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RASSF1A Regulates Spindle Organization by Modulating Tubulin Acetylation via SIRT2 and HDAC6 in Mouse Oocytes
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Dynamic changes in microtubules during cell cycle progression are essential for spindle organization to ensure proper segregation of chromosomes. There is growing evidence that post translational modifications of tubulins are the key factors that contribute to microtubule dynamics. However, how dynamic properties of microtubules are regulated in mouse oocytes is unclear. Here, we show that tumor suppressor RASSF1A is required for tubulin acetylation by regulating SIRT2 and HDAC6 during meiotic maturation in mouse oocytes. We found that RASSF1A was localized at the spindle microtubules in mouse oocytes. Knockdown of RASSF1A perturbed meiotic progression by impairing spindle organization and chromosome alignment. Moreover, RASSF1A knockdown disrupted kinetochore-microtubule (kMT) attachment, which activated spindle assembly checkpoint and increased the incidence of aneuploidy. In addition, RASSF1A knockdown decreased tubulin acetylation by increasing SIRT2 and HDAC6 levels. Notably, defects in spindle organization and chromosome alignment after RASSF1A knockdown were rescued not only by inhibiting SIRT2 or HDAC6 activity, but also by overexpressing acetylation mimicking K40Q tubulin. Therefore, our results demonstrated that RASSF1A regulates SIRT2- and HDAC6-mediated tubulin acetylation for proper spindle organization during oocyte meiotic maturation.
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INTRODUCTION

Microtubules are cylindrical cytoskeletal polymers composed of α/β-tubulin dimers and are implicated in a variety of cellular processes, including cellular transport, maintenance of cell structure, and spindle formation and chromosome segregation during cell division (Desai and Mitchison, 1997). Microtubules are highly dynamic by making a rapid change between growing and shrinking states. Although these dynamic properties are essential for various cellular functions, it remains unclear how microtubule dynamics are precisely controlled within cells. However, a growing body of evidence indicates that post-translational modifications of tubulins are key factors that contribute to microtubule dynamics (Magiera and Janke, 2014; Strzyz, 2016). Acetylation of lysine 40 (K40) of α-tubulin is one of the most-studied post-translational modifications that alters the microtubule structure and affects the interactions between microtubules and microtubule-associated proteins (Sadoul and Khochbin, 2016). K40 acetylation in α-tubulin is catalyzed by the acetyltransferase αTAT, and deacetylation is performed by the deacetylases HDAC6 and SIRT2 (Hubbert et al., 2002; North et al., 2003; Zhang et al., 2014; Coombes et al., 2016). Altered level of K40 acetylation has been shown to correlate with various disease, such as cancer, neurologic pathologies, heart diseases, inflammation, and viral infections (Li and Yang, 2015). However, precise knowledge of the physiological function of K40 acetylation in α-tubulin remains elusive.

In mammalian oocytes, dynamic reorganization of microtubules is essential for establishing a bipolar spindle, which orchestrates chromosome alignment and segregation during oocyte meiosis (Bennabi et al., 2016). Defects in this process cause erroneous attachment of kinetochores to microtubules, which increases the likelihood of chromosome missegregation and aneuploidy (Thompson and Compton, 2011). However, a surveillance mechanism, spindle assembly checkpoint (SAC), monitors erroneous kinetochore-microtubule (kMT) attachments, and prevents anaphase onset until all chromosomes are stably attached to spindle microtubules (Shah and Cleveland, 2000; Taylor et al., 2004).

Ras-association domain family 1A (RASSF1A) is a recently discovered tumor suppressor whose inactivation is implicated in development of many human cancers (Dammann et al., 2000; Burbee et al., 2001; Chan et al., 2003; Pan et al., 2005; Pfeifer and Dammann, 2005). Numerous studies have shown that RASSF1A appears to regulate multiple biological processes. For instance, overexpression of RASSF1A promotes apoptosis, cell cycle arrest, and decrease of tumorigenicity of cancer cell lines. In contrast, RASSF1A downregulation causes loss of cell cycle control, enhanced genetic instability, enhanced cell motility, and resistance to apoptosis (Donninger et al., 2007). Although the mechanisms behind these activities remain under investigation, emerging evidence suggests that the function of RASSF1A is associated with microtubules (Liu et al., 2003; Dallol et al., 2004; Vos et al., 2004). Indeed, RASSF1A has been shown to colocalize with microtubules and promote their stabilization (Liu et al., 2003; Dallol et al., 2004; Song et al., 2004; Vos et al., 2004). Moreover, overexpression of RASSF1A protein protects microtubules against depolymerizing agents like nocodazole, whereas RASSF1A mutants have impaired ability to bind and acetylate microtubules (Dallol et al., 2004; Vos et al., 2004; Jung et al., 2013). The underlying mechanisms of RASSF1A associated with microtubules remain elusive, but it is obvious that RASSF1A has the capacity to profoundly influence microtubule dynamics both positively and negatively.

