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Valproic Acid Treatment from the 4-cell Stage Improves Oct4
Expression and Nuclear Distribution of Histone H3K27me3 in Mouse
Cloned Blastocysts
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Abstract. We examined effects of treatment with valproic acid (0, 0.2, 1 or 2 mM, VPA), an inhibitor of class I and Ila
histone deacetylases (HDACs), of mouse somatic cell nuclear transfer (SCNT) embryos for 24 h from 48 h (4-cell stage), 24
h (2-cell stage) or immediately after oocyte activation on blastocyst formation rates and qualities of the resultant blastocysts.
Blastocyst formation rates (33.4-37.0%) were not improved by VPA treatments compared with the untreated control (35.1—
36.4%). However, immunofluorescence staining revealed that Oct4 expression levels, evaluated from percentages of embryos
expressing Oct4 strongly and having more than 10 Oct4-positive cells, in blastocysts from SCNT embryos treated with 1 mM
VPA for 24 h from the 4-cell stage (VPA-4C) were highest among all the groups and that the proportion of cells with a normal
nuclear distribution of histone H3 trimethylated at lysine 27 (H3K27me3), a marker of the state of X-chromosome inactivation,
significantly increased in the VPA-4C group (36.6%) compared with the control group (12.4%, P<0.05). Treatments with
scriptaid and sodium butyrate, inhibitors of class I and Ila/b HDACs, for 24 h from the 4-cell stage also had beneficial
effects on SCNT blastocysts. These findings indicate that treatment with 1 mM VPA from the 4-cell stage improves the Oct4
expression and nuclear distribution of H3K27me3 in mouse SCNT blastocysts and suggest that the inhibition of class I and Ila

HDAC:s from the 4-cell stage plays an important role in these effects.
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Somatic cell nuclear transfer (SCNT) to produce cloned animals
not only is of great importance to basic research but has practical
applications in livestock propagation, species preservation, and cell
therapy in regenerative medicine. However, although the cloning
of mammals has been conducted successfully for the past decade
[1], the success rate remains very low. In order to improve mouse
cloning efficiency, several modifications to the original mouse
cloning method [2] have been attempted, but they have not resulted
in a remarkable improvement [3, 4].

Recently, it was found that treating mouse SCNT embryos with
trichostatin A (TSA), a histone deacetylase inhibitor (HDAC:H), after
(2 h) and during (6 h) oocyte activation significantly enhanced in
vitro development up to the blastocyst stage and led to an increase
in cloning efficiency [5—11]. Furthermore, transient treatment with
HDAC:s such as scriptaid (SCR) [12], suberoylanilide hydroxamic
acid (SAHA) [9], oxamflatin [9] and m-carboxycinnamic acid
bishydroxamide (CBHA) [13] also improved the full-term develop-
ment of cloned mice, whereas other HDAC:is, such as aroyl pyrrolyl
hydroxamide (APHA) [12], valproic acid (VPA) [9] and sirtinol [ 14],
had little or no positive effect. In general, HDACs are divided into
five categories: class I (HDAC 1-3 and 8), class Ila (HDAC 4, 5, 7
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and 9), class IIb (HDAC 6 and 10), class III (SIRT 1-7) and class
IV (HDAC 11) [15]. TSA, SCR, SAHA, oxamflatin and APHA can
inhibit class I and Ila/b [15-18], but APHA is more active against
HDACS3 (class I) and 6 (class IIb) than the others [15, 19]. VPA and
sirtinol are inhibitors for class I and Ila [16] and class III HDAC:s,
respectively. Therefore, it is suggested that inhibiting class IIb
HDAC:sS, particularly HDAC 10, is important for improving mouse
cloning efficiency [9].

