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The Cyclin B2/CDK1 Complex Conservatively Inhibits Separase Activity in Oocyte Meiosis II
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Recently, we have reported that the cyclin B2/CDK1 complex regulates homologous chromosome segregation through inhibiting separase activity in oocyte meiosis I, which further elucidates the compensation of cyclin B2 on cyclin B1’s function in meiosis I. However, whether cyclin B2/CDK1 complex also negatively regulates separase activity during oocyte meiosis II remains unknown. In the present study, we investigated the function of cyclin B2 in meiosis II of oocyte. We found that stable cyclin B2 expression impeded segregation of sister chromatids after oocyte parthenogenetic activation. Consistently, stable cyclin B2 inhibited separase activation, while introduction of non-phosphorylatable separase mutant rescued chromatid separation in the stable cyclin B2-expressed oocytes. Therefore, the cyclin B2/CDK1 complex conservatively regulates separase activity via inhibitory phosphorylation of separase in both meiosis I and meiosis II of mouse oocyte.
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INTRODUCTION

Mammalian oocyte meiosis consists two continuous cell divisions, concomitantly, the chromosomes undergo two rounds of consecutive segregations, with segregation of homologous chromosomes in the first meiotic division and segregation of sister chromatids in the second meiotic division (Petronczki et al., 2003). To accomplish this orderly and accurate transmission of the duplicated genome into haploid gametes, the homologous chromosomes synapsed and paired during prophase stage to facilitate subsequent chiasmata formation by the action of cohesin, a ring-like four-subunit complex (Gruber et al., 2003; Nasmyth and Haering, 2005). Cohesin ties the sister chromatids together by its localizations at centromeres and chromosome arms, and the removal of arm cohesin allows the resolution of chiasmata and segregation of homologs in meiosis, while the removal of centromeric cohesin allows the segregation of sister chromatids in meiosis II (Terret and Jallepalli, 2006). In mouse oocyte, the cohesin loss is attributed to separase-dependent cleavage of REC8 subunit, which also requires the phosphorylation of REC8 (Katis et al., 2010; Chambon et al., 2013). To achieve the segregation of homologs only in meiosis I, the centromeric cohesin is under protection in meiosis I by Shougoshin2-associated PP2A recruitment mechanism (Kitajima et al., 2006; Riedel et al., 2006).

Previously, separase activity was known to be mutually inhibited by binding to securin and cyclin B1/CDK1 complex (Zou et al., 1999; Lee and Orr-Weaver, 2001; Stemmann et al., 2001; Petronczki et al., 2003; Holland and Taylor, 2006). In a recent study, we demonstrated that the cyclin B2-associated CDK1 activity was involved in the separase regulation in oocyte meiosis I, and expression of non-degradable cyclin B2 completely prevented the segregation of homologs in the cyclin B1-null oocytes, arresting the oocytes at metaphase I with the normal anaphase-promoting complex or cyclosome (APC/C)-dependent degradation of securin (Li et al., 2019). Cyclin B1 and cyclin B2 are two B-type cyclins, both can bind to CDK1 to activate maturation-promoting factor (MPF), which is required for oocyte meiotic resumption. Deletions of cyclin B1 and cyclin B2 together in mouse oocytes results in failure of meiotic resumption. Interestingly, cyclin B2 is important for meiotic resumption and it can compensate for cyclin B1 during oocyte meiosis I (Gui and Homer, 2013; Li et al., 2018; Daldello et al., 2019), even though cyclin B1 caught the attention of researchers in the past many years. Indeed, cyclin B1 is indispensable for meiosis II entry because the cyclin B1-deleted oocytes entered interphase-like stage after extrusion of the first polar body; moreover, expression of exogenous cyclin B2 rescued this phenotype to allow the meiosis II entry (Li et al., 2018). We now wonder the function of cyclin B2 on chromatid separation in oocyte meiosis II. In metaphase II (MII) eggs, expression of either non-degradable securin, or non-degradable cyclin B1 blocked the sister chromatid segregation (Madgwick et al., 2004), reflecting the roles of securin and cyclin B1 on separase regulation in meiosis II. However, whether cyclin B2/CDK1 complex has the ability to inhibit separase activity during meiosis II remains unknown.

