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SIRT6, the sixth member of the sirtuin family proteins, has been characterized as a crucial regulator in multiple molecular pathways related to aging, including genome stability, DNA damage repair, telomere maintenance, and inflammation. However, the exact roles of SIRT6 during female germ cell development have not yet been fully determined. Here, we assessed the acquisition of meiotic competency of porcine oocytes by inhibition of SIRT6 activity. We observed that SIRT6 inhibition led to the oocyte meiotic defects by showing the impairment of polar body extrusion and cumulus cell expansion. Meanwhile, the compromised spindle/chromosome structure and actin dynamics were also present in SIRT6-inhibited oocytes. Moreover, SIRT6 inhibition resulted in the defective cytoplasmic maturation by displaying the disturbed distribution dynamics of cortical granules and their content ovastacin. Notably, we identified that transcript levels of genes related to oocyte meiosis, oxidative phosphorylation, and cellular senescence were remarkably altered in SIRT6-inhibited oocytes by transcriptome analysis and validated that the meiotic defects caused by SIRT6 inhibition might result from the excessive reactive oxygen species (ROS)-induced early apoptosis in oocytes. Taken together, our findings demonstrate that SIRT6 promotes the porcine oocyte meiotic maturation through maintaining the redox homeostasis.
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INTRODUCTION

During the meiotic maturation, mammalian fully grown oocytes at the prophase I stage undergo two key cellular events involving germinal vesicle breakdown and first polar body extrusion to reach the metaphase of the second meiosis (M II) stage awaiting for fertilization (Swann and Yu, 2008; Sun et al., 2009). Any errors that hinder the completion of nuclear or cytoplasmic maturation would prevent oocytes from acquiring the ability to fertilize and support the embryonic development, producing low-quality oocytes (Eppig, 1996; Holt et al., 2013). Previous studies have shown that the spindle disorganization, chromosome mis-segregation, mitochondrial dysfunction, and redox imbalance are often observed in low-quality oocytes, which are highly correlated with the occurrence of infertility, miscarriage, and congenital malformation (Eichenlaub-Ritter et al., 2004).

Sirtuin proteins (SIRT1–7) are a family of nicotinamide adenine dinucleotide (NAD+) enzymes that perform a diverse range of functions in the cells regarding energy metabolism, cellular stress resistance, genomic stability, and aging (Finkel et al., 2009). The founding member of the sirtuin protein family is yeast silent information regulator 2 (Sir2), which regulates the chromatin structure, DNA recombination, and gene expression (Vogt et al., 2008; Gao et al., 2009; Carafa et al., 2016; Watroba et al., 2017). In mammals, sirtuin proteins differ for the subcellular localization and functions (Morris, 2013; Pucci et al., 2013). Among them, SIRT6 acts as a nuclear deacetylase and ADP-ribosyltransferase that participates in the telomere function, metabolic homeostasis, DNA repair, and genome stability (Kanfi et al., 2012; Toiber et al., 2013; Tian et al., 2019). Under oxidative stress, SIRT6 is recruited to DNA double-strand breaks and associates with poly ADP-ribose polymerase 1 (PARP1) in the presence of DNA damage to activate the homologous and non-homologous end-joining recombination for damage repair (Morris, 2013; Pucci et al., 2013). However, the exact roles of SIRT6 in the female germ cells are not fully determined.

In the present study, we used porcine oocytes as a model to explore the function of SIRT6 on meiotic maturation, as the developmental and physiological indexes of porcine oocytes including the diameter of oocytes and maturation time are more similar to humans in comparison with mice (Schatten and Sun, 2009; Miao et al., 2017). We found that inhibition of SIRT6 activity impaired both nuclear and cytoplasmic maturation of oocytes, including the abnormal cytoskeleton assembly and cortical granule (CG) dynamics. We also discovered that SIRT6 inhibition compromised the transcript levels of genes related to oocyte meiosis, oxidative phosphorylation, and cellular senescence pathways by transcriptome analysis. The meiotic defects might be caused by the accumulated reactive oxygen species (ROS)-induced apoptosis.



