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Mcrsl regulates G2/M transition and spindle
assembly during mouse oocyte meiosis

Jia-Qian Ju'®, Zhen-Nan Pan

Abstract

Microspherule protein 1 (Mcrsl) is a component of the nonspecific
lethal (NSL) complex and the chromatin remodeling INO80 com-
plex, which participates in transcriptional regulation during mito-
sis. Here, we investigate the roles of Mcrs1 during female meiosis
in mice. We demonstrate that Mcrsl is a novel regulator of the
meiotic G2/M transition and spindle assembly in mouse oocytes.
Mcrsl is present in the nucleus and associates with spindle poles
and chromosomes of oocytes during meiosis I. Depletion of Mcrsl
alters HDAC2-mediated H4K16ac, H3K4me2, and H3K9me2 levels in
nonsurrounded nucleolus (NSN)-type oocytes, and reduces CDK1
activity and cyclin B1 accumulation, leading to G2/M transition
delay. Furthermore, Mcrsl depletion results in abnormal spindle
assembly due to reduced Aurora kinase (Aurka and Aurkc) and
Kif2A activities, suggesting that Mcrsl also plays a transcription-
independent role in regulation of metaphase | oocytes. Taken
together, our results demonstrate that the transcription factor
Mcrs1l has important roles in cell cycle regulation and spindle
assembly in mouse oocyte meiosis.
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Introduction
Female fertility requires high-quality (Richani &
Gilchrist, 2018). Oocytes present in ovarian follicles are arrested at
the first meiotic prophase, which is also known as the germinal vesi-
cle (GV) stage (Tan et al, 2009). Arrested oocytes accumulate many
transcripts and proteins to allow them to progress through meiosis
and to support early embryonic development, and there is almost
no transcriptional activity once oocytes enter meiosis (Inoue
et al, 2008). Chromatin in the GV of mouse oocytes undergoes
extensive remodeling and posttranslational modifications, which are
crucial for transcriptional regulation and remodeling of the oocyte
genome before meiosis resumes (De La Fuente, 2006; Kang &
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Han, 2011). Oocytes that are transcriptionally active can be identi-
fied by the presence of decondensed chromatin, called the nonsur-
rounded nucleolus (NSN) configuration, while those that have
completed this transcription are characterized by a tightly con-
densed chromatin ring surrounding the nucleolus, called the
surrounded nucleolus (SN) configuration (Miyara et al, 2003). This
synthesis and storage of transcripts prior to transcriptional silencing
is essential for oocytes to attain the ability to undergo meiosis,
known as meiotic resumption or the G2/M transition. Without it,
inhibition of transcriptional activity in oocytes may trigger defects in
their subsequent growth and maturation. Meiotic resumption is
morphologically characterized by germinal vesicle breakdown
(GVBD), the initial stage of oocyte maturation (Schmitt &
Nebreda, 2002). This process is regulated by various pathways,
which act in concert to activate the major regulator maturation pro-
motion factor (MPF), which is composed of cyclin-dependent kinase
1 (CDK1) and its co-activator cyclin B1 (Sun et al, 2009). Maturation
promotion factor is inactive when GV oocytes are arrested at pro-
phase I (Holt et al, 2013). In response to a surge of gonadotropin,
levels of cAMP rapidly drop, causing inactivation of protein kinase
A, which results in the activation of CDK1 due to its decreased
WeelB-mediated inhibitory phosphorylation at Thr14 and Tyrl5
(Han et al, 2005). Active CDK1 inhibits APC/C activity, allowing
accumulation of cyclin B1 and subsequent activation of MPF (Holt
et al, 2013). Meiotic progression is also closely associated with sev-
eral epigenetic changes, which regulate the transcriptional activa-
tion of meiotic genes. For example, histone H4 is globally
deacetylated during meiotic maturation (Kim et al, 2003), while H3
lysine 4 (H3K4; Hayashi et al, 2005) and lysine 9 (H3K9) methyla-
tion (Tachibana et al, 2007) dynamically changes during the early
stages of meiosis.

After GVBD, oocytes undergo meiotic spindle assembly, chro-
mosome segregation, cytokinesis, and polar body extrusion (PBE;
Pan & Li, 2019), before arresting at metaphase of the second mei-
otic division until fertilization (MacLennan et al, 2015). It is essen-
tial that bipolar spindle assembly occurs correctly because errors
in this process lead to mistakes in chromosome segregation and
resultant DNA damage and aneuploidies (Mogessie et al, 2018).
While spindle microtubules are primarily assembled from the cen-
trosome in mitotic cells (Meunier & Vernos, 2016), centrosomes
are eliminated before meiotic division in mouse oocytes (Szollosi
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et al, 1972). The lack of canonical centrosomes in mouse oocytes
leads to atypical modes of spindle assembly. (Mullen et al, 2019)
Two distinct pathways cooperate to assemble bipolar spindles.
Multiple acentriolar microtubule-organizing centers (aMTOCs)
serve as a major site of microtubule nucleation and functionally
replace centrosomes in mouse oocytes. aMTOCs contain several
pericentriolar material components, including pericentrin (Cara-
batsos et al, 2000), y-tubulin (Gueth-Hallonet et al, 1993) and its
partner NEDD1 (Ma et al, 2010), and CEP192. To form a bipolar
spindle, aMTOCs first fragment into numerous small MTOCs,
which then cluster to form a bipolar spindle. Inhibition of MTOC
fragmentation leads to spindle assembly defects, which delay chro-
mosome congression and expose oocytes to the risk of aneuploidy
(Clift & Schuh, 2015). In addition, chromatin-dependent mecha-
nisms of microtubule nucleation and spindle assembly by the small
GTPase Ran may also be important for acentrosomal spindle for-
mation. Active GTP-bound Ran is generated by the chromatin-
localized exchange factor RCC1 (Regulator of Chromosome Con-
densation 1; Petry, 2016). Thus, active Ran is present in a gradient
around chromosomes, resulting in activation of spindle assembly
factors such as TPX2, which participate in microtubule nucleation
(Meunier & Vernos, 2016). Activation of Aurora kinase A (Aurka)
by TPX2 is reportedly essential for Ran-stimulated spindle assem-
bly in the presence or absence of centrosomes (Tsai &
Zheng, 2005). In addition, Aurka regulates the MTOC number and
spindle length, as well as recruitment of y-tubulin to MTOCs dur-
ing oocyte meiosis (Solc et al, 2012).

