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ABSTRACT

Esco1 has been reported to function as a cohesion
establishment factor that mediates chromosome co-
hesion and segregation in mitotic cells. However,
its exact roles in meiosis have not been clearly de-
fined. Here, we document that Esco1 is expressed
and localized to both the nucleus and cytoplasm
during mouse oocyte meiotic maturation. Depletion
of Esco1 by siRNA microinjection causes the mei-
otic progression arrest with a severe spindle ab-
normality and chromosome misalignment, which is
coupled with a higher incidence of the erroneous
kinetochore–microtubule attachments and activation
of spindle assembly checkpoint. In addition, deple-
tion of Esco1 leads to the impaired microtubule
stability shown by the weakened resistance ability
to the microtubule depolymerizing drug nocodazole
and the decreased level of acetylated �-tubulin. Con-
versely, overexpression of Esco1 causes hyperacety-
lation of �-tubulin and spindle defects. Moreover,
we find that Esco1 binds to �-tubulin and is re-
quired for its acetylation. The reduced acetylation
level of �-tubulin in Esco1-depleted oocytes can be
restored by the ectopic expression of exogenous
wild-type Esco1 but not enzymatically dead Esco1-
G768D. Purified wild-type Esco1 instead of mutant
Esco1-G768D acetylates the synthesized peptide of
�-tubulin in vitro. Collectively, our data assign a
novel function to Esco1 as a microtubule regulator
during oocyte meiotic maturation beyond its conven-
tional role in chromosome cohesion.

INTRODUCTION

Meiosis is a specific cell division cycle, which includes a sin-
gle round of DNA replication, followed by two successive

rounds of chromosome segregation (meiosis I and meiosis
II). During meiosis I homologous chromosomes segregate
while sister chromatids are still attached to each other; af-
ter meiosis II sister chromatids finally segregate (1,2). Cor-
rect chromosome segregation requires sister chromatid co-
hesion, which is formed during replication by the cohesin
protein complex (3).

The cohesin complex links DNA molecules and plays key
roles in the organization, expression, repair and segrega-
tion of eukaryotic genomes. Cohesin is loaded onto chro-
mosomes prior to DNA replication, but loading alone is
not sufficient for cohesin-dependent tethering of replicated
chromosomes (4–8). The loaded cohesin requires an ad-
ditional ‘establishment’ step that involves the acetylation
of a pair of lysine residues within Smc3 by the evolution-
arily conserved cohesin acetyltransferases (9–14). In bud-
ding yeast, Eco1 is the acetyltransferase that establishes sis-
ter chromatid cohesion during DNA replication (15–18).
In addition, Eco1 mutation that genocopies Roberts syn-
drome has impaired DNA damage repair, reduced ribo-
somal DNA (rDNA) transcription and aberrant gene ex-
pression pattern (17,19). In vertebrates, both Esco1 and
Esco2 are establishment determinants which modify co-
hesin’s Smc3 subunit to establish sister chromatid cohe-
sion during S phase, but differ in their N-terminal domains
and expression during development and across the cell cy-
cle (19–25). Also, Esco1 and Esco2 differ dramatically in
their interaction with chromatin, as Esco1 is recruited by
cohesin to over 11,000 sites, whereas Esco2 is infrequently
enriched at REST/NRSF target genes (26). A recent re-
port proposed that cohesion establishment is critically de-
pendent upon Esco2, while Esco1-dependent modification
of Smc3 modulates the non-cohesive activities of cohesin,
such as DNA repair, transcriptional control and chromo-
some loop formation (27).

There is increasing evidence suggesting that Esco1 is also
involved in tumorigenesis. Esco1 might play an important
role in human cancers, and serve as a novel target and prog-
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nosis factor for human bladder cancer (28). This is a pre-
diction that Esco1 probably participates in many other bio-
logical events other than chromosome cohesion. Therefore,
more functions and substrates of Esco1 need to be explored.
Especially, the roles of Esco1 in meiosis have not been fully
defined.

In this report, we find that Esco1 is required for �-tubulin
acetylation and microtubule stability, which thereby ensures
normal spindle assembly and proper chromosome align-
ment to orchestrate the mouse oocyte meiotic progression.
Our findings also suggest that Esco1 has a novel function
beyond chromosome cohesion during oocyte meiosis.

MATERIALS AND METHODS

Antibodies

Rabbit polyclonal anti-Esco1 antibody was purchased from
Santa Cruz Biotechnology (Dallas, TA, USA; Cat#:sc-
135051); Rabbit polyclonal anti-Esco2 antibody was pur-
chased from Bethyl Laboratories (Montgomery, TX, USA:
Cat#: A301-689A-T); mouse monoclonal anti-�-tubulin-
fluorescein isothiocyanate (FITC) antibody and mouse
monoclonal anti-acetyl-�-tubulin (Lys 40) antibody were
purchased from Sigma (St Louis, MO, USA; Cat#: F2168,
T7451); human anti-centromere antibody was purchased
from Antibodies Incorporated (Davis, CA, USA; Cat#:
15-234); Rabbit polyclonal anti-histone H3 antibody was
purchased from Abcam (Cambridge, MA, USA; Cat#:
ab1791); Rabbit monoclonal anti-Gapdh antibody was pur-
chased from Cell Signaling Technology (Danvers, MA,
USA; Cat#: 2118); HRP-conjugated Streptavidin anti-
body was purchased from Jackson ImmunoResearch Lab-
oratories (West Grove, PA, USA; Cat#: 016-030-084);
FITC-conjugated goat anti-rabbit IgG (H + L), TRITC-
conjugated goat anti-rabbit IgG (H + L) and FITC-
conjugated goat anti-mouse IgG (H + L) were purchased
from Zhongshan Golden Bridge Biotechnology Co., LTD
(Beijing, China).