In contrast, Costa-borges et al. [7] reported that VPA treatment
before (2-3 h) and during (6 h) oocyte activation in BOCBAF1 mouse
SCNT embryos improved in vitro and full-term development in
comparison with an untreated control. Interestingly, it was recently
found that treatment with VPA of miniature pig SCNT embryos for
48 h starting immediately after oocyte activation enhanced the in
vitro development and expression of Oct4 (also known as Pou5f1)
[20] and that when fertilized mouse embryos were treated with
1 mM VPA during progression from the 8-cell to morula stage, the
expression of Oct4 was moderately enhanced in the morula stage
[21]. Therefore, it seems likely that the effect of VPA on the in vitro
development as well as Oct4 expression of SCNT embryos varies
with the timing of the treatment.

Mouse SCNT embryos have numerous abnormalities that are related
to the efficiency of successful cloning, such as aberrant expression
of Oct4 in SCNT blastocysts. In fertilized mouse embryos, Oct4
becomes restricted to the inner cell mass (ICM) and downregulated
in the trophectoderm (TE) at the blastocyst stage [22]. However, in
mouse SCNT blastocysts, Oct4 is often downregulated or abnormally
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expressed, suggesting a loss of or reduced pluripotency in the ICM
lineage in the cloned embryos [23-26], because Oct4-deficient
embryos fail to form a pluripotent ICM [27]. Furthermore, SCNT
embryos and offspring have been shown to exhibit aberrations in
the state of X chromosome inactivation (XCI) [28-32]. During early
embryogenesis, XCI is induced by X-inactive specific transcript
(Xist) RNA, a noncoding RNA that inactivates one of the two X
chromosomes in females [33-35]. Immediately after Xist RNA
coating begins, the inactivated X-chromosome undergoes various
chromatin modifications such as demethylation of histone H3 lysine
4, methylation of histone H3 lysine 9 and trimethylation of histone
H3 lysine 27 (H3K27me3), and these changes lead to transcriptional
silencing and late replication of one of the X chromosomes [36-39].
So, the state of XCI has often been examined by the distribution
of foci of H3K27me3 within cell nuclei in mouse embryonic stem
(ES) cells [36-38] and in fertilized and SCNT blastocysts [28, 30].
It was recently found that in mouse cloned embryos, Xist is ectopi-
cally expressed from the active X chromosome, which causes an
aberrant expression of global genes [28]. Thus, attempts were made
to prevent inappropriate XCI by using Xist-deficient donor nuclei
for SCNT. As a result, the abnormal expression of X-linked genes as
well as a number of autosomal genes was remarkably improved in
the cloned embryos, resulting in an 8- to 9-fold increase in survival
rates to term of the cloned embryos (12.7%) when compared with
a wild-type control (1.6%) [28].

Meanwhile, it was recently found that pluripotency-associated
factors, such as Oct4, Sox2 and Nanog, are involved in the repression
of Xist expression in ES cells [40—42] and that Oct4 lies at the top of
the XCT hierarchy and regulates XCI by triggering X-chromosome
pairing and counting [40]. Indeed, depletion of Oct4 blocks homolo-
gous X-chromosome pairing and results in the inactivation of both
X-chromosomes in female ES cells [40]. Furthermore, Oct4, Sox2
and Nanog bind within Xist intron 1 and maintain Xist repression
in ES cells [41]. It was also suggested that Oct4, Sox2 and Nanog
play important roles for control of Xist expression in preimplantation
embryos [43, 44]. Thus, it is assumed that mouse cloning efficiency
could be improved by inducing normal expression of Oct4 in SCNT
blastocysts, through which ectopic expression of the Xist gene could
be suppressed.

In the present study, we examined the effects of treatments with
various concentrations of VPA from different developmental stages
after oocyte activation in B6D2F 1 mouse SCNT embryos on blastocyst
formation rates as well as blastocyst quality evaluated by numbers
of ICM and TE cells, Oct4 expression levels and the expression
and distribution within cell nuclei of H3K27me3, a marker of the
state of XCI.