Although several studies have demonstrated prevalent roles of RASSF1A in regulation of microtubule dynamics, its role in oocyte maturation has not been explored. In this study, we investigated the functions of RASSF1A during meiotic maturation in mouse oocytes. We found that RASSF1A is localized at spindle microtubules and regulates spindle organization and chromosome segregation by modulating tubulin acetylation via SIRT2 and HDAC6 in mouse oocytes.



MATERIALS AND METHODS


Oocyte Collection and Culture

Female 3-week-old ICR mice (Koatech, Korea) were used in all experiments. Experiments were approved by the Institutional Animal Care and Use Committees of Sungkyunkwan University (approval ID: SKKUIACUC2019-04-28-4). Ovaries were isolated from mice 46–48 h after injection of 5 IU pregnant mare serum gonadotropin (PMSG). Fully grown cumulus-enclosed oocytes were collected from follicles and cultured in M2 medium supplemented with 200 μM 3-isobutyl-1-methylxanthine (IBMX) to prevent meiotic resumption. For in vitro maturation, oocytes were cultured in IMBX-free M2 medium under mineral oil at 37°C in a 5% CO2 incubator. For analysis of kMT attachment, oocytes at MI stage were cultured in 4°C M2 medium for 10 min. For chemical treatment, oocytes were treated with 20 μg/ml nocodazole, 10 μM taxol, 2 μM AZ3146 (Selleck Chemicals), 5 μM AGK2, or 2 μM tubacin. All chemicals and culture media were purchased from Sigma-Aldrich unless stated otherwise.



Plasmid Construction and mRNA Synthesis

The RASSF1A and tubulin K40Q clones were obtained from Addgene (RASSF1A, #37016; tubulin K40Q, #32912). The full-length cDNA sequence encoding RASSF1A was subcloned into pRN3-mCherry vector and in vitro transcribed using a mMessage mMachine kit (Ambion). Tubulin K40Q clone was directly in vitro transcribed and polyadenylated using mMessage mMachine kit and poly(A) tailing kit (Ambion), respectively.



Microinjection

Two different siRNAs targeting RASSF1A were designed and purchased from local company (Bioneer, Korea) and diluted in RNase-free water with a final 50 μM concentration. The sequences of RASSF1A siRNAs were CUGAACGGCAUGGCCAAGU (#56289-1) and CCUCCUCU AAGGGAAAGGU (#56289-2). Approximately 5–10 pl of siRNA or cRNA was microinjected into the cytoplasm of oocytes using a FemtoJet microinjector (Eppendorf, Germany) with a Leica inverted microscope (DMIRB) equipped with a micromanipulator (Narishige, Japan). Control oocytes were microinjected with AccuTarget Control siRNA (SN-1003; Bioneer, Korea). After injection, oocytes were cultured for 24 h in medium containing IMBX. The oocytes were then transferred to fresh medium and cultured under mineral oil at 37°C in an atmosphere of 5% CO2 in air.



Immunostaining

Oocytes were fixed in 4% paraformaldehyde for 20 min and permeabilized in phosphate buffered saline (PBS) with 0.25% Triton X-100 for 30 min. After permeabilization, oocytes were blocked in 3% BSA in PBS for 1 h at room temperature. Oocytes were incubated overnight at 4°C with primary antibodies and then at room temperature for 2 h with secondary antibodies. Chromosomes were counterstained with DAPI. Oocytes were examined under a confocal laser-scanning microscope (LSM 700; Zeiss, Germany) equipped with a C-Apochromat 40×/1.2 water immersion objective. ZEN LSM software (Zeiss, Germany) was used to measure and analyze the intensity of fluorescence. Primary antibodies for immunostaining were anti-RASSF1A antibody (Abcam, ab23950, 1:100), anti-acetylated-α-tubulin (acetyl-K40) antibody (Sigma, T7451, 1:500; Abcam, ab179484, 1:500), anti-BubR1 antibody (Abcam, ab28193, 1:100), and anti-centromere antibody (Antibodies Incorporated, 15-234, 1:100). Secondary antibodies were Alexa Fluor 488-conjugated anti-sheep antibody (Abcam, ab150177, 1:500), Alexa Fluor 594-conjugated anti-rabbit antibody (Jackson ImmunoResearch, 111-585-144, 1:500), Alexa Fluor 488-conjugated anti-mouse antibody (Jackson ImmunoResearch, 115-545-144 1:500), Alexa Fluor 594-conjugated anti-mouse antibody (Jackson ImmunoResearch, 111-585-146, 1:500), and Alexa Fluor 488-conjugated anti-rabbit antibody (Jackson ImmunoResearch, 115-545-144 1:500).



