/25) were categorized as Class I in
the NT group. In most blastocysts, ICM structure was indistinct or not observed (84%,
21/25). When cloned embryos were treated with TSA alone, the percentage of Class I hBLs
increased to 14.8% (4/27). Importantly, increased percentage of Class I was observed in the
NTSCP treatment group (37.8%, 14/37) (P < 0.05). The combinational treatment of HDACi
further increased the percentage of Class I embryos. In the NTTSASCP treatment group, we
detected the Oct-4 signal in all cloned embryos and the percentage of Class I was as high as
41.9% (13/31).

4. Discussion
Successful animal cloning requires resetting of epigenetic modifications, such as erasure of
epigenetic marks of a differentiated somatic cell, alteration of chromatin configuration, and
activation of specific gene expression program to direct embryo development. The histone
acetylation level of the somatic chromatin has been shown to rapidly decrease upon
introduction into a metaphase recipient oocyte and then re-acetylate during formation of the
pseudo-pronuclei. Although these dynamic changes of histone acetylation are similar to that
of a fertilized embryo, the global level of acetylation in cloned embryos is generally lower
than in normal embryos [32]. Incomplete reprogramming, e.g. abnormal histone acetylation
levels, may result in the persistent expression of somatic genes derived from the donor cell,
and failure to activate embryonic genes in SCNT embryos [2–4].

Previous reports demonstrated that TSA treatment increases histone acetylation in cloned
embryos, which consequently results in normalized patterns of chromatin remodeling,
histone modification and DNA replication, and improves transcriptional activity, gene
expression and developmental competence in various species [14,16,33–37]. In the present
study, TSA treatment appeared to increase in vitro developmental potential of cloned rabbit
embryos reconstructed with fibroblast cells. Rates of morula and blastocyst formation were
significantly increased by treatment of 50 nM TSA for 6 h, similar to the previous resultsin
rabbits [20]. In that work, Shi et al. reported that comparing to the untreated control group
embryos, the histone acetylation patterns in TSA-treated SCNT embryos were more similar
to those of normally fertilized embryos [20]. In contrast, Meng et al. reported that TSA
treatment did not improve cleavage and blastocyst rates, nor total cell numbers in cloned
rabbit embryos [22]. Notably, Meng’s group used a different donor cell type, i.e. cumulus
cells, and a different TSA treatment regime, i.e. 5 nM for 10 h, whereas our group and Shi’s
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group both used fibroblasts as donor cells and treated embryos with TSA at 50 nM for 6 h.
Such discrepancies may have contributed to the different outcomes between studies.
However, since we did not conduct in vivo experiments in the present study, we cannot
completely exclude the possibility that TSA treatment may have negative effects on embryo
development and may increase postnatal deaths [22,38]. Previous studies have indicated that
HDACs do not have equal sensitivities to different HDACi agents [39], and the effects of
HDACi can be cell-type dependent [40]. Therefore, different donor cell types, recipient
oocytes, animal strains or species may have diverse responses to different HDACi agents,
and may require different HDACi agent(s) to achieve optimal reprogramming efficiency.
We hypothesize that the use of HDACi agents other than TSA may also improve cloning
efficiency in rabbits. In the present study, we examined the effects of a novel HDACi,
namely SCP. Similar to TSA, SCP is one of the hydroxamic acids and able to inhibit many
HDACs [15]. Van Thuan et al. reported that SCP treatment enhances de novo synthesis of
nascent mRNA in mouse SCNT embryos [18]. Even at extremely high concentrations
(~2000 nM) or prolonged treatment periods (~48 h), SCP has very low toxicity to embryo
development. In cloned cattle and pig embryos, SCP treatment can improve the histone
acetylation patterns to a level comparable to those of fertilized embryos [24,38], and reduce
the number of highly methylated nuclei [19]. It has been shown to greatly enhance the in
vitro and in vivo developmental potential of reconstructed embryo in mice, pigs and cattle
[17,18,24,38,41]. The present study revealed that rabbit clones treated with 250 nM SCP, the
same concentration used in mice [18], led to the best blastocyst rates.

