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Editorial on the Research Topic
 Quality Control of Mammalian Oocyte Meiotic Maturation: Causes, Molecular Mechanisms and Solutions




INTRODUCTION

The mammalian oocyte maturation quality is critical for successful fertilization and following early embryo development any errors will lead to birth defects, which might also cause infertility. The oocyte maturation includes two rounds of chromosome segregation and one round of DNA replication. Oocyte meiosis starts with germinal vesicle breakdown, and once a small polar body is extruded, the oocyte is arrested at metaphase II until fertilization. Previous studies have found that centrosome-mediated microtubule functions are important for the meiotic spindle organization in oocytes (Schatten and Sun, 2015) and that actin filaments drive spindle migration and cytokinesis during oocyte maturation (Duan and Sun, 2019), which is regulated by multiple factors such as Rab GTPases and Formins (Wang et al., 2019; Pan et al., 2020).

Recently, the effects of environmental exposure, diseases, and food safety on oocyte quality and maternal control have received more attention. It has been shown that environmental exposure for example to air, soil, water, and biota chemical pollutants, diseases like obesity and diabetes, or the intake of contaminated foods like mycotoxins all could affect oocyte maturation quality, reduce fertilization and early embryo development competence (Ou et al., 2019; Gallo et al., 2020).

This Research Topic, including seven reviews and 31 original research articles, offers critical and new insights into the causes and molecular mechanism of oocyte quality control, with particular insights into the cell cycle and cytoskeleton dynamics, mitochondria Ca2+ uptake, epigenetic modification, effects of environmental exposure, disease, and aging, and potential molecules for the protection of oocyte quality.



CELL CYCLE AND CYTOSKELETON DYNAMICS

Oocyte maturation is a complex and exquisite progression that includes two rounds of chromosome segregation and one round of DNA replication. The germinal vesicle breakdown and the first polar body extrusion are two critical processes during oocyte maturation, and the molecular mechanisms for regulating both GVBD and polar body extrusion are studied here. Wang and Pepling summarize the events and mechanisms controlling the progression through meiotic prophase one, which include recombination, synapsis, and control by signaling pathways.

Cyclins and cyclin-dependent kinases are important for the cell cycle. Among them, cyclin B1 is of particular interest because of its famous regulation function in oocyte maturation. Here, Cao et al. indicate that both CDK1 and ERK1/2 are required for the translational activation of Ccnb1 transcripts. However, CDK1 triggers phosphorylation, but not degradation of CPEB1 (cytoplasmic polyadenylation elements binding protein-1) in oocytes, and the degradation of CPEB1 was only triggered by ERK1/2. Li et al. found stable expression of another substrate of CDK1, cyclin B2, impeded segregation of sister chromatids after oocyte parthenogenetic activation, indicating that the cyclin B2/CDK1 complex conservatively regulates separase activity via inhibiting the phosphorylation of separase in mouse oocyte meiosis. In addition, the possible role of mechanotransduction and mechanosensor signaling pathways, namely the Hippo and the RhoGTPase, in the maturing oocyte is summarized by Pennarossa et al.

The post-translational modifications of tubulins are also key factors during cell cycle progression. Jeon and Oh found tumor suppressor that the RASSF1A (Ras-association domain family 1A) is required for tubulin acetylation by regulating SIRT2 and HDAC6 during meiotic maturation in mouse oocytes. Depletion of RASSF1A in oocyte caused abnormal spindle and misaligned chromosome, as well as disrupted kinetochore-microtubule attachment, and finally induced the increased incidence of aneuploid. Another member of the SIRT family, SIRT6, was also found to be critical in oocyte meiosis. Li et al. illustrate that inhibition of SIRT6 leads to meiosis arrest in porcine oocytes by inducing compromised spindle structure, misaligned chromosome, and impaired actin dynamics. Moreover, SIRT6 inhibition resulted in the defective cytoplasmic maturation by displaying the disturbed distribution dynamics of cortical granules and their content ovastacin. They also reveal that the meiotic defects caused by SIRT6 inhibition might result from the excessive reactive oxygen species (ROS) induced early apoptosis in oocytes.



MITOCHONDRIA CA2+ UPTAKE

Oxidative stress induces poor oocyte conditions. Calcium, especially that in the mitochondrial matrix, is strongly associated with oocyte activation disorders when mitochondria energy production is impaired by oxidative stress. Wang et al. used an encoded mitochondrial matrix Ca2+ probe (Mt-GCaMP6s) to observe mitochondrial Ca2+ ([Ca2+]m) dynamic changes during oocyte maturation and activation. They found that the active mitochondria surrounding the nucleus showed a higher [Ca2+]m than those distributed in the cortex during oocyte maturation. During oocyte partheno-activation, the patterns of Ca2+ dynamic changes were synchronous in the cytoplasm and mitochondria. Their further results showed that higher [Ca2+]m mitochondria around the chromosomes in oocytes might have a potential role in stimulating mitochondrial energy for calmodulin-responsive oocyte spindle formation while synchronizing Ca2+ functions in the cytoplasm and nuclear area are important for oocyte activation.

Since Ca2+ plays a critical role in both oocyte maturation and activation. Besides the roles of Ca2+ on mitochondrial energy supplementation, it is assumed that mitochondrial calcium homeostasis is involved in maintaining oocyte quality. Zhang et al. established a mitochondrial Ca2+ overload model in mouse oocytes by knocking down the gatekeepers of the mitochondrial Ca2+ uniporters Micu1 and Micu2 as well as the mitochondrial sodium-calcium exchanger NCLX in oocytes. They found the overload of mitochondria Ca2+ in oocytes impaired mitochondrial function, led to oxidative stress, and changed the protein kinase A (PKA) signaling associated gene expression as well as delayed meiotic resumption. Thus, the regulation of mitochondrial Ca2+ uptake in mouse oocytes has a significant role during oocyte maturation as well as PKA signaling. These results support a critical role for mitochondria Ca2+ during oocyte meiosis, and that proper mitochondrial Ca2+ reductions in obese oocytes might recover mitochondrial performance and improve oocyte quality.



EPIGENETIC MODIFICATION

Epigenetic modification is also an important part of regulating oocyte maturation. Epigenetic modification during oocyte maturation is discussed in three review articles, including histone acetylation, phosphorylation, methylation, glycosylation, ubiquitination, and SUMOylation, which are highly related to oocyte quality control.

Wu et al. explored the function of maternal UHRF1 (ubiquitin-like, containing PHD and RING finger domains1) in zygotic genome regulation during early embryonic development in mice. Conditional knockout of UHRF1 in either primordial or growing oocytes causes infertility but differentially affects early embryonic development. UHRF1 deficiency in primordial oocytes led to early embryonic developmental arrest at the two-cell stage, accompanied by significant alterations in global DNA and H3K4me3 methylation patterns. In comparison, UHRF1 ablation in growing oocytes significantly reduced developmental competence from two-cell embryos to blastocysts. Cao et al. identified several novel and recurrent mutations of PATL2 (PAT1 homolog 2) in patients with a similar phenotype and chose a typical mutation to study the underlying mechanism. They found that this mutation decreased the ubiquitination level and degradation of PATL2, leading to an abnormal decrease in levels of Mos, and subsequently, it impaired the MAPK signal pathway and thus induced defects in oocyte maturation. Zhao et al. validated that a ubiquitin E3 ligases related protein, FBXO34, a member of Skp1–Cullin–F-box (SCF) complexes, plays a critical role in oocyte meiosis. Knocking down FBXO34 caused the failure of oocyte meiotic resumption due to the low activity of MPF, moreover, overexpression of FBXO34 promoted germinal vesicle breakdown (GVBD), but caused the MI arrest of oocytes. In addition, Wang et al. mentioned a Fibrillarin–GFP can serve as a marker for nucleolus activity, which also correlates with transcription activity and the quality of oocytes.



EFFECTS OF ENVIRONMENTAL EXPOSURE ON OOCYTE QUALITY

The effects of environmental factors and toxins related to food safety on oocyte quality and maternal control have recently become a cause for concern. Here, a total of seven articles introduce the effects of different substance exposure on oocyte maturation, including Microcystin-leucine arginine, Particulate matter (diameter < 10 μM) (PM10), Bisphenol B, Ethylene glycol butyl ether, Paraquat, ferric ammonium citrate, and Copper (Cu), could disrupt the polar body extrusion, the meiotic spindle organization, and chromosome segregation. These exposed oocytes showed mitochondria dysfunction, relatively high levels of reactive oxygen species (ROS), DNA damage, apoptosis, and autophagy. These defects finally caused reduced oocyte maturation quality. In addition, Zhang et al. found that Bisphenol B exposure not only reduced oocyte quality by the ROS pathway, but also by changing the epigenetic modifications as indicated by increased K3K9me3 and H3K27me3 levels, and disrupting the pattern of estrogen receptor α (ERα) dynamics with a mass gathering on the spindle in BPB-exposed oocytes. Pan et al. also indicate that Bisphenol A exposure affects organelle function, via inducing mitochondria dysfunction, ER stress, abnormal structure of Golgi apparatus, and lysosome damage. All these defects may explain the reduced maturation quality of oocytes caused by substance exposure. Moreover, as parthenogenetic activation could be regarded as a method to reflect oocyte quality, Cui summarizes two types of oocyte spontaneous activation in a mini-review.

Toxic substances also reduce fertilization and early embryo development competence, which is further illustrated by Hu et al. and Xiao et al. Hu et al. showed that Podophyllotoxin exposure disrupted the organization of spindle and chromosome arrangement at the metaphase of the first cleavage in zygotes, induced excessive ROS, and caused embryonic DNA damage. Similarly, Xiao et al. found that Tributyltin oxide exposure also induced excessive ROS, caused mitochondrial dysfunction, disrupted cellular iron homeostasis and early apoptosis, which finally lead to the subsequent impartment of blastocyst formation.



EFFECTS OF DISEASE AND AGING ON OOCYTE QUALITY

Obesity and other diseases could also reduce oocyte quality. A mouse obesity model was established by Ge et al., in which telomere shortening was observed in both oocytes and early embryos from obese mice, as evidenced by the reduced expression of telomerase reverse transcriptase and activity of telomerase, indicating that telomere dysfunction might be a molecular pathway mediating the effects of maternal obesity on oocyte quality and embryo development. To explore the underlying mechanism for why EA (electroacupuncture) could prevent the progression of OHSS (ovarian hyperstimulation syndrome), and OHSS rat model was established and EA treatment was performed by Chen L. et al. They first identified that CD200 was a potential effector of EA in the ovary and elucidated the possible mechanism of EA in preventing and treating OHSS, which provides a scientific basis for CD200 as an effector and indicator in EA treatment.

For aging, Liu et al. investigated ASB7 (Ankyrin repeat and SOCS box 7) and found that it was critical for oocyte meiosis. Knocking down ASB7 induced abnormal spindle, misaligned chromosomes, loss of cortical actin cap, and impaired kinetochore-microtubule interaction. These further caused spindle assembly checkpoint activation, and lead to metaphase I arrest in the oocyte. They also found that aging oocytes normally had decreased expression levels of ASB7 and that increasing ASB7 expression can partially rescue the maternal age-induced meiotic defects in oocytes. Wang et al. found that the FKBP25 (FK506 binding proteins 25) protein level in old oocytes was also significantly reduced. They further found that oocytes with FKBP25 depletion display abnormal spindle assembly and chromosomes alignment, with defective kinetochore-microtubule attachment. Consistent with this finding, aneuploidy incidence is also elevated in oocytes depleted of FKBP25. The exogenous expression of FKBP25 could also partly rescue aging-associated meiotic defects. Moreover, they identify that serine 163 is a major phosphorylation site in modulating the action of FKBP25 during oocyte meiosis.



POTENTIAL SOLUTIONS FOR OOCYTE QUALITY PROTECTION

Conducive items have also been suggested to maintain oocyte quality via different mechanisms. Zhang et al. indicated that vitamin C could protect oocytes by increasing the level of acetylate α-tubulin, maintaining actin polymerization, decreasing the level of cellular ROS, DNA damage, and early apoptosis, thus rescuing the meiosis arrest induced by Microcystin-leucine arginine exposure. Miao et al. reported that nicotinamide mononucleotide supplementation could rescue the meiotic defects caused by EGBE exposure via restoring NAD+ level and mitochondrial function and thus eliminating the excessive ROS. In addition, Mogroside V was demonstrated to promote oocyte maturation and embryonic development by Yan et al. Mogroside V can also protect oocytes from lipopolysaccharide-induced meiotic defects by in part oxidative stress and maintaining m6A levels. In addition, the role of lipids in controlling oocyte development was summarized by Khan et al. Moreover, Park et al. showed luteolin work as an antioxidant and could improve porcine meiotic progression and subsequent embryonic development by increasing the expression level of MOS, CDK1, and CCNB1, decreasing intracellular ROS levels and increasing blastocyst formation rate, as well as alleviating defects in cell organelles. Luo et al. showed that another antioxidant, imperatorin, was able to effectively delay oocyte aging and help to maintain oocyte quality by reducing oxidative stress and protecting mitochondrial function. Furthermore, milrinone is useful in improving developmental competence in less competent oocytes during IVM and for proper nuclear reprogramming in the production of porcine cloned embryos by coordinating cytoplasmic and nucleus maturation, illustrated by Roy et al. As widely known, Melatonin could benefit the maturation of the oocyte, both Wang et al. (2021) and Zhu et al. investigated the mechanisms to explain melatonin's ability to improve oocyte quality. In brief, melatonin could modulate lipid metabolism in maturing oocytes through its receptors in cumulus cells, and reduce the intracellular concentration of cAMP via melatonin membrane receptor MT1.

Overall, the findings in this Research Topic help to expand understanding and provide new insights about the molecular mechanisms of oocyte quality control, including aspects of cell cycle, cytoskeleton dynamics, epigenetic modification, organelle function, environmental exposure, disease, and aging. The new information provided in this topic is beneficial and lays theoretical foundations for improving female fertility.
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Microcystin-leucine arginine (MC-LR) is the most toxic cyanotoxin found in water bodies. Microcystins are produced as secondary products of cyanobacteria metabolism. They have a stable structure, and can bioaccumulate in living organisms. Humans and livestock who drink fresh water containing MC-LR can be poisoned. However, few studies have reported the effects of MC-LR exposure on livestock or human reproduction. In this study, we used porcine oocytes as a model to explore the effects of MC-LR on oocyte maturation, and studied the impact of vitamin C (VC) administration on MC-LR-induced meiosis defects. Exposure to MC-LR significantly restricted cumulus cell expansion and decreased first polar body extrusion. Further studies showed that MC-LR exposure led to meiosis arrest by disturbing cytoskeleton dynamics with MC-LR exposed oocytes displaying aberrant spindle organization, low levels of acetylate α-tubulin, and disturbed actin polymerization. Additionally, MC-LR exposure impaired cytoplasmic maturation by inducing mitochondria dysfunction. Moreover, MC-LR also produced abnormal epigenetic modifications, and induced high levels of oxidative stress, caused DNA damage and early apoptosis. The administration of VC provided partial protection from all of the defects observed in oocytes exposed to MC-LR. These results demonstrate that MC-LR has a toxic effect on oocyte meiosis through mitochondrial dysfunction-induced ROS, DNA damage and early apoptosis. Supplementation of VC is able to protect against MC-LR-induced oocyte damage and represents a potential therapeutic strategy to improve the quality of MC-LR-exposed oocytes.
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INTRODUCTION

The incidence of cyanobacteria blooms is increasing globally due to water eutrophication issues and global warming, and such blooms are now recognized as an emerging environmental threat (Huisman et al., 2018). Cyanobacterial blooms generate a secondary metabolite that can be highly toxic. Microcystins (MCs) are the most abundant and common cyanotoxins produced by toxic cyanobacteria and there has been a marked increase in the reports of human and livestock poisonings from the consumption of fresh water containing MCs (Roegner et al., 2014; Xue et al., 2016; Svircev et al., 2019). These cyanotoxins are characterized by their highly stable structure. They can bioaccumulate in aquatic animals owing to their ability to resist degradation under conditions found in most natural water ways (near-neutral pH) and are also resistant to high temperatures (Ait Abderrahim et al., 2019). Microcystin-leucine-arginine (MC-LR) is one of the most abundant and harmful microcystins (Machado et al., 2017; Wang et al., 2019). It is a potent hepatotoxin that has been linked to the development of primary liver cancer and is classified as a potential human carcinogen (Group 2B) by the International Agency for Research on Cancer (IARC) (Ueno et al., 1996; Zhao et al., 2016; Jia et al., 2019). A variety of toxicity tests have shown that MC-LR causes oxidative stress, and induces apoptosis and DNA damage, in mouse and human hepatocytes both in vitro and in vivo (Zhang et al., 2013; Ma et al., 2018; Chen et al., 2019; Wu et al., 2019). Accumulation of MC-LR has also been reported in reproductive organs, including the connective tissue of the ovary and the testis, as well as in oocytes (Qiao et al., 2019), and can severely impair the function of the reproductive system. In the zebrafish, MC-LR affected the endocrine system and oogenesis, and disrupted the meiotic maturation of oocytes in vitro (Trinchet et al., 2011; Zhao et al., 2015; Liu et al., 2016, 2019). MC-LR has also been reported to decrease sperm motility in male rats and induce toxic effects on Sertoli cells of the rat testis (Li et al., 2008; Chen et al., 2016). However, the effects of MC-LR on mammalian oocyte maturation and its possible mechanism have not yet been studied.

The maturity and quality of oocytes are important for fertilization and reproduction of mammals. During meiosis, precise regulation of spindle assembly and chromosomal organization are required to ensure the high developmental potential of oocytes. Spindle disorganization and chromosome misalignment will cause aneuploidy and cell cycle arrest (Xu et al., 2019), The proper spatial dynamics and normal functions of organelles in oocytes are also essential to ensure quality of oocytes. Particularly, when mitochondrial dysfunction occurs, the quality of oocytes is usually substandard (Babayev and Seli, 2015). Meanwhile, the level of ROS is also critical to oocyte maturation. Physiological level of ROS modulates oocyte functions, while its accumulation leads to oxidative stress and triggers apoptosis in oocytes (Tiwari et al., 2015). However, the environmental pollutants, including chemical, physical, and microbial pollutants, not only destroy the cytoskeleton and disturb the function of organelles of oocytes, but also cause epigenetic changes, which can lead to fetal developmental disorders and childhood diseases (Sun et al., 2020).

Vitamin C (L-ascorbic acid; VC) is a well-known antioxidant. It can donate electrons to reduce reactive oxygen species (ROS) and prevent damage to lipids, proteins and DNA during cell metabolism or from exposure to toxins and pollutants (Lykkesfeldt et al., 2014; Carr and Maggini, 2017; Cimmino et al., 2018). Studies have proved that VC is beneficial for mammalian reproduction. It can improve the development of preantral follicles during in vitro culture (Rossetto et al., 2009; Gomes et al., 2015), promote the meiotic maturation of pig oocytes (Tao et al., 2010; Yu et al., 2018), and improve the developmental competence of embryos after parthenogenetic activation and somatic cell nuclear transplantation (Kere et al., 2013). Furthermore, VC can ameliorate defects caused by environmental pollutants such as gamma-irradiation and heavy metal pollution in oocytes and embryos (Mozdarani and Nazari, 2009; Zhou et al., 2019b). Therefore, we hypothesized that VC could protect oocytes from defects induced by MC-LR during maturation.

Pigs share many physiological similarities with humans, and porcine cells are easier to obtain than human cells (Han et al., 2016), making porcine oocyte an ideal model to investigate human reproduction processes. Therefore, to investigate the toxic effects of MC-LR on mammalian oocyte and its possible mechanism, we used the porcine oocyte as a model. And we also analyzed the effects of VC on MC-LR exposure oocyte maturation, aimed to provide a potential therapeutic strategy to improve the quality of MC-LR-exposed oocytes.



MATERIALS AND METHODS


Antibodies and Chemicals

Antibodies were as follows: Mouse monoclonal anti-α-tubulin antibody (1:200, Sigma, St. Louis, MO, United States, #F2168); anti-acetyl-α-tubulin (Lys-40) antibody (1:100, Sigma #T7451); phalloidin-TRITC (1:200, Sigma, #P1951); rabbit monoclonal to gamma H2A.X (gH2A.X) (1:200, Abcam, Cambridge, United Kingdom, #ab81299); rabbit polyclonal anti-di-methyl-histone H3 (Lys4) (H3K4me2) antibody (1:200, Cell Signaling Technology, Danvers, MA, United States); rabbit polyclonal anti-tri-methyl-histone H3 (Lys4) (H3K4me3) antibody (1:200, Cell Signaling Technology, United States, #C42D8); rabbit polyclonal anti-trimethyl-histone H3 (Lys36) (H3K36me3) antibody (1:200, ABclonal, United States, #A2366). Alexa Fluor 488 goat anti-mouse antibody (1:200, Invitrogen #A11126, Carlsbad, CA, United States); MitoTracker Red CMXRos (Thermo Fisher Scientific, #7512, Waltham, MA, United States); Alexa Fluor 594 goat anti-rabbit antibody (Invitrogen, Carlsbad, CA, United States). Microcystin-LR was purchased from APExBIO Technology (Houston, TX, United States, #B3698); VC was purchased from Sigma (Shanghai, China, #A7506). The basic maturation culture medium used was tissue culture medium (TCM-199; Sigma). Phosphate-buffered saline (PBS) was purchased from Life Technologies (Invitrogen).



Oocyte Collection and in vitro Maturation (IVM)

Ovaries were obtained from a local slaughterhouse and transported to the laboratory in 0.9% NaCl containing 800 IU/ml of gentamicin at 37°C. In vitro oocyte maturation was performed as previously described (Li et al., 2009). Follicular fluid was collected from 3 to 8 mm follicles using an 18-gauge needle attached to a 10-ml disposable syringe. Cumulus–oocyte complexes (COCs) were then aspirated by vacuum suction from follicular fluid. After washing, the COCs with compact cumulus cells and a uniform ooplasm were selected to culture in 4-well dishes with in vitro maturation medium (IVM) [TCM-199 supplemented with 10% cattle serum (CS; Gibco), 10% (v/v) porcine follicular fluid, 0.8 mM L-glutamine, 75 mg/mL penicillin, 50 mg/mL streptomycin, 15 IU/mL pregnant mare serum gonadotropin (PMSG), and 15 IU/mL human chorionic gonadotropin (hCG)] at 38.5°C in an atmosphere of 5% CO2 with saturated humidity. After further culture for 26 h, COCs at MI stage were treated with hyaluronidase (1 mg/ml in TCM-199 culture medium) for approximately 1 min to obtain denuded oocytes (DOs). For oocytes at MII stage, they were collected after 44 h of culture and treated with hyaluronidase.



MC-LR and VC Treatment

Microcystin-leucine-arginine was dissolved in TCM-199 culture medium and then in maturation medium to final concentrations of 20, 40, 80, and 120 μM. VC was dissolved in PBS and diluted with maturation medium to final concentrations of 50, 100, 200, and 500 μM. The VC was added to maturation medium immediately before use.



Immunofluorescence Staining and Quantification

Denuded oocytes were collected and fixed in 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature. After being washed for 15 min in wash buffer [Ca2+ and Mg2+-free PBS with 1% BSA (PB1)], oocytes were permeabilized in 1% Triton X-100 (in PBS) for 1 h at room temperature. Subsequently, they were blocked with PB1 for 1 h at room temperature to suppress the non-specific binding of IgG. DOs were then incubated with primary antibodies overnight at 4°C, washed three more times, and incubated with secondary antibody for 1 h at room temperature. Finally, Hoechst 33342 (10 μg/mL) was used to stain nuclei for 10 min at room temperature. Samples were mounted on glass slides and examined with a confocal laser-scanning microscope (LSM 700 META; ZEISS, Oberkochen, Germany). Image J software (version 1.46r, United States) was used for quantitative analysis. Negative controls were set using oocytes without the primary or secondary antibodies. When quantification of signal located in nuclear area, the average pixel from three different cytoplasm areas were used as background for normalization. For quantification of signal located in whole oocyte, the average pixel from five negative control oocytes was set as background for normalization. Finally, the net signal intensity of samples was performed using the average pixel intensity to subtract the background. At least 20 oocytes were analyzed in each group, and at least three replicates were performed for each experiment.



Detection of Mitochondria and Reactive Oxygen Species (ROS)

A DCFH diacetate (DCFHDA) kit (Beyotime, China) was used to examine the level of intracellular ROS generated during oocyte maturation. Mito-Tracker Red CMXRos (Invitrogen, Eugene, OR, United States, #M7512) was used for mitochondria detection. After DOs were obtained, they were incubated in TCM-199 culture medium containing DCFHDA (1:800) or Mito-Tracker Red CMXRos (1:200) for 30 min at 38.5°C in a 5% CO2 incubator. After three washes in TCM-199, oocytes were placed on a glass slide and observed under the confocal laser-scanning microscope as soon as possible.

As for mitochondrial membrane potential (ΔΨm) detection, MitoProbe JC-1 Assay kits (M34152, Thermo Fisher Scientific, Waltham, MA, United States) was used. The steps of JC-1 staining are the same as above and 2 μM JC-1 was added in TCM-199 culture medium. The change in JC-1 from red (∼590 nm) to green (∼529 nm) fluorescence was used to detect a decrease in mitochondrial membrane potential. The ratio of red to green fluorescence intensity was analyzed using ImageJ software.



Annexin-V Staining

Annexin-V staining kit (Vazyme, Nanjing, China) was used to detect early apoptosis level in oocytes. According to the manufacturer’s instruction, a total of 20–30 DOs at MI stage from each group were incubated in 100 μl binding buffer containing 10 μl of Annexin V-FITC for 10 min in the dark. Then oocytes were washed three times in D-PBS containing 0.1% BSA, placed on glass slides and observed under the confocal microscope immediately (ZEISS LSM 700 META, Germany).



RNA Isolation and Real-Time Quantitative PCR

Porcine COCs maturated in vitro for 26 h, and the DOs in control group, MC-LR group, and VC-rescued group were then collected, respectively. Total RNA were extracted from 30 oocytes with a Dynabead mRNA DIRECT kit (Invitrogen Dynal, Oslo, Norway) according to the manufacturer’s instructions. First cDNA strand was synthesized using PrimeScriptTM RT Master Mix (Takara, Japan). Real-time Quantitative polymerase chain reaction (RT-qPCR) was performed using a fast real-time PCR system (ABI Step One Plus). Primer sequences are listed in Table 1. Gene expression levels were analyzed using the 2–ΔΔCt method after the melting-curve analysis was completed and GAPDH was used as a control gene.


TABLE 1. Primer sequences for RT-qPCR.

[image: Table 1]


Statistical Analysis

At least three replicates were performed for each experiment. All analyses were performed using Graph Pad Prism 5 (Graph Pad Software Inc., San Diego, CA, United States) and were presented as mean percentages ± standard error of the mean (mean ± SEM). Inter-group differences were compared using t-tests. p values < 0.05 indicated statistical significance.



RESULTS


VC Reduces Meiotic Defects in MC-LR-Exposed Oocytes

To explore the toxic effects of MC-LR exposure, oocytes were cultured with varying concentrations of MC-LR (0 μM, 20 μM, 40 μM, 80 μM, and 120 μM) for 44 h in vitro. The proportion of polar body extrusion (PBE) and COC viability in the control and MC-LR-exposed oocytes is shown in Figure 1. Almost all of the cumulus cells surrounding oocytes in the control group were fully expanded, while those in the MC-LR-exposed group exhibited poor expansion of COCs (Figure 1A). Moreover, the majority of oocytes in the control group reached the meiosis II (MII) stage after 44 h of culture, and demonstrated extrusion of the polar body, but exposure to MC-LR significantly reduced the PBE rate (control: 64.52 ± 3.11%, n = 131; 20 μM: 60.10 ± 8.71%, n = 108, p > 0.05; 40 μM: 50.18 ± 4.36%, n = 153, p < 0.05; 80 μM: 39.15 ± 5.39%, n = 152, p < 0.01; 120 μM: 29.63 ± 2.32%, n = 148, p < 0.001; Figure 1B). The concentration of 80 μM MC-LR was chosen for further studies because this not only caused obvious meiotic defects, but also allowed a proportion of oocytes to develop to the MII stage for further investigation.


[image: image]

FIGURE 1. VC (100 μm) alleviates the meiotic defects in MC-LR-exposed oocytes. (A) Representative images of cumulus expansion and polar body extrusion (PBE) in the control, MC-LR-exposed, and VC-rescued groups (80 μM MC-LR and 100 μM VC were used). Bar = 150 μm (i); 100 μm (ii); 20 μm (iii). (B) The rate of PBE was compared in control and different concentrations of MC-LR-exposed groups (20 μM, 40 μM, 80 μM, and 120 μM) after being cultured for 44 h in vitro. (C) The rate of PBE was recorded in control and different concentrations of VC-supplemented groups (50 μM, 100 μM, 200 μM, and 500 μM) after culture for 44 h with 80 μM MC-LR in vitro. (D) Representative images of chromosomes in porcine oocytes that underwent GVBD. And the rate of GVBD was recorded in control and MC-LR-exposed (80 μM) oocytes. Bar = 2.5 μm. (E) Representative images of PBE in the control and MC-LR-exposed (80 μM) DOs. Bar = 20 μm. * indicates significant difference at p < 0.05 level, ** indicates p < 0.01 level, *** indicates p < 0.001 level and ns indicates: no significant difference.


