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In this study, we investigated the effects of the histone deacetylase inhibitor PXD101 (belinostat) on the
preimplantation development of porcine somatic cell nuclear transfer (SCNT) embryos and their expres-
sion of the epigenetic markers histone H3 acetylated at lysine 9 (AcH3K9). We compared the in vitro
developmental competence of SCNT embryos treated with various concentrations of PXD101 for 24 h.
Treatment with 0.5 utM PXD101 significantly increased the proportion of SCNT embryos that reached
the blastocyst stage, in comparison to the control group (23.3% vs. 11.5%, P<0.05). We tested the
in vitro developmental competence of SCNT embryos treated with 0.5 uM PXD101 for various amounts
of times following activation. Treatment for 24 h significantly improved the development of porcine SCNT
embryos, with a significantly higher proportion of embryos reaching the blastocyst stage in comparison
to the control group (25.7% vs. 10.6%, P < 0.05). PXD101-treated SCNT embryos were transferred into two
surrogate sows, one of whom became pregnant and four fetuses developed. PXD101 treatment signifi-
cantly increased the fluorescence intensity of immunostaining for AcH3K9 in embryos at the pseudo-pro-
nuclear and 2-cell stages. At these stages, the fluorescence intensities of immunostaining for AcH3K9
were significantly higher in PXD101-treated embryos than in control untreated embryos. In conclusion,
this study demonstrates that PXD101 can significantly improve the in vitro and in vivo developmental

competence of porcine SCNT embryos and can enhance their nuclear reprogramming.

© 2014 Published by Elsevier Inc.

1. Introduction

Animal cloning using somatic cell nuclear transfer (SCNT) is a
powerful technique to preserve a unique diploid genome. How-
ever, the applications of SCNT are limited because it has a low suc-
cess rate and animals produced via this technique exhibit
substantial phenotypic variation [1]. For SCNT embryos to have
sufficient developmental competence to develop to term, the dif-
ferentiated cell nuclei that are transferred into oocytes must be
subjected to epigenetic reprogramming processes, including chro-
matin remodeling and suppression of DNA remethylation. The
aforementioned limitations of SCNT and its low efficiency are
assumed to be due to incomplete reprogramming of SCNT embryos
[2]. Abnormal epigenetic modifications, such as histone modifica-
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tion and DNA methylation, occur in SCNT embryos during early
development [3-5].

Histone modifications are important epigenetic modifications
and include acetylation, phosphorylation, methylation, and ubiqui-
tination [6]. Hyperacetylation of histones increases the access of
some transcription factors to nucleosomes [7,8]. Histone deacetyl-
ase inhibitors (HDACi) can induce epigenetic reprogramming mod-
ifications during the activation and culture of reconstructed
oocytes. Recently, various reagents have been used to regulate his-
tone acetylation, such as trichostatin A (TSA) [9], scriptaid [10], val-
proic acid [11], sodium butyrate [12], suberoylanilide hydroxamic
acid (SAHA) [13], m-carboxycinnamic acid bishydroxamide [14],
oxamflatin [15], LBH589 [16], and CUDC-101 [17].

PXD101 (belinostat, N-hydroxy-3-(phenylsulphamoylphenyl)
acryl amide) is a HDACi. These inhibitors, in conjunction with his-
tone acetyltransferases, reciprocally regulate acetylation of lysine
residues in the positively charged histone tails of nucleosomes
[18]. PXD101, like other hydroxamic acid analogues, is a low
molecular weight HDACi that inhibits class I and II histone deacet-
ylases and induces the acetylation of histones H3 and H4 in a
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concentration-dependent manner [19,20]. However, it is not
known whether PXD101 can improve the developmental compe-
tence of porcine SCNT embryos, and its mechanisms of action have
not been investigated.

The objective of this study was to determine the effect of
PXD101 on the development of porcine SCNT embryos in vitro
and in vivo, and to assess the effects of PXD101 treatment on the
expression of the epigenetic markers AcH3K9.

