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ABSTRACT Sirtuins have been widely reported to be
involved in multiple biological processes; however,
their function in oocyte meiosis has not been. Here, by
confocal scanning and quantitative analysis, we show
that specific depletion of Sirt2 in mouse oocytes results
in spindle defects and chromosome disorganization
(35.5�8.7 vs. 9.6�3.8% control; P<0.05), with im-
paired microtubule-kinetochore interaction. Moreover,
knockdown and overexpression experiments reveal
that Sirt2 modulates the acetylation status of histone
H4K16 and �-tubulin in oocytes, which may in part
mediate the defective phenotypes described above by
influencing microtubule dynamics and kinetochore
function. Finally, we find lower Sirt2 protein level in
oocytes from aged mice by immunoblotting and that
maternal age-associated meiotic defects can be amelio-
rated through overexpression of Sirt2 (33.2�5.1% old
vs.12.7�5.2% old�Sirt2; P<0.05), providing support
for the hypothesis that decreased Sirt2 is one of a number
of factors contributing to oocyte age-dependent deficits.
In summary, our data indicate a role for Sirt2 during
oocyte meiosis and uncover a striking beneficial effect of
increased Sirt2 expression on aged oocytes.—Zhang, L.,
Hou, X., Ma, R., Moley, K., Schedl, T., Wang, Q. Sirt2
functions in spindle organization and chromosome
alignment in mouse oocyte meiosis. FASEB J. 28,
1435–1445 (2014). www.fasebj.org
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A common cause of female infertility is poor oocyte
quality. In mammals, oocytes are arrested within ovar-
ian follicles at the diplotene stage of the first meiotic
prophase, which is also termed germinal vesicle (GV)
stage. Following stimulation by pituitary luteinizing
hormone (LH), fully grown oocytes reinitiate meiosis,
as indicated by GV breakdown (GVBD). Microtubules
then organize into the specialized barrel-shaped bipo-

lar spindle, with all the chromosomes aligned at the
spindle equator, and proceed through the reductional
meiosis I (MI) division, extruding the first polar body
(Pb1), followed by formation of the meiosis II (MII)
spindle, with arrest at metaphase of MII until fertiliza-
tion (1, 2). During meiotic maturation, accurate con-
trol of spindle assembly and chromosome organization
is necessary to produce a healthy oocyte. Errors at any
number of steps in this process can lead to the gener-
ation of aneuploid eggs. Fertilization of aneuploid eggs
in humans is a main cause of pregnancy loss and, if
survival occurs to term, will result in developmental
disabilities (3). One of the most well-known causes is
chromosomal and spindle defects, which become much
more prevalent with advancing maternal age and are
considered the major factors responsible for the in-
creased incidence of miscarriage and birth defects in
women over 35 yr of age (4–6). Although various
molecules and pathways have been proposed to con-
tribute to age-associated deficits in oocyte meiosis,
mechanisms that modulate the meiotic apparatus re-
main to be discovered, and management of fertility
issues associated with advancing maternal age contin-
ues to be a challenge.

Sirtuins are NAD-dependent deacetylases that are
highly conserved from bacteria to humans. In mammals
the sirtuin family comprises 7 proteins (Sirt1–Sirt7),
which vary in tissue specificity, subcellular localization,
enzymatic activity and targets (7). The founding mem-
ber Sirt1 has been the most extensively investigated.
Lines of studies showed that Sirt1 is involved in tran-
scriptional regulation, chromatin modification, energy
metabolism and aging through deacetylating histone
H3/H4 or nonhistone substrates, such as PGC-1� and
LXR� (8–10). To date, SIRT2 has been linked to the
regulation of mitotic progression (11), oxidative stress
response (12), microtubule dynamics (13), chromatin
condensation (14) and cell migration (15). Sirt3, Sirt4
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and Sirt5 are found in the mitochondrial matrix and
may directly control the activity of metabolic enzymes;
they have crucial roles in the metabolic adaptation to
dietary conditions, such as calorie restriction and fast-
ing (16–18). More recently, it became apparent that
Sirt3 also affects oxidative stress defense by protecting
cells from reactive oxygen species (ROS) (19–21).
Compared with Sirt1-Sirt5, not much is known about
the physiology of Sirt6 and Sirt7. They were reported to
have a role in genome maintenance and transcriptional
activation (22–25). All the sirtuins are expressed in
mouse and porcine oocytes (21, 26), thus potentially
having important roles in oocyte development and
function. In addition, resveratrol, initially found as an
activator of yeast Sir2, was shown to protect against
age-associated infertility in mice (27). Overall, sirtuins
are implicated in multiple critical biological processes,
yet their role during oocyte meiosis remains unknown.
While investigating the role of each of the sirtuins in
mouse oocyte development employing a morpholino
(MO) knockdown (KD) screen, we discovered the
involvement of Sirt2 in the regulation of spindle assem-
bly and chromosome organization during meiosis, and
report our findings here.

