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Abstract

Mammalian cyclin A1 is prominently expressed in testis and essential for meiosis in the

male mouse, however, it shows weak expression in ovary, especially during oocyte

maturation. To understand why cyclin A1 behaves in this way in the oocyte, we

investigated the effect of cyclin A1 overexpression on mouse oocyte meiotic

maturation. Our results revealed that cyclin A1 overexpression triggered meiotic

resumption even in the presence of germinal vesicle breakdown inhibitor, milrinone.

Nevertheless, the cyclin A1‐overexpressed oocytes failed to extrude the first polar body

but were completely arrested at metaphase I. Consequently, cyclin A1 overexpression

destroyed the spindle morphology and chromosome alignment by inducing premature

separation of chromosomes and sister chromatids. Therefore, cyclin A1 overexpression

will prevent oocyte maturation although it can promote meiotic resumption. All these

results show that decreased expression of cyclin A1 in oocytes may have an evolutional

significance to keep long‐lasting prophase arrest and orderly chromosome separation

during oocyte meiotic maturation.
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1 | INTRODUCTION

Chromosome separation is the foremost event during oocyte meiotic

maturation. To produce a haploid egg, chromosomes experience two

consecutive separations during meiotic divisions, with separation of

homologous chromosomes in the first meiotic division and separation of

sister chromatids in the second meiotic division (Petronczki, Siomos, &

Nasmyth, 2003). Chromosomes are tied together by a ring‐like cohesin

complex, and cohesin cleavage by the cohesin protease separase is

responsible for chromosome separation. In meiosis I, only the cohesin

located at the chromosome arm is removed to enable the separation of

homologs, while the centromeric cohesin is protected from being cleaved

in meiosis I by Sgo2‐dependent PP2A recruitment mechanism, but then

centromeric cohesin will be removed to allow the separation of sister

chromatids in meiosis II (Riedel et al., 2006).

Separase activation is resulted from degradation of cyclin B and

securin by anaphase‐promoting complex or cyclosome (APC/C) activity

(Herbert et al., 2003; Li, Ouyang, Zhang, Qian, & Sun, 2019), which is

released following satisfaction of spindle assembly checkpoint (SAC;

Musacchio & Salmon, 2007). The SAC monitors the attachment of
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microtubules on kinetochores and tension on chromosomes from spindle

fibers to prevent errors in chromosome separation (Malmanche, Maia, &

Sunkel, 2006). Mis‐attached chromosomes may fail to assemble at the

spindle equator, which will result in the halt of cell cycle progression

through activating SAC components. Moreover, precocious loss of

cohesin may disturb the balanced tension across bipolar oriented

centromeres, leading to the disorder of spindle kinetics and chromosome

mal‐disjunction.
Cyclin‐dependent kinases (CDKs) and their cyclin partners are the

key regulators during cell cycle progression (Morgan, 1997). The cyclins

are regulatory subunits that bind and activate the corresponding CDKs.

In mouse oocytes, CDK1 is the sole CDK to drive meiotic progression

because the oocyte‐specific deletion of CDK1 leads to failure of the

meiotic resumption (Adhikari et al., 2012). A‐type (A1, A2) and B‐type
(B1, B2) cyclins are known to associate with CDK1 (Li, Qian, & Sun, 2019;

Satyanarayana & Kaldis, 2009), and recently another B‐type
cyclin, cyclin B3, was also shown to interact with CDK1 (Karasu, Bouf-

tas, Keeney, & Wassmann, 2019; Y. Li et al., 2019). Among these cyclins,

cyclin A1, cyclin A2, and cyclin B3 can also associate with CDK2

(Satyanarayana & Kaldis, 2009). During meiotic division, cyclin B1 and

cyclin B2 are responsible for activating CDK1 to contribute to

maturation‐promoting factor (MPF) activity, which is required for oocyte

meiotic resumption since oocytes with deletions of both cyclin B1 and

cyclin B2 failed to resume meiosis (Li et al., 2018). Moreover, deletion of

cyclin B2 alone delays the meiotic resumption severely (Daldello, Luong,

Yang, Kuhn, & Conti, 2019; Gui & Homer, 2013; Li et al., 2018),

suggesting that cyclin B2 plays a significant role at this phase. Cyclin B3 is

required for metaphase I–anaphase I transition because deletion of cyclin

B3 disturbed the activity of anaphase‐promoting complex/cyclosome

(APC/C; Karasu et al., 2019; Y. Li et al., 2019; T. Zhang et al., 2015), which

mediated the degradations of securin and cyclin B (Homer, 2013). Cyclin

A2 is important to maintain microtubule dynamics during the rapid

formation of the metaphase II (MII) spindle given nearly 40% of the cyclin

A2‐deficient oocytes had disrupted MII spindles, an increase in merotelic

attachments, and a dramatic increase in lagging chromosomes on exit

from meiosis II (Q. H. Zhang et al., 2017).