Microspherule protein 1 is an evolutionarily conserved protein
originally identified in yeast (Ren et al, 1998). As a component of
the nonspecific lethal (NSL) complex, Mcrsl1 is involved in activa-
tion of ribosomal RNA transcription (Shimono et al, 2005) and reg-
ulation of RNA polymerase-II-dependent transcription (Andersen
et al, 2010). Mcrsl is also a core component of the INO80 chroma-
tin modification complex, which plays a key role in regulating the
cellular epigenetic landscape (Bao & Shen, 2007). Mcrsl controls
expression of bile acid transporter genes by evicting histone deace-
tylase 1 from its histone H3 anchoring sites and increasing histone
acetylation (Garrido et al, 2022). In addition, Mcrsl localizes to
the minus ends of kinetochore microtubules during mitosis
(Meunier & Vernos, 2011). The interaction between Mcrsl and the
mitotic kinase monopolar spindle 1 enhances recruitment of a
kinesin motor to the minus ends of spindle microtubules in order
to ensure accurate chromosome separation (Yang et al, 2019).
Mcrs1 has also been reported to enhance microtubule stability and
to interact with the key spindle assembly factor TPX2 (Meunier
et al, 2015). Although Mcrsl1 is involved in multiple biological pro-
cesses during mitosis, its role during meiosis I in oocytes has not
been elucidated.

Here, we investigated the function and regulation of Mcrs1 dur-
ing oocyte meiosis and maturation using knockdown (KD) and res-
cue approaches. We demonstrated that Mcrsl acts as a priming
signal for meiotic cell cycle progression by mediating histone modi-
fications and transcriptional regulation in NSN-type GV oocytes.
Furthermore, we found that Mcrsl localizes to spindle poles and
cooperates with Aurora kinases to regulate spindle assembly during
meiosis I in oocytes. These data provide the first evidence that
Mcrs1 plays a role during mouse oocyte meiosis.
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Results

Mcrsl is essential for meiotic resumption and maturation in
mouse oocytes

To explore the potential role of Mcrs1 in oocyte meiosis, we first deter-
mined its protein expression and subcellular localization at different
developmental stages during mouse oocyte maturation. Western blot-
ting demonstrated that Mcrs1 was expressed in oocytes throughout mei-
otic maturation (Fig 1A). To examine the subcellular localization of
Mcrs1, GV oocytes were injected with RFP-Mcrs1 mRNA (750 ng/pl).
Fluorescence microscopy revealed that Mcrsl was predominantly pre-
sent in the nucleus of GV oocytes, but accumulated at the meiotic spin-
dle poles and chromosomes after GVBD (Fig 1B). Western blotting of
RFP-Mcrs1 mRNA-injected GV oocytes demonstrated that RFP-Mcrs1
protein was expressed in oocytes for 2 h after microinjection (Fig 1C).
To investigate the function of Mcrs1, siRNA was used to deplete Mcrsl
protein in oocytes. Immunoblotting and immunofluorescence micros-
copy with anti-Mcrs1 antibodies demonstrated that Mcrs1 protein was
efficiently depleted by injection of Mcrs1 siRNA (Fig 1D and E). Exami-
nation of maturation of Mcrsl siRNA-injected oocytes that had been
cultured for 12 h showed that Mcrs1 depletion substantially perturbed
first PBE. To exclude off-target effects, exogenous Mcrs1 was expressed
in Mcrs1 siRNA-injected oocytes (Mcrs1-rescue oocytes). This restored
the percentage of oocytes that underwent PBE to control levels
(Control: 69.03 4+ 1.17%; Mcrs1-KD: 40.42 + 5.42%; Mcrsl-rescue:
62.48 + 2.82%; Fig 1F and G). These data suggest that Mcrsl is essen-
tial for oocyte meiotic progression. A relatively low percentage of
Mcrs1-KD oocytes underwent GVBD after 12-h culture, indicating that
Mcrsl plays a role in the G2/M transition (Control: 80.17 + 1.62%;
Mcrs1-KD: 54.5 + 3.59%; Mcrs1-rescue: 74.1 + 1.78%; Fig 1F and G).

Mcrs1 regulates cyclin B1 accumulation and CDK1 activity for
meiotic resumption in oocytes

To further explore the mechanism by which Mcrsl affects meiotic
resumption in oocytes, we observed GVBD at 1-3 h after release from
IBMX, which stimulates GVBD. Upon release from IBMX, most Mcrs1-
KD oocytes remained arrested at the GV stage and GVBD was severely
delayed. This defect was rescued by supplementation of Mcrs1 mRNA,
suggesting it was specifically due to Mcrs1 depletion and not an off-
target effect (Fig 2A and B). To further investigate the reasons for the
observed prophase I arrest, we investigated the two critical compo-
nents of MPF, CDKI, and cyclin Bl. To explore the interaction
between CDK1/cyclin B1 and Mcrs1, co-immunoprecipitation (Co-IP)
experiments were performed, and the results showed that cyclin Bl
was present in Mcrsl1 protein precipitates (Fig 2C). Meanwhile, exami-
nation of expression of CDK1 and its inhibitory phosphorylation at
Tyr15 demonstrated that the CDK1 level was significantly lower and
its level of phosphorylation was much higher in Mcrs1-KD oocytes
than in control oocytes at 1 h following release from IBMX, indicating
that CDK1 activity was inhibited in Mcrs1-KD oocytes (CDK1, Control:
1 vs. Mcrs1-KD: 0.59 + 0.09; p-CDK1(Y15): Control: 1 vs. Mcrs1-KD:
2.4 + 0.26; Fig 2D and E). The cyclin Bl level was significantly
reduced in Mcrs1-KD oocytes (Control: 1 vs. Mcrs1-KD: 0.65 + 0.02;
Fig 2F). To verify these results, after 12-h KD with Mcrs1 siRNA, we
used a Weel kinase inhibitor (WEEI1-IN-4) to pharmacologically
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Figure 1. Mcrsl depletion impairs progression of the meiotic cell cycle in oocytes.
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Western blotting of Mcrsl at the GV (0 h), GVBD (4 h), MI (8 h), and MII (12 h) stages of mouse oocyte meiosis. The blots were probed with anti-Mcrs1 and anti-actin
antibodies.

Representative images of RFP-Mcrs1 localization during mouse oocyte meiosis. Mouse oocytes at different developmental stages were immunostained with an anti-
a-tubulin antibody (green). The localization of RFP-Mcrs1 (red) was determined. DNA (blue) was counterstained with Hoechst 33342. Scale bar, 20 um.

Western blotting of Mcrs1 and B-actin in Mcrs1 mRNA-injected and control oocytes.

Western blotting of Mcrsl and B-actin in Mcrs1-KD and control oocytes.

Immunofluorescence analysis of Mcrsl in control and Mcrs1-KD oocytes. Scale bar, 20 pm.

