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Abstract

In mammalian oocytes, histone H3 and histone H4 (H4) in the chromatin are highly acetylated at the germinal vesicle (GV) stage,

and become globally deacetylated after GV breakdown (GVBD). Although nuclear core histones can be exchanged by cytoplasmic free

histones in somatic cells, it remains unknown whether this is also the case in mammalian oocytes. In this study, we examined the histone

exchange activity in maturing porcine oocytes before and after GVBD, and investigated the correlations between this activity and both

the acetylation profile of the H4 N-terminal tail and the global histone acetylation level in the chromatin. We injected Flag-tagged

H4 (H4-Flag) mRNA into GVoocytes, and found that the Flag signal was localized to the chromatin. We next injected mRNAs of mutated

H4-Flag, which lack all acetylation sites and the whole N-terminal tail, and found that the H4 N-terminal tail and its modification were

not necessary for histone incorporation into chromatin. Despite the lack of acetylation sites, the mutated H4-Flag mRNA injection

did not decrease the acetylation level on the chromatin, indicating that the histone exchange occurs partially in the GV chromatin.

In contrast to GVoocytes, the Flag signal was not detected on the chromatin after the injection of H4-Flag protein into the secondmeiotic

metaphase oocytes. These results suggest that histone exchange activity changes during meiotic maturation in porcine oocytes, and that

the acetylation profile of the H4 N-terminal tail has no effect on histone incorporation into chromatin and does not affect the global level

of histone acetylation in it.
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Introduction

Chromatin is a complex in which DNA is wrapped
around an octamer of four core histones, called H2A,
H2B, H3, and H4. The N-terminal tails of these nuclear
core histones, especially H3 and H4, undergo various
modifications including acetylation, methylation, and
phosphorylation (Wu & Grunstein 2000). These post-
translational modifications play crucial roles in the
regulation of chromatin structure and transcription
(Strahl & Allis 2000, Turner 2002). H3 and H4 can be
acetylated at each of the four lysine residues (K) on their
N-terminal tails, and the acetylation status is determined
by histone acetyltransferase (HAT) and histone deacetyl-
ase (HDAC) activities (Strahl & Allis 2000). In mamma-
lian somatic cells, acetylation levels of most lysine
residues on H3 and H4 are maintained throughout
mitosis (Kruhlak et al. 2001), suggesting that histone
acetylation works as a cellular memory mark that
transmits gene expression patterns from parent cells to
the daughter cells. On the other hand, immunocyto-
chemical analysis has revealed in mammalian oocytes
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that H3 and H4 in the entire chromatin are highly
acetylated during the germinal vesicle (GV) stage, and
become globally deacetylated after GV breakdown
(GVBD; Kim et al. 2003, Endo et al. 2005). This
chromatin-wide deacetylation during meiotic matu-
ration is thought to be involved in the construction of
meiotic chromosomes (De La Fuente et al. 2004,
Akiyama et al. 2006) and the erasure of cell memory
for genome reprogramming (Nagashima et al. 2007). The
treatment of mouse and porcine oocytes with an HDAC
inhibitor, trichostatin A, prevented the chromatin-wide
deacetylation observed after GVBD, indicating
the involvement of HDAC activity in this process (Kim
et al. 2003, Endo et al. 2005).

It is also known that chromatin structure and
transcriptional states can be affected by exchanging
nuclear core histones with free histones present in the
cytoplasm. In mammalian somatic cells, H3 has three
types of variants – H3.1, H3.2, and H3.3 (Loyola &
Almouzni 2007) – and histone chaperones incorporate
these H3 variants and H4 into the chromatin as an
H3–H4 heterodimer (De Koning et al. 2007). H3.1 and
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Figure 1 Global histone deacetylation during in vitro maturation of
porcine oocytes. Porcine oocytes were cultured for 0, 30, or 48 h and
immunostained with an antibody specific to lysine 8-acetylated histone
H4 (H4acK8). Each sample was counterstained with Hoechst 33342 to
visualize the DNA (lower panels). GV, non-cultured and 20 h cultured
oocytes at the GV stage; M1, 30 h cultured oocytes at the first
metaphase; M2, 48 h cultured oocytes at the second metaphase.
Arrowheads indicate the first polar bodies. Scale bar indicates 30 mm.
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H3.2 are generally incorporated into chromatin during
the S phase in a replication-coupled manner, whereas
H3.3 can be incorporated replication independently into
the transcriptionally active regions of chromatin at
interphase (Loyola & Almouzni 2007). A recent study
has shown that core histones were exchanged with free
histones at detectable levels even in the highly
condensed chromosome during mitosis, and that the
elevation of histone exchange activity during mitotic exit
was correlated with the increase in acetylation level at
some lysine residues in the entire chromatin (Chen et al.
2005). In addition, it has been proposed that free
histones carry a distinct set of histone modifications
before their incorporation into the chromatin and, after
their incorporation, affect the chromatin’s final epige-
netic state (Loyola et al. 2006, Loyola & Almouzni 2007).
For example, upon gene activation, H3 carrying the
repressive methyl K9 is replaced by H3.3 unmethylated
at K9 in human somatic cells (Loyola et al. 2006). These
reports indicate that high histone exchange activity
causes the dynamic change in histone modification in
the entire chromatin, and that the incorporation of the
free histones into the chromatin might be affected by
the modification profile of their histone tails. Although
the general feature of histone exchange has been
reported in somatic cells, histone exchange activity in
meiotic mammalian oocytes is poorly understood.