Here, we investigated the function of cyclin B2 in sister chromatid segregation. We found that stable cyclin B2 expression induced the failure of oocyte activation, characterized by the absence of pronucleus formation. We further showed that sister chromatids did not separate in the cyclin B2-expressed oocytes due to the lack of separase activity, while CDK1-resistant phosphorylation site mutant separase (PM-separase) introduction rescued the segregation of sister chromatids. Thus, we propose that the cyclin B2/CDK1 complex conservatively inhibits separase activity in oocyte meiosis II.



RESULTS


Stable Cyclin B2 Expression Prevents Pronucleus Formation After Parthenogenetic Activation in Mouse Oocytes

We recently described that the cyclin B2/CDK1 complex was involved in the regulation of homologous chromosome separation by inhibiting separase activity during mouse oocyte meiosis I, and that expression of non-degradable cyclin B2 arrested the oocytes at metaphase I (Li et al., 2019). We wonder whether cyclin B2 regulates the separation of sister chromatids in meiosis II. To address this point, the Δ50cyclin B2-Venus mRNA was introduced into the MII oocytes collected from the oviducts 14 h after HCG injection, then the oocytes were transferred into Ca2+-free SrCl2-CZB medium for parthenogenetic activation (PA) after 2 h incubation in KSOM medium to examine whether the oocytes could be activated as the control oocytes. We found that no pronucleus formed in the stable cyclin B2-expressed oocytes 5 h after PA (Figures 1A,B), while most of the control oocytes had formed pronuclei with the second polar body extruded (Figures 1A,B). We checked the intracellular Ca2+ oscillations, which is required for oocyte activation, in the control and stable cyclin B2-expressed MII oocytes during PA, we found that the Ca2+ oscillations was initiated normally, but showed longer cycle and decreased intensity in the stable cyclin B2-expressed oocytes (Figures 1C,D and Supplementary Movies 1, 2). These results indicated that the stable cyclin B2 prevented MII oocyte activation.
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FIGURE 1. Stable cyclin B2 expression led to the failure of parthenogenetic activation in mouse oocytes. (A) Observation of pronucleus formation in the control and Δ50cyclin B2-Venus-expressed MII oocytes after PA. The pronucleus formation was observed 5 h after PA. Scale bar represents 100 μm. (B) Rates of pronucleus formation in the control and Δ50cyclin B2-Venus-expressed MII oocytes. The concentration of Δ50cyclin B2-Venus mRNA used for injection was 500 ng/μl. Data are presented as mean + SEM. ***P < 0.0001 by Student’s t-test. The numbers of oocytes used (n) are shown. (C) The intracellular Ca2+ oscillations in the control MII oocytes during PA. (D) The intracellular Ca2+ oscillations in the stable cyclin B2-expressed MII oocytes during PA.




Stable Cyclin B2 Expression Prevents Separation of Sister Chromatids in Meiosis II

To identify the effect of stable cyclin B2 expression on the separation of sister chromatids, we used a mCherry-H2B probe to label chromosomes to observe the chromosome separation after PA in live cells. The Δ50cyclin B2-Venus and mCherry-H2B mRNAs were co-injected into the MII oocytes 2 h before PA. In the control oocytes, the sister chromatids separated soon after PA (Figure 2A and Supplementary Movie 3), on the contrary, the sisters did not separate in the stable cyclin B2-expressed MII oocytes even with the extended observation (Figure 2B and Supplementary Movie 4). Therefore, we concluded that the presence of non-degradable cyclin B2 prevented the disjunction of sister chromatids in the second meiotic division in oocytes, in other words, the degradation of cyclin B2 was required for sister chromatid separation in oocyte meiosis II.
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FIGURE 2. Representative time-lapse confocal images for mCherry-H2B in the control and Δ50cyclin B2-Venus-expressed oocytes. In the control group, the MII oocytes collected from oviducts were injected with mCherry-H2B mRNA (A). In the experimental group, the Δ50cyclin B2-Venus and mCherry-H2B mRNAs were co-injected into the MII oocytes (B). After 2 h incubation in KSOM medium, the oocytes were transferred into Ca2+-free CZB medium for parthenogenetic activation under live cell imaging system. The arrows pointed out the separated sister chromatids in (A) and unseparated sisters in (B). The concentrations of mCherry-H2B and Δ50cyclin B2-Venus mRNAs used for injection were 200 and 500 ng/μl, respectively. Scale bars represent 20 μm in (A,B).