Representative images of the occurrence of GVBD and PBE in control, Mcrs1-KD, and Mcrs1-rescue (Mcrsl siRNA + Mcrs1 mRNA) oocytes at 12 h following release
from IBMX. Scale bar, 100 pm.

Percentages of control (n = 210), Mcrs1-KD (n = 182), and Mcrs1-rescue (n = 201) oocytes that underwent GVBD and PBE. The bars are representing the mean + SEM.
The P-values were calculated using Student’s t-test. GVBD%: ***P = 0.0003; *P = 0.01, PB1%: *P = 0.03; *P = 0.02.

Source data are available online for this figure.

activate CDK1 and verified its efficiency. WEE1-IN-4 effectively inhib-
ited phosphorylation of CDK1 (Fig 2G). We also injected cyclin B1-
GFP mRNA into oocytes arrested at the GV stage and cultured these

© 2023 The Authors

oocytes for 3 h to allow protein expression (Fig 2H). WEE1-IN-4 effec-
tively inhibited phosphorylation of CDK1 to rescue GVBD failure in
Mcrs1-KD oocytes (Fig 2I). Overexpression of cyclin B1-GFP also
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Figure 2. Depletion of Mcrs1 delays GVBD by impairing CDK1 activity and accumulation of cyclin B1 in oocytes.

A Representative images of the occurrence of GVBD in control, Mcrs1-KD, and Mcrsl-rescue (Mcrsl siRNA + Mcrs1 mRNA) oocytes at 3 h following release from IBMX.
Scale bar, 100 pm.

B The incidence of GVBD at 1, 2, and 3 h post-IBMX release in control (n = 155), Mcrs1-KD (n = 157), and Mcrsl-rescue (n = 150) oocytes.
Co-IP was performed with an anti-Mcrs1 antibody. The immunoblots of protein precipitates were probed with anti-CDK1 and anti-cyclin B1 antibodies.

D Expression levels of CDK1 in Mcrs1-KD and control oocytes. The bars represent the mean (£ SEM) of 5 biological replicates. The P-values were calculated using Stu-
dent’s t-test. *P = 0.01.

E Expression levels of p-CDK1(Y15) in Mcrs1-KD and control oocytes at 1 h following release from IBMX (200 oocytes per sample). The bars represent the mean (+ SEM)
of three biological replicates. The P-values were calculated using Student’s t-test. **P = 0.006.

F Expression levels of cyclin B1 in control and Mcrs1-KD oocytes at 1 h following release from IBMX (200 oocytes per sample). The bars represent the mean (+ SEM) of
three biological replicates. The P-values were calculated using Student’s t-test. **P = 0.0042.

G Protein levels of p-CDK1(Y15) in control and WEE1-IN-4-treated GV oocytes. The blots were probed with anti-p-CDK1(Y15) and anti-actin antibodies.

H Western blotting of GFP-cyclin B1 and B-actin in GFP-cyclin B1 mRNA-injected and control oocytes.

| The incidence of GVBD at 1, 2, and 3 h post-IBMX release in control oocytes (n = 112), Mcrs1-KD oocytes (n = 98), and Mcrs1-KD oocytes treated with 5 mM WEE1-IN-
4 (n=102).

] The incidence of GVBD at 1, 2, and 3 h post-IBMX release in control (n = 123), Mcrs1-KD (n = 134), and Mcrs1 siRNA + cyclin B1-GFP (n = 95) oocytes.

K The incidence of GVBD at 1, 2, and 3 h post-IBMX release in control (n = 92), Mcrs1-KD (n = 97), and Mcrs1 siRNA + cyclin B1-GFP oocytes treated with 5 mM WEE1-
IN-4 (n = 106).

Source data are available online for this figure.
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rescued impaired GVBD after Mcrsl depletion within 3 h (Fig 2J).
Meanwhile, simultaneous overexpression of cyclin B1-GFP and treat-
ment with WEE1-IN-4 better rescued GVBD failure in Mcrs1-KD
oocytes (Fig 2K).

Mcrs1 is crucial for histone modifications and transcriptional
regulation in GV oocytes

To explore the mechanism by which Mcrs1 affects meiotic resump-
tion, we performed mass spectrometry analysis. This showed that
Mcrsl associated with multiple transcription-related proteins
(Fig 3A). Therefore, we hypothesized that Mcrs1 is involved in tran-
scriptional regulation in NSN-type oocytes during GV phase and
affects cyclin expression and facilitates meiotic resumption. To label
newly synthesized RNAs in GV oocytes, we incubated control and
Mcrs1-KD oocytes with 100 uM 5-ethynyl uridine (EU) for 2 h and
detected EU-tagged transcripts using a Cell-Light EU Apollo488 RNA
Imaging Kit. The intensity of EU signals was lower in Mcrs1-KD
oocytes than in control oocytes at the GV stage (NSN configuration).
This difference was abrogated by supplementation of Mcrs1 mRNA,
which excluded the possibility of off-target effects (Control:
19,026 4+ 1,331 vs. Mecrsl-KD: 11,003 &£ 682.5 vs. Mcrsl-rescue:
19,845 + 1,248; Fig 3B). Therefore, depletion of Mcrsl in oocytes
downregulated transcriptional activity. Next, we investigated the
levels of histone modifications involved in transcriptional regula-
tion. We first examined the level of histone H3 lysine 4 dimethyla-
tion (H3K4me2), which is associated with transcriptional
permissiveness in mammalian genomes, in GV oocytes. The fluores-
cence intensity of H3K4me2 signals was significantly lower in
Mcrs1-KD oocytes than in control oocytes (Control: 9,461 + 352 vs.
Mcrs1-KD: 7,560 + 261.6; Fig 3C). This was further verified by
Western blotting, which showed that Mcrsl KD significantly
decreased H3K4me2 protein expression (Fig 3D). By contrast, as an
important epigenetic mark associated with transcriptional repres-
sion, the level of histone H3 lysine 9 dimethylation (H3K9me2) was
significantly higher in Mcrs1-KD oocytes than in control oocytes
(Control: 10,321 £ 383 vs. Mcrs1-KD: 12,200 + 430.2; Fig 3E). His-
tone acetylation, including histone H4 lysine 16 acetylation
(H4K16ac), is associated with modifications of the higher order
chromatin structure in the nucleosome, resulting in enhanced tran-
scriptional activity. Immunofluorescence analysis revealed that the
fluorescence intensity of H4K16ac signals was lower in Mcrs1-KD
oocytes than in control oocytes at the GV stage (NSN configuration;
Control: 12,143 + 652.3 vs. Mcrs1-KD: 10,071 + 585.3; Fig 3F).
Conversely, the fluorescence intensity of signals of histone deacety-
lase 2 (HDAC2), a transcription repressor at promoter regions of tar-
get genes, was significantly higher in Mcrs1-KD oocytes than in
control oocytes at the GV stage (Control: 14,337 + 388 vs. Mcrs1-
KD: 16,512 + 436.3; Fig 3G). Mcrsl depletion also prominently
increased the protein level of HDAC2 (Fig 3H). In addition, immuno-
blots after Co-IP with an anti-Mcrs1 antibody revealed that HDAC2
was present in the protein precipitate (Fig 31).