MATERIALS AND METHODS

All chemicals and culture media were purchased from Sigma
(St. Louis, MO, USA) unless stated otherwise.

Mice

ICR mice were used in all experiments. To generate a natural
aging mouse model, 42–45 wk old female mice (near the end
of their reproductive life span) were selected. All experiments
were approved by the Animal Care and Use Committee of
Nanjing Medical University and were performed in accor-
dance with institutional guidelines.

Antibodies

Rabbit polyclonal anti-Sirt2, mouse monoclonal anti-�-tubu-
lin-FITC, and anti-acetyl-tubulin (Lys-40) antibodies were
purchased from Sigma; rabbit polyclonal anti-�-actin, rabbit
polyclonal anti-Myc, and rabbit monoclonal H4K16ac anti-
bodies were purchased from Abcam (Cambridge, MA, USA);
Human anti-centromere CREST antibody was purchased
from Fitzgerald Industries International (Concord, MA,
USA); rabbit polyclonal H3K9ac and H4K12ac antibodies
were purchased from Cell Signaling Technology (Beverly,
MA, USA); and rabbit polyclonal H3K14ac antibody was
obtained from Epigentek Group Inc. (Brooklyn, NY, USA).
FITC-conjugated goat anti-rabbit IgG and TRITC-conjugated
goat anti-rabbit IgG were purchased from Thermo Fisher
Scientific (Rockford, IL, USA). Cy5-conjugated goat anti-
human IgG and Cy5-conjugated goat anti-rabbit IgG were
purchased from Jackson ImmunoResearch Laboratory (West
Grove, PA, USA).

Oocyte collection and culture

Female mice (young 6–8 wk; old 42–45 wk) were used for
oocyte collection. To collect fully grown GV oocytes, mice

were superovulated with 5 IU pregnant mare serum gonado-
tropin (PMSG) by intraperitoneal injection, and 48 h later,
cumulus-enclosed oocytes were obtained by manual ruptur-
ing of antral ovarian follicles. Cumulus cells were removed by
repeatedly pipetting. For in vitro maturation, GV oocytes were
cultured in M2 medium under mineral oil at 37°C in a 5%
CO2 incubator.

To collect ovulated MII oocytes, mice received an injection
of 5 IU human chorionic gonadotropin (hCG) 2 d after
PMSG priming. Oocytes were recovered from oviduct ampul-
lae 13.5 h after hCG treatment, and cumulus cells were
removed by incubating briefly in 1 mg/ml hyaluronidase.

Plasmid construction and mRNA synthesis

Total RNA was extracted from 100 mouse oocytes using the
Arcturus PicoPure RNA Isolation Kit (Applied Biosystems,
Foster City, CA, USA), and the cDNA was generated with
QIAquick PCR Purification Kit (Qiagen, Düsseldorf, Ger-
many). The following primers were used to amplify the CDS
sequence of Sirt2: forward primer, 5=-GGGGGCCGGCCG
TCTCGGCCTCTTCTTGT-3=, and reverse primer, 5=-GGGGGCG-
CGCCGCCTGTTGTCTGGGAAT-3=. PCR products were pu-
rified, digested with FseI and AscI (New England Biolabs,
Beverly, MA, USA), then cloned into the pCS2� vector with 6
Myc tags.

For the synthesis of Myc-Sirt2 mRNA, the Sirt2-pCS2�

plasmids were linearized by NotI. Capped cRNAs were made
using in vitro transcription with SP6 mMessage mMachine
(Ambion, Austin, TX, USA) according to the manufacturer’s
instruction, and then purified by RNeasy Micro Kit (Qiagen).
Synthesized RNA was portioned into aliquots and stored at
�80°C.

Sirt2 KD and overexpression

Microinjections of morpholino or mRNA, with a Narishige
(Tokyo, Japan) microinjector, were used to knock down or
overexpress Sirt2 in mouse oocytes, respectively.

For overexpression experiments, 10 pl Myc–Sirt2 mRNA
solution (10 ng/�l) was injected into cytoplasm of GV
oocytes. The same amount of RNase-free PBS was injected as
control.