Beyond these, cyclin A1 seems to be dispensable for oocyte

meiotic maturation owing to the Ccna1 knockout female mice bred

normally although cyclin A1 is essential for spermatocyte passage

into the first meiotic division in male mice (Liu et al., 1998). Indeed,

the amounts of both cyclin A1 mRNA and protein decreased

during oocyte maturation (Fuchimoto, Mizukoshi, Schultz, Sakai,

& Aoki, 2001). Why does cyclin A1 behave this way and what

is the evolutional significance in oocytes? Noticeably, substantial

expression of cyclin A1 was found in ovarian cancer (Huang et al.,

2016; Muller‐Tidow et al., 2003).

In this study, we investigated the effect of cyclin A1 overexpression

on mouse oocyte meiotic maturation. Our results showed that

overexpression of cyclin A1 activated MPF efficiently to drive meiotic

resumption even in the presence of a GVBD inhibitor. However,

cyclin A1 expression induced precocious separation of homologous

chromosomes and sister chromatids unexpectedly by releasing separase

activity beforehand, which disturbed the dynamics of spindle and chro-

mosome severely, preventing meiosis I exit. Thus, decreased expression

of cyclin A1 may have an evolutionary significance to keep long‐lasting
prophase arrest and orderly meiotic maturation of mammalian oocytes.

2 | MATERIALS AND METHODS

2.1 | Oocyte collection and manipulation

Six to eight week old female Institute of Cancer Research mice were

used. Mice were injected intraperitoneally with 10 U pregnant mare

serum gonadotrophin before oocyte collection. After 44–48 hr, GV‐intact
oocytes were collected from the ovary and the surrounding cumulus cells

were removed mechanically with a pipette. The denuded oocytes were

incubated in M2 medium (M7167; Sigma‐Aldrich) containing 2.5 µm

milrinone under mineral oil (Sigma‐Aldrich) for microinjection, or cultured

in milrinone‐free M2 medium for in vitro maturation at 37℃ in a

humidified atmosphere of 5% CO2 in the air. CDK inhibitors RO‐3306
and K03861 were used at the concentrations of 10 and 40 µm,

respectively. All experimental protocols and animal handling procedures

were conducted in accordance with the guidelines and procedures

approved by the Institutional Animal Care Committee of the Institute of

Zoology at the University of Chinese Academy of Sciences.

2.2 | Real‐time polymerase chain reaction and
quantitative real‐time polymerase chain reaction

A total of 200GV‐intact denuded oocytes were used for RNA extraction

with an RNeasy Micro Kit (74004; Qiagen) according to the

manufacturer's protocols. The RNA samples were reverse‐transcribed
with 5× All‐In‐One RT MasterMix (Abm) and real‐time quantitative

polymerase chain reaction (PCR) was conducted with 2× UltraSYBR

Mixture (CWBIO) according to the manufacturer's protocols. Primers for

quantitative RT‐PCR are shown in Table 1.

TABLE 1 Primers for quantitative real time polymerase chain reaction

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

Gapdh GGAGAAACCTGCCAAGTATG GGAGAAACCTGCCAAGTATG

Cyclin B1 GAGCTATCCTCATTGACTGG CATCTTCTTGGGCACACAAC

Cyclin A2 GCCTTCACCATTCATGTGGAT TTGCTCCGGGTAAAGAGACAG

Cyclin A1 ACCGTGCTAGGGGTGTTGA CGTTTGGCTGGTTCATTGACC
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2.3 | Chromosome spreads

First, oocytes were exposed to acid Tyrode's solution (Sigma) to remove

the zona pellucida properly at room temperature, avoiding overdigestion.