Materials and Methods

Animals

B6D2F1 (C57BL/6J x DBA/2) mice were obtained at 7-10
weeks of age from Japan SLC (Hamamatsu, Japan). All procedures
involving animals conformed to the Guide for the Care and Use
of Laboratory Animals. All animal experiments were approved by
and performed according to the guidelines of the Animal Research
Committee, Kyoto University.

Collection of oocytes and cumulus cells

Female B6D2F1 mice were superovulated by injection with 7.5
IU of pregnant mare serum gonadotropin (ASKA Pharmaceutical,
Tokyo, Japan) followed by 7.5 IU of human chorionic gonadotropin
(hCG, Sankyo Zoki, Tokyo, Japan) 48 h later. Cumulus—oocyte
complexes (COCs) were collected from the oviducts at 15 h after the
hCG injection and treated with 0.1% hyaluronidase (Sigma-Aldrich,
St. Louis, MO, USA) in Hepes-buffered CZB (Hepes-CZB) medium
[45] until the cumulus cells had dispersed. Cumulus-free oocytes were
then washed and kept in KSOM medium [46] covered with mineral
oil (Sigma-Aldrich) at 37 C in an atmosphere of 5% CO, in air prior
to use. Cumulus cells were removed from the hyaluronidase drops
and placed in an Eppendorf tube with 6% bovine serum albumin
(BSA, Sigma-Aldrich)-containing Hepes-CZB medium. Thereafter,
they were used as donor cells for SCNT.

Production of cloned embryos by SCNT

After pretreatment of oocytes collected for 10 min in Hepes-
CZB medium supplemented with 5 pg/ml cytochalasin B (CB,
Sigma-Aldrich), meiotic spindles of oocytes were removed using
a Piezo-driven micromanipulator (Prime Tech, Tokyo, Japan). The
enucleated oocytes were washed extensively and kept in KSOM
medium at 37 C under 5% CO, in air for 1-2 h before nuclear
transplantation. A cumulus cell from an Eppendorf tube was inserted
into the perivitelline space of an enucleated oocyte together with
HVI-E (GenomeONE-CF, Ishihara Sangyo, Osaka, Japan) using a
Piezo-driven micromanipulator, and then the oocyte was cultured in
KSOM medium for 1 h at 37 C under 5% CO, in air, during which
time it fused with the donor cell.

The reconstructed oocytes were parthenogenetically activated by
incubation in 5 mM SrCl, (Wako Pure Chemical Industries, Osaka,
Japan) and 2 mM EGTA (Sigma-Aldrich)-containing KSOM medium
supplemented with 5 pg/ml CB (activation medium) for 6 h. After
activation, the oocytes were cultured in KSOM medium, except for
the periods during which they were treated with the various reagents
indicated below, for 96 h at 37 C under 5% CO, in air. The pronuclear
formation and development to the 2-cell and blastocyst stages were
evaluated at 0 h, 24 h and 96 h after oocyte activation, respectively.

Treatments with HDACis, VPA, SCR and sodium butyrate
(NaBu) of SCNT embryos during preimplantation
development

SCNT embryos were treated with VPA (0, 0.2, 1 and 2 mM,
Sigma-Aldrich) for 24 h from 48 h (4-cell stage, VPA-4C), 24 h
(2-cell stage, VPA-2C) or immediately (1-cell stage, VPA-1C) after
oocyte activation. SCR (0 and 100 nM, Sigma-Aldrich) and NaBu
(0 and 0.5 mM, Wako Pure Chemical Industries) were treated for
24 h from the 4-cell stage (SCR-4C and NaBu-4C, respectively).

Production of parthenogenetic embryos (PE)

Oocytes collected from female B6D2F1 mice at 15 h post-hCG
injection were incubated in activation medium for 6 h. After activation,
they were cultured in KSOM medium for 96 h until the blastocyst stage.