MATERIALS AND METHODS


Antibodies

Mouse monoclonal α-tubulin-fluorescein isothiocyanate (FITC) and acetyl-α-tubulin (Lys40) antibodies were obtained from Sigma-Aldrich (St. Louis, MO, United States; Cat# F2168, ABT241); rabbit monoclonal glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phospho-histone H2A.X (Ser139) antibodies were obtained from Cell Signaling Technology (Danvers, MA, United States; Cat# 2118, 9718); sheep polyclonal mouse BubR1 antibody was purchased from Abcam (Cambridge, MA, United States; Cat# ab28193); rabbit polyclonal human ovastacin antibody was obtained from Dr. Jurrien Dean lab (National Institutes of Health, Bethesda, MA, United States).



Porcine Oocyte Collection and in vitro Maturation

Porcine ovaries were obtained from a local abattoir and transported to the laboratory in physiological saline containing streptomycin sulfate and penicillin G within 2 h after slaughtering. Cumulus cell–oocyte complexes (COCs) were aspirated from the follicles using a disposable syringe. COCs with compact cumulus cells were selected for in vitro maturation (IVM). The maturation medium is TCM-199 (Thermo Fisher Scientific, Waltham, MA, United States; Cat# 11150059) supplemented with 10% porcine follicular fluid, 5 μg/ml insulin, 10 ng/ml epidermal growth factor (EGF), 0.6 mM cysteine, 0.2 mM pyruvate, 25 μg/ml kanamycin, and 10 IU/ml of each equine chorionic gonadotropin (eCG) and human chorionic gonadotropin (hCG). Twenty germinal vesicle (GV) COCs were cultured in a drop of 100 μl maturation medium covered with mineral oil at 38.5°C, 5% CO2 for 26–28 h to metaphase I (M I) stage and for 42–44 h to M II stage.



SIRT6-IN-1 Treatment

SIRT6-IN-1 (Selleckchem, Houston, TX, United States; Cat# S8627) was dissolved in dimethyl sulfoxide (DMSO) to 100 mM and diluted to a final concentration of 50 and 100 μM, respectively, with the maturation medium. The final concentration of DMSO in the maturation medium was not more than 0.1%.



Fluorescence Staining and Confocal Microscopy

Denuded oocytes (DOs) were incubated in the fixation solution [4% paraformaldehyde/phosphate buffered saline (PBS)] for 30 min, in the permeabilization solution (1% Triton X-100/PBS) for 1 h, and in the blocking solution [1% bovine serum albumin (BSA)-supplemented PBS] for 1 h at room temperature (RT), followed by incubation with BubR1 antibody (1:100), α-tubulin-FITC antibody (1:200), acetyl-α-tubulin antibody (1:100), γH2A.X antibody (1:100), ovastacin antibody (1:100), phalloidin-TRITC (1:200; Sigma-Aldrich; Cat# P1951), or lens culinaris agglutinin (LCA)-FITC (1:200; Thermo Fisher Scientific; Cat# L32475) overnight at 4°C. After washes in phosphate buffered saline tween-20 (PBST), oocytes were incubated with the corresponding secondary antibodies for 1 h and counterstained with 10 μg/ml Hoechst 33342 or propidium iodide (PI) for 10 min at RT. In addition, oocytes were stained at 38.5°C for 30 min with 10 μM dichlorofluorescein diacetate (DCFHDA; Beyotime, Huangzhou, China; Cat# S0033S) for ROS staining and with Annexin-V-FITC (1:10; Beyotime, Huangzhou, China; Cat# C1062) for apoptosis assessment. Lastly, oocytes were mounted on the glass slides and imaged under a confocal microscope (LSM 700 META, Zeiss, Germany).