Then the oocytes were transferred into a prewarmed M2 medium for a

brief recovery, and subsequently, they were transferred onto a clean

glass slide that dropped with a solution of 1% paraformaldehyde (PFA) in

distilled H2O (pH 9.2) containing 0.15% Triton X‐100 and 3mM

dithiothreitol. The slides were placed in a half‐open humidified chamber

to dry slowly for several hours, and the fixed oocytes were blocked with

1% bovine serum albumin (BSA) in phosphate buffered saline (PBS) for

1 hr at room temperature. The oocytes were then incubated with

primary antibodies overnight at 4℃. After adequate washing for three

times (10min for each time) with washing buffer, the slides were then

incubated with corresponding secondary antibodies for 2 hr at room

temperature. Primary human anti‐ACA (anti‐centromere antibody)

antibody (1:50; Cat# 15–234; Antibodies Incorporated) for marking

centromeres and corresponding second antibody conjugated with Alexa

Fluor Cy5 (Thermo Fisher Scientific) were used.

2.4 | Immunofluorescence analysis

For spindle staining, oocytes were fixed in 4% PFA in PBS buffer for at

least 30min at room temperature (RT) before permeabilization for

20min with 0.5% Triton X‐100 at RT. The oocytes were then blocked in

PBS containing 1% BSA for 1 hr at RT. They were incubated with

FITC‐conjugated anti–α‐tubulin antibody (Thermo Fisher Scientific) or

unconjugated anti‐α‐tubulin antibody (ab7291; Abcam) overnight at 4°C.

The following morning, oocytes were washed three times in wash buffer

(PBS containing 0.1% Tween‐20% and 0.01% Triton X‐100) and then

costained with 4′,6‐diamidino‐2‐phenylindole (DAPI; 1 µg/ml in PBS;

Sigma‐Aldrich) directly for 10min or incubated with corresponding

secondary antibody before DAPI staining. Finally, the oocytes were

mounted on glass slides and imaged with a two‐photon confocal

laser‐scanning microscope (TCS SP8; Leica Microsystems) equipped with

a high‐contrast Plan Apochromat 40 × 1.10 water‐immersion objective

lens (Leica Microsystems) at RT, and Application Suite X software

(2.0.0.14332; Leica Microsystems) was used for image acquisition.

2.5 | Plasmid construction, cRNAs preparation, and
microinjection

Mouse Ccna1 gene (NM_001305221) were cloned, with or without stop

codon TGA, into a pcDNA3.1‐Venus vector as described (Li, Ouyang,

et al., 2019; Li et al., 2018). To make the nondegradable cyclin A1, the

N‐terminal 156 amino acids (Destruction‐box) of murine cyclin A1

(Fung et al., 2005), were deleted to construct △Ncyclin A1 and cloned

into a pcDNA3.1‐Venus vector. To block the binding of cyclin A1

with CDK, the “MRAIL” (Cyclin‐box) of murine cyclin A1 were

deleted (kinase‐dead) and cloned into a pcDNA3.1‐Venus vector (cyclin

A1KD–Venus). The cRNAs were prepared using T7 mMessage mMachine

(Ambion) correspondingly and purified with RNeasy Mini kits (Qiagen),

dissolved in nuclease‐free water, and stored at −80°C. A concentration of

500ng/µl was used for microinjection. MAP4‐EGFP and H2B‐mCherry

cRNAs were prepared using T7 or T3 mMessage mMachine (Ambion)

according to the manufacturer's instructions, then purified with RNeasy

Mini kits (Qiagen). A concentration of 100 ng/µl was used for micro-

injection. Microinjection was performed with a Nikon operating system.

2.6 | Confocal time‐lapse live imaging

Live‐cell imaging was performed using a PerkinElmer Ultra VIEWVoX

confocal imaging system equipped with a CO2 incubator chamber

(5% CO2 at 37°C) in M2 medium covered by mineral oil. The Volocity

6.0 software was used for image acquisition. The injected oocytes

were incubated in M2 medium containing 2.5 µm milrinone for 4 hr at

37°C (5% CO2) before releasing into the M2 medium for time‐lapse
imaging. Images were taken every 20min for 14 hr.