Chromosome Spreading

Oocytes were exposed to acidic Tyrode’s solution (pH 2.5) for 1 min to remove the zona pellucida. After brief recovery in fresh medium, the oocytes were fixed in 1% paraformaldehyde in distilled water (pH 9.2) containing 0.15% Triton X-100 and 3 mM dithiothreitol. The slides were dried slowly in a humid chamber for several hours, and then blocked with 1% BSA in PBS for 1 h at room temperature. Oocytes were incubated with a primary antibody overnight at 4°C and then with a secondary antibody for 2 h at room temperature. DNA was stained with DAPI, and the slides were mounted for observation by confocal microscope.



Immunoblotting Analysis

Oocytes were lysed in SDS sample buffer at 95°C for 8 min and subjected to SDS-PAGE. Samples were transferred to PVDF membranes, and blocked in TBST (TBS containing 0.5% Tween 20) with 1% BSA for 1 h at room temperature. Membranes were incubated with primary antibodies overnight at 4°C. After three washes in TBST, membranes were incubated with secondary antibodies for 2 h at room temperature. The blots were developed with the ECL Plus Western blotting detection kit (GE Healthcare). Primary antibodies for immunoblotting were anti-RASSF1A antibody (Abcam, ab23950, 1:500), anti-acetylated-α-tubulin (acetyl K40) antibody (Sigma, T7451, 1:500), anti-α-tubulin antibody (Abcam, ab7291, 1:500), anti-HDAC6 antibody (Cell Signaling, #7612, 1:500), anti-SIRT2 antibody (Abcam, ab67299, 1:500) and anti-β-actin antibody (Cell Signaling, #4967, 1:2,500). Secondary antibodies were HRP-conjugated anti-rabbit or anti-mouse antibodies (Jackson ImmunoResearch, 111-035-144, 111-585-144, 1:2,500).



Statistical Analysis

Statistical analysis was performed with GraphPad Prism 5.0 (GraphPad Software Inc.). The data are presented as the mean ± SEM of at least three independent experiments unless otherwise stated. Differences between two groups were analyzed by Student’s t-test, and comparisons between more than two groups were analyzed by one-way ANOVA with Tukey’s post-hoc test. P < 0.05 was considered statistically significant.



RESULTS


Expression and Localization of RASSF1A During Meiotic Maturation in Mouse Oocytes

We first examined the expression of RASSF1A during meiotic maturation in mouse oocytes. Immunoblot analysis showed that RASSF1A is constantly expressed at all stages of oocytes during meiotic maturation (Figure 1A). Subsequently, we investigated subcellular localization of RASSF1A during meiotic maturation. Because of lack of specific antibodies detecting endogenous mouse RASSF1A, we injected a low concentration of mRNAs encoding human RASSF1A-mCherry and visualized exogenous human RASSF1A. At the germinal vesicle (GV) stage, RASSF1A signals were dispersed throughout the cytoplasm as distinct fragments. Upon GV breakdown (GVBD), as the chromatin was condensed into individual chromosomes, RASSF1A began to aggregate around the condensing chromosomes, simultaneous with the newly formed spindle microtubules. At metaphase I (MI) and metaphase II (MII), RASSF1A accumulated at the meiotic spindle microtubules (Figure 1B). To clarify the correlation between RASSF1A and spindle microtubules, we treated MI oocytes with spindle perturbing drugs, taxol and nocodazole. RASSF1A was enriched around the spindle after taxol-induced microtubule polymerization. In contrast, RASSF1A was not observed in the spindle microtubules after disassembling microtubules with nocodazole (Figure 1C). Our results suggest that RASSF1A is involved in spindle formation and/or organization during meiotic maturation.
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FIGURE 1. Expression and localization of RASSF1A during meiotic maturation in mouse oocytes. (A) Oocytes at GV, GVBD, MI, and MII stages were collected and subjected to immunoblot analysis with anti-RASSF1A antibody. β-actin was used as a loading control. Each lane contains 50 oocytes. Normalized expression of RASSF1A was quantified and expressed as the mean ± SEM from two independent experiments. (B) Immunostaining of RASSF1A during oocyte meiotic maturation. Oocytes at different stages were fixed and stained with anti-RASSF1A antibodies. DNA and spindle were stained with DAPI and anti-acetylated-α-tubulin antibody, respectively. Dashed line indicates oocyte cortex. Scale bar, 40 μM. (C) Oocytes at the MI stage were cultured in medium containing 10 μM taxol for 45 min or 20 μg/ml nocodazole for 10 min and then stained with anti-RASSF1A antibody. DNA and spindle were stained with DAPI and anti-acetylated-α-tubulin antibody, respectively. Dashed line indicates oocyte cortex. Scale bar, 40 μM.




