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Changes in histone acetylation during mouse

oocyte meiosis

Jin-Moon Kim, Honglin Liu, Mayuko Tazaki, Masao Nagata, and Fugaku Aoki

Department of Integrated Biosciences, Graduate School of Frontier Sciences, University of Tokyo, Chiba 277-8562, Japan

e examined global changes in the acetylation
Wof histones in mouse oocytes during meiosis.

Immunocytochemistry with specific antibodies
against various acetylated lysine residues on histones H3
and H4 showed that acetylation of all the lysines decreased
to undetectable or negligible levels in the oocytes during
meiosis, whereas most of these lysines were acetylated
during mitosis in preimplantation embryos and somatic
cells. When the somatic cell nuclei were transferred into
enucleated oocytes, the acetylation of lysines decreased
markedly. This type of deacetylation was inhibited by tricho-
statin A, a specific inhibitor of histone deacetylase (HDAC),
thereby indicating that HDAC is able to deacetylate histones

during meiosis but not during mitosis. Meiosis-specific
deacetylation may be a consequence of the accessibility of
HDACT to the chromosome, because HDACT colocalized
with the chromosome during meiosis but not during mitosis.
As histone acetylation is thought to play a role in propagating
the gene expression pattern to the descendent generation
during mitosis, and the gene expression pattern of differ-
entiated oocytes is reprogrammed during meiosis to allow
the initiation of a new program by totipotent zygotes of
the next generation, our results suggest that the oocyte
cytoplasm initializes a program of gene expression by
deacetylating histones.

Introduction

The acetylation of nuclear core histones is thought to play
important roles in various cellular functions. The biological
importance of histone acetylation was first suggested after
the discovery that the amount of acetylation is well corre-
lated with the level of transcription (Allfrey et al., 1964).
Subsequently, numerous works have shown the important
roles of histone acetylation in the regulation of gene expression.
Histones H3 and H4 are hyperacetylated in active genes,
whereas they are underacetylated in silent genes (Clarke et
al., 1993; O’Neill and Turner, 1995; Grunstein, 1997).
The acetylation of histone H4 occurs initially at lysine 16
(K16), and then at K8 or K12, and ultimately at K5
(Turner and Fellows, 1989; Thorne et al., 1990; O’Neill
and Turner, 1995). Thus, the acetylation of K5 reflects the
hyperacetylated state in histone H4 and is strongly corre-
lated with the active states of the genes (Grunstein, 1997;
Mizzen and Allis, 1998; Turner, 1998). Chromatin immuno-
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precipitation experiments have shown that histone H4 is
hyperacetylated in the promoter regions of active genes
(Kuo et al., 1998; Chen et al., 1999; Parekh and Maniatis,
1999; Shestakova et al., 2001). Experiments of this type
have also shown that lysines 9 and 14 on histone H3
(H3/K9 and H3/K14, respectively) are acetylated in the
promoter region when the gene is activated (Agalioti et al.,
2002). Recently, it has been demonstrated that distinct
histone modification patterns function as recognition codes
for the recruitment of different transcription factors upon
transcriptional activation (Agalioti et al., 2002). The acety-
lation of H4/K8 is involved in the recruitment of the SW1/
SNF complexes to chromatins, whereas the acetylation of
H3/K9 and H3/K14 is required for the recruitment of
transcription factor IID. Thus, the histone code may
function as an epigenetic marker that is directly associated
with transcriptional activation.

Recently, it has been suggested that histone acetylation is
also involved in cellular functions other than gene expression
(Kurdistani and Grunstein, 2003). A line of evidence has
revealed that heterochromatin formation involves histone
acetylation. Sir2 deacetylates H4/K16 to form hetero-
chromatin in the chromosomal region near the telomeres
(Imai et al., 2000; Kimura et al., 2002; Suka et al., 2002).
The acetylation of histones is also involved in the regulation
of DNA replication. DNA within the chromosomal domain
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Figure 1. Acetylation of lysine 14 on histone H3 at interphase (I) and metaphase (M). Oocytes, preimplantation embryos, and NIH 3T3
cells were immunostained with the anti—acetyl histone H3/lysine 14 (H3/K14) antibody. GV, oocytes at the GV stage; GVBD 3 h, oocytes
after a 3-h incubation without IBMX in the first meiosis; Egg, oocytes at MII; 1-cell (1), one-cell embryos at interphase; 1-cell (M), one-cell
embryos at the M phase; 2-cell (1), two-cell embryos at interphase; 2-cell (M), two-cell embryos at the M phase; Blastocyst, blastocyst-stage
embryos; NIH 3T3 (1), NIH 3T3 cells at interphase; NIH 3T3 (M), NIH 3T3 cells at the M phase. Arrows indicate the condensed mitotic
chromosomes in the blastocysts. Each sample was counterstained with DAPI to visualize the DNA. The acetylation of lysine 9 on histone H3
is shown in Fig. S4, available at http://www.jcb.org/cgi/content/full/jcb.200303047/DCT.