Recently, it has been reported that at least H3.3 is
detected on the chromatin at the GV stage in mouse
oocytes (Torres-Padilla et al. 2006), implying the
presence of histone exchange activity during this stage
in mammalian oocytes. Although the chromatin become
more condensed upon GVBD through second meta-
phase (M2), the oocyte cytoplasm at M2 stage has unique
chromatin remodeling activity that replaces the prota-
mines in sperm chromatin with free histones upon
fertilization (McLay & Clarke 2003). Thus, it is possible
that core histones in oocyte chromatin are dynamically
replaced with the free histones by the oocyte cytoplasm
after GVBD. This replacement may also be involved in
chromatin-wide histone deacetylation during meiotic
maturation. However, histone exchange activity and its
correlation with the N-terminal acetylation and global
histone acetylation levels in the chromatin have not yet
been examined in mammalian oocytes.

In this study, we attempted to analyze the histone
exchange activity before and after GVBD and to
investigate its correlation with histone acetylation status
using porcine oocytes maturing in vitro. Since H3.1,
H3.2, and H3.3 are known to be incorporated into
the chromatin as an H3–H4 heterodimer by histone
chaperones, the amount of H4 incorporation into
chromatin can be regarded as an indicator of total
histone exchange activity. Therefore, we examined
the incorporation of Flag-tagged H4 (H4-Flag) into the
chromatin by injection of H4-Flag mRNA or protein into
the oocyte cytoplasm. To examine whether or not the
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acetylation status of the free histones affects their histone
exchange activity, we generated two mutated H4-Flag
constructs, in which all four acetylatable lysines on the
N-terminal tail were substituted with glutamines or in
which amino acids 1–20 on the N-terminal tail were
deleted. We investigated the degree of histone incorpor-
ation into chromatin and subsequent global histone
acetylation levels in the chromatin after injection of
these mutated H4-Flag mRNAs into the GV oocytes.
Results

Global histone deacetylation during in vitromaturation
of porcine oocytes

In our in vitro maturation system, porcine oocytes
undergo GVBD at approximately 24 h of culture, and
they reach the first meiotic metaphase (M1) at 30 h and
M2 at 48 h of culture. Immunostaining examples of
acetylated H4K8 (H4acK8) are shown in Fig. 1. A high
level of histone acetylation was maintained during
the GV stage until 20 h of culture, and the level was
remarkably decreased at the M1 and M2 stages.
Although the acetylation signals of the first polar bodies
were stronger than those of the M2 chromosomes, the
acetylation level of M2 chromosomes was comparable
with that of M1 chromosomes. This confirms the finding
of our previous report (Endo et al. 2005), indicating that
the global level of histone deacetylation occurs after
GVBD in porcine oocytes.
H4-Flag mRNA injection into GV-stage oocytes

GV-stage oocytes were injected with H4-Flag mRNA,
and the localization of H4-Flag protein was then
examined by immunostaining (Fig. 2). There was no
Flag signal on the chromatin just after injection
www.reproduction-online.org
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Figure 2H4-Flag mRNA injection into GV-stage oocytes. The porcine oocytes at the GV stage were injected with H4-Flag mRNA, and then cultured
up to 48 h. The injected oocytes were subjected to immunostaining with a Flag antibody (upper panels). Each sample was counterstained with
Hoechst 33342 to visualize the DNA (lower panels). GV, non-cultured and 6 h cultured oocyte at the GV stage; M1, 30 h cultured oocytes at the first
metaphase; AT1, 36 h cultured oocytes at the first anaphase and the first telophase; M2, 48 h cultured oocytes at the second metaphase. Arrowheads
indicate the first polar bodies. Scale bar indicates 30 mm. Each inset shows high magnification of chromatin. Experiments were repeated at least three
times, and more than 30 oocytes were examined at the each meiotic stage in each experiment.
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(0 h: Fig. 2). When these injected oocytes were cultured
for 6 h, the Flag signal was obviously detected on the
entire chromatin (6 h: Fig. 2), indicating that H4-Flag
protein was expressed and then incorporated into
the chromatin of GV-stage oocytes 6 h after mRNA
injection. This result suggests that histone exchange
takes place during the GV stage of porcine oocytes,
although the histone acetylation level in GV-stage
chromatin remains high.