For KD experiments, Sirt2 MO targeting initiation of
translation 5=-TCGGGACTGTCACCG ACTGCTCTGT-3=
(Gene Tools, Philomath, OR, USA) was diluted with water to
give a stock concentration of 1 mM, and then 2.5 nl MO
solution was injected into oocytes. An MO standard control
was injected as control.

After injections, oocytes were arrested at the GV stage in
M2 medium supplemented with 2.5�M milrinone for 20 h to
facilitate either KD of Sirt2 mRNA translation or permit Sirt2
overexpression, then washed 3 times in milrinone-free M2
medium, and cultured for 3 h to evaluate meiotic resumption
(GVBD) or 14 h to determine the maturation status (Pb1
extrusion).

Western blotting

A pool of �150 oocytes was lysed in Laemmli sample buffer
containing protease inhibitor and then subjected to 10%
SDS-PAGE. The separated proteins were transferred to a
PVDF membrane. Membranes were blocked in TBS contain-
ing 0.1% Tween 20 and 5% low-fat dry milk for 1 h and then
incubated with primary antibodies as follows: rabbit anti-Sirt2
antibody (1:800) and rabbit anti-Myc antibody (1:1000). After
multiple washes in TBS containing 0.1% Tween 20 and
incubation with HRP-conjugated secondary antibodies. The
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protein bands were visualized using an ECL Plus Western
Blotting Detection System (GE Healthcare, Little Chalfont,
UK). The membrane was then washed and reblotted with
anti-�-actin antibody (1:10,000) for loading control.

Immunofluorescence

Oocytes were fixed with 4% paraformaldehyde for 30 min and
then permeabilized with 0.5% Triton X-100 for 20 min.
Following blocking in 1% BSA-supplemented PBS for 1 h,
samples were incubated overnight at 4°C with primary anti-
bodies as follows: anti-H3K9ac antibody, anti-H3K14ac anti-
body, anti-H4K12ac antibody, anti-H4K16ac antibody, FITC-
conjugated anti-tubulin antibody. To detect kinetochores,
oocytes were colabeled with CREST (1:500) according to the
previous protocol (28). Chromosomes were evaluated by
staining with propidium iodide (PI; red) or Hoechst 33342
(blue) for 10 min. As PI is a DNA intercalater, and labels all
double-stranded nucleic acids; so DNase free RNase from
Boehringer (Ingelheim, Germany) at 25 mg/ml was added to
the PI solution to get rid of the RNA. After 3 washes in PBS,
oocyte samples were mounted on antifade medium (Vectashield;
Vector Laboratories, Burlingame, CA, USA) and then exam-
ined under a laser scanning confocal microscope (LSM 710;
Carl Zeiss, Oberkochen, Germany) equipped with the �40 or
�63 oil objectives. Hoechst 33342 was visualized using a
405-nm laser (�Em 461 nm), FITC was visualized using a
488-nm laser (�Em 519 nm), TRITC and PI were visualized
using a 561-nm laser (�Em 617 nm), and Cy5 was visualized
using a 639-nm laser (�Em 670 nm). ImageJ software (U.S.
National Institutes of Health, Bethesda, MD, USA) was used
to quantify the intensity of fluorescence, as described previ-
ously (29).

Chromosome spread

Chromosome preparations for MII oocytes were as described
previously (30). In brief, oocytes were treated with 1% sodium
citrate for 20 min, individually transferred to a glass slide, and
then fixed with several drops of 3 parts methanol to 1 part
acetic acid. After air drying and nuclear staining, the chro-
mosomes were observed by fluorescence microscopy.

Statistical analysis

Data are presented as means 	 sd, unless otherwise indi-
cated. Statistical comparisons were made with Student’s t test
and ANOVA when appropriate. Quantitative data were ana-
lyzed with Prism 5 software (GraphPad, San Diego, CA, USA).
Values of P 
 0.05 were considered to be significant.

RESULTS

Sirt2 KD adversely affects meiotic progression

To explore the function of Sirt2, fully grown oocytes
were microinjected with specifically designed MO
(Sirt2 MO); a sham MO standard was injected as
control. After injections, oocytes were arrested at the
GV stage in medium supplemented with milrinone for
20 h, during which the MO blocked endogenous Sirt2
mRNA translation. Then oocytes were washed in milri-
none-free medium and cultured until the appropriate
time points to analyze meiotic progression. Immuno-
blotting confirmed that Sirt2 protein level was knocked
down (Fig. 1A). After 3 h culture, both control and
Sirt2-KD groups resume meiosis normally, indicated by
the similar GVBD rate (91.9	5.2 vs. 93.3	6.6% con-
trol; P�0.05; Fig. 1C). However, only 45.8% of Sirt2-KD
oocytes (n�138) extruded Pb1 at 14 h, which was
significantly reduced compared to control MO-injected
oocytes (89.6%, n�162; Fig. 1B, D). Thus, more than
half of Sirt2-KD oocytes failed to complete MI and
form Pb1 (Fig. 1B, red arrowheads). In a small
number of cases where a meiotic division appears to
have been completed, a symmetrical “2-cell-like” egg
was observed (Fig. 1B, black arrowhead), a pheno-
type that was �3 times more prevalent than in
control oocytes. Together, these results suggest that
Sirt2 is essential for oocyte maturation and meiotic
divisions.