Mcrs1 is indispensable for meiotic spindle assembly and
chromosome alignment in oocytes

Due to its localization pattern after GVBD, we hypothesized that
Mcrs1 plays a regulatory role in spindle assembly during meiosis.

© 2023 The Authors
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Therefore, spindle structures after GVBD were observed in control
and Mcrs1-KD oocytes. The fluorescence intensity and area of the
spindle were significantly lower in Mcrs1-KD oocytes than in control
oocytes (fluorescence intensity, Control: 1 vs. Mcrsl-KD:
0.66 £ 0.05; spindle area, 1 vs. Mcrs1-KD: 0.59 + 0.03; Fig 4A and
B). While control oocytes had formed metaphase I (MI) spindles
after 8-h culture, a high percentage of Mcrs1-KD oocytes contained
small spindles and microtubule “balls” (spindles whose length was
less than one-third of the oocyte diameter were classified as small
and a microtubule “ball” was a spherical spindle that was not bipo-
lar) with weak immunofluorescence signals of a-tubulin (Control:
21.55 + 4.06% vs. Mcrsl-KD: 63.79 + 6.75% vs. Mcrsl-rescue:
40.68 + 4.61%). A higher percentage of Mcrsl-KD oocytes than
control  oocytes had misaligned chromosomes (Control:
15.78 £+ 2.094% vs. Mcrs1-KD: 48.09 + 5.14% vs. Mcrsl-rescue:
31.79 + 4.45%; Fig 4C and D). Next, to rule out the possibility that
spindles failed to form in Mcrs1-KD oocytes due to the effects of
CDK1 and cyclin Bl on the cell cycle, we overexpressed cyclin B1-
GFP and performed treatment with WEE1-IN-4 in Mcrs1-KD oocytes.
Neither rescued the defect in spindle assembly (Control: 19.91
+ 6.31% vs. Mcrs1-KD: 44 + 6.80% vs. Mcrs1-KD+GFP-CCNB1:
44.94 + 2.57% vs. Mcrs1-KD+WEE1-IN-4: 42.65 + 5.35%; Fig 4E).
However, expression of exogenous Mcrsl rescued the spindle and
chromosome defects. To quantitatively evaluate the phenotype, we
measured the width of the spindle middle plate, which is the area
occupied by condensed chromosomes, and the length of the spindle.
The middle plate was significantly broader in Mcrs1-KD oocytes
than in control oocytes, and the relative spindle length was signifi-
cantly shorter in MI oocytes after Mcrsl KD (C:S, Control:
0.34 + 0.01 vs. Mcrs1-KD: 0.51 + 0.04; S:L, Control: 0.43 + 0.018
vs. Mcrs1-KD: 0.35 + 0.004; Fig 4F). Histone H3 phosphorylated at
Ser-10 (H3S10ph) is crucial for chromosome condensation. We com-
pared the levels of H3S10ph between control and Mcrs1-KD oocytes
that had been cultured for 8 h by performing immunofluorescence
staining. The fluorescence intensity of H3S10ph signals was signifi-
cantly lower in Mcrs1-KD oocytes than in control oocytes (Control:
9,821 + 681.4 vs. Mcrs1-KD: 7,389 + 692.9; Fig 4G). The MTOC-
specific protein y-tubulin is important for microtubule nucleation
and spindle formation during mouse oocyte meiosis. We explored
the effect of Mcrs1 KD on the localization of y-tubulin. The number
of y-tubulin dots was significantly decreased, and y-tubulin failed to
concentrate at spindle poles in a high percentage of Mcrsl1-KD
oocytes (Control: 14 + 5.70% vs. Mcrsl-KD: 38.43 + 1.56%;
Fig 4H). We detected acetylated tubulin by immunofluorescence
staining. The fluorescence intensity of acetylated tubulin signals
was significantly lower in Mcrs1-KD oocytes than in control oocytes
(Control: 1 vs. Mcrs1-KD: 0.70 £+ 0.02; Fig 41).

Mcrs1 collaborates with Aurora kinases for spindle assembly in
oocytes

The small spindles and microtubule “balls” in Mcrs1-KD oocytes are
reminiscent of the phenotype caused by depletion of Aurora kinases,
which are spindle assembly factors. Thus, we compared the levels
of Aurka (Aurora A) and Aurkc (Aurora C) between control and
Mcrs1-KD oocytes that had been cultured for 8 h by performing
immunofluorescence staining and Western blotting. P-Aurka no lon-
ger accumulated at spindle poles and was irregularly distributed in
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the cytoplasm in a high percentage of Mcrs1-KD oocytes (Control:
8.89 + 1.69% vs. Mcrs1-KD: 45.76 + 5.77%; Fig 5A). Similarly, the
fluorescence intensity of p-Aurkc signals was significantly decreased
in Mcrs1-KD oocytes (Control: 9,730 + 432.6 vs. Mecrsl-KD:
7,352 + 506.8; Fig 5B). This finding was confirmed by Western

Jia-Qian Ju et al

blotting (Fig 5C). Meanwhile, immunoblotting after co-IP with an
anti-Mcrs1 antibody revealed that Aurka was present in the protein
precipitate. In reciprocal experiments, Mcrsl was observed in the
protein precipitate after co-IP with an anti-Aurka antibody (Fig 5D),
confirming that Mcrsl interacts with Aurka in oocytes. For further
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Figure 3. Mcrs1 depletion impairs histone modifications and transcriptional regulation in GV oocytes.

A KGO analysis of Mcrs1-associated proteins by mass spectrometry.

B Detection of newly synthesized RNAs by EU incorporation in control, Mcrs1-KD, and Mcrs1-rescue GV oocytes. The scattergram shows the relative fluorescence inten-
sity of EU in control (n = 43), Mcrs1-KD (n = 52), and Mcrs1-rescue (n = 30) GV oocytes. Scale bar, 10 um. ***P = 0.0001.
C Immunofluorescence analysis of H3K4me2 in control and Mcrs1-KD oocytes. Scale bar, 10 um. Relative fluorescence intensity of H3K4me2 signals in control (n = 26)

and Mcrs1-KD (n = 30) GV oocytes. ***P = 0.0001.