Oocyte collection and culture

All experiments were approved by the Animal Care and Use
Committee of Nanjing Agricultural University, China and
were performed in accordance with institutional guidelines.
Female ICR mice (4–6 weeks) were sacrificed by cervical
dislocation after intraperitoneal injections of 5 IU pregnant
mare serum gonadotropin for 46 h. Fully-grown oocytes ar-
rested at prophase of meiosis I were collected from ovaries
in M2 medium (Sigma, St Louis, MO, USA). Only those
immature oocytes displaying a germinal vesicle (GV) were
cultured further in M16 medium (Sigma, St Louis, MO,
USA) under liquid paraffin oil at 37◦C in an atmosphere of
5% CO2 incubator for in vitro maturation. At different time
points after culture, oocytes were collected for subsequent
analysis.

SiRNA interference

Fully grown GV-intact oocytes were microinjected with
5–10 pl of non-targeting or Esco1-targeting siRNA

(Genepharma, Shanghai, China) in M2 medium con-
taining 2.5 �M milrinone. The working concentration
of siRNA was 25 uM. To facilitate the degradation of
mRNA by siRNA, microinjected oocytes were arrested
at GV stage in M16 medium containing 2.5 �M mil-
rinone for 24 h, and then transferred to milrinone-free
M16 medium to resume the meiosis for further experi-
ments. Esco1 siRNA sequences: 5′-GCAUCAUGUUCAG
CUGAUATTUAUCAGCUGAACAUGAUGCTT -3′.

cRNA construct and in vitro transcription

Wild-type Esco1 cDNA was sub-cloned into
pcDNA3.1/RFP, pcDNA3.1/Flag or pcDNA3.1 vec-
tor, respectively. Esco1-G768D, �-tubulin, TubK40Q
or TubK40R cDNAs were sub-cloned into pcDNA3.1
vector, respectively. Capped cRNA was synthesized from
linearized plasmid using T7 mMessage mMachine kit
(ThermoFisher), and purified with MEGAclear kit (Ther-
moFisher). Typically, 10–12 pl of 0.5–1.0 �g/�l cRNA was
injected into oocytes and then arrested at the GV stage
in M16 medium containing 2.5 �M milrinone for 6 h,
allowing enough time for translation, followed by releasing
into milrinone-free M16 medium for further study. For the
overexpression, more than 2.5 �g/ul cRNA was injected
into oocytes.

Immunofluorescence and confocal microscopy

Oocytes were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) (pH 7.4) for 30 min and permeabi-
lized in 0.5% Triton-X-100 for 20 min at room tempera-
ture. Then, oocytes were blocked with 1% bovine serum
albumin-supplemented PBS for 1 h and incubated with anti-
Esco1 (1:50), anti-acetyl-�-tubulin (Lys-40) (1:100), anti-�-
tubulin-FITC (1:300) or anti-centromere (1:200) antibod-
ies at 4◦C overnight. After washing four times (5 min each)
in PBS containing 1% Tween 20 and 0.01% Triton-X 100,
oocytes were incubated with an appropriate secondary an-
tibody for 1 h at room temperature. After washing three
times, oocytes were counterstained with Hoechst 33342 (10
�g/ml) for 10 min. Finally, oocytes were mounted on glass
slides and observed under a confocal laser scanning micro-
scope (Carl Zeiss 700).

For measurement of immunofluorescent intensity, the
signals from both control and experimental oocytes were
acquired by performing the same immunostaining proce-
dure and setting up the same parameters of confocal mi-
croscope. Data were analyzed by Image J software.

Immunoprecipitation and immunoblotting analysis

Immunoprecipitation was carried out using 800 oocytes ac-
cording to the Instructions for ProFound Mammalian Co-
Immunoprecipitation Kit (ThermoFisher).

For immunoblotting, a pool of 120 oocytes was lysed in
4 × Lithium Dodecyl Sulfate (LDS) sample buffer (Ther-
moFisher, Waltham, MA, USA) containing protease in-
hibitor, and then separated on 10% Bis-Tris precast gels and
transferred onto Polyvinylidene difluoride (PVDF) mem-
branes. The blots were blocked in TBST (Tris-buffred saline
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containing 0.1% Tween 20) containing 5% low fat dry milk
for 1 h at room temperature and then incubated with anti-
Esco1 antibody (1:1000), anti-acetyl-�-tubulin antibody
(1:1000) or anti-Flag antibody (1:500) overnight at 4◦C. Af-
ter three times of washes in TBST, the blots were incubated
with 1:10 000 dilution of HRP (Horse Radish Peroxidase)
conjugated secondary antibodies for 1 h at room tempera-
ture. Chemiluminescence was detected with ECL Plus West-
ern Blotting Detection System (GE, Piscataway, NJ, USA)
and protein bands were visualized by Tanon-3900. The blots
were then stripped and reblotted with anti-Gapdh antibody
(1:5000) for loading control.