We further cultured the H4-Flag mRNA-injected
oocytes, in which H4-Flag protein was incorporated
into chromatin, up to 48 h. A Flag signal was detected on
the chromatin at each stage of the injected oocytes, and
the intensity of the Flag signal was unchanged through-
out the culture period (Fig. 2). The injected oocytes
emitted their first polar bodies at 36 h of culture (AT;
Fig. 2), and then reached the M2 stage at 48 h of culture.
No abnormality was observed at either stage of the
injected oocytes, indicating that the incorporation of H4-
Flag protein into the chromatin did not affect the meiotic
progression of porcine oocytes. In our system, the
percentage of Flag-positive oocytes was about 50% of
injected oocytes 3 h after injection, and then increased
to about 80% 6 h after injection. It did not change
significantly until 48 of culture (data not shown).
Therefore, we considered 6 h as a sufficient time to
synthesize H4-Flag protein and to incorporate H4-Flag
protein into the chromatin for the further studies.
Injection of mutated H4-Flag mRNAs into GV oocytes

We next examined whether or not the histone acetyl-
ation status of the free histones affects their histone
exchange activity during the GV stage of porcine
oocytes. We generated two mutated H4-Flag constructs
(a schematic representation is shown in Fig. 3A): one
construct was the amino acid-substituted mutant of
www.reproduction-online.org
H4-Flag (H4(5–16KQ)-Flag), in which all four lysines
(5K, 8K, 12K, and 16K) on the N-terminal tail were
substituted with glutamines (Q), and the other construct
was the deletion mutant of H4-Flag (DH4(1–20)-Flag),
in which the amino acids 1–20 on the N-terminal tail
were deleted.

First, we injected mRNA of H4(5–16KQ)-Flag into GV
oocytes, and then used immunostaining to examine
whether or not the H4(5–16KQ)-Flag protein was
incorporated into the chromatin. As shown in Fig. 3B,
a Flag signal was detected on the entire chromatin 6 h
after injection, suggesting that acetylated lysine residues
on free H4 were not necessary to incorporate the free
histones into the GV-stage chromatin. When DH4(1–20)-
Flag mRNA was injected into GV oocytes, the Flag signal
was also detected on the chromatin of the injected
oocytes 6 h after injection. The intensity of the Flag
signals in the oocytes injected with H4(5–16KQ)-Flag or
DH4(1–20)-Flag mRNA was comparable with that in the
oocytes injected with H4-Flag mRNA at 6 h of culture.
Non-acetylation on H4(5–16KQ)-Flag and N-terminal
deletion on DH4(1–20)-Flag were confirmed by
immunoblotting with anti-H4acK8 and anti-Flag
antibodies respectively (Supplementary Figure 1, see
section on supplementary data given at the end of this
article). These results suggest that the histone acetylation
status of the free histones does not affect the incorpor-
ation of the free histones into the chromatin, and that the
N-terminal tail of H4 is not required for the incorporation
of the free histones into the GV-stage chromatin.
Effect of histone exchange on global histone acetylation
level during the GV stage

We examined whether the incorporation of non-
acetylated free histone affects the acetylation level on
the entire GV chromatin. We injected DH4(1–20)-Flag
Reproduction (2011) 141 397–405
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Figure 3 Injection of mutated H4-Flag mRNAs into GV oocytes.
(A) Schematic representation for H4-Flag and mutant H4-Flag
constructs. H4(5–16KQ)-Flag: the construct in which all four lysines
(5K, 8K, 12K, and 16K; red) on the N-terminal tail of the H4 gene were
substituted with glutamines (Q; blue). DH4(1–20)-Flag: the construct
in which the amino acids (aa) 1–20 on the N-terminal tail of the H4
gene were deleted. (B) The porcine oocytes at the GV stage were
injected with mRNA that encodes H4-Flag, H4(5–16KQ)-Flag, or
DH4(1–20)-Flag. The injected oocytes were cultured for 6 h, and then
subjected to immunostaining with a Flag antibody (upper panels). Each
sample was counterstained with Hoechst 33342 to visualize the DNA
(lower panels). Experiments were repeated at least twice, and more
than 30 oocytes were examined in each experimental group. Scale bar
indicates 20 mm.
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mRNA, which cannot be acetylated because it lacks an
N-terminal tail, and then examined the histone acetyl-
ation level on the GV chromatin using immunostaining
of acetylated H4K8 (Fig. 4A). The level in the oocytes 6 h
after injection was comparable with that in the oocytes
immediately after injection (Fig. 4A). This result suggests
that histone exchange does not affect the global
acetylation level on the chromatin during the GV stage.