Besides, we quantified the rate of the oocytes that underwent germinal vesicle breakdown (GVBD) following 80 μM MC-LR exposure and found that it was comparable with the controls (control: 92.2 ± 2.96%, n = 60, VS MC-LR: 86.59 ± 3.78%, n = 60, p > 0.05) (Figure 1D). This suggested that the meiotic arrest occurred after MI stage. Meanwhile, we checked the MC-LR effect on DOs (Figure 1E). 80 μM MC-LR significantly reduced the PBE rate in DOs (control: 44.94 ± 4.81%, n = 60, VS MC-LR: 22.49 ± 3.67%, n = 60, p < 0.01), suggesting that MC-LR worked directly on oocytes. However, considering the very low maturity rate of DOs, we used COCs for further investigation.

To investigate whether VC can alleviate meiotic arrest caused by MC-LR, VC was supplemented to the IVM culture medium containing 80 μM MC-LR. We found that 100 μM VC significantly increased the rate of PBE in MC-LR exposure oocytes compared with MC-LR alone (VC: 61.21 ± 2.17%, n = 150, VS MC-LR: 41.42 ± 4.7%, n = 145, p < 0.01) but the lower concentration of 50 μM or higher of 200 μM and 500 μM VC did not show the same effect (50 μM: 54.93 ± 2.03%, n = 109, p > 0.05; 200 μM: 53.35 ± 3.09%, n = 114, p > 0.05; 500 μM: 39.93 ± 2.68%, n = 115, p > 0.05) (Figures 1A,C). Thus, the concentration of 100 μM VC was chosen for further study. These results suggested that MC-LR exposure inhibited porcine oocyte maturation in a dose-dependent manner, but VC can protect oocytes against meiotic defects caused by MC-LR exposure.



VC Alleviates Spindle Defects in MC-LR-Exposed Oocytes

Given that spindle formation is critical for PBE, we next examined spindle structures after MC-LR exposure. The results of immunofluorescence are shown in Figure 2. Most oocytes in the control group exhibited regular spindle morphology and good chromosome alignment on the equatorial plate. In contrast, spindle formation was severely disrupted, and the chromosomes were disorganized, in the MC-LR-exposed group. Quantitative analysis showed that MC-LR-exposed oocytes exhibited a significantly higher proportion of aberrant spindles than control oocytes (MC-LR: 77.58 ± 7.23%, n = 116, VS control: 16.57 ± 4.05%, n = 106, p < 0.01) (Figure 2B). However, supplementation of VC decreased the proportion of abnormal spindles caused by MC-LR exposure (VC: 35.27 ± 4.05%, n = 104, VS MC-LR: 77.58 ± 7.23%, n = 116, p < 0.01), indicating that VC can restore spindle defects in MC-LR-exposed oocytes.
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FIGURE 2. VC protects MC-LR-exposed oocytes from spindle defects. (A) Representative images of spindle morphology and chromosome alignment in the control, MC-LR-exposed, and VC-rescued groups. Bar = 5 μm. (B) The rate of aberrant spindles in the control, MC-LR-exposed, and VC-rescued groups. **p < 0.01.




VC Restores α-Tubulin Acetylation Level in MC-LR-Exposed Oocytes

We next examined the level of acetylated α-tubulin, through immunofluorescence, because this post-translational modification is critical for the maintenance of stable microtubules in both mitotic and meiotic cells. As shown in Figure 3, acetylated tubulin levels were significantly lower in MC-LR-exposed oocytes compared with control oocytes. Furthermore, VC supplementation significantly increased the level of acetylated α-tubulin in MC-LR-exposed oocytes. Quantitative analysis of the fluorescence intensity of acetylated α-tubulin validated these qualitative findings (MC-LR-exposed: 4.29 ± 0.79, n = 60, VS Control: 15.60 ± 1.71, n = 60, p < 0.001; VC supplementation: 8.64 ± 0.92, n = 60, VS MC-LR-exposed: 4.29 ± 0.79, n = 60, p < 0.01) (Figure 3B). These results suggested that MC-LR disordered spindle assembly by downregulating tubulin acetylation and that the presence of VC partly prevented these aberrations in oocyte development.


[image: image]

FIGURE 3. VC increases the level of acetylation of α-tubulin in MC-LR-exposed oocytes. (A) Representative images of α-tubulin in the control, MC-LR-exposed, and VC-rescued groups. Bar = 5 μm. (B) Quantitative analysis of the fluorescence intensity of acetylated α-tubulin in the control, MC-LR-exposed, and VC-rescued groups. **p < 0.01, ***p < 0.001.




VC Improves Actin Assembly of MC-LR-Exposed Oocytes

Because actin filaments are the main driving force for asymmetric division in mammalian oocytes, we next examined the actin assembly in both control oocytes and MC-LR-exposed oocytes. Phalloidin was used to label F-actin, and the results were shown in Figure 4. In the control group, the actin filaments in most oocytes were evenly accumulated at the cortical region and showed a strong immunofluorescent signal. However, in most MC-LR-exposed oocytes, the accumulation of F-actin at the cortical region significantly decreased (Figure 4A). The F-actin intensity from the lineation confirmed this (Figure 4B). Meanwhile, the proportion of mislocalized actin was significantly increased in MC-LR-exposed oocytes (MC-LR-exposed: 79.58 ± 2.00%, n = 96, VS Control: 22.93 ± 4.34%, n = 100, p < 0.001) and co-supplementation with VC supplementation significantly reduced actin abnormalities caused by MC-LR exposure (VC supplement: 49.27 ± 3.59%, n = 110, VS MC-LR-exposed: 79.58 ± 2.00%, n = 96, p < 0.01) (Figure 4C). Moreover, quantitative analysis of the F-actin fluorescence intensity (Figure 4D) also showed a significant decrease in MC-LR-exposed oocytes, compared with control group (MC-LR: 1.26 ± 0.34, n = 60, VS control: 60.24 ± 8.20, n = 60, p < 0.001). However, this was partially ameliorated by the co-supplementation of VC (VC: 20.30 ± 3.74, n = 60 VS MC-LR: 1.26 ± 0.34, n = 60, p < 0.001). These results showed that VC was able to partially protect porcine oocytes from abnormal actin assembly caused by MC-LR exposure.
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FIGURE 4. VC protects porcine oocytes from abnormal actin assembly caused by MC-LR exposure. (A) Representative images of F-actin distribution in the control, MC-LR-exposed, and VC-rescued groups. Bar = 20 μm. (B) Right graphs show fluorescence intensity profiling of phalloidin in oocytes. Lines were drawn through the oocytes, and pixel intensities were quantified along the lines. (C) The rate of mislocalization of actin. (D) Quantitative analysis of the fluorescence intensity of F-actin in the control, MC-LR-exposed, and VC-rescued groups. **p < 0.01, ***p < 0.001.




VC Reduces Mitochondrial Abnormalities in MC-LR-Exposed Oocytes

The mitochondrion is essential for oocyte cytoplasmic maturation, and is a primary organelle that supplies the majority of the cellular ATP for oocyte maturation (Perez et al., 2000; Zhou et al., 2019a). To determine whether MC-LR exposure caused abnormal mitochondria, we used MitoTracker Red CMXRos to label mitochondria, and the results are shown in Figure 5. In control oocytes, the mitochondria signals were mainly seen in the subcortical regions around lipid droplets. The exposure of oocytes to MC-LR resulted in an abnormal pattern of mitochondrial distribution (Figure 5A). Quantitative fluorescence intensity analysis showed that the mitochondrial signals were reduced in MC-LR-exposed oocytes compared with the control group (MC-LR: 7.18 ± 0.74, n = 60, VS control: 19.06 ± 0.98, n = 60, p < 0.001) (Figure 5B). Supplementation of VC to MC-LR-exposed oocytes caused the distribution of mitochondria in these samples to appear similar to the control group and increased the fluorescent intensity of the mitochondrial signal compared with MC-LR-exposed oocytes which did not receive VC supplementation (VC: 11.50 ± 0.80, n = 60, VS MC-LR: 7.18 ± 0.74, n = 60, p < 0.001) (Figure 5).


[image: image]

FIGURE 5. VC protects MC-LR-exposed oocytes from mitochondrial damage. (A) Representative images of mitochondria distribution in the control, MC-LR-exposed, and VC-rescued groups. Bar = 20 μm. (B) Quantitative analysis of the fluorescence intensity of mitochondria. (C) Mitochondrial membrane potential (ΔΨm) was detected by JC-1 in control, MC-LR-exposed, and VC-rescued groups (Red, high ΔΨm; Green, low ΔΨm). Bar = 20 μm. (D) The ratio of red and green fluorescence intensity was recorded in control, MC-LR-exposed, and VC-rescued groups. **p < 0.01, ***p < 0.001.


To further study the effect of MC-LR on mitochondrial function, we also assessed the mitochondrial membrane potential (ΔΨm) by JC-1 staining (Figures 5C,D). Mitochondria with high membrane potential showed a red fluorescence while those with low membrane potential showed a green fluorescence. Quantitative analysis revealed that the ratio of red to green fluorescence was significantly higher in the control group than in MC-LR-exposed oocytes (control: 2.11 ± 0.19, n = 30, VS MC-LR: 0.45 ± 0.10, n = 30, p < 0.001). But rescued in VC-rescued groups (MC-LR: 0.45 ± 0.10, n = 30, VS VC: 1.03 ± 0.18, n = 30, p < 0.01). Taken together, these results suggested that VC prevented mitochondrial dysfunction induced by MC-LR in oocytes.



VC Restores Abnormal Epigenetic Alterations in MC-LR-Exposed Oocytes

Histone methylation modification is a pivotal epigenetic modification that is critical for the regulation of gene expression and gene silencing. Disruption of histone modifications in the oocyte causes defective chromosome condensation and segregation, delayed maturation progression, and even oocyte aging (Gu et al., 2010; Qian et al., 2015). The level of histone H3 lysine 4 di-methylation (H3K4me2), histone H3 lysine 4 tri-methylation (H3K4me3), and histone H3 lysine 36 tri-methylation (H3K36me3) were studied to assess potential epigenetic modifications in MC-LR-exposed oocytes. As shown in Figure 6A, the fluorescence intensities of H3K4me2, H3K4me3, and H3K36me3 were significantly decreased in MC-LR-exposed oocytes compared with the control group. However, VC supplementation alleviated these defects to some extent (Figures 6A–C). Quantitative analysis also confirmed this (H3K4me2: MC-LR-exposed: 6.012 ± 0.69, n = 60, VS Control: 21.53 ± 0.94, n = 60, p < 0.001; VC supplement: 16.14 ± 1.61, n = 60, VS MC-LR-exposed: 6.012 ± 0.69, n = 60, p < 0.001. H3K4me3: MC-LR-exposed: 13.47 ± 1.89, n = 60, VS Control: 36.25 ± 2.52, n = 60, p < 0.001; VC supplement: 28.00 ± 1.62, n = 60, VS MC-LR-exposed: 13.47 ± 1.89, n = 60, p < 0.001. H3K36me3: MC-LR-exposed: 8.25 ± 0.75, n = 60, VS Control: 20.31 ± 1.35, n = 60, p < 0.001; VC supplement: 15.09 ± 1.77, n = 60, VS MC-LR-exposed: 8.25 ± 0.75, n = 60, p < 0.01).
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FIGURE 6. VC can protect oocytes from abnormal epigenetic alterations caused by MC-LR exposure. (A–C) Representative images of H3K4me2, H3K4me3, and H3K36me3 in the control, MC-LR-exposed, and VC-rescued groups. Green, H3K4me2, H3K4me3, or H3K36me3; Blue, chromosomes. Bar = 5 μm. Quantitative analysis of the fluorescence intensity of H3K4me2, H3K4me3, and H3K36me3 were recorded in graphs. (D) Relative mRNA levels of methyltransferases and demethylases related to histone methylation markers (ASH1L, NSD1, MLL2, SETD2, KDM5B, and KDM4A). *Indicates significant difference at p < 0.05 level, **p < 0.01 level, and ***p < 0.001 level.


Then we examined the mRNA expression levels of H3K4me2, H3K4me3, and H3K36me3 methyltransferases (ASH1L, MLL2, NSD1, and SETD2) and demethylases (KDM5B and KDM4A) (Figure 6D). We found significant increase of KDM5B mRNA in MC-LR-exposed oocytes (MC-LR: 5.56 ± 1.08 VS control: 1, p < 0.01). But the mRNA expression levels of other five genes did not significantly differ from that of control group. However, VC supplementation significantly decreased the high mRNA expression level of KDM5B caused by MC-LR exposure (VC: 1.62 ± 0.70 VS control: MC-LR: 5.56 ± 1.08, p < 0.05). These results suggested that MC-LR led to abnormal histone methylations by affecting their corresponding demethylase KDM5B. But VC can protect oocytes from abnormal epigenetic alterations caused by MC-LR exposure.



VC Decreases Oxidative Stress, DNA Damage and Apoptosis in MC-LR-Exposed Oocytes

Microcystin-leucine-arginine induces cytotoxicity via oxidative stress in many kinds of cells, including tissues of the ovary (Li et al., 2008; Liu et al., 2018). To investigate whether MC-LR was inhibiting oocyte maturation via oxidative stress, we used DCFH staining to compare the ROS levels between control and MC-LR-exposed oocytes. MC-LR exposure resulted in increased ROS levels compared with oocytes in control group (MC-LR: 42.06 ± 5.09, n = 60, VS control: 2.73 ± 0.46, n = 60, p < 0.001; Figure 7A) and VC significantly reduced the excessive ROS present in MC-LR-exposed oocytes (VC: 10.28 ± 1.16, n = 60, VS MC-LR: 42.06 ± 5.09, n = 60, p < 0.001) (Figures 7A,B). These results suggested that VC decreased oxidative stress caused by MC-LR exposure during oocyte maturation.
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FIGURE 7. VC decreases oxidative stress, alleviates DNA damage, and rescues early apoptosis in MC-LR-exposed oocytes. (A) Representative images of ROS level in the control, MC-LR-exposed, and VC-rescued groups. Bar = 20 μm. (B) Quantitative analysis of the fluorescence intensity of ROS. (C) Immunofluorescent staining of γ-H2A.X showing DNA damage in control, MC-LR-exposed, and VC-rescued groups. Bar = 5 μm. (D) Quantification of the numbers of γ-H2A.X foci per oocyte in control, MC-LR-exposed, and VC-rescued groups was analyzed (total number of oocytes analyzed: n = 20 for control; n = 20 for MC-LR-exposed, n = 20 for VC-rescued). Data are expressed as mean ± SEM from three independent experiments. (E) Representative images of apoptotic oocytes in the control, MC-LR-exposed, and VC-rescued groups. Bar = 20 μm. (F) Quantitative analysis of the fluorescence intensity of Annexin-V. ***p < 0.001.


Because oxidative stress can damage DNA, and MC-LR has been reported to inhibit DNA repair (Lankoff et al., 2006), we examined DNA damage by γ-H2A.X staining. Remarkably, we found that γ-H2A.X foci in MC-LR-exposed oocytes were significantly increased as compared to control oocytes (MC-LR: 7.4 ± 0.6, n = 20, VS Control: 1.85 ± 0.22, n = 20, p < 0.001) (Figures 7C,D), whereas VC supplement significantly reduced the γ-H2A.X foci (VC: 3.9 ± 0.47, n = 20, VS MC-LR: 7.40 ± 0.61, n = 20, p < 0.001). These results suggested that VC can protect oocytes from DNA damage caused by MC-LR exposure.

Since the excessive oxidative stress always induces apoptosis, we also assessed early apoptosis in oocytes by Annexin-V staining. The immunofluorescence results showed that the fluorescent signals of Annexin-V were rarely present in control oocytes, but significantly arose in MC-LR-exposed oocytes (MC-LR: 13.79 ± 1.19, n = 30, VS Control: 3.53 ± 0.42, n = 30, p < 0.001) (Figures 7E,F). However, early apoptotic signals were decreased in VC-rescued oocytes (VC: 5.13 ± 0.78, n = 30, VS MC-LR: 13.79 ± 1.19, n = 30, p < 0.001). Taken together, our results indicated that MC-LR induced early apoptosis in porcine oocytes while VC alleviated this defect.



DISCUSSION

The United States, China, Japan, and Europe have reported MC-LR contamination of freshwater resources and the frequency of these reports is increasing worldwide (Lee et al., 2017). The cyanotoxin can bioaccumulate in living organisms and its chemical structure is highly stable during cooking, and resistant to chemical breakdown (Ait Abderrahim et al., 2019). Humans and livestock living near freshwater bodies contaminated with cyanobacteria can be poisoned by drinking water containing MC-LR. However, the current studies on MC-LR reproductive toxicity are predominately focused on fish. Few studies have reported the effects on mammalian reproduction, including that of humans. To investigate the effects of MC-LR on mammalian reproductive function, we used porcine oocytes as a model because of their similar physiology to human oocytes. Our results showed that appropriate doses of VC were able to protect against abnormalities to cytoskeleton dynamics, mitochondrial distribution, epigenetic modification, oxidative stress and early apoptosis caused by MC-LR.

Given that cumulus cell expansion and the first PBE rate are two critical biological events occurring during meiotic progression (Zhang X. et al., 2019), we first examined these two important events and found poor expansion of COCs and a depressed PBE rate in MC-LR-exposed oocytes. This indicated that oocyte maturation was retarded by MC-LR exposure in a dose-dependent manner. The supplementation of VC with MC-LR partially protected oocytes from the negative effect of MC-LR on COC expansion and PBE during oocyte maturation. However, high concentration of VC actually caused a decrease in PBE rate. This may be because high level of VC acts as a pro-oxidant (El Banna et al., 2019) and will cause cytotoxicity to oocytes.

To further investigate how MC-LR exposure causes meiosis failure, we next examined cytoskeleton dynamic coordination. The results showed that spindle morphology and actin distribution in oocytes were severely disrupted by MC-LR. Moreover, the acetylation level of α-tubulin, which is a marker of spindle stability (Miao et al., 2018), was significantly reduced. These results are consistent with previous studies that MC-LR exposure induced microfilament and microtubule alterations, and caused the progressive disassembly of actin fibers in many kinds of cells (Ding et al., 2001; Beyer et al., 2012; Huang et al., 2015). Besides cytoskeleton dynamics, epigenetics modification is also a critical event for oocyte maturation (Gu et al., 2010). In this study, we examined histone methylation levels and found a significantly decrease in MC-LR-exposed oocytes. Meanwhile, the demethylase KDM5B mRNA level was significantly changed by MC-LR exposure, indicating that MC-LR meiotic maturation failure may result from an impairment of epigenetic modifications in porcine oocytes. These results consistent with the opinion which indicated that pollutants might cause cell dysfunctions via epigenetic modifications (Genchi et al., 2020; Zheng et al., 2020). However, VC restored these abnormal epigenetic alterations in MC-LR-exposed oocytes. This confirmed that VC can act as an epigenetic regulator to enhance cell functions (Zhang T. et al., 2019). Moreover, considering that changes in ATP levels correlate with the dysfunction of mitochondria present in MC-LR-exposed oocytes (Yu et al., 2010), we concluded that disturbed cytoskeleton, abnormal epigenetics, and dysfunctional mitochondria were the reasons for the meiosis failure in MC-LR-exposed oocytes.

We then tried to further explore the possible mechanism for the toxicity of MC-LR on oocytes. Studies have found that MC-LR caused cytotoxicity through mitochondrial signaling pathway. Mitochondrial dysfunction can induce an increase of ROS, whereas excessive ROS always caused DNA damage and early apoptosis in cells (Roth, 2018). Due to our results about the dysfunctional mitochondria caused by MC-LR exposure, we next examined oxidative stress in MC-LR-exposed oocytes. Similar with previous studies, high levels of ROS, DNA damage and apoptosis were found after MC-LR exposure. However, all these defects were rescued by VC supplementation. Given that increased levels of ROS have previously been associated with cytoskeletal disorganization, cell cycle arrest in human oocytes, and induced the change of epigenetic regulation (Prasad et al., 2016; Tiwari et al., 2017; Walters et al., 2018). We came to the conclusion that VC prevented mitochondrial dysfunction-induced oxidative stress and early apoptosis, which further affected epigenetic modifications and cytoskeleton dynamics in porcine oocytes, finally rescued meiosis defects caused by MC-LR exposure. However, because of the limited number of cells, researches on oocytes become difficult. Therefore, more studies still need to further explore the molecular mechanism of MC-LR toxicity and the protective role of VC on oocyte maturation.



CONCLUSION

Taken together, our results indicate that the presence of MC-LR is deleterious to the maturation of porcine oocytes. The cyanotoxin generates mitochondrial dysfunction-induced ROS, causes DNA damage and induces early apoptosis, which further affects epigenetic modifications and cytoskeleton dynamics in porcine oocytes. Supplementation with VC reduces the severity of MC-LR-induced cell defects and provides a potential therapeutic strategy to improve the quality of MC-LR exposed oocytes.
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During oogenesis and fertilization, histone lysine methyltransferases (KMTs) and histone lysine demethylases (KDMs) tightly regulate the methylation of histone H3 on lysine-4 (H3K4me) by adding and removing methyl groups, respectively. Female germline-specific conditional knockout approaches that abolish the maternal store of target mRNAs and proteins are used to examine the functions of H3K4 KMTs and KDMs during oogenesis and early embryogenesis. In this review, we discuss the recent advances in information regarding the deposition and removal of histone H3K4 methylations, as well as their functional roles in sculpting and poising the oocytic and zygotic genomes. We start by describing the role of KMTs in establishing H3K4 methylation patterns in oocytes and the impact of H3K4 methylation on oocyte maturation and competence to undergo MZT. We then introduce the latest information regarding H3K4 demethylases that account for the dynamic changes in H3K4 modification levels during development and finish the review by specifying important unanswered questions in this research field along with promising future directions for H3K4-related epigenetic studies.
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FERTILIZATION AND MATERNAL-TO-ZYGOTIC TRANSITION IN MAMMALS

In mammals, fertilization of an oocyte by a sperm results in the generation of a totipotent embryo that can form all cell types of the embryonic and extraembryonic lineages. Before, during, and shortly after fertilization, both parental genomes are transcriptionally silent, and early embryonic events are controlled by maternal mRNAs and proteins that are stored during oocyte growth (Dai et al., 2018). Acquisition of totipotency is accompanied by the chromatin remodeling of highly differentiated parental genomes, removal of the maternal transcripts and proteins, and zygotic genome activation (ZGA) (Zhang et al., 2015; Yu et al., 2016; Sha et al., 2018b).

Before ZGA, early embryonic development is controlled exclusively by maternal products accumulated during oocyte development. After the elimination of a subset of the maternal products, transcription is re-initiated and developmental control passes to the zygotic genome (Tadros and Lipshitz, 2009). This drastic transition from a highly differentiated oocyte to a totipotent embryo is referred to as the maternal-to-zygotic transition (MZT) (Sha et al., 2019). Histone methylation is the major determinant of the formation of transcriptionally active and inactive regions of the genome and is crucial for proper chromatin remodeling during oogenesis and the MZT (Clarke and Vieux, 2015).

Gametes are highly differentiated cell types. Therefore, fertilization requires major epigenetic remodeling to reconcile the paternal and maternal genomes with the formation of a totipotent zygote (Yu et al., 2013). At the time of fertilization, the paternal genome is densely packed with protamines, and the maternal epigenome is highly specialized in terms of DNA and histone modifications. During the MZT, maternal factors unravel these specialized chromatin states to enable ZGA and embryonic development. Histone H3 lysine methylations are dynamically regulated during the MZT and have different cellular and physiological impacts, depending on the modified amino acid residue and the number of added methyl groups (mono-, di-, or tri-). However, the maternal and zygotic regulators underlying these drastic histone modifications and their impact on ZGA and embryonic development remain unknown.



HISTONE LYSINE METHYLTRANSFERASES AND DEMETHYLASES

Histone methylation is tightly regulated by histone lysine methyltransferases (KMTs) and histone lysine demethylases (KDMs), which add and remove methyl groups, respectively. KMTs and KDMs have specificities for their target lysine residues, as well as for the number of methyl groups they can add or remove. Some of these enzymes have been genetically knocked out in mice. Deletion often leads to prenatal or perinatal lethality. To overcome early lethality, selected promoter fragments of Ddx4, Gdf9, and Zp3 were used to drive the oocyte-specific expression of CRE recombinase in the developing oocytes of transgenic mice, starting from embryonic day-16 (oocyte cyst stage) (Gallardo et al., 2007), postnatal day-3 (primordial follicle stage) (Lan et al., 2004), and day-5 (primary follicle stage) (Lewandoski et al., 1997), respectively. Using these genetic tools, the physiological functions of KMTs and KDMs during oogenesis and the MZT are being discovered.



HISTONE H3 LYSINE-4 TRIMETHYLATION (H3K4me3)

H3K4me3 is a common histone modification at the transcription start site of actively expressing genes in eukaryotic cells (Howe et al., 2017). Because of the association between H3K4me3 and gene expression levels, H3K4me3 is generally believed to have an instructive role in gene expression and thus is an ‘activating’ histone modification. In mouse embryonic stem cells, for example, H3K4me3 is associated with gene promoters and poises them for transcriptional activation in response to developmental or environmental cues (Blackledge and Klose, 2011). However, many recent genome-wide studies have shown that under steady-state or dynamically changing conditions, transcription actually changes very little upon removal of most H3K4me3 on the chromatin (Clouaire et al., 2014). Therefore, rather than serving as instructions for transcription, the deposition of H3K4me3 onto chromatin is suggested to be a consequence of transcription and is thought to influence processes such as transcriptional consistency among cells in a population, transcriptional memory of previous differentiation states, and gene silencing. In the following sections, we will discuss the functions and regulations of H3K4 methylation associated with transcription and organization of the mammalian genome in oocytes and zygotes, some of which are similar to those observed in somatic cells, whereas others are unique to these specific cell types.



FUNCTION OF HISTONE H3K4 METHYLTRANSFERASES IN OOGENESIS AND MZT

The SET1/COMPASS histone methyltransferase complex is the primary enzyme that methylates histone H3K4 (Roguev et al., 2001). While yeast contains only one SET1 protein, there are six known histone H3 methyltransferases in mammals. They are subdivided into three groups, i.e., SET domain-containing 1A/B (SETD1A/B), lysine (K) methyltransferase 2A/B (KMT2A/B), and KMT3/4 (Shilatifard, 2012). In previous publications, KMTs were also known as mixed lineage leukemia 1-4 (MLL1-4); however, these are no longer the official gene names on NCBI. These complexes are not functionally redundant, as demonstrated by the early lethality phenotypes observed upon the knockout of individual genes (Vedadi et al., 2017). These studies also showed that SETD1A/B-based enzyme complexes are the predominant H3K4 methyltransferases in most cell types (Ardehali et al., 2011; Shilatifard, 2012).


CxxC–Finger Protein-1 (CXXC1)

The SETD1 complex targets chromatin by its essential subunit CxxC-finger protein 1 (CXXC1, also known as CFP1), which recognizes both preexisting H3K4me3 and non-methylated DNA and engages in multivalent chromatin binding of the whole complex (Lee and Skalnik, 2005; Brown et al., 2017).

During meiotic prophase, a diploid germ cell produces haploid gametes with two consecutive rounds of division. Unique chromosomal events occur during the prophase of meiosis I, including programmed double-strand breaks and genome-wide homologous recombination (Borde and de Massy, 2013). Successful homologous recombination and crossover formation are essential for the precise chromosomal segregation and fertility (de Massy, 2013). Studies in yeasts have shown that CXXC1 recruits chromatin regions with H3K4me3 to the chromosome axis for DNA double-strand break generation and crossover formation in the prophase of meiosis (Parvanov et al., 2017). To investigate whether CXXC1 also plays a comparable role in the meiotic prophase of mammalian germ cells, researchers from two groups independently knocked out Cxxc1 in germ cells before the onset of meiosis with Stra8-Cre (Tian et al., 2018; Jiang et al., 2020). While the knockout of Cxxc1 in male germ cells using transgenic Stra8-Cre did not affect spermatogenesis and male fertility, the deletion of Cxxc1 in a Stra8-Cre knockin mouse strain resulted in male and female infertility. In the male mice of this line, spermatogenesis is arrested at metaphase II (MII). Phenotype analysis results showed that CXXC1 is essential for proper meiotic crossover formation. The deletion of Cxxc1 causes a decrease in H3K4me3 levels from the pachytene to the MII stage and gene transcription disorder. These studies suggest that CXXC1-mediated H3K4me3 not only directly controls meiosis-specific chromatin behaviors as in yeast but also plays an essential role in regulating genes essential for the meiotic progression of spermatogenesis and oogenesis.

The meiosis-related function of CXXC1 is more extensively investigated in postnatal female mice in which the oocytes undergo arrest at the diplotene stage of meiotic prophase I. Studies in oocyte-specific Cxxc1 knockout mice indicated that SETD1-CXXC1 is one of the major KMT complexes that mediate H3K4me3 deposition on chromatin in mouse oocytes (Yu et al., 2017). Conditional knockout of Cxxc1 in growing oocytes results in defects in histone exchanges, DNA methylation, and transcription of the oocytic genome. Furthermore, decreases in maternal H3K4me3 impaired de novo histone deposition during pronuclear formation after fertilization and prevented ZGA.