Immunoblotting

A total of 100 porcine oocytes was collected in the lysis buffer (4 × LDS sample buffer, Thermo Fisher Scientific) with protease inhibitor and heated at 95°C for 5 min. Proteins were separated on 10% precast gels (Bis-Tris) and transferred to polyvinylidene fluoride (PVDF) membranes. The blots were then incubated in the blocking buffer [5% low-fat dry milk/tris buffered saline tween-20 (TBST)] for 1 h at RT and probed with acetyl-α-tubulin antibody (1:1,000) or GAPDH antibody (1:5,000) overnight at 4°C. After washes in TBST, the blots were incubated with the corresponding secondary antibodies for 1 h at RT. Chemiluminescence signals were acquired with ECL Plus (Thermo Fisher Scientific), and protein bands were detected by Tanon-3900 Imaging System.



RNA Sequencing

Oocytes at M II stage were collected from control and SIRT6-inhibited groups (100 oocytes per group), and total RNA was extracted using RNeasy Micro Kit (Qiagen) according to manufacturer’s instructions. Extracted RNA was quantified with the Qubit RNA Assay Kit (Thermo Fisher Scientific). mRNA library construction was performed with NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs) according to the manuals. The protocol consisted of sequential RNA fragmentation, reverse transcription using random primers, second strand cDNA synthesis, end repair, dA-tailing, adapter ligation, and PCR enrichment. The concentration and quality of libraries were tested by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), qPCR, and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, United States). Then, the libraries were sequenced on Illumina Hiseq X Ten instruments with 150-bp pair-end reads. All clusters that passed the quality filter were exported into fastq files.



RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from a total of 30 oocytes using RNeasy Mini Kit (Qiagen, Germantown, MD, United States) and reversed to cDNA using PrimeScript RT Master Mix (Takara, Kusatsu, Shiga, Japan), followed by storing at −20°C until use. Quantitative real-time PCR was conducted using SYBR Green PCR Master Mix with QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher, Waltham, MA, United States). Data were normalized against GAPDH, and quantification of the fold change was determined by the comparative CT method. The primers were listed as follows:

FOXO1 (F: CGCCACCATACCTATCGTCC/R: GGGAAT ACGTGTGCCCAGAA);

PPP1CC (F: TCTATGGAGCAGATTCGGCG/R:CGGGGT CAGACCACAAAAGA);

NFATC2 (F: CACCTGGGGTGTTGGTTTGA/R: CTGCAG CTTCGCAGAAATCC);

PNN (F: CCATCCAAGCCAGATTGCTG/R: GATTCTC TCCGAGTCCGACG);

SRSF10 (F: GACCGACTGGAAGACCACG/R: GTAGCAG CTTACAGGGCCAA);

GAPDH: (F: GATGGTGAAGGTCGGAGTG/R: CGAAGTT GTCATGGATGACC).



Statistical Analysis

All percentages or values from at least three repeated experiments were expressed as the mean ± SEM or mean ± SD, and the number of oocytes observed was labeled in parentheses as (n). Data were analyzed by one-way ANOVA or t-test, provided by GraphPad Prism 8 statistical software. The level of significance was accepted as P < 0.05.




RESULTS


Inhibition of SIRT6 Perturbs the Porcine Oocyte Meiotic Maturation and Activates Spindle Assembly Checkpoint

To examine the function of SIRT6 during the porcine oocyte meiotic maturation, a cell-permeable SIRT6-specific inhibitor, SIRT6-IN-1, was supplemented to the in vitro maturation medium (50 or 100 μM) to assess the developmental status of COCs. As displayed in Figure 1A, most of the cumulus cells surrounding control oocytes were well expanded after in vitro maturation for 44 h, while those surrounding SIRT6-inhibited oocytes were only expanded partially or even not expanded entirely (Figure 1A). Furthermore, a majority of oocytes developed to M II stage with the first polar body in the control group but failed after inhibition of SIRT6 (Figure 1A). Quantitative results indicated that the rate of polar body extrusion (PBE) was decreased in a dose-dependent manner in SIRT6-inhibited oocytes in comparison with the controls (control: 72.6% ± 1.7%, n = 127; 50 μM: 62.8% ± 1.1%, n = 129, P < 0.01; 100 μM: 40.3% ± 1.4%, n = 129, P < 0.001; Figure 1B). We finally used the concentration of 100 μM SIRT6-IN-1 for subsequent studies.