Next, we examined whether the decrease in the
histone acetylation level could be detected in the cells
that DH4(1–20)-Flag was highly incorporated into the
chromatin. As somatic cells are known to have high
levels of incorporation of the free histones into the
newly synthesized daughter chromatin during DNA
replication (Corpet & Almouzni 2009), we transfected
Reproduction (2011) 141 397–405
DH4(1–20)-Flag or H4-Flag into NIH3T3 cells, and the
histone acetylation levels were examined by immuno-
staining 72 h after transfection, when the cells was
expected to undergo DNA replication. As shown in
Fig. 4B, the histone acetylation level in Flag-positive
cells transfected with H4-Flag was comparable with that
of Flag-negative cells. In contrast, when DH4(1–20)-Flag
was transfected, the histone acetylation level in Flag-
positive cells was drastically decreased compared with
that of Flag-negative cells, indicating that the high
degree of DH4(1–20)-Flag incorporation into chromatin
is detectable by the present immunostaining system as a
decrease in histone acetylation level. Thus, these results
suggest that the degree of histone exchange on the GV
chromatin is not sufficient to change the global histone
acetylation level in porcine oocytes.
Effect of mutant H4-Flag incorporation into chromatin
on the meiotic progression of porcine oocytes

To examine the influence of DH4(1–20)-Flag incorpor-
ation into chromatin on meiotic progression of porcine
oocytes, the DH4(1–20)-Flag mRNA-injected oocytes
were cultured up to 48 h, and the nuclear status was
examined. As shown in Fig. 5, the intensity of the
Flag signal was unchanged throughout the culture period
and the injected oocytes emitted their first polar bodies
(AT; Fig. 5), and then reached the M2 stage by 48 h of
culture. No abnormality was observed in the injected
oocytes at each stage, indicating that the incorporation
of DH4(1–20)-Flag protein into the chromatin did not
affect the meiotic progression of porcine oocytes.
Histone exchange activity of porcine oocytes at
M2 stage

We examined finally whether or not the degree of
histone exchange activity was high after GVBD, when
the dramatic decrease in the histone acetylation level
was observed (Fig. 1). It has been established that
somatic nuclei transferred into the cytoplasm of
M2-stage mammalian oocytes also undergo chromatin-
wide histone deacetylation (Kim et al. 2003, Bui et al.
2006, Rybouchkin et al. 2006, Yoshida et al. 2007) like
those just after GVBD (Endo et al. 2008), indicating that
the histone deacetylation ability in oocyte cytoplasm is
retained until the M2 stage. Thus, we used M2-stage
oocytes to examine the correlation between chromatin-
wide histone deacetylation and histone exchange
activity after GVBD. We purified H4-Flag protein in
vitro and injected it into M2-stage oocytes instead of H4-
Flag mRNA, because our preliminary experiment
showed that M2-stage oocytes could not express protein
from injected mRNA in our system (Supplementary
Figure 2A and B, see section on supplementary data
given at the end of this article). The M2-stage oocytes
www.reproduction-online.org
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Figure 5 Effect of mutant H4-Flag incorporation into chromatin on the
meiotic progression of porcine oocytes. The GV oocytes injected with
DH4(1–20)-Flag mRNA were cultured up to 48 h. The injected oocytes
were subjected to immunostaining with Flag antibody (upper panels)
and counterstained with Hoechst 33342 to visualize the DNA (lower
panels). GV, 6 h cultured oocyte at the GV stage; M1, 30 h cultured
oocytes at the first metaphase; AT1, 36 h cultured oocytes at the first
anaphase and the first telophase; M2, 48 h cultured oocytes at the
second metaphase. Experiments were repeated at least three times, and
more than 25 oocytes were examined at the each meiotic stage in each
experiment. Scale bar indicates 10 mm.
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Figure 4 The level of histone acetylation on the chromatin
incorporating the N-terminal-deleted mutant of H4-Flag. (A) The GV
oocytes injected with DH4(1–20)-Flag mRNA were cultured for 6 h,
and then were subjected to double immunostaining with an antibody
specific for lysine 8-acetylated histone H4 (H4acK8) and with a Flag
antibody. The Flag signal and H4acK8 signal images were merged
(merge). The experiments were repeated at least twice, and more than
40 oocytes were examined in each experimental group. In each
experimental group, most of the Flag-positive oocytes at 6 h of culture
showed strong H4acK8 signals comparable with Flag-negative oocytes
at 0 h of culture. Scale bar indicates 20 mm. (B) NIH3T3 cells were
transfected with expression vector encoding H4-Flag (upper panels) or
the N-terminal-deleted mutant of H4-Flag (DH4(1–20)-Flag; lower
panels), and then cultured for 72 h. The cultured NIH3T3 cells at
interphase were double immunostained with an antibody specific for
H4acK8 and with a Flag antibody. Arrows indicate the Flag-positive
cells. The Flag signal and H4acK8 signal images were merged (merge).
Scale bar indicates 10 mm.
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injected with H4-Flag protein were cultured for 6 h, and
then subjected to immunostaining (Fig. 6A).