In addition to MZT defects, meiotic resumption and spindle assembly are impaired in fully grown Cxxc1-deleted oocytes (Yu et al., 2017; Sha et al., 2018a). The involvement of CXXC1 and H3K4me3 in the regulation of meiotic cell cycle progression is discussed in later sections.



SET Domain-Containing 1A and B (SETD1A/B)

Setd1a and Setd1b are highly conserved paralogs. During development, Setd1a and Setd1b are expressed at all stages from the oocyte to the blastocyst stage (Bledau et al., 2014). The zygotic deletion of Setd1a or Setd1b does not affect preimplantation (Bledau et al., 2014). Setd1a is required shortly after inner cell mass formation because Setd1a null embryos die soon after implantation [embryonic day (E) 6.5–7.5], and no embryonic stem cell lines could be generated using the Setd1a null embryos. In contrast, Setd1b null embryos are growth retarded from E7.5 and die around E11.5 (Bledau et al., 2014).

To overcome embryonic lethality, oocyte-specific Setd1a and Setd1b knockout mouse strains (Setd1afl/fl; Gdf9-Cre and Setd1bfl/fl; Gdf9-Cre) were generated and analyzed (Bledau et al., 2014; Brici et al., 2017). Setd1a deletion in the developing oocytes did not perturb fertility. However, in Setd1bfl/fl; Gdf9-Cre females, follicular loss accumulated with age. The ovulated MII oocytes exhibited abnormalities associated with the meiotic spindle. Setd1b null oocytes and zygotes displayed perturbed cytoplasmic organelles and aggregated lipid droplets. Even if the maternal Setd1b-null oocytes were fertilized, most zygotes underwent an arrest at the pronuclear stage and displayed polyspermy in the perivitelline space. None of these zygotes develop beyond the 4-cell stage (Brici et al., 2017). In many aspects, these phenotypes mimic those observed in maternal Cxxc1 knockout oocytes and embryos, and reinforce the statement that SETD1-CXXC1 methyltransferase is essential for enhancing the developmental competence of mouse oocytes.

However, a serious concern is raised that no differences in the global levels of H3K4 methylation, including H3K4me1, H3K4me2 or H3K4me3, were observed between the control and Setd1b null oocytes and zygotes (Brici et al., 2017). This is in sharp contrast to the Cxxc1 null oocytes, in which the H3K4me3 level decreases significantly (Yu et al., 2017; Sha et al., 2018a). Therefore, these results suggest two facts, i.e., (Dai et al., 2018) SETD1A and SETD1B play overlapping roles in mediating H3K4 trimethylation during oogenesis, whereas CXXC1 is indispensable as a DNA-binding subunit of the SETD1/CAMPASS complex, and (Sha et al., 2018b) the absence of SETD1B may affect the distribution— instead of the global abundance—of H3K4m3 in the maternal genome and cause milder defects than the Cxxc1 knockout in oocytes.



Lysine Methyltransferase 2B (KMT2B)

KMT2B, also known as MLL2, activates gene expression by mediating the tri-methylation of histone H3 lysine 4 at the promoters of genes involved in embryogenesis and hematopoiesis (Glaser et al., 2006). KMT2B is a large protein composed of approximately 2700 amino acids that is cleaved by the taspase 1 threonine endopeptidase to give rise to N- and C-terminal fragments; both of which are subunits of the functional KMT2B/COMPASS complex. KMT2B-N, KMT2B-C, WDR5, RBBP5, and ASH2L serve as the core catalytic component of the KMT2B/COMPASS complex, which is recruited to target genes.

The deletion of Kmt2b in mouse oocytes using Gdf9-Cre results in anovulation, oocyte death, and female infertility (Andreu-Vieyra et al., 2010). Oocyte-specific knockout of Kmt2b leads to decreased H3K4me3 levels, abnormal meiotic maturation, and gene expression. In addition, ZGA is compromised in the absence of Kmt2b. Knockout of Kmt2b in oocytes results in the loss of transcription-independent ncH3K4me3 but has relatively moderate influences on transcription-coupled H3K4me3 accumulation or gene expression (Hanna et al., 2018). Together these results indicate that KMT2B is another key H3K4 methyltransferase in the epigenetic reprogramming required for oogenesis and MZT in mouse.

However, it should be noted that KMT2B is the only important KMT2 family H3K4 methyltransferase in oocytes because the potential functions of KMT2A, KMT2C, and KMT2D have not been investigated in oocytes. It will be interesting to test whether these KMT2 family members are also involved in regulating oogenesis and MZT in mammalian species using conditional gene knockout approaches. The dynamic changes and regulations of methylated histone H3 during oocyte-to-embryo transition in mouse is summarized in Figure 1.
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FIGURE 1. Dynamic changes and regulations of methylated histone H3 levels during oocyte-to-embryo transitions in mouse. In growing oocytes, H3K4me3 remains a canonical pattern of narrow peaks at the gene promoters. The deposition of the non-canonical form of H3K4me3 (ncH3K4me3) coincides with genome silencing from fully grown oocytes to the early two-cell stage, which exists as broad peaks at promoters and a large number of distal loci. NcH3K4me3 is deposited over intergenic regions and distal elements independently of transcription through the action of KMT2B during oocyte maturation. During meiotic maturation, CDK1 triggers both CXXC1 (CFP1) phosphorylation and degradation. The degradation of CXXC1 is a robust way to remove the SETD1-CXXC1 complex from chromatin and results in the decrease of H3K4me3 levels. KDM5B is responsible for actively removing broad H3K4me3 domains and resetting the canonical H3K4me3 peaks until the two-cell stage. KDM1A and KDM1B catalyze H3K4me1 and H3K4me2 demethylations and have crucial roles in mammalian oogenesis and the MZT. KDM1B is required for proper DNA methylation at imprinted DMR in the growing oocyte. In the fully grown oocytes, KDM1A is essential for maintaining meiotic arrest by inhibiting the upregulation of the CDK1 phosphatase CDC25B. KDM1A phosphorylated by PLK1 dissociates from chromatin during mitosis. It is worth testing if this regulation also exists in oocytes and causes an increase of H3K4me2 level during oocyte maturation.




ROLE OF H3K4me3 IN MEIOTIC CELL DIVISION

Despite extensive studies on H3K4me3 in the context of transcription-related cellular events, the direct function of H3K4me3 with respect to chromatin behavior during cell division has been elusive because of the absence of H3K4me3 in most cell types affects the transcription of a broad spectrum of house-keeping genes and causes cell cycle arrest in the G1 or S phase. Considering these technical difficulties, a fully grown mammalian oocyte is an ideal model to study transcription-independent functions of epigenetic modifications because de novo gene transcription is neither required nor active during the two sequential meiotic divisions.

In the ovaries of female mammals, all oocytes within the pre-antral follicles have a non-surrounded nucleolus (NSN) type of chromatin configuration. The chromatin of fully grown germinal vesicle oocytes undergoes a transformation from the NSN to the surrounding nucleolus (SN) type when the follicles grow to the antral stage (Tan et al., 2009). SN type oocytes have better developmental competence after fertilization than NSN oocytes (Ma et al., 2013; Zhang et al., 2019). In developing mouse oocytes, H3K4me3 levels on chromatin increase during the transition of chromatin configuration from the NSN to SN type (Yu et al., 2017). Following meiosis resumption, H3K4me1 and H3K4me2 levels increase, but H3K4me3 levels decrease after GV breakdown (GVBD) and reach the lowest point in anaphase I (Sha et al., 2018a). The meiotic maturation-coupled fluctuation of H3K4 methylation levels suggested that these histone modifications perform previously unrecognized transcription-independent functions with respect to regulating the meiotic divisions of oocytes.

When Gdf9-Cre was employed to knock out Cxxc1 in oocytes as early as the primordial follicle stage, the Cxxc1-null oocytes exhibited reduced GVBD and polar body 1 (PB1) emission rates during meiotic maturation than wild type oocytes (Sha et al., 2018a). They also fail to assemble bipolar spindles because chromosomes are not able to align at the equatorial plates of the meiotic spindles. CXXC1 is likely to be directly involved in these processes because the expression of a dominant-negative CXXC1 mutant using mRNA microinjection in fully grown oocytes leads to defects similar to those observed in Cxxc1 null oocytes. Because the genome of the fully grown mammalian oocytes does not have transcriptional activities, these results suggest that CXXC1-mediated H3K4 trimethylation might have a transcription-independent role during mouse oocyte meiotic maturation.

The phosphorylation of histone H3 at threonine-3 (H3T3ph) during the G2-M transition is required for both mitotic and meiotic divisions (Wang et al., 2012, 2016). CXXC1-dependent H3K4 trimethylation is a permissive signal for the subsequent H3T3 phosphorylation (Sha et al., 2018a), but the exact mechanism is unclear. Hypothetically, a decreased H3K4me3 level in oocytes results in chromatin tightening. As a result, haspin, a kinase that triggers H3T3 phosphorylation, cannot easily access the chromatin during meiosis resumption. The interplay between K4 methylation and T3 phosphorylation in histone H3 has also been investigated using biochemical studies. Analysis of the haspin crystal structure revealed that the bulkiness of methylated K4 prevents the interaction of the H3 tail with the narrow substrate-binding groove of haspin (Eswaran et al., 2009). In vitro kinase assay results indicate that K4 methylation impairs the T3 phosphorylation of histone H3 by haspin (Eswaran et al., 2009). Furthermore, H3T3ph is located adjacent to—while not overlapping with—H3K4me3 on the chromosomes of mouse oocytes (Sha et al., 2018a). All these studies indicate that H3K4me3 regulates T3 phosphorylation in an intermolecular manner. These hierarchical histone modifications on the maternal genome are involved in the precise regulation of meiotic cell cycle progression.



CELL CYCLE-COUPLED PHOSPHORYLATION AND DEGRADATION OF CXXC1

CXXC1 proteins are rapidly degraded in oocytes after meiotic resumption, remain undetectable at the MII stage, and reaccumulate after fertilization (Sha et al., 2018a). The same study has shown that CXXC1 degradation is mediated by 65 amino acids present at the C-terminal. As a cell cycle-coupled regulator of CXXC1, CDK1 directly interacts with CXXC1 and phosphorylates it at two conserved consensus CDK1 target sites (Ser-138 and Ser-143) during the G2–M transition and triggers CXXC1 degradation. The ubiquitin E3 ligase that mediates CXXC1 degradation has not yet been identified. CDK1 may trigger CXXC1 degradation by modulating the activity of this E3 ligase or its accessibility to CXXC1 during the G2-M transition. In addition, phosphorylation of CXXC1 at Ser-138 and Ser-143 impairs its binding to histone H3, thereby inhibiting the ability of CXXC1 to mediate H3K4 trimethylation (Sha et al., 2018a) (Figure 2A).
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FIGURE 2. Role of CXXC1-SETD1 H3K4 methyltransferases in oocyte development and MZT. (A) A schematic representation of mouse CXXC1 (CFP1). Important CXXC1-binding proteins and their binding sites are shown. The amino acid positions of distinct functional domains are indicated. (B) The dynamic changes of CDK1 activity (blue line) and CXXC1 protein level (orange line) in oocytes and early embryos. CDK1 activity is inhibited by dephosphorylation at Thr-14 and Tyr-15 during the G-M transition and is activated by Thr-14/Tyr15 dephosphorylation as well as cyclin B binding. Activated CDK1 triggers CXXC1 phosphorylation and degradation following the meiotic resumption. CXXC1 proteins are reaccumulated until exiting meiosis and are degraded repeatedly in the following mitotic cell cycles in association with CDK1 activation.


CXXC1 depletion during meiotic division is of physiological importance. Chromatin undergoes extensive reorganization during oocyte meiosis and fertilization, transitioning from a relatively relaxed configuration during maturation to a highly condensed state in mature eggs and returning to the interphase state after fertilization (Zhang et al., 2015). The degradation of CXXC1 is a robust means of ensuring the absence of SETD1-CXXC1 complex from the chromatin during this transition, thereby facilitating chromosome condensation. If the chromosome-bound CXXC1 proteins are not degraded in maturing oocytes, they can hinder chromosomal condensation during meiotic spindle assembly. Overexpression of stabilized CXXC1 (C-terminus-deleted CXXC1) in fully grown GV oocytes results in decreased GVBD and PB1 emission rates, as well as defects in spindle assembly. Furthermore, these phenotypes become more prominent upon additional deletions of CXXC1 phosphorylation sites (Sha et al., 2018a) (Figure 2B).



H3K4me3 AND REPLACEMENT OF HISTONE VARIANTS DURING MZT

There are three variants of histone H3 in mammals, namely H3.1, H3.2, and H3.3. H3.1 and H3.2 variants are deposited on chromatin during the S phase of the cell cycle because their deposition is DNA replication-dependent. In contrast, the H3.3 variant is expressed and deposited in chromatin throughout the cell cycle in a DNA replication-independent manner. Dynamic histone exchanges in the chromatin of the oocytic and zygotic genomes are essential for maintaining normal transcriptional activity. Particularly, histone modifications associated with active gene expression, such as H3K4me3, are enriched in H3.3. Accordingly, the deposition of H3.3 is correlated with transcriptionally active genes.

Akiyama et al. (2011) examined the global deposition of histone H3 variants after fertilization in mice. H3.1 and H3.3 occupy unusual heterochromatic and euchromatin locations, whereas H3.2 is incorporated into the transcriptionally silent heterochromatin. Maternal H3.3 protein is incorporated into the paternal genome as early as 2 h post-fertilization, and is detectable in the paternal genome until the morula stage (Kong et al., 2018). The knockdown of maternal H3.3 results in compromised transcription from the paternal genome after fertilization as well as embryonic development (Wen et al., 2014). Collectively, these findings indicate that active changes in the deposition of histone H3 variants are critical for chromatin reorganization during MZT.

Related to the focus of this review, the replacement of H3 variants is also regulated by post-translational modifications of H3. H3.3 is enriched in H3K4me3, whereas H3.1 is enriched in dimethylated H3 lysine-9 (H3K9me2). In a histone replacement experiment—involving microinjection of mRNAs encoding Flag-tagged histone H3 variants into GV stage-arrested Cxxc1-null oocytes—the H3.3 incorporation rates were significantly decreased when compared with those in the control oocytes. The newly translated H3.3 proteins underwent remarkable de novo lysine-4 trimethylation in wild type oocytes in a CXXC1-dependent manner, even when DNA replication and transcription activities were absent. Furthermore, DNase I digestion assay for assessing chromatin accessibility in oocytes revealed that the genomic DNA of CXXC1-deleted oocytes was more resistant to DNase I digestion than the DNA from wild type oocytes. These results indicate that SETD1-CXXC1-mediated H3K4 trimethylation is essential for maintaining proper chromatin configurations, which makes the genome accessible to protein factors that facilitate transcription during oocyte development.



ASYMMETRICAL DISTRIBUTION OF METHYLATED H3K4 IN PRONUCLEI AFTER FERTILIZATION

In mammals, the maternal and paternal genomes are not functionally equivalent; both the maternal and paternal genomes are required for embryonic development. The most distinguishing feature that differentiates the sperm genome from the oocyte genome is that it is globally compacted with protamine proteins rather than with histone proteins (Feil, 2009). However, the protamines are promptly removed after fertilization and are replaced by maternal histones stored in the oocytes. Unlike the maternal chromatin, which maintains all types of histone H3 methylations throughout embryonic development, paternal chromosomes acquire new and unmodified histones during or after the formation of the male pronucleus.

Shortly after the formation of the male and female pronuclei, H3K4me1 exhibits comparable levels in both pronuclei; however, H3K4me2 and H3K4me3 are initially present at lower levels in male pronuclei than in the female pronuclei. The acquisition of H3K4me2/me3 in the male pronucleus only occurs at the latest pronuclear stages (Lepikhov and Walter, 2004). Researchers have logically assumed that the H3K4me3 modifications in the female pronuclei are inherited from those that were deposited on the maternal chromosomes during oogenesis. However, a recent study indicated that this might not be so simple (Yu et al., 2017).

The Cxxc1-deleted oocytes can be fertilized, but none of the embryos developed beyond the 2-cell stage, indicating that the absence of maternal CXXC1 in oocytes affects the developmental potential of the resulting zygotes after fertilization (Yu et al., 2017); these zygotes exhibited severe defects in ZGA. In a rescue experiment—involving the microinjection of mRNAs encoding CXXC1 into the maternal Cxxc1-deleted zygotes—CXXC1 reaccumulated in both male as well as female pronuclei. Surprisingly, H3K4me3 levels were restored only in the female but not in male pronuclei (Yu et al., 2017). This asymmetrical H3K4 trimethylation in rescued zygotes that mimic wild type zygotes, but reveals two previously unknown facts, i.e., (Dai et al., 2018) the H3K4me3 modification in female pronuclei are not only inherited from the maternal chromosome but are also generated de novo after fertilization, and (Sha et al., 2018b) H3K4me3 modification is incapable of being generated in male pronuclei, even in the presence of CXXC1. Further investigations, such as the localization of SETD1A/B and chromosome accessibility to CXXC1 in male pronuclei, are needed to understand the mechanisms underlying this phenomenon.

Consistent with the essential role of the H3K4me3 modification in ZGA, maternal HIRA—a chaperone for the histone variant H3.3 mediating its chromosomal deposition—is required for zygote development in mice (Lin et al., 2014; Nashun et al., 2015). The formation of the male pronucleus is inhibited upon the knockout of maternal Hira owing to the absence of the nucleosome assembly in the paternal genome after fertilization (Lin et al., 2014). Because H3K4 trimethylation occurs predominantly on H3.3, the absence of maternal HIRA may result in zygotic developmental arrest by impairing H3K4me3 generation in the pronuclei. Furthermore, Hira-null oocytes fail to develop parthenogenetically, indicating a role for HIRA in the female pronuclei (Lin et al., 2014).



FUNCTION OF HISTONE H3K4 DEMETHYLASES IN OOGENESIS AND FERTILIZATION


K Demethylase 1A

KDM1A, also known as lysine-specific demethylase 1 (LSD1), specifically catalyzes the demethylation of H3K4me1 and H3K4me2. Mammals contain two members of the KDM1 family, KDM1A and KDM1B (also known as LSD2). Both enzymes play crucial roles in mammalian oogenesis and MZT (Kim et al., 2015; Ancelin et al., 2016). KDM1A is widely expressed in multiple somatic tissues during development, whereas KDM1B is specifically expressed in growing mouse oocytes (Ciccone et al., 2009).

Genetic deletion of Kdm1a prior to gastrulation results in early lethality (Metzger et al., 2005). In developing oocytes, KDM1A balances global H3K4me2 levels and is essential for female fertility. Kdm1a-deficient oocytes exhibit defects in maintaining prophase I arrest and undergo precocious GVBD, partially due to the upregulation of CDK1 phosphatase CDC25B (Kim et al., 2015). Kdm1a-null oocytes also exhibit derepression of retrotransposons, which increases genome instability and DNA damage as well as spindle and chromosomal defects that cause aneuploidy. The majority of Kdm1a-null oocytes undergo apoptosis before the completion of meiotic maturation (Kim et al., 2015). Another group reported that knockout of maternal Kdm1a causes embryonic developmental arrest at the 2-cell stage, accompanied by dramatic alterations in genomic H3K4 methylation patterns (Ancelin et al., 2016). Furthermore, the absence of maternal KDM1A results in the derepression of the LINE-1 retrotransposon in the resulting embryos and increases genome instability. Therefore, maternal KDM1A plays a critical role in establishing appropriate H3K4 methylation patterns in the zygote during MZT.

In a manner similar to CXXC1, KDM1A is also regulated by cell cycle-coupled phosphorylation in cultured human cell lines. Mitosis kinase polo-like kinase-1 (PLK1) directly interacts with KDM1A and phosphorylates it at Serine-126 (Peng et al., 2017). As a result, phosphorylated KDM1A dissociates from chromatin during mitosis, but the cellular effects of KDM1A dissociation from chromatin are unclear. It is worthwhile to test if this regulation also exists in oocytes and early embryos, and plays a functional role in meiotic maturation and blastomere cleavage.



K Demethylase 1B (KDM1B)

Differential DNA methylation of the paternal and maternal alleles—known as differentially methylated regions (DMRs)—regulates the parental origin-specific expression of imprinted genes in mammalian genomes. Epigenetic imprints in male and female germ cells are established during gametogenesis and are maintained throughout development. The de novo DNA methyltransferase (DNMT) 3A and its cofactor DNMT3-like (DNMT3L) play a direct role in this process (Ooi et al., 2007). In addition, histone H3K4 methylation also plays a role in regulating germline imprinting.

KDM1B is highly expressed in growing oocytes and is required for the de novo DNA methylation in some imprinted genes in the oocytes (Ciccone et al., 2009). The deletion of Kdm1b in mice does not affect embryo development, animal survival, or oocyte growth. However, Kdm1b-null oocytes from the conditional knockout females show abnormally high levels of H3K4 methylation and fail to deposit DNA methylation marks at many maternal-imprinted loci. Early embryos derived from these maternal Kdm1b-null oocytes show biallelic expression or suppression of the affected genes and fail to develop beyond the mid-gestation stage (Ciccone et al., 2009). This phenotype is reminiscent of the Dnmt3a or Dnmt3l knockout mice, which also have a maternal imprinting defect in the oocytes.

KDM1B is an H3K4me2-specific histone demethylase. Dramatic changes in bulk H3K4me2 were observed in Kdm1b-null oocytes, suggesting that KDM1B acts on a large proportion of histone H3 in the chromatin. However, Kdm1b knockout precisely affects DNA methylation at the DMRs of specific imprinted loci, instead of global DNA methylation in maturing oocytes. The reason why Kdm1b deficiency selectively affects some, but not all, maternally imprinted genes remains to be explained. A follow-up study shows that maternal genomic regions destined for DNA methylation in oocytes of both primary and growing follicles exhibit reduced H3K4me2/3 levels (Stewart et al., 2015). Overall, these results indicate that H3K4 methylation has a protective function against—or restricts—de novo DNA methylation during oocyte development. A plausible explanation for this function is that the demethylation of H3K4 facilitates the access of de novo DNA methylation machinery to the destined maternal DNA imprinted loci. This hypothesis is supported by the observation that DNMT3L interacts with histone H3, and methylation at H3K4 strongly inhibits this interaction (Otani et al., 2009).



K Demethylase 5B (KDM5B)

There are two major classes of KDMs, i.e., the KDM1 subfamily and the KDM2-KDM7 subfamily, which contain a Jumonji C (JmjC) domain (Xhabija and Kidder, 2018). The KDM5 family includes KDM5A-D (Xhabija and Kidder, 2018) and plays important roles in regulating H3K4 methylation by catalyzing the demethylation processes. Knockout of Kdm5b resulted in early embryonic lethality, whereas mice not expressing Kdm5a are viable and fertile (Catchpole et al., 2011), suggesting that Kdm5b is the major functional KDM family member in vivo. In a study investigating the transcriptome defects that may account for the developmental arrest of somatic cell nuclear transfer (SCNT) embryos at the 4-cell stage, Liu et al. (2016) observed that Kdm5b fails to be activated in 4-cell stage-arrested SCNT embryos. To determine the role of Kdm5b in the development of SCNT embryos, they deleted or overexpressed Kdm5b in SCNT embryos, and found that the developmental potential of these embryos was decreased and increased, respectively (Liu et al., 2016). Co-injection of mRNAs encoding KDM5B and KDM4B (a H3K9me3 demethylase) can restore transcriptional profiles and improve the blastocyst development rate of SCNT embryos (Liu et al., 2016). These results suggest that KDM5B is an important epigenetic factor involved in genome reprogramming in SCNT embryos.

In the normal ZGA process, Kdm5a and Kdm5b show peak expression in 2-cell embryos and are responsible for actively removing broad H3K4me3 domains. Embryos depleted for Kdm5a/b retain high levels of H3K4me3 at the late 2-cell stage. A significant number of ZGA genes were downregulated in Kdm5a/b-depleted 2-cell embryos. As a result, the Kdm5a/b-depleted embryos fail to develop to the blastocyst stage (Dahl et al., 2016). Therefore, both the formation of broad H3K4me3 domains during oogenesis and the KDM5A/B-mediated timely H3K4me3 demethylation at the 2-cell stage are crucial for MZT. However, an oocyte-specific Kdm5b knockout mouse model has not been established and investigated (Table 1). The potentially important role of KDM5B in oogenesis and MZT needs to be confirmed by future in vivo studies.


TABLE 1. Role of H3K4 methyltransferases and demethylases in oocyte development and MZT.
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PERSPECTIVES

After fertilization, the maternal and paternal genomes form haploid female and male pronuclei, respectively. These two separate nuclei coexist in the zygote. How these two epigenetically distinct genomes are temporally and spatially reorganized following the initiation of embryo development is poorly understood. Recently, several groups have developed single-nucleus high-resolution chromosome conformation capture methods that provide greater sensitivities than the previous methods to investigate three-dimensional chromatin organization in rare cell types, including the oocytes, zygotes, and blastomeres of early embryos (Du et al., 2017; Ke et al., 2017). They showed that the chromatin organization of germ cells and zygotes is fundamentally different from that of somatic cells. Oocytes display distinct features of genomic organization, but these chromatin architectures are uniquely reorganized during the MZT. Understanding the role of H3K4 modification in these processes could potentially provide insights into reprogramming differentiated cells to a totipotent state.

Accumulating evidence indicates that H3K4me3 is essential for ZGA, but the underlying mechanisms are not adequately addressed. The timing of the transcription initiation after fertilization (known as minor ZGA) is species-specific and occurs at the mid-1-cell stage in mice (Abe et al., 2018). A low level of enhancer-independent transcription occurs promiscuously in a large proportion of genomic regions during minor ZGA. The expression pattern of these genes is very different from that at later stages (Abe et al., 2015). Generally, the chromatin structure is repressive for transcription, and enhancers are required to help transcription factors access the gene promoters. In zygotes, however, transcriptional activity is not stimulated by enhancers. A plausible hypothesis suggests that in zygotes with an extremely loose chromatin structure, transcription factors can easily access the DNA and cause promiscuous gene expression (Yamamoto and Aoki, 2017). The role of H3K4me3 in this working model remains to be elucidated.

Lastly, the findings described above indicate that the spatiotemporal-specific establishment and erasure of H3K4me3 during oocyte development enables the oocyte genome to establish the competence to generate a healthy embryo in a cell-autonomous manner. Nevertheless, the extent to which this epigenetic modification forms a cell non-autonomous instructive component of ovarian follicle development remains unclear. Recent studies have revealed that appropriate levels of H3K4me3 accumulation in growing oocytes are necessary to maintain the expression of genes encoding oocyte-derived paracrine factors, including growth and differentiation factor 9 (GDF9), bone morphogenic protein 15 (BMP15), and fibroblast growth factor 8 (FGF8) (Sha et al., 2020). CXXC1-dependent expression of these genes facilitates communication between an oocyte and the surrounding ovarian somatic cells and is required for the establishment of distinct gene expression patterns in granulosa cells and cumulus cells. Oocytes that have high levels of H3K4me3 have greater potential to support follicle development to the ovulation stage, whereas follicles containing oocytes with low H3K4me3 levels are prone to undergo atresia before ovulation. Future investigations are required to elucidate the cell non-autonomous role of H3K4me3 in germ cells and blastomeres of preimplantation embryos.
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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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Mitochondrial Ca2 + Is Related to Mitochondrial Activity and Dynamic Events in Mouse Oocytes
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Mitochondrial energy insufficiency is strongly associated with oocyte activation disorders. Ca2+, especially that in the mitochondrial matrix, plays a pivotal role in mitochondrial energy supplementation, but the underlying mechanisms are still only poorly understood. An encoded mitochondrial matrix Ca2+ probe (Mt-GCaMP6s) was introduced to observe mitochondrial Ca2+ ([Ca2+]m) dynamic changes during oocyte maturation and activation. We found that active mitochondria surrounding the nucleus showed a higher [Ca2+]m than those distributed in the cortex during oocyte maturation. During oocyte partheno-activation, the patterns of Ca2+ dynamic changes were synchronous in the cytoplasm and mitochondria. Such higher concentration of mitochondrial matrix Ca2+ was closely related to the distribution of mitochondrial calcium uptake (MICU) protein. We further showed that higher [Ca2+]m mitochondria around the chromosomes in oocytes might have a potential role in stimulating mitochondrial energy for calmodulin-responsive oocyte spindle formation, while synchronizing Ca2+ functions in the cytoplasm and nuclear area are important for oocyte activation.
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INTRODUCTION

According to the WHO 2016 report, at least one of 10 couples in developed countries cannot have children within 5 years of marriage, half of which are due to female infertility (Chow et al., 2016). Oocyte activation inefficiency is a major problem causing female infertility (Schatten et al., 2014). Oocyte activation rates in obese, diabetic and aging women are low, affecting the development of preimplantation embryos and also pregnancy (Minge et al., 2008; Igosheva et al., 2010; Jungheim et al., 2010; Shankar et al., 2011; Luzzo et al., 2012; Wang et al., 2017). Such disorders are strongly related with mitochondrial energy supply insufficiency (Gesink Law et al., 2007; Rittenberg et al., 2011). Resolving the low quality of oocytes caused by metabolic abnormalities and improving the efficiency of assisted reproduction are key issues that researchers need to address.