Production of in vitro fertilized embryos
In vitro fertilization was performed as described previously [47].
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Briefly, COCs were collected from female B6D2F1 mice at 15 h
post-hCG injection were inseminated with capacitated spermatozoa
from adult B6D2F1 male mice. The spermatozoa were capacitated
by preincubation for 1 h in TYH medium [48]. Six hours after
insemination, the fertilized embryos were washed and then cultured
in KSOM medium for 96 h until the blastocyst stage.

Immunofluorescence staining

SCNT embryos were fixed in 3.7% paraformaldehyde (Sigma-
Aldrich) in phosphate-buffered saline (PBS) overnight at 4 C. After
permeabilization with 0.5% (v/v) Triton X-100 (Sigma-Aldrich)
in PBS for 40 min at room temperature, samples were blocked
in a blocking solution (0.02% Tween-20 (Sigma-Aldrich), 1.5%
BSA and 0.2% sodium azide (Sigma-Aldrich) in PBS) for 1 h at
room temperature. Afterward, the samples were incubated with
primary antibodies at 4 C overnight. The primary antibodies used
were anti-Oct3/4 (1:100; Santa Cruz Biotechnology, Heidelberg,
Germany), anti-Cdx2 (1:100; BioGenex, San Ramon, CA, USA)
and anti-H3K27me3 (1:100; Millipore, Ann Arbor, MI, USA). After
being washed extensively in the blocking solution, the samples were
incubated with the secondary antibody, Alexa Fluor 488-conjugated
anti-rabbit 1gG (1:500, Molecular Probes, Eugene, OR, USA) or
Alexa Fluor 594-conjugated anti-mouse IgG (1:500, Molecular
Probes), for 1 h at room temperature. Finally, after further washing
with the blocking solution, the samples were stained with 10 mg/
ml of Hoechst 33258 (Sigma-Aldrich) for 10 min and mounted on
slides in 50% glycerol/PBS. Fluorescence signals were observed
using a fluorescence microscope (FSX100, Olympus, Tokyo, Japan).
Digital images of Oct4, Cdx2, H3K27me3 and Hoechst signals
were acquired on FSX-BSW Software (Olympus) using the same
contrast, brightness and exposure settings for all embryos. The
immunofluorescence intensities for Oct4 were classified visually by
images of nuclear fluorescence intensities corrected by subtracting
background fluorescence for the cytoplasm, as described previously
[26].

Statistical analysis

Each experiment was repeated at least three times. The values
were analyzed using a ¢-test or one-way ANOVA and then Tukey’s
multiple comparison tests. P values < 0.05 were considered to be
statistically significant.

Results

Effects of VPA treatment after oocyte activation on blastocyst
formation and Oct4 expression and cell number in the
resultant blastocysts

To optimize the time frame for VPA treatment, we examined the
effects of treatment with 1 mM VPA for 24 h from various stages
of SCNT embryos on blastocyst formation and Oct4 expression in
the resultant blastocysts. Pronuclear formation rates were about
80% in all groups, and the rates of 2-cell embryos developed from
pronuclei-formed oocytes (cleavage rates) did not differ significantly
among all groups (VPA-1C, 85.8%; VPA-2C, 83.1%; VPA-4C, 88.9%
and non-treated control (NTC), 82.8%) as well. As shown in Fig.
1A, there were no significant differences in the rates of blastocysts