Knockdown of RASSF1A Perturbs Polar Body Extrusion by Impairing Spindle Organization and Chromosome Alignment

To investigate the function of RASSF1A during meiotic maturation, we injected siRNAs targeting RASSF1A (siRASSF1A) or scrambled siRNA control (siControl) into GV-stage oocytes and cultured the oocytes for 24 h. Immunoblot analysis showed that RASSF1 was successfully knocked down after siRNA injection (Figure 2A). We subsequently assessed meiotic progression in RASSF1A knockdown oocytes. Although RASSF1A knockdown did not affect GVBD, the rate of polar body extrusion was significantly decreased, causing the MI arrest (Figures 2B–D). These results suggest that RASSF1A is not dispensable for progression of meiotic maturation in mouse oocytes.
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FIGURE 2. Knockdown of RASSF1A perturbs polar body extrusion by impairing spindle organization and chromosome alignment. (A) GV oocytes injected with RASSF1A siRNA were cultured for 24 h in the presence of IBMX. Knockdown of RASSF1A was confirmed by immunoblot analysis. β-actin was used as a loading control. Each lane contains 50 oocytes. Level of RASSF1A expression was quantified and expressed as the mean ± SEM from two independent experiments. **p < 0.001. (B–D) RASSF1A knockdown oocytes were cultured in IBMX-free medium for 13 h, and the rates of GVBD and polar body extrusion (PBE) were scored and are shown with representative images. Scale bar, 80 μM. The number of oocytes analyzed is specified in brackets. Data are presented as mean ± SEM from three independent experiments. ns, not significant, ***p < 0.0001. (E–G) RASSF1A knockdown oocytes were fixed at the MI stage and stained with anti-acetylated-α-tubulin antibody and DAPI. Chromosome misalignment and spindle abnormality were quantified and are shown with representative images. Dashed line indicates oocyte cortex. Scale bar, 40 μM. The number of oocytes analyzed is specified in brackets. Data are presented as mean ± SEM from three independent experiments. ***p < 0.0001.


To investigate the molecular basis of MI arrest after RASSF1A knockdown, we examined spindle and chromosome organization of RASSF1A knockdown oocytes arrested at the MI stage. While most control oocytes showed typical barrel-shaped spindles with well-aligned chromosomes at the metaphase plate, a number of RASSF1A knockdown oocytes displayed abnormal spindle organization, namely, unusually elongated and/or disorganized spindle. Moreover, chromosomes were unaligned or dispersed on the abnormal spindle in RASSF1A knockdown oocytes (Figures 2E–G).



RASSF1A Knockdown Impairs Kinetochore-Microtubule Attachment and Increases Aneuploidy