Purification of Flag-tagged proteins

Full-length Esco1 and mutant Esco1-G768D cDNAs were
sub-cloned into pcDNA3.1/Flag vector, respectively, and
then transfected into HEK293 cells for protein expression.
Cells were lysed in lysis buffer (50 mM Tris–HCl pH8.0, 150
mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate)
and clarified lysates were incubated with anti-Flag M2
agarose beads (Sigma, St Louis, MO, USA; Cat#: F2426).
Then, beads were washed 4 × in wash buffer (PBS, 0.005%
NP-40), followed by elution with PBS containing 200 �g/ml
Flag peptide (Sigma, St Louis, MO, USA; Cat#: F4799)
and an aliquot of the eluate was analyzed by coomassie
staining and western blotting.

In vitro acetylation assay

The Peptide of �-tubulin (Biotin-31QPDGQMPSDKTIGG
GDDSFN50) was synthesized by Qiangyao Biotech (Shang-
hai, China). For in vitro acetylation assay, 1 �g of �-tubulin
peptide was incubated with 250 ng of purified Esco1-Flag
or Esco1-G768D-Flag in 50 �l of acetyltransferase assay
buffer (50 mM Tris–HCl pH8.0, 10% glycerol, 10 mM
butyric acid, 0.1 mM ethylenediaminetetraacetic acid, 1
mM Dithiothreitol (DTT) and 1 mM Phenylmethanesul-
fonyl fluoride (PMSF)) with or without 10 �M Ac-CoA
(Sigma) at 30◦C for 1 h on a rotating platform. The reac-
tion was then stopped by adding sodium dodecyl sulphate-
polyacrylamide gel electrophoresis loading buffer and an-
alyzed by western blotting with anti-acetyl-�-tubulin (Lys
40) antibody.

Statistical analysis

All percentages from at least three repeated experiments
were expressed as mean ± SEM, and the number of oocytes
observed was labeled in parenthesesas (n). Data were an-
alyzed by paired-samples t-test, which was provided by
GraphPad Prism5 statistical software. The level of signifi-
cance was accepted as P < 0.05.

RESULTS

Esco1 localizes to both chromosomes and cytoplasm during
mouse oocyte meiotic maturation

To investigate the role of Esco1 during mouse oocyte mei-
otic maturation, we first examined its protein expression
and subcellular localization pattern. The protein levels of

Esco1 corresponding to different developmental stages dur-
ing meiotic maturation were examined by western blotting,
showing that the amount of Esco1 was increasingly reduced
with the meiotic progression (Figure 1A and Supplemen-
tary Figure S1). Microinjection of Esco1-RFP cRNA re-
vealed that Esco1-RFP was predominantly localized to the
chromosomes, but also distributed in the cytoplasm, espe-
cially on the spindle apparatus (Figure 1B). This spindle-
localization pattern was confirmed by the immunofluores-
cence analysis of endogenous Esco1 by antibody staining
(Supplementary Figure S2). To further verify the distribu-
tion of Esco1, we isolated the germinal vesicles from GV
oocytes and then tested the presence of Esco1 in the nu-
cleus and cytoplasm by western blotting (Figure 1C). As
shown in Figure 1D, the blots were probed with anti-H3 an-
tibody as an indicator of nucleus fraction and probed with
anti-Gapdh antibody as an indicator of cytoplasm fraction.
From the blot probed with anti-Esco1 antibody, we ob-
served that the robust bands of Esco1 were present in the
GV as well as the cytoplasm without the GV correspond-
ing to the intact oocytes (Figure 1D), demonstrating that
a pool of Esco1 indeed localizes in the cytoplasm during
oocyte meiosis.

Depletion of Esco1 impairs the normal meiotic progres-
sion and provokes spindle assembly checkpoint during oocyte
meiosis

To clearly define the function of Esco1, loss-of-function
experiments via gene-targeting siRNA microinjection were
performed to silence Esco1 in the oocytes. After injection,
oocytes were arrested at the GV stage in medium with mil-
rinone for 24 h to fully degrade Esco1 mRNA. A significant
reduction of Esco1 protein level was observed in Esco1-
depleted oocytes compared to controls by both immunoflu-
orescence and western blotting analysis (Figure 2A and
Supplementary Figure S3), revealing that Esco1 was suc-
cessfully depleted by RNAi. Also, depletion of Esco1 did
not affect the localization and protein level of Esco2 (Sup-
plementary Figure S4). During oocyte meiotic maturation,
oocytes experience a series of consecutive events including
germinal vesicle breakdown (GVBD), spindle assembly and
chromosome alignment at the metaphase plate, homolo-
gous chromosome segregation, first polar body extrusion
(PBE), and then arrest at metaphase II stage waiting for fer-
tilization. To figure out if depletion of Esco1 has effects on
the meiotic resumption, the rates of GVBD and PBE were
examined after knockdown. The statistical result revealed
that GVBD was not affected after Esco1 depletion (83.4 ±
2.3%, n = 134 versus 85.2 ± 2.1%, n = 145 control; Sup-
plementary Figure S5), but the ratio of PBE was remark-
ably lower in Esco1-depleted oocytes than that in control
oocytes (43.8 ± 4.6%, n = 222 versus 75.3 ± 3.0%, n =
171 control, P < 0.01; Figure 2B and C), indicating Esco1
is required for mouse oocyte meiotic progression. To rule
out the possibility that the meiotic failure we observed was
caused by the off-target effect of siRNA, we expressed the
exogenous Esco1 in Esco1-depleted oocytes and found that
PBE rate was increased to the level indistinguishable from
the controls (65.4 ± 2.8%, n = 173, P < 0.05; Figure 2B and
C).