2.7 | Histone H1 kinase assay

Histone H1 kinase assay was performed according to a previously

described protocol (Kubiak, 2013). Briefly, 10 oocytes in a 24‐μl
reaction volume were prepared for each sample. Reactions were

performed in a buffer containing 80mM β‐glycerophosphate, 20mM

egtazic acid, pH 7.3, 15mM MgCl2, 1 mM dithiothreitol, 1 mM

4‐benzenesulfonyl fluoride hydrochloride, 1 mg/ml pepstatin,

1 mg/ml leupeptin, 1 mg/ml aprotinin, 3.3 mg/ml histone H1 (Roche),

0.25mCi/μl (32P)‐ATP (PerkinElmer), and 1mM ATP, then samples

were incubated at 37°C for 50min. Samples were heated for 5min at

90°C in sodium dodecyl sulfate (SDS) sample buffer and separated on

a 10% SDS polyacrylamide gel. Radioactive signals were detected by

a Typhoon FLA 9500 scanner.

2.8 | Statistical analysis

Images were analyzed with the ImageJ software (National Institutes

of Health) and Photoshop CS5 (Adobe), composed of Illustrator CC5

(Adobe). Quantitative data (mean ± standard error of mean) were

processed by Student's t test using Prism 5 (GraphPad Software) with

p < .05 set for significance.

3 | RESULTS

3.1 | Cyclin A1 overexpression triggers meiotic
resumption in the presence of milrinone

First, we examined the mRNA expression of cyclin A1 in GV‐intact
oocytes by real‐time PCR and compared with the other two

cyclins, cyclin B1 and cyclin A2. The result showed that cyclin A1

LI ET AL. | 3



mRNA was almost undetectable, while cyclin B1 and cyclin A2 were

expressed significantly (Figure 1a). Then, we introduced an

exogenous cyclin A1‐Venus construct into GV‐intact oocytes by

microinjection with its mRNA. The injected oocytes were

maintained in M2 medium containing milrinone, a classical GVBD

inhibitor, to allow the expression of cyclin A1‐Venus. We detected

a strong signal of cyclin A1‐Venus at 3–4 hr after injection

(Figure 1b) and we surprisingly found that most of the injected‐
oocytes (>80%) had undergone GVBD at 4 hr in the presence of

milrinone (Figure 1c). This result indicated that cyclin A1 had an

unexpected role to trigger oocyte meiotic resumption.

Generally, meiotic resumption is dependent on the MPF

activation. Thus, the overexpression of cyclin A1 may activate MPF

activity in the GV‐arrested oocytes. To analyze this issue, we

checked the MPF activity in the cyclin A1‐expressed oocytes

using histone H1 kinase assay. Expectedly, the activity of histone

H1 kinase showed a significant increase in the cyclin A1‐expressed
oocytes (Figure 1d,e), demonstrating that cyclin A1 expression

activates MPF efficiently to promote meiotic resumption in mouse

oocytes.

3.2 | Cyclin A1 overexpression prevents meiosis I
exit by arresting the oocytes at metaphase I

To investigate the effect of cyclin A1 overexpression in meiotic

progression further, the cyclin A1‐expressed oocytes were then

released into a milrinone‐free M2 medium for in vitro maturation.

After culture for more than 16 hr, we observed and counted the rate

of polar body extrusion (PBE) in the oocytes. At this time, more than

80% of the control oocytes had extruded the first polar body (PB1;

Figure 2a), however, no oocytes underwent PBE in the cyclin

A1‐expressed oocytes (Figure 2a). To analyze why the cyclin

A1‐expressed oocytes did not extrude the PB1, we performed

live‐cell imaging with traces of spindle and chromosomes using

MAP4‐EGFP and H2B‐mCherry probes respectively. In the control

oocytes, the spindle assembly and chromosome alignment occurred

normally and PB1 was extruded timely (Figure 2b; Movie S1). In

contrast, the spindle assembled successfully in the beginning but it

turned to be in disturbance finally in the cyclin A1‐expressed
oocytes, moreover, the chromosomes did not align well on the plate

from beginning to the end in the cyclin A1‐expressed oocytes

F IGURE 1 Cyclin A1 overexpression triggered meiotic resumption in the presence of milrinone. (a) Relative mRNA levels of cyclin B1, cyclin
A2, and cyclin A1 in GV‐intact mouse oocytes. A total of 200 oocytes were used. Gapdh was used as the internal reference, and the cyclin B1