Oct-4 is an essential transcription factor required for preimplantation development [42]. In
mice, Oct-4 expression begins at the 4- to 8-cell stage and becomes restricted to pluripotent
lineage beyond blastocyst stage [43]. Deletion of Oct-4 in mice causes lethality, because the
mutated embryos are unable to form ICM cells. We previously reported that rabbit zygotic
Oct-4 starts to express at 8– to 16–cell stages, and increases afterwards until the compact
morula stage [28]. Expression pattern of Oct-4 is a potential marker for cloned embryo
quality. Aberrant Oct-4 expression patterns are often present in cloned mouse and bovine
blastocysts [27,44–46]. In many cloned mouse embryos, Oct-4 expression initiated at the
correct stage, but displayed an aberrant spatial distribution at the blastocyst stage.
Specifically, Oct-4 transcripts form mosaic or ectopic patterns and fail to restrict into the
ICM in cloned blastocysts. Furthermore, Oct-4 levels in cloned embryos apparently correlate
well with the efficiency of outgrowth formation and embryonic stem cell derivation,
suggesting that the failure of Oct-4 expression in mouse clones may result in an incorrect
lineage determination and impair embryos development beyond implantation [27]. It was
also reported that inefficient demethylation of the Oct-4 promoter in cloned embryos was
associated with developmental retardation at early cleavage stages [47], implying that
demethylation of the Oct-4 gene is one of the critical events during nuclear reprogramming
and that the abnormal Oct-4 expression patterns indicate a general failure of cloned embryos
to reset the epigenetic program after SCNT. Therefore, detection of Oct-4 expression in
cloned embryos can be used to evaluate reprogramming efficiency, embryo quality and
developmental potential of cloned embryos.

This was apparently the first study to investigate Oct-4 expression in cloned rabbit embryos.
In the present study, the majority of cloned rabbit embryos had aberrant ICM structure
accompanied with abnormal spatial distribution of Oct-4 signals. Without HDACi treatment,
only a small percentage of cloned rabbit embryos (4%) were categorized as “Class I”, which
had similar ICM structure and Oct-4 patterns with IVC embryos.

Both TSA and SCP increased the percentage of Class I embryos in the present study.
Strikingly, SCP significantly improved the Oct-4 expression pattern in rabbit cloned hBLs,
in which 56.8% (21/37) of embryos had a distinct ICM structure (Class I and Class II) and
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37.8% (14/37) of embryos had a normal Oct-4 expression pattern (Class I) compared to 16%
(4/25) and 4% (1/25) in the untreated group. This result was consistent with previous studies
in pigs and cattle where SCP treatment corrected gene expression and increased Oct-4
transcripts in SCNT blastocysts [19,24].

The present study was apparently the first to treat cloned embryos with combined HDACi
treatments (i.e. TSA and SCP) and demonstrated that co-treatment of TSA (50 nM) and SCP
(250 nM) on rabbit cloned embryos for 6 h greatly increased acetylation score of H4K5 at
the hBL stage. The blastocyst rate was higher than that in the NT, NTTSA or NTSCP
groups. Moreover, similar to previous reports in pigs and rabbits [22,48], TSA or SCP
treatment had no effect to increase total cell number of blastocysts. In contrast, the present
study revealed that simultaneous treatment with TSA and SCP was competent to improve
the blastocyst quality with significantly increased cell number. In addition, the highest
percentage (41.9%, 13/31) of cloned embryos that were considered to normally express
Oct-4 was observed. Therefore, the present study demonstrated that TSA and SCP
treatments (alone or in combination) can not only improve blastocyst rates, but also embryo
quality, as evidenced by an increased cell number and a proper Oct-4 distribution pattern at
the blastocyst stage. Embryo transfer experiments are necessary in future studies to confirm
if such in vitro improvements, especially those achieved by the combinational TSA and SCP
treatment, will ultimately lead to better pregnancy rates and term rates of rabbit cloning.