2338 Nucleic Acids Research, 2018, Vol. 46, No. 5

Figure 1. Protein expression and subcellular localization of Esco1 during mouse meiotic maturation. (A) Protein levels of Esco1 at specific time point
corresponding to various developmental stages during meiotic maturation: 0 h, GV; 4 h, Pro-M I (prometaphase I); 8 h, M I (metaphase I); 10 h, T I
(telophase I); 12 h, M II (metaphase II). The blots were probed with anti-Esco1 antibody and anti-Gapdh antibody, respectively. (B) Mouse oocytes at
GV, Pro-M I, M I, T I and M II stages were microinjected with Esco1-RFP cRNA (red) and counterstained with Hoechst (blue). Images were acquired
under the confocal microscope. Scale bar, 20 �m. The relative fluorescent intensity of Esco1 signals in the nucleus/cytoplasm in GV oocytes was 0.35.
(C) Representative image of the oocyte before and after isolation of GV. Scale bar, 40 �m. (D) Protein levels of Esco1 in intact oocytes, cytoplasm and
GV (nucleus). The blots were probed with anti-Esco1 antibody, anti-H3 antibody and anti-Gapdh antibody, respectively. The relative gray value of Esco1
bands in the nucleus/cytoplasm was 0.32.
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Figure 2. Depletion of Esco1 causes meiotic arrest and activation of SAC
in M I oocytes. (A) Protein levels of Esco1 in control and Esco1-KD
(siRNA microinjected) oocytes. The blots were probed with anti-Esco1 an-
tibody and anti-Gapdh antibody, respectively. (B) Representative images of
PBE in control, Esco1-KD and Esco1-rescue oocytes. Scale bar, 200 �m.
(C) Quantitative analysis of PBE rate in control, Esco1-KD and Esco1-
rescue oocytes. Data were presented as mean percentage (mean ± SEM)
of at least three independent experiments. *P < 0.05, **P < 0.01. (D) The
localization of BubR1 in control and Esco1-KD oocytes at Pro-M I and
M I stages. Oocytes were immunostained with anti-BubR1 antibody and
counterstained with Hoechst. Scale bar, 2.5 �m.

A higher rate of meiotic arrest in the absence of Esco1
suggests that spindle assembly checkpoint (SAC) might be
activated. To gain insight into this issue, mouse oocytes
from control and Esco1-depleted groups were firstly im-
munostained with the antibody of BubR1, an integral
part of SAC, to indicate the SAC activation. In controls,
BubR1 was localized to the unattached kinetochores at
pro-metaphase I stage, but lost this localization pattern at
metaphase I stage when kinetochores are properly attached
(Figure 2D). However, Esco1 depletion remained the kine-
tochore localization of BubR1 at metaphase I stage, indica-
tive of activation of SAC (Figure 2D).

Esco1 maintains correct spindle assembly, chromosome align-
ment and kinetochore–microtubule attachments in oocytes

In most cases SAC is activated when spindle assembly and
chromosome alignment suffer from the damage. To test
this, metaphase I oocytes were immunolabeled with anti-
�-tubulin antibody to observe the spindle morphologies
and counterstained with Hoechst to visualize the chromo-
some alignment. As expected, control oocytes at metaphase
I stage usually showed a typical barrel-shape spindle with
the well-aligned chromosomes at the equator (Figure 3A).
By striking contrast, we found a higher percentage of spin-
dle organization defects (60.8 ± 2.1%, n = 105 versus 20.6
± 2.4%, n = 99 control, P < 0.001; Figure 3A and B) and
chromosome alignment failure (48.4 ± 2.8%, n = 105 ver-
sus 19.3 ± 0.5%, n = 99 control, P < 0.001; Figure 3A and
D) in Esco1-depleted oocytes, displaying a majority of short
or wide-polar spindles with one or several scattered or lag-
ging chromosomes (short: 30.3 ± 3.1%, n = 105 versus 5.1 ±
1.0%, n = 99 control, P < 0.01; wide-polar: 24.8 ± 1.3%, n =
105 versus 9.4 ± 2.2%, n = 99 control, P < 0.01; elongated:
5.7 ± 1.5%, n = 105 versus 6.1 ± 0.4%, n = 99 control; Fig-
ure 3A and C). The defects of spindle formation were con-
firmed by timepoint imaging spanning the entire meiosis I
(2 h: 16.1 ± 3.1%, n = 31 versus 0%, n = 30 control; 4 h: 26.8
± 2.0%, n = 34 versus 2.8 ± 2.8%, n = 34 control, P < 0.01;
6 h: 44.3 ± 3.0%, n = 35 versus 8.7 ± 0.7%, n = 35 control,
P < 0.001; 8 h: 53.9 ± 3.9%, n = 37 versus 21.1 ± 2.0%, n =
33 control, P < 0.01; 10 h: 57.4 ± 1.8%, n = 35 versus 23.9
± 1.7%, n = 38 control, P < 0.001; Supplementary Figure
S6A and B) and can be restored by expressing exogenous
Esco1 (control: 19.4 ± 0.6%, n = 32, P < 0.001; Esco1-KD:
56.4 ± 4.0%, n = 30; Esco1-rescue: 34.1 ± 4.2%, n = 30, P <
0.05; Supplementary Figure S7A and B). Furthermore, we
measured the width of chromosome plate at M I stage and
found it remarkably wider in Esco1-depleted oocytes over
the controls (19.8 ± 1.2 �m, n = 105 versus 12.7 ± 1.2 �m,
n = 99 control, P < 0.05; Figure 3E).