When H4-Flag protein was injected into GV-stage
oocytes, an obvious Flag signal was detected on the
entire chromatin 6 h after injection, and the intensity
of the signal was unchanged until 48 h of culture, when
most of the oocytes reached the M2 stage. On the other
hand, when the H4-Flag protein was injected into
M2-stage oocytes, no Flag signal was detected on their
chromatin 6 h after injection. To confirm that H4-Flag
protein injected into M2-stage oocytes is still present in
the oocytes 6 h after culture, immunoblotting of H4-Flag
was performed in the injected oocytes. As shown in
Fig. 6B, H4-Flag protein was detected in the injected
M2-stage oocytes immediately after (lane 2) and 6 h after
(lane 3) injection. These results indicate that histone
exchange activity in the M2-stage oocytes is lower than
that in the GV-stage oocytes.
www.reproduction-online.org
Discussion

In this study, we examined the histone exchange activity
and its correlation with the histone acetylation status of
the entire chromatin in the porcine oocytes before and
after GVBD, and then investigated whether or not the
incorporation of the free histones into the chromatin was
affected by the modification profile of their histone tails.
First, we examined the histone exchange activity during
the GV stage by injecting N-terminal H4-Flag mRNA
into the oocyte cytoplasm and showed by immunocyto-
chemical analysis that the Flag signal was localized on
the chromatin 6 h after injection. It has been reported
that N-terminal GFP-tagged H3 and H4 (H3-GFP and
H4-GFP) proteins overexpressed in somatic cells are
localized on the chromatin, and that their incorporation
into chromatin is confirmed by their immunoprecipi-
tation with DNA (Kimura & Cook 2001). In Xenopus
oocytes, when mRNA of Flag-tagged H3 (homologous to
mammalian H3.2) was injected into GV oocytes, the
localization of the H3-Flag protein on the GV chromatin
was detected by immunostaining with Flag antibody; at
least, the incorporation of the H3-Flag and H4-Flag
proteins into co-injected plasmid DNA was confirmed
by immunoprecipitation (Stewart et al. 2006). These
reports suggest that the Flag signals detected by
immunostaining with Flag antibody indicate the histone
incorporation into chromatin, and thus that histone
exchange occurs during the GV stage in porcine oocytes.

We further cultured the H4-Flag mRNA-injected
oocytes and found that they reached the M2 stage
with no abnormality, indicating that the incorporation
of H4-Flag protein into the chromatin does not affect
the meiotic progression of porcine oocytes. In Xenopus
Reproduction (2011) 141 397–405
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Figure 6 Histone exchange activity of porcine oocytes at M2 stage.
(A) In vitro purified H4-Flag protein was microinjected into GV or M2
oocytes. The injected GV or M2 oocytes were cultured up to 48 h or for
6 h respectively, and then subjected to immunostaining with Flag
antibody (upper panels). Each sample was counterstained with Hoechst
33342 to visualize the DNA (lower panels). Experiments were repeated
at least twice, and more than 30 oocytes were examined in each
experimental group. In each experimental group, almost all oocytes
that were injected with H4-Flag protein at the GV stage showed Flag-
positive signals on their chromatin at 6 and 48 h of culture, but the
oocytes injected at the M2 stage showed no signal at 6 h of culture.
Arrowheads indicate the first polar bodies. Scale bar indicates 30 mM.
(B) Immunoblot analyses of Flag (upper panel) and CDC2 (lower panel)
in M2 oocytes injected with H4-Flag protein. M2 oocytes, which were
in vitro matured by 48 h of culture, were injected with H4-Flag protein,
and were then further cultured for 6 h (54 h). The non-injected and
injected oocytes were subjected to immunoblotting.
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embryos, N-terminal-tagged H3 and H4 did not affect
nucleosome formation in the incorporated chromatin
(Freeman et al. 1996). In addition, it has been reported
that overexpressed H3-GFP and H4-GFP in somatic
cells undergo histone modifications like their untagged
proteins, and that there is no abnormal structure in the
mitotic chromatin incorporating H3-GFP and H4-GFP
(Kimura & Cook 2001). Using somatic cells transfected
with H4-Flag, we showed also that the histone
Reproduction (2011) 141 397–405
acetylation level in Flag-positive cells was comparable
with that in Flag-negative cells. These results suggest
that H4-Flag proteins incorporated into GV chromatin
would undergo proper histone modification during
meiotic progression like untagged endogenous H4
proteins, resulting in no abnormality of the meiotic
maturation.