Ca2+ is one of the major signaling molecules regulating several cell functions, such as celldivision, arrest, and apoptosis. At fertilization, oocyte activation begins with a series of crucial steps triggered by periodical repetitive increases and decreases in intracellular Ca2+ ([Ca2+]i) concentrations known as [Ca2+]i oscillations (Stricker, 1999; Wakai et al., 2013). Mitochondrial function and intracellular [Ca2+]i are two critical factors for the oocyte’s developmental potential (Wacquier et al., 2019). Although [Ca2+]i oscillations are required for oocyte activation (Yazawa et al., 2007), very little is known about how cytoplasmic and mitochondrial Ca2+ regulates the energy supply mode transition during oocyte activation.

Mitochondrial Ca2+ is a key factor initiating mitochondrial metabolism and regulating mitochondrial activity. Mitochondrial matrix Ca2+ homeostasis is strictly regulated by the transmission of Ca2+ between the cytoplasm, ER and mitochondria (Dumollard et al., 2006), which plays important roles in cellular physiology. Mitochondrial Ca2+ regulates membrane potential, stimulates rate-limiting enzymes in the Krebs cycle, and accelerates ATP synthesis (Chacko and Eliceiri, 2018). Ca2+ oscillations triggered by sperm-oocyte fusion also affect fertilized oocyte mitochondria and promote the transition of mitochondria from the resting state to the activation state (Dumollard et al., 2006). Our previous results showed that mitochondrial activity plays a critically important role in maintaining [Ca2+]i oscillations (Wang et al., 2018). Although there are some reports on the mechanisms of Ca2+ and mitochondria interactions during cell differentiation (Mallilankaraman et al., 2012a,b), the relationship between [Ca2+]m and mitochondrial metabolism is unknown in oocytes.

In this study, we observed the dynamic [Ca2+]m changes during in vitro maturation and activation of oocytes, and we further studied the functions of matrix Ca2+ on mitochondrial activity, with the ultimate goal to improve oocyte quality by modifying the metabolism of mitochondria within the oocyte.



MATERIALS AND METHODS


Ethics Statement

Female ICR mice were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd. All mice were handled in accordance with the institutional animal care policies of the Institute of Zoology, Chinese Academy of Sciences. Mice were maintained under a 12 h light and 12 h darkness cycle in a specific pathogen-free stage at the Central Animal Laboratory of the Institute of Zoology. The Laboratory Animal Care and Use Committee of the Institute of Zoology approved this study.



Oocyte Collection and Partheno-Activation

Female mice were injected with 10 IU pregnant mare serum gonadotropin (PMSG, Ningbo Hormone Product Co., Ltd., Cixi, China). After 44–48 h, GV oocytes were collected by ovarian mincing. Female mice were injected with 10 IU PMSG followed 44–48 h later by injection of 10 IU human chorionic gonadotropin (hCG, Ningbo Hormone Product Co., Ltd., Cixi, China). After 15 h of hCG, ovulated MII oocytes were collected and denuded in 1 mg/mL hyaluronidase. Matured oocyte [Ca2+]i/[Ca2+]m oscillations were induced by 10 mM strontium chloride (SrCl2, 10025-70-4, Sangon Biotech, Shanghai, China) in Ca2+-free CZB for 4 h. After partheno-activation, eggs were transferred into KSOM (MR-106, Merck Millipore, MA, United States).



Plasmid Construction of Vectors

An encoded Ca2+-sensitive probe was constructed based on the cpGFP (Circularly Permuted Green Fluorescent Protein) system and calmodulin (GCaMP6s) to detect Ca2+ concentrations (Akerboom et al., 2012; Zhong and Schleifenbaum, 2019). The mitochondrial location probe plasmid was constructed to express the Ca2+ detection protein probe with mitochondrial localization signal peptide cloned from Trmt10c gene (Metodiev et al., 2016; Oerum et al., 2018). For cloning of genes encoding MICU protein, voltage-dependent anion selective channel (VDAC) and CaMs, The coding sequences (CDS) were obtained by RT-PCR with template of ovary cDNA cloned into the pMD-18-T vector (Takara, Dalian, Liaoning, China). 18-T vector were sliced and linked CDS to upstream of mCherry. Two plasmids, p-UC57-Mt-GCaMG6s (Supplementary Figure S1A) and p-GEMHE-MICU-mCherry (Supplementary Figure S1B), were dissolved in water and stored at −20°C.



In vitro Transcription of cRNA

Templates of in vitro transcription from constructed plasmids were obtained by PCR with primers M13F and M13R (Supplementary Figures S1C–F). PCR products were diluted in RNAse-free water. cRNA transcripts were synthesized in vitro with T7 RNA polymerase mMESSAGE mMACHINE T7 kit (Ambion, Life Co., Calsbad, CA, United States). Poly(A) tail was added to the sequence end by polymerase tailing kit (PAP5104, Lucigen, Beijing, China). The RNA solutions were then stored at −80°C in a final concentration of 400 μg/mL until further use. Approximately 50 pl of RNA solution was injected into each GV oocyte.



GV Oocyte Microinjection

The M2 medium and M16 medium containing 2.5 μM milrinone were prepared and warmed to 37°C. Milrinone is a phosphodiesterase inhibitor that maintains meiotic arrest once oocytes are removed from the follicles (Stein and Schindler, 2011). Micro-drops each containing 20 μl M16 medium with milrinone were prepared in a dish and overlaid with mineral oil. Injection pipettes were made by pulling borosilicate-glass capillary with filament in a mechanical puller. We used a Flaming-Brown micropipette puller (Model P-97) with the following settings: P = 540, Heat = 300, Pull = 130, Vel = 100, Time = 150. Microinjection platform was prepared by placing a 10 μl micro-drop of M2 medium with milrinone on a chamber slide, and the drop was covered with mineral oil and placed on the microscope stage. Injection and holding pipettes were placed into the drop of M2 medium with milrinone. Microinjection of cRNA was performed with Narishige micromanipulators (Narishige Inc., Sea Cliff, NY) under a Nikon TE 200 (Nikon UK Ltd., Kingston upon Thames, Surrey, United Kingdom) and finished within 30 min. After cRNA injection, oocytes were arrested at the GV stage in M16 medium containing 2.5 μM milrinone for 4 h. Then the oocytes were transferred to M16 medium and cultured under mineral oil at 37°, in an atmosphere of 5% CO2 in air for 14 h in vitro maturation.



Real-Time Recording of [Ca2+]i and [Ca2+]m Changes

We set out to confirm [Ca2+]i oscillations regulation on mitochondrial activity during oocyte activation. [Ca2+]i oscillations were observed by staining with 2μM Fluo4 AM (488 nm excitation, 525 nm emission) in the partheno-activation system. Rhod2 is a classical dye for determining mitochondrial Ca2+ concentration ([Ca2+]m) with a higher Ca2+ affinity (Garcia-Perez et al., 2008; Eisner et al., 2010). We recorded [Ca2+]m dynamic changes with 2 μM Rhod2 AM (561 nm excitation, 590 nm emission) in a partheno-activation system. Mt-GCaMP6s was introduced to obtain the patterns of mitochondrial matrix Ca2+ dynamic changes. Real-time images were obtained using a time-lapse confocal laser microscope (UltraVIEW-VoX; PerkinElmer, MA, United States) and recorded at 2 frames per minute. [Ca2+]i and [Ca2+]m intensities were detected using an argon laser.



Real-Time Recording of Distribution of Activated Mitochondria

Activated mitochondria were imaged with 0.1 μM MitoRed (C2005, Beyotime, China), a cell permeable potential-sensitive fluorescent mitochondrial dye emitting in red (561 nm excitation, 590 nm emission) channel, which has a high affinity with higher potential mitochondria (Chazotte, 2011), by using a time-lapse confocal laser microscope (UltraVIEW-VoX; PerkinElmer, United States). The GV oocyte maturation was conducted by incubation in M16 (M7167, Sigma-Aldrich, United States) with 0.1 μM MitoRed. MII oocytes were activated in Ca2+-free-CZB with SrCl2, staining with 0.1 μM MitoRed. A software Volocity was used to analyze fluorescence intensity.



Statistical Analysis

All experiments were conducted at least three times. No fewer than 40 oocytes were collected and examined in each experiment and no fewer than three biological repeats for one group were conducted. We presented information of samples with Means and Standard Deviations (SD). Results were analyzed by SPSS 19.0. The significance of differences among groups was analyzed by the Chi-square test; p < 0.05 were considered statistically significant.



RESULTS


Dynamic Changes in Mitochondrial Matrix Ca2+ During Partheno-Activation of Oocytes

In order to compare cytoplasmic and mitochondrial Ca2+ dynamic changes during oocyte partheno-activation, three dyes were employed to observe the Ca2+ concentration patterns in PMSG/HCG primed ovulated MII oocytes. Firstly, we detected Ca2+ dynamic changes in the cytoplasm ([Ca2+]i) and mitochondria ([Ca2+]m) by co-staining with Fluo4 AM (Figure 1A arrow) and Rhod2 AM (Figure 1A arrowhead). Oocyte [Ca2+]i oscillations were detected using Fluo4 AM in the partheno-activation system, while Rhod2 AM was reported as a classic dye for determining [Ca2+]m in somatic cells (Garcia-Perez et al., 2008; Eisner et al., 2010). Rhod2 signal showed the same pattern as [Ca2+]i oscillations (Figure 1B). Ca2+ concentrations in the cytoplasm and mitochondria changed synchronously during partheno-activation. We suggest that patterns of mitochondrial Ca2+ during oocyte activation may be the same as that of [Ca2+]i oscillations.


[image: image]

FIGURE 1. Fluo4 and Rhod2 dynamic changes during oocyte partheno-activation. (A) Fluo4AM and Rhod2AM staining of oscillating (Osci) and resting oocytes during activation. In the enlarged panel, arrow indicates Fluo4 staining of cytoplasmic Ca2+, and arrowhead indicates Rhod2 staining of mitochondrial Ca2+. The two dyes display clear different locations. (B) Relative fluorescence intensity of two continuous [Ca2+]i and [Ca2+]m oscillations. Ordinate is marked as Relative Intensity (relative to the fluorescence intensity of the start point).


In order to further confirm the changes of [Ca2+]m during oocyte activation, we applied in vitro transcription and microinjection (Stein and Schindler, 2011)of cRNA encoding a cpGFP (circularly permuted green fluorescent protein) based-Ca2+ probe with a mitochondrial signal peptide (Mt-GCaMP6s) (Supplementary Figure S1A; Akerboom et al., 2012) to determine [Ca2+]m patterns. Indeed, most of the mitochondria could be stained by Rhod2 while only some energized mitochondria were stained by GCaMP6s (Figure 2). In comparison, GCaMP6s is more suitable for detecting the dynamic changes of [Ca2+]m in oocytes. Finally regardless of which dye was used, [Ca2+]i and [Ca2+]m oscillations had the same pattern during oocyte activation. Ca2+ changes in the cytoplasm and mitochondria were synchronous.
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FIGURE 2. Mt-GCaMP6s and Rhod2 dynamic changes during oocyte partheno-activation. (A) First and last [Ca2+]m oscillations in partheno-activated oocytes. (B) Relative fluorescence intensity of [Ca2+]m oscillations as revealed by Mt-GCaMP6s and Rhod2. Patterns of Mt-GCaMP6s and Rhod2 are synchronous. Ordinate is marked as Relative Intensity (relative to the fluorescence intensity of the start point).




Dynamic Changes in [Ca2+]m During Oocyte Meiotic Maturation

We selected Mt-GCaMP6s to observe the dynamic pattern of [Ca2+]m changes in mitochondria during GV oocyte in vitro maturation (Figure 3 and Supplementary Video S1). Mitochondrial [Ca2+]m was located to the surrounding area of the germinal vesicle, which was clearly higher than that located at the oocyte cortex. After GVBD, higher [Ca2+]m mitochondria were observed to distribute around the spindle. Mitochondrial metabolism is much stronger in the energy-demanding part of the oocyte. Interestingly, there were two increasing [Ca2+]m spikes during oocyte maturation (Figure 3B). The first [Ca2+]m spike was observed at 9 h, before the first polar body extrusion, in about half of the GV oocytes examined (46.3 ± 8.3%). 1st polar body non-extruded oocytes did not show any Ca2+ spike. The second spike occurred 4–5 h after the first polar body emission, i.e., at about 14 h of culture in 33.2 ± 6.2% of oocytes which exhibited the first spike (Figure 3C). This coincided with the suitable window when the oocytes are ready for activation. These two time points were likely most critical for energy requirements.
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FIGURE 3. [Ca2+]m dynamic changes during oocyte maturation. (A) Mt-GCaMP6s staining of GV oocyte maturation. (B) Fluorescence intensity of [Ca2+]m changes in mitochondria during maturation. The left curve indicates 1st polar body-extruded oocytes, and the right curve indicates GVBD but 1st poly body- non-extruded oocytes, which lacks [Ca2+]m dynamic changes as in vitro matured MII oocytes. +The first polar body extrusion. #The second [Ca2+]m spike in MII oocyte. Ordinate is marked as Relative Intensity (relative to the fluorescence intensity of the start point). (C) Developmental rate of oocytes. “NC” indicates cRNA injected control oocytes cultured in 5% CO2 incubator. “L” indicated long-term laser irradiation in living cell station. *Indicates significance of differences (p < 0.05).




Higher [Ca2+]m and Activated Mitochondrial Distribution in Oocytes

Mt-GCaMP6s was further applied to observe the dynamic relationship between [Ca2+]m and activated mitochondrial distribution during oocyte maturation (Figure 4) and during a 4-h short term observation (Supplementary Figure S2). MitoRed-stained activated mitochondria surrounded the chromosomes and spindle with a higher [Ca2+]m. Next, we employed a partheno-activation system (Ca2+-free CZB with SrCl2) to observe the changes of [Ca2+]m and activated mitochondria distribution during oocyte activation (Figure 5). We found that there were two types of [Ca2+]m distributions of different mitochondria. In one part staining was maintained for a long time. The higher [Ca2+]m co-localized with the MitoRed positive mitochondria. [Ca2+]m in the other part of mitochondria changed as [Ca2+]i oscillation patterns rapidly increased and decreased. We found that during activation, [Ca2+]i oscillations in oocytes will drive Ca2+ changes in the mitochondria, but it does not affect these MitoRed positive mitochondria.


[image: image]

FIGURE 4. Higher [Ca2+]m and activated mitochondria distribution during oocyte maturation. [Ca2+]m indicates Mt-GCaMP6s staining of mitochondria. Mito-Red indicates activated mitochondria. [Ca2+]m and Mito-Red shows co-localization.
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FIGURE 5. [Ca2+]m and activated mitochondria distribution during oocyte partheno-activation. [Ca2+]m indicates Mt-GCaMP6s staining of mitochondria. (A) [Ca2+]m and activated mitochondria distribution at first and last Ca2+ oscillations. Mito-Red indicates activated mitochondria. One part of higher [Ca2+]m and Mito-Red shows an evident co-localization that is maintained for a long time in mitochondria surrounding chromosomes. [Ca2+]m in most cortical mitochondria changed with [Ca2+]i oscillations. (B) Fluorescence intensity of [Ca2+]m and Mito-Red changes during oocyte maturation and activation. Ordinate is marked as Relative Fluorescence Intensity (relative to the fluorescence intensity of the start point).




Higher [Ca2+]m Related to the Distribution of MICU

Mitochondrial calcium uniporter (MCU) has multiple subunits, and its Ca2+ influx activity is controlled by regulatory subunits, including mitochondrial calcium uptakers (MICU) (Xing et al., 2019). In vitro transcription vector of MICU was constructed to confirm the relationship between [Ca2+]m and MICU. MICU was found to co-distribute with higher [Ca2+]m mitochondria in the GV oocytes (Figure 6). In PA oocytes, such distribution was similar as that of activated mitochondria and higher [Ca2+]m mitochondria. During activation, [Ca2+]i oscillations will drive Ca2+ changes in the mitochondria, but it did not affect these Mito-Red positive mitochondria. MICU distribution in oocytes was similar to Mito-Red positive activated mitochondria. This may indicate that MICU is related to mitochondrial matrix Ca2+ and mitochondrial activity.
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FIGURE 6. Dynamic distribution of MICU and higher [Ca2+]m mitochondria during oocyte maturation and activation. (A,B) MICU and higher [Ca2+]m mitochondria distribution during oocyte maturation and activation. IVM, In vitro Maturation; PA, Parthenogenetic Activation. (C) Fluorescence intensity of MICU (Red) and [Ca2+]m (Green)changes during maturation and activation. Ordinate is marked as Relative Fluorescence Intensity (relative to the fluorescence intensity of the start point).


VDACs (voltage-dependent anion channels) are a widespread on the outer mitochondrial membranes of most organisms (De Pinto et al., 2003). The OMM functions as a link between mitochondrial metabolism and the rest of the cell (Cassara et al., 2009). Some other reports also demonstrated the presence of VDACs in the plasma membrane and other organelles (Bathori et al., 2000; Shoshan-Barmatz et al., 2006). In vitro transcription of VDAC was constructed to observe the distribution of VDAC in mouse oocytes and to confirm the relationship between [Ca2+]m and VDAC. The distribution of [Ca2+]m and VDAC were obviously different. VDAC distributed in most parts of oocytes (Supplementary Figure S3).



Calmodulin and Higher [Ca2+]m Mitochondria Distribution in Oocytes

Calmodulins (CaMs), including two members termed CaM1 and CaM2, are thought to be the initial responding proteins in the cell to sense dynamic changes in Ca2+ concentration. CaMs are expected to distribute in oocytes around the most sensitive organelles for Ca2+. Firstly, we cloned the CaM1 and CaM2 cDNA sequences and linked them with mCherry as pGEMHE-CaM1-mCherry and pGEMHE-CaM2-mCherry plasmids (Supplementary Figure S1); then we observed the localization of CaMs during oocyte maturation. Both CaM1 and CaM2 are located at the spindle (Supplementary Figure S4), which indicates that CaM1 and CaM2 have similar locations and functions in spindle formation as previously reported (Xu et al., 1996; Mehta et al., 2014).

Since CaM1 and CaM2 have similar distributions, we wanted to confirm the relationship between [Ca2+]m and CaM2. Higher [Ca2+]m mitochondria surrounded the spindle, while CaM2 was localized on the spindle (Figure 7). We conclude that CaM2 is more directly involved in spindle formation, while [Ca2+]m regulates mitochondrial activity for energy supplementation. [Ca2+]i oscillations triggering cytoplasmic Ca2+ increase during oocyte activation will synchronize mitochondrial energy supplementation, spindle formation and maintenance as well as other cellular events during oocyte activation.
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FIGURE 7. CaM2 and higher [Ca2+]m mitochondria dynamic distribution during oocyte maturation and activation. (A,B) CaM2 and higher [Ca2+]m mitochondria distribution during oocyte maturation and activation. IVM, In vitro Maturation; PA, Parthenogenetic Activation. (C,D) Fluorescence intensity of CaM2 (Red) and [Ca2+]m (Green) changes during maturation and activation. Ordinate is marked as Relative Fluorescence Intensity (relative to the fluorescence intensity of the start point).




DISCUSSION

Abnormal metabolism such as hypertension, hyperglycemia and hyperlipidemia will cause long-term stress in the oocyte’s endoplasmic reticulum and mitochondria (Wang et al., 2019), which severely damages the quality of oocytes, thereby leading to lower pregnancy rates in women (Jungheim et al., 2013a). Increased Ca2+ signaling plays an important role in oocyte activation, which is a prerequisite for embryonic development (Dupont et al., 2010). Ca2+ signaling to specific organelles, such as the mitochondrial matrix for oxidative metabolism (Griffiths and Rutter, 2009), regulates organelle-specific cell functions (Marchant et al., 2002). Mitochondrial damage in oocytes reduces a woman’s reproductive capacity (Jungheim et al., 2013b), caused by inefficient oocyte activation (Ou and Sun, 2017).

Mitochondrial Ca2+ uptake has been studied for more than five decades (Rottenberg and Scarpa, 1974). Mitochondrial matrix calcium ([Ca2+]m) dynamics plays vital roles in regulating fundamental cellular and organelle functions including bioenergetics (Van Blerkom et al., 1995; Dumollard et al., 2007; Fink et al., 2017). The cytosolic Ca2+ influx to mitochondria (Viola et al., 2009) increases [Ca2+]m to stimulate important enzymes in the Krebs cycle (Rizzuto et al., 2012), which provides enough ATP to support the increased energy requirement for maintaining mammalian oocyte activation (Chacko and Eliceiri, 2018). A large amount of Ca2+ is accumulated in the mitochondrial matrix to promote the transition of mitochondria from the resting state to the activated state (Dumollard et al., 2006), and changes in [Ca2+]m will modify the mitochondrial metabolism to a certain extent. It is known that mitochondrial Ca2+ uptake is the basis for providing the necessary link between ATP supply and demand during cardiomyocyte contraction (Hajnoczky et al., 1995). Disturbances in Ca2+ fluxes lead to reduced bioenergetics of the cell or cellular death (Naon and Scorrano, 2014; Mishra, 2016; Samanta et al., 2018). In contrast, severe heart disease, such as reperfusion injury, is caused by excessive intake of mitochondria to induce Ca2+ overload and increase ROS production, even leading to cell apoptosis (Gordo et al., 2002; Ozil et al., 2005; Bonora et al., 2017). To prevent this, elevated [Ca2+]m rapidly migrates from the mitochondria into the cytoplasm and ER (Hajnoczky et al., 1995; Berridge et al., 2000; Bootman et al., 2001) which is essential for cells to perform accurate functions. Our previous study showed that mitochondrial activity plays an important role in the maintenance of [Ca2+]i oscillations during oocyte activation (Wang et al., 2018); moreover, [Ca2+]i oscillations also activate mitochondrial ATP production during fertilization (Campbell and Swann, 2006). We focused on the interplay between mitochondrial metabolism and Ca2+ signaling during oocyte maturation and activation in this study.

Our current understanding of [Ca2+]m regulation in oocytes is still limited. In order to determine the relationship between [Ca2+]m and [Ca2+]i dynamics, we focused on whether the Ca2+ changes in the mitochondria are independent or accompanied by changes in cytoplasmic [Ca2+]i oscillations. Rhod2 is a dye used to detect mitochondrial Ca2+ (Dubouskaya et al., 2018). The localizations of Fluo-4 and Rhod2 in oocytes were significantly different. It was clearly seen that Fluo-4 was distributed in the cytoplasm (arrow in Figure 1A), while Rhod2 distribution was similar to that of the mitochondria (arrowhead in Figure 1A). From the fluorescence analysis results (Figure 1B), it can be seen that Fluo-4 AM and Rhod2 AM have the same patterns as oscillations. We thus have confirmed that Ca2+ in the cytoplasm and in the mitochondria change simultaneously.

Although Rhod2 is used as a classic Ca2+ probe in mitochondria (Dubouskaya et al., 2018), it is not widely used in oocytes. In order to ensure an accurate pattern of the mitochondrial Ca2+ dynamic change, synchronized with the cytoplasmic [Ca2+]i oscillations, we applied an encoded Ca2+ probe with N-terminal mitochondrial localization signal peptide (Mt-GCaMP6s) to detect the patterns of [Ca2+]m (Supplementary Figure S1A). After injection of Mt-GCaMP6s cRNA, [Ca2+]m still exhibited oscillation patterns synchronized with Rhod2. Because Rhod2 displayed exactly the same pattern as [Ca2+]i oscillations (Figure 1), [Ca2+]m exhibited a same pattern in synchrony with [Ca2+]i. We also found that there are some differences in the position of Rhod2 and Mt-GCaMP6s; Rhod2-stained mitochondria are increased in quantity compared to Mt-GCaMP6s positive mitochondria. Indeed, most mitochondria can be stained by Rhod2, while only some of them displaying much higher [Ca2+]m mitochondria will be stained by Mt-GCaMP6s (Figure 2). Comparative consideration of such two mitochondrial Ca2+ dyes, Mt-GCaMP6s may be more suitable to distinguish the changes of Ca2+ concentration in mitochondria. Further studies are needed to better understand the difference between Rhod2 and Mt-GCaMP6s positive mitochondria.

Next, we wanted to detect the dynamic changes of [Ca2+]m during GV oocyte maturation. We found that higher [Ca2+]m mitochondria distributed around the germinal vesicle (Figure 3 and Supplementary Video S1). After GVBD, [Ca2+]m was higher in the area surrounding the spindle. During emission of the first polar body, [Ca2+]m in the equatorial plate area increased significantly. Mitochondrial metabolism is much stronger in the energy-demanding part of the oocyte. Interestingly, there were two spikes of [Ca2+]m around the time of first polar body extrusion (Figure 3B). Right curve indicates “GVBD but 1st poly body- non-extruded oocytes” displayed that maturation failed oocytes after GVBD, which lacks a [Ca2+]m dynamic changes pattern as that matured MII oocytes. The irradiation of the laser caused failure of the first polar body extrusion in some oocytes (Figure 3C). The 2nd spike only displayed in second meiotic oocytes which had extruded 1st polar body. The highest [Ca2+]m was found in MII oocytes in preparation for activation. These two time points are likely the most energy requiring critical periods for oocytes.

Is this dynamic change in mitochondrial [Ca2+]m related to activated mitochondria? To address this question the relationship between [Ca2+]m and the distribution of active mitochondria was studied. MitoRed is a dye localized to activated mitochondria (Chazotte, 2011). During GV oocyte in vitro maturation, we observed [Ca2+]m by Mt-GCaMP6s and activated mitochondria by MitoRed (Figure 4), respectively. Mito-Red may have cytotoxicity for long-term observations, so that we could not obtain a clear imaging as Mt-GCaMP6s single signal (488 nm excitation) during oocyte maturation (Figure 3A). In order to obtain a clear location information of [Ca2+]m and activated mitochondria, we performed a short 4-h observation with double concentration of MitoRed (Supplementary Figure S2). Double concentration of Mito-Red led to overexposure and cytotoxic effects after more than 4 h of observation. Higher [Ca2+]m and activated mitochondria showed a much clearer co-localization than during long term observation. If higher [Ca2+]m was co-localized with activated mitochondria, Ca2+ dynamic entry into mitochondria may participate in mitochondrial metabolism transfer from the resting to the activated state. There was a clear co-localization between higher [Ca2+]m and MitoRed-positive mitochondria surrounding the chromosomes (Figure 4 and Supplementary Figure S2). During GV oocyte maturation from prophase I to metaphase II, chromosomes and the spindle require energy in the entire oocyte. The co-localization of higher [Ca2+]m and MitoRed-positive mitochondria indicated that higher activated mitochondria required a higher [Ca2+]m. The localization relationship between [Ca2+]m and active mitochondria during oocyte partheno-activation was also observed next (Figure 5). [Ca2+]m and MitoRed still had clear co-localizations in the resting state. With [Ca2+]i oscillations, all of the mitochondria in the entire oocyte have a higher [Ca2+]m, increasing in the flashing state, which was consistent with the result of Figure 1. While oocytes were in the cytoplasmic Ca2+ flashing state, the [Ca2+]m increases, and the MitoRed positive mitochondria remain in a stable distribution pattern. One part of the mitochondria maintained a higher [Ca2+]m around the nucleus, and the other mitochondrial [Ca2+]m will increase instantaneously carried by [Ca2+]i, resulting in a pulse-like function enhancement. The role of [Ca2+]m oscillations on mitochondrial metabolism needs to be further studied.

The MCU, which is identified as a highly selective Ca2+ channel (Xing et al., 2019), uptakes Ca2+ across the inner mitochondrial membrane, playing critical roles in various mitochondrial functions (Kirichok et al., 2004; Mammucari et al., 2017). MCU consists of multiple subunits, and its Ca2+ influx activity is controlled by regulatory subunits (Yu et al., 2014), including two regulators MICU1 (Perocchi et al., 2010) and MICU2 (Patron et al., 2014). MICU1is localized to the inner mitochondrial membrane with conformational changes upon Ca2+ binding (Kamer and Mootha, 2014). In our study, MICU distributed with higher [Ca2+]m mitochondria in the GV oocytes (Figure 6), however in PAoocytes, distribution of MICU was similar as activated mitochondria with no change as [Ca2+]i oscillations. This may indicate that MICU is related to mitochondrial Ca2+ and mitochondrial activity. We also observed that VDAC (Supplementary Figure S4), which is widely believed to be distributed on the outer membrane, has a different distribution from the higher [Ca2+]m mitochondria, indicating that the process of regulating Ca2+ entry and exit from the mitochondrial matrix into and out of the mitochondria is not related to VDAC.

Dynamic Ca2+ responds to its corresponding functions, and this change is determined by a protein initiation signal pathway with [Ca2+]i sensing. Most studied Ca2+-responsive proteins are members of the calmodulin family. The calmodulin family contains CaM1 and CaM2. We examined the relationship between CaMs and higher [Ca2+]m of mitochondria. We cloned CaM1 and CaM2 linked with mCherry (Supplementary Figure S1). In GV oocytes, two types of cRNA were injected and time-lapse confocal laser microscopy was conducted. We found both CaM1 and CaM2 in the spindle area (Supplementary Figure S4). CaM2 and [Ca2+]m were examined to show the relationship between cytoplasmic Ca2+sensor CaM2 and active mitochondria. It can be seen in Figure 7 that higher [Ca2+]m mitochondria are distributed surrounding the spindle, however, CaM2 is associated with the spindle (Figure 7A). When activated, CaM2 associates with the spindle until the second polar body extrusion (Figure 7B). The main function of the CaMs family may be directly involved in microtubule organization and spindle formation as described before (Fan and Sun, 2004). The distribution of higher [Ca2+]m and activated mitochondria around the spindle also indicates that the change of calcium-regulated spindle dynamic changes requires a continuous supply of energy by higher [Ca2+]m stimulated mitochondria. Cortical region Mito-Red signals are independent of [Ca2+]m dynamic changes, which was not our expected result. Cortical [Ca2+]m oscillations may have some other function of mitochondria regulations. There may be another possibility that another probe but not Mito-Red is suitable for detecting the mitochondrial state during partheno-activation. An accurate distribution of higher [Ca2+]m mitochondria in oocytes is important for oocyte spindle reformation.