The remarkably higher frequency of misaligned chromo-
somes implied that the compromised K-MT attachments
might occur in Esco1-depleted oocytes. To directly visual-
ize the K–MT interaction, we immunostained kinetochores
with CREST and microtubules with anti-�-tubulin anti-
body following cold treatment which could depolymerize
the unstable microtubules that are not attached to kineto-
chores. By confocal scanning we found that in most of con-
trol oocytes kinetochores at the well-aligned chromosome
remained fully attached by the microtubule fibers after cold
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Figure 3. Depletion of Esco1 results in spindle assembly, chromosome alignment and K-M attachment abnormalities during meiotic maturation. (A)
Representative images of spindle morphologies and chromosome alignment in control and Esco1-KD oocytes. Oocytes were immunostained with anti-�-
tubulin-FITC antibody to visualize spindles and counterstained with Hoechst to visualize chromosomes. Scale bar, 20�m. (B) The rate of aberrant spindles
was recorded in control and Esco1-KD oocytes. (C) The rates of short, wide polar and elongated spindles were recorded in control and Esco1-KD oocytes.
(D) The rate of misaligned chromosomes was recorded in control and Esco1-KD oocytes. (E) The width of M I plate was measured in control and Esco1-
KD oocytes. (F) Representative images of kinetochore–microtubule attachments in control and Esco1-KD oocytes. Oocytes were immunostained with
anti-�-tubulin-FITC antibody to visualize spindles, with CREST to visualize kinetochores and counterstained with Hoechst to visualize chromosomes.
Scale bar, 5 �m. (G) The rate of defective kinetochore–microtubule attachments was recorded in control and Esco1-KD oocytes. Data of (B), (C), (D), (E)
and (G) were presented as mean percentage (mean ± SEM) of at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

treatment (Figure 3F and G). However, in Esco1-depledted
oocytes, a significantly increased proportion of scattered
kinetochores with very few cold-stable microtubules were
observed by performing quantitative analysis (57.9 ± 1.5%,
n = 57 versus 27.6 ± 1.4%, n = 58 control, P < 0.001; Fig-
ure 3F and G). These K–MT attachment errors would in-
evitably result in the establishment of unstable chromosome
biorientation, which is probably associated with the meiotic
defects observed in Esco1-depledted oocytes.

Esco1 binds to �-tubulin and is essential for its acetylation to
regulate microtubule stability in oocytes

Impaired spindle assembly in the absence of Esco1
prompted us to further examine the involvement of Esco1

in the microtubule stability. To verify this hypothesis, we
tested the microtubule resistance to the microtubule depoly-
merizing drug nocodazole. In control oocytes, 5 min after
nocodazole treatment, although spindle morphologies were
collapsed, microtubule fibers still persisted (Figure 4A).
In striking contrast, following the same treatment, micro-
tubules were completely depolymerized in Esco1-depleted
oocytes, showing the weakened microtubule stability in
these oocytes (Figure 4A).

We next determined the acetylated level of �-tubulin on
Lys 40, a marker of stabilized microtubules, to assess the
microtubule stability in oocytes. The immunostaining was
carried out using anti-acetylated tubulin antibody which
recognizes an epitope located on the �-tubulin within four
residues of Lys 40 when this amino acid is acetylated.