[image: image]

FIGURE 1. Effect of SIRT6 inhibition on meiotic maturation and spindle assembly checkpoint (SAC) activation in porcine oocytes. (A) Representative images of in vitro-matured oocytes in control and SIRT6-inhibited groups. Polar body extrusion (PBE) of denuded oocytes (DOs) and cumulus cell expansion of cumulus cell–oocyte complexes (COCs) were imaged by the confocal microscope. Scale bar, 360 μm (a,d); 240 μm (b,e); 30 μm (c,f). (B) The proportion of PBE was calculated in control and different concentrations of SIRT6-inhibited groups (50 and 100 μM) after 44 h in vitro culture. (C) The localization of BubR1 on the chromosomes in control and SIRT6-inhibited oocytes at pro-metaphase I (M I) and M I stages. Porcine oocytes were immunostained with BubR1 antibody and counterstained with Hoechst. Scale bar, 10 μm. (D) The proportion of BubR1 presence at the M I stage was calculated in control and SIRT6-inhibited oocytes. Data of panels (B,D) were shown as the mean percentage (mean ± SEM) of at least three independent experiments. **P < 0.01, ***P < 0.001.


A high frequency of meiotic arrest in SIRT6-inhibited oocytes implies that spindle assembly checkpoint (SAC) might be provoked. To test it, oocytes were immunostained for BubR1, a pivotal component of SAC, to indicate the SAC activity. In control oocytes, BubR1 located to the kinetochores at pro-M I stage and released to the cytoplasm at M I stage (Figure 1C). However, BubR1 was still present at kinetochores at M I stage in SIRT6-inhibited oocytes, indicative of persistent activation of SAC (19.5% ± 2.8%, n = 36 vs. 48.5% ± 3.0%, n = 33, P < 0.001; Figures 1C,D).



Inhibition of SIRT6 Impairs the Spindle/Chromosome Structure in Porcine Oocytes

To ask whether the persistent activation of SAC observed in SIRT6-inhibited oocytes results from the defects in spindle assembly and chromosome alignment, M I oocytes were immunostained with α-tubulin antibody to show the spindle morphology and counterstained with PI to exhibit the chromosome alignment. The immunofluorescent images indicated that control oocytes displayed a typical barrel-shaped spindle apparatus with well-aligned chromosomes at the equatorial plate (Figure 2A). On the contrary, SIRT6-inhibited oocytes presented a much higher incidence of aberrant spindles and misaligned chromosomes (spindle: 22.4% ± 1.9%, n = 49 vs. 56.0% ± 1.7%, n = 47, P < 0.001; chromosome: 24.5% ± 0.5%, n = 49 vs. 60.1% ± 1.2%, n = 50, P < 0.001; Figures 2A–C), suggesting that SIRT6 inhibition results in the defective spindle/chromosome structure, which is a major cause for the SAC activation and oocyte meiotic arrest.
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FIGURE 2. Effect of SIRT6 inhibition on the spindle assembly and chromosome alignment in porcine oocytes. (A) Representative images of spindle/chromosome structure in control and SIRT6-inhibited oocytes. Porcine oocytes were immunostained with α-tubulin-FITC antibody to show the spindle morphologies and were counterstained with propidium iodide (PI) to display the chromosome alignment. Scale bar, 10 μm. (B) The proportion of abnormal spindles was calculated in control and SIRT6-inhibited oocytes. (C) The proportion of misaligned chromosomes was calculated in control and SIRT6-inhibited oocytes. Data of panels (B,C) were expressed as the mean percentage (mean ± SEM) of at least three independent experiments. ***P < 0.001.




