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Abstract

Background A postovulatory mammalian oocyte
decreases developmental potential with in vivo aging in the
oviduct or in vitro aging in the culture dish. The mecha-
nism underlying oocyte aging still largely remains an
enigma. Accumulating data suggest that the epigenetic
alterations such as histone acetylation are also associated
with postovulatory aging.

Objective To perform a review evaluating a new aspect
of oocyte aging in terms of the epigenetic alterations
focusing on lysine acetylation.

Methods In addition to a search of the literature in Pub-
med, we introduced our recent published data.

Results Histone acetylation in the mouse oocyte increases
during aging, potentially impacting gene regulation in the
subsequent embryonic development. Oocyte aging results
in increased acetylation of alpha-tubulin, a non-histone
protein, and nicotinamide, an inhibitor of class III HDAC,
partially prevents some of oocyte aging phenotypes.
Conclusion Abnormal regulation of protein acetylation
itself is suggested in oocyte aging and could contribute to
the aging phenotypes.
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Introduction

After ovulation, mammalian oocytes are arrested at meiotic
metaphase II (MII) until they are activated by penetrating
spermatozoa or artificial stimuli. However, mammalian
oocytes have a limited time for fertilization after ovulation.
The window for optimal fertilization differs in different
species, and it has been determined that mouse oocytes
exhibit the most potential between 8 and 12 h after ovu-
lation, the rat (12—-14 h), and monkeys and humans (<24 h)
[1]. After that time, unfertilized mature oocytes progres-
sively undergo a time-dependent process of aging, a so-
called “oocyte aging”, during which changes are observed
in morphology and cell biology such as creation of a large
perivitelline space, disruption of microfilament, elongation
of spindle, chromosome scattering and so on [2]. These
changes contribute to a decrease in the potential for fer-
tilization and embryo development. Further, aged oocytes
show the abnormalities of a high proportion of cellular
fragmentation and cell death [3, 4]. In the mouse, following
ovulation, the fragmentation of unfertilized mature oocytes
has been viewed as a manifestation of apoptosis, or pro-
grammed cell death [5-8].

Recently, however, it has been reported that the epige-
netic alterations including DNA methylation and histone
acetylation are also associated with postovulatory aging
[9]. DNA methylation is involved in transcriptional
repression, X chromosome inactivation and genomic
imprinting [10]. It also plays pivotal roles in normal
embryonic development. Acetylation, one of the most
common modifications of histones, also serves as a key
modulator of chromatin structure and gene transcription
during normal development [11]. Therefore, it is also
important to study how oocyte aging impacts their epige-
netic status and the underlying mechanism, and to develop
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the methods to prevent their alterations, since they could be
transferred to the cells of offspring and impact their
phenotypes.

Further, lysine acetylation is found in not only histones
but also in more than 80 transcription factors and various
cytoplasmic proteins [12]. Does abnormal acetylation
occur only in histones in aged oocytes? Recently, we found
that a-tubulin, a typical non-histone protein, is more acet-
ylated in aging mouse oocytes [13]. Considered together,
we illustrate that oocyte aging may not impact only on
acetylation status in chromatin but also in non-histone
proteins, which could alter the protein functions to lead to
lower “oocyte quality”. Thus, protein acetylation may be a
key to understanding the impaired development associated
with oocyte aging.

Lysine acetylation and its regulation

Post translational modification (PTM) is crucial for regu-
lating the functions of many eukaryotic proteins as repre-
sented by serine, threonine, and tyrosine phosphorylation.
The lysine side chain is a target of different PTMs such as
ubiquitination, methylation, and acetylation, which are
mutually exclusive on the same lysine. The correlation
between histone acetylation and increased transcription has
been known for many years [14]. However, as mentioned
above, lysine acetylation, one of the PTMs, is found in not
only histones but also in more than 80 transcription factors
and various cytoplasmic proteins [12]. Acetylation is a
reversible lysine modification. Lysine is acetylated by
histone acetyltransferases (HATSs) (also referred as KATs:
lysine acetyltransferases) and deacetylated by histone
deacetylases (HDACs) (also referred as KDACs: lysine
deacetylases). There are three major groups of HATS:
Gcen5-related N-acetyltransferases, E1A-associated protein
of 300 kDa (p300)/CREB-binding protein (CBP), and
MYST proteins [15]. In contrast, HDACs are divided into
five categories: class I (HDAC 1-3 and 8), class Ila
(HDAC4, 5,7, and 9), class IIb (HDAC 6 and 10), class IIT
(Sirt 1-7), and class IV (HDAC 11) [16]. These enzymes
are expressed in a cell type-specific manner to form a
complex with other proteins in order to specifically regu-
late the targeted protein functions through acetylation.