Deepening our understanding and basic knowledge about oocyte maturation/activation and energy metabolism is of great value for solving clinical problems such as insufficient oocyte cytoplasmic maturation and activation as well as insufficient energy supply caused by mitochondrial damage. Studying the regulatory mechanisms between [Ca2+]m and mitochondrial metabolism in oocytes will provide more possibilities for improving the efficiency of assisted reproduction.
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Ankyrin repeat and SOCS box (ASB) family members have a C-terminal SOCS box and an N-terminal ankyrin-related sequence of variable repeats. To date, the roles of ASB family members remain largely unknown. In the present study, by employing knockdown analysis, we investigated the effects of ASB7 on mouse oocyte meiosis. We show that specific depletion of ASB7 disrupts maturational progression and meiotic apparatus. In particular, abnormal spindle, misaligned chromosomes, and loss of cortical actin cap are frequently observed in ASB7-abated oocytes. Consistent with this observation, incidence of aneuploidy is increased in these oocytes. Meanwhile, confocal scanning reveals that loss of ASB7 impairs kinetochore–microtubule interaction and provokes the spindle assembly checkpoint during oocyte meiosis. Furthermore, we find a significant reduction of ASB7 protein in oocytes from aged mice. Importantly, increasing ASB7 expression is capable of partially rescuing the maternal age-induced meiotic defects in oocytes. Together, our data identify ASB7 as a novel player in regulating cytoskeletal organization and discover the potential effects of ASB7 on quality control of aging oocytes.

Keywords: oocyte, meiosis, ASBs, maternal aging, reproduction


INTRODUCTION

Oocyte quality is crucial to female fertility. Mammalian primary oocytes are arrested at prophase of meiosis I, containing an intact nucleus, termed germinal vesicle (GV). Before ovulation, luteinizing hormone released by the pituitary gland stimulates the maturation of oocytes, leading to GV breakdown (GVBD), meiosis reinitiation, and chromosome condensation. At metaphase I, microtubules organize into a typical barrel-shape spindle, and all chromosomes line up on metaphase plate. The spindle migrates to peripheral cortical region of the oocyte, excluding first polar body (Pb1) after nuclear division and cytokinesis. Then, meiosis II occurs, and finally, oocyte is arrested at metaphase II until fertilization (Sen and Caiazza, 2013). The precise assembly of cytoskeleton and chromosomes during meiosis is essential to produce a normal matured oocyte. Errors at any step of this process may result in aneuploid eggs, which is the main cause of human spontaneous abortion, birth defects, and developmental disorders (Hassold and Hunt, 2001; Ma et al., 2014). The fertility of females decreases with age, and the frequency of aneuploid oocytes/embryos increases in old mammals (Golbus, 1981; Pan et al., 2008; He et al., 2019).

Ankyrin repeat and SOCS box (ASB) refers to the ankyrin repeat sequence and SOCS (suppressor of cytokine signaling) box family. ASB family has 18 members (ASB1-18), which are composed of two domains: a variable numbers of ankyrin repeats at its N-terminal and a SOCS box at the C-terminal (Kile et al., 2002; Mosavi et al., 2004). Ankyrin repeat is a 33-residue motifs in proteins, composed of two alpha helices separated by loops, and participates in multiple biological processes, such as cell cycle control (Lux et al., 1990), transcription factor activation (Pahl, 1999), cytoskeletal integrity, and ion transportation (Tee and Peppelenbosch, 2010). Most ASB proteins are a RING (really interesting new gene) family of E3 ubiquitin ligases (Anasa et al., 2018b). They can recruit target protein in the SOCS box domain for ubiquitination using ankyrin repeat sequence. ASB7 contains seven ankyrin repeats and is expressed in various tissues (Anasa et al., 2018b). Pharmacological induction of endoplasmic reticulum stress results in increased expression of ASB7 and simultaneously activates the unfolded protein response (Anasa et al., 2018a). Notably, a recent study has shown that ASB7 controls microtubule aggregation and chromosome stability in HeLa cells (Uematsu et al., 2016). To date, functions of ASB7 protein in meiotic oocytes have not been reported yet.

In the present study, we found that the depletion of ASB7 protein has an adverse effect on the meiosis of mouse oocytes, especially disrupting the assembly of meiotic apparatus.



RESULTS


Subcellular Localization of ASB7 During Oocyte Maturation

We first examined the localization of ASB7 protein in mouse oocytes at different stages by immunofluorescence staining. As shown in Figure 1, ASB7 is distributed in the entire GV oocytes and mainly accumulate in the nucleus (arrowhead). With the resumption of meiosis, ASB7 seems to be colocalized with the chromosomes from pre-metaphase I (Pre-MI) to metaphase II stage (arrowheads). Such a specific distribution pattern indicates that ASB7 may play an important role in the formation or stability of meiotic apparatus.


[image: image]

FIGURE 1. ASB7 subcellular localization in mouse oocyte. Oocytes at GV, Pre-Metaphase I, Metaphase I, Anaphase I, and Metaphase II stages were immunolabeled with ASB7 antibody (green) and counterstained with propidium iodide (PI; red) for DNA. Negative control without primary antibody was also included. Representative images were acquired under confocal microscopy. Arrowheads show the accumulation of ASB7 signal. Scale bar: 30 μm.




ASB7 Knockdown Affects Meiotic Progression in Oocytes

To explore the function of ASB7 in meiosis, the specifically designed ASB7 siRNAs were microinjected into fully grown GV oocytes. After injection, oocytes were arrested at GV stage for 20 h in the medium containing milrinone to allow the degradation of endogenous Asb7 mRNA. Western blotting verified a significant knockdown of ASB7 protein in siRNA-injected oocytes (Figure 2A). The oocytes were transferred to normal medium for 3 h culture. Both control and ASB7 knockdown (ASB7-KD) oocytes resumed meiosis (Figure 2C). However, after 14 h culture, only 52.5% of the ASB7-KD oocytes extruded Pb1, which was lowered significantly compared with controls (Figures 2B,D, arrowheads). Meanwhile, we observed a high frequency of symmetrical division in ASB7-KD oocytes (Figures 2B,E, asterisks). In addition, by immunofluorescence staining and quantitative analysis, we found that 40.6% of ASB7-KD oocytes were arrested at MI, which was higher than controls (Figure 2F). The large polar body and symmetric division of oocytes is the main phenotype related to failure of spindle migration during meiosis I (Namgoong and Kim, 2016). In support of this notion, we confirmed that ASB7 knockdown hindered migration of spindle to cortical regions after 9.5 h culture (Figures 2G,H). Collectively, the results suggest that ASB7 knockdown disturbs the meiotic progression and cytokinesis during mouse oocyte maturation.
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FIGURE 2. Effects of ASB7 knockdown on maturational progression of mouse oocytes. Fully grown oocytes microinjected with ASB7-siRNAs were arrested at GV stage with milrinone for 20 h. Negative control siRNAs were injected as control. (A) Western blots showing the efficient knockdown of ASB7 after siRNA injection, with tubulin as a loading control (100 oocytes per lane). (B) Phase-contrast images of control and ASB7-siRNA injected oocytes. Pink arrowheads indicate the oocytes that fail to extrude polar bodies and blue asterisks denote oocytes with apparent symmetric division. Scale bar: 100 μm. (C–E) Quantitative analysis of GVBD rate, Pb1 extrusion rate, and symmetrical division rate of control (n = 139) and ASB7-knockdown (n = 152) oocytes. (F) The percentage of oocytes arrested at metaphase I stage after ASB7-siRNA injection. Data are expressed as mean ± SEM from three independent experiments. (G) Control and ASB7-KD oocytes were sampled after 9.5-h culture and then stained with α-tubulin antibody to visualize spindle (green) and counterstained with PI to visualize chromosome (red). Scale bar: 30 μm. (H) The distance between the spindle pole and plasma membrane was quantified in the control and ASB7-KD oocytes. *p < 0.05 vs controls.




Cytoskeletal Disorganization in Oocytes Depleted of ASB7

The specific subcellular localization of ASB7 and its involvement in oocyte maturation promoted us to propose that ASB7 may play a role in the cytoskeleton disorganization. To test this possibility, control and ASB7-KD oocytes were immunolabeled with anti-tubulin antibody to check spindle and counterstained with propidium iodide to visualize chromosomes. Using confocal microscope, we noted that most control oocytes had a typical barrel-shaped spindle and well-aligned chromosomes on the metaphase plate. In contrast, the spindle defects and chromosome congression failure were readily observed in ASB7-KD oocytes (Figures 3A,B). Formation of cortical actin cap is crucial for polar body emission during oocyte meiosis (Sun and Schatten, 2006; Yi et al., 2013). To check whether ASB7 knockdown influences actin polymerization, ASB7-KD and control oocytes were loaded with actin tracker phalloidin and counterstained with Hoechst 33342. As shown in Figures 3C,D, actin caps were detected on the membrane of normal metaphase oocytes (arrowhead). Of note, profiles of fluorescence intensity clearly showed the failure to form actin cap in metaphase oocytes when ASB7 was abated. These abnormalities in meiotic apparatus in ASB7-KD oocytes might lead to the generation of aneuploid eggs. To test this hypothesis, we further analyzed the karyotype of MII oocytes by chromosome spreading and kinetochore immunolabeling. As shown in Figures 3E,F, we found an approximately twofold increase in aneuploidy incidence in ASB7-KD oocytes as compared to controls. The results indicate that the loss of ASB7 disrupts the cytoskeletal organization during oocyte maturation, which may be a major factor contributing to the meiotic defects we observed.
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FIGURE 3. Depletion of ASB7 in oocytes disrupts cytoskeletal organization. (A) Control and ASB7-KD oocytes were stained with α-tubulin antibody to visualize spindle (green) and counterstained with PI to visualize chromosome (red). (a) Control oocytes show a representative barrel-shaped spindle and well-aligned chromosomes; (b–d) Disorganized spindles (yellow arrowheads) and misaligned chromosomes (white arrowheads) were readily observed in ASB7-KD oocytes. Scale bar: 30 μm. (B) Quantification of control (n = 140) and ASB7-KD (n = 152) with spindle/chromosome defects. (C) Metaphase oocytes were labeled with phalloidin to visualize actin (green) and counterstained with Hoechst 33342 for chromosomes (blue). Arrowhead shows the position of the actin cap in control oocytes. Profiles of actin fluorescence intensity along the green line in corresponding images are shown in the right panel (c,f,i). Scale bar: 30 μm. (D) Quantification of control (n = 32) and ASB7-KD (n = 35) with normal actin cap formation. (E) Chromosome spread of control and ASB7-KD MII oocytes. Chromosomes were stained with Hoechst 33342 (blue), and kinetochores were labeled with CREST (purple). Representative confocal images show euploid control oocytes and aneuploid ASB7-KD oocytes. Scale bar: 10 μm. (F) Quantification of aneuploidy in control (n = 43) and ASB7-KD (n = 50) oocytes. Data are expressed as mean percentage ± SEM of three independent experiments. *p < 0.05 vs controls.




Proper Attachments of Kinetochore–Microtubule Require ASB7

Accurate chromosome movement involves the interaction between kinetochores and microtubules emanating from opposite spindle poles (Tauchman et al., 2015; Prosser and Pelletier, 2017). Considering the spindle/chromosome disorganization in ASB7-KD oocytes, we hypothesized that ASB7 may be required for correct kinetochore–microtubule (K–MT) attachments in meiotic oocytes. For this purpose, kinetochores were immunostained with CREST, spindle was labeled with anti-tubulin antibody, and chromosomes were visualized by Hoechst 33342. As shown in Figures 4A,B, the majority of control oocytes presented the typical amphitelic K–MT attachments. However, the proportion of K–MT misattachments in ASB7-KD oocytes was markedly increased compared with controls.
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FIGURE 4. Loss of ASB7 in oocytes impairs kinetochore–microtubule (K–MT) attachments. (A) Control and ASB7-KD metaphase oocytes were labeled with CREST for kinetochores (purple), α-tubulin antibody for microtubules (green), and Hoechst 33342 for chromosome (blue). Representative confocal images are shown; arrowheads show misattached kinetochores. Scale bar: 10 μm. (B) Quantitative analysis of K–MT attachments in control (n = 48) and ASB7-KD (n = 55) oocytes. Kinetochores in regions where fibers were not easily visualized were not included in the analysis. (C) Control and ASB7-KD oocytes were immunolabeled with anti-BubR1 antibody (green) and counterstained with PI to examine chromosomes (red). Representative confocal images of pre-metaphase I and metaphase I oocytes are shown. Arrowhead indicates the scattered chromosome in ASB7-KD oocytes. Scale bar: 10 μm. (D) BubR1 fluorescence intensity in control (n = 46) and ASB7-KD (n = 42) oocytes was quantified. Data are expressed as mean percentage ± SEM of three independent experiments. *p < 0.05 vs controls.


Cells have a sophisticated safety mechanism known as the spindle assembly checkpoint (SAC) to ensure that chromosomes have time to correctly line up on the spindle before the cell can divide (Lara-Gonzalez et al., 2012; Polanski, 2013; Marston and Wassmann, 2017). K–MT misattachments could be monitored and responded by the SAC. Therefore, we examined the SAC activity in oocyte by immunolabeling of BubR1 (budding uninhibited by benzimidazole-related 1), a pivotal part of the SAC system (Overlack et al., 2015). As shown in Figures 4C,D, in control oocytes, BubR1 was detected on unattached kinetochores at Pre-MI, but disappeared at MI when kinetochores were properly attached to microtubules. However, BubR1 signals on the kinetochores were remarkably elevated in those meiosis I-arrested ASB7-KD oocytes, indicating the activated SAC system. Cumulatively, these uncorrected K–MT attachments would lead to unstable biorientation of chromosomes and SAC activation, consequently contributing to the meiosis I block in ASB7-depleted oocytes.



ASB7 Overexpression Alleviates Maternal Age-Induced Oocyte Meiotic Defects

It has been well recognized that female fertility decreases with maternal age due to the meiotic defects in oocytes (Liu and Keefe, 2002; Hunt and Hassold, 2008; He et al., 2019). Here, we found that ASB7-KD oocytes displayed similar phenotypes to those oocytes from aged mice. To check whether ASB7 is involved in the control of oocyte aging, we first evaluated its expression in oocytes from young (3–4 weeks) and old (42–45 weeks) mice. As shown in Figure 5A, a significant reduction of ASB7 protein was detected in oocytes from old mice compared with young oocytes. Next, we explored whether loss of ASB7 contributes to the defective phenotypes of aged oocytes by performing overexpression experiments (Figure 5B). cRNA encoding ASB7 was microinjected into fully grown GV oocytes from old mice. Western blotting confirmed that exogenous ASB7 protein was expressed in oocytes efficiently (Figure 5C). Consistent with previous reports (Nakagawa and FitzHarris, 2017; He et al., 2019), high frequency of spindle/chromosome anomalies were detected in aged oocytes. It is worth noting that these meiotic defects were partially rescued through the ectopic expression of ASB7 (Figures 5D,E). Moreover, in order to assess whether ASB7 overexpression in aged oocytes is also capable of preventing the generation of aneuploid eggs, karyotype analysis of MII oocytes was conducted by spreading chromosome. As shown in Figures 5F,G, correspondingly, the aneuploidy incidence in aged oocytes was significantly lowered when ASB7 expression was elevated. Altogether, these results suggest that loss of ASB7 is a critical factor contributing to the meiotic defects in aged oocytes.
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FIGURE 5. ASB7 overexpression alleviates maternal age-induced oocyte meiotic defects. (A) Representative Western blot showing the ASB7 expression in oocytes from young and old mice (100 oocytes per lane). (B) Schematic illustration of the experimental procedure for overexpression. (C) Representative Western blot result shows the efficiently overexpressed exogenous ASB7 protein. (D) Young, old, old + PBS, and old + ASB7 oocytes were stained with α-tubulin antibody to visualize spindle (green) and counterstained with PI to visualize chromosome (red). Yellow arrowheads direct to the disorganized spindles and white arrows indicate the misaligned chromosomes. Scale bar: 30 μm. (E) Quantification of young (n = 103), old (n = 112), old + PBS (n = 115), and old + ASB7 (n = 104) oocytes with spindle/chromosome defects. (F) Chromosome spread of young, old, old + PBS, and old + ASB7 MII oocytes. Chromosomes were stained with Hoechst 33342 (blue), and kinetochores were labeled with CREST (purple). Scale bar: 10 μm. (G) Quantification of aneuploidy in young (n = 35), old (n = 38), old + PBS (n = 34), and old + ASB7 (n = 32) oocytes. Data are expressed as mean percentage ± SEM of three independent experiments. *p < 0.05 vs controls.




DISCUSSION

Ankyrin repeat and SOCS box genes constitute a conserved chordate-unique gene family, which is defined as the substrate recognition subunits of Elongin–Cullin–SOCS (ECS) complexes (Kohroki et al., 2005; Okumura et al., 2012). In this study, we showed that ASB7 plays a novel role during mouse oocyte meiosis and discovered a beneficial effect of ASB7 overexpression on oocyte quality from aged mice. ASB7 protein is ubiquitously expressed in mammalian tissues and appears to be localized with Golgi, vesicles, and nucleus in cells (Anasa et al., 2018b). We found that the majority of ASB7 protein accumulated in the GV of immature oocytes. Accompanied by the resumption of meiosis, ASB7 protein appeared to be colocalized with chromosomes (Figure 1). Furthermore, we found that ASB7 depletion resulted in the failure of spindle assembly and chromosome congression in oocytes and aneuploidy generation (Figure 3), similar to the observations in HeLa cells (Uematsu et al., 2016). Kinetochore is a complex structure that establishes the attachment of spindle microtubules to chromosomes and is thus essential for faithful chromosome segregation (Santaguida and Musacchio, 2009). The correct chromosome alignment to metaphase plate requires bipolar attachment and tension between K–MT. Here, we noted that the K–MT interaction was disrupted in ASB7-KD oocytes (Figure 4). Kinetochore has been known as a signaling center that regulates chromosome attachment, SAC activity, and progression during metaphase-to-anaphase transition. Once there are unattached kinetochores, the SAC complex will be activated and inhibit anaphase onset (Tauchman et al., 2015). In line with this notion, the constant BubR1 signal on kinetochores and metaphase I arrest were observed when ASB7 was knocked down in oocytes (Figure 4). In addition, formation of actin cap was disturbed in ASB7-KD oocytes, indicative of the deficient actin polymerization (Figure 3). Altogether, our data support a model where ASB7, likely through the modulation of K–MT interaction, controls SAC signaling, consequently ensuring the proper assembly of meiotic apparatus in mammalian oocytes. Recently, it has been reported that the ASB7 protein regulates mitosis by targeting DDA3 (differential display and activated by p53) through proteasomal degradation (Uematsu et al., 2016). Future investigation is needed to clarify (i) whether this pathway is functional during mouse oocyte maturation and (ii) whether there are any other specific targets mediating the action of ASB7 on meiosis.

The decline of the female fertility is closely associated with age, largely due to the reduced developmental competence of eggs (Navot et al., 1994; Luke et al., 2012). For example, when women are over 35 years old, the risk of aneuploidy in oocytes is significantly increased, leading to infertility, abortion, and birth defects (Herbert et al., 2015). Although multiple pathways have been identified to be involved in maternal age-associated meiotic defects, the factors regulating meiotic structure remain to be discovered. In the present study, we observed that ASB7 protein levels are decreased in aged oocytes, showing the high frequency of spindle defects and chromosome misalignment. Of note, overexpression of ASB7 is capable of partially rescuing the defective phenotypes of old oocytes (Figure 5). Recently, a serial of proteins (i.e., SIRTs and HDAC3) have been reported to be responsible for the fertility loss of aged females (Ma et al., 2018; Yang et al., 2018; He et al., 2019; Nasheed Hamad Almohammed et al., 2020). Hence, dissection in greater depth of the possible interaction between ASB7 and these factors deserves further investigation.

In summary, this study reveals that ASB7 is a cytoskeletal regulator that is required for meiotic maturation in oocytes. Our work may provide clues for improving the in vitro maturation system and quality assessment of oocytes.



MATERIALS AND METHODS

All chemicals and culture media were purchased from Sigma (St. Louis, MO, United States) unless stated otherwise.


Animals

Female ICR mice were used in all experiments, and 3- to 4-week mice were used as control. Mice that were 42–45 weeks old were selected as a reproductive aging model. All animal protocols were approved by the Animal Care and Use Committee of Nanjing Agricultural University, and all experiments were conducted in accordance with the guidelines of the local animal ethical committee and the Animal Care and Use Committee of Nanjing Agricultural University.



Antibodies

Rabbit polyclonal anti-ASB7 antibodies were purchased from Novus Biologicals USA (Cat#: NBP1-86157; 1:250). Mouse monoclonal FITC-conjugated anti-α-tubulin antibodies were purchased from Sigma (Cat#: F2168; 1:500). Human anti-centromere CREST antibody was purchased from Antibodies Incorporated (Cat#: 15234; 1:500). Cy5 conjugated donkey anti-human IgG and FITC-conjugated donkey anti-goat IgG were purchased from Jackson ImmunoResearch Laboratory (Cat#: 709605149 and 705095147; 1:500). Goat polyclonal anti-BubR1 antibodies and mouse monoclonal anti-Myc-tag antibody were purchased from Abcam (Cat#: ab28193 and ab18185; 1:250). FITC-conjugated goat anti-rabbit IgG was purchased from Thermo Fisher Scientific (1:300).



Collection and Culture of Oocytes

To retrieve fully grown GV oocytes, mice were superovulated with 5 IU Pregnant Mares Serum Gonadotropin (PMSG) by intraperitoneal injection, and 48 h later, cumulus-enclosed oocytes were obtained by manual rupturing of antral ovarian follicles. Cumulus cells were removed by repeatedly pipetting, and denuded oocytes were cultured in M16 medium under mineral oil at 37°C in a 5% CO2 incubator. For MII oocytes collection, mice were injected with 5 IU human Chorionic Gonadotropin (hCG) 2 days after PMSG priming. Oocytes were collected from oviduct ampullae 13.5 h post-hCG, and cumulus cells were removed by 1 mg/ml hyaluronidase incubation.



Plasmid Construction and mRNA Synthesis

Total RNA was extracted from 50 denuded oocytes using the Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, CA, United States), and cDNA was generated by Quantitect Purification Kit (Qiagen, Düsseldorf, Germany). PCR products were purified, digested with FseI and AscI (NEB Inc., MA, United States), and cloned into the pCS2+ vector with Myc-tags. For the synthesis of Myc-ASB7 mRNA, ASB7-pCS2 + plasmids were linearized by NotI, and capped cRNAs were in vitro transcribed with SP6 mMessage mMachine (Ambion, CA, United States) and purified by RNeasy Micro Kit (Qiagen, Germany). Synthesized RNA was aliquoted and stored at −80°C. The related primer sequences can be found in Supplementary Table 1.



Knockdown and Overexpression Experiment

Microinjections of siRNA or mRNA were used to knock down or overexpress ASB7 in mouse oocytes, respectively. Asb7 siRNA was diluted with water to a stock concentration of 1 mM, and then 2.5 pl siRNA solution was injected into oocytes, with negative siRNA injected as control. Ten picoliters of Myc-ASB7 mRNA solution (10 ng/μl) was injected into oocytes for overexpression experiment, with RNase-free PBS injected as controls. After injections, in order to promote mRNA to be degraded or translated, oocytes were arrested at GV stage in medium containing 2.5 μM milrinone for 18–20 h. Following three washes, oocytes were cultured in M16 medium without milrinone for maturation at 37°C in a humidified atmosphere of 5% CO2. The related Asb7 siRNA sequences can be found in Supplementary Table 1.



Immunofluorescence

Oocytes were fixed in 4% paraformaldehyde (PFA) for 30 min and then permeabilized with 0.5% Triton X-100 for 20 min. After three washes, oocytes were blocked in 1% BSA for 1 h at room temperature. Samples were incubated overnight at 4°C with primary antibodies and then at room temperature for 1 h with secondary antibodies. For F-actin staining, oocytes were fixed in 3.7% PFA for 5 min, blocked in 1% BSA for 1 h, and then incubated with FITC-conjugated phalloidin for 1 h. To detect kinetochores, oocytes were co-labeled with CREST. Chromosomes were counterstained with Hoechst 33342 (1:300) or propidium iodide (1:200) for 10 min. After three washes, oocytes were mounted on glass slides in a drop of anti-fade medium (Vectashield, Burlingame, CA, United States) and examined under a Laser Scanning Confocal Microscope (LSM 710 Carl Zeiss, Germany). Image J software (U.S. National Institutes of Health, Bethesda, MD, United States) was used to quantify the intensity of fluorescence.



Western Blotting

A total of 100 oocytes were lysed in Laemmli sample buffer containing protease inhibitors and then heated for 5 min in boiling water. Samples were separated by 15% SDS-PAGE gel, transferred to PVDF membranes, and then blocked in PBST (PBS containing 0.1% Tween-20) with 5% low fat dry milk for 1 h at room temperature. The membranes were incubated with primary antibodies (Myc antibody, 1:1,000; ASB7 antibody, 1:400) at 4°C overnight. After washes in PBST, the membranes were incubated with HRP-conjugated secondary antibodies (1:2,000) for 1 h at room temperature. The protein bands were visualized using an ECL Plus Western blotting Detection System (GE Healthcare, Piscataway, NJ, United States). Membranes were reblotted with anti-α-tubulin antibody (1:5,000) for loading control.



Chromosome Spread

Chromosome spreading was conducted as we previously described (Gao et al., 2018). MII oocytes were exposed to Tyrode’s buffer (pH 2.5) to remove zona pellucida, fixed in a drop of 1% PFA with 0.15% Triton X-100 on glass slide. Following air drying, samples were incubated with CREST (1:500) to label kinetochores at 4°C overnight, and chromosomes were stained with Hoechst 33342 (1:300).



Statistical Analysis

Data are presented as mean ± SEM, unless otherwise indicated. Statistical comparisons were made with Student’s t test and ANOVA when appropriate. p < 0.05 was considered to be significant.
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In mammalian species, both the maturation promoting factor (MPF) and the mitogen-activated protein kinase (MAPK) cascade play critical roles in modulating oocyte meiotic cell-cycle progression. MPF is a critical heterodimer composed of CDK1 and cyclin B1. Activation of MPF and ERK1/2 requires the activation of maternal Ccnb1 and Mos mRNAs translation, respectively. The phosphorylation and degradation of CPEB1 that triggered by ERK1/2 is a principal mechanism of activating maternal mRNA translation. However, the interplay of these two key kinases in mediating mammalian translational activation of cytoplasmic mRNAs during oocyte maturation is unclear. We prove evidence that the translational activation of Ccnb1 transcripts containing a long 3′-UTR during meiotic resumption works in an ERK1/2-dependent way. A low level of ERK1/2 activation was detected prior to meiotic resumption. Precocious activation of MAPK signaling in germinal vesicle stage oocytes promotes the translation of Ccnb1 mRNA and meiotic maturation. Inhibition or precocious activation of CDK1 activity has an appreciable effect on the translation of Ccnb1 mRNA, suggesting that both kinases are required for Ccnb1 mRNA translational activation. CDK1 triggers phosphorylation, but not degradation, of CPEB1 in oocytes; the degradation of CPEB1 was only triggered by ERK1/2. Moreover, the translational activation of Mos mRNA is regulated by ERK1/2 and cytoplasmic polyadenylation elements too. Taken together, the cooperation and positive feedback activation of ERK1/2 and CDK1 lead to the fine-tuning of mRNA translation and cell-cycle progression during mouse oocyte maturation.
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INTRODUCTION

In mammals, resumption of oocyte meiosis occurs after the billow of luteinizing hormone (LH) or upon the mechanistic set free of the oocyte following culture in a proper medium (Edwards and Steptoe, 1975; Komrskova et al., 2014). Germinal vesicle breakdown (GVBD) is the morphological marker of meiotic restoration (Pan and Li, 2019). Following GVBD, meiosis I is accomplished by discharging a polar body-1 (PB1) containing a cluster of chromosomes. The oocytes subsequently get into meiosis II but blocks in metaphase II (MII) until fertilization (Jones, 2011). Full-blown oocytes are transcriptionally silencing and de novo protein synthesis of maturing oocytes are depend on post-transcriptional regulation of stored mRNAs, which is mainly mediated by the recruitment of particular transcripts in a patiotemporal manner for translational activation (Chen et al., 2011).