Inhibition of SIRT6 Reduces the Level of Acetylated α-Tubulin in Porcine Oocytes

Since normal spindle organization is dependent on the microtubule dynamics, we then evaluated the microtubule stability by assessing the acetylation level of α-tubulin, a sign of the stable microtubules that has been validated in mammalian oocytes. We found that SIRT6 inhibition remarkably reduced the signals of acetyl-α-tubulin in comparison with the controls, as assessed by the fluorescence imaging and intensity measurement (11.7 ± 1.1, n = 33 vs. 22.4 ± 2.2, n = 28, P < 0.001; Figures 3A,B), which was further verified by the immunoblotting analysis (Figure 3C). These data indicate that SIRT6 inhibition produces the less stable microtubules and thus disrupts spindle organization.
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FIGURE 3. Effect of SIRT6 inhibition on the level of acetylated α-tubulin in porcine oocytes. (A) Representative images of α-tubulin acetylation in control and SIRT6-inhibited oocytes. Porcine oocytes were immunostained with acetyl-α-tubulin (Lys40) antibody and counterstained with propidium iodide (PI). Scale bar, 10 μm. (B) The fluorescence intensity of acetyl-α-tubulin signals was quantified in control and SIRT6-inhibited oocytes. Data were expressed as the mean percentage (mean ± SEM) of at least three independent experiments. ***P < 0.001. (C) The levels of acetylated α-tubulin in control and SIRT6-inhibited oocytes were detected by immunoblotting. The oocytes were immunoblotted for acetyl-α-tubulin (Lys40) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), respectively.




Inhibition of SIRT6 Disturbs the Actin Cytoskeleton in Porcine Oocytes

In meiosis, the actin filaments take a critical part in chromosome movement, spindle positioning, and cortical polarization during oocyte maturation (Azoury et al., 2008; Field and Lenart, 2011; Duan and Sun, 2019). To further investigate whether SIRT6 drives oocyte meiosis by affecting the actin cytoskeleton, phalloidin-TRITC was used to label the F-actin for displaying the actin filaments. As presented in Figure 4A, actin filaments were identically concentrated on the plasma membrane with strong signals in control oocytes. By striking contrast, SIRT6-inhibited oocytes showed the impaired assembly of actin filaments with weak signals (Figure 4A), which was verified by the fluorescence plot profiling that was measured along the lines drawn across the oocytes (Figure 4B). In addition, the quantification of fluorescence intensity on the plasma membrane revealed that the signals of actin filaments were significantly decreased in SIRT6-inhibited oocytes (19.5 ± 1.1, n = 34 vs. 10.0 ± 0.3, n = 34, P < 0.01; Figure 4C), implying that SIRT6 is implicated in the actin dynamics to drive the porcine oocyte meiotic maturation.
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FIGURE 4. Effect of SIRT6 inhibition on the actin dynamics in porcine oocytes. (A) Representative images of actin filaments in control and SIRT6-inhibited oocytes. Porcine oocytes were stained with phalloidin-TRITC to show the actin filaments. Scale bar, 40 μm. (B) The graphs showed the fluorescence intensity profiling of actin filaments in control and SIRT6-inhibited oocytes. Pixel intensities were measured along the lines drawn across the oocytes. (C) The fluorescence intensity of actin signals was quantified in control and SIRT6-inhibited oocytes. Data were expressed as the mean percentage (mean ± SEM) of at least three independent experiments. ***P < 0.001.




SIRT6 Is Essential for the Correct Distribution of Cortical Granules and Ovastacin in Porcine Oocytes

The distribution of CGs, which are the oocyte-specific vesicles implicated in the post-fertilization block to polyspermy (Sun et al., 2001; Burkart et al., 2012), is regarded as one of the key indexes of oocyte cytoplasmic maturation. Therefore, we labeled the CGs with FITC-conjugated LCA to visualize their distribution dynamics. As displayed in Figure 5A, CGs distributed in the subcortex of oocytes with uniform and robust signals. Whereas they lost this regular localization pattern in SIRT6-inhibited oocytes by showing incontinuous and faded signals (Figure 5A). The quantitation result of fluorescence intensity revealed that CG signals had a substantial decrease in SIRT6-inhibited oocytes compared to the controls (91.3 ± 5.1, n = 33 vs. 51.6 ± 1.9, n = 32, P < 0.001; Figure 5B).
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FIGURE 5. Effect of SIRT6 inhibition on the localization patterns of cortical granules (CGs) and ovastacin in porcine oocytes. (A) Representative images of CG distribution in control and SIRT6-inhibited oocytes. Porcine oocytes were stained with LCA-FITC to display the CGs. Scale bar, 30 μm. (B) The fluorescence intensity of LCA signals was quantified in control and SIRT6-inhibited oocytes. (C) Representative images of ovastacin distribution in control and SIRT6-inhibited oocytes. Porcine oocytes were immunostained with ovastacin antibody and imaged by confocal microscope. Scale bar, 30 μm. (D) The fluorescence intensity of ovastacin signals was quantified in control and SIRT6-inhibited oocytes. Data of panels (B,D) were expressed as the mean percentage (mean ± SEM) of at least three independent experiments. ***P < 0.001.