Figure 1. Effects of Sirt2 KD on oocyte maturation. Fully grown oocytes microinjected with Sirt2-MO were arrested at GV stage
with milrinone for 20 h to block mRNA translation, washed in milrinone-free medium, and then cultured for 3 and 14 h to
evaluate the rate of GVBD and Pb1 extrusion. A sham-MO standard was injected as control. A) KD of endogenous Sirt2 protein
expression after Sirt2-MO injection was verified by Western blot analysis. B) Phase-contrast images of control MO-injected and
Sirt2-KD oocytes. Red arrowheads indicate oocytes that fail to extrude a polar body; black arrowheads indicate oocytes with
apparent symmetrical division. Scale bar � 100 �m. C, D) Quantitative analysis of GVBD rate (C) and Pb1 extrusion rate (D)
in control (n�162) and Sirt2-KD (n�138) oocytes. Graph shows means 	 sd of results obtained in 3 independent experiments.
*P 
 0.05 vs. control.
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Localization of Sirt2 on the meiotic spindle

To further define the cellular events in which Sirt2 is
involved during meiotic maturation, we examined its
localization at different stages of mouse oocyte develop-
ment using immunofluorescence microscopy. As shown
in Fig. 2A, at GV stage, Sirt2 uniformly resides in the
cytoplasm and nucleus of GV oocytes. Remarkably, as the
oocytes enter into metaphase, Sirt2 becomes concen-
trated on the spindle region. During anaphase and telo-
phase, Sirt2 continues to associate with the meiotic spin-
dle region, especially with the midbody (arrows), a
structure formed by the bundled microtubules originally
from polar microtubules after metaphase. To confirm the
above observations, we performed the double staining to
evaluate the spatial relationship between Sirt2 and spin-
dle. Metaphase oocytes labeled with Sirt2 and �-tubulin
antibodies clearly showed the overlapping fluorescence
signals, indicating that Sirt2 is enriched on the meiotic
spindle (Fig. 2B).

Sirt2 functions in spindle formation and
chromosome organization

The specific positioning of Sirt2 to the spindle led us to
hypothesize that Sirt2 plays a regulatory role in the

meiotic apparatus and thus explore the consequences
of Sirt2 ablation in oocytes. For this purpose, Sirt2 was
knocked down by MO microinjection, and then oocytes
were immunolabeled with anti-tubulin antibody to vi-
sualize the spindle and costained with PI for chromo-
somes. By performing confocal scanning and quantita-
tive analysis, we found that most control MO-injected
oocytes at metaphase presented with a typical barrel-
shape spindle and well-aligned chromosomes on the
metaphase plate (Fig. 3Aa). Only 9.6 	 3.8% of control
oocytes displayed the abnormal spindle and chromo-
somes (n�142; Fig. 3B). In striking contrast, a high
frequency of spindle defects and chromosome disorga-
nization was readily observed in Sirt2-KD oocytes
(35.5	8.7%, n�128; Fig. 3B), showing diverse mal-
formed spindles (Fig. 3Ab, c; arrowheads) and multipo-
lar spindles (Fig. 3Ad, arrowheads), with the displace-
ment of one or several chromosomes from equator
(Fig. 3A, arrows). Notably, another severe phenotype of
Sirt2-KD oocytes is that the spindle was not even
formed, with the presence of irregular chromatin lump
(Fig. 3Ae, arrows). These findings suggest that, in many
cases, Sirt2-depleted oocytes cannot properly organize
the meiotic spindle and align the meiotic chromo-
somes.

In addition, to further confirm whether the spindle
defects and chromosome misalignment in Sirt2-KD
oocytes would act to generate aneuploid eggs, we
analyzed the karyotype of MII oocytes by chromosome
spreading. As shown in Fig. 3C, D, aneuploidy was
observed in 23.9% of Sirt2-KD oocytes, which is signif-
icantly higher than control cells (6.8%).