Specifically, meiotic resumption includes the synthesis of necessary key components for meiosis, including cyclin B1 and B2, known as CDK1 kinase regulatory subunit (Han et al., 2017). The metaphase-promoting factor (MPF) are made of CDK1 and cyclin B1, and works as the master regulator of G2-M transition no matter in mitosis or meiosis (Morgan, 1995; Yasuda et al., 1997; Ferrell, 1999). Apart from MPF, the mitogen activated protein kinase (MAPK) cascade also is a critical oocyte meiotic cell-cycle regulator (Fan and Sun, 2004; Liang et al., 2007). Activation of extracellular signal-regulated kinase-1 and -2 (ERK1/2), the most researched family members, is irreplaceable for meiotic spindle assembly and the maintenance of MII arrest (Zhang et al., 2015). The upstream kinases of ERK1/2 are MAPK-ERK kinase 1 and 2 (MEK1/2). In mammalian oocytes, the MAPK cascade is activated by an oocyte-specifically expressed MEK kinase known as the Moloney sarcoma oncogene (MOS) (Verlhac et al., 1996). The translationally dormant mRNAs encoding Ccnb1 and Mos are stored in GV stage-arrested oocytes; their polyadenylation and translation into proteins activate both the MPF and MAPK cascade during meiotic maturation (Komrskova et al., 2014; Kalous et al., 2018).

Translational activation of maternal mRNAs as well as cytoplasmic polyadenylation, require a combinatorial code of cis-elements, including cytoplasmic polyadenylation elements (CPEs) and poly(A) signals (PASs) (Reyes and Ross, 2016). The cytoplasmic polyadenylation of CPE-containing mRNAs is regulated by CPE-binding protein-1 (CPEB1) in both Xenopus and mouse oocytes (Ivshina et al., 2014). Phosphorylation of CPEB1 on several conserved serine/threonine residues by ERK1/2 triggers its partial degradation, switching CPEB1 from a translational inhibiting factor to an activating factor (Mendez et al., 2002; Setoyama et al., 2007). Meiotic maturation and the translation of a string of maternal mRNAs, including Tpx2, Cnot6l, Cnot7, and Btg4, are inextricably linked by activating CPEB1. These maternal translational products are needed for meiotic division and maternal-to-zygotic transition (Sha et al., 2017).

On the contrary, previous studies showed that the activation of ERK1/2 is temporally later than that of MPF and the occurrence of GVBD (Kalous et al., 2018). In addition, accumulation of MOS protein around GVBD is a prerequisite for the activation of the MAPK cascade (Chen et al., 2001). Therefore, the mechanism that triggers the initial activation of Ccnb1 and Mos during the onset of meiotic maturation remains unidentified. It also needs to be investigated whether ERK1/2 regulates the translational activities of maternal Ccnb1 and Mos mRNAs that encode upstream proteins leading to ERK1/2 activation during meiotic progression. These long-standing questions were not yet satisfactorily answered, mainly because MPF and MAPK activities intimately affect each other during oocyte meiosis. Experimental stimulation or inhibition of each kinase inevitably causes an increase or decrease in the activity of other kinases (Zhang et al., 2011). For example, some biochemical studies suggest that CDK1 triggers CPEB1 phosphorylation and degradation as well as translational activation of Ccnb1 and Mos in Xenopus oocytes (Kim and Richter, 2007). However, inhibition of CDK1 blocked GVBD and resulted in the activation of many other kinases, including MOS and ERK1/2 (Oqani et al., 2017). For this reason, the distinct roles of the MPF and MAPK cascade in regulating CPEB1 activation and maternal mRNA translation were not concluded.

In this study, we specifically activated the CDK1 or MAPK cascade in GV stage-arrested oocytes in mouse, and investigated their effects on the translational activity of Ccnb1 and Mos transcripts while meiotic progression.



RESULTS


ERK1/2 Stimulate Translational Activation of Maternal Ccnb1 mRNAs Having a Long 3′-UTR

Three different forms of Ccnb1 transcripts with different lengths of 3′-UTRs exist in mouse oocytes (Figure 1A; Yang et al., 2017). The accumulation of cyclin B1 proteins during mouse oocyte maturation relies on the translational activation of these transcripts with different 3′-UTRs (Piqué et al., 2008). The Ccnb1 transcripts with short 3′-UTRs do not contain any CPE and are constantly translated into oocytes during meiotic maturation (Yang et al., 2017). The Ccnb1 transcripts with intermediate and long 3′-UTRs contain multiple CPEs. Their translation is repressed in oocytes before meiotic resumption, but is activated following GVBD (Tay et al., 2000). In dormant GV oocytes, the resumption of meiosis is possibly driven by the activation of Ccnb1short 3′–UTR mRNA translation. On the contrary, increased synthesis of cyclin B1 by the two other transcripts is important for maintaining active CDK1 during meiotic progression (Kubiak et al., 1993).
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FIGURE 1. Translational activation of maternal Ccnb1 mRNAs with short and long 3′-UTRs. (A) Schematic representation of three different forms of Ccnb1 transcripts with distrinct lengths of 3′-UTRs in mouse oocyte. Relative positions of cis-elements are indicated. (B) An illustration of microinjection and treatments to oocytes in subsequent experiments. (C,E) Fluorescence microscopy (C) and western blot analysis (E) results revealing the expression levels of Flag-Gfp-Ccnb1short 3′–UTR mRNA in oocytes with different U0126 (20 μM) treatment. DDB1 was used for a control. Numbers under blot bands indicate the intensity of each band. For each set of data, more than 80 oocytes were observed. Scale bar: 100 μm. (D) The ratio of the GFP and mCherry fluorescence signals intensity in (C). Data were analyzed by mean ± SEM: *P < 0.05. (F,H) Fluorescence microscopy (F) and western blot analysis (H) data revealing the expression of Flag-Gfp-Ccnb1long 3′–UTR reporter mRNA in oocytes with or without U0126. For each set of data, more than 80 oocytes were gathered. Scale bar: 100 μm. (G) The ratio of the GFP and mCherry fluorescence signals intensity in (F). n.s. indicates non-significant. DDB1 was used for a control. Numbers under blot bands indicate the intensity of each band. Data were analyzed by mean ± SEM: ***P < 0.001.


In this study, we analyzed whether ERK1/2 activity regulates the activation of Ccnb1 mRNAs translation during meiotic maturation. We cloned the mouse Ccnb1 short and long 3′-UTRs and ligated them into the pRK5-Flag-Gfp vector backbone, which contains an SP6 promoter sequence. Then We in vitro transcribed and microinjected Flag-Gfp-3′-UTRCcnb1 mRNAs into GV stage oocytes. For this reason, the translational intensity of these transcripts depends upon novelty 3′-UTRCcnb1-regulated cytoplasmic polyadenylation (Dai et al., 2019). In this experiment, we in vitro transcribed and polyadenylated mCherry mRNA, and co-injected reporter mRNA with mCherry as a translational standard of reference. Some injected oocytes were released from milrinone-induced GV arrest and cultured in medium with or without the MEK1/2 inhibitor U0126 for 14 h (Figure 1B; Flamigni et al., 1999). After culture, expression of GFP protein was detected in oocytes by epifluorescence and FLAG protein was detected by western blot analyses. The translation activity of the 3′-UTR was quantified by the ratio of the GFP and mCherry fluorescence signals intensity within the same oocyte.

The results implicated that the microinjected Flag-Gfp-Ccnb1short 3′–UTR mRNA was translated at the GV stage and underwent a modest increase in translation during meiotic maturation after release from milrinone (Figures 1C–E). U0126 blocked the phosphorylation of ERK1/2 and reduced the accumulation of endogenous cyclin B1 during oocyte meiotic maturation (Figure 1E). However, inhibition of ERK1/2 activity in maturing oocytes did not affect the translation of Flag-Gfp-Ccnb1short 3′–UTR mRNA (Figures 1C–E). These results suggest that the translation of maternal Ccnb1 mRNAs with the short 3′-UTR is ERK1/2-independent.

In contrast, the translational activity of Flag-Gfp-Ccnb1long 3′–UTR mRNA was decreased in GV oocytes but increased after meiotic resumption (Figures 1F–H). U0126 treatment reduced the meiotic maturation-coupled translation of this mRNA (Figures 1F–H).



Activation of ERK1/2 Promotes the Translation of Ccnb1 mRNA and Induces the Meiotic Maturation

Although the activation of ERK1/2 was previously reported to be temporally later than meiotic resumption, western blot results showed that low levels of phosphorylated ERK1/2 (pERK1/2) were detected in fully grown GV oocytes, and the levels of pERK1/2 rapidly increased as soon as GVBD occurred (Figure 2A). This signal of pERK1/2 is specific because it was eliminated in GV oocytes incubated with U0126 (Figure 2A). To further investigate the functional role of ERK1/2 in regulating the translation of Ccnb1 mRNAs, we specifically activated the MAPK cascade by ectopically expressing a constitutively active MEK1 (MEK1S218D/S222D) or the upstream kinase MOS in GV-stage arrested oocytes by mRNA microinjection (Figure 2B; Kalous et al., 2018). In GV oocytes, successful expression of these proteins and precocious activation of ERK1/2 were confirmed by western blot analysis (Figure 2C). Phosphorylation and partial degradation of CPEB1 as well as the translational activation of endogenous Ccnb1 were also observed in these GV oocytes (Figure 2C). Even in the presence of milrinone in the culture medium, approximately half of the MEK1S218D;S222D- or MOS-overexpressing oocytes underwent GVBD (Figures 2D,E). The majority of these oocytes extruded PB1 and reached the MII stage with normal-looking spindles (Figures 2D–F). This result indicated that activation of the MAPK cascade in fully grown oocytes is sufficient to drive meiotic maturation. Meanwhile, activation of ERK1/2 is sufficient for the translational activation of Ccnb1, even in oocytes that have intact GVs.
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FIGURE 2. Activation of ERK1/2 promotes the translation of Ccnb1 mRNA and induces meiotic maturation. (A) Western blot analysis results revealing the ERK1/2 phosphorylation and CPEB1 levels at the appointed time points behind meiotic recovery. For each set of data, 100 oocytes were gathered and loaded. DDB1 was used for a control. (B) An illustration of microinjection and treatments to oocytes in (C–F). (C) Western blot analysis results revealing contents of indicated proteins in oocytes microinjected with mRNAs encoding MOS or constitutively active MEK (MEK1S218D;S222D). One hundred oocytes were gathered and loaded in each lane. Numbers under blot bands indicate the intensity of each band. (D–F) Representative images (D), GVBD and PB1 emission (PBE) rates (E), and (F) immunofluorescence staining results of α-tubulin of oocytes in (C). DDB1 was used for a control. Numbers under blot bands indicate the intensity of each band. The accurate number of oocytes analyzed is labeled (n). Data were analyzed by mean ± SEM: **P < 0.05. Dashed lines indicate the oocyte outline. Scale bar: 100 μm. (G) An illustration of microinjection and treatments to oocytes in (H,I). (H) GVBD and PBE rates in oocytes that overexpressed MOS or MEK1S218D;S222D by microinjection and further cultured in medium containing roscovitine (100 μM) for 24 h. The number of oocytes analyzed is labeled (n). Data were analyzed by mean ± SEM: *P < 0.05, **P < 0.01. n.s. indicates non-significant. (I) Western blot analysis results showing levels of indicated proteins in (G). For each set of data, 70 oocytes were gathered and loaded. DDB1 was used for a control. Numbers under blot bands indicate the intensity of each band.


Next, we investigated whether CDK1 activity is required for ERK1/2-triggered translational activation of mRNA and meiosis progression. When the CDK1 inhibitor roscovitine was added to the MEK1S218D;S222D mRNA-injected oocytes (Planchais et al., 1997), PB1 emission was repressed to background levels, but GVBD was only partially inhibited instead of being completely blocked (Figures 2G,H). Furthermore, CPEB1 phosphorylation and partial degradation, as well as the translational activation of Ccnb1, was not affected by roscovitine treatment (Figure 2I). These results indicate that the MAPK cascade is sufficient for the translational activation of maternal mRNAs independent of CDK1 activity.



Activated CDK1 Is Also Required for Ccnb1 mRNAs Translational Activation

In addition to ERK1/2, we also explored the potential participation of CDK1 in regulating Ccnb1 mRNA translation during oocyte maturation. We microinjected Flag-Gfp-Ccnb1long 3′–UTR mRNA into GV oocytes, and further cultured them in a medium with or without the CDK1 inhibitor roscovitine. Roscovitine reduced the translation of reporter mRNA as well as endogenous Ccnb1 but did not affect ERK1/2 phosphorylation at the MII stage (Figures 3A–C). Consequently, these results suggest that CDK1 activity is also a key link between Ccnb1 translation and meiotic cell-cycle progression.
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FIGURE 3. Role of CDK1 in the translational activation of Ccnb1 mRNAs. (A) Fluorescence microscopy results revealing the expression levels of Flag-Gfp-Ccnb1long 3′–UTR mRNA in oocytes with different roscovitine (100 μM) treatment. For each set of data, 50 oocytes were gathered. Plotting scale: 100 μm. (B) Relative fluorescence intensity of GFP relative to mCherry in (A). Data were analyzed by mean ± SEM: *P < 0.05, **P < 0.01, ***P < 0.001. (C) Western blot analysis results revealing translational levels of the reporter mRNA as well as endogenous cyclin B1 in (A). For each set of data, 80 oocytes were gathered and loaded. (D) GVBD and PBE rates of oocytes microinjected with mRNAs encoding non-inhibitable CDK1 (T14A;Y15A) and cultured for 14 h. The accurate number of oocytes analyzed is labeled (n). DDB1 was used for a control. Numbers under blot bands indicate the intensity of each band. Data were analyzed by mean ± SEM: **P < 0.01. n.s. indicates non-significant. (E) Western blot analysis results showing levels of indicated proteins in oocytes overexpressed mRNAs encoding CDK1T14A;Y15A and cultured with different milrinone and U0126 (20 μM) treatment. For each set of data, 70 oocytes were gathered and loaded. DDB1 was used for a control. Numbers under blot bands indicate the intensity of each band.


Although CDK1 and ERK1/2 kinases are all involved in triggering the translational activation of Ccnb1, whether the interplay of these two kinases couples this event to oocyte meiotic maturation remains elusive. Cells can be forced to bypass G2-phase arrest by expressing non-inhibitable CDK1 (CDK1T14A;Y15A) mutants (Baldin et al., 1997). Overexpression of CDK1T14A;Y15A in GV oocytes by mRNA microinjection triggered meiotic resumption and promoted the translation of endogenous Ccnb1 after 4 h (Figures 3D,E). Meanwhile, The lever of CDK1T14A;Y15A induced ERK1/2 phosphorylation is similar to that in control MI oocytes. However, inhibition of ERK1/2 activity by U0126 treatment reduced the levels of cyclin B1 accumulation (Figure 3E). We also observed that CDK1T14A;Y15A triggered the phosphorylation of CPEB1, but CPEB1 could not be degraded after blocking the MAPK cascade (Figure 3E). This result suggests that CDK1 can promote the phosphorylation of CPEB1, but the degradation of CPEB1 depends on ERK1/2 activation.



Activated ERK1/2 Promotes the Translation of Its Upstream Kinase MOS

Another important cell cycle regulator in mouse oocytes is MOS (Gebauer and Richter, 1997). The corresponding proteins were detected after GV breakdown, and their expression run up to a maximal level in the MII stage oocytes (Gebauer et al., 1994). To study the translation of MOS, we fused WT mouse Mos and mutant 3′-UTRs with FLAG-GFP, then these reporter mRNA along with mRNA encoding mCherry expressed in GV oocytes by microinjection. The Mos 3′-UTR-driven FLAG-GFP expression was low in GV oocytes but was activated following meiotic maturation (Figures 4A,B). Simultaneous mutations of the two CPEs within the 3′-UTR led to a remarkable increase in the translation of the FLAG-GFP reporter in GV oocytes, but the accumulation of FLAG-GFP did not reach the wild-type levels at the MII stage (Figures 4B,C).
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FIGURE 4. Translational activation of Mos mRNA during meiotic maturation in mouse oocytes. (A,C) Fluorescence microscopy (A) and western blot analysis (C) results revealing the expression levels of Flag-GFP fused with Mos 3′-UTR or its CPE-mutated (ΔCPE) form. For each set of data, 70 oocytes were observed. Plotting scale: 100 μm. (B) The ratio of the GFP and mCherry fluorescence signals intensity in (A). Data were analyzed by mean ± SEM: *P < 0.05, ***P < 0.001. DDB1 was used for a control. Numbers under blot bands indicate the intensity of each band.


Furthermore, U0126 repressed the meiotic resumption-coupled translational activation of Flag-Gfp-Mos3′–UTR (Figures 5A,B). However, the translation of the CPE-mutated reporter mRNA could not be inhibited by U0126 at the MII stage (Figures 5A,B). U0126 also suppressed the accumulation of endogenous MOS during oocyte maturation (Figure 5C). Consequently, these results suggest that activated ERK1/2 promotes the translation of its upstream kinase MOS during meiotic cell-cycle progression by regulating CPE-associated factors.
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FIGURE 5. Roles of CDK1 and ERK1/2 in the translational activation of Mos mRNA. (A) Fluorescence microscopy and the ratio of the GFP and mCherry fluorescence signals intensity results showing Flag-GFP expression driven by WT and CPE-mutated Mos 3′-UTR with different U0126 (20 μM) treatment. For each set of data, 50 oocytes were gathered. Plotting scale: 100 μm. (B) Western blot analysis results revealing translational levels of the reporter mRNA as well as endogenous cyclin B1 in (A). For each set of data, 80 oocytes were gathered and loaded. DDB1 was used for a control. Numbers under blot bands indicate the intensity of each band. (C) Western blot analysis results revealing protein levels of endogenous MOS as well as phosphorylated ERK1/2 expression in mouse MII oocytes with different U0126 (20 μM) treatment. For each set of data, 300 oocytes were gathered and loaded. DDB1 was used for a control. Numbers under blot bands indicate the intensity of each band.




ERK1/2 Stimulate the Cytoplasmic Polyadenylation of Ccnb1long 3′–UTR and Mos Transcripts

Finally, we detected the effect of ERK1/2 in regulating the cytoplasmic polyadenylation of Ccnb1long 3′–UTR and Mos transcripts. Using a poly(A) tail (PAT) assay (Figure 6A; Sha et al., 2018), we measured the polyadenylation levels of endogenous Ccnb1long 3′–UTR and Mos mRNAs after treatment with U0126. The Ccnb1long 3′–UTR and Mos transcripts were not significantly polyadenylated at the GV stage (Figures 6B–E). Their polyadenylation levels increased after meiotic maturation in an ERK1/2 activity-dependent manner and were affected by U0126 treatment (Figures 6B–E). These results further indicate that the cytoplasmic polyadenylation of maternal Ccnb1long 3′–UTR and Mos mRNA are ERK1/2-induced.
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FIGURE 6. Cytoplasmic polyadenylation of Ccnb1 and Mos transcripts. (A) A schematic representation of the poly(A) tail assay (PAT) assay. (B) Data of the PAT assay revealing the length of Ccnb1 long 3′–UTR transcripts’ poly(A) tail in oocytes with different U0126 (20 μM) treatment. Conditions of PCR amplification had detailedly described in the section “Materials and Methods.” (C) Quantitative statistics of the PAT assay results in (B). The plane coordinate representing the floating length of the PCR products from a appointed point to the x-axis, measured relative signal intensity to the y-axis. (D) Results of the PAT assay revealing the length of Mos transcripts’ poly(A) tail in oocytes with different U0126 (20 μM) treatment. (E) Quantitative statistics of results in (D).




DISCUSSION

In a previous study, three different Ccnb1 3′-UTRs of different lengths were identified in mouse oocytes (Yang et al., 2017). These Ccnb1 transcripts have different 3′-end polyadenylation and translation dynamics during oocyte maturation. Because the MAPK cascade plays a key role in meiotic resumption-coupled translational activation of maternal mRNAs (Chen et al., 2020), we determined the role of ERK1/2 activity in the translation regulation of Ccnb1 transcripts with short and long 3′-UTRs. The results indicated that the translation of the Ccnb1 short isoform is constitutive and ERK1/2-independent. In contrast, the translation of the Ccnb1 long isoform is GVBD-associated and ERK1/2-dependent. Both the translational repression of the Ccnb1 long isoform at the GV stage and its translational activation after GVBD relies on the CPEs in its 3′-UTR. Previous studies have shown that ERK1/2 converts the CPE from a translation-repressing element to an activating element by phosphorylating CPEB1 and inducing its degradation. Consistent with these reports, we observed that experimentally induced precocious activation of the MAPK cascade in GV oocytes is sufficient to induce CPEB1 phosphorylation and degradation.

Because previous studies have testified that significant activation of ERK1/2 arises 2 h after GVBD in a rough way in mouse oocytes, CDK1 is considered to be the kinase that phosphorylates CPEB1 and triggers cytoplasmic polyadenylation of mRNAs during meiotic resumption (Kuo et al., 2011). In this study, we detected basal activities of ERK1/2 in the GV stage arrested oocytes, suggesting that the interplays of CDK1 and ERK1/2 are already in action at the beginning of the G2/M transition in mouse oocytes. Furthermore, because CDK1 and ERK1/2 activate each other during meiotic cell cycle progression, it was difficult to distinguish the specific functions of each of these two kinases during oocyte maturation. In this study, we specifically activated CDK1 or ERK1/2 in arrested GV oocytes, then simultaneously repressed the activity of other kinases using specific inhibitors. We observed that the MAPK cascade is sufficient to trigger translational activation of maternal mRNAs, even before meiotic resumption. In addition, although both CDK1 and ERK1/2 can phosphorylate CPEB1, the degradation of CPEB1 is ERK1/2-dependent.

In this study, we only evaluated the role of CPE in the translational regulation of Ccnb1 and Mos 3′-UTR. However, the translational repression and polyadenylation of maternal mRNAs are complicated during mammalian oocyte maturation. In addition to CPEs, Musashi-binding elements (MBEs) and Pumilio-binding elements (PBEs) also exist in the Ccnb1 long 3′-UTR (Figure 1A), and may determine the transcript-specific spatiotemporal patterns of maternal mRNA translation (Reyes and Ross, 2016). Studies in Xenopus have shown that these elements are often regulated by the activities of CDK1 and ERK1/2. For example, Musashi 1 (MSI1) binds its target mRNAs through MBEs and induces the remodling of the RNA structure, therefore revealing neighboring CPEs and stimulating translation during oocyte maturation in Xenopus (Weill et al., 2017). In this case, MSI1 can be released from the MBEs in the wake of phosphorylation by RINGO or CDK1. On the contrary, as the downstream of MOS, Nemo-like kinase (NLK) catalyzes the phosphorylation of Pumilio 1 and 2 (PUM1/2) to adjust the translation of cyclin B1 mRNA in Xenopus oocytes (Ota et al., 2011).

Based on the results of the current study, we proposed a mechanism of positive feedback stimulation of Mos and Ccnb1 mRNA translation by the MPF and MAPK cascade during mouse oocyte maturation. The short isoform of Ccnb1 is constitutively translated into cyclin B1 proteins in the GV-stage-arrested oocytes, and form a pre-MPF with CDK1. At a threshold time point, the basal MPF and ERK1/2 activities trigger translational activation of the Ccnb1 long isoform and Mos mRNAs. The accumulation of MOS and cyclin B1 leads to a significant increase in CDK1 and ERK1/2 activity, further boosting maternal mRNA translation and forming two entangled positive feedback loops (labeled red and green in Figure 7), eventually causing meiotic resumption and oocyte maturation.
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FIGURE 7. Mechanism of positive feedback stimulation of Ccnb1 and Mos mRNA translation by the MPF and MAPK cascade during mouse oocyte maturation. The short isoform of Ccnb1 is constitutively translated into cyclin B1 proteins in the GV stage-arrested oocytes, and form a pre-MPF with CDK1. At a threshold timepoint, the basal MPF and ERK1/2 activities trigger translational activation of the Ccnb1 long isoform and Mos mRNAs. Storage of MOS and cyclin B1 brings on a significant increase in CDK1 and ERK1/2 activity, thereby further boosting maternal mRNA translation, forming two entangled positive feedback loops (labeled red and green, respectively), eventually causing meiotic resumption and oocyte maturation.




MATERIALS AND METHODS


Mice

Wild type mice of institute of Cancer Research (ICR) strain were bought from the Zhejiang Academy of Medical Science, China. All mice were kept under SPF conditions in a controllable environment between 20°C and 22°C, with 12 h of light a day, 50–70% humidity in the air, an ample supply of food and water. Animal tendance and experimental methods were performed according to the Animal Research Committee guidelines of Zhejiang University.



Plasmids Construction and in vitro Transcription

Mouse Ccnb1short 3′–UTR and Ccnb1long 3′–UTR cDNAs were obtained by PCR amplification with the following primers: forward primer in common (5′- CTCCAATAGACTGCTACATCTGCAGATG-3′), Ccnb1short 3′–UTR reverse primer (5′-TGAGAAGTCACAACCTTTATTGA AGAGC-3′) and Ccnb1long3^´–UTR reverse primer (5′-AAAGCT TTCCACCAATAAATTTTATTCAACT-3′). Mouse Mos3′–UTR was PCR-amplified with primers: FP (5′- CTCCATCGAGC CGATGTAGAGATAAGC-3′) and RP (5′- GAAGTTCGTG GTAACTTTATTTCCTAAAAATATGC-3′). All 3′-UTRs were cloned into pRK5-Flag-Gfp eukaryote expression vectors and in vitro transcribed using the SP6 mMessage mMACHINE Kit (Invitrogen, AM1450) following the user manual. mRNAs settled to the bottom by adding lithium chloride and resuspended with RNase free water. Mouse MEK1 and human MOS coding sequences were cloned into N-terminal FLAG-tagged expression vectors; linearizing vectors were suffered phenol/chloroform extraction and ethanol precipitation for microinjection. The SP6 mMessage mMACHINE Kit and a Poly (A) Tailing Kit (Ambion) were used for in vitro transcribing. mRNAs were obtained by adding lithium chloride and dissolving in nuclease-free water.



Oocyte Collection and Culture

Pregnant mare serum gonadotropin (PMSG, Ningbo Sansheng Pharmaceutical, China) can be used for ovulation. Female mice at 21 days of age were injected 5 IU of PMSG for 44 h, then the mice were humanely euthanized and disposed. Oocytes were collected using M2 medium (M7167; Sigma-Aldrich) and put into M16 medium (M7292; Sigma-Aldrich) for culture, all drops were covered with mineral oil (M5310; Sigma-Aldrich) in a 5% CO2 atmosphere at 37°C. In this study, U0126 (20 μM) was added to inhibit ERK1/2 activation of oocytes, and roscovitine (100 μM) was added into the media to inhibit CDK1 activation.



Microinjection

Full-brown GV oocytes were collected with M2 medium cotaining 2 μM milrinone, which can inhibite spontaneous GVBD. All operation was performed using an inverted microscope (Eclipse TE200; Nikon). Synthetic mRNA diluted in RNase free water was injected into the cytoplasm of GV stage oocytes. Bare oocytes were each injected with 5–10 pl sample per oocyte.



Immunofluorescence and Confocal Imaging

Oocytes were fixed in 4% paraformaldehyde (PFA), this process lasted 30 min at room temperature. Then oocytes were cultured in 0.1% Triton X-100 that act as dialytic buffer at room temperature for 20 min. After blocking in 1% bovine serum albumin (BSA) in PBST, oocytes were labeled with a FITC-conjugated anti-α-tubulin antibody and 5 μg/ml of DAPI for 30 min. The mounting microscopic glass were fixed on oocytes using SlowFade Gold Antifade Reagent (Life Technologies), and signal acquisition was performed on a Zeiss LSM710 confocal microscope.



Western Blot Analysis

Protein samples were lysed in β-mercaptoethanol containing cracking buffer and heated at 95°C for 10 min. Then SDS-PAGE was used to separate total protein and transferred via electrophoresis onto PVDF membranes (Millipore, Bedford, MA, United States). Membranes were blocked in 5% non-fat milk (BD, Franklin Lakes, NJ, United States) for 30 min, followed by probing with primary antibodies at 4°C overnight. After washing in TBST three times, membranes were incubated with a secondary antibody (Jackson ImmunoResearch Laboratories) for 1 h. Membranes were washed in TBST three times again. Signals were detected using the Super Signal West Femto maximum sensitivity substrate (Thermo Fisher Scientific, Waltham, MA, United States). The primary antibodies and diluted concentration used are listed in Supplementary Table 1.



Poly(A) Tail (PAT) Assay

RNeasy Mini kit (Qiagen, 74106) was used to extract total RNA from 150 oocytes at the indicated stages. R (5′-GCGAGCTCCGCGGCCGCGT12–3′) was attached to Oligo(dT) by T4 DNA ligase. SuperScript II (Invitrogen) catalyzed the reverse transcription with Oligo(dT)-anchored R. To amplify the endogenous transcripts’ poly(A) tails, a PCR reaction with gene-specific primers (Supplementary Table 2) and the dT anchor primer R were performed. The PCR cycling system was set as follows: 30 s at 94°C, 20 s at 58°C, and 40 s at 72°C. PCR products were loaded on a 2% agarose gel to represent the polyadenylation states, and images were gathered during exposure to ultraviolet light.