Abnormal epigenetic status associated
with postovulatory aging

As mentioned above, histone acetylation status at the
lysine residues is disrupted during postovulatory aging.
Immunofluorescence analysis with specific antibodies
AcH3K9, AcH3K14, AcH4KS5, AcH4K8, AcH4K12, and

@ Springer

Table 1 Profiles of lysine acetylation modification during postovu-
latory aging

Aging time (h) Fresh  Aged Refs.

Histone

H3K9 10 Low Unchanged [17]

H3K14 10-20 Low Increased [17, 18]

H4K5 10 Low Unchanged [17]

H4K8 10 Low Increased [17]

H4K12 10-12 Low Increased [17, 18]

H4K16 10 Low Unchanged  [17]
Non-histone

Ac o-tubulin 24 Low Increased [13]

AcH4K16, with the exception of a weak signal for
AcH4KS, shows a lack of signal in mouse oocytes at 14 h
post-hCG, suggesting a very low level of these modifi-
cations in fresh oocytes. However, with the progression of
postovulatory time to 19 h after hCG injection, fluores-
cence signals for AcH4K8 and AcH4K12 increase grad-
ually. When aging progresses to 24 h past hCG injection,
AcH3K14 shows an increase of fluorescence signals in the
oocytes (Table 1) [17]. This activity can be partially
prevented by the addition of pyruvate [18] or caffeine [17]
to the culture medium to improve fertilizability and
developmental capacity of aged oocytes [18, 19]. Unlike
in mouse oocytes, AcH4K12 is acetylated in mature por-
cine oocytes with its acetylation level increasing during
postovulatory aging [20]. Thus, postovulatory oocyte
aging is correlated with hyperacetylation at lysine residues
of histones.

Interestingly, 5 h treatment of fresh mouse oocytes with
trichostatin A (TSA), an inhibitor of class I/Ilb HDAC:S,
induces hyperacetylation in H3K14 and H4K12 but not in
H3K9 and H4K5 [17]. Further, the higher spontaneous
activation rate in the TSA group compared to that of the
control group shows that mouse oocyte aging is acceler-
ated. Taken together, HDAC activity in fresh oocytes is
crucial to maintain lysine acetylation of histone at a low
level and their inhibition could accelerate oocyte aging.

Loss of some DNA methylation in oocytes is also
associated with postovulatory aging. For example, Snrpn, a
maternally imprinted gene, maintains the normal DNA
methylation pattern in oocytes at 13 and 21 h, whereas lost
methylation is observed in some oocytes at 29 h of hCG
injection but not Pegl/Mest, another maternally imprinted
gene [21]. The defects of DNA methylation induced by
oocyte aging are suggested to be time-dependent and locus-
specific. Together, histone acetylation modifications in
oocytes as well as DNA methylation are changed with
progression of oocyte aging, which may contribute to lower
development.



Reprod Med Biol (2014) 13:81-86

83

Abnormal a-tubulin acetylation associated
with postovulatory aging

Aging oocytes have increased histone acetylation [17].
However, it is not known how protein acetylation is con-
nected with oocyte aging. In addition to histones, other
classes of nonhistone proteins such as transcription factors
are also regulated by dynamic acetylation and deacetyla-
tion; o-tubulin, a cytoskeletal protein, is the best charac-
terized one. Acetylation status of o-tubulin influences its
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stability and a variety of intracellular trafficking through
the interaction with other proteins [22]. Therefore, we
focused on the acetylation status of o-tubulin during aging
in oocytes. Compared with fresh collected oocytes (0 h),
aging oocytes gradually increased the amount of both
acetylated o-tubulin (Ac o-tubulin) and o-tubulin until
24 h, with Ac o-tubulin accumulating more than o-tubulin
(Fig. 1). It should be noted that at 36 h, aged oocytes
showed astral microtubules which were not always asso-
ciated with Ac o-tubulin. Thus, these data indicate that in
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Fig. 1 Increased acetylated o-tubulin 24 h after oocyte collection.
a Immunostaining of aging oocytes with anti-Ac a-tubulin and anti-o-
tubulin antibodies revealed that during oocyte aging, the level of Ac

24 h
Time

o-tubulin and o-tubulin was increased until 24 h. b Summary of
quantification. Data are given as mean % + SEM. Ac o-tubulin
showed a greater increase than o-tubulin itself
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addition to the amount of o-tubulin, its acetylation status
changes along with oocyte aging, providing a new insight
into the mechanism underlying abnormal acetylation dur-
ing oocyte aging.