of late replication is associated with deacetylated histone H4
(Jeppesen and Turner, 1993; Zhang et al., 2002). Increased
acetylation accelerates the timing of DNA replication (Aoki
and Schultz, 1999; Vogelauer et al., 2002). Consequently,
histone acetylation has been revealed to play important roles
in various chromatin-based processes.

In addition to these functions during interphase, it is
thought that histone acetylation plays a role during mito-
sis. It may function as an epigenetic marker to propagate
the information on genomic function from one generation
of cells to the next (Strahl and Allis, 2000; Turner, 2000;
Jenuwein and Allis, 2001). Because gene expression is inert
and almost all of the transcription factors are displaced
from the chromosomes during mitosis (Martinez-Balbas et
al., 1995), the inheritance of gene expression patterns by
the next generation should require the transfer of some epi-
genetic markers for active genes. Histone acetylation has
been proposed as a potential inherited epigenetic marker,
as the acetylation of histones H3 and H4 persists during
the mitotic phase (Kruhlak et al., 2001), and higher levels
of acetylation are maintained in active than in inactive X
chromosomes during mitosis (Jeppesen and Turner, 1993;
Migeon et al., 1994). In addition, histone acetylation
seems to be involved in the mechanism regulating chromo-
some segregation. Increased acetylation by histone deacety-

lase (HDAC)* inhibitor induces chromosome loss after mi-
tosis in fission yeast (Ekwall et al., 1997).

Although it has been suggested that histone acetylation
plays important roles during mitosis, little is known about
its involvement in the mechanism or function of meiosis.
There are many events that specifically occur during meiosis,
but not mitosis, e.g., successive M phase without interven-
ing DNA replication, pairing of homologous chromosomes,
asymmetric cell division, etc. In addition to these meiosis-
specific events, the function of meiosis in the regulation of
gene expression differs from that in mitosis. The oocyte ge-
nome must be reprogrammed during meiosis, which is fol-
lowed by fertilization, to allow the remarkable transforma-
tion from differentiated oocytes into the totipotent embryos
of the next generation (Schultz et al., 1999). Recent success
in the production of cloned animals by somatic nucleus
transfer has also shown that the oocyte cytoplasm has the
ability to reprogram gene expression (Wilmut et al., 1997;
Wakayama et al., 1998; Rideout et al., 2001). Most of these
meiosis-specific events and functions probably involve meio-
sis-specific changes in chromatin structure, and some of

*Abbreviations used in this paper: GV, germinal vesicle; GVBD, germinal
vesicle breakdown; HAT, histone acetylase; HDAC, histone deacetylase;
IBMX, 3-isobutyl-methylxanthine; MII, metaphase II; TSA, trichostatin A.
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them may involve changes in histone acetylation. However,
there is no knowledge of these changes during meiosis.

In this study, to investigate the involvement of histone
acetylation in the regulation and function of meiosis, we ex-
amined the changes in the acetylation patterns of various
lysine residues in oocyte histones during meiosis and com-
pared these acetylation patterns with those seen during mi-
tosis in postfertilization embryos. In addition, we examined
the localization of HDAC in the oocytes and embryos, be-
cause HDACIL is expressed in Xenopus oocytes (Ryan et al,,
1999) and may play a role in the deacetylation of histones
during meiosis.

Results

Histone acetylation at the M phase during meiotic
maturation and preimplantation development