Given that RASSF1A was colocalized at the spindle microtubules, it is likely that misaligned chromosomes are caused by improper attachment of microtubules to the kinetochore on the chromosomes. To investigate this possibility, we examined kMT attachment after cold treatment to depolymerize unstable microtubules not attached to kinetochores. While kinetochores remained fully attached by spindle microtubules in control oocytes, RASSF1A knockdown oocytes exhibited defective kMT attachments (Figure 3A). The rate of aberrant kMT attachment in RASSF1A knockdown oocytes increased compared to that in the control (Figure 3B).
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FIGURE 3. RASSF1A knockdown impairs kinetochore-microtubule attachment and increases aneuploidy. Oocytes injected with siControl or siRASSF1A were cultured in medium containing IBMX for 24 h and then transferred to IBMX-free medium for 10 h. (A,B) After cold treatment, oocytes were fixed and stained with anti-centromere antibody (ACA), anti-acetylated-α-tubulin antibody, and DAPI to visualize kinetochore, spindle, and DNA, respectively. Abnormal kinetochore-microtubule (kMT) attachment was quantified and shown with representative images. Scale bar, 10 μM. Data are presented as mean ± SEM from three independent experiments. The number of oocytes analyzed is specified in brackets. ***p < 0.0001. (C,D) Oocytes at MI stage (at 10 h of culture after IBMX release) were fixed and stained with anti-BubR1 antibody with DAPI for DNA staining. The intensity of BubR1 was quantified and is shown with representative images. Scale bar, 10 μM. Data are presented as mean ± SEM from three independent experiments. The number of oocytes analyzed is specified in brackets. ***p < 0.0001. (E) RASSF1A knockdown oocytes were cultured in the presence of AZ3146 and the PBE rate was scored. The number of oocytes analyzed is specified in brackets and data are presented as mean ± SEM. **p < 0.001. (F,G) Chromosome spreading of RASSF1A knockdown MII oocytes. Kinetochore and DNA were stained with ACA and DAPI, respectively. Scale bar, 20 μM. The incidence of aneuploidy was quantified. The number of oocytes analyzed is specified in brackets. Data are presented as mean ± SEM. **p < 0.001.


The findings that RASSF1A knockdown caused MI arrest and impaired proper kMT attachment led us to investigate whether MI arrest by RASSF1A knockdown is caused by activation of SAC. To investigate this, a core protein of SAC complexes, BubR1, was stained and analyzed. Immunostaining analysis revealed that BubR1 level was significantly increased at the kinetochores in RASSF1A knockdown oocytes compared to that in the control (Figures 3C,D). This result suggests that the impaired kMT attachment induced by RASSF1A knockdown activates SAC, which causes MI arrest. Indeed, inhibition of SAC activity with Mps1 kinase inhibitor AZ3146 rescued the MI arrest caused by RASSF1A knockdown (Figure 3E).

Because proper kMT attachments are essential to ensure faithful chromosome segregation, we assumed that RASSF1A knockdown causes chromosome missegregation that eventually leads to aneuploidy. To confirm this possibility, we performed karyotype analysis of MII oocytes by chromosome spreading combined with kinetochore labeling. As expected, the incidence of aneuploidy was significantly increased after RASSF1A knockdown (Figures 3F,G). Therefore, our results suggest that RASSF1A is required for proper kMT attachment, thereby ensuring proper chromosome segregation during oocyte meiosis.



RASSF1A Regulates α-Tubulin Acetylation in Mouse Oocytes

It is widely reported that microtubule stability is regulated by the acetylation of α-tubulin on K40 residue. Because RASSF1A knockdown impairs spindle organization, we examined the expression level of acetylated α-tubulin in RASSF1A knockdown oocytes. Interestingly, the level of acetylated α-tubulin was significantly decreased after RASSF1A knockdown (Figure 4A). To validate the RASSF1A-mediated change of α-tubulin acetylation, we attempted to rescue the phenotypes in RASSF1A knockdown oocytes by overexpressing human RASSF1A (hRASSF1A) and stained oocytes with anti-α-acetylated tubulin antibody. Notably, spindle and chromosome configuration and level of α-tubulin acetylation were restored after hRASSF1A overexpression (Figures 4B–E). More importantly, the phenotypes were also rescued by overexpressing acetylation-mimicking K40Q α-tubulin rather than hRASSF1A (Figures 4B–E). This result implies that the downstream target of RASSF1A is likely to be a K40 acetylation of α-tubulin.
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FIGURE 4. RASSF1A regulates α-tubulin acetylation in mouse oocytes. (A) Level of acetylated α-tubulin in control and RASSF1A knockdown oocytes was examined by immunoblot analysis and quantified. Data are presented as mean ± SEM from two independent experiments. ***p < 0.0001. (B–E) Oocytes injected with siControl, siRASSF1A, siRASSF1A + hRASSF1A, or siRASSF1A + K40Q α-tubulin were cultured for 10 h in IBMX-free medium and stained with anti-acetylated-α-tubulin antibody and DAPI for spindle and chromosome staining, respectively. Spindle abnormality, chromosome misalignment, and intensity of acetylated α-tubulin were quantified and shown with representative images. Scale bar, 20 μM. Data are presented as mean ± SEM from three independent experiments. The number of oocytes analyzed is specified in brackets. **p < 0.001, ***p < 0.0001.