Stable Cyclin B2 Expression Inhibits Separase Activity in Meiosis II

Taken the fact that separase activity is responsible for chromosome separation, and cyclin B2/CDK1 complex inhibits separase activity in meiosis I, we wonder if it also acts in the same way in meiosis II. To test this hypothesis, we applied a separase sensor worked well before (Li et al., 2019, 2020) to detect the separase activity directly in oocyte meiosis II after PA. In the control oocytes, we observed a distinct fluorescent change of separase sensor, which turned into mCherry signal only after chromatid separation during PA as expected (Figure 3A and Supplementary Movie 5). In contrast, the separase sensor remained with no significant change from the beginning to the end in the stable cyclin B2-expressed oocytes (Figure 3B and Supplementary Movie 6). This result suggested that the cyclin B2/CDK1 complex conservatively inhibited separase activity in oocyte meiosis II.
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FIGURE 3. Stable cyclin B2 expression inhibited separase activation in meiosis II. (A) Representative time-lapse confocal images for separase sensor in the control oocytes after PA. The concentration of separase sensor mRNA used was 200 ng/μl. The arrows indicated the changes of separase sensor during disjunction of sister chromatids. (B) Representative time-lapse confocal images for separase sensor in the myc-Δ50cyclin B2-expressed oocytes after PA. The arrows indicated the unchanged signal of separase sensor with non-disjunction of sisters. The concentrations of separase sensor and myc-Δ50cyclin B2 mRNAs used for injection were 200 and 500 ng/μl, respectively. The mRNAs were injected into MII oocytes 2 h before PA. The numbers of oocytes used (n) are shown. Scale bars represent 20 μm in (A,B).




Non-phosphorylatable Separase Induces Sister Chromatid Separation in the Stable Cyclin B2-Arrested MII Oocytes After PA

To confirm the inhibitory role of cyclin B2/CDK1 complex in separase activity by phosphorylation in meiosis II, the phosphorylation site (S1121)-mutated mouse separase (PM-separase) was introduced to rescue the separation of chromatids in the stable cyclin B2-arrested MII oocytes after PA; as the control, the wildtype mouse separase (WT-separase) was introduced for co-expression. In most of the stable cyclin B2 and WT-separase co-expressed oocytes (75.5%), the sister chromatids were still maintained in pairs (Figures 4Aa,B); whereas in the majority of oocytes (84.6%) co-expressing stable cyclin B2 and PM-separase, the sister chromatids had separated clearly 2 h after PA (Figures 4Ab,B). This result confirmed that cyclin B2/CDK1 complex also played a negative role in separase activity through inhibitory phosphorylation in meiosis II, which may prevent the incorrect disjunction of sister chromatids.
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FIGURE 4. Non-phosphorylatable separase rescued the chromosome non-disjunction in the stable cyclin B2-expressed MII oocytes. (A) Chromosome spreads for the oocytes co-expressing Δ50cyclin B2-Venus and WT-separase (a), and co-expressing Δ50cyclin B2-Venus and PM-separase (b). The selected areas in (a,b) are the representative dyad (sisters not separated) and univalent (sisters separated), respectively. Centromere and DNA were stained with ACA antibody and DAPI, respectively. ACA, anti-centromeric antibodies. In the diagrams, light blue and dark blue represent sister chromatids, black represents cohesin, and red represents the centromere, respectively. (B) Statistical percentage histogram for oocytes with sisters not separated or separated in the two groups in (A). Green represents the proportion of sisters not separated, and red represents the proportion of sisters separated. The numbers of oocytes used (n) are shown.