Furthermore, we detected the distribution of ovastacin, a content of CGs that regulates the post-fertilization sperm binding to prevent polyspermy. If ovastacin is released out of oocytes before fertilization, it would lead to the premature loss of sperm-binding sites in the zona pellucida (ZP) of oocytes. Consistent with the distribution pattern of CGs, we found that ovastacin was localized in the subcortical region with strong signals in control oocytes. On the contrary, the much lower signals of ovastacin were observed in SIRT6-inhibited oocytes (Figure 5C). As expected, the fluorescence intensity quantification revealed that ovastacin signals were considerably decreased in SIRT6-inhibited oocytes than those in controls (5.0 ± 0.8, n = 32 vs. 26.2 ± 1.1, n = 43, P < 0.001; Figure 5D), indicating that SIRT6 inhibition compromises the cytoplasmic maturation of porcine oocytes.



Transcriptome Analysis Identifies Target Effectors of SIRT6 in Porcine Oocytes

To gain insight into the exact roles of SIRT6 during porcine oocyte maturation, we profiled the transcriptome of M II oocytes from control and SIRT6-inhibited groups by RNA sequencing to identify the potential downstream effectors. Heatmap and volcano plot data indicated that 94 differentially expressed genes (DEGs) were identified in SIRT6-inhibited oocytes compared to the controls (Figures 6A,B). Among them, 71 DEGs were downregulated and 23 DEGs were upregulated (Figure 6B). Transcript levels of several randomly selected genes were verified by quantitative real-time PCR (Figures 6C,D). In particular, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that DEGs were highly enriched in the pathways related to oocyte meiosis, oxidative phosphorylation, and cellular senescence (Figure 6E). The oocyte meiosis pathway confirmed our above observations about meiotic defects in SIRT6-inhibited oocytes. The pathways of oxidative phosphorylation and cellular senescence indicated that dysfunction of SIRT6 might induce oxidative stress and apoptosis in porcine oocytes.
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FIGURE 6. Effect of SIRT6 inhibition on the transcriptome profile of porcine oocytes. (A) Heatmap illustration displayed the differentially expressed genes (DEGs) between control and SIRT6-inhibited oocytes. (B) Volcano plot showed the DEGs in SIRT6-inhibited oocytes compared to controls. Downregulated, blue; upregulated, red. (C) RNA sequencing (RNA-seq) results of selected genes in SIRT6-inhibited oocytes compared to controls. (D) Validation of RNA-seq data by quantitative RT-PCR in control (blue) and SIRT6-inhibited (red) oocytes. Data were presented as the mean percentage (mean ± SEM) of at least three independent experiments. **P < 0.01, *P < 0.05. (E) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs in SIRT6-inhibited oocytes in comparison with controls.