Dynamics of lysine acetylation in oocytes

As previously mentioned, lysine is acetylated by HATs and
deacetylated by HDACs. How is lysine acetylation regu-
lated in the oocyte? In general, fresh oocytes show extre-
mely low levels of acetylation both for histone and
a-tubulin [23, 24]. However, once oocyte activation occurs,
they show hyperacetylation. Consistently, we have showed
that a pan-acetyl-K antibody, which recognizes acetylated
lysine in a wide range of sequence contexts such as acet-
ylated histones, p53, CBP, PCAF and so on, strongly
labeled microtubules and nuclei after oocyte activation,
which was even more enhanced under TSA [25]. We also
found that HDAC activity was significantly reduced after
oocyte activation. Interestingly, a 3 h TSA treatment of
activated oocytes resulted in more accumulation of acety-
lated lysine than a 3 h TSA treatment of unactivated
oocytes, suggesting that increased HAT activities may be
induced after oocyte activation [25]. Thus, lysine acetyla-
tion status in oocytes is precisely regulated at a low level,
which dynamically increases coupled to oocyte activation.

How can a lower level of lysine acetylation in fresh
oocytes be achieved? Actually ovulated oocytes are rich in
multiple HDACs including HDACI, 2, 3, 4, 6, 8 and 9, for
which expression is reduced before the 4-cell stage [26].
Further, class Il HDACs (Sirtl ~7) are also abundantly
expressed, which are also reduced at the 2-cell stage [26,
27]. Actually, only 3 h of TSA treatment are required for
unactivated oocytes to become hyperacetylated in the
cytoplasm and spindle [25]. Thus, only fresh oocytes are
especially rich in HDACs which guarantee a low acetyla-
tion status, suggesting the important roles in the mainte-
nance of oocyte quality and reprogramming during zygotic
stage.

Requirements of HDACs for normal oocyte
maturation and embryonic development

Accumulating data suggest that HDACs play pivotal roles
during oocyte meiosis and preimplantation development.
Inhibition of meiotic HDACs with TSA induces aneuploidy
in fertilized mouse oocytes resulting in embryonic death in
utero at an early stage of development [28]. Even after
fertilization, inhibition of HDACs with TSA during the
one-cell stage leads to reducing embryonic developmental
rates [29-31]. It is noted that inhibition of HDACSs during
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the one-cell stage show a surprising improvement in
embryonic development after somatic-cell nuclear transfer
(SCNT) [32]. Referring to each HDAC, HDAC?2 regulates
chromosome segregation and kinetochore function via
H4K16 deacetylation during oocyte maturation in the
mouse [33]. HDAC6 is a HDAC detected in the cytoplasm
of germinal vesicle (GV) stage oocytes and 1-cell embryos,
of which ectopic expression alters the nuclear structure and
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Fig. 2 Effect of HDAC inhibitors on spindle shape 24 h after oocyte
collection. These were visualized with DAPI and anti-acetylated
lysine antibody. a Immunostaining of aging oocytes with anti-Ac K
antibody at 24 h revealed that NAM treatment maintained compact
spindle formation at MII but that TSA treatment partially prevented
spindle elongation associated with microtubule loss in spindles.
b Summary of quantification of the length of spindles compared with
freshly collected oocytes (0 h)
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causes premature compaction of the chromatin through its
ubiquitin-binding activity but not deacetylase activity [34].
In contrast, HDACI1 is expressed at low levels in MII
oocytes and 1-cell embryos, but at high levels in 2-cell and
4-cell embryos. Thus, HDACI is the major zygotically
activated HDAC, with the most number of interactions
with other genes in a gene network for mouse 2-cell
embryos. This activity suggests that HDACI1 is the key
regulator of the correct patterns of gene expression
required for further development [35]. Further, sirtuins,
which are a class III HDAC, belonging to NAD+--depen-
dent protein deacetylase family, are also abundant in MII
oocytes [27]. Interestingly, inhibition of sirtuins by nico-
tinamide prevents some abnormalities of oocyte aging such
as the elongation of the spindle (Fig. 2), suggesting the
involvement of sirtuins in oocyte aging [13]. Furthermore,
Sirt3 protects mouse preimplantation embryos against
oxidative stress-induced p53-mediated developmental
arrest [27]. Thus, multiple HDACs are involved in meiosis
and embryonic development, of which correct regulation is
essential for normal development.

Concluding remarks

In this review, we introduced ideas about abnormal lysine
acetylation associated with postovulatory oocyte aging and
the roles of HDACs in oocyte and embryos. Abnormal
histone acetylation and DNA methylation of oocytes are
also associated with advanced maternal age [9]. Thus, the
epigenetic status of oocytes is not static, but rather dynamic,
and easily changes with aging, possibly affecting the
developmental potential of embryos. As mentioned above,
HDACS are abundant in oocytes and 1-cell stage, suggest-
ing the importance of their roles during this time period.
The current view demonstrates that multiple HDACs cor-
rectly regulate the acetylation status of histone and non-
histone proteins in fresh oocytes. A lack of regulation then
leads to an imbalance of acetylation, and essentially,
hyperacetylation in aged oocytes. Future studies should
address the mechanism underlying lysine acetylation
activity and develop methods to control it in order to
increase the efficiency of reproduction from aged oocytes.
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