DISCUSSION

Proper spatiotemporal regulation of separase activity is important for correct chromosome segregation in oocyte; in turn, the dysregulation of separase activity is likely to cause aneuploidy. In mitosis, separase is known to be inhibited through binding to securin and cyclin B1/CDK1 (Nabti et al., 2008); recently, we have demonstrated that cyclin B2/CDK1 complex inhibits separase activity as well in oocyte meiosis I (Li et al., 2019). In this study, we demonstrate that cyclin B2/CDK1 can also inhibit separase activity in oocyte meiosis II, further elucidating the inhibitory role of cyclin B2 on separase activation and the compensation between cyclin B1 and cyclin B2 in meiosis.

In mouse oocytes, overexpression of either non-degradable securin or non-degradable cyclin B1 prevents segregation of homologous chromosomes in meiosis I (Herbert et al., 2003; Touati et al., 2012), so does overexpression of stable cyclin B2 (Li et al., 2019). Securin is the classical inhibitor of separase (Ciosk et al., 1998), whose degradation is required for anaphase onset mediated by APC/C activity. However, viability and fertility of securin-knockout mice strongly indicated the additional mechanisms on separase regulation independent of securin (Mei et al., 2001; Wang et al., 2001). CDK1 is sufficient for securin-independent inhibition of separase, which is a two-step mechanism with phosphorylation of separase first and stable binding to separase through cyclin B1 (Gorr et al., 2005). Importantly, separase cannot bind both CDK1 and securin simultaneously (Gorr et al., 2005). We stated that cyclin B2 can compensate for cyclin B1 in oocyte meiosis I and interact with separase directly (Li et al., 2018, 2019), demonstrating that CDK1-dependent inhibition of separase is a dual way via cyclin B1 and cyclin B2 subunit. In MII eggs, overexpression of either non-degradable securin and cyclin B1 has the ability to prevent the disjunction of sister chromatids (Madgwick et al., 2004); here, we showed that overexpression of stable cyclin B2 also prevented sister chromatid separation and expression of PM-separase rescued the phenotype, suggesting that cyclin B2-associated CDK1 is involved in separase inhibition in oocyte meiosis II as well.

Cyclin B1 and cyclin B2 are crucial regulatory subunits to activate CDK1 kinase, and cyclin B synthesis and degradation regulates meiotic cell cycle progression in oocyte (Figure 5). In GV-arrested oocytes, the levels of cyclin B2 is significantly higher than those of cyclin B1 (Daldello et al., 2019), which maybe important for meiotic resumption. Remarkably, cyclin B1 is required for meiosis I-meiosis II (MI-MII) transition, while cyclin B2 can compensate for cyclin B1 in meiosis I progression (Li et al., 2018). Cyclin B1 is detectable in the midbody between the oocyte and the first polar body (Huo et al., 2005), suggesting that cyclin B1 is not completely destroyed at the MI-MII transition. Therefore, the residual levels of cyclin B1 should be important for rapid reactivation of CDK1 at the MI-MII transition. Cyclin B2-deleted oocytes can enter metaphase II stage; however, it will probably take more time because many ovulated oocytes remain immature after cyclin B2 deletion. Hence, we speculate that cyclin B2 reaccumulation may facilitate CDK1 reactivation upon MII entry. Given that the expression of stable cyclin B2 prevented the segregation of sister chromatids, it was suggested that cyclin B2 degradation is required for metaphase II-anaphase II transition (Figure 5).
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FIGURE 5. Hypothetical variations of cyclin B1 and cyclin B2 levels and their correlations with separase activity during oocyte meiotic maturation and activation. The level changes of cyclin B1 and cyclin B2 are similar in meiosis progression, both of them reach the peak level at metaphase I and metaphase II, and they exhibit consistent sharp decreases during metaphase-anaphase transitions in meiosis I and meiosis II, which is essential for separase activation. The light blue line represents cyclin B1 protein, and the dark blue line represents cyclin B2 protein.