Nucleic Acids Research, 2018, Vol. 46, No. 5 2341

Figure 4. Depletion of Esco1 impairs microtubule stability in mouse oocytes. (A) Representative images of microtubules before and after 5 min of treatment
with nocodazole in control and Esco1-KD oocytes. Oocytes were immunostained with anti-�-tubulin-FITC antibody to visualize microtubules and coun-
terstained with Hoechst to visualize chromosomes. Scale bar, 5 �m. (B) Representative images of acetylated �-tubulin in control, Esco1-KD, Esco1-resuce
and Esco1-G768D oocytes. Oocytes were immunostained with anti-acetylated �-tubulin antibody and counterstained with Hoechst to visualize chromo-
somes. Scale bar, 20 �m. (C) The immunofluorescence intensity was recorded in control, Esco1-KD, Esco1-resuce and Esco1-G768D oocytes. Data were
presented as mean percentage (mean ± SEM) of at least three independent experiments. **P < 0.01, ***P < 0.001. (D) Protein levels of acetylated �-tubulin
in control, Esco1-KD, Esco1-resuce and Esco1-G768D oocytes were determined by western blotting. The blots of control and Esco1-KD oocytes were
probed with anti-Esco1, anti-acetylated �-tubulin and anti-Gapdh antibodies, respectively. (E) Co-IP was performed to determine the interaction between
Esco1 and �-tubulin. Oocyte lysates were incubated with IgG and anti-Esco1 antibody, respectively, followed by incubation with protein G beads. The blots
of IP eluates were probed with anti-�-tubulin and anti-Esco1 antibodies, respectively. (F) Reciprocal Co-IP was performed with IgG and anti-�-tubulin
antibody, respectively. The blots of IP eluates were probed with anti-Esco1 and anti-�-tubulin antibodies, respectively.
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The result showed that Esco1-depleted oocytes displayed
a markedly decreased fluorescent intensity of acetylated �-
tubulin compared to control oocytes (72.2 ± 3.2, n = 39 ver-
sus 126.8 ± 4.3, n = 45 control, P < 0.001; Figure 4B and C).
Also, the reduced acetylation level of �-tubulin in Esco1-
depleted oocytes could be restored by ectopic expression of
exogenous wild-type Esco1 rather than enzymatically dead
Esco1-G768D (110.4 ± 7.6, n = 30 versus 76.7 ± 6.4, n =
30, P < 0.01; Figure 4B and C). The measurement of flu-
orescent intensity of �-tubulin indicated that the changes
of acetylated �-tubulin in Esco1-depleted and Esco1-rescue
oocytes were not due to the alteration of total amount of
microtubules (control: 91.2 ± 7.6, n = 32; Esco1-KD: 87.6
± 3.5, n = 30; Esco1-rescue: 96.6 ± 6.5, n = 35; Supplemen-
tary Figure S7A and C). The fluorescence data was further
verified by the western blotting analysis (Figure 4D), sug-
gesting that acetyltransferase activity of Esco1 is essential
for �-tubulin acetylation. Moreover, we performed Co-IP
to determine the interaction between Esco1 and �-tubulin.
Immunoprecipitation was first performed with Esco1 an-
tibody. The blot of IP eluate probed by Esco1 antibody
showed that Esco1 was specifically present in the antibody
group instead of IgG control group (Figure 4E), suggesting
that the complex containing Esco1 was pulled down in the
eluate. Meanwhile, the blot probed by �-tubulin antibody
also showed the exclusive presence of �-tubulin in the an-
tibody group (Figure 4E). Reciprocally, Esco1 was specif-
ically present in the IP eluate which was pulled down by
�-tubulin antibody (Figure 4F), indicating that Esco1 in-
teracts with �-tubulin in oocytes.

We further expressed the acetylation mutants of �-
tubulin in Esco1-depleted oocytes to test whether the abnor-
mal spindle assembly is caused by the defective acetylation
of �-tubulin on Lys 40. The result showed that expression of
whether TubK40Q acetylmimic mutant or TubK40R non-
acetylatable mutant into wild-type oocytes would compro-
mise the normal spindle formation, indicating that mainte-
nance of acetylation level of �-tubulin is critical for micro-
tubule stability (control: 17.7 ± 2.9%, n = 40; TubK40R:
35.0 ± 1.7%, n = 37, P < 0.01; TubK40Q: 54.6 ± 6.1%,
n = 39, P < 0.01; Supplementary Figure S8). Notably,
TubK40Q but not TubK40R mutation restored the aber-
rant spindle assembly (control: 20.0 ± 1.9%, n = 90, P
< 0.001; Esco1-KD: 57.8 ± 2.9%, n = 82; Esco1-KD +
TubK40R: 51.1 ± 4.8%, n = 80; Esco1-KD + TubK40Q:
30.0 ± 5.1%, n = 85, P < 0.01; Figure 5A and B) and mis-
aligned chromosomes in Esco1-depleted oocytes (control:
17.7 ± 2.3%, n = 90, P < 0.01; Esco1-KD: 55.5 ± 6.2%, n =
82; Esco1-KD + TubK40R: 48.9 ± 2.9%, n = 80; Esco1-KD
+ TubK40Q: 33.3 ± 3.9%, n = 85, P < 0.05; Figure 5A and
C). However, expression of wild-type �-tubulin in Esco1-
depleted oocytes could not restore the spindle defects, sug-
gesting that lack of acetylated �-tubulin causes the spindle
defects in Esco1-depleted oocytes (control: 18.9 ± 1.1%, n
= 36, P < 0.001; Esco1-KD: 58.0 ± 3.0%, n = 37; Tub: 51.5
± 5.4%, n = 34; Supplementary Figure S9).

Taken together, these observations reveal that Esco1
plays an important role in spindle assembly via modulating
�-tubulin acetylation-mediated microtubule stability.