Sirt2 KD impairs kinetochore-microtubule interaction

Coordination between spindle maintenance and chro-
mosome movement largely relies on kinetochore mi-
crotubule dynamics, which in turn is responsible for the
generation of tension across sister kinetochores in
mammalian mitosis (31). We, therefore, asked whether
interkinetochore tension was defective in Sirt2-KD
oocytes by measuring the distance between kineto-
chores in each bivalent. To test this, we immunolabeled
MI oocytes with CREST to detect kinetochores, with
anti-tubulin antibody to visualize the spindle and
costained with Hoechst 33342 for chromosomes, as
shown in Fig. 4A. We found that interkinetochore
spacing was reduced in Sirt2-KD oocytes compared with
control cells (average�1.21	0.56 �m compared with
1.85	0.32 �m in control cells; Fig. 4B).

Simultaneously, we investigated the stability of kinet-
ochore microtubules in the Sirt2-KD oocytes. Oocytes
were briefly chilled at 4°C to induce depolymerization
of microtubules that were not stably attached to kinet-
ochores. We noticed that kinetochores were invariably
attached to the microtubules in control oocyte (Fig. 4A;
arrows); conversely, usually 3–5 unattached kineto-
chores can be detected in Sirt2-KD oocyte (Fig. 4A;
arrowheads). Collectively, these findings are indicative
of, in Sirt2-KD oocytes, reduction in the pulling forces

Figure 2. Confocal imaging analysis of the Sirt2 localization during
oocyte meiosis. A) Oocytes at GV, metaphase, and telophase stages
were immunolabeled with Sirt2 antibody (green) and counter-
stained with PI to visualize DNA (red). Arrows indicate Sirt2 signal.
B) Double labeling of metaphase oocytes with Sirt2 antibody (red)
and �-tubulin antibody (green), and counterstaining of DNA with
Hoechst 33342 (blue), confirming the Sirt2 localization on the
meiotic spindle. Scale bars � 30 �m.
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across kinetochores and the stability of kinetochore
microtubules, which could, at least in part, contribute
to the chromosome alignment failure observed in our
experiments.

Sirt2 KD leads to the hyperacetylation of H4K16
and �-tubulin

The effects of Sirt2 KD on spindle formation and
chromosome alignment prompted us to consider the
potential deacetylation targets in oocytes that might
mediate this process. To date, a few substrates have
been reported in different tissue and cell types. Cyto-
solic Sirt2 can function as an �-tubulin deacetylase and
is suggested to have a role in oligodendroglial differen-
tiation (13, 32). In the nucleus, Sirt2 acts as a histone
deacetylase to regulate chromatin compaction and cell
cycle (10, 33). Sirt2 also can deacetylate partitioning
defective 3 homologue (PAR3) in Schwann cells to con-
trol myelin formation (34). In addition, Sirt2 may have
roles in metabolic homeostasis by deacetylating phos-

phoenolpyruvate carboxykinase (PEPCK) and FOXO1
(35, 36).

Histone and �-tubulin appear to be the potential
targets that could account for the phenotype of
Sirt2-KD oocytes, because of the following properties:
the acetylation status of histones is associated with
various aspects of chromosome structure; and �-tubulin
is a major component of the spindle. We thus first
examined whether global levels of acetylation on spe-
cific histone residues were affected in Sirt2-KD oocytes.
Unexpectedly, knockdown of Sirt2 resulted in a specific
and drastic increase of H4K16 acetylation (mean fluo-
rescence intensity 41.8	10.2 pixels compared with
9.6	1.6 pixels in control cells; Fig. 5G, H), whereas
H3K9, H3K14 and H4K12 acetylation levels remained
unchanged (Fig. 5A–F). Of note, hypoacetylation of
H4K16 is critical to maintain kinetochore function in
both mitotic cells and mammalian oocytes (37, 38).

Tubulin is one of the most abundant nonhistone
proteins that is subjected to acetylation, which occurs
on lysine-40 of the �-tubulin subunit (39, 40). �-Tubu-