D Protein levels of H3K4me2 in control and Mcrs1-KD GV oocytes. The blots were probed with anti-H3K4me2 and anti-actin antibodies.
E Immunofluorescence analysis of H3K9me2 in control and Mcrs1-KD oocytes. Scale bar, 10 um. Relative fluorescence intensity of H3K9me2 signals in control (n = 29)

and Mcrs1-KD (n = 22) GV oocytes. **P = 0.0035.

F  Immunofluorescence analysis of H4K16ac in control and Mcrs1-KD oocytes. Scale bar, 10 um. Relative fluorescence intensity of H4K16ac signals in control (n = 30)

and Mcrs1-KD (n = 28) GV oocytes. *P = 0.022.

G Immunofluorescence analysis of HDAC2 in control and Mcrs1-KD oocytes. Scale bar, 10 um. Relative fluorescence intensity of HDAC2 signals in control (n = 27) and

Mcrs1-KD (n = 24) GV oocytes. ***P = 0.0005.

H Protein levels of HDAC2 in control and Mcrs1-KD GV oocytes. The blots were probed with anti-HDAC2 and anti-actin antibodies.
| Co-IP was performed with an anti-Mcrs1 antibody. The immunoblots of protein precipitates were probed with anti-HDAC2 and anti-Mcrs1 antibodies.

Data information: The central band are representing mean. The boxes are representing mean + SEM and the whiskers are representing Mix to Max. The P-values were

calculated using unpaired t-test.
Source data are available online for this figure.

verification, GFP-Aurka was injected into Mcrs1-KD oocytes (Aurka-
rescue). Notably, GFP-Aurka rescued PBE failure and spindle defects
in Mcrs1-KD oocytes (Fig 5E and F). This was confirmed by statisti-
cal analysis of the percentages of oocytes that underwent PBE and
displayed spindle defects (PBE, Control: 69.03 + 1.17% vs. Mcrs1-
KD: 40.42 + 5.42% vs. Aurka-rescue: 57.5 + 3.82%; spindle
defects, Control: 4.533 4+ 2.50% vs. Mcrs1-KD: 37.62 &+ 3.22% vs.
Aurka-rescue: 22.61 + 1.63%; Fig 5G and H). Collectively, these
results indicate that Aurka is the downstream effector of Mcrs1 dur-
ing meiotic spindle assembly in oocytes. Next, we investigated the
expression and localization of TPX2 and Kif2A, which are an activa-
tor and downstream protein of Aurka, respectively. The protein
level of Kif2A was significantly lower in Mcrs1-KD oocytes than in
control oocytes, and Kif2A failed to accumulate at spindle poles in a
high percentage of Mcrs1-KD oocytes (Control: 15.93 + 4.00% vs.
Mcrs1-KD: 53.59 + 2.06%; Fig SI and K). However, the localization
and protein level of TPX2 were not significantly changed in Mcrs1-
KD oocytes (Control: 8387 + 647.5 vs. Mcrs1-KD: 8603 + 662;
Fig 5J and L).

Discussion

Microspherule protein 1 reportedly functions in transcriptional regu-
lation, cellular proliferation, senescence induction, and mitotic pro-
gression in different mitotic models. In the present study, we
explored the functional roles of Mcrs1 during mouse oocyte meiosis,
a cell model with low transcriptional activity, and the underlying
mechanisms. We showed that Mcrsl-mediated histone modifica-
tions were essential for transcriptional regulation in NSN-type GV
oocytes, which further determined meiotic resumption. In addition,
Mcrs1 regulated microtubule nucleation and spindle assembly by
activating Aurora kinases during mouse oocyte meiosis (Fig 6).

Our findings showed that the subcellular localization patterns of
Mcrsl during oocyte meiosis and mitosis differ. In mitotic cells,
Mcrsl accumulates in the nucleus during interphase and translo-
cates to the minus ends of kinetochore microtubules following
nuclear envelope breakdown (Petry & Vale, 2011). In addition, it
has been reported that Mcrs1 is more concentrated in the nucleus of
embryos by the four-cell stage and is indispensable for epiblast

© 2023 The Authors

development (Cui et al, 2020). However, different with the mitosis
of embryo development, oocyte maturation is meiosis. Mcrsl is
found to be transcription regulators in mitosis, while during oocyte
maturation, there is almost no transcription activities, which makes
the oocyte a unique and valuable model to study. And our data sug-
gest that Mcrsl in oocytes has distinct functions in meiosis. We
found that Mcrsl was essential for the G2/M transition during
oocyte meiosis, but it has not been reported to play such a role in
mitosis. We showed that cyclin B1 might interact with Mcrs1, indi-
cating the potential relationship between Mcrsl and cyclin B1, and
depletion of Mcrsl in oocytes delayed meiotic resumption due to
perturbation of CDK1 activity and failure of cyclin B1 accumulation,
but meiotic resumption was restored by expression of exogenous
cyclin B1 and activation of CDK1 using a Weel inhibitor. CDK1 and
cyclin B1, which are components of MPF, reportedly participate in
regulation of the meiotic G2/M transition (Schmitt & Nebreda, 2002).
These results indicated that Mcrs1 regulated MPF activity and ulti-
mately affected G2/M transition. In addition to the regulation of
MPF activity, meiotic progression is accompanied by chromatin
remodeling and epigenetic changes (Sasaki & Matsui, 2008). For
example, depletion of the CxxC zinc finger protein Cfpl, a major
mediator of histone H3 lysine 4 trimethylation, delays meiotic
resumption and perturbs spindle assembly (Sha et al, 2018). LSDI,
a lysine demethylase, reportedly regulates H3K4me2 in mouse
oocytes and is essential for meiotic progression, and its deletion
results in precocious resumption of meiosis and spindle/chromo-
somal abnormalities (Kim et al, 2015). Depletion of Setdb1, a H3K9
methyltransferase, delays meiotic resumption and alters the dynam-
ics of chromatin condensation in mouse oocytes (Eymery
et al, 2016). In addition, the chromatin remodeler Snf2h regulates
meiosis-related genes, which in turn affects MPF activity and mei-
otic resumption (Zhang et al, 2020). However, depletion of these
epigenetic regulators only delays meiotic resumption, but does not
completely block GVBD. This is similar to our observation that
depletion of Mcrs1 delayed meiotic resumption in oocytes. Mcrsl1 is
a component of the NSL complex, which is involved in transcrip-
tional regulation (Sheikh et al, 2019), and of the INO80 complex,
which plays an important role in chromatin remodeling (Jin
et al, 2005). As expected, our results showed that Mcrsl was
involved in the regulation of transcription and histone modifications
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including methylation (H3K9me2 and H3K4me2) and acetylation
(H4K16ac) in GV oocytes. We hypothesized that since transcription
is greatly inhibited during the conversion of GV oocytes from the
NSN configuration to the SN configuration, depletion of Mcrs1 dis-
rupts the transcriptional balance in NSN-type oocytes, which
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induces changes in histone epigenetic modifications. Notably, we
found that Mcrs1 interacted with the deacetylase HDAC2, and KD of
Mcrsl1 increased the HDAC2 level, which inhibited histone acetyla-
tion in GV oocytes. HDAC2 reportedly regulates transcription and
apoptosis during mouse oocyte development (Ma et al, 2012).
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Figure 4. Mcrsl depletion impairs meiotic spindle assembly in oocytes.