The acetylation levels of various lysine residues on histones
H3 and H4 were examined in NIH 3T3 cells, mouse oo-
cytes, and preimplantation embryos. Immunocytochemistry
with specific antibodies against acetylated lysines 9 and 14
on histone H3 (Ac-H3/K9 and Ac-H3/K14) and acetylated
lysines 5, 8, 12, and 16 on histone H4 (Ac-H4/K5, Ac-H4/
K8, Ac-H4/K12, and Ac-H4/K16) showed intense fluo-
rescence signals in the nuclei of the NIH 3T3 cells at in-
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terphase (Figs. 1 and 2 for H3/K14 and H4/K12, respec-
tively; see Figs. S1-S4 for the others, available at http://
www.jcb.org/cgi/content/full/jcb.200303047/DC1). All of
these signals, except for that of H4/K5, were also observed in
metaphase chromosomes, as described previously, although
decreases were seen for both the Ac-H3/K9 and Ac-H4/K5
signals in the previous study (Kruhlak et al., 2001). These
results reinforce the idea that the acetylation of these lysines
marks the transcriptionally active chromatin domains for
postmitotic reactivation (Kruhlak et al., 2001). Intense fluo-
rescence signals for all of the antibodies were detected in the
germinal vesicles (GVs) of the full-grown oocytes that were
arrested at the G2 phase in the first meiotic cell cycle. How-
ever, all of these signals disappeared in the condensed chro-
mosomes of the oocytes 3 h after transfer to 3-isobutyl-meth-
ylxanthine (IBMX)—free medium, except in the case of
H4/K8, for which the signal intensity persisted, albeit at a
low level. In our system, the oocytes underwent germinal
vesicle breakdown (GVBD) and entered the M phase in the
first meiosis within 1 h of transfer to IBMX-free medium
(Sobajima et al., 1993). The fluorescence signals for all of
the acetylated lysines, with the exception of Ac-H4/K8, were
also absent from the oocytes at metaphase II (MII) of the
second meiosis. A weak signal for Ac-H4/K8 persisted in
these oocytes. However, all of the signals reappeared after

GV GVBD 3 h

H4/K12

DAPI

2-cell (1)

2-cell (M)

H4/K12

DAPI

1-cell (I) 1-cell (M)

Figure 2. Acetylation of lysine 12 on histone H4 at interphase (I) and metaphase (M). Oocytes, preimplantation embryos, and NIH 3T3
cells were immunostained with the anti—acetyl histone H4/lysine 12 (H4/K12) antibody. GV, oocytes at the GV stage; GVBD 3 h, oocytes after
a 3-h incubation without IBMX in the first meiosis; Egg, oocytes at MII; 1-cell (1), one-cell embryos at interphase; 1-cell (M), one-cell embryos
at the M phase; 2-cell (1), two-cell embryos at interphase; 2-cell (M), two-cell embryos at the M phase; Blastocyst, blastocyst-stage embryos;
NIH 3T3 (I), NIH 3T3 cells at interphase; NIH 3T3 (M), NIH 3T3 cells at the M phase. The arrows indicate condensed mitotic chromosomes
in the blastocysts. Each sample was counterstained with DAPI to visualize the DNA. The acetylation of lysines 5, 8, and 16 on histone H4 is
shown in Figs. S1-S3, respectively, available at http://www.jcb.org/cgi/content/full/jcb.200303047/DCT.
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Table I. Acetylation of histone lysines during mitosis and meiosis

Histone/lysine GV GVBD Egg 1-Cell 2-Cell Blastocyst NIH 3T3 cell
I Mi Mmil I M | M 1 M 1 M
H3/K9 + - - + + + + + + + +
H3/K14 + - - + + + + + + + +
H4/K5 + - - + - + - + - + -
H4/K8 + * + + + + + + + + +
H4/K12 + - + + + + + + + +
H4/K16 + - - + + + + + + + +

Intense and weak fluorescence signals are denoted with + and =, respectively, and no signal with —.

*l and M indicate interphase and metaphase, respectively.

fertilization and were detected continuously both at inter-
phase and M phase in the one-cell, two-cell, and blastocyst
embryos, except for the Ac-H4/K5 signal, which disap-
peared in the metaphase chromosomes. It seems unlikely
that the loss of signal in the meiotic chromosome was an ar-
tifact caused by changes in structure or masking by meiosis-
specific proteins, as the chromosomes of the MII-stage oo-
cytes stained intensely with the antibody against methylated
lysine 9 on histone H3 (Arney et al., 2002; unpublished
data). Thus, all of the lysine residues were deacetylated only
during meiosis, except for H4/K5, which was also deacety-
lated during mitosis. The acetylation states of the various
lysine residues in the oocytes, embryos, and NIH 3T3 cells
are summarized in Table I.

Histone acetylase and deacetylase activities
during meiosis
Although previous studies showed that HDACs were unable

to deacetylate histones in the condensed chromatin of so-

matic cells at the M phase (Kruhlak et al., 2001), the ab-

sence of oocyte acetylation suggests that the oocyte cyto-
plasm deacetylates histones during meiosis. To verify this
hypothesis, we conducted in situ histone acetylase (HAT)
and HDAC assays using trichostatin A (TSA), which is a
specific inhibitor of HDACs (Yoshida et al., 1990; Kruhlak
etal.,, 2001).