SIRT2 and HDAC6 Are the Downstream Targets of RASSF1A in Oocytes

To dissect the link between RASSF1A and α-tubulin acetylation, we examined the protein expression of SIRT2 and HDAC6, which are related to deacetylation of α-tubulin (Hubbert et al., 2002; North et al., 2003; Zhang et al., 2014). Immunoblot analysis showed that both SIRT2 and HDAC6 levels were increased after RASSF1A knockdown but rescued by hRASSF1 overexpression (Figures 5A–C). This result suggests that RASSF1A is required to suppress SIRT2 and HDAC6 levels in mouse oocytes. To further clarify the association of SIRT2 and HDAC6 in regulation of RASSF1A-mediated α-tubulin acetylation, we treated RASSF1A knockdown oocytes with either AGK2 (SIRT2 inhibitor) or tubacin (HDAC6 inhibitor). To rule out the possible effects of inhibitors on GVBD, we treated oocytes with inhibitors after 5 h release from IBMX (corresponding to pro-MI stage) and MI oocytes were fixed after 3 h later and subsequently stained with anti-α-acetylated tubulin antibody. Interestingly, defects in spindle and chromosome organization were rescued by AGK2 or tubacin treatment (Figures 5D–F). Moreover, the levels of α-tubulin acetylation were increased by tubacin, but not by AGK2 (Figures 5D,G). However, combined treatment of AGK2 and tubacin was not able to increase the efficiency of rescue in spindle and chromosome defects as well as α-tubulin acetylation (Figures 5D–G). Taken together, our results suggest that SIRT2 and HDAC6 are bona fide downstream targets of RASSF1A in oocytes.
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FIGURE 5. SIRT2 and HDAC6 are the downstream targets of RASSF1A during meiotic maturation in mouse oocytes. (A) Immunoblot analysis of SIRT2 and HDAC6 in oocytes injected with siControl, siRASSF1A, or siRASSF1A + hRASSF1A. (B,C) Levels of SIRT2 and HDAC6 were quantified. Data are presented as mean ± SEM from two independent experiments. *p < 0.05. (D–G) RASSF1A knockdown oocytes were treated with either 5 μM AGK2 or 2 μM tubacin for 3 h after 5 h culture in IBMX-free medium and stained with anti-acetylated-α-tubulin antibody and DAPI for spindle and chromosome staining, respectively. Spindle abnormality, chromosome misalignment, and intensity of acetylated α-tubulin were quantified and are shown with representative images. Dashed line indicates oocyte cortex. Scale bar, 40 μM. Data are presented as mean ± SEM from three independent experiments. The number of oocytes analyzed is specified in brackets. ns, not significant, **p < 0.001, ***p < 0.0001.




DISCUSSION

In this study, we explored the expression, subcellular localization, and potential role of RASSF1A during meiotic maturation in mouse oocytes. We found that RASSF1A is localized at spindle microtubules and regulates spindle organization and chromosome segregation by modulating α-tubulin acetylation via SIRT2 and HDAC6 in mouse oocytes.