developed from 2-cell embryos (blastocyst formation rates) among
the NTC, VPA-1C, VPA-2C and VPA-4C groups (37.0, 33.4 and
37.0% for VPA-1C, VPA-2C and VPA-4C vs. 36.4% for NTC). Then,
blastocysts derived from SCNT embryos and PE at 96 h after oocyte
activation were subjected to immunofluorescence staining of Oct4, a
specific marker for the ICM in mouse blastocysts. All the blastocysts
were classified according to the immunofluorescence intensity
for Oct4 and number of cells showing positive immunostaining
for Oct4. Fig. 2 shows representative staining patterns in SCNT
blastocysts: (a) strong expression of Oct4, (b) weak expression
of Oct4, (c) less than 10 Oct4-positive cells and (d) more than 10
Oct4-positive cells. As shown in Fig. 1B and C, the percentages
of blastocysts expressing Oct4 strongly and having more than 10
Oct4-positive cells were significantly lower in NTC (34.3 and 34.7%,
respectively) than in PE (90.6 and 82.9%, respectively, P<0.05).
However, VPA treatment increased the proportion of blastocysts
expressing Oct4 strongly to the same extent as that in PE (VPA-1C,
85.0%; VPA-2C, 81.5%; VPA-4C, 82.2%; PE, 90.6%). Blastocysts
having more than 10 Oct4-positive cells were also observed more
frequently in VPA-treated groups compared with the NTC group.
Among the VPA-treated groups, the rates were higher for VPA-4C
(76.7%) than VPA-1C and VPA-2C (55.0 and 61.1%, respectively).
Thus, VPA treatment for 24 h from the 4-cell stage was chosen for
the subsequent experiments.

Next, the effects of treating SCNT embryos with different concentra-
tions (0, 0.2, 1 and 2 mM) of VPA from the 4-cell stage on blastocyst
formation rates and Oct4 expression in the resultant blastocysts were
examined. Cleavage rates did not differ significantly between 0, 0.2, 1
and 2 mM VPA treatments (78.8, 75.7, 88.9 and 78.7%, respectively).
As shown in Fig. 3A, there were no significant differences in the
blastocyst formation rates between the 0, 0.2 and 1 mM VPA treatments
(35.1, 36.3 and 37.0%, respectively), whereas the rate (18.3%) was
markedly decreased for the 2 mM VPA treatment. We then classified
blastocysts derived from SCNT embryos treated with 0, 0.2, 1 and
2 mM VPA according to immunofluorescence intensity and number
of Oct4-positive cells (Fig. 3B and C). Treatment with 1 mM VPA
significantly increased the proportion of SCNT blastocysts expressing
Oct4 strongly and having more than 10 Oct4-positive cells (82.2
and 76.7%, respectively) to a similar extent to PE compared with
the 0 mM group (27.6 and 21.1%, respectively, P<0.05). However,
0.2 and 2 mM VPA treatments had no effect on Oct4 expression.
Based on these results, the following experiments were performed
using | mM VPA.

We then examined the effects of VPA on the total number of
cells and number of ICM cells in SCNT blastocysts, as described
previously [9, 49, 50]. Each blastocyst was stained with Hoechst and
antibodies against Cdx2, a marker for TE cells. The ICM cell number
was assessed as the total cell number counted by Hoechst staining
minus the TE cell number counted by Cdx2 staining. As shown in
Table 1, blastocysts from the VPA-4C group had a significantly
higher ICM cell number, which was very similar to that observed
in parthenogenetic blastocysts, when compared with those cultured
without VPA treatment. However, VPA treatment had no effect on
the total cell number in SCNT blastocysts.
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Fig. 1. Blastocyst formation and Oct4 expression at the blastocyst stage in SCNT embryos treated without (non-treated control,
NTC) or with 1 mM VPA for 24 h from 48 h (4-cell stage, VPA-4C), 24 h (2-cell stage, VPA-2C) or immediately (1-
cell stage, VPA-1C) after oocyte activation. A: Blastocyst formation rate per 2-cell stage embryo at 96 h after oocyte
activation. B: Proportion of blastocysts expressing Oct4 strongly. C: Proportion of blastocysts having more than 10
Oct4-positive cells. PE: Parthenogenetic embryos. Error bar represents the standard error of the mean. Values with
different superscripts are significantly different at P<0.05.