mRNA expression was normalized to 1. ***p < .0001. (b) Verification of the expression of cyclin A1‐Venus in oocytes. Bar represents 100 µm.
(c) The GVBD rate of the control (0%) and cyclin A1‐Venus injected (87.00 ± 4.73%) oocytes. The rates were counted at 4 hr of incubation in M2
containing milrinone after microinjection. The numbers of oocytes used (n) are shown. (d) Histone H1 kinase assay of the control and cyclin
A1‐Venus injected oocytes. Ten oocytes were used in each lane. (e) Grayscale analysis for histone H1 kinase assay. Data are presented as

mean ± standard error of mean. GVBD, germinal vesicle breakdown; mRNA, messenger RNA; ***p < .0001
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(Figure 2b; Movie S2). Therefore, we suggested that the cyclin

A1‐expressed oocytes could not pass metaphase I but arrested there.

Previously, cyclin A1 was reported to be colocalized with the

spindle in metaphase I and metaphase II oocytes (Sweeney et al., 1996).

To verify the localization of cyclin A1 in mouse oocytes, we analyzed

the localization of cyclin A1‐Venus signal in the arrested oocytes after

fixation under a confocal fluorescence microscope, meanwhile, we

stained α‐tubulin to facilitate the analysis. As a result, we could observe

a mild signal of cyclin A1‐Venus in the spindle area (Figure 2c). Possibly

this colocalization is suggestive of their functional interaction.

3.3 | Cyclin A1 overexpression induces premature
chromosome separation in oocytes

To analyze the states of chromosome and spindle in the cyclin

A1‐arrested oocytes more clearly, we performed α‐tubulin and DNA

stainings followed by two‐photon confocal imaging. We found that

the chromosomes were distributed in disorder and the spindle

morphology was destroyed in nearly 60% of the cyclin A1‐expressed
oocytes (Figure 3a). Thus, it suggested that cyclin A1 overexpression

leads to the failure of meiosis I exit by disturbing the dynamics of

chromosomes and spindle.

Given the chromosomes in the cyclin A1‐expressed oocytes were in

a scattered distribution (Figure 3a,b), we proposed that cyclin A1

overexpression might cause the defects of chromosome separation in

the oocytes. To test this hypothesis, we performed chromosome spread

to analyze the chromosome separation in the cyclin A1‐expressed
oocytes. Interestingly, we found that the homologous chromosomes had

separated completely in the cyclin A1‐arrested oocytes (Figure 3c).

Moreover, some separated chromatids were observed in the cyclin

A1‐arrested oocytes (Figure 3c). Therefore, it indicated that

overexpression of cyclin A1 induced premature chromosome separa-

tion, which might be the cause of failed meiosis I completion in oocytes.

3.4 | Cyclin A1 overexpression precociously
releases separase activity in oocyte

Given chromosome separation is dependent on separase activity directly,

we suspected that overexpression of cyclin A1 might affect the separase

activity in oocyte meiosis. To test this hypothesis, we applied a separate

sensor described before (H2B‐mCherry‐RAD21‐EGFP) to examine the

separase activity in cyclin A1‐expressed oocytes (Li, Ouyang, et al., 2019).

RAD21 (107‐268 aa) fragment is an efficient substrate of separase, H2B

localizes the separase sensor to chromosomes and cleavage of RAD21

fragment upon separase activation will remove the EGFP signal. In

control oocyte, the EGFP signal was maintained on the chromosomes

before homologous chromosome separation and suddenly disappeared

during chromosome separation (Figure 4a; Movie S3), indicating separase

was activated at this time. By contrast, the EGFP signal was significantly

reduced and the mCherry signal was exposed during premetaphase in the

cyclin A1‐expressed oocyte (Figure 4b; Movie S4), indicating that

F IGURE 2 Overexpression of cyclin A1 prevents meiosis I exit.
(a) The PBE rates of the control (87.33 ± 1.45%) and cyclin A1‐Venus
injected (0%) oocytes. The rates were counted at 18 hr incubation in
M2 medium after microinjection. The numbers of oocytes used