Inhibition of SIRT6 Produces Excessive Reactive Oxygen Species, Accumulated DNA Damage, and Apoptosis in Porcine Oocytes

In line with our transcriptome data, it has been reported that SIRT6 plays a pivotal role in reducing oxidative stress and suppressing apoptosis in mitotic cells (Fan et al., 2019). Hence, we investigated whether this is the case in porcine oocytes. For this purpose, ROS levels were measured by DCFH staining. As presented in Figure 7A, ROS signals were hardly observed in control oocytes. However, SIRT6 inhibition prominently elevated the signal levels in the oocyte cytoplasm (Figure 7A). Accordingly, the fluorescence intensity of ROS signals was much higher in SIRT6-inhibited oocytes compared to the controls (29.5 ± 1.5, n = 35 vs. 15.6 ± 0.9, n = 32, P < 0.001; Figure 7B).
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FIGURE 7. Effect of SIRT6 inhibition on the reactive oxygen species (ROS) levels in porcine oocytes. (A) Representative images of ROS levels by DCFH staining in control and SIRT6-inhibited oocytes. Scale bars, 40 and 80 μm. (B) The fluorescence intensity of ROS signals was quantified in control and SIRT6-inhibited oocytes. Data were expressed as the mean percentage (mean ± SEM) of at least three independent experiments. ***P < 0.001.


Because excessive ROS usually leads to DNA damage accumulation and SIRT6 plays an important role in DNA damage repair, including DNA double-strand break repair and base excision repair (Mao et al., 2011; Rizzo et al., 2017; Tian et al., 2019), we then examined the level of DNA damage after SIRT6 inhibition by γH2A.X antibody staining in porcine oocytes. The fluorescent imaging and intensity measurement displayed that γH2A.X signals dramatically accumulated in SIRT6-inhibited oocytes compared to the controls at both M I stage (14.2 ± 1.4, n = 29 vs. 26.5 ± 2.9, n = 29, P < 0.001; Figures 8A,B) and M II stage (26.0 ± 1.4, n = 15 vs. 53.8 ± 3.9, n = 22, P < 0.001; Figures 8A,C), suggesting that the DNA damage repair is compromised in SIRT6-inhibited oocytes.
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FIGURE 8. Effect of SIRT6 inhibition on the levels of DNA damage in porcine oocytes. (A) Representative images of γH2A.X accumulation in control and SIRT6-inhibited oocytes. Porcine oocytes were immunostained with γH2A.X antibody and imaged by confocal microscope. Scale bar, 20 μm. PB1, first polar body. (B) The fluorescence intensity of γH2A.X signals was quantified in control and SIRT6-inhibited oocytes at the metaphase I (M I) stage. (C) The fluorescence intensity of γH2A.X signals was quantified in control and SIRT6-inhibited oocytes at the M II stage. Data of panels (B,C) were expressed as the mean percentage (mean ± SEM) of at least three independent experiments. ***P < 0.001.


We next examined the apoptotic status of SIRT6-inhibited oocytes by Annexin-V staining. The imaging result showed that Annexin-V signals were hardly detected in control oocytes but evidently present on the membrane of SIRT6-inhibited oocytes (Figure 9A). Also, the proportion of apoptosis was significantly higher in SIRT6-inhibited oocytes than that in controls (5.8 ± 0.2, n = 39 vs. 10.2 ± 0.6, n = 28, P < 0.001; Figure 9B). Overall, these observations demonstrate that SIRT6 inhibition produces excessive ROS to induce apoptosis in porcine oocytes.
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FIGURE 9. Effect of SIRT6 inhibition on the early apoptosis in porcine oocytes. (A) Representative images of apoptotic oocytes by Annexin-V staining in control and SIRT6-inhibited groups. Scale bars, 40 and 80 μm. (B) The proportion of apoptotic oocytes was calculated in control and SIRT6-inhibited groups. Data were expressed as the mean percentage (mean ± SEM) of at least three independent experiments. ***P < 0.001.





DISCUSSION

Sir2 in yeast is a heterochromatin molecule that functions in gene silencing and longevity (Imai et al., 2000). In mammals, seven homologs (sirtuins 1–7) of Sir2 have been characterized, varying in tissue specificity, cellular localization, enzymatic activity, and targets (Houtkooper et al., 2012). Many studies have demonstrated that sirtuins are implicated in the regulation of cellular metabolism, aging, and apoptosis (Houtkooper et al., 2012). SIRT6, as the distant mammalian Sir2 homolog, is a nuclear protein that has been involved in various biological processes, such as metabolic homeostasis, DNA damage repair, inflammation, aging, and tumorigenesis (Finkel et al., 2009). Previous study has revealed that SIRT6 is essential for the proper assembly of meiotic apparatus during mouse oocyte development (Han et al., 2015). However, whether this function of SIRT6 in meiosis is conserved among species and the potential underlying mechanisms are still unclear.