First, to examine HAT activity, the Mll-stage oocytes
were incubated with TSA, and changes in the acetylation
levels of H3/K14 and H4/K12 were examined. The oocytes
were incubated for 14 h after isolation from the ovaries, at
which time the oocytes reached the MII stage and showed
no signals for the anti-Ac-H4/K12 or anti-Ac-H3/K14 an-
tibodies (Fig. 3 for H4/K12; see Fig. S5 for H3/K14, avail-
able at htep://www.jcb.org/cgi/content/full/jcb.200303047/
DC1), as shown in Figs. 1 and 2. The oocytes were then
transferred to medium that contained TSA and incubated
for a further 3 h. The histone acetylation levels should have
been increased by HAT acetylation of the histones, while
HDAC activity should have been inhibited by TSA. How-

ever, no signals were obtained for either the anti-Ac-H4/

Figure 3. In situ analysis of the histone acetyltrans-
ferase and deacetylase in Mll-stage oocytes. Oocytes
at the GV and MII stages were immunostained with

the anti—acetyl histone H4/lysine 12 (H4/K12) antibody.
The GV-stage oocytes (A) were cultured in vitro for

14 h to mature into the Ml stage (B) and were subse-
quently cultured for 3 h with TSA (D) or without TSA
(C). The oocytes were matured in vitro for 14 h in TSA
(E), and either washed to remove the TSA followed by
culturing for 3 h (G), or cultured continuously in TSA
for 3 h (F). Each sample was counterstained with DAPI
to visualize the DNA. The results of analysis for histone
H3/lysine 14 are shown in Fig. S5, available at http://
www.jch.org/cgi/content/full/jcb.200303047/DC1.
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Figure 4. In situ analysis of the histone acetyltrans-
ferase and deacetylase in oocytes during the first
meiosis. Oocytes in the first meiosis were immuno-
stained with the anti-acetyl histone H4/lysine 12
(H4/K12) antibody. The GV-stage oocytes (A) were
cultured in vitro for 4 h to induce the first meiosis (B)
and subsequently cultured for 3 h with TSA (D) or
without TSA (C). Oocytes that were undergoing the
first meiosis after in vitro culture for 4 h in TSA (E)
were either washed free of TSA and cultured for a
further 3 h (G), or cultured continuously in TSA for 3 h
(F). Each sample was counterstained with DAPI. The
results of analysis for histone H3/lysine 14 are shown
in Fig. S6, available at http://www.jcb.org/cgi/content/
full/jcb.200303047/DC1.

K12 or anti-Ac-H3/K14 antibodies (Fig. 3 for H4/K12;
Fig. S5 for H3/K14). These results indicate that HAT is un-
able to acetylate the histones in MII-stage oocytes. Similarly,
we examined HAT activity in oocytes during the first meio-
sis by incubating the oocytes with TSA for 4-7 h after trans-
fer to IBMX-free medium. The results showed that HAT
did not function in the first meiosis (Fig. 4 for H4/K12; see
Fig. S6 for H3/K14, available at http://www.jcb.org/cgi/
content/full/jcb.200303047/DC1).

Second, to examine HDAC activity, the GV-stage oo-
cytes were incubated with TSA and allowed to resume mei-
osis by transfer to IBMX-free medium. TSA did not af-
fect the percentage of oocytes that underwent GVBD or
reached MII at 2 or 14 h, respectively, after transfer to
IBMX-free medium. Intense signals were detected for the
anti—-Ac-H4/K12 and anti—-Ac-H3/K14 antibodies after in-
cubation with TSA for 14 h (Fig. 3 for H4/K12; Fig. S5 for
H3/K14). The oocytes were washed free of TSA and rein-
cubated without TSA for 3 h, by which time the signals for
the anti-Ac-H4/K12 and anti-Ac-H3/K14 antibodies had
disappeared completely (Fig. 3 for H4/K12; Fig. S5 for
H3/K14). In contrast, these signals were retained in oocytes
that were maintained in medium with TSA for the addi-
tional 3-h incubation. These results show that HDAC
deacetylates H4/K12 and H3/K14 in MIl-stage oocytes. A
similar experiment was conducted to examine HDAC ac-
tivity in oocytes during the first meiosis. In this instance,
the oocytes were incubated with TSA for 4 h, and then
without TSA for 3 h after transfer to IBMX-free medium.
The results show that HDAC also functions during the first
meiosis (Fig. 4 for H4/K12; Fig. S6 for H3/K14).