(n) are shown. Data are presented as mean ± standard error of mean.
***p < .0001. (b) Selected timeframes of a representative
multichannel video of the control (n = 15) and cyclin A1‐TGA
injected (n = 17) oocytes progressing through meiosis. Spindle
microtubules and chromosomes were visualized with MAP4‐EGFP
and H2B‐mCherry, respectively. Bars represent 20 μm. (c) Analysis of

the localization of cyclin A1‐Venus in oocytes. Cyclin A1‐Venus
injected oocytes after 18 hr incubation were fixed and stained with
α‐tubulin. IF, immunofluorescence. Spindle and DNA were stained

with α‐tubulin antibody and DAPI, respectively. Bars represent
20 μm (main panels) and 10 μm (enlarged panels). DAPI,
4′,6‐diamidino‐2‐phenylindole; PBE, polar body extrusion

LI ET AL. | 5



F IGURE 3 Overexpression of cyclin A1 induced precocious separation of chromosomes. (a) DNA and spindle staining for the control
(n = 26) and cyclin A1‐Venus injected (n = 22) oocytes. Spindle and DNA were stained with α‐tubulin‐FITC antibody and 4′,6‐diamidino‐
2‐phenylindole, respectively. The bar represents 20 µm. (b) Analysis of maximal equatorial width in the control and cyclin A1‐injected oocytes.

The maximal equatorial width was measured as shown in A by image J software. Data are presented as mean ± standard error of mean; **p < .01.
(c) Chromosome spreads for the control and cyclin A1‐Venus injected oocytes. The arrows indicate separated sister chromatids. The bar
represents 10 µm. DNA was stained with DAPI. ACA, anti‐centromeric antibodies. The arrows pointed to separated sister chromatids.

The numbers of oocytes used (n) are shown. DAPI, 4′,6‐diamidino‐2‐phenylindole

F IGURE 4 Overexpression of cyclin A1
induced the release of separase activity
prematurely. (a) Representative time‐lapse
confocal images of the separase sensor in
control oocytes. (b) Representative
time‐lapse confocal images of the separase
sensor in cyclin A1‐expressed oocytes.

Arrows indicated the mCherry signals on
chromosomes. The concentration of
separase sensor mRNA used was

200 ng/μl. Scale bars represent 20 μm in
both a and b. GVBD, germinal vesicle
breakdown; mRNA, messenger RNA
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separase activity was activated in advance under cyclin A1 expression.

Thus, cyclin A1 overexpression may release separase activity prema-

turely, which leads to the untimely chromosome separation.

3.5 | Stable cyclin A1 expression induces premature
chromatid separation

To further confirm that cyclin A1 expression can induce

premature chromosome separation, a stable‐expressed cyclin

A1‐Venus with deletion of the 156 amino acids (destruction‐box)
of the N terminus (ΔNCyclin A1‐Venus) was constructed and

used (Fung, Yam, & Poon, 2005). The ΔNCyclin A1‐Venus was

expressed successfully in the oocytes (Figure 5a), and nearly 80%

of the ΔNCyclin A1‐Venus injected oocytes underwent GVBD at

2 hr in the presence of milrinone (Figure 5b), as the case in the

cyclin A1 mRNA‐injected oocytes. Besides, there was also no

oocyte that underwent PBE in the ΔNCyclin A1‐expressed oo-

cytes (Figure 5c). Notably, the spindle morphology was disturbed

more severely, accompanying with the appearance of multiple

microtubule organizing centers (MTOCs; Figure 5d), indicating

that the expression of stable cyclin A1 may affect the assembly

of MTOCs. Moreover, the chromosomes were scattered in a

more random way (Figure 5d), remarkably, chromosome spreads

shown that all the chromatids were separated in the ΔNCyclin A1

‐expressed oocytes (Figure 5e).

F IGURE 5 Stable expression of cyclin A1 induces precocious separation of sister chromatids. (a) Verification of the expression of ΔNCyclin
A1‐Venus in oocytes. Bar represents 40 µm. (b) The GVBD rate of the control (0%) and ΔNCyclin A1‐Venus injected (73.67 ± 1.85%) oocytes. The

rates were counted at 2 hr incubation in M2 medium containing milrinone after microinjection. The numbers of oocytes used (n) are shown.
(c) The PBE rate of the control (85.00 ± 2.88%) and ΔNCyclin A1‐Venus injected (0%) oocytes. The rates were counted at 18 hr incubation in M2
after microinjection. The numbers of oocytes used (n) are shown. Data are presented as mean ± standard error of mean in b and c. ***p < .0001.