To address this question, we applied porcine oocytes as a research model, as they have the developmental and physiological similarities with humans in comparison with mice. We firstly investigated the effect of SIRT6 inhibition on polar body extrusion and cumulus cell expansion, the key indicators for oocyte maturation. By treating with SIRT6-IN-1, the oocytes exhibited a dramatically decreased incidence of polar body extrusion with poor expansion of cumulus cells, indicating that SIRT6 is indispensable for the proper porcine oocyte meiotic maturation. The high occurrence of meiotic arrest predicts that SAC might be persistently activated at the M I stage. As expected, our findings showed that SIRT6 inhibition resulted in various spindle/chromosome abnormalities that resultantly provoked the SAC. Consistently, a recent study displayed that treatment of porcine COCs by the same SIRT6 inhibitor also led to a remarkable reduction of polar body extrusion and impairment of spindle organization and chromosome alignment (Cao et al., 2020). Additionally, our data validated that inhibition of SIRT6 perturbed the microtubule dynamics by showing a lowered level of acetylated α-tubulin, an index of stabilized microtubules, suggesting that the impairment of microtubule stability might be a major cause leading to abnormal spindle organization.

As an essential component of the cytoskeleton, actin filaments are known to participate in spindle positioning, intracellular transport, and asymmetric division in mammalian oocytes (Field and Lenart, 2011). Our data illustrated that significant reduction of actin signals on the plasma membrane was observed after SIRT6 inhibition, suggesting that the impaired actin dynamics may be another reason resulting in oocyte meiotic failure when SIRT6 is inhibited.

Mammalian CGs are oocyte-specific vesicles that locate in the subcortical region of fully grown oocytes to function in the post-fertilization block to polyspermy (Burkart et al., 2012). The correct distribution of CGs is usually considered an indicator of oocyte cytoplasmic maturation. Our observations revealed that the distribution pattern of CGs was perturbed in the subcortex of SIRT6-inhibited oocytes, suggesting that cytoplasmic maturation is hindered. Ovastacin, a content of CGs, cleaves N-terminal domain of ZP2 following fertilization to prevent sperm binding to the ZP surrounding fertilized oocytes (Burkart et al., 2012). In agreement with the disturbance of CG dynamics, the distribution of ovastacin was also perturbed in SIRT6-inhibited oocytes, implying that their sperm binding and fertilization ability would be affected.

Lastly, our findings illustrated that transcript levels of genes related to oxidative stress and apoptosis were dramatically altered, as assessed by transcriptome analysis. Although the transcription activity is almost quiescent during oocyte meiotic maturation, SIRT6 might indirectly modulate the mRNA stability of related genes instead of their expression. It has been reported that SIRT6 has a role in the regulation of cyclooxygenase (COX)-2 mRNA stability by repressing AMP-activated protein kinase (AMPK) signaling pathway in human skin squamous cell carcinoma (Ming et al., 2014). Concordantly, elevated levels of ROS were observed in SIRT6-inhibited oocytes, which would attack the macromolecules in the cells such as DNA and thus cause DNA damage accumulation, consequently leading to the generation of early apoptosis. This might be the main mechanism for the oocyte meiotic failure.



CONCLUSION

We evidence that SIRT6 performs an indispensable function to drive porcine oocyte meiotic maturation through maintaining meiotic organelle dynamics, including spindle/chromosome structure formation, actin polymerization, and CG distribution. Meanwhile, we discover that these meiotic defects might be caused by excessive ROS-induced occurrence of DNA damage and apoptosis. Our study extends the understanding about the molecular basis underlying oocyte development arrest that frequently occurs during in vitro maturation.
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