Deacetylation of histones in nuclei transferred

into MII oocytes

It has been established that the cytoplasm of the MII-stage
oocyte is able to reprogram the gene expression pattern of
transferred somatic nuclei (Wilmut et al., 1997; Rideout et

al., 2001). If we assume that the acetylation of histones H3
and/or H4 is involved in the inheritance of gene expression
patterns, then these histones from somatic nuclei should be
deacetylated in oocytes. To address this issue, the nuclei of
NIH 3T3 cells were transferred into enucleated MII-stage
oocytes, and changes in the histone acetylation levels were
examined. 2 h after the transfer, the interphase nucleus un-
derwent premature chromosome condensation. In this chro-
mosome, the signals for the antihistone antibodies decreased
dramatically (Fig. 5 A for H3/K14 and H4/K12; see Fig. S7
for the others, available at http://www.jcb.org/cgi/content/
full/jcb.200303047/DC1). When the intensity of the fluo-
rescence signal was quantified, the signal for Ac-H4/K16 de-
creased to an undetectable level, those for Ac-H3/K9, Ac-
H3/K14, and Ac-H4/K12 decreased dramatically to a neg-
ligible level, and that for Ac-H4/K8 significantly de-
creased (P < 0.01) but persisted at an appreciable level (see
Fig. S8, available at http://www.jcb.org/cgi/content/full/
jcb.200303047/DC1). However, intense signals were de-
tected for all of the antibodies in the embedded nucleus,
which lies between the plasma membrane and zona pellucida
of the oocyte, and where the intact nucleus is not exposed to
the cytoplasm. The decreases in the acetylation levels in the
oocytes were probably due to deacetylation by HDAC, as
TSA treatment inhibited the deacetylation of the transferred
nuclei. When the enucleated oocytes were cultured with
TSA, the transferred nuclei underwent premature chromo-
some condensation in the same manner as the control oo-
cytes that were cultured without the inhibitor. Intense sig-
nals for both the anti-Ac-H3/K14 and anti-Ac-H4/K12
antibodies were observed (Fig. 5 A) in this type of chromo-
some. Thus, MIl-stage oocytes remove the acetyl groups
from the chromatin-associated histones of transferred nuclei.

Histone deacetylation also occurred in the condensed
chromosomes that were transferred from the NIH 3T3 cells.
The chromosomes were isolated from NIH 3T3 cells, which
were arrested at the M phase by nocodazole, and transferred
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Figure 5. Deacetylation of histones in transferred nuclei and chromosomes. The enucleated oocytes were transplanted with interphase
nuclei (A) or metaphase chromosomes (B) of NIH 3T3 cells. NIH 3T3 cells were embedded in the perivitelline space of enucleated oocytes

(embedded). Both during and after the electrofusion procedures, the enucleated oocytes and reconstructed embryos were treated with either
75 nM TSA (NT+TSA) or without TSA (NT). 2 h after electrofusion, the oocytes were subjected to immunostaining with the anti-acetyl histone

H3/lysine 14 (H3/K14) or the anti—acetyl histone H4/lysine 12 (H4/K12) antibodies. Each sample was counterstained with DAPI. The deacetylation
of lysine 9 on histone H3 and lysines 8 and 16 on histone H4 in the transplanted nucleus is shown in Fig. S7, available at http://www.jcb.org/
cgi/content/full/jcb.200303047/DC1. The fluorescence signal of the antibody was quantified, and the results are shown in Fig. S8, available at

http://www.jcb.org/cgi/content/full/jcb.200303047/DC1.

into MII-stage oocytes. Although the signals for Ac-H3/14
and Ac-H4/K12 were reduced to low levels 2 h after trans-
fer, intense signals remained in the oocytes that were treated
with TSA (Fig. 5 B). The intense signals were also retained
in the embedded chromosome between the plasma mem-
brane and zona pellucida. Thus, the cytoplasm of the MII-
stage oocytes could remove the acetyl groups from H3/K14
and H4/K12 in the transferred chromosomes. These results
provide direct evidence that HDAC deacetylates the con-

densed chromosomes in oocytes.

Localization of HDAC1 during meiosis and mitosis

It has been shown in Xenopus laevis that HDACm, which is
a homologue of mammalian HDACI (Taunton et al., 1996;
Bartl et al., 1997; Ryan et al., 1999), is synthesized during
oogenesis and accumulates in the GVs of growing oocytes.
HDACm was localized around the internal margins of the
nuclei and was not associated with the chromosomes (Ryan
etal., 1999).