Overexpression of Esco1 leads to hyperacetylation of �-
tubulin and spindle defects

Because hyperacetylation of �-tubulin induced by depletion
of Hdac3 (29) or expression of TubK40Q acetylmimic mu-
tant perturb the spindle organization in oocytes (Supple-
mentary Figure S8), we wanted to test whether Esco1 over-
expression would have similar effects. Esco1-Flag cRNA
was injected into GV oocytes followed by culturing to M I
stage to perform the analysis. The expression of Esco1-Flag
was detected by the western blotting using Flag antibody,
showing the presence of band in the Esco1-overexpressed
oocytes instead of controls (Figure 6A). Immunostaining
and western blotting results revealed that overexpression
of Esco1 caused the considerable increase in the acetylated
level of �-tubulin compared to controls (139.8 ± 6.9, n = 36
versus 95.1 ± 4.2, n = 34 control, P < 0.01; Figure 6A–C).
Moreover, a large number of impaired spindles with elon-
gated or multipolar morphologies and misaligned chromo-
somes was observed in Esco1-overexpressed oocytes (spin-
dle: 67.9 ± 2.9%, n = 38 versus 19.4 ± 1.4%, n = 41 control,
P < 0.001; chromosome: 54.6 ± 4.6%, n = 38 versus 17.0 ±
1.7%, n = 41 control, P < 0.01; Figure 6D–F), consequently
resulting in the failure of PBE (47.3 ± 5.0%, n = 115 versus
75.8 ± 2.5%, n = 108 control, P < 0.01; Figure 6G).

Esco1 acetylates �-tubulin on Lys 40 in vitro

To ask whether Esco1 is able to acetylate �-tubulin on Lys
40 in vitro, both Esco1-Flag and enzymatically dead Esco1-
G768D-Flag were purified from HEK293 cells by Flag pu-
rification. The identity of purified proteins was confirmed
by both coomassie staining and western blotting with anti-
Esco1 antibody (Figure 7A). The synthesized peptide which
is composed of amino acid sequence from 31 to 50 of �-
tubulin with N-terminal biotin was identified by western
blotting analysis with streptavidin and mass spectrometry
(Figure 7B and Supplementary Figure S10). Then we per-
formed in vitro acetylation assay using the purified proteins
and synthesized peptide. The result showed that the pep-
tide of �-tubulin was acetylated on Lys 40 in the presence
of Esco1-Flag and Ac-CoA in an in vitro reaction system
(Figure 7C). Conversely, Esco1-G768D-Flag had no acetyl-
transferase activity toward the peptide of �-tubulin under
the same condition (Figure 7C). Thus, we conclude that
Esco1 could directly acetylate �-tubulin on Lys 40.

DISCUSSION

In budding yeast, there is only one acetyltransferase Eco1
that acetylates cohesion subunit Smc3 to establish chro-
mosome cohesion. However, in mammalian cells, it evolves
into two acetyltransferases Esco1 and Esco2 to exert this
function. Although Esco1 and Esco2 have redundant roles
in chromosome cohesion, they exert different functions in
other biological processes through their distinct substrates.
Compared to Esco2, Esco1 has not been well studied in
both mitosis and meiosis, especially regarding the functions
beyond chromosome cohesion.

To investigate the role of Esco1 in mouse oocytes, we
first of all detected its protein expression and subcellular
localization during meiotic progression. Unexpectedly, we
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Figure 5. TubK40Q rescues the defective spindle assembly and chromosome alignment in Esco1-depleted oocytes. (A) Representative images of spindle
morphologies and chromosome alignment in control, Esco1-KD, Esco1-KD + TubK40R and Esco1-KD + TubK40Q oocytes. Oocytes were immunos-
tained with anti-�-tubulin-FITC antibody to visualize spindles and counterstained with Hoechst to visualize chromosomes. Scale bar, 20�m. (B) The rate
of defective spindle assembly was recorded in control, Esco1-KD, Esco1-KD + TubK40R and Esco1-KD + TubK40Q oocytes. (C) The rate of misaligned
chromosomes was recorded in control, Esco1-KD, Esco1-KD + TubK40R and Esco1-KD + TubK40Q oocytes. Data of (B) and (C) were presented as
mean percentage (mean ± SEM) of at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

not only observed the chromosome localization of Esco1,
but also found a large amount of Esco1 in the cytoplasm,
with a special accumulation on the spindle apparatus. In
yeast, inactivation of Eco1 or Eso1 after S phase did not
affect sister chromatid cohesion (24,30,31). This result has
been generally interpreted as them being cohesion factors
involved in establishment. In mammalian females, cohesion
is established when meiotic DNA replication and recombi-
nation occur in fetal oocytes. After birth, oocytes arrest at
the prolonged dictyate stage until recruited to grow into ma-
ture oocytes that divide at ovulation, but bivalent cohesion
is maintained without detectable turnover (32,33). Coupled
with our observation that Esco1 is localized to both chro-
mosomes and spindles, we propose that Esco1 might have a
particular function during oocyte meiotic maturation.

To this end, loss-of-function experiments via gene-
targeting siRNA microinjection were performed to silence
Esco1 in the oocytes. The depletion caused a higher rate of
meiotic arrest, suggesting that SAC was activated and spin-
dle structure or chromosome alignment might be disrupted.
As expected, immunostaining result showed that SAC com-
ponent BubR1 persisted in residing on the kinetochores at
M I stage in Esco1-depleted oocytes, indicative of activa-
tion of SAC. Also various abnormal spindle morphologies

and misaligned chromosomes were observed, accompanied
by the defective K–M attachments, which resultantly pro-
voked the SAC.