2. Materials and methods

This research was carried out in accordance with the guidelines
of the Ethics Committee of Yanbian University. All chemicals used
in this study were purchased from Sigma Chemical Company (St.
Louis, MO, USA), unless otherwise noted. PXD101 was purchased
from Selleck Chemicals (Houston, TX). The experimental proce-
dures were approved by the Animal Care and Use Committee of
Jilin University and were in accordance with the animal welfare
guidelines of the U.S. National Institutes of Health. The permit
number is SYXK (Ji) 2010-0029.

2.1. Oocyte collection and maturation

Ovaries were obtained from prepubertal gilts at a local slaugh-
terhouse and transported to the laboratory at 35 °C. The contents
of follicles (3-6 mm in diameter) were recovered by aspiration
with an 18-gauge needle. Cumulus-oocyte complexes (COCs) were
pooled and washed three times with HEPES-buffered North Caro-
lina State University (NCSU)-37 medium [21] containing 0.1% poly-
vinyl alcohol (v:v). Only COCs possessing a compact cumulus mass
and evenly granulated ooplasm were selected. COCs were cultured
for 20-22 h at 38.5°C in an atmosphere of 5% CO, in four-well
plates (Nunc, Roskilde, Denmark) under mineral oil, with each well
containing 500 pL of maturation medium. The maturation medium
was comprised of NCSU-37 medium supplemented with 10% pig
follicular fluid (v:v), 0.6 mM cysteine, 1 mM dibutyryl cyclic aden-
osine monophosphate, and 0.1 [lU/mL human menopausal gonado-
tropin (Teikokuzoki, Tokyo, Japan). Thereafter, COCs were cultured
without dibutyryl cyclic adenosine monophosphate and human
menopausal gonadotropin for another 18-24 h.

2.2. Donor cell preparation

Fetal fibroblasts were obtained from a hybrid pig on Day 30 of
pregnancy. Tissues were cut into small pieces and cultured at
38 °C in an atmosphere of 5% CO, in Dulbecco’s modified Eagle
medium containing 10% fetal bovine serum (FBS) (v:v), 1 mM
sodium pyruvate, and 100 U/mL each of penicillin and streptomy-
cin. When fibroblasts were 90% confluent, they were trypsinized,
rinsed, and sub-cultured into two 25-cm? cell culture flasks (Corn-
ing, Kennebunk, MA, USA) for further passaging. Donor cells for
SCNT were derived from passages 4-8 and cultured in serum-
starved medium (0.5% FBS [v:v]) for 3-4 days.

2.3. Nuclear transfer

Nuclear transfer was performed as described by Yin et al. [22].
In vitro-matured eggs with the first polar body were cultured in
medium supplemented with 0.05 mol/L sucrose and 0.4 pug/mL
demecolcine for 1 h. Sucrose was used to enlarge the perivitelline
space of oocytes. Treated oocytes with a protruding membrane
were transferred to medium supplemented with 5 pg/mL cytocha-
lasin B (CB) and 0.4 pg/mL demecolcine. Protrusions were then
removed by aspiration with a glass pipette that had an inner diam-
eter of 15 pum. A single donor cell was inserted into the perivitelline

space of each oocyte, and then couplets were electrically fused
using two direct pulses of 150 V/mm for 50 ps in 0.28 mol/L man-
nitol supplemented with 0.1 mM MgSO,4 and 0.01% polyvinyl alco-
hol (v:v). Fused oocytes were cultured for 1h in medium
containing 0.4 png/mL demecolcine before electro-activation and
then cultured for 4 h in medium supplemented with 5 pg/mL CB.
The reconstructed oocytes were activated by two direct pulses of
100 V/mm for 20 ps in 0.28 mol/L mannitol supplemented with
0.1 mM MgS0O,4 and 0.05 mM CaCl,. Activated oocytes were cul-
tured in this medium for 6 days in an atmosphere of 5% CO, and
95% air at 38.5°C. At the end of the culture, blastocysts were
washed three times in phosphate-buffered saline (PBS) and placed
onto slides in a drop of mounting medium (mixture of glycerol and
PBS (9:1) containing 25 pg/mL of Hoechst 33342). A coverslip was
placed on top of the blastocysts, the edge was sealed with nail pol-
ish, and the number of nuclei was counted under ultraviolet light.