Therefore, we examined the localization of HDACI1 in
oocytes during meiosis to investigate the potential involve-
ment of HDACI in histone deacetylation. The NIH 3T3
cells were immunostained with the anti-HDACI antibody
and costained with DAPI. HDACI1 was detected in the in-
terphase nuclei, although no HDAC1 was detected in the
mitotic chromosomes (Fig. 6). In the GV-stage oocytes,

HDAC1 was detected in GVs, but in the area where the
DNA was not localized. However, after 3 h of incubation
without IBMX, HDACI1 colocalized with the chromo-

somes.

Discussion

In this work, we demonstrated that the acetylation levels of
various lysine residues on histones H3 and H4 were mark-
edly decreased, both in oocytes during meiosis and in so-
matic nuclei that were transferred into enucleated oocytes.
HDAC altered these lysines during meiosis but not during
mitosis. This meiosis-specific deacetylation may be due to
HDACI accessibility to the chromosome, as it colocalizes
with the chromosome only during meiosis and not during
mitosis.

The acetylation of core histones is thought to play roles in
the propagation of genomic function information from one
cell generation to the next by retaining this information dur-
ing the mitotic phase (Turner, 2000; Jenuwein and Allis,
2001), as well as in genome activation by producing confor-
mational changes in the chromatin structure, which render
the DNA accessible to transcription factors during inter-
phase (Turner, 1998), and by providing binding surfaces for
recruiting transcriptional activators (Kurdistani and Grun-
stein, 2003). In this study, we examined the acetylation
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Figure 6.

Localization of HDACT1 during meiosis and mitosis. The GV-stage oocytes (GV), oocytes that were incubated for 3 h in IBMX-free

medium (GVBD 3 h), and NIH 3T3 cells at interphase (NIH [I]), natural mitotic phase (NIH [M] noco [—]), or nocodazole-arrested mitotic
phase (NIH [M] noco [+]) were immunostained with the antibody against HDACT (top) and costained with DAPI (middle). The bottom row

shows the merged images from the top and middle rows.

states of various lysine residues on histones H3 and H4 and
found that all of the lysine residues examined, except for
H4/K5, remained in the acetylated state during mitosis in
preimplantation embryos and NIH 3T3 cells (Figs. 1 and 2;
Table I). These results suggest that acetylation of the lysine
residues (other than H4/KS5) is involved in the propagation
of genomic function through the preservation of stable
acetylation during mitosis. Because H4/K5 was completely
deacetylated during mitosis, both in the preimplantation
embryos and somatic cells, the acetylation of this residue
does not appear to be involved in this type of mechanism. It
has been proposed that the components of the system propa-
gating genomic function information simply transmit infor-
mation and do not have a direct effect on chromatin struc-
ture (Turner, 1998). This is consistent with our results, as it
has been suggested that the acetylation of H4/K5 affects
chromatin structure. This residue is the last of the four
lysines in the NH,-terminal tail of histone H4 to be acety-
lated, thereby creating the hyperacetylated state of histone
H4, in which the chromatin structure is sufficiently relaxed
to allow transcription factor access (Turner, 1998). Al-
though a previous report showed that the global acetylation
level of H3/K9 was reduced during the mitotic phase
(Kruhlak et al., 2001), the H3/K9 acetylation level was not
reduced in our experiment. Although the previous report de-
scribed a reduction in the acetylation level, the extent of that
reduction was not discussed. Therefore, it is possible that the
level of reduction is low, and below the threshold of detec-
tion in our experimental system.

Although gene expression patterns are inherited by the
next generation in differentiated somatic cells, the gene ex-
pression patterns of immature oocytes, which are also dif-
ferentiated cells, need to be reprogrammed, and the new

program is established before or after fertilization. This re-
programming of gene expression probably involves global
epigenetic modifications. Our results show that the global
acetylation level of the histones decreases dramatically dur-
ing meiosis (Figs. 1 and 2), which suggests that histone
deacetylation is involved in the reprogramming of gene ex-
pression. This hypothesis is supported by the results of the
nuclear transfer experiments. Recent success in the produc-
tion of cloned animals has shown that the cytoplasm of MII-
stage oocytes is able to reprogram the gene expression pat-
terns of the transferred somatic nuclei (Wilmut et al., 1997;
Wakayama et al., 1998; Rideout et al., 2001). In our study,
the histone acetylation levels decreased markedly in the so-
matic nuclei that were transferred into the enucleated oo-
cytes (Fig. 5).