A Representative images of spindle assembly at 3-h postrelease from IBMX in control and Mcrs1-KD oocytes. Scale bar, 20 um.

B The relative area and fluorescence of spindles in control (n = 82) and Mcrs1-KD (n = 73) oocytes at 3-h postrelease from IBMX. *P < 0.05; **P < 0.01.

C Representative images of spindle assembly and chromosome alignment at 8-h postrelease from IBMX in control, Mcrs1-KD, and Mcrs1-rescue oocytes. Scale bar, 20 pm.

D Percentages of control (n = 84), Mcrs1-KD (n = 80), and Mcrs1-rescue (n = 62) oocytes with abnormal spindles and misaligned chromosomes. **P = 0.004; *P = 0.014;
***p = 0,0009; *P = 0.002.

E Percentages of control (n = 73), Mcrs1-KD (n = 57), Mcrs1 siRNA + cyclin B1-GFP (n = 60), and Mcrs1 siRNA + WEE1-IN-4 (n = 82) oocytes with abnormal spindles.
***p = 0.001.

F Thickness of the spindle middle plate and relative spindle length. C indicates the maximal span of chromosomes, S indicates the maximal spindle length, and L
indicates the oocyte diameter. The histogram shows the C:S and S:L ratios for control (n = 58) and Mcrs1-KD (n = 76) oocytes at 6 h after GVBD. Scale bar, 20 pm.
*P=0.018; **P=0.01.

G Immunofluorescence analysis of H3S10ph and a-tubulin in control and Mcrs1-KD oocytes. Scale bar, 20 um. The scattergram shows the relative fluorescence intensity
of H3S10ph signals in control (n = 21) and Mcrs1-KD (n = 23) oocytes. *P = 0.017.

H

Immunofluorescence analysis of y-tubulin and a-tubulin in control and Mcrs1-KD oocytes. Scale bar, 20 um. The histogram shows the percentages of control (n = 55)
and Mcrs1-KD (n = 63) oocytes with abnormal y-tubulin. *P = 0.014.
Immunofluorescence analysis of acetylated tubulin and a-tubulin in control and Mcrs1-KD oocytes. Scale bar, 20 um. The scattergram shows the relative fluorescence

intensity of acetylated tubulin signals in control (n = 83) and Mcrs1-KD (n = 66) oocytes. **P = 0.0046.

Data information: The central band represents the mean. The boxes are representing mean + SEM and the whiskers are representing Mix to Max. The P-values were cal-
culated using unpaired t-test. The bars represent the mean & SEM. The P-values were calculated using Student’s t-test.

Source data are available online for this figure.

Therefore, we concluded that Mcrsl participates in transcriptional
regulation and histone modifications in NSN-type GV oocytes, and it
affects cyclin activity for meiotic resumption.

We showed that the transcription factor Mcrsl1 regulates spindle
assembly during oocyte meiosis I, a cellular process in which tran-
scriptional activity is extremely low. This is consistent with the pre-
vious finding that Mcrsl supports mitotic spindle assembly by
localizing to the minus ends of kinetochore microtubules (Petry &
Vale, 2011), indicating that the roles of Mcrsl are conserved in
mitotic and meiotic spindles. This suggests that the roles of Mcrsl
in this context are independent of its transcriptional functions
because there is almost no transcriptional activity during oocyte
meiosis I. We next explored the mechanism by which Mcrsl1 affects
meiotic spindles in oocytes. CDK1 activity and cyclin B1 accumula-
tion were perturbed in Mcrs1-KD oocytes. CDK1 is reportedly
involved in spindle formation and kinetochore-microtubule attach-
ments (Davydenko et al, 2013). However, our results showed that
the involvement of Mcrsl in spindle assembly is independent of
cyclin. Mcrsl-mediated microtubule assembly in mitosis is

Figure 5.

dependent on TPX2 (Meunier & Vernos, 2011). Unexpectedly, our
results indicated that depletion of Mcrs1 does not affect the localiza-
tion or expression of TPX2 in mouse oocytes. The localization pat-
tern of Mcrsl was similar to those of Aurora kinases in meiosis.
Aurka reportedly phosphorylates Mcrsl during mitosis (Meunier
et al, 2016). In addition, Aurka co-localizes with MTOCs throughout
meiosis and is required for recruitment of y-tubulin, a key MTOC
component (Blengini et al, 2021), and Aurkc takes over as the pre-
dominant chromosomal passenger complex kinase and localizes to
chromosomes (Balboula & Schindler, 2014). Aurka deletion results
in meiotic spindle defects, similar to the phenotypes observed in
the current study (Solc et al, 2012). In addition, Aurkc promotes
localization of Aurka to spindle poles via competition to ensure that
a robust spindle is maintained and meiosis is completed. Aurora
kinase B is required to ensure accurate chromosome segregation in
oocytes (Nguyen et al, 2018). Aurkec is detected at centromeres and
along chromosome arms in MI, and its depletion reduces histone
H3 phosphorylation and causes chromosome misalignment (Yang
et al, 2010). This is reminiscent of the misaligned chromosomes

Mcrs1 depletion impairs the activities of Aurora kinases and recruitment of Kif2A in oocytes.

A Immunofluorescence analysis of p-Aurka and a-tubulin in control and Mcrs1-KD oocytes. Scale bar, 20 um. The arrowhead points to the position of p-Aurka. The his-
togram shows the percentages of control (n = 62) and Mcrs1-KD (n = 53) oocytes with abnormal p-Aurka. *P = 0.02.

B Immunofluorescence analysis of p-Aurkc and a-tubulin in control and Mcrs1-KD oocytes. Scale bar, 20 pm. The arrowhead points to the position of p-Aurkc. The scat-
tergram shows the relative fluorescence intensity of p-Aurkc signals in control (n = 33) and Mcrs1-KD (n = 27) oocytes. ***P = 0.0007.