Taken together, our results demonstrate that the cyclin B2/CDK1 complex conservatively inhibits separase activity by inhibitory phosphorylation during meiosis II in mouse oocytes, indicating that cyclin B2 plays its role in separase regulation throughout oocyte meiosis. Above all, given cyclin B2 deletion caused aneuploidy (Daldello et al., 2019), we propose that cyclin B2-associated CDK1 activity is of significance for chromosome segregation during oocyte meiosis. From clinical perspective, our study may provide a potential reference on clinical diagnosis of the patients with failure of oocyte maturation, disorder of oocyte activation, and abnormal chromosome segregation in oocytes.



MATERIALS AND METHODS


Mice

Six- to eight-week-old wildtype female Institute of Cancer Research (ICR) mice were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd. and used. All experimental protocols and animal handling procedures were conducted in accordance with the guidelines and procedures approved by the Institutional Animal Care Committee of Institute of Zoology (IOZ), University of Chinese Academy of Sciences (UCAS).



Oocyte Collection and Manipulation

To collect the matured oocytes (metaphase II oocytes), mice were injected intraperitoneally with 10 U pregnant mare serum gonadotrophin (PMSG) firstly, then the mice were injected intraperitoneally with 10 U human chorionic gonadotropin (HCG) after 48 h; finally, the metaphase II oocytes were collected from the ampulla of oviducts 14–16 h after HCG injection. The oocyte collection was manipulated in M2 medium (M7167, Sigma-Aldrich), and cumulus cells were removed by hyaluronidase (1 mg/ml, Sigma, H3506) treatment. The activated metaphase II oocytes were cultured in prebalanced KSOM medium (MR-121, Sigma-Aldrich).



Parthenogenetic Activation

Oocyte parthenogenetic activation was induced by 10 mM strontium chloride (SrCl2, Sigma) in Ca2+-free CZB medium for 4–6 h. After parthenogenetic activation, eggs were transferred into KSOM (MR-106, Millipore) for further culture; subsequently, the rate of pronuclear formation was counted.



Chromosome Spreads

Chromosome spreads were performed according to the procedure described previously (Li et al., 2019). Briefly, after proper removal of zona pellucida, the oocytes were washed in prewarmed M2 medium for a brief recovery; subsequently, the oocytes were exposed to spread solution (1% paraformaldehyde in distilled H2O (pH 9.2) containing 0.15% Triton X-100 and 3 mM dithiothreitol) on a clean glass slide, as previously reported (Hodges and Hunt, 2002). After drying slowly in a half-open humidified chamber at room temperature (RT), the fixed oocytes were blocked with 2% BSA in PBS for 1 h at RT. For immunofluorescent staining, the oocytes were then incubated with primary antibodies overnight at 4°C. After three washes (10 min each wash), the slides were then incubated with corresponding secondary antibody for 2 h at RT. Primary human anti-ACA (anticentromere antibody) antibody (1:50; 15–234, Antibodies Incorporated) was used for detecting centromeres with a corresponding secondary antibody conjugated with Alexa Fluor Cy5 (709-175-149, Jackson ImmunoResearch).



Preparation of cRNAs and Microinjection

To make the non-degradable cyclin B2 mutant, the Destruction-box (N-terminal 50 amino acids) of murine cyclin B2 was deleted and cloned into a pcDNA3.1-Venus vector and a pCS2(+)-Myc vector, respectively, as described previously (Li et al., 2019). The murine WT-separase and PM-separase (S1121A) constructs were cloned into pCS2 vector as reported previously (Touati et al., 2012; Li et al., 2019). The separase sensor was cloned into pGEMHE vector. The cRNAs were prepared using SP6 or T7 mMessage mMachine (Ambion), respectively, then purified with RNeasy kit (74004, Qiagen), dissolved in nuclease-free water, and stored at −80°C. Microinjection was performed with a Nikon operating system.



Time-Lapse Confocal Live-Cell Imaging

Live-cell imaging was performed using a PerkinElmer Ultra VIEW-VoX confocal imaging system equipped with a CO2 incubator chamber (5% CO2 at 37°C). Digital time-lapse images (30 z-slices with 2 μm spacing) were acquired using a 20 × 0.75 objective lens, and Volocity 6.0 software was used for image acquisition. Injected metaphase II oocytes were incubated in KSOM medium for time-lapse imaging. To track the signals for Δ50cyclin B2-Venus and mCherry-H2B, images were taken at the maximum speed. To track the change of separase sensor, images were also taken at the maximum speed.