In conclusion, the present study evaluated the combined effects of TSA and SCP on the in
vitro development of cloned rabbit embryos. The concentration of the individual HDACi
(i.e. TSA and SCP) was optimized for rabbit cloning. We compared developmental potential
of cloned embryos exposed to various HDACi treatments (none, TSA, SCP, and TSA &
SCP). Synergistic effects of TSA and SCP on nuclear reprogramming of cloned rabbit
embryos occurred, manifested by the development and quality of treated embryos.
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Fig 1. Blastocyst development of rabbit cloned embryos treated with different HDACi agents
Reconstructed embryos treated without HDACi agents or with 50 nM TSA, 250 nM SCP, or
a combination of 50 nM TSA and 250 nM SCP were cultured in vitro. Cloned embryos
reached the hatching blastocyst stage on 5 dpc. The blastocyst morphology of each group
was shown. There were smaller blastocysts in the NT (A), NTTSA (B) and NTSCP (C)
groups, but more expanded hatching blastocysts in the NTTSASCP (D) group. Scale bar =
100 μm.
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Fig 2. The effects of HDACi treatments on histone H4K5 acetylation at hatching blastocyst stage
By immunostaining, hatching blastocysts derived from NT (A), NTTSA (B), NTSCP (C), or
NTTSASCP (D) group were collected for examination of H4K5ac intensity and compared to
PAR (E) or IVC (F) embryos. Blue and red signals represent DAPI counterstain and
acetylation of H4K5 stain, respectively. ImageJ software was used for analysis and the
H4K5ac intensity scores were determined by the ratios of H4K5ac to DAPI DNA signals
(G). Scale bar=100 μm. a,bValues without a common superscript differed (P < 0.05).
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Fig 3. Oct-4 expression patterns in rabbit embryos treated with HDACi agents
Oct-4 expression patterns in the cloned embryos were categorized as (A) Class I: evident
ICM cells observed in the bright field or DAPI staining were accompanied with a more
intensive Oct-4 signal as compared to that in the TE cells; (B) Class II: evident ICM cells
were observed in the blastocysts but with similar Oct-4 intensity between ICM and TE cells;
(C) Class III: ICM structure was indistinct and scattered Oct-4 signals were observed in the
blastocysts; (D) Class IV: ICM structure was not identified and Oct-4 signal was weak or
absent in the blastocysts. (G) The ratios of Oct-4 expression patterns in cloned embryos
treated with different HDACi treatments were compared to those of PAR or IVC embryos.
In the NT group, one out of 25 hBLs (4%) was classified as Class I, 12% (3/25) were
classified as Class II, 76% (19/25) were classified as Class III, and 8% (2/25) were Class IV.
In the NTTSA group, 14.8% (4/27) of hBLs were classified as Class I, 22.2% (6/27) were
classified as Class II, 48.1% (13/27) were classified as Class III, and 14.8% (4/27) were
classified as Class IV. In the NTSCP group, 37.8% (14/37) of hBLs were classified as Class
I, 18.9% (7/37) were classified as Class II, 40.5% (15/37) were classified as Class III, and
only one embryo was classified as Class IV (2.7%). In the NTTSASCP group, 41.9%
(13/31) of hBLs were classified as Class I, 19.4% (6/31) were classified as Class II, and
38.7% (12/31) were classified as Class III. In the PAR group, 62.2% (23/37) of hBLs were
classified as Class I, 16.2% (6/37) were classified as Class II, 18.9% (7/37) were classified
as Class III, and one embryo was classified as Class IV (2.7%). In the IVC group, 86.7%
(26/30) of hBLs were classified as Class I, 6.7% (2/30) were classified as Class II, and 6.7%
(2/30) were classified as Class III. Scale bar=100 μm. a–dValues without a common letter
differed (P < 0.05).
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