2.4. Transfer of embryos and pregnancy determination

Cloned embryos at the 1-cell stage following fusion or at the 2-
4-cell stage after a day of culture were transferred to the oviducts
of naturally cycling gilts on the first day of standing estrus. The
pregnancy status of recipients was determined by ultrasonography
between day 25 and day 26 post-transfer, and fetuses were recov-
ered at day 26 post-transfer.

2.5. Immunodetection of AcH3K9

To stain for AcH3K9, embryos were rinsed three times in PBS
and fixed for 30 min in PBS containing 4% paraformaldehyde
(w:v). Embryos were then transferred to PBS containing 1% Triton
X-100 (v:v) at 37 °C for 30 min. After blocking non-specific sites
with PBS containing 2% bovine serum albumin (w:v) overnight at
4 °C, embryos were incubated with primary antibodies against
AcH3K9 (1:200; Upstate Biotechnology, Lake Placid, NY, USA) at
37 °C for 3 h. Goat anti-rabbit fluorescein isothiocyanate (FITC)-
conjugated secondary antibody (1:200; Jackson ImmunoResearch
Laboratories Inc., West Grove, PA, USA) was then applied for 3 h
at room temperature. After washing three times in PBS, DNA was
counterstained with 25 pg/mL propidium iodide for 5 min. Stained
embryos were mounted beneath a coverslip using antifade mount-
ing medium to retard photobleaching. Each experiment was
repeated at least three times, and at least five randomly selected
reconstructed embryos were examined each time. Slides were
scanned using an epifluorescence microscope (IX71 Olympus)
and a filter to detect the emission wavelength of FITC.

2.6. Experimental design and statistical analysis

Experiment 1: To determine the concentration of PXD101 that
most effectively improves development, porcine SCNT embryos
were treated with various concentrations of PXD101 for 24 h after
activation, and the developmental rates of the various groups were
compared.

Experiment 2: To determine the treatment time of PXD101 that
most effectively improves development, porcine SCNT embryos
were treated with 0.5 uM PXD101 for various amounts of time
after activation, and the developmental rates of the various groups
were compared.

Experiment 3: PXD101-treated (0.5 uM for 24 h) and untreated
porcine SCNT embryos were transferred into the oviducts of surro-
gates on the day on which estrus began or 1 day after.

Experiment 4: The level of AcH3K9 was determined in porcine
SCNT embryos treated with or without 0.5 uM PXD101 for 24 h
at various developmental stages.
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2.7. Statistical analysis

Each experiment was repeated at least three times. Data
expressed as percentages were analyzed using the chi-square test.
Numbers of nuclei were analyzed using an analysis of variance.
Levels of AcH3K9 were analyzed using the independent samples
T-test. Statistical analyses were performed using SPSS 16.0 soft-
ware (SPSS Inc., Chicago, IL, USA). P values < 0.05 were regarded
as statistically significant.

3. Results

3.1. Experiment 1: Effect of PXD101 treatment concentration on the
in vitro development of porcine SCNT embryos

Porcine SCNT embryos were treated with 0.5, 1, 2.5, or 5 pM
PXD101 for 24 h, or were not treated. The proportion of embryos
that developed to the blastocyst stage (Fig. 1A) was significantly
higher in the group treated with 0.5 uM PXD101 than in the con-
trol untreated group (23.3% vs. 11.5%, P<0.05; Table 1). However,
treatment with 0.5 pM PXD101 had no effect on blastocyst quality,

as determined by the mean number of cells per blastocyst
(36.00 + 4.062 vs. 42.33 £ 12.307).

3.2. Experiment 2: Effect of PXD101 treatment time on the in vitro
development of SCNT embryos

Porcine SCNT embryos were treated with 0.5 M PXD101 for 6,
12, 24, or 48 h, or were not treated. Neither the percentage of
embryos that underwent cleavage nor the mean number of cells
per blastocyst significantly differed among the groups (Table 2).
However, the percentage of embryos that reached the blastocyst
stage was significantly higher in the group treated with PXD101
for 24 h than in the untreated control group (25.7% vs. 10.6%,
P<0.05).