In somatic cells, RASSF1A associates with microtubules and localizes to the centrosome and spindle during mitosis (Liu et al., 2003; Dallol et al., 2004; Vos et al., 2004; Donninger et al., 2007). Consistent with this, our data show that RASSF1A is colocalized with spindle microtubules during oocyte meiosis, suggesting a conserved role of RASSF1A in regulation of spindle microtubules during both mitosis and meiosis. In support of this observation, RASSF1A knockdown in oocytes disrupts spindle assembly and chromosome alignment. Given that correct chromosome alignment to the metaphase plate requires bipolar attachment and tension between kinetochore and microtubules, it is conceivable that spindle and chromosome abnormalities in RASSF1A knockdown oocytes are a consequence of impaired kMT attachment, which is the leading cause of chromosome missegregation. Consistent with this notion, the rate of aberrant kMT attachment and the incidence of aneuploidy significantly increased after RASSF1A knockdown in oocytes. In the presence of unattached kinetochores, SAC proteins form a complex that inactivates anaphase promoting complex/cyclosome (APC/C) by inhibiting Cdc20 (Tauchman et al., 2015). Given that RASSF1A knockdown significantly increased impaired kMT attachment, it is likely that the increase in proportion of MI-arrested oocytes after RASSF1A knockdown is due to SAC activation. Indeed, we found that the BubR1 signal persists at the kinetochore of metaphase chromosomes in RASSF1A knockdown oocytes compared with controls. Moreover, MI arrest by RASSF1A knockdown was rescued by blocking kinetochore recruitment of SAC components using Mps1 kinase inhibitor (Abrieu et al., 2001). Therefore, our data suggest that RASSF1A knockdown activates SAC and thereby prevents anaphase onset during oocyte meiosis. In addition, RASSF1A has been found to act as an inhibitor of APC/C-Cdc20 during mitosis and this inhibition is relieved by RASSF1A phosphorylation (Song et al., 2004, 2009; Chow et al., 2012). Thus, RASSF1A itself has activity to prevent anaphase onset, but depletion of RASSF1A disrupts spindle organization which in turn activates SAC and inhibits anaphase onset.

In addition to spindle localization, RASSF1A was detected as distinct fragments in the cytoplasm of oocytes. Given that RASSF1A contains a Ras association domain and is potentially an effector of the Ras oncogene and that Ras is associated with the endomembrane system (Choy et al., 1999; Vos et al., 2000; Rodriguez-Viciana et al., 2004), the cytoplasmic signal of RASSF1A seems to be associated with Ras signaling in mouse oocytes. Consistent with this, Golgi is observed as distinct fragments dispersed throughout the cytoplasm in mouse oocytes (Payne and Schatten, 2003). In this regard, it is tempting to speculate that the RASSF1A knockdown phenotype observed in this study is associated with impaired Ras signaling in oocytes. However, this is less likely because interference of Ras signaling in mouse oocytes by microinjecting antisense oligonucleotide or anti-Ras monoclonal antibody had no effect on meiotic maturation (Yamauchi et al., 1994).

Previous studies have shown that acetylated α-tubulin is essential for microtubule dynamics in mouse oocytes (de Pennart et al., 1988; Schatten et al., 1988). Like other post-translational modifications of tubulin, acetylation of α-tubulin is under the control of balanced enzyme activities. In mouse oocytes, it is primarily catalyzed by the acetyltransferase αTAT and reversed by the deacetylases HDAC6 and SIRT2 (Hubbert et al., 2002; North et al., 2003; Zhang et al., 2014; Coombes et al., 2016). In line with this, we found a decrease in α-tubulin acetylation with concomitant increase in SIRT2 and HDAC6 levels in oocytes after RASSF1A knockdown. Importantly, the spindle and chromosome defects in RASSF1A knockdown oocytes were restored by overexpressing K40Q tubulin. Furthermore, either SIRT2 or HDAC6 inhibition could also rescue RASSF1A knockdown phenotypes. These data lead us to propose that RASSF1A knockdown increases SIRT2 and HDAC6 levels, which in turn promote tubulin deacetylation, compromising microtubule stability in oocytes. The reduced microtubule stability impairs kMT attachment, leading to spindle and chromosome abnormalities and aneuploidy. Given that microtubule dynamics can be modulated by a series of microtubule-associated proteins (MAPs) that bind directly to tubulin, and that RASSF1A could associate with microtubules via MAPs (Song et al., 2005; Halpain and Dehmelt, 2006), it is possible to speculate that RASSF1A acts as a masking protein that suppresses SIRT2 and HDAC6 recruitment and stabilization on spindle microtubules during meiotic maturation in oocytes. In this respect, we assumed that RASSF1A knockdown allows SIRT2 and HDAC6 to bind to microtubules, which increases stability of SIRT2 and HDAC6. Given that the acetylation level of α-tubulin also increases after HDAC3 depletion in mouse oocytes (Li et al., 2017), our data could not exclude the possibility that RASSF1A regulates α-tubulin acetylation via targets other than SIRT2 and HDAC6 in oocytes. We also could not rule out the possibility of SIRT2 and HDAC6 modulations by regulators other than RASSF1A in mouse oocytes. Further studies are required to clarify these issues.



CONCLUSION

In conclusion, our results show that RASSF1A is essential for spindle organization and chromosome alignment by modulating tubulin acetylation via SIRT2 and HDAC6 during meiotic maturation in oocytes.
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