Statistical Analysis

Data were analyzed by mean ± SEM. Each experiment was duplicated more than three times. Two-tailed unpaired Student’s t-tests was applied to compare the data of two E groups. Statistically significant values: P < 0.05, P < 0.01, and P < 0.001 were, respectively, represented as ∗, ∗∗, ∗∗∗. “n.s.” indicates non-significant.
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Podophyllotoxin (PPT) is a kind of lignans extracted from the roots and stems of the genus Podophyllum from the tiller family, and it has been widely used in the treatment of condyloma acuminatum, multiple superficial epithelioma in the clinics. However, PPT has been reported to be toxic and can cause liver defects and other organ poisoning. In addition, emerging evidences also indicate that PPT has reproductive toxicity and causes female reproduction disorders. In this study, we used fertilized oocytes and tried to explore the effects of PPT on the early embryonic development with the mouse model. The results showed that exposure to PPT had negative effects on the cleavage of zygotes. Further analysis indicated that PPT could disrupt the organization of spindle and chromosome arrangement at the metaphase of first cleavage. We also found that PPT exposure to the zygotes induced excessive reactive oxygen species (ROS), suggesting the occurrence of oxidative stress. Moreover, in the PPT-exposed embryos, there was positive γH2A.X and Annexin-V signals, indicating that PPT induced embryonic DNA damage and early apoptosis. In conclusion, our results suggested that PPT could affect spindle formation and chromosome alignment during the first cleavage of mouse embryos, and its exposure induced DNA damage-mediated oxidative stress which eventually led to embryonic apoptosis, indicating the toxic effects of PPT on the early embryo development.

Keywords: oocyte, embryo, spindle, oxidative stress, DNA damage, apoptosis


INTRODUCTION

The early embryonic development quality of mammals is very important for the successful implantation (Teh et al., 2016). The mammalian embryo development begins with the entry of sperm into oocytes and the formation of fertilized oocytes (Duan et al., 2014). When the sperm enters the oocyte, the oocyte completes the second meiosis and forms a zygote (Teh et al., 2016). Subsequently, the embryo undergoes continuous cleavage to form a morula, and then the embryo differentiates into trophoblast ectoderm and inner cell mass, and finally forms a blastocyst (Marikawa and Alarcon, 2009). During this process, important morphological changes such as cell proliferation, compaction, and blastocyst formation occur (Oestrup et al., 2009). There is high incidence for errors of spindle organization, chromosome segregation during the first cleavage of early embryos, and any error occurs in this cellular process will lead to DNA damage and induce apoptosis, which are fatal to the embryo and cause implantation failure. Until now, low embryo quality is one main problem for the fertility and sterility found in the reproductive medicine centers. For the factors that affect embryo quality, besides the genetic mutation or inheritance defects, environmental pollution and excessive drug exposure now become another main concern due to the tremendous consumption, fast development of industries, and increasing diseases in human society.

Podophyllotoxin (PPT) is a lignan extracted from the roots and stems of Podophyllum genus Podophyllum in the Berberiaceae family (Umesha and Basavarajuk, 2014). PPT was first isolated in 1880 (Kumari et al., 2017) and it had been discovered for the toxicity of podophyllin on cell stasis and was later classified as PPT (King and Sullivan, 1946). According to clinical and basic research reports, PPT and its derivatives have anti-HIV, immunomodulatory, insecticidal, anti-rheumatic, anti-malaria, and ichthyoxen activities (Chen et al., 2007). In addition, studies also report that PPT has anti-cancer properties and it has attracted widespread attention (Kamal et al., 2015). PPT has strong cytotoxic activity on various cancer cell lines (Zi et al., 2019) and so does the spindle assembly: it can inhibit tubulin polymerization, which further leads the abnormal spindle to disturb mitosis (Desbene and Giorgi-Renault, 2002). In addition, studies have shown that PPT binds to the colchicine site of tubulin, but the binding direction is slightly different (Ravelli et al., 2004). Due to its high toxicity and poor water solubility, its application as an anticancer drug is limited (Zi et al., 2019). Studies have shown that the poisoning reaction of PPT is manifested as nausea and vomiting; in addition, it can cause skin pain and burns and other adverse reactions (Longstaff and von Krogh, 2001). PPT also has reproductive toxicity: it is shown to inhibit rat sperm maturation and fertility by promoting the apoptosis of epididymal epithelial cells (Xie et al., 2017). For female animals, PPT can affect oocyte maturation by causing porcine oocytes to undergo oxidative stress and apoptosis (Jiang et al., 2020). However, until now, the toxic effects of PPT on early embryo quality have not been reported.

In this study, we used mouse fertilized oocytes as an experimental model to explore the toxic effects of PPT during early embryonic development. Our results found that PPT could cause abnormal or even degradation of the spindle and led to disordered chromosome arrangement during the first cleavage of zygotes, which induced early embryo defects. In addition, we also found that PPT could cause DNA damage, which induced oxidative stress and apoptosis of embryos. Therefore, our data provided the evidence for the toxicity of PPT on embryos.



MATERIALS AND METHODS


Antibodies and Chemicals

Mouse anti-α-tubulin antibody was from the Cell Signaling Technology (Beverly, MA, United States). Alexa Fluor 594 and 488 goat anti-rabbit antibodies were purchased from Invitrogen (Carlsbad, CA, United States). All other chemicals and reagents were from Sigma–Aldrich Corp., unless otherwise stated.



Embryo Culture and PPT Treatment

The study followed by the guidelines of Animal Research Committee of Youjiang Medical University for Nationalities, and was specifically approved by the Animal Research Ethics Committee of Youjiang Medical University for Nationalities. Sexually matured female ICR mice of 6–8 weeks were intraperitoneally injected with 5 IU of pregnant mare serum gonadotropin (PMSG) (Ningbo Second Hormone Factory, China). After 48 h of injection of PMSG, mice were injected with 5 IU human chorionic gonadotropin (hCG) (Ningbo Second Hormone Factory) and immediately mated with male mice. The zygotes were collected from the ampullae of the oviducts after 16 h of injection of hCG and then treated with 0.1% hyaluronidase for 5 min at 37°C. The zygotes were transferred to fresh M16 medium covered with paraffin oil and cultured at 37°C under 5% CO2 atmosphere.

The PPT was dissolved in DMSO (concentrated at 10 mM) and diluted in M16 medium to produce a final concentration of 0.5, 1, and 2 nM, respectively. The concentration was due to the previous studies on the PPT (Jiang et al., 2020). And, the zygotes were continuously exposed to PPT until we collected for analysis.



Immunofluorescence Staining and Confocal Microscopy

The embryos were immobilized with 4% (w/v) paraformaldehyde in PBS 1 h and then permeabilized with 1% Triton X-100 (in PBS) for 15 min at room temperature, where after blocked by blocking buffer (1% BSA-addition of PBS) 1 h at room temperature. For anti-α-tubulin-FITC and anti-gamaH2A.X staining, embryos were incubated with primary antibodies (anti-α-tubulin-FITC, 1:100; anti-gamnaH2A.X, 1:200) overnight. The embryos were further incubated with corresponding secondary antibodies (Alexa Fluor 594 bound goat anti-rabbit antibody, 1:200) for 1 h at room temperature. Then, the embryos were stained with Hoechst 33342 (10 mg/mL in PBS) for 15 min and samples were mounted on glass slides. Finally, the embryos were examined with a confocal laser-scanning microscope (Zeiss LSM 800 META, Germany). Fluorescence intensity was analyzed by image J software. To avoid errors, the embryos of the treatment and control groups were sealed on a sheet of glass and scanned with the same parameters to standardize different replicates. Average fluorescence intensity per unit area of the target region was calculated using image J. When the fluorescence intensity is counted, the embryos with extremely strong and weak fluorescence intensity are excluded. The average fluorescence intensity of all embryos was used as the final average fluorescence intensity.



Detection of Reactive Oxygen Species (ROS)

We detected the reactive oxygen species (ROS) levels in embryos by DCFH diacetate (DCFHDA) kit (Beyotime, China). The living embryos were incubated with DCFH-DA (1:800) in fresh M16 medium for 15 min at 37°C in a 5% CO2 atmosphere, and then were transferred into preheated fresh M16 medium and washed three times. A fluorescence microscope (Zeiss LSM 800 META, Germany) was adopted to detect ROS fluorescent signals.



Annexin-V Staining of Embryos

The living embryos were incubated with Annexin-V-FITC (1:10) in a buffer solution (China Norway Zambia Biotechnology Co., Ltd.) for 20 min. A confocal fluorescence microscope (Zeiss LSM 800 META, Germany) was adopted to detect fluorescent signals.



Real-Time Quantitative PCR

We examined the mRNA expression of apoptosis-related genes by real-time quantitative PCR analysis. We collected 30 embryos for each group after 16 h of culture to extract the total RNA by a Dynabeads mRNA DIRECT kit (Invitrogen Dynal, AS, Norway). The first cDNA was produced by PrimeScript RT Master Mix (Takara, Japan). The expression of genes was determined by a fast-real-time PCR system (ABI Step One Plus) and the ΔΔCT method.



Statistical Analysis

All experimental data were obtained through at least three repeated experiments with result expression as means ± SEMs. Data are assessed using the GraphPadPrism5 software (GraphPad, San Diego, CA, United States) and t-tests were used for statistical comparisons. And a P-value < 0.05 was considered significant.




RESULTS


Effects of PPT on the Developmental Ability of Early Mouse Embryos

To investigate the toxic effects of PPT on mouse embryos, we first treated fertilized oocytes with different concentrations (0.5, 1, 2 nM) of PPT to observe the developmental status of two-cell embryos. As shown in Figure 1A, most embryos in the control group could reach the stage of two-cell (78.14 ± 5.83%, n = 116). There was no significant difference for the 0.5 nM PPT exposed group compared with the control group (71.82 ± 9.05%, n = 107, P > 0.05). However, in the 1 and 2 nM PPT groups, the percentage of two-cell embryos was significantly decreased compared to the control group (1 nM, 29.29 ± 5.32%, n = 120, P < 0.01; 2 nM, 26.80 ± 9.76%, n = 103, P < 0.05) (Figure 1B). Our results suggest that PPT could reduce the first cleavage competence to the two-cell stage in early mouse embryos. 1 nM PPT treatment was used for the following experiments.
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FIGURE 1. Effects of PPT on the first cleavage of fertilized oocytes in mice. (A) Representative images of two-cell embryo formation in the control group and PPT treatment group with different concentrations. Bar = 100 μm. (B) Percentage of two-cell embryos in the control and PPT treatment groups with different concentrations. *P < 0.05 and **P < 0.01.




PPT Affects Spindle Morphology and Chromosome Alignment at the First Cleavage of Early Mouse Embryos

For the purpose of exploring how PPT affects early embryo cleavage in mouse, we collected embryos at the metaphase stage of first cleavage to observe the spindle morphology. As shown in Figure 2A, most embryos in the control group had complete spindle organization and chromosome alignment. However, abnormal spindle morphology was observed in the embryos in the 1 nM PPT treatment group, which manifested as spindle disaggregation or multipolar spindle. Next, we calculated the abnormal rate of spindles in each group. The abnormal rate of embryonic spindles in the 1 nM PPT treatment group was significantly higher than that in the control group (95.56 ± 2.72%, n = 56, 1 nM PPT; vs 7.58 ± 3.14%, n = 39, control, P < 0.001; Figure 2B). In addition, the fluorescence intensity of tubulin in the 1 nM PPT group was significantly lower than that of the control group (16.20 ± 0.73, n = 36, 1 nM PPT; vs 25.13 ± 1.10, n = 27, control, P < 0.001; Figure 2C). Moreover, most embryos in the 1 nM PPT treatment group showed severe chromosome arrangement disorders (Figure 2D). And our statistical analysis data also confirmed this: the abnormal chromosomal arrangement rate of embryos in the 1 nM PPT group was significantly higher than that in the control group (96.24 ± 2.37%, n = 56, 1 nM PPT; vs 8.69 ± 3.61%, n = 36, control, P < 0.001; Figure 2E). These results indicate that PPT disaggregates the spindle and destroys the chromosome alignment during early mouse embryonic development.
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FIGURE 2. Effects of PPT on spindle morphology and chromosome alignment during the first cleavage of early mouse embryos. (A) The typical pictures of spindle morphology after PPT exposure during the first cleavage of early mouse embryos. Bar = 50 μm. (B) The rate of abnormal spindle morphology in the first cleavage of mouse embryos after PPT exposure. Compared with the control group, the abnormal rate of spindle in PPT (1 nM) group significantly increased. ***P < 0.001. (C) The fluorescence intensity of tubulin after PPT exposure in mice. Compared with the control group, the fluorescence intensity of spindle was significantly reduced in PPT (1 nM) group. ***P < 0.001. (D) The typical pictures of chromosome alignment after PPT exposure during the first cleavage of early mouse embryos. Bar = 50 μm. (E) The percentage of chromosome misalignment in the first cleavage of mouse embryos after PPT exposure. Compared with the control group, the percentage of chromosome misalignment was significantly increased in PPT (1 nM) group. ***P < 0.001, green, α-tubulin, blue, chromatin. Bar = 50 μm.




PPT Exposure Induces DNA Damage in Early Mouse Embryos

In order to further explore the toxic mechanism of PPT on the early embryonic development of mice, we used γH2A.X to detect the effect of PPT exposure on the DNA damage during the first cleavage of the embryos. As shown in Figure 3A, the immunofluorescence results showed that compared with the control embryos, there were strong positive signals of γH2A.X on the chromosomes of embryos in the 1 nM PPT group. The analysis of fluorescence intensity confirmed that the γH2A.X in the 1 nM PPT group was significantly higher than that in the control group (44.31 ± 5.66, n = 27, 1 nM PPT; vs 9.88 ± 0.92, n = 30, control, P < 0.001; Figure 3B). In addition, the percentage of embryos with the positive γH2A.X signals in the 1 nM PPT group was also significantly higher than that of the control group (88.64 ± 7.31, n = 34, 1 nM PPT; vs 21.82 ± 2.78, n = 32, control, P < 0.01; Figure 3C). These results suggest that PPT could cause DNA damage in mouse embryos during early cleavage.
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FIGURE 3. Effects of PPT exposure on the DNA damage of the first cleavage of early mouse embryos. (A) Typical pictures of DNA damage in embryos after PPT exposure. Green, γ-H2A.X; blue, chromatin. Bar = 50 μm. (B) The fluorescence intensity of γ-H2A.X after PPT exposure in mice. Compared with the control group, the fluorescence intensity of γ-H2A.X was significantly increased in PPT (1 nM) group. ***P < 0.001. (C) Percentage of γ-H2A.X positive signals after PPT exposure. Compared with the control group, the percentage of γ-H2A.X positive signals was significantly increased in PPT (1 nM) group. **P < 0.01.




PPT Exposure Induces Oxidative Stress in Early Mouse Embryos

Since previous studies showed that DNA damage increases the level of ROS in somatic cells, we next investigated whether PPT exposure could induce oxidative stress in early mouse embryos. We collected embryos in the first cleavage stage and stained them with DCFH-DA to explore the alteration of ROS level. The results of fluorescence staining showed that the ROS level of the PPT-exposed group was significantly higher than that of the control group (Figure 4A). The fluorescence intensity analysis of ROS also confirmed this point: as shown in Figure 4B, the fluorescence intensity of embryos in the 1 nM PPT group was significantly higher than that of the control group (16.08 ± 1.74, n = 36, 1 nM PPT; vs 3.99 ± 0.22, n = 43, control, P < 0.001). In addition, we explored the expression of several genes related to oxidative stress through RT-PCR. Compared with the control group, there were significantly increase for the expression of catalase (CAT) (1.00 vs 1.76 ± 0.15) and superoxide dismutase 1 (SOD1) (1.00 vs 1.48 ± 0.007), and a significantly decrease for the expression of superoxide dismutase 2 (SOD2) (1.00 vs 0.68 ± 0.03) in the 1 nM PPT-exposed group (Figure 4C). These results indicate that PPT exposure causes oxidative stress in early mouse embryos.
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FIGURE 4. Effects of PPT exposure on oxidative stress of the first cleavage of early mouse embryos. (A) Typical pictures of the ROS level in the embryos after PPT exposure. Bar = 150 μm. (B) The relative fluorescence intensity of ROS after PPT exposure in mice. Compared with the control group, the DCHF-DA fluorescence (green) of the embryos was significantly increased in PPT (1 nM) group. ***P < 0.001. (C) The expression of ROS-related genes in the PPT (1 nM) group and control group. ∗P < 0.05.




PPT Exposure Induces Apoptosis in Early Mouse Embryos

Since oxidative stress generally causes cell apoptosis, we then used live cell staining of Annexin-V to observe whether the embryos in the PPT-exposed group suffered from early apoptosis. As shown in Figure 5A, positive signals of Annexin-V were observed on the cell membrane of embryos in the 1 nM PPT-exposed group, while there were barely signals of Annexin-V in the control group. Compared with the control group, the percentage of positive apoptosis signals in the 1 nM PPT-exposed group was significantly increased (23.72 ± 4.49, n = 38, control; vs 63.48 ± 4.53, n = 36, 1 nM PPT, P < 0.01; Figure 5B). In addition, we explored the expression of several genes related to apoptosis through RT-PCR. Compared with the control group, the 1 nM PPT-exposed group embryos showed significantly increase for the expression of mTOR (1.00 vs 2.03 ± 0.16) and Bax (1.00 vs 1.86 ± 0.10) (Figure 5C). These results indicate that PPT exposure causes early apoptosis in early mouse embryos.
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FIGURE 5. PPT exposure induced apoptosis during early embryonic development in mice. (A) Typical pictures of apoptosis in the embryos after PPT exposure. Bar = 30 μm. (B) The relative fluorescence intensity of apoptosis after PPT exposure in mice. Compared with the control group, the apoptosis fluorescence (green) of the embryos was significantly increased in PPT (1 nM) group. ∗∗P < 0.01. (C) The expression of apoptosis-related genes in the PPT (1 nM) group and control group. ∗P < 0.05.





DISCUSSION

In this study, we explored the toxic effects of PPT exposure on early embryonic development in mice. Our results indicated that PPT was developmentally toxic to early mouse embryos, showing with disrupted spindle morphology and disordered chromosome arrangement during the first cleavage of fertilized oocytes. In addition, PPT could cause DNA damage and oxidative stress, which further induces early apoptosis in the early embryos.

To explore the effects of PPT exposure on early embryo development, we first treated the early embryos with different concentrations of PPT to observe the two-cell development rate. Our results showed that the disturbation on the embryo development increased with the higher PPT concentration. Studies have shown that PPT can affect oocyte maturation by destroying the structure of the spindle (Jiang et al., 2020). Combined with our preliminary results, it suggested that PPT was toxic to both oocyte and embryo development. In order to investigate the causes of abnormal cleavage by PPT exposure, we examined the spindle configuration and chromosome arrangement. The results showed that PPT could cause abnormal spindles in the first cleavage stage of early mouse embryos, as well as abnormal chromosome arrangement. This might be one reason for the reduced ratio of two-cell embryos. Studies have shown that PPT treatment can induce mitotic arrest and pro-apoptotic ER stress in lung cancer (Chen et al., 2013), indicating the disturbance of cell cycle. In addition, PPT acetate promotes cancer cell death through cell cycle arrest, ER stress, and autophagy (Choi et al., 2015). Therefore, our results indicated that PPT could affect the embryo’s first cleavage by causing abnormal spindle configuration and chromosome arrangement.

The endogenous DNA damage caused by DNA demethylation and replication errors in zygotes has been shown to frequently occur (Menezo et al., 2010; Wossidlo et al., 2010), and DNA damage affects the integrity of the embryo genome (Palou et al., 2017). Studies have shown that derivatives of PPT can cause DNA damage and apoptosis in breast cancer cells (Wang et al., 2018). And other toxins, such as zearalenone, can cause DNA damage during early embryogenesis in pigs (Xu et al., 2019). So, we next explored whether PPT caused DNA damage to early embryos in mice. The results showed that PPT exposure could lead to an increase in early embryonic γ-H2A.X in mice, indicating the occurrence of DNA damage in embryos. The effects of other environmental factors on the DNA damage in oocytes were widely reported, for example, HT-2 toxin exposure could induce DNA damage in mouse early embryos (Zhang et al., 2019), and this might be due to the defects of cell cycle factors, such as CHK1, since the disruption of these factors all could induce DNA damage in the early embryos (Ju et al., 2020).

When cells suffer from stress, low levels of ROS are beneficial, which promote adaptation to stress through signaling; however, high levels of ROS are harmful and promote oxidative stress in cells (Scialo et al., 2017). PPT has been shown to cause oxidative stress and apoptosis in porcine oocytes (Jiang et al., 2020). Mycotoxins, such as AFB1, deoxynivalenol, and HT-2 toxins, could also cause oxidative stress in oocytes and other cell types (Yang et al., 2014; Zhang et al., 2016; Lu et al., 2018). In addition, the excessive accumulation of histone H2A variant H2AX in cells undergoing DNA damage can increase the activity of NADP (H) oxidase (NOx), thereby increasing the level of ROS. Therefore, DNA damage can increase ROS levels (Rowe et al., 2008; Kang et al., 2012). Our results suggested that PPT led to the production of ROS in early embryos of mice, and the changes of ROS-related gene expression further confirmed the occurrence of oxidative stress. The environmental effects on the reproduction, especially on oocyte and embryo quality, are mostly reflected through ROS level, for example, MEHP exposure causes increased ROS and oxidative stress in mouse oocytes, which could be rescued by anti-oxidant drug melatonin (Zhang et al., 2018). Apoptosis is a complex process that is responsible for removing damaged cells from living organisms (Kerr et al., 1972). It is a programmed cell death related to the characteristic morphology and biochemical changes of cells (Majtnerova and Rousar, 2018). Studies have shown that 2,2′-,4,4′-tetrabrominated diphenyl ether (PBDE47) can induce oocyte apoptosis by inducing oxidative stress in mouse oocytes (Sun et al., 2020). In addition, studies have shown that Fipronil can cause a significant increase in the level of ROS in porcine oocytes and severe DNA damage, thereby causing cell apoptosis (Zhou et al., 2019). PPT derivative could induce apoptosis, cell cycle arrest, and autophagy in hepatoma HepG2 cells (Ren et al., 2018). And our results suggested that PPT induced oxidative stress in the embryo, which caused early apoptosis, and the changes in the expression of apoptosis-related genes further confirmed the occurrence of apoptosis. Similar results are reported in the deoxynivalenol and T-2 toxin exposure on oocyte and embryos, indicating the general toxic effects of these environmental endocrine disruptors on oocyte/embryo quality (Han et al., 2016; Zhu et al., 2016). Therefore, these data all confirm the toxicity of PPT on the early cleavage of mouse embryos.



CONCLUSION

Our results indicated that PPT exposure could destroy the spindle morphology and chromosome arrangement, and it also induced DNA damage-depended oxidative stress and early apoptosis, which led to early embryo cleavage defects in mice.
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Particulate matter (PM) is a general atmospheric pollutant released into the air by an anthropogenic and naturally derived mixture of substances. Current studies indicate that fine dust can result in different health defects, including endothelial dysfunction, asthma, lung cancer, cardiovascular diseases, uterine leiomyoma, deterioration in sperm quality, and overall birth impairment. However, the most prominent effects of PM10 (diameter < 10 μM) exposure on the female reproductive system, especially with respect to oocyte maturation, remain unclear. In the present study, maturing mouse oocytes were treated with PM10 and the phenotypes of the resulting toxic effects were investigated. Exposure to PM10 led to impairment of maturation capacity by inducing cell cycle arrest and blocking normal polar body extrusion during in vitro maturation and activation of fertilization of mouse oocytes. Additionally, defects in tubulin formation and DNA alignment were observed in PM10-treated oocytes during metaphase I to anaphase/telophase I transition. Moreover, PM10 induced reactive oxygen species generation, mitochondrial dysfunction, DNA damage, and early apoptosis. Taken together, these results indicate that PM10 exposure leads to a decline in oocyte quality and affects the subsequent embryonic development potential of mammalian oocytes.

Keywords: particulate matter, oocyte maturation, cell cycle arrest, polar body extrusion, time-lapse microscopy


INTRODUCTION

Particulate matter (PM) is a general atmospheric pollutant introduced into the air by an anthropogenic and naturally derived mixture of substances. These substances exist in various shapes and sizes and consist of a wide range of chemicals such as Cd, Ni, and Pb, which may vary across regions. Prior evidence indicates that PM of a minute size (diameter < 2.5 μM) can penetrate deep into the alveoli of lungs and can potentially enter the blood circulation, crossing the air–blood barrier; it is even capable of reaching other organs (Duan et al., 2017). High concentrations of NO2, SO2, and O3 in PM10 have been shown to increase infertility rates and incidence of miscarriage (Checa Vizcaino et al., 2016). The various intracellular toxic effects generated by PM10 are primarily due to an elevation in reactive oxygen species (ROS) levels in addition to the apoptosis resulting from DNA damage and hydroxyl radicals induced by the high iron content in PM10 (Alfaro-Moreno et al., 2002).

In human studies, long-term exposure to PM was found to result in the exacerbation of various diseases, including asthma (Evans et al., 2014), chronic obstructive pulmonary disease, lung cancer (Hamra et al., 2014), and cardiovascular diseases (Huttunen et al., 2012). Furthermore, PM is associated with an increased incidence of postnatal diseases, such as early age leukemia (Andrade et al., 2014), bronchiolitis in infants (Lanari et al., 2015), and childhood asthma (Perera et al., 2009). Other studies have also reported the effects induced by PM, including embryonic stage cellular toxicity and teratogenicity, in various mammalian species; moreover, its impact on human fetal development has also been documented (Manzo et al., 2010).

PM10 and PM2.5 have been shown to accelerate infertility by impacting germ cell development. When present as ambient air pollutants, PM10 and PM2.5 cause a decline in sperm quality, particularly in regard to concentration, motility, and abnormal morphology following a decrease in testosterone levels (Hammoud et al., 2010; Radwan et al., 2016). In females, cumulative average PM2.5 levels heighten the risk of uterine leiomyoma (Mahalingaiah et al., 2014). In addition, exposure to high concentrations of atmospheric particulate matter affects the overall pregnancy and birthing process, with adverse effects such as reduced birth weight (Kumar, 2016; Wylie et al., 2017) or delayed growth (Liu et al., 2007), abortion (Enkhmaa et al., 2014), and stillbirth (Siddika et al., 2016). Exposure to PM10, NO2, and CO leads to a consequent low pregnancy rate in the IVF cycle following a decreased probability of intrauterine implantation (Choe et al., 2018). In zebrafish embryos, PM exposure triggers an increase in mortality rate and malformations, with a concomitant reduction in hatching rate and body length caused by an induction of ROS generation and autophagy (Zhang et al., 2018). As prior research demonstrates, PM exposure may disrupt the overall duration of the developmental stage, including the meiotic process in the ovary as well as early embryogenesis and fetal growth during pregnancy. However, the effects of PM and the underlying mechanism of cellular toxicity during female oocyte maturation remain unclear.

In the present study, the toxic effect of PM10 during mouse oocyte maturation was evaluated. The rates of oocyte maturation, cell cycle arrest, and maturation-promoting factor (MPF) degradation were assessed at different concentrations of PM10. Spindle formation and DNA alignment at the metaphase I (MI) stage oocyte were examined. Furthermore, DNA damage, ROS levels, and mitochondrial function were analyzed following PM10 exposure to maturing oocytes. Based on our results, the role of PM as a risk factor in air pollution-impacted environments was hypothesized; we also proposed that female infertility by impacting the subsequent embryonic development potential of mammalian oocytes.



MATERIALS AND METHODS


Oocyte Collection, in vitro Maturation, and PM Treatment

All animal studies were approved and conducted according to the guidelines of the Animal Research Committee of Korea Research Institute of Bioscience and Biotechnology (KRIBB-AEC-19126). Germinal vesicle (GV) intact oocytes were collected from the ovaries of 6–8-week-old CD-1 mice and cultured in M16 medium (Sigma-Aldrich, St. Louis, MO) with an overlaying mineral oil layer at 37°C under 5% CO2.

For PM10 (#ERM-CZ120; Sigma Aldrich) treatment, oocytes were cultured in media supplemented with concentrated PM10. Before the experiment, PM10 was dissolved in M16 medium according to the experimental concentration (1, 5, and 10 mg/mL), and pre-warmed at 37°C at least overnight. Thereafter, only completely dissolved PM10 was obtained by filtration through a 0.22-μm filter. Oocytes were then cultured in PM, which was 100% soluble.



Parthenogenetic Activation

As described previously (Jo et al., 2019), mature oocytes that underwent cytokinesis and first polar body (PB) extrusion were activated in Ca2+-free Chatot–Ziomek–Bavister medium (Chatot et al., 1989) supplemented with 10 mM SrCl2 and overlaid with paraffin oil at 37°C under 5% CO2 conditions for 4 h. Oocytes were washed in potassium simplex optimization medium (KSOM; MilliporeSigma, Burlington, MA), and incubation continued at 37°C. To check the activation rate, oocytes that extruded the second PB were counted.



Microinjection and Time-Lapse Microscopy

Time-lapse imaging was performed for control and PM10-treated oocytes as described previously (Jo et al., 2016). mRNA was microinjected into the cytoplasm of a GV-stage oocyte using a microinjector (Eppendorf, Hamburg, Germany) for labeling cyclin B, tubulin, or DNA. For visualizing the MPF degradation pattern, cyclin B-GFP mRNA (300 ng/μL) was injected; for visualizing the chromosomes and spindle, H2B-mCherry mRNA (200 ng/μL) and tubulin-GFP mRNA (200 ng/μL) were injected, respectively. mRNA-injected oocytes were arrested for 3 h at the GV stage in M16 medium supplemented with 4 μM milrinone, with an overlaying mineral oil layer, at 37°C under 5% CO2 for subsequent mRNA expression analysis. Prior to live-cell imaging, oocytes were washed in M16 without milrinone five times and transferred into fresh M16 medium. Images were acquired at intervals of 5 min for 12 h using the EVOS M7000 Imaging System (Thermo Fisher Scientific, Waltham, MA), which was maintained at 37°C under 5% CO2 conditions.