Figure 3. Sirt2 knockdown causes spindle defects and chromosome misalignment in oocyte meiosis. A) Control MO-injected and
Sirt2-KD oocytes were stained with �-tubulin antibody to visualize the spindle (green) and counterstained with PI to visualize
chromosomes (red). a) Control MII oocytes present a typical barrel-shape spindle and well-aligned chromosomes on the
metaphase plate. b–e) Spindle defects (arrowheads) and chromosome misalignment (arrows) were readily observed in Sirt2-KD
MII oocytes. Representative confocal sections are shown. B) Quantification of control and Sirt2-KD oocytes with spindle defects
or chromosome misalignment. Data are expressed as mean 	 sd percentage from 3 independent experiments in which �120
oocytes were analyzed. C) Chromosome spread of control and Sirt2-KD MII oocytes. Representative negative fluorescence
micrographs of euploid control oocytes and aneuploid Sirt2-KD oocytes. D) Incidence of aneuploidy in control and Sirt2-KD
oocytes: 30 control oocytes and 38 Sirt2-KD oocytes were analyzed. Scale bars � 20 �m. *P 
 0.05 vs. controls.
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lin acetylation serves as a marker for the presence of
stable microtubules, may affect the activity of microtu-
bule-associated proteins and microtubule-based motors
(40–43). Since Sirt2 appears to be spatially correlated
with spindle microtubules during oocyte meiosis, it is
possible that Sirt2 regulates spindle function by directly
deacetylating �-tubulin. To test this, we next evaluated
the effects of Sirt2 depletion on the state of tubulin
acetylation by staining oocytes with anti-acetylated �-tu-
bulin antibody. We found that the acetylation levels of

�-tubulin were significantly increased in Sirt2-KD
oocytes in comparison with controls (mean fluores-
cence intensity 48.2	13.7 pixels compared with 27.4	
6.9 pixels in control cells; Fig. 6A, B). Note that high
levels of acetylated �-tubulin and H4K16 are correlated
with abnormal spindle morphology and chromosome
alignment, in more than 70% of affected oocytes, while
the fluorescence intensity measurements shown were
determined in all Sirt3-KD oocytes (Figs. 5G and 6B);
thus, the levels of acetylated �-tubulin and H4K16 in
affected oocytes are likely to be even larger. Altogether,
KD of Sirt2 induced hyperacetylation of both H4K16
and �-tubulin in mouse oocytes, which could conse-
quently result in spindle disorganization and chromo-
some congress failure via disturbing microtubule net-
work and kinetochore function.

Sirt2 overexpression ameliorates maternal
age-associated oocyte meiotic defects

It is well documented that female fertility decreases
with advanced maternal age due to chromosomal and
spindle abnormality in oocytes (6). To explore whether
Sirt2 is involved in the maternal age-associated meiotic
defects, the following three experiments were con-
ducted.

First, we performed Western blot analysis of oocytes
isolated from young (6–8 wk) and aged (45–58 wk)
mice, respectively. For brevity, these oocytes are called
“young oocytes” and “old oocytes” here. Interestingly,
we found that Sirt2 levels decrease in old oocytes
compared to their young controls (Fig. 7A), suggesting
that such a reduction may contribute to the penetrance
of observed meiotic defects in old oocytes.

Next, we performed overexpression experiments to
test whether enhancing Sirt2 expression in old oocytes
could rescue their meiotic phenotypes. Exogenous
Myc-Sirt2 mRNA was injected into old GV oocytes,
which were arrested for 20 h with milrinone to allow
synthesis of new Sirt2 protein. The oocytes were then
washed and matured in normal medium to check their
spindle and chromosome organization. Immunoblot-
ting with anti-Myc Tag antibody confirmed that exoge-
nous Myc-Sirt2 protein was efficiently overexpressed
(Fig. 7B). Confocal analysis revealed that 90.9 	 3.5%
(n�118) of ovulated MII oocytes obtained from young
mice exhibited normal spindle formation and chromo-
some alignment (with only 9.1% abnormal); however,
36.9 	 7.8% (n�108) of MII oocytes retrieved from
aged mice showed spindle defects or misaligned chro-
mosomes. Importantly, these abnormalities were only
detected in 12.7 	 5.2% (n�102) of old oocytes with
Sirt2 overexpression, which is significantly decreased as
compared to those old oocytes injected with PBS
(33.2	5.1%, n�110) (Fig. 7C, D).

Finally, we also assessed the acetylation status of
H4K16 and �-tubulin in young oocytes and old oocytes,
as well as old oocytes overexpressing Sirt2. Our data
demonstrated that, compared to young oocytes, both
H4K16 and tubulin acetylation were markedly in-

Figure 4. Sirt2-KD oocytes display impaired microtubule-
kinetochore interaction. A) Control and Sirt2-KD MI oocytes
were labeled with CREST to detect kinetochore (purple) and
�-tubulin antibody to visualize spindle (green) and counter-
stained with Hoechst 33342 for chromosomes (blue). Repre-
sentative confocal sections are shown. Images (top and mid-
dle panels) and enlargements (bottom panels) correspond to
the merge of selected focal planes. Arrows indicate bioriented
and attached kinetochores; arrowheads show defective and
unattached kinetochores. Bottom panels show enlarged view
of boxed areas in middle panels. B) Box plot of interkineto-
chore distance (in micrometers) measured in oocytes as
indicated. Horizontal lines are the median; 12 control oocytes
and 10 Sirt2-KD oocytes were analyzed respectively. Quantita-
tive data were analyzed with Prism 5 software (GraphPad).
*P 
 0.05 vs. controls.
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creased in old oocytes; however, Sirt2 overexpression
was able to restore their acetylation to approximately
normal levels, as shown in Fig. 7E–H. Taken together,
these results suggested that Sirt2 overexpression lowers
H4K16 and �-tubulin acetylation levels in old oocytes
and reduces the penetrance of maternal age-associated
meiotic defects.