Effect of treatment with HDACis other than VPA from the

4-cell stage of SCNT embryos on blastocyst formation and
Oct4 expression at the blastocyst stage

To examine whether other HDAC s exert similar effects to VPA,
we employed SCR and NaBu, an inhibitor of class I and Ila HDACs
[51]. Cleavage rates in the SCR-4C, NaBu-4C and NTC groups were
not significantly different (78.4, 83.0 and 78.8%, respectively). As
shown in Fig. 4A, SCR-4C and NaBu-4C did not improve blastocyst
formation rates (31.9 and 29.4%, respectively) compared with the NTC
group (28.1%). However, as shown in Fig. 4B and C, percentages of
SCNT blastocysts expressing Oct4 strongly and having more than
10 Oct4-positive cells were higher in the SCR-4C and NaBu-4C
groups than in the NTC group (84.8 and 55.0% for SCR-4C and 90.0
and 67.5% for NaBu-4C vs. 39.0 and 20.8% for NTC, respectively,
P<0.05). Furthermore, the ICM cell numbers in the blastocysts from
the SCR-4C and NaBu-4C groups were significantly higher than those C
in NTC group (Table 2) and very similar to those in the VPA-4C

and PE groups. Although total cell numbers in the SCR-4C group ) o
were significantly higher than those in the NTC group, there were ~ Fig- 2. Representative patterns of Oct4 expression in SCNT blastocysts.
.o . . Blastocysts were stained using antibodies against Oct4. The
no significant differences in TE cell numbers between the SCR-4C, classification was based on the immunofluorescence intensity of
NaBu-4C and NTC groups (Table 2). Oct4 (a, b) and number of cells with positive immunostaining for
the Oct4 protein (c, d). (a) Blastocysts expressing Oct4 strongly.
(b) Blastocysts expressing Oct4 weakly. (c) Blastocysts having
less than 10 Oct4-positive cells. (d) Blastocysts having more than
10 Oct4-positive cells. Scale bar: 50 pm.
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Table 1. Characterization of blastocysts developing from SCNT embryos treated with 1 mM VPA for 24 h from the 4-cell stage

(VPA-4C)
No. of SCNT blastocysts ~ No. of cells counted by ~ No. of TE cells counted by ~ No. of ICM cells counted b
Treatment nted by
examined Hoechst staining Cdx2 staining Hoechst & Cdx2 staining ¥
NTC * 11 449 +3.8° 374+38® 75+12°b
VPA-4C 12 44.0+£4.4° 304+38P 13.6+1.82
PE ** 14 60.9+3.02 48.1+£29¢ 12.7+£0.9*

3 Number of ICM cells was estimated by total cell number minus TE cells. * NTC: Non-treated control. ** PE: Parthenogenetic
embryos. Within a column, values with different superscripts are significantly different at P<0.05.

Effects of VPA treatments on distribution of H3K27me3 foci
within cell nuclei of SCNT blastocysts

Next, we examined whether the VPA treatments influenced the state
of XCI in the SCNT blastocysts using immunofluorescence staining
of H3K27me3, a marker of the state of XCI. First, it was found that
in fertilized mouse blastocysts, a single signal-positive focus, which
shows H3K27me3 accumulation on the inactivated X chromosome,
was observed in each cell nucleus in half of the blastocysts examined,
the remaining half not showing any foci, presumably representing
female and male, respectively (Fig. 5A, a and b). On the other hand,
in SCNT blastocysts, we observed different numbers of signal

foci within each cell nucleus. Thus, the cells composing a single
blastocyst were classified by the number of H3K27me3 foci within
each cell nucleus. In NTC SCNT blastocysts, only 12.4% of the cells
(the total number of blastocysts examined was 6) exhibited single
nuclear foci (Fig. 5B), whereas nuclei without the signal or with
two or multiple signal foci were observed in the remaining cells
(Fig. 5A, ), suggesting aberrant inactivation of the X chromosomes
in most of the cells of the control SCNT blastocysts. However, in
SCNT blastocysts from the VPA-4C group, the proportion (36.6%,
the total number of blastocysts examined was 9) of cells with nuclei
exhibiting single H3K27me3 foci was significantly higher than that
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Table 2. Characterization of blastocysts developing from SCNT embryos treated with or without SCR and NaBu for 24 h from the