3.3. Experiment 3: Transfer of untreated and PXD101-treated porcine
SCNT embryos into surrogate sows

PXD101-treated (0.5 uM for 24 h) porcine SCNT embryos were
transferred into two surrogate sows, one of whom became preg-
nant. Four fetuses were obtained from this sow (Fig. 2). Untreated
SCNT embryos were transferred into three surrogate sows, one of

Fig. 1. PXD101-treated porcine embryos at the blastocyst stage and day 7. (A) Blastocysts derived from PXD101-treated porcine SCNT embryos. (B) Hoechst 33342 staining of

a PXD101-treated porcine SCNT embryo at day 7.

Table 1

Concentration-dependent effect of PXD101 treatment on the in vitro development of porcine SCNT embryos.

Concentration of No. of embryos

No. of embryos that reached the 2-4-

No. of embryos that reached the Mean no. + SEM of cells per

PXD101 (uM) cultured cell stage (%) blastocyst stage (%) blastocyst (n)

0 131 122 (85.5) 15 (11.5)° 42.33 £12.307 (6)
0.5 133 112 (87.2) 31 (23.3)° 36.00 +4.062 (5)
1 145 128 (88.3) 27 (18.6)*° 38.33 +8.406 (6)
2.5 134 114 (85.1) 24 (17.9)*° 42.40 £6.841 (5)
5 133 112 (84.2) 24 (18.0)*" 39.62 +7.927 (8)

25 Values with different superscripts in the same column are significantly different (P < 0.05).

Table 2

Time-dependent effect of PXD101 treatment on the in vitro development of porcine SCNT embryos.

Duration of PXD101 No. of embryos

No. of embryos that reached the 2-4-

No. of embryos that reached the Mean no. + SEM of cells per

treatment (h) cultured cell stage (%) blastocyst stage (%) blastocyst (n)
0 133 101 (89.4) 12 (10.6)° 40.83 £7.782 (6)
6 112 99 (88.4) 12 (10.7)° 38.86 +17.373 (7)
12 133 101 (89.4) 21 (18.6)*° 36.57 £10.114 (7)
24 133 95 (84.1) 29 (25.7) 43.00 £16.116 (8)
48 133 98 (86.7) 27 (23.9)° 45.88 £ 9.598 (8)

25 Values with different superscripts in the same column are significantly different (P < 0.05).
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Fig. 2. Transfer of PXD101-treated porcine SCNT embryos into surrogate sows. PXD101-treated porcine SCNT embryos were transferred into a sow. The uterus of the sow (A)

and the resulting fetuses (B) are shown at day 26 of gestation.

Table 3
In vivo development of untreated and PXD101-treated porcine SCNT embryos.

PXD101 Recipient ~ No. of Pregnancy  No. of fetuses
treatment no. embryos status recovered
transferred (fetus collection
day)
Untreated 1 253 + 2 (day 26)
2 240 -
3 261
PXD101-treated 4 260 + 4 (day 26)
5 237 -

whom became pregnant. Two fetuses were obtained from this sow
(see Table 3).

3.4. Experiment 4: Detection of AcH3K9 in PXD101-treated SCNT
embryos at various developmental stages

Fig. 3 shows immunostaining for AcH3K9 in porcine SCNT
embryos at the pseudo-pronuclear, 2-cell, 4-cell, morula, and blas-
tocyst stages. At the pseudo-pronuclear and 2-cell stages, the
fluorescence intensity of AcH3K9 staining was significantly higher
in PXD101-treated embryos than in untreated embryos. However,
at the other developmental stages, the fluorescence intensity of
AcH3K9 staining did not significantly differ between the two
groups.

4. Discussion

SCNT is a useful tool to study cell reprogramming and to clone
animals. SCNT technology could be used for pet or domestic animal
cloning, preservation of endangered species, and cell therapy using
autologous embryonic stem cells [23]. However, the efficiency with
which porcine SCNT embryos give rise to healthy offspring remains
low, similar to SCNT embryos of other species. This low cloning
success rate of SCNT is believed to be associated with epigenetic
errors, including abnormal DNA hypermethylation and histone
hypoacetylation. Recently, investigations have focused on the abil-
ity of HDACi to improve the cloning efficiency of SCNT. However,
studies exploring the mechanism by which HDACi enhance epige-
netic remodeling of somatic cell nuclei in SCNT embryos are scarce
[24].