C Levels of p-Aurka and p-Aurkc in control and Mcrs1-KD MI oocytes. The blots were probed with anti-p-Aurora A/B/C and anti-actin antibodies.

(w]

Co-IP was performed with an anti-Mcrs1 antibody. The immunoblots of protein precipitates were probed with an anti-Aurka antibody.

E Representative images of the occurrence of GVBD in control, Mcrs1-KD, and Aurka-rescue (Mcrs1 siRNA + Aurka mRNA) oocytes at 12 h following release from IBMX.

Scale bar, 100 pm.

AT - ToOom™m

(n = 61) oocytes with abnormal Kif2A. **P = 0.003.

Representative images of spindle assembly and chromosome alignment in control, Mcrs1-KD, and Aurka-rescue oocytes. Scale bar, 20 pm.

Percentages of control (n = 92), Mcrs1-KD (n = 73), and Aurka-rescue (n = 67) oocytes that underwent PBE. *P = 0.033; *P = 0.018.

Percentages of control (n = 69), Mcrs1-KD (n = 76), and Aurka-rescue (n = 43) oocytes with abnormal spindles. *P = 0.018; *P = 0.024.

Protein levels of Kif2A in control and Mcrs1-KD MI oocytes. The blots were probed with anti-Kif2A and anti-actin antibodies.

Protein levels of TPX2 in control and Mcrs1-KD MI oocytes. The blots were probed with anti-TPX2 and anti-actin antibodies.

Immunofluorescence analysis of Kif2A in control and Mcrs1-KD oocytes. Scale bar, 20 um. The histogram shows the percentages of control (n = 50) and Mcrs1-KD

L Immunofluorescence analysis of TPX2 and a-tubulin in control and Mcrs1-KD oocytes. Scale bar, 20 um. The scattergram shows the relative fluorescence intensity of

TPX2 signals in control (n = 48) and Mcrs1-KD (n = 52) oocytes.

Data information: The central band represents the mean. The boxes represent mean + SEM and the whiskers represent Mix to Max. The P-values were calculated using
unpaired t-test. The bars represent the mean £ SEM. The P-values were calculated using Student’s t-test.

Source data are available online for this figure.
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Microspherule protein 1 (Mcrs1)-mediated histone modifications are essential for transcriptional regulation in NSN-type GV oocytes, which further determines meiotic
resumption. In addition, Mcrs1 regulates microtubule nucleation and spindle assembly by activating Aurora kinases during mouse oocyte meiosis.

and decreased H3S10ph levels in Mcrs1-KD oocytes. Our results
showed that Mcrs1 interacted with Aurka and affected expression
of Aurka and Aurkc. Aurka has significantly compensatory abilities
when the other Aurora kinase homologs are deleted in mouse
oocytes (Blengini et al, 2021). The rescue of multiple defects in
Mcrs1-KD oocytes by expression of exogenous Aurka further con-
firmed that Mcrsl is involved in Aurora kinase-mediated spindle
assembly. Moreover, the localization and protein expression of
Kif2A were abnormal in Mcrs1-KD oocytes. Mcrs1 enables localiza-
tion of Kif2A to the minus ends of spindle microtubules during
mitosis (Yang et al, 2019). Given that Aurka also interacts with and
phosphorylates Kif2A in mitosis (Jang et al, 2009), we concluded
that Mcrsl is crucial for spindle assembly and chromosome align-
ment via regulating Aurora kinase activity and thus KIF2A expres-
sion in meiosis.

In conclusion, we demonstrated that Mcrsl regulates meiotic
resumption by affecting transcription and histone modifications in
NSN-type GV oocytes and also interacts with Aurora kinases to reg-
ulate spindle assembly and chromosome alignment during MI. Our
findings reveal a unique role for Mcrsl in driving meiotic resump-
tion and progression throughout meiosis I in mouse oocytes.

Materials and Methods

Ethics statement
Animal handling and experimental programs were carried out in

accordance with the guidelines of the Animal Research Committee
of Nanjing Agricultural University in China, and this study was

© 2023 The Authors

specifically approved by the Animal Research Committee of Nanjing
Agricultural University.

Oocyte collection and in vitro culture

All experiments were performed using 4- to 6-week-old female
ICR mice and were approved by the Animal Research Committee
of Nanjing Agricultural University (China) and conducted in
accordance with institutional guidelines. Mice were sacrificed by
cervical dislocation. Oocytes were collected from mice and cul-
tured in M2 medium under liquid paraffin oil at 37°C in an atmo-
sphere of air containing 5% CO,. All reagents and media were
purchased from Sigma-Aldrich (St. Louis, MO, USA), unless oth-
erwise stated.

Plasmid construction and mRNA synthesis

The RFP-Mcrsl, GFP-cyclin B1, and GFP-Aurka vectors were gener-
ated by Wuhan Gene Create Biological Engineering Co., Ltd.
(Wuhan, China). The plasmids were linearized by Avrll, and then
mRNAs were synthesized using a HiScribe T7 High Yield RNA Syn-
thesis Kit (NEB, Ipswich, UK), capped with m7G(5)ppp(5)G (NEB),
tailed using a Poly(A) Polymerase Tailing Kit (Epicentre, Madison,
WI, USA), purified with an RNA Clean & Concentrator Kit (ZYMO
RESEARCH, Irvine, CA, USA), and stored at —80°C.

Microinjection of siRNAs and mRNAs

Each fully grown GV oocyte was microinjected with 5-10 pl siRNA
or mRNA using a micromanipulator and microinjector (Eppendorf

EMBO reports 24: 5627312023 11 of 14
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AG, Hamburg, Germany) under an inverted microscope (Olympus
IX71; Olympus, Tokyo, Japan).

To overexpress RFP-Mcrsl, 400 ng/ul Mcrsl mRNA solution
was injected into the cytoplasm of GV oocytes, and then oocytes
were cultured in M2 medium containing 100 mM IBMX for 2 h.
To detect RFP-Mcrsl, 300 ng/pl Mcrsl mRNA solution was
injected into the cytoplasm of GV oocytes, and then oocytes were
arrested at the GV stage by culture in IBMX-containing medium
for 2 h. To overexpress cyclin Bl and Aurka, 500 ng/ul mRNA
was microinjected into oocytes, and then oocytes were incubated
in IBMX-containing medium for 2 h. Oocytes were injected with
the same amount of RNase-free water as a control and treated
similarly.