The spindle defects in the absence of Esco1 prompted us
to further examine the involvement of Esco1 in the micro-
tubule stability. Our findings prove that depletion of Esco1
weakens the microtubule resistance to microtubule depoly-
merizing drug nocodazole. It has been shown that tubulin
acetylation increases the stability of microtubules to pro-
tect against mechanical breakage (34,35). We thus tested
the acetylation level of �-tubulin in Esco1-depleted oocytes.
Tubulin acetylation that occurs on Lys-40 of the �-tubulin
subunit is found in both somatic cells and mouse oocytes as
an indicator of stabilized microtubules (36–39). Silencing of
histone deacetylases such as Hdac3 and Hdac6 modulates
the acetylation level of �-tubulin to promote spindle assem-
bly and meiotic process in oocytes (29,40). We find that de-
pletion of Esco1 resulted in the pronounced decrease in sig-
nals of acetylated �-tubulin by both immunofluorescence
and western blotting analyses. Meanwhile, overexpression
of Esco1 led to hyperacetylation of �-tubulin and spindle
defects, suggesting that the balance of acetylated level of �-
tubulin is critical for normal spindle assembly. Notably, our
findings demonstrate that Esco1 binds to �-tubulin and is
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Figure 6. Overexpression of Esco1 increases the acetylation level of �-tubulin and perturb the spindle assembly. (A) Protein levels of Esco1-Flag in con-
trol and Esco1-OE (overexpression) oocytes. The blots were probed with anti-Flag antibody, anti-acetyl-�-tubulin antibody and anti-Gapdh antibody,
respectively. (B) Representative images of acetylated �-tubulin in control and Esco1-OE oocytes. Oocytes were immunostained with anti-acetyl-�-tubulin
antibody and counterstained with Hoechst to visualize chromosomes. Scale bar, 20 �m. (C) The immunofluorescence intensity was recorded in control
and Esco1-OE oocytes. (D) Representative images of spindle morphologies and chromosome alignment in control and Esco1-OE oocytes. Oocytes were
immunostained with anti-�-tubulin-FITC antibody to visualize spindles and counterstained with Hoechst to visualize chromosomes. Scale bar, 20 �m.
(E) The rate of aberrant spindles was recorded in control and Esco1-OE oocytes. (F) The rate of misaligned chromosomes was recorded in control and
Esco1-OE oocytes. (G) Quantitative analysis of PBE rate in control and Esco1-OE oocytes. Data of (C), (E), (F) and (G) were presented as mean percentage
(mean ± SEM) of at least three independent experiments. **P < 0.01, ***P < 0.001.

required for its acetylation. Wild-type but not catalytically
dead mutation of Esco1 could rescue the reduced acety-
lation level of �-tubulin in depletion of Esco1. Further-
more, TubK40Q acetylmimic mutation but not TubK40R
non-acetylatable mutation rescued the defective spindle as-
sembly in the Esco1-depleted oocytes. Finally, we carried
out the in vitro acetylation assay using the purified proteins
and synthesized peptide to show that Esco1 directly acety-
lates �-tubulin on Lys 40. Therefore, these observations re-
veal that Esco1 plays an important role in the regulation of
microtubule stability via maintaining the acetylation of �-
tubulin.

It has been recently reported that Esco1 and Esco2 exert
distinct and separable activities of cohesin in somatic cells
(27). Esco1 is active throughout the cell cycle but has very
little effect on mitotic cohesion, while Esco2 modifies co-
hesin only during S phase and is a dominant determinant
of cohesion establishment (27). Thus, two distinct pathways
regulate cohesin in vertebrates: Esco2 is required for cohe-
sion between sister chromatids, and Esco1 promotes other

non-cohesive functions of cohesin, such as maintenance of
chromosome structure (27). In addition, Esco1 and Esco2
must have other unknown substrates because of their nature
of acetyltransferase. We have previously documented that
Esco2 modulates SAC and kinetochore functions to ensure
the euploidy of eggs via maintaining H4K16 acetylation sta-
tus during mouse oocyte meiosis (41). In the present study,
we identify �-tubulin as a new substrate of Esco1 in oocytes.
We find that Esco1 is essential for normal spindle assem-
bly and proper chromosome alignment by controlling �-
tubulin acetylation-mediated microtubule stability to pro-
mote the meiotic progression in meiosis. Although we can-
not rule out the possibility that Esco1 might contribute to
the post-replicative cohesion establishment or non-cohesive
activities of cohesin in oocyte meiosis because we indeed ob-
served the chromosome localization of Esco1 during oocyte
meiotic progression, our current observations assign a novel
meiotic function to Esco1 as a microtubule regulator.
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Figure 7. Purified Esco1 acetylates �-tubulin peptide in vitro. (A) Purification of Flag-tagged Esco1 proteins. Esco1 and enzymatically mutant Esco1-
G768D were expressed in HEK293 cells and then purified according to the Flag purification procedure. Purified Esco1-Flag and Esco1-G768D-Flag were
identified by coomassie staining and western blotting using anti-Esco1 antibody. (B) The synthesized peptide of �-tubulin was identified by western blotting
using Streptavidin-HRP. (C) In vitro acetylation assay with purified Esco1 proteins and synthesized peptide. Synthesized �-tubulin peptide was incubated
with or without purified Esco1-Flag, Esco1-G768D-Flag and Ac-CoA in the acetyltransferase assay buffer at 30◦C for 1 h. The reactions were analyzed
by western blotting with anti-acetyl-�-tubulin (Lys 40) antibody for acetylation levels of �-tubulin and Streptavidin-HRP as a loading control.
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