When differentiated cells proliferate, the information on
the active genes is transmitted faithfully to the daughter
cells, thereby maintaining the lineage-specific program of
gene expression in the descendent generations. As most of
the transcription factors are displaced from the chromo-
somes and the genes are silent during mitosis (Hershkovitz
and Riggs, 1995; Martinez-Balbas et al., 1995), it has been
suggested that a mechanism exists to maintain the lineage-
specific program of gene expression. This mechanism is
called “cell memory” (Weintraub, 1985; Riggs and Pfeifer,
1992), and it suggests that certain epigenetic modifications
remain as markers of cell memory in the chromosomes dur-
ing mitosis (Jeppesen, 1997; Turner, 1998). Histone acety-
lation has been proposed as a candidate epigenetic marker
(Jeppesen, 1997; Grunstein, 1998; Turner, 2000, 2002).
Studies using an antibody against acetylated H4/K12 have
shown that the active X chromosome is acetylated to a
higher degree than the inactive X chromosome in the inter-
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phase nuclei, and that this difference is maintained during
mitosis (Jeppesen and Turner, 1993; Migeon et al., 1994).
Whereas lysine 5, which is the last of the four lysines in the
NH,-terminal tail of histone H4 to be acetylated, and whose
acetylation has been shown to be closely linked to active
gene expression, is deacetylated during the M phase, H4/K8,
H4/K12, H4/K16, and H3/K14 remain acetylated globally
in the chromosome in human fibroblasts (Kruhlak et al.,
2001). Furthermore, in a genetic screen of budding yeast
mutants, in which the telomere-proximal genes that are her-
itably active in the wild type were locked into the silent
state, the mutants showed prominent reductions in their
H4/12 acetylation levels (Smith et al., 2002). These studies
suggest that the acetylation of these lysines represents a
marker of cell memory. This idea is supported by our results,
which showed that all of the lysine residues were deacety-
lated in the oocytes during meiosis and in the somatic nuclei
that were transferred into enucleated oocytes, in which ge-
nome reprogramming occurred. In the process of genome
reprogramming, acetylated lysines should be deacetylated to
erase any information on active genes, i.c., cell memory.
Therefore, genome reprogramming may involve the erasing
of cell memory by histone deacetylation to create the undif-
ferentiated or totipotent zygotes of the next generation.

The Ac-H4/K8 signal remained in oocytes during meiosis
and in the nucleus of NIH 3T3 cells that were transferred
into oocytes, although the intensity of the signal was de-
creased significantly. This level of decrease should be suffi-
cient for reprogramming the genome. However, it is possible
that H4/K8 remains acetylated and is involved in the re-
modeling mechanism. It has been suggested that acetylation
of this residue mediates the recruitment of the SWI/SNF
complex, which is a chromatin-remodeling ATPase (Peter-
son and Workman, 2000; Agalioti et al., 2002). It has also
been reported that the chromatin-remodeling ATPase ISW1
plays an important role in the remodeling of the somatic nu-
cleus in Xenopus egg extracts (Kikyo et al., 2000). Therefore,
H4/K8 acetylation may play a role in chromatin remodeling
by recruiting the chromatin-remodeling ATPase during
meiosis or after fertilization.

There are also many meiosis-specific events other than the
reprogramming of gene expression in oocytes, e.g., successive
M phase without intervening DNA replication, pairing
of homologous chromosomes, and asymmetric cell divi-
sion. Most of these events probably involve meiosis-specific
changes in chromatin structure, and some may involve
changes in histone acetylation. For instance, it has been pro-
posed that histone acetylation is associated with DNA repli-
cation. DNA within the chromosomal domain of late repli-
cation is specifically associated with deacetylated histone H4
(Jeppesen and Turner, 1993; Zhang et al., 2002). An increase
in the acetylation of histones near the late replication origin
accelerates the timing of DNA replication (Vogelauer et al.,
2002). Therefore, DNA replication appears to be repressed
in the chromosomes with deacetylated histones. Therefore,
deacetylation after GVBD may be a necessary prerequisite for
the absence of DNA replication during meiosis. It has also
been suggested that histone acetylation is associated with cen-
tromere function. Treatment with TSA induced a hyper-
acetylated state in centromeric chromatin and caused defects

in chromosome segregation during mitosis in fission yeast
(Ekwall et al., 1997). The meiosis-specific underacetylation
of histones H3 and H4 observed in this study may be in-
volved in meijosis-specific chromosomal segregation.