Histone acetylation is extremely important for nucleosome
assembly and chromatin folding. Acetylation favors an open chro-
matin structure by interfering with interactions between nucleo-
somes and inducing the release of histone tails from linker DNA
[25]. HDACi positively or negatively regulate gene expression by
inducing the acetylation of histones, transcription factors, or other

proteins. HDACi compounds can be classified into four categories
according to their chemical properties: hydroxamic acids, such as
TSA and SAHA; carboxyl acids, such as butyrate and sodium valpro-
ate; benzamides; and aliphatic acids [26]. Acetylation of nuclear
core histones is thought to play an important role in the retention
of functional genomics information during the mitotic phase,
thereby allowing this information to be propagated from one cell
generation to the next [27].

The current study sought to improve the developmental compe-
tence of porcine SCNT embryos. To this end, we investigated the
PXD101 treatment conditions that most effectively improve the
development of these embryos. PXD101 treatment significantly
increased levels of AcH3K9 during early developmental stages
and significantly improved the developmental capacity of these
embryos. Furthermore, we demonstrated that during the in vitro
development of porcine SCNT embryos, the level of histone acety-
lation was an important factor at the pseudo-pronuclear and 2-cell
stages, but not at any other developmental stage. These findings
indicate that a high level of histone acetylation during the
pseudo-pronuclear and 2-cell stages promotes reprogramming of
the transferred donor nucleus and thereby enhances the develop-
ment of porcine SCNT embryos.

The percentage of porcine SCNT embryos that developed to the
blastocyst stage was 2-fold higher in the PXD101-treated group
than in the control untreated group. Embryo quality, as judged
by the total number of cells per blastocyst, did not significantly dif-
fer between the two groups. Of the conditions tested in this study,
treatment with 0.5 uM PXD101 for 24 h improved the develop-
ment of porcine SCNT embryos most effectively. Furthermore,
when PXD101-treated porcine SCNT embryos were transferred
into two surrogate sows, one sow became pregnant and four
fetuses developed.

Next, we investigated the levels of acetylated histone H3 in por-
cine SCNT embryos. Histone H3 is hyperacetylated in active genes,
whereas they are underacetylated in silent genes. Histone H4 is ini-
tially acetylated at lysine 16, then at lysine 8 or lysine 12, and ulti-
mately at lysine 5 [28]. When the gene is activated, the lysine 9 and
lysine 13 residues of histone H3 are also acetylated in the promoter
region [29]. Therefore, we analyzed the level of AcH3K9 as an indi-
cator of epigenetic reprogramming. At the pseudo-pronuclear and
2-cell stages, the level of AcH3K9 was significantly higher in
PXD101-treated embryos than in control untreated embryos. These
results suggest that histone deacetylation is involved in the repro-
gramming of gene expression at the pseudo-pronuclear and 2-cell
stages. Although the detailed mechanism by which PXD101 treat-
ment improves the developmental competence of porcine SCNT
embryos is unclear, hyperacetylation of histones facilitates the
access of some factors to nucleosomes.

In conclusion, we determined the PXD101 treatment conditions
(0.5 uM for 24 h) that most effectively improve the in vitro
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Fig. 3. The global AcH3K9 levels in pseudo-pronuclear to blastocyst stages embryos. (A) Pocrine SCNT embryos at the pseudo-pronuclear, 2-cell, 4-cell, morula, and blastocyst
stages were not treated (PXD101(-)) or treated with PXD101 (PXD101(+)) and then labeled for AcH3K9 (green) and DNA (red). Merged images of AcH3K9 and DNA staining
are shown. The merged images of AcH3K9 and DNA are yellow. Original magnification x200. (B) Fluorescence intensity was measured using Image-Pro Plus 6.0. Bars and
error bars show mean values and SEM, respectively. Different superscripts above columns of the same developmental stage indicate statistically significant differences
(P <0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

developmental capacity of porcine SCNT embryos. Furthermore,
enhancement of the levels of AcH3K9 at the pseudo-pronuclear
and 2-cell stages can improve the development of porcine SCNT
embryos. This improvement in development following PXD101
treatment may be due to enhanced hyperacetylation in somatic
cell nuclei and upregulation of pluripotency genes.
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