Microspherule protein 1 siRNA (sc-75839; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) was injected into the cytoplasm of
oocytes to deplete Mcrs1 protein. The concentration of siRNA used
for microinjection was 40 pM. The same amount of negative control
siRNA was used as a control. Following microinjection, GV oocytes
were cultured in M2 medium supplemented with 100 uM IBMX for
24 h and then transferred to IBMX-free M2 medium in order to
resume meiosis for subsequent experiments.

Antibodies

Rabbit polyclonal anti-Mcrs1 (11362-1-AP), rabbit polyclonal anti-
Kif2A (13105-1-AP), and rabbit polyclonal anti-TPX2 (11741-1-AP)
antibodies were purchased from Proteintech (Rosemont, IL, USA).
Hoechst 33342 (B2261), an anti-a-tubulin-FITC antibody (F-2168),
and a mouse monoclonal anti-acetylated tubulin antibody (T7451)
were purchased from Sigma-Aldrich. Mouse monoclonal anti-cyclin
B1 (sc-245), rabbit polyclonal anti-CDK1 p34 (sc-12340-R), and
mouse monoclonal anti-Mcrsl (sc-376569) antibodies were pur-
chased from Santa Cruz Biotechnology. Rabbit polyclonal anti-
H3K9me2 (ab176882), rabbit monoclonal anti-H4K16ac (ab109463),
rabbit monoclonal anti-HDAC2 (ab32117), rabbit monoclonal anti-y-
tubulin (ab179503), and rabbit monoclonal anti-pCDK1(Y15;
ab275958) antibodies were purchased from Abcam (Cambridge,
UK). Anti-B-actin (4970), rabbit monoclonal anti-H3K4me2 (C64G9),
and rabbit monoclonal anti-p-Aurora A/B/C (D13A11) antibodies
were obtained from Cell Signaling Technology (Danvers, MA, USA).
A rabbit polyclonal anti-H3S10ph antibody (42704) was obtained
from GeneTex (Irvine, CA, USA). TRITC-conjugated goat anti-rabbit
IgG and FITC-conjugated goat anti-rabbit IgG antibodies were pur-
chased from Zhongshan Golden Bridge Biotechnology (Beijing,
China). Horseradish peroxidase-conjugated goat anti-rabbit/mouse
IgG (H + L) antibodies were obtained from CWBIO (Beijing, China).
Alexa Fluor 594-conjugated goat anti-mouse (A-11005) and Alexa
Fluor 488-conjugated goat anti-rabbit (A-11008) antibodies were
obtained from Invitrogen (Carlsbad, CA, USA).

EU incorporation assay

Oocytes were cultured in M2 medium containing 100 pM EU for
2 h, fixed, permeabilized, and stained using a Cell-Light EU
Apollo488 RNA Imaging Kit (C10316-3; RIBOBIO, China) according
to the manufacturer’s instructions. Oocytes were imaged using a
Zeiss LSM700 confocal microscope.

12 of 14 EMBO reports 24: e56273 | 2023
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Immunofluorescence staining and confocal microscopy

Oocytes at specific stages were fixed in phosphate-buffered saline
(PBS) containing 4% paraformaldehyde for 30 min, permeabilized
in PBS containing 0.5% Triton X-100 for 20 min, blocked in PBS
containing 1% bovine serum albumin for 1 h at room temperature,
and incubated with primary antibodies. After three washes with PBS
containing 0.1% Tween 20 and 0.01% Triton X-100, oocytes were
incubated with Alexa Fluor 488- and Alexa Fluor 594-conjugated
goat anti-rabbit/mouse IgG secondary antibodies (1:200). Finally,
oocytes were incubated with Hoechst 33342 for 20 min to stain
chromosomes. Images were acquired using a laser-scanning confo-
cal fluorescence microscope (Zeiss LSM 700 META; Zeiss, Jena, Ger-
many). The primary antibodies used for immunofluorescence
staining were anti-o-tubulin-FITC (1:500), anti-H3K9me2 (1:200),
anti-H4K16ac (1:100), anti-H3K4me2 (1:200), anti-HDAC2 (1:100),
anti-y-tubulin (1:200), anti-acetylated tubulin (1:500), anti-H3S10ph
(1:100), anti-p-Aurora A/B/C (1:100), anti-Kif2A (1:100), and anti-
TPX2 (1:100).

Western blotting

Oocytes were lysed by incubation in NuPAGE LDS sample buffer at
98°C for 10 min. Proteins were separated by SDS-PAGE at 160 V for
70 min and then transferred to membranes (Millipore, Billerica,
MA, USA) at 20 V for 100 min. Membranes were blocked with
Western Rapid Transfer Buffer (P0572; Beyotime, Shanghai, China)
for 30 min. Following incubation overnight at 4°C with anti-Mcrsl
(1:500), anti-cyclin B1 (1:1,000), anti-acetylated tubulin (1:2,000),
anti-B-actin (1:2,000), anti-CDK1 (1:500), anti-CDC2 p34 (1:500),
anti-H3K4me2 (1:500), anti-HDAC2 (1:500), anti-Kif2A (1:500), and
anti-TPX2 (1:500) antibodies, membranes were washed thrice with
TBST (10 min each) and incubated with horseradish peroxidase-
conjugated secondary antibodies at room temperature for 1 h.
Finally, membranes were processed using the ECL Plus Western
Blotting Detection System Tanon-3900 (Tanon, Shanghai, China).

Co-IP

Ten ovaries were lysed in appropriate lysis buffer for 1 h on ice and
centrifuged (12,000 g for 10 min), and the supernatant was col-
lected. An anti-Mcrsl antibody, an anti-Aurka antibody (AA921;
Beyotime, Shanghai, China), and Dynabeads Protein G (Thermo-
Fisher Scientific, USA) were incubated together for 3-4 h at room
temperature. The beads were washed thrice with lysis buffer to
remove nonbound antibodies. The antibody-conjugated Dynabeads
were incubated with the supernatant overnight at 4°C. The resultant
immune complexes were subjected to Western blotting in order to
determine the interaction of proteins. The input was 10 pl of lysate
without any antibody and IgG was used as a control antibody.

Mass spectroscopy analysis
In total, 500 pl of ovarian lysate was incubated with anti-Mcrsl
antibody-conjugated beads (or IgG antibody-conjugated beads as a

control). The samples were sent to the Wuhan Gene Create Biologi-
cal Engineering Company for mass spectrometry analysis.

© 2023 The Authors
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Statistical analysis

All experiments were repeated at least three times. Data were ana-
lyzed by the t-test using the GraphPad Prism 5 software (GraphPad,
San Diego, CA, USA) and expressed as mean with standard error of
the mean. P < 0.05 was considered statistically significant.

Data availability

All data generated or analyzed during this study are included in this
published article. This study includes no data deposited in external
repositories.

Expanded View for this article is available online.
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