We have shown that HDAC deacetylates histones, but
only during meiosis. Although HDAC retains its activity
in cultured cells during mitosis, it lacks access to the mi-
totic chromosomes (Kruhlak et al., 2001). In Xenopus lae-
vis, HDACm, which is a homologue of the mammalian
HDACI, is localized in the GV but is not associated with
the chromosomes in the GV-stage oocytes. HDAC is active
during meiosis, but its localization has not been examined in
meiotic oocytes (Ryan et al., 1999). We have shown that
HDACI does not colocalize with the DNA in GV-stage
murine oocytes (Fig. 6). However, during meiosis, HDAC1
colocalized with the meiotic chromosomes in the oocytes,
whereas it was displaced from the mitotic chromosomes in
the NIH 3T3 cells (Fig. 6). These results suggest that
HDACI has access to the chromosomes only during meio-
sis, which suggests a possible mechanism for meiosis-specific
deacetylation of histones. However, it was reported previ-
ously that yeast RPD3, which is a homologue of the mam-
malian HDACI, deacetylates all of the lysine residues, ex-
cept for H4/K16 (Roth et al., 2001; Suka et al., 2001;
Narlikar et al., 2002). Therefore, it seems likely that another
HDAC is involved in the deacetylation of H4K16 in mouse
oocytes. Further study of the expression and function of var-
ious HDAC:s should provide important clues for uncovering
the mechanism by which histone deacetylation is involved in
the regulation and function of meiosis.

Materials and methods

Preparation of oocytes and embryos

Fully-grown oocytes were collected from 3-wk-old ddY or B6CDF1 mice
(SLC) and incubated in Whitten’s medium with 0.2 mM IBMX, as de-
scribed previously (Sobajima et al., 1993). The oocytes were subsequently
cultured in Whitten’s medium (Whitten, 1971) without IBMX to allow mei-
otic maturation.

The embryos were prepared by in vitro fertilization using Mll-stage oo-
cytes from 3-wk-old female ddY or B6CDF1 mice and sperm from mature
male ICR mice (SLC) and cultured as described previously (Fuchimoto et
al., 2001). Embryos at the interphase of the one-cell stage, M phase of the
one-cell stage, interphase of the two-cell stage, and M phase of the two-
cell stage and blastocysts were collected 10, 15, 30, 36, and 96 h after in-
semination, respectively.

Nuclear transfer

The enucleation of oocytes was conducted as described previously (Kim et
al., 2002). The nuclei of NIH 3T3 cells were introduced into the enucle-
ated oocytes by electrofusion, using a DC pulse of 1,500 V/cm for 20 ps in
300 mM mannitol that contained 0.1 mM MgSO,, 0.1 mg/ml polyvinyl al-
cohol, and 3 mg/ml bovine serum albumin. During the transfer of con-
densed chromosomes, the NIH 3T3 cells were synchronized at metaphase
by treatment with nocodazole (0.5 wg/ml; Sigma-Aldrich) for 16 h and la-
beled with Hoechst 33342 (Sigma-Aldrich). After UV irradiation, only
those cells that contained condensed chromosomes were selected as nu-
clear donors.

Immunostaining and quantification of fluorescence intensity

The oocytes, embryos, and NIH 3T3 cells were immunostained with anti-
bodies against acetylated lysines 5, 8, 12 (Upstate Biotechnology), and 16
(Santa Cruz Biotechnology, Inc.) of histone H4, lysines 9 (Cell Signaling
Technology) and 14 (Upstate Biotechnology) of histone H3, and HDACT
(Santa Cruz Biotechnology, Inc.). The cells were fixed with 3.7%
paraformaldehyde for 30 min and then permeabilized with 0.5% Triton
X-100 for 10 min, followed by incubation with the anti-acetyl histones for
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1 h at room temperature or overnight at 4°C. The antibodies that bound to
the oocytes were probed with FITC-conjugated anti-mouse or anti-rabbit
IgG (Jackson ImmunoResearch Laboratories). Counterstaining was con-
ducted with DAPI to visualize the DNA. Fluorescence was detected using
the Leica spectral confocal scanning system.

The intensity of fluorescence was quantified as previously described
(Aoki et al., 1997). In brief, the pixel value of fluorescence was measured
within a constant area from five different regions of chromosomes and five
different regions of cytoplasm, and the average cytoplasmic value was sub-
tracted from the average chromosomal value.

Online supplemental material

The supplemental figures (Figs. S1-S8) are available at http://www.jcb.org/
cgi/content/full/jcb.200303047/DC1. All the chemicals used were pur-
chased from Wako Chemical Inc., unless otherwise specified, and were of
analytical grade.
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