4-cell stage (SCR-4C and NaBu-4C, respectively)

No. of SCNT blastocysts

Total No. of cells counted

No. of TE cells counted ~ No. of ICM cells counted by

Treatment examined by Hoechst staining by Cdx2 staining Hoechst & Cdx2 staining @
NTC * 33 38.8+3.0° 33.1+£2.72 5.6+0.6°
SCR-4C 17 53.6+4.7% 429+3.72 10.7+1.32
NaBu-4C 9 47.0+6.22 369+5.6? 10.1+1.02

3 Number of ICM cells was estimated as total cell number minus TE cell number. * NTC: Non-treated control. Within a column,
values with different superscripts are significantly different at P<0.05.

in control SCNT blastocysts (Fig. 5A, d and 5B).
Discussion

Mouse SCNT embryos have numerous abnormalities, most caused
by epigenetic errors, including abnormal DNA methylation or histone
modification, acetylation and methylation [52—55], resulting in their
impaired development. In the present study, we demonstrated that
treatment with 1 mM VPA of B6D2F1 mouse SCNT embryos for
24 h from the 4-cell stage improved the qualities of the resultant
blastocysts, especially 1) the Oct4 expression levels, as evaluated

by increases in immunofluorescence intensity for the Oct4 protein
and proportions of cells with positive immunostaining for Oct4, 2)
the ICM cell numbers and 3) the proportions of cells with a normal
nuclear distribution of H3K27me3 foci. However, despite the increased
blastocyst formation rates in SCNT embryos treated with VPA before
and during oocyte activation [7], the rates were not affected by VPA
treatment after oocyte activation. The reason why developmental
potential to the blastocyst stage in SCNT embryos varies with the
timing of VPA treatment remains to be elucidated. Furthermore, the
present study clarified that the effects on the Oct4 expression and
ICM cell numbers in SCNT blastocysts were strongest for treatment
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Fig. 5.

% of cells with single domain of
H3K27me3 in SCNT blastocysts

NTC VPA-4C

Distribution of trimethylated histone H3 at lysine 27 (H3K27me3) within cell nuclei of SCNT blastocysts. A:

Immunostaining for H3K27me3 and staining with Hoechst 33258 in fertilized blastocysts (a and b), non-treated
control (NTC) SCNT blastocyst (c) and SCNT blastocyst treated with VPA from the 4-cell stage (VPA-4C SCNT
blastocyst, d). Arrowheads in (c¢) and (d) indicate single nuclear foci of H3K27me3 within cell nuclei in SCNT
blastocysts. Scale bar: 50 um. B: Percentages of cells having single nuclear foci of H3K27me3 in NTC and VPA-4C
SCNT blastocysts (total numbers of NTC and VPA-4C SCNT blastocysts examined were 6 and 9, respectively).
Error bar represents the standard error of the mean. Values with different superscripts are significantly different at

P<0.05.

with 1 mM VPA for 24 h from the 4-cell stage, as compared with
the 2-cell stage or immediately after oocyte activation. When the
concentration of VPA was lowered by 0.2 mM, no increase in the
level of Oct4 in the SCNT blastocysts was observed. However, when
the concentration was increased by 2 mM, developmental potential
to the blastocyst stage was extremely reduced, suggesting that 2 mM
of VPA is deleterious to B6D2F1 mouse SCNT embryos.