To examine whether or not the acetylation status on
free histones affects their histone exchange activity, we
injected mRNA of H4(5–16KQ)-Flag or DH4(1–20)-Flag
into GV oocytes. This experiment showed that both
mutant proteins were incorporated into the GV chroma-
tin as much as was the H4-Flag having a normal
N-terminal tail. This study is the first to report the
dispensability of the histone tail and its modification
for histone incorporation into the GV chromatin in
mammalian oocytes. Recently, it has been proposed that
free histones carrying a distinct set of histone modi-
fication affect the final epigenetic state of chromatin
after their incorporation into the chromatin (Loyola
et al. 2006, Loyola & Almouzni 2007). Therefore, we
anticipated that the free histone incorporation into the
chromatin might be affected by the modification profile
of their histone tails in the mammalian oocytes.
However, the present results indicate that the histone
modification patterns of the free histones, at least H4,
do not affect the incorporation of the free histones
into the GV chromatin. Although the dispensability of
the N-terminal tail of H4 into chromatin has been
reported in Xenopus embryos (Freeman et al. 1996),
the N-terminal tail of H3 (homologous to mammalian
H3.2), but not H3.3, is essential for incorporation into
chromatin in Drosophila somatic cells (Ahmad &
Henikoff 2002). Thus, it will be interesting to examine
whether or not the acetylation status of H3 variants
affects their histone exchange activity in the GV stage
of mammalian oocytes.

In this study, a high level of histone acetylation was
maintained on the entire chromatin at the GV stage,
although unacetylatable free histone was incorporated
into the chromatin. To understand the reason for the
maintenance of this high acetylation level on the GV
chromatin, we next examined whether the incorporation
of non-acetylated free histone affects the acetylation
level on the GV chromatin. The results showed that
the acetylation level on the GV chromatin was not
decreased after the incorporation of DH4(1–20)-Flag.
The most probable explanation of this result is that the
decrease in histone acetylation level on the chromatin
cannot be detected by immunostaining with acetylated
histone antibodies, because histone exchange occurs
only a small part of chromatin region during GV stage. To
confirm the possibility, we showed that the decrease in
histone acetylation level was detected in the cultured
somatic cells, where DH4(1–20)-Flag would be
highly incorporated into chromatin via DNA replication.
In addition, we also showed that incorporation of
www.reproduction-online.org
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DH4(1–20)-Flag into GV chromatin did not affect the
meiotic progression of porcine oocytes. This finding of
normal meiotic progression should support the notion
that histone exchange occurs partially in the chromatin
during the GV stage, because the prevention of
chromatin-wide histone deacetylation causes misalign-
ment of meiotic chromosome in mouse oocytes (De La
Fuente et al. 2004, Akiyama et al. 2006).

Since it was possible that meiosis-specific deacety-
lation after GVBD might be induced by dynamic
replacement of acetylated core histones with deacety-
lated free histones, we finally examined whether or
not the degree of histone exchange activity was high
after GVBD using M2-stage oocytes. The injection
of H4-Flag protein into M2-stage oocytes induced
no detectable Flag signal on their chromatin 6 h
after injection. In contrast, when the H4-Flag protein
was injected into GV-stage oocytes, the protein was
incorporated into the GV chromatin, and the Flag
signal was detected obviously on the M2 chromatin.
These results indicate that histone exchange activity in
the M2-stage oocytes is lower than that in the GV-stage
oocytes. The present result is the first evidence of clear
changes of histone exchange activity during meiotic
maturation of mammalian oocytes. The changes might
be due to the change of chromatin condensation levels,
as the chromatin during meiotic maturation is more
condensed than that of GV stage. Although histone
exchange activity was not detected after GVBD in
our system, it has been reported that low level of
histone exchange activity can be detected even in the
mitotic metaphase of somatic cells by the analysis of
fluorescence recovery after photobleaching (FRAP) with
H4-GFP (Chen et al. 2005). Thus, histone exchange
may occur after GVBD at a very low level, which is
not detected by immunostaining of Flag. Further study
will be needed to understand the histone exchange
activity after GVBD.