Calcium Oscillation Detection

Oocyte calcium oscillations was detected with a frequently used fluorescent probe Fluo-4AM (1 μm, Beyotime) under PerkinElmer Ultra VIEW-VoX confocal time-lapse imaging system; the excitation wavelength of laser is 488 nm. Real-time images and signals were collected twice per minute.



Statistical Analysis

Statistical analysis was processed by Student’s t-test using Prism 5 (GraphPad Software). Images were analyzed with ImageJ (National Institutes of Health) and Photoshop CS5 (Adobe) software and composed by Illustrator CC5 (Adobe) software.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care Committee of Institute of Zoology (IOZ), University of Chinese Academy of Sciences (UCAS).



AUTHOR CONTRIBUTIONS

JL, Q-YS, and W-PQ conceived and designed the project. JL prepared and performed the experiments. JL and Q-YS analyzed the data and prepared the manuscript. H-YZ and FW provided technical support. All authors approved the final version of the manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (31900593) and the project supported by Shenzhen High-level Hospital Construction Fund.



ACKNOWLEDGMENTS

We thank Prof. Olaf Stemmann at the Department of Genetics, University of Bayreuth for gifting the WT-Separase and PM-Separase constructs.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.648053/full#supplementary-material



REFERENCES

Chambon, J. P., Touati, S. A., Berneau, S., Cladiere, D., Hebras, C., Groeme, R., et al. (2013). The PP2A inhibitor I2PP2A is essential for sister chromatid segregation in oocyte meiosis II. Curr. Biol. 23, 485–490. doi: 10.1016/j.cub.2013.02.004

Ciosk, R., Zachariae, W., Michaelis, C., Shevchenko, A., Mann, M., and Nasmyth, K. (1998). An ESP1/PDS1 complex regulates loss of sister chromatid cohesion at the metaphase to anaphase transition in yeast. Cell 93, 1067–1076. doi: 10.1016/S0092-8674(00)81211-8

Daldello, E. M., Luong, X. G., Yang, C. R., Kuhn, J., and Conti, M. (2019). Cyclin B2 is required for progression through meiosis in mouse oocytes. Development 146:dev172734. doi: 10.1242/dev.172734

Gorr, I. H., Boos, D., and Stemmann, O. (2005). Mutual inhibition of separase and Cdk1 by two-step complex formation. Mol. Cell 19, 135–141. doi: 10.1016/j.molcel.2005.05.022

Gruber, S., Haering, C. H., and Nasmyth, K. (2003). Chromosomal cohesin forms a ring. Cell 112, 765–777. doi: 10.1016/s0092-8674(03)00162-4

Gui, L., and Homer, H. (2013). Hec1-dependent cyclin B2 stabilization regulates the G2-M transition and early prometaphase in mouse oocytes. Dev. Cell 25, 43–54. doi: 10.1016/j.devcel.2013.02.008

Herbert, M., Levasseur, M., Homer, H., Yallop, K., Murdoch, A., and McDougall, A. (2003). Homologue disjunction in mouse oocytes requires proteolysis of securin and cyclin B1. Nat. Cell Biol. 5, 1023–1025. doi: 10.1038/ncb1062

Hodges, C. A., and Hunt, P. A. (2002). Simultaneous analysis of chromosomes and chromosome-associated proteins in mammalian oocytes and embryos. Chromosoma 111, 165–169. doi: 10.1007/s00412-002-0195-3

Holland, A. J., and Taylor, S. S. (2006). Cyclin-B1-mediated inhibition of excess separase is required for timely chromosome disjunction. J. Cell Sci. 119, 3325–3336. doi: 10.1242/jcs.03083

Huo, L. J., Yu, L. Z., Liang, C. G., Fan, H. Y., Chen, D. Y., and Sun, Q. Y. (2005). Cell-cycle-dependent subcellular localization of cyclin B1, phosphorylated cyclin B1 and p34cdc2 during oocyte meiotic maturation and fertilization in mouse. Zygote 13, 45–53. doi: 10.1017/s0967199405003060