DISCUSSION

The studies presented here were designed to investi-
gate the functions of Sirt2 during oocyte meiosis. We
found spindle defects and chromosome misalignment,
with deficient microtubule-kinetochore interaction, on
specific KD of Sirt2 in mouse oocytes. Moreover, we
discovered that Sirt2 controls the acetylation state of
both �-tubulin and histone H4K16 in oocytes, which
are critical for maintaining spindle morphology and
kinetochore function. Finally, we provide strong evi-
dence that Sirt2 is a key factor impacting oocyte aging.

Sirt2, H4K16/�-tubulin deacetylation, and
spindle/chromosome organization

Although all sirtuins are expressed in mouse oocytes
(21), their function during mammalian oocyte meiosis
was not known. Here we demonstrated that Sirt2 is
important for proper spindle formation and chromo-
some organization (Fig. 3). In support of this conclu-
sion, similar to findings with mitotic cells (13, 44), we
observe enrichment of Sirt2 protein on the meiotic
apparatus—the spindle and midbody during oocyte
maturation— presumably for its function in the meiotic
divisions (Fig. 2). Furthermore, our data indicate that
Sirt2 action in spindle/chromosome organization is

likely mediated through histone H4K16 and �-tubulin
deacetylation.

As revealed by our KD and overexpression experi-
ments (Figs. 5–7), Sirt2 controls the level of H4K16 and
�-tubulin acetylation in mouse oocytes. Both H4K16
and �-tubulin have been shown to be preferred sub-
strates of Sirt2 during mitosis in somatic cells (10, 13).
Studies suggest that H4K16ac inhibits folding of the
chromatin fiber and, therefore, Sirt2 deactetylase activ-
ity facilitates the formation of high-order chromatin
organization (45, 46). Furthermore, histone hyper-
acetylation can interfere with kinetochore assembly by
disrupting pericentromeric heterochromatin in so-
matic cells (47). In budding yeast, which has 125-bp
point centromeres (in contrast to 0.1- to 5-Mbp re-
gional centromeres in fission yeast and humans), hy-
poacetylation of H4K16 is crucial for maintaining ki-
netochore function (37, 38). Of note, pulling forces
across kinetochores are apparently defective, and the
stability of kinetochore-microtubule is reduced in
Sirt2-KD oocytes (Fig. 4). Thus, these findings support
the notion that Sirt2 depletion-induced H4K16 hyper-
acetylation may compromise kinetochore function,
thereby contribute to the misaligned chromosome phe-
notype we observed in oocytes.

The microtubule network is formed by the polymer-
ization of �- and �-tubulin heterodimers (48). Regula-
tion of the microtubule dynamics and organization is
essential for bipolar spindle assembly and function.
Tubulin subunits are subjected to numerous post-
translational modifications, including tyrosination,
phosphorylation, polyglycylation and acetylation (49).
Tubulin acetylation occurs on Lys-40 of the �-tubulin
subunit (40). Acetylated �-tubulin is abundant in stable
microtubules but is absent in dynamic subcellular struc-