Our findings strongly suggest that the global level of
histone acetylation status during mammalian oocyte
maturation is not determined by the histone exchange
activity, but rather by the activities of HDACs and HATs.
It has been reported that various mRNAs of HATs are
expressed at the GV stage in mouse oocytes (Kageyama
et al. 2007), and that at least one HAT isoform, MYST4, is
localized in the nucleus of bovine oocytes during the GV
stage (McGraw et al. 2007). Moreover, we previously
showed that high HDAC activity was present in the
cytoplasm of porcine GV-stage oocytes (Endo et al.
2008), and that chromatin-wide deacetylation was
induced even in GV-stage oocytes by the artificial
destruction of the nuclear membrane (Endo et al.
2006). Thus, the activities and subcellular localizations
of HATs and HDACs are important for further under-
standing of the regulation of chromatin-wide histone
acetylation status in mammalian oocytes.
www.reproduction-online.org
Materials and Methods

Collection and maturation of porcine oocytes

Porcine oocytes were obtained as described previously (Endo
et al. 2005). Briefly, porcine cumulus–oocyte complexes
(COCs) were aspirated from follicles (2–5 mm in diameter) of
ovaries from a slaughterhouse. Groups of 10–20 COCs with
intact, unexpanded cumulus cells were cultured in drops of
0.1 ml culture medium for up to 48 h at 37 8C, 100% humidity,
and 5% CO2 in air. The culture medium consisted of modified
Krebs–Ringer bicarbonate solution (TYH; Toyoda et al. 1971),
1.0 IU/ml pregnant mare’s serum gonadotropin (Sankyo, Tokyo,
Japan), 3.2 mg/ml BSA (Sigma), and 20% porcine follicular
fluid collected as described previously (Naito et al. 1988).
After culturing, the surrounding cumulus cells were removed
by treatment with hyaluronidase (type IV, Sigma) and gentle
pipetting in saline supplemented with 0.1% polyvinyl-
pyrrolidone (PVP, average molecular weight 10 000; Sigma).
The denuded oocytes were subjected to immunostaining and
immunoblotting.
Preparation of H4-Flag and mutant H4-Flag mRNAs

Full-length porcine H4 cDNA was obtained by RT-PCR of
total RNA that was extracted from porcine non-cultured oocytes
by a commercial RNA extraction solution (TRIzol Reagent;
Gibco BRL). The primer pairs were designed according to the
predicted H4 sequences (accession number CU468464; origin
6823–7134) in the NCBI porcine genome database: forward
primer, 5 0-ATGTCCGGGAGAGGAAAGGG-3 0 and reverse
primer, 5 0-TTAGCCCCCGAAGCCATACAG-3 0. The PCR product
was cloned into the pGEM-T Easy vector (A1360, Promega).
For sequencing, a commercial sequencing kit (Applied Bio-
systems, Foster City, CA, USA) and a DNA sequencer (Applied
Biosystems) were used according to the manufacturer’s
instructions. The predicted amino acid sequence of the cloned
porcine H4 showed 100% homology to the deduced amino acid
sequences for human and mouse H4.

To generate N-terminal Flag-tagged porcine histone H4
(H4-Flag), porcine H4 cDNA, in which the ATG start codon
was substituted with TTG, was inserted downstream of the FLAG
sequence in pCMV-Tag1 Epitope Tagging Mammalian Vector
(pCMV-Tag1 vector; 211170, Stratagene, La Jolla, CA, USA)
without a linker amino acid residue. The PCR product of porcine
H4 that lacked amino acid residues 1–20 on the N-terminal
tail was also inserted into pCMV-Tag1 vector to generate the
deletion mutant of the H4-Flag (DH4(1–20)-Flag). A substitution
mutant of H4-Flag (H4(5–16KQ)-Flag), in which all four lysines
(5K, 8K, 12K, and 16K) on the N-terminal tail of the porcine
H4 gene were substituted with glutamines (Q), was generated
from H4-Flag/pCMV-Tag1 vector by the use of the Gene Tailor
Site-Directed Mutagenesis System (12397-014; Invitrogen
Japan K K) according to the manufacturer’s instructions.

For the in vitro synthesis of mRNA, H4-Flag/pCMV-Tag1,
DH4(1–20)-Flag/pCMV-Tag1, and H4(5–16KQ)-Flag/pCMV-
Tag1 were linearized by XhoI (Takara Shuzo Co., Ltd, Tokyo,
Japan). The linearized cDNAs were transcribed in vitro with
T3-RNA polymerase by the use of the Cap-Scribe system
(Nippon Roche Co., Ltd, Kamakura, Japan) according to the
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manufacturer’s instructions. The reaction was performed in
the presence of m7G(5 0)ppp(5 0)G to synthesize capped RNA
transcripts.
Transfection of plasmids into somatic cells

For transfection experiments, H4-Flag and DH4(1–20)-Flag
constructs were inserted into pCX vector (kindly provided by
Dr M Okabe, Osaka University). NIH3T3 cells were cultured in
DMEM containing 10% (v/v) heat-inactivated fetal bovine
serum, at 37 8C, 100% humidity, and 5% CO2 in air. H4-
Flag/pCX or DH4(1–20)-Flag/pCX was transfected into NIH3T3
cells by the use of the Profection Mammalian Transfection
System Calcium Phosphate (E1200; Promega) according to the
manufacturer’s instructions. The transfected NIH3T3 cells were
cultured for 72 h, and then subjected to immunostaining.
In vitro purification of H4-Flag protein