Katis, V. L., Lipp, J. J., Imre, R., Bogdanova, A., Okaz, E., Habermann, B., et al. (2010). Rec8 phosphorylation by casein kinase 1 and Cdc7-Dbf4 kinase regulates cohesin cleavage by separase during meiosis. Dev. Cell 18, 397–409. doi: 10.1016/j.devcel.2010.01.014

Kitajima, T. S., Sakuno, T., Ishiguro, K., Iemura, S., Natsume, T., Kawashima, S. A., et al. (2006). Shugoshin collaborates with protein phosphatase 2A to protect cohesin. Nature 441, 46–52. doi: 10.1038/nature04663

Lee, J. Y., and Orr-Weaver, T. L. (2001). The molecular basis of sister-chromatid cohesion. Annu. Rev. Cell Dev. Biol. 17, 753–777. doi: 10.1146/annurev.cellbio.17.1.753

Li, J., Dong, F., Ouyang, Y. C., Sun, Q. Y., and Qian, W. P. (2020). Overexpression of cyclin A1 promotes meiotic resumption but induces premature chromosome separation in mouse oocyte. J. Cell. Physiol. 235, 7136–7145. doi: 10.1002/jcp.29612

Li, J., Ouyang, Y. C., Zhang, C. H., Qian, W. P., and Sun, Q. Y. (2019). The cyclin B2/CDK1 complex inhibits separase activity in mouse oocyte meiosis I. Development 146:dev182519. doi: 10.1242/dev.182519

Li, J., Tang, J. X., Cheng, J. M., Hu, B., Wang, Y. Q., Aalia, B., et al. (2018). Cyclin B2 can compensate for cyclin B1 in oocyte meiosis I. J. Cell. Biol. 217, 3901–3911. doi: 10.1083/jcb.201802077

Madgwick, S., Nixon, V. L., Chang, H. Y., Herbert, M., Levasseur, M., and Jones, K. T. (2004). Maintenance of sister chromatid attachment in mouse eggs through maturation-promoting factor activity. Dev. Biol. 275, 68–81. doi: 10.1016/j.ydbio.2004.07.024

Mei, J., Huang, X., and Zhang, P. (2001). Securin is not required for cellular viability, but is required for normal growth of mouse embryonic fibroblasts. Curr. Biol. 15, 1197–1201. doi: 10.1016/s0960-9822(01)00325-6

Nabti, I., Reis, A., Levasseur, M., Stemmann, O., and Jones, K. T. (2008). Securin and not CDK1/cyclin B1 regulates sister chromatid disjunction during meiosis II in mouse eggs. Dev. Biol. 321, 379–386. doi: 10.1016/j.ydbio.2008.06.036

Nasmyth, K., and Haering, C. H. (2005). The structure and function of SMC and kleisin complexes. Annu. Rev. Biochem. 74, 595–648. doi: 10.1146/annurev.biochem.74.082803.133219

Petronczki, M., Siomos, M. F., and Nasmyth, K. (2003). Un menage a quatre: the molecular biology of chromosome segregation in meiosis. Cell 112, 423–440. doi: 10.1016/s0092-8674(03)00083-7

Riedel, C. G., Katis, V. L., Katou, Y., Mori, S., Itoh, T., Helmhart, W., et al. (2006). Protein phosphatase 2A protects centromeric sister chromatid cohesion during meiosis I. Nature 441, 53–61. doi: 10.1038/nature04664

Stemmann, O., Zou, H., Gerber, S. A., Gygi, S. P., and Kirschner, M. W. (2001). Dual inhibition of sister chromatid separation at metaphase. Cell 107, 715–726. doi: 10.1016/S0092-8674(01)00603-1

Terret, M. E., and Jallepalli, P. V. (2006). Meiosis: separase strikes twice. Nat. Cell Biol. 8, 910–911. doi: 10.1038/ncb0906-910

Touati, S. A., Cladiere, D., Lister, L. M., Leontiou, I., Chambon, J. P., Rattani, A., et al. (2012). Cyclin A2 Is required for sister chromatid segregation, but not separase control, in mouse oocyte meiosis. Cell Rep. 2, 1077–1087. doi: 10.1016/j.celrep.2012.10.002