Ono et al. [9] demonstrated that treatment with TSA, SCR, SAHA
or oxamflatin of mouse SCNT embryos after (2 h) and during (6 h)
oocyte activation, probably through inhibition of class IIb HDACs
or most likely HDAC 10, is important for improving preimplantation
and full-term development. In the present study, treatment with NaBu
or SCR for 24 h from the 4-cell stage increased Oct4 expression
and ICM cell numbers in the resultant blastocysts but not blastocyst
formation rates, as was the case with VPA treatment. VPA and NaBu
are inhibitors for class I and Ila HDACs [16, 51], whereas SCR is
an inhibitor for class I and Ila/b [9, 15], suggesting that inhibiting
class I and ITa HDACs from the 4-cell stage is somehow involved
in improving the Oct4 expression and ICM cell numbers of mouse
SCNT blastocysts. However, the reason for the beneficial effects on
SCNT blastocysts remains to be defined.

VPA is also known to be an inhibitor of glycogen synthase
kinase-3 (GSK3) [56]. A substrate of GSK3, B-catenin, is the effector
molecule of the Wnt/p-catenin signaling pathway. GSK3-mediated
phosphorylation of B-catenin results in its ubiquitination and pro-
teasomal degradation. It was recently found that stabilized B-catenin
forms a complex with and enhances the activity of Oct4 in ES cells
[57, 58]. Therefore, it is possible that inhibition of GSK3 with VPA
prevents the degradation of B-catenin, leading to an increase in

Oct4 expression. In addition, it was reported that GSK3 is present
in bovine embryos at the 2-cell to blastocyst stages, and an accurate
regulation of GSK3 activity during the developmental stage is
important to achieve normal mouse embryo development [59]. Thus,
it is assumed that the effects of VPA treatment on Oct4 expression of
SCNT embryos might be exerted via a molecular pathway mediated
by GSK3 inhibition. Further studies are needed to clarify whether
VPA treatment improves the Oct4 expression and ICM cell numbers
in SCNT blastocysts via the B-catenin signaling pathway.

Finally, the present study demonstrated that Oct4 expression
and the distribution of H3K27me3 foci within cell nuclei in SCNT
blastocysts are improved by VPA treatment. As mentioned above,
Oct4 is involved in the repression of Xist expression in ES cells
[40-42], and moreover, Oct4 lies at the top of the XCI hierarchy and
regulates XCI by triggering X-chromosome pairing and counting
[40]. From these findings, the significant reduction in the proportion
of cells showing an abnormal nuclear distribution of H3K27me3 foci
in SCNT blastocysts following VPA treatment can be attributed to
increased levels of Oct4 expression, which might be associated with
the correction of SCNT-specific aberrant Xist expression, because
H3K27me3 is responsible for the repressive chromatin state in the
inactive X chromosome [30, 36-38]. It has been found that Xist is
ectopically expressed from the active X chromosome in cloned mouse
embryos of both sexes and that the ectopic expression of Xist first
appears at the 4-cell stage [28] and increases up to the blastocyst
stage [60, 61]. Accordingly, since the effects of VPA on the Oct4
expression, ICM cell numbers and nuclear distribution of foci of
H3K27me3 in mouse SCNT blastocysts are greatest with treatment
for 24 h from the 4-cell stage, as compared with the 1-cell or 2-cell



EFFECT OF VPA TREATMENT ON SCNT EMBRYOS 203

stage, the optimum timing and duration of VPA treatment may be
associated with the timing of the ectopic expression of Xisz. Taken
together, it is expected that VPA treatment may also have a beneficial
influence on full-term development as well as preimplantation
development of mouse SCNT embryos.

In summary, the present study indicates that treatment with 1 mM
VPA for 24 h from the 4-cell stage in mouse SCNT embryos greatly
improves the quality of the resultant blastocysts, with increases in
Oct4 expression, ICM cell numbers and the proportion of cells with
anormal nuclear distribution of H3K27me3 foci. Because treatment
with SCR and NaBu from the 4-cell stage also increased Oct4 levels
and ICM cell numbers in the SCNT blastocysts, inhibiting class |
and Ila HDACs from the 4-cell stage is important for improving
blastocyst quality. These findings provide new insights into improving
the success rate for mouse cloning using HDAC:s.
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