(d) The expression of ΔNCyclin A1‐Venus intensively destroyed the dynamics of spindle and chromosomes. Spindle and DNA were stained with
α‐tubulin‐FITC antibody and DAPI, respectively. Bar represents 20 µm. (e) The expression of ΔNCyclin A1‐Venus induced precocious separation
of sister chromatids completely. Bar represents 10 µm. DNA were stained with DAPI. ACA, anti‐centromeric antibodies. The numbers of
oocytes used (n) are shown in d and e. DAPI, 4′,6‐diamidino‐2‐phenylindole; GVBD, germinal vesicle breakdown; PBE, polar body extrusion
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Now, we can conclude that cyclin A1 expression has an

unexpected role to induce precocious chromosome separation, which

will abolish meiosis progression completely. So, it well explains why

endogenous cyclin A1 is maintained at a low level in oocytes.

3.6 | Cyclin A1 functions through its associated
kinase activity

Usually, cyclins play roles by associating with their corresponding

cyclin‐dependent kinases (Satyanarayana & Kaldis, 2009). Taken

cyclin A1 is a member of cyclins, we asked whether cyclin A1

functions through its associated kinase partner in oocytes. To address

this point, a conserved MRAIL motif of the cyclin‐box on cyclin A1 was

deleted (Jeffrey et al., 1995; Schulman, Lindstrom, & Harlow, 1998).

Theoretically, this kinase‐dead cyclin A1 (cyclin A1KD) is unable to in-

teract with its CDK partner. As shown in Figure 6a, the cyclin

A1KD‐Venus continued to express in the oocytes that extruded the PB1

(Figure 6a). In our expectation, overexpression of cyclin A1KD‐Venus did
not trigger GVBD in the presence of milrinone (Figure 6b), and it also

had no effect on the occurrence of PBE (Figure 6c). In addition, the cyclin

A1KD‐expressed oocytes that underwent PBE were then arrested in the

metaphase II stage (Figure 6d), and no significant abnormalities

of spindle morphology and chromosome alignment were observed.

Chromosome spreads showed that only the homologous chromosomes

separated after PBE in the cyclin A1KD‐expressed oocytes (Figure 6e).

F IGURE 6 Cyclin A1 functions through its associated kinase activity. (a) Verification of the expression of cyclin A1KD‐Venus in oocytes. Bar
represents 40 µm. (b) The GVBD rate of the control (0%) and cyclin A1KD‐Venus injected (0%) oocytes. The rates were counted at 6 hr incubation

in M2 containing milrinone after microinjection. The numbers of oocytes used (n) are shown. (c) The PBE rate of the control (85.67 ± 2.33%) and
cyclin A1KD‐Venus injected (88.00 ± 2.64%) oocytes. The rates were counted at 12 hr incubation in M2 after microinjection. The numbers of
oocytes used (n) are shown. Data are presented as mean ± standard error of mean in b and c. ***p < .0001. (d) The expression of cyclin
A1KD‐Venus had no effect on the dynamics of spindle and chromosomes in meiosis II. DNA and spindle were stained with DAPI α‐tubulin‐FITC
antibody, respectively. Bar represents 20 µm. The numbers of oocytes used (n) are shown. (e) The expression of cyclin A1KD‐Venus did not
induce precocious separation of sister chromatids. Bar represents 10 µm. DNA was stained with DAPI. A total of 10 and 17 oocytes were used
in control and cyclin A1KD‐Venus injected groups respectively. (f) Specific inhibition of CDK1, not CDK2, disabled the meiotic resumption

triggered by cyclin A1 expression. GVBD rates were calculated at 5 hr after microinjection. The numbers of oocytes used (n) are shown. ACA,
anti‐centromeric antibodies; DAPI, 4′,6‐diamidino‐2‐phenylindole; GVBD, germinal vesicle breakdown; PBE, polar body extrusion
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To summarize, these results clarified that cyclin A1 plays its role through

the kinase partner.

The likely CDK partners of cyclin A1 are CDK1 and CDK2 (Joshi,

Jobanputra, Lele, & Wolgemuth, 2009; Muller‐Tidow et al., 2004). To

identify which partner interacted with cyclin A1 in oocyte meiosis, we

used two specific small molecule inhibitors to inhibit CDK1 (RO‐3306)
and CDK2 (K03861), respectively. Following cyclin A1‐Venus microinjec-

tion, the injected oocytes were transferred into M2 medium supple-

mented with RO‐3306 or K03861. We found that cyclin A1‐expressed
oocytes could only trigger GVBD in the presence of inhibitor K03861

(Figure 6f), which suggested that cyclin A1 might function through its

associated CDK1, not CDK2, kinase activity during oocyte meiosis.