Wang, Z., Yu, R., and Melmed, S. (2001). Mice lacking pituitary tumor transforming gene show testicular and splenic hypoplasia, thymic hyperplasia, thrombocytopenia, aberrant cell cycle progression, and premature centromere division. Mol. Endocrinol. 15, 1870–1879. doi: 10.1210/mend.15.11.0729

Zou, H., McGarry, T. J., Bernal, T., and Kirschner, M. W. (1999). Identification of a vertebrate sister-chromatid separation inhibitor involved in transformation and tumorigenesis. Science 285, 418–422. doi: 10.1126/science.285.5426.418


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Li, Zhang, Wang, Sun and Qian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-09-648053-g004.jpg
2 hr after parthenogenetic activation

% of oocytes

A50cyclin B2-Venus A50cyclin B2-Venus
+ WT-Separase + PM-Separase

100+

80+

60+

(n=53) (n=52)
[ Sisters not separated
Bl Sisters separated

Stable cyclin B2 Stable cyclin B2
+WT-Separase +PM-Separase





OPS/images/fcell-09-648053-g003.jpg
Time after parthenogenetic activation

60 min 93 min 121 min

00:00:00.000 00:27:35.503 0100'53MH 013357282 02012895 02:5 1 15,251

0302 6319 0340:52.288 0402533 10

i !

Separase sensor control

H2B-mCherry-RAD21-EGFP

121 min 171 min

00:00:00,000 00:27:31.202 0100:54.255 013361, M1 020 132631 02:5 1 5.851

0302 M. 31 0324 18N 0340:52.562 040254350 042451, 199

Separase sensor
+ myc-A50Cyclin B2






OPS/images/fcell-09-648053-g002.jpg
e S e
Sk o

. &

. &

/
£
AN,
A ey
> < <

S ‘\_/’//






OPS/images/fcell-09-648053-g001.jpg
(9]
m
ORI =
o g
m Q 0091
S C
_ T3
£ o
c >
[} €
(&) X0 +
008
00
009
005
00
00e
00z
001
T T T 1 T T 1 0
N F o o N = o 9.
-— ~ Al o -~ o \ o
Ajisuajul @oua9saI0N|) dAlRIRY Aysuajul 20uU82s8I0N}) BAIIRIRY
o
(22}
=}
]
T o
o
c|@ g
o c ()]
s[5 >
g5 oo
® 3 ¥ - LE
o|d * i 9
" LS &)
c o
5 5
o +
[
o
b=
©
o S
o) 2
= c
© e} [e)
e|E o
w|§
O
I T T T 1
o o o o o
o © < N
(9%) @3ed uoijew.o} snaPNUOId
o

Time (s)





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Cyclin B2/CDK1 Complex Conservatively Inhibits Separase Activity in Oocyte Meiosis II



		INTRODUCTION



		RESULTS



		Stable Cyclin B2 Expression Prevents Pronucleus Formation After Parthenogenetic Activation in Mouse Oocytes



		Stable Cyclin B2 Expression Prevents Separation of Sister Chromatids in Meiosis II



		Stable Cyclin B2 Expression Inhibits Separase Activity in Meiosis II



		Non-phosphorylatable Separase Induces Sister Chromatid Separation in the Stable Cyclin B2-Arrested MII Oocytes After PA







		DISCUSSION



		MATERIALS AND METHODS



		Mice



		Oocyte Collection and Manipulation



		Parthenogenetic Activation



		Chromosome Spreads



		Preparation of cRNAs and Microinjection



		Time-Lapse Confocal Live-Cell Imaging



		Calcium Oscillation Detection



		Statistical Analysis







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fcell-09-648053-g005.jpg
GV Metaphase |  Telophase | Metaphase |l Telophase Il

O-FCr

Separase activation Separase activation

Cyclin B2 |

Cyclin B1

Meiosis | Meiosis I





OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

The Cyclin B2/CDK1
ComplexConservatively Inhibits
Separase Activity
in Oocyte Meiosis









OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