Figure 5. Sirt2 KD induces H4K16 hyperacetylation in oocytes. Metaphase II oocytes were immunolabeled with a panel of
antibodies against different acetylated histones (green), and counterstained with PI to visualize chromosomes (red). A)
Representative images of acetylated H3K9 (H3K9ac) in control and Sirt2-KD oocytes. B) Quantification of the data shown in A.
C) Representative images of acetylated H3K14 (H3K14ac) in control and Sirt2-KD oocytes. D) Quantification of the data shown
in C. E) Representative images of acetylated H4K12 (H4K12ac) in control and Sirt2-KD oocytes. F) Quantification of the data
shown in E. G) Representative images of acetylated H4K16 (H4K16ac) in control and Sirt2-KD oocytes. H) Quantification of the
data shown in G. For each histone variant, �30 oocytes for each group were analyzed, and the experiments were conducted 3
times. Bars represent means 	 sd. *P 
 0.05 vs. controls.
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tures, such as the leading edges of the fibroblasts and
neuronal growth cones (40, 42). Recent studies showed
that tubulin acetylation restricts the number of proto-
filaments in nematode touch receptor neurons, which
suggests that tubulin acetylation is involved in microtu-
bule organization (50, 51). Tubulin acetylation has also
been reported to influence the ability of microtubules
to bind microtubule-associated proteins (MAPs) and
motor proteins and, hence, may regulate microtubule
stability and function (52–54). Acetylated microtubules
have been observed in mouse oocytes (55, 56); how-
ever, their function(s) in meiosis are not clear. Here,
we revealed that Sirt2 modulates the acetylation levels
of �-tubulin in mouse oocytes and, correspondingly,
spindle disorganization was detected in Sirt2-KD
oocytes (Fig. 3, 6, and 7). It remains unknown how
�-tubulin hyperacetylation, induced by Sirt2 KD, is
related to the observed oocyte spindle defects. A plau-

sible hypothesis is that hyperacetylation increases mi-
crotubule stability, disrupting spindle microtubule dy-
namics necessary for chromosome segregation and/or
alters binding of tubulin to associated proteins.

We propose that KD of Sirt2 induces hyperacetyla-
tion of �-tubulin and H4K16, which in turn impairs
microtubule stability and kinetochore function and
results in oocyte meiotic spindle defects and chromo-
some misalignment. Our data do not distinguish
whether �-tubulin, H4K16, or both mediate the meiotic
phenotypes. We also cannot rule out that Sirt2 may act
on other substrates, for example cohesins, in its func-
tion during oocyte maturation. Additional experiments
will be required to understand Sirt2 function in these
processes.

Sirt2 and oocyte aging

A hallmark of animal development is an age-related
decrease in fertility. In mammals, this condition is
largely attributed to females producing eggs of reduced
developmental competence, particularly with chromo-
somal and spindle abnormalities (57, 58). Multiple
factors appear to contribute to the maternal age effect,
for example inefficient spindle assembly checkpoint
control and loss of sister chromatid cohesion (59).
However, additional factors are likely to contribute and
their identification will be important for the clinical
management of fertility issues associated with maternal
age. In the present study, we observed that Sirt2 protein
levels are reduced in old mouse oocytes, which display
increased frequency of MII spindle defects and mis-
aligned chromosomes. Through overexpression of
Sirt2 the oocyte meiotic defects where ameliorated,
with the tubulin and histone acetylation levels restored
(Fig. 7). Both weakened kinetochore function and
compromised histone deacetylation have been pro-
posed to contribute to the meiotic defects observed
with oocyte aging (60–62), consistent with our find-
ings. Recently, Selesniemi et al. (63) have reported that
caloric restriction or loss of metabolic regulator
PGC-1� improves oocyte quality in aged female mice.
Dissection in greater depth of the molecular pathways
mediating the effects of Sirt2 on oocyte aging, such as
the possible interaction between Sirt2 and PGC-1�,
deserves further investigation.

In addition, genetic studies revealed that Sirt2�/

�mice displayed normal embryonic and postnatal de-
velopment (33, 64, 65), whereas their fertility issues
have not been fully characterized and reported. It is
also worthy of note that, despite that Sirt3-knockout
mice were suggested to be viable and fertile (66),
embryos derived from Sirt3�/� eggs showed the signif-
icantly decreased fertilization and blastocyst formation
rates, regardless of the paternal genotype (21). Hence,
our ongoing research is to systematically analyze oocyte
quality and the related reproductive phenotypes using
Sirt2 knockout and transgenic mice model.

In summary, our data indicate a role for Sirt2 during
oocyte maturation and uncover the striking beneficial

Figure 6. Increased acetylation of �-tubulin in Sirt2-KD
oocytes. Metaphase II oocyte were immunolabeled with acety-
lated �-tubulin antibody (green), and chromosomes were
counterstained with PI (red). A) Representative images of
acetylated �-tubulin in control MO-injected and Sirt2-KD
oocytes. B) Quantification of the data shown in A. Experi-
ments were conducted 3 times, and �30 oocytes for each
group were analyzed. Bars represent means 	 sd. Scale bars �
15 �m. *P 
 0.05 vs. control.
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effects of Sirt2 overexpression on aged oocytes, which
opens a new area for understanding mechanisms as
well as assessing oocyte quality. Furthermore, addi-
tional studies are warranted to evaluate the therapeutic
utility of sirtuin manipulation for fertility issues associ-
ated with maternal aging.
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