4 | DISCUSSION

Mammalian oocytes are arrested at the GV stage for a long time until

LH surge stimulation, and thereafter oocyte goes through the meiotic

cell cycle to complete the first meiosis. In this work, we report that

cyclin A1 overexpression promotes meiotic resumption but leads to

premature separation of chromosomes and sister chromatids and

subsequent maturation failure. Accordingly, it is expected that the

cyclin A1‐expressed oocytes are incompetent for fertilization. This

explains the reason that cyclin A1 expression needs to be decreased

in the oocytes. Similarly, the constitutive presence of cyclin A2 also

induced sister separation in meiosis I (Touati et al., 2012). In contrast,

stable expression of cyclin B1 or cyclin B2 arrested the oocytes at

metaphase I, without separation of homologous chromosomes or

sister chromatids (Li, Ouyang, et al., 2019; Reis, Chang, Levasseur, &

Jones, 2006; Touati et al., 2012). Given cyclin B1/CDK1 and cyclin

B2/CDK1 inhibits separase (Gorr, Boos, & Stemmann, 2005; Li,

Ouyang, et al., 2019), whose activity is required for the removal of

cohesin on the chromosome arms in meiosis I, it is suggested that

cyclin A1 or cyclin A2 associated CDK had opposite role on separase

regulation. Probably cyclin A1 and A2 confer different substrate

specificities from cyclin B1 and cyclin B2. So, it is interesting to

distinguish the different substrates between them in the future.

Mice lacking cyclin A1 are viable and fertile (Liu et al., 1998),

indicating oocyte maturation is normal in the absence of cyclin A1. In

addition, oocytes lacking cyclin A2 progresses meiotic resumption and

meiosis I exit normally (Q. H. Zhang et al., 2017). Hence, deletion of

cyclin A1 or cyclin A2 alone does not affect chromosome separation in

meiosis I. Taken the similar phenotype of chromosome separation

induced by cyclin A1 and cyclin A2, respectively, it is possible that cyclin

A1 and cyclin A2 can compensate for each other during chromosome

separation in meiosis I. Moreover, although the levels of both cyclin A1

and cyclin A2 decrease during oocyte maturation (Fuchimoto et al.,

2001), it is not excluded that they have a function in meiosis. On the

contrary, it may suggest that cyclin A should be controlled at an accurate

level to facilitate the separation of homologous chromosomes but not

the sister chromatids in meiosis I. However, it remains a question that

whether appropriate level of cyclin A is required for the separation of

chromosomes in meiosis I. To answer this question, double deletions of

cyclin A1 and cyclin A2 in oocytes is needed to be done.

Consistently, we confirmed that cyclin A1 partly localized on

the spindle apparatus (Sweeney et al., 1996), and this subcellular

localization may be related to its function on regulating spindle

assembly and chromosome separation. Given that spindle assembly

seemed to begin well but tended to disturbance afterward in the

cyclin A1‐expressed oocytes, we proposed that it was mainly

the precocious chromosome separation caused by cyclin A1

overexpression led to the unbalance of tension between bioriented

centromeres, which destroyed the spindle morphology. Further-

more, we suggest that cyclin A1 plays its role through CDK1 during

meiotic resumption because only inhibition of CDK1 counteracted

the effect of cyclin A1 overexpression. However, whether cyclin

A1/CDK1 can contribute to MPF activity directly or by boosting

the activation of cyclin B/CDK1 complex remains unknown.

In conclusion, our results show that cyclin A1 overexpression

promotes meiotic resumption by activating MPF in the GV‐intact
oocytes. However, it then prevents the meiosis progression and

maturation by inducing precocious chromosome separation, which is

dependent on its associated CDK kinase. Our findings reveal a

potential effect of aberrant cyclin A1 expression on oocyte maturation.

5 | SUMMARY

The expression of cyclin A1 declines during oocyte maturation, but

its significance remains unknown. We demonstrate that cyclin A1

overexpression will induce precocious separation of chromatids,

preventing oocyte meiotic maturation in the female.
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