In vitro purification of H4-Flag protein was performed by using
the Flag M Purification Kit (027K4068; Sigma) according to
the manufacturer’s instructions. Briefly, HEK293 cells (kindly
provided by Dr K Chida, University of Tokyo) were transfected
with H4-Flag/pCX vectors, and then cultured in DMEM for
72 h at 37 8C, 100% humidity, and 5% CO2 in air. The cultured
cells were lysed by CelLytic M reagent (C2978; Sigma), the
cell lysates were centrifuged at 12 000 g for 10 min, and the
supernatant containing H4-Flag protein was incubated with
anti-FLAG M2 affinity resin (A2220; Sigma) for 3 h. After
incubation, the resin was centrifuged at 1000 g for 5 min,
and then loaded into the column. The H4-Flag protein solution
was eluted from the resin by competition with the 3X FLAG
peptide solution (F4799; Sigma), and then concentrated
in PBS by the use of Microcon YM-10 (42406; Millipore,
Billerica, MA, USA). The H4-Flag protein solution was stored
at K80 8C until use.
Microinjection

For microinjection of mRNA or in vitro purified protein, the
concentration of mRNA or protein in the solution was adjusted
to 0.5 mg/ml. The microinjection was performed by the use of
microinjectors (IM-5B; Narishige, Tokyo, Japan) equipped with
manipulators (MMN-1; Narishige) mounted to an inverted
microscope (Diaphoto200; Nikon, Kawasaki, Japan). Approxi-
mately, 50 pl mRNA or protein solution were injected into each
ooplasm of the non-cultured COCs or denuded oocytes at the
second meiotic metaphase (M2) by continuous pneumatic
pressure. After injection, all injected oocytes were cultured
as described earlier. About 80% of oocytes injected with
H4-Flag, DH4(1–20)-Flag, or H4(5–16KQ)-Flag mRNA were
Flag-positive 6 h after culture, which is evaluated by
immunostaining.
Immunocytochemistry

Denuded oocytes were fixed, permeabilized, and blocked as
described previously (Endo et al. 2005). The oocytes were
Reproduction (2011) 141 397–405
treated with anti-K8 acetylated H4 antibody (1:100 dilution
with PBS; 06-760, Upstate Biotechnology, Lake Placid, NY,

USA) and/or anti-Flag M2 antibody (1:100 dilution with PBS;
F1804; Sigma) overnight. After washing, the oocytes were

incubated in the mixture of FITC-conjugated anti-rabbit
IgG (1:100 dilution with PBS; Dako, Glostrup, Denmark) or
FITC-conjugated anti-mouse IgG (55494; MP Biomedicals,

LLC., Solon, OH, USA) for 30 min to perform immunostaining
of H4acK8 or Flag protein respectively. For co-immunostaining

of H4acK8 and Flag proteins, the oocytes were incubated
in the mixture of FITC-conjugated anti-rabbit IgG (1:100

dilution with PBS; ab6717; Abcam; Cambridge, UK) and
TRITC-conjugated anti-mouse IgG (1:100 dilution with PBS;

AP181R; CHEMICON International, Inc., Temecula, CA, USA).
The oocytes were counterstained with Hoechst 33342 to

visualize the chromosomes, and then examined under a
confocal laser scanning microscope (LSM510-V2.01 Axioplan
MOT; Carl Zeiss, Oberkochen, Germany).

The cultured NIH3T3 cells were fixed and permeabilized
with methanol for 20 min at K20 8C. After being washed

with PBS, the cells were blocked for 10 min in PBS containing
10% (v/v) swine serum (Dako). Thereafter, the cells were

treated with the first antibodies as described earlier for 2 h.
After washing with PBS, the cells were incubated in the mixture

of the second antibodies as described earlier for 1 h. The cells
were counterstained with Hoechst 33342 to visualize the

chromosomes, and then examined under a fluorescence
microscope (BZ-8000, Keyence, Osaka, Japan).
Immunoblotting

The micro-western blotting method (Naito et al. 1999) was

used with several modifications. In all cases, ten denuded
oocytes were placed into 2 ml saline supplemented with 0.1%

PVP, to which was added 0.5 ml 5X Laemmli (1970) buffer, and
the mixtures were denatured at 100 8C for 5 min. Proteins were

separated on a modified 10% polyacrylamide gel (Inoue et al.
1995) by SDS-PAGE and transferred to a PVDF membrane

(Immobilon Transfer Membranes; Millipore). After the mem-
brane was blocked with 5% milk for 1 h, it was treated with

anti-Flag M2 antibody or anti-CDK1 (CDC2) MAB (sc-54; Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Signals were
detected by a blotting detection kit (Amersham Pharmacia

Biotech AB) according to the manufacturer’s instructions.
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