Western Blotting

Fifty oocytes in each group were washed twice with PBS, lysed in 20 μL lysis buffer (20 mM HEPES, 150 mM NaCl, 2 mM EGTA, 1 mM EDTA, 20 mM glycerol phosphate, 1% Triton X-100, 4% SDS, 14.4 mM 2-mercaptoethanol, and 0.04% bromophenol blue), and then boiled at 100°C for 5 min. Protein samples were separated on a 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Millipore, MA, United States). The membrane was blocked in TBS containing 0.25% Tween 20 (TBST) and 5% BSA for 1 h, rinsed in TBST, and probed with an anti-cyclin B1 (1:1,000; #ab72; Abcam, Cambridge, United Kingdom), anti-CDK1 (1:500; #ab18; Abcam), and anti-α-tubulin (1:2000; #T5168; Sigma-Aldrich) antibodies at 4°C overnight. The blot was washed with TBST and subsequently incubated with horseradish peroxidase-conjugated secondary antibody. The membranes were visualized using an enhanced chemiluminescence detection reagent (SuperSignal West Pico Plus; Thermo Fisher Scientific) according to manufacturer’s instructions. The protein level were semi-quantified via densitometry using ImageJ software (version 1.47; NIH, Bethesda, MD; http://imagej.nih.gov/ij).



Real-Time RT-PCR

Poly(A) mRNAs were extracted from 50 oocytes using the Dynabeads mRNA Direct Micro Purification Kit (#61021, Thermo Fisher Scientific) according to the manufacturer’s protocol. Briefly, samples were lysed in 100 μL of lysis/binding buffer at room temperature for 10 min, after which 20 μL of Dynabeads Oligo (dT)25 was added to each sample. The beads were hybridized for 5 min and then separated from the binding buffer using a DynaMag-2 Magnet (Thermo Fisher Scientific). Bound poly(A) mRNAs and beads were washed with buffers A and B, and then separated by the addition of 10 μL of 10 mM Tris-HCl buffer. Poly(A) mRNAs were reverse-transcribed in a 20-μL reaction volume containing oligo(dT)20 primer, 5X RT buffer (containing 25 mM Mg2+), 10 U RNase inhibitor ReverTra Ace (Toyobo, Osaka, Japan), and a 10 mM mixture of dNTPs. Secondary RNA structure was denatured by incubating at 42°C for 60 min to facilitate cDNA generation. The reaction was terminated by incubation at 99°C for 5 min. The resulting cDNA was used as a template for PCR amplification with PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) on a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). The PCR cycling conditions were as follows: 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, (40 cycles)followed by extension at 72°C for 5 min. A housekeeping gene (18S RNA) was used as an internal standard for each group. Mouse primers were designed using Primer3 (http://bioinfo.ebc.ee/mprimer3). The primer sequences are listed in Supplementary Table S1.



Immunostaining

Oocytes were fixed in 3.7% paraformaldehyde dissolved in polyvinyl alcohol in PBS (PVA-PBS) for 30 min at room temperature or overnight at 4°C. For permeabilization, fixed oocytes were transferred into 0.5% Triton X-100 for 1 h at room temperature. After blocking in 1% BSA in PBS for 1 h, oocytes were stained with the primary antibodies rabbit anti-phospho-Histone H2A.X (1:200; #9718T; Cell Signaling Technology, Danvers, MA) and mouse anti-pericentrin (1:200; #611814; BD Biosciences, Franklin Lakes, NJ) at 4°C overnight. After washing the oocytes three times with PVA-PBS, they were labeled with secondary antibodies Alexa Fluor 594 goat anti-rabbit and Alexa Fluor 488 goat anti-mouse (1:200; #A11012; #A11001, respectively; Thermo Fisher Scientific) at room temperature for 2 h. For spindle staining, the oocytes were incubated with mouse monoclonal FITC-conjugated anti-α-tubulin antibody (1:200; Sigma-Aldrich) for 2 h at room temperature. Stained oocytes were washed extensively with PVA-PBS and incubated with Hoechst 33342 (10 μg/mL; #B2261; Sigma-Aldrich) for 20 min. After washing, the samples were mounted on glass slides in Vectashield containing DAPI (Vector Laboratories, Burlingame, CA) and observed under a fluorescence microscope (Zeiss, Oberkochen, Germany).



Comet Assay and Annexin V Staining

Comet assays were conducted using the OxiSelect Comet Assay Kit (#STA-350; Cell Biolabs, San Diego, CA) according to manufacturer’s instructions. The comet assay tail length was calculated using ImageJ. To investigate the rate of early apoptotic oocytes, annexin V staining was conducted for 20 min in the dark after washing the oocytes in PVA-PBS. According to the protocol, oocytes were incubated in 90 μL binding buffer containing 10 μL Annexin V-FITC (Vazyme Biotech Co., Ltd., Nanjing, China). After washing three times with PVA-PBS, oocytes were mounted on a slide glass and the fluorescence signal was immediately examined using a fluorescence microscope (DMi8; Leica Microsystems, Wetzlar, Germany).



ROS, Glutathione (GSH), and Cathepsin B Staining

To determine the levels of intracellular ROS and GSH in living oocytes, oocytes were stained for 30 min in PVA-PBS containing 10 μM 2´,7´-dichlorodihydrofluorescein diacetate (H2DCFDA; Invitrogen, Carlsbad, CA) or 4-chloromethyl-6,8-difluoro-7-hydroxycoumarin (CMF2HC; Invitrogen), respectively, at 37°C. After incubation, oocytes were washed three times and then transferred into PVA-PBS droplets and covered with mineral oil. Fluorescence signals were observed using a fluorescence microscope (DMi8). ROS and GSH levels were quantified by determining the fluorescence intensity in the cytoplasm of the oocytes using ImageJ. For measuring cathepsin B activity, oocytes were stained according to the Magic Red Cathepsin B Assay Kit (Immunochemistry Technologies LLC, Bloomington, MN) protocol. The same procedure was used for all replicated groups. The obtained intensity data were normalized by subtracting the background intensity from each oocyte size and dividing by the mean value of the control groups. All experiments were repeated at least three times and the number of analyzed oocytes are indicated in the figures.



JC-1 and MitoSOX Staining

For JC-1 or MitoSOX staining, Metaphase II (MII)-stage oocytes in the control and PM-treated groups were incubated in PVA-PBS medium containing 2.5 #x00B0;M 5,5´,6,6´-tetrachloro-1,1´,3,3´-tetraethyl-imidacarbocyanine iodide (JC-1; cat #M34152; Invitrogen) or 5 mM MitoSOX red (Life Technologies, Carlsbad, CA), respectively, at 37°C in 5% CO2 for 30 min. After the washing step, oocytes were transferred into a PVA-PBS droplet for imaging using a fluorescence microscope (DMi8). The mitochondrial membrane potential (ΔΨm) was determined by calculating the ratio of the fluorescence intensity of the activated mitochondria (J-aggregates; red)] to that of the J-monomer (green). The relative intensity of MitoSOX staining was quantified by measuring the mean value in ImageJ at the same time as exposure to the fluorescence laser.



Statistical Analysis

All experiments in the present study were replicated at least three times for each treatment or imaging study. Statistical analyses were performed using Welch’s t-test, Pearson’s chi-square test, Fisher’s exact test, or analysis of variance, followed by Tukey’s multiple comparisons of means with R software (R Development Core Team, Vienna, Austria). Data are expressed as the mean ± SEM, and differences were considered statistically significant at P < 0.05.



RESULTS


PM10 Induces Defects in Oocyte Maturation and Activation of Mature Oocytes

To investigate the effect of PM10 on asymmetric cell division and first PB extrusion, we treated maturing oocytes with PM10. To our knowledge, there are no prior studies on PM10-induced defects in mammalian oocytes; thus, we evaluated the effect of PM10 exposure at different concentrations as shown in Figure 1A. The PB extrusion rate of oocytes decreased and the number of metaphase I-arrested oocytes increased in a PM10 dose-dependent manner (Figures 1B,C). In addition to failed meiotic cell division, PM10-treated mature oocytes extruded large PBs, or there was a segregation into two PBs, and showed a decreased MII formation rate comparison with that of control oocytes (Figure 1D).
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FIGURE 1. Effect of particulate matter (PM10) exposure on mouse oocyte maturation and activation rate. (A) Timeline for the experimental schedule of PM10 treatment. (B) Germinal vesicle (GV) oocytes were cultured at the indicated PM10 concentrations for 12 h. PB (polar body) extrusion failed after PM10 exposure. The yellow asterisks indicate oocytes arrested at MI. (C) Percentage of oocytes in each stage after maturation (12 h) of control (0 mg/mL) and PM10-treated oocytes. (D) MII rate was calculated as the formation of one normal PB in the oocyte. (E) Impairment of activation after PM10 exposure during in vitro maturation. Yellow asterisks indicate failed second PB extrusion in the oocyte at 2.5 h after Srcl2 treatment. (F) Activation rate of control and PM10-treated MII oocytes. ***P < 0.001. n indicates the total number of cultured oocytes. Scale bars = 50 μm.


The normal second PB extrusion of mature oocytes is an important indicator of whether oocytes are capable of fertilization. Therefore, the activation rate was investigated by counting the second PB extruded by oocytes in control and PM10-treated oocytes. After 2.5 h, the percentage of activated oocytes significantly decreased in the PM10 treatment groups (5 and 10 mg/mL) compared with the control (Figures 1E,F). Taken together, these results indicate that exposing oocytes to PM10 adversely affects cytokinesis as well as normal PB formation during maturation and activation, even during the first meiotic division.



PM10 Exposure Induces Cell Cycle Arrest During MI–ATI Transition by Delaying Cyclin B Degradation

Given that cytokinesis failed in PM10-treated oocytes, we evaluated MPF levels to determine the effect of PM10 exposure on MI–ATI transition during oocyte maturation. Time-lapse microscopy was performed to monitor the MPF degradation pattern after injecting cyclin B-GFP mRNA (Figure 2A). The intensity of cyclin B-GFP rapidly decreased in the control oocytes at 9.5 h during the anaphase–telophase transition (Figures 2A,B, and Supplementary Movie 1). The decrease in cyclin B-GFP intensity was delayed or not observed in the PM10 exposure group, although some oocytes with PB extrusion underwent cyclin B degradation (Figures 2A,B, and Supplementary Movie 2). Also, PM10 exposure oocytes failed accumulation of cyclin B during the pre-MI (Figure 2B).
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FIGURE 2. PM10 treatment delays anaphase transition timing during mouse oocyte maturation. (A) Time-lapse microscopy of maturing control (0 mg/mL) and PM10 (5 mg/mL)-treated oocytes. Cyclin B, green; DNA, red. The full time lapse recording can be seen in Supplementary Movie 1 and 2. Scale bar = 20 μm. (B) The fluorescence intensity of cyclin B-GFP normalized at maturation of oocytes undergoing meiotic division. Data are presented as the mean ± SEM. Experimental replicate three times. Sample sizes (n) are indicated. (C) Western blotting of cyclin B and Cdk1 (MPF subunits) in ATI stage oocytes. Oocytes were sampled at 9 h after maturation. (D) Relative protein expression levels of cyclin B and CDK1. Cyclin B protein was degraded at the ATI stage in control oocytes, but was maintained in the PM10 group. The experiment was performed three times. *P = 0.0184. N.S., not statistically significant (P > 0.05).


Next, we measured the protein levels of cyclin B1 and CDK1, which are MPF subunits. Oocytes were sampled at 9 h after meiotic resumption to determine cyclin B1 protein levels. In PM10-treated oocytes, cyclin B1 was not degraded, whereas protein levels in the control oocytes were decreased, as evidenced by western blotting (Figure 2C). Moreover, the relative intensity of cyclin B1 protein levels normalized to α-tubulin was significantly increased in the PM10-treated group compared with the control (Figure 2D). The relative intensity of CDK1, the non-degradable subunit of MPF, did not significantly differ between the control and PM10-treated groups (Figure 2D). Thus, the results indicate that PM exposure disrupts the accumulation and/or degradation of cyclin B1 during pre-MI and MI–ATI transition.



PM10 Exposure Results in Abnormal Spindle Formation and Impairs Chromosome Alignment

We then investigated whether the toxic effects of PM impair meiotic spindle formation during the early stages of oocyte maturation. Oocytes were injected with tubulin-GFP and H2B-mcherry to label microtubules and chromatin, respectively, and time-lapse microscopy was performed from meiotic resumption to the MI stage (0–8 h). PM10 exposure disrupted barrel-shaped spindle formation and caused DNA misalignment (Figure 3A, yellow arrows; Supplementary Movies 3,4). However, after meiotic resumption in the control group, microtubules accumulated at 3–5 h, chromosomes aligned at the oocyte center at 6 h, and the normal meiotic spindle formed.
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FIGURE 3. PM10 exposure induces defects in spindle assembly and chromosome alignment in mouse oocytes. (A) Time-lapse microscopy of maturing control and PM10-treated oocytes. The Spindle, green fluorescence. Yellow arrows indicate misaligned chromosome. (B) Defective spindle morphology and chromosome alignment are shown. Oocytes were fixed at 8 h after meiotic resumption. Green; spindle, and DNA was counterstained using Hoechst 33342 (blue). (C) The percentage of abnormal spindle formation. (D) Quantification of the distance between chromosomes. (E) Localization of pericentrin 8 h after meiotic resumption. Yellow arrows indicate scattered pericentrin. (F) Quantification of the abnormal rate of mislocalized pericentrin. Experimental replicate (N) and n sample size are indicated. ***P < 0.001. Scale bars = 20 μm.


To calculate the rate of abnormal spindle formation in the control and PM10-treated groups, α-tubulin immunostaining was performed at 8 h after meiotic resumption. Compared with the control oocytes that formed normal barrel-shaped bipolar spindles at the MI stage (Figure 3B), PM10-treated oocytes had significantly increased rates of abnormal meiotic spindle formation, showing scattered or monopolar morphology (Figures 3B,C). The ratio of misaligned chromosomes in MI-stage control and PM10-treated oocytes was measured by determining the aligned chromatin width (Figures 3B,D, 4A). PM10-exposed oocytes exhibited significantly increased inter-chromatin distances compared with that of control (Figure 3B, white line; Figure 3D). These results indicate that PM10 induces incomplete meiotic spindle formation and chromosome misalignment. During oocyte maturation, the meiotic spindle is generated from the acentriolar microtubule-organizing center (aMTOC) localized at the spindle pole (Schuh and Ellenberg, 2007). Thus, to elucidate the spindle defects and chromosome misalignment induced by PM exposure, we investigated pericentrin, a marker of aMTOC. Pericentrin was localized at both ends of the meiotic spindle in control oocytes, as confirmed previously (Clift and Schuh, 2013; Adhikari and Liu, 2014; Lee et al., 2018). However, in PM10-exposed oocytes, pericentrin was scattered within the cytoplasm (Figures 3E,F). Thus, PM exposure impairs aMTOC localization, resulting in abnormal spindle formation and chromosome misalignment.



PM10 Treatment Triggers DNA Damage and Early Apoptosis During Mouse Oocyte Maturation

To examine whether PM10 induces DNA lesions during oocyte maturation, we determined phosphorylated H2A.X levels in the control and PM10-exposed oocytes via immunostaining. γH2A.X was abundant in the chromatin of PM10-treated oocytes (Figure 4A). Plot profile data revealed that the γH2A.X fluorescence signal was accumulated and amplified, and consequently stronger in the PM10-treated oocytes than in the control (Figure 4B). Moreover, the normalized intensity of γH2A.X was significantly increased in the PM10 group compared with controls (Figure 4C). DNA comet assay results also showed that DNA damage was markedly increased, with a significantly longer comet tail length in the PM10-exposed oocytes than in controls (Figures 4D,E). These results indicate that exposure to PM10 triggers DNA damage, which may result in cell apoptosis. To test this, we performed annexin V-FITC staining and found that PM10 exposure induced early apoptosis in oocytes (Figures 4F,G). To obtained clear signals, we removed the zona pellucida of the oocytes using Tyrode’s solution. Annexin V-positive oocytes, which displayed green fluorescence in the external cell membrane of oocyte regardless of zona pellucida presence, were markedly increased in the PM10-treated group compared with control (Figure 4G). These results indicate that PM10 exposure triggers chromosome and DNA damage, resulting in early apoptosis.
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FIGURE 4. PM10 exposure induces DNA damage and early apoptosis in mouse oocytes. (A) DNA damage after PM10 treatment in chromosomes of an MI stage oocyte. (B) Plot profile of H2A.X. fluorescent signal as indicated by the white line in (A). (C) Relative fluorescent intensity levels of H2A.X. (D) Comet assay for assessing DNA damage in MI stage oocytes. Control oocytes show slight DNA damage, whereas PM10-exposed oocytes show notable DNA damage. (E) Relative tail length of control and PM10-treated groups. (F) Early apoptosis evaluated by annexin V staining of zona-free MI stage oocytes. Yellow arrowheads indicate annexin V-positive oocytes. Scale bar = 40 μm. (G) Percentage of annexin V-positive control and PM10-treated oocytes. Experimental replicates (N) and n sample sizes are indicated in (C), (D), and (F). ***P < 0.001.




PM10 Exposure Induces ROS Generation, Decreases GSH Levels, and Augments Cathepsin B Activity

To elucidate how PM induces defects in mouse oocyte maturation, we evaluated intracellular ROS generation, GSH levels, and cathepsin B activity in control and PM10-treated oocytes after 12 h of meiotic resumption (Figure 5A). ROS levels were determined by performing a DCFH fluorescence reaction. The relative fluorescence intensity of ROS was significantly higher in the PM10-treated oocytes than in control oocytes (Figures 5A,B). In contrast, normalized GSH fluorescence intensity was significantly lower in the PM10-treated group than in the control (Figures 5C,D). Finally, activated cathepsin B was analyzed, with the normalized results showing a significant increase in PM10-treated oocytes compared with control oocytes (Figures 5E,F). Real-time RT-PCR of oocytes subjected to 12 h of PM10 demonstrated that major intracellular antioxidant enzyme-related genes (Cat and Gpx1) were significantly increased in the PM10 treatment group compared with control (Figure 5G).
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FIGURE 5. PM10 treatment effects on ROS level, GSH level, and cathepsin B activity during mouse oocyte maturation. (A,C,E) Effect of PM10 exposure on ROS generation (A), GSH levels (B), and cathepsin B activity (E). Oocytes were examined 12 h after maturation. Scale bar = 50 μm. (B,D,F) Normalized relative intensity of ROS (B), GSH (D), and cathepsin B activity (F) Experimental replicates (N) and n values are indicated. (G) Relative mRNA expression of intracellular antioxidant enzyme-related genes at 12 h after meiotic resumption. Experiments were performed in triplicate and replicated three times with similar results; 20 oocytes were used for each repetition. ***P < 0.001.




PM10 Exposure Leads to Mitochondrial Dysfunction and Mitochondrial ROS Accumulation

Because intracellular oxidative stress generally induces mitochondrial dysfunction, the mitochondria membrane potential—an indicator of oocyte cytoplasmic maturation—was evaluated by JC-1 staining. As shown in Figure 6A, the high membrane potential signal (red; J-aggregates) was markedly lower in the PM10 exposure group than in the controls; however, no difference was observed in terms of J-monomer signal (green). ΔΨm (ratio of J-aggregates/J-monomer) was significantly reduced in the PM10-treated oocytes compared with controls (Figure 6B). To measure mitochondrial ROS levels, we carried out MitoSOX red staining, which is an indicator of mitochondrion-specific superoxide expression generated by ATP production. The relative fluorescence intensity of MitoSOX red was significantly increased in the PM10-exposed oocytes than in the controls (Figures 6C,D). Taken together, these results show that the PM10 treatment induces mitochondrion-derived superoxide dysfunction as well as intracellular ROS generation during oocyte maturation. Real-time RT-PCR of 12-h PM10-exposed oocytes demonstrated that pro-apoptosis-associated genes (Bax and Casp3) and mitochondrial apoptosis-related gene (Cycs) were significantly upregulated, while the anti-apoptosis-associated gene Bcl2l1 was significantly downregulated in the PM10 treatment group compared with control (Figure 6E).
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FIGURE 6. Effect of PM10 exposure on mitochondrial dysfunction and oxidative stress. (A) JC-1 staining to determine mitochondrial membrane potential. Oocytes were stained 12 h after maturation. Scale bar = 50 μm. (B) Mitochondrial membrane potential levels were determined by measuring ΔΨm (red/green). (C) Mitochondrion-specific superoxide was detected by MitoSOX red staining in the zona-free oocytes. Scale bar = 40 μm. (D) Relative MitoSOX fluorescent intensity. Experimental replicates (N) and n values are indicated in (B) and (D). (E) Relative mRNA expression of the anti-apoptotic gene BCL-XL, the pro-apoptotic genes BAX and caspase3, and the mitochondrial apoptotic gene CYCS using a matured oocyte from the indicated groups. Experiments were performed in triplicate and replicated three times with similar results; 20 oocytes were used for each repeat. ***P < 0.001.




DISCUSSION

Atmospheric PM (particulate matter; also termed fine dust) pollution is associated with adverse health effects in humans. Previous studies have shown that PM exposure can lead to infertility by disrupting normal reproductive processes such as spermatogenesis, fertilization, and trophoblast invasion, as well as angiogenesis during pregnancy (Perin et al., 2010; van den Hooven et al., 2012; Soto et al., 2017; Jurewicz et al., 2018; Familari et al., 2019), in addition to its adverse effects on fetal health (Veras et al., 2010). Female infertility rates have been increasing and atmospheric PM is one of the major contributing factors. Indeed, in human IVF cycle data, the association between increased ambient concentrations of PM and reduced pregnancy rates suggests that PM adversely affects the female reproductive system (Choe et al., 2018). PM exposure in female mice was also found to induce cellular damage in granulosa cells and oocytes following induction of abnormal ovarian ultrastructure.

Although it has been previously shown that PM pollution impacts the reproductive system, several factors remain unclear, including the effect of PM on female meiosis, occurring in the ovary in vivo, and the specific mechanism underlying the toxic phenotype. Therefore, the present study was conducted to investigate the toxic effect of PM10 on female reproductive cells during meiotic division (oocyte maturation). We found that cytokinesis decreased in PM10-exposed oocytes in a dose-dependent manner with increased abnormal PB formation (large-sized PBs such as those seen at the two-cell stage or a PB segregated into two). The ratio of normal MII oocytes also decreased even though cytokinesis occurred. Furthermore, PM10-treated oocytes failed to activate after SrCl2 treatment and second PB extrusion. Thus, PM10-treated oocytes fail to undergo fertilization and further embryonic development.

The activity of MPF, a complex of cyclin B1 and CDK1, is a key regulator of MI–MII transition during meiosis (Doree and Hunt, 2002; Adhikari et al., 2012). MPF levels increase after meiotic resumption and are maintained during metaphase. MI to ATI transition is permitted after MPF levels are reduced via cyclin B1 degradation (Josefsberg et al., 2001). Here, we found that PM exposure induces cell cycle arrest in maturing oocytes by blocking the degradation of cyclin B1. Similarly, evidence regarding alteration of cell cycle by PM exposure also supports the PM-induced arrest of G2/M phase and regulation of spindle organization (Longhin et al., 2013; Wu et al., 2017). Therefore, exposure to PM can arrest oocyte maturation at the metaphase stage and may regulate maturation such as spindle organization.

During meiosis, cell cycle arrest results from failure in formation of the barrel-shaped bipolar spindle and the spindle assembly checkpoint, which is involved in oocyte MI–ATI transition, DNA damage response, apoptosis, etc. (Wei et al., 2010; Palou et al., 2017; Ruan et al., 2018). During the early stage of meiotic spindle formation, the aMTOC gathers at the spindle pole and initiates microtubule assembly. Here, PM exposure resulted in the scattering of pericentrin in oocytes as they failed to accurately localize. Formation of the barrel-shaped spindle was thus disrupted and abnormal tubulin formation significantly increased. Abnormal spindle formation fails to capture the chromosomes and align at the equatorial plate of the oocyte cytoplasm, delaying cytokinesis (Lee et al., 2018). Subsequently, the spindle assembly checkpoint may activate or block meiosis at the pre-MI stage (Marangos et al., 2015). Concurrent with chromosome misalignment, DNA damage and early apoptosis rates increased in PM-exposed oocytes. Due to the toxic effects of PM, cell cycle arrest blocks subsequent pathways, eventually decreasing MPF levels via cyclin B1 degradation following inactivation of the anaphase-promoting complex/cyclosome.

In the present study, intracellular ROS levels increased during oocyte maturation in the presence of PM. Although ROS is reported to play an important role in mammalian oocyte maturation and embryo development (Kala et al., 2017), studies have shown that PM induces increased ROS generation, which leads to mitochondrial damage within various cells, thereby increasing the intracellular inflammatory response (Ovrevik et al., 2015; Liu et al., 2020). There is a delicate balance in the mitochondria between ROS generation and scavenging to maintain ROS homeostasis (Pan et al., 2009). A complex antioxidant defense system within cells relies on endogenous and non-enzymatic antioxidants to scavenge free radicals, reducing their damaging effects to important biomolecules; representative antioxidant enzymes include catalase, glutathione peroxidase 1 (GPx1), and superoxide dismutase (He et al., 2017). Catalase, a common antioxidant enzyme present in almost all living tissues that utilize oxygen, efficiently breaks down millions of H2O2 molecules per second. Catalase regulates ROS levels in oocytes through their transition to embryos via its antioxidant enzymatic activity (Cetica et al., 2001; Park et al., 2016). GPx, an important intracellular enzyme that breaks down H2O2 into water, is a protective enzyme that is central to GSH synthesis and was shown to be present in mature MII mouse oocytes as well as in failed-to-fertilize human MII oocytes (El Mouatassim et al., 1999). Here, CAT and GPX1 mRNA levels were significantly elevated by PM. These results indicate that the PM-induced increase in ROS levels during oocyte maturation enhanced the expression of antioxidant enzymes. Moreover, PM-induced ROS generation in the mitochondria resulted in various types of damage during oocyte maturation; indeed, the expression of mitochondrial apoptosis-related genes, such as Cycs, Bax, Bcl2l1, and Casp3, was confirmed. Mitochondrial cytochrome c release occurs during DNA fragmentation, while caspase-3 activation is correlated with the release of cytochrome c from local mitochondria and can be prevented by BCL-2 overexpression (Garrido et al., 2006). Therefore, excessive exposure to PM inhibits oocyte maturation; moreover, the results of the present study indicate that various types of PM generated by environmental pollutants, such as vehicle exhaust emissions, directly affect mammalian germ cells.

PM is a mixture of diverse components found in the air that can be categorized according to its source: coal burned for electricity, industrial fuel, manufacturing processes, oil refining, and motor vehicles. The fine dust employed in the present study was collected from tunnel walls; therefore, the effect of PM from vehicles and urban dust on female meiosis was studied. As the present study is the first to investigate PM exposure during mammalian oocyte maturation, various doses of PM were evaluated, in particular, the 5 mg/mL concentration. However, the material employed and the method of PM induction differ, including where/how to capture the PM, sample dilution, treatment according to cell type, etc. Therefore, future experiments should be conducted with caution.



CONCLUSION

In conclusion, we demonstrated the toxic effects and mechanism of PM10 exposure in maturing mouse oocytes. PM10 exposure induces cell cycle arrest during MI-ATI transition by blocking MPF degradation. Defects in spindle formation and chromosome alignment occurred after the PM10-induced DNA damage and apoptosis. This may potentially result in genetic disorders as a consequence of asymmetric chromosome division. ROS accumulation and mitochondrial dysfunction were also seen following PM10 exposure. Thus, exposure to PM during mammalian oocyte maturation disrupts oocyte quality and can lead to female infertility by inhibiting developmental potential. Further experiments are needed to investigate the toxic effect of PM on IVF, early embryogenesis, and implantation.
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Overweight or obese women seeking pregnancy is becoming increasingly common. Human maternal obesity gives rise to detrimental effects during reproduction. Emerging evidence has shown that these abnormities are likely attributed to oocyte quality. Oxidative stress induces poor oocyte conditions, but whether mitochondrial calcium homeostasis plays a key role in oocyte status remains unresolved. Here, we established a mitochondrial Ca2+ overload model in mouse oocytes. Knockdown gatekeepers of the mitochondrial Ca2+ uniporters Micu1 and Micu2 as well as the mitochondrial sodium calcium exchanger NCLX in oocytes both increased oocytes mitochondrial Ca2+ concentration. The overload of mitochondria Ca2+ in oocytes impaired mitochondrial function, leaded to oxidative stress, and changed protein kinase A (PKA) signaling associated gene expression as well as delayed meiotic resumption. Using this model, we aimed to determine the mechanism of delayed meiosis caused by mitochondrial Ca2+ overload, and whether oocyte-specific inhibition of mitochondrial Ca2+ influx could improve the reproductive abnormalities seen within obesity. Germinal vesicle breakdown stage (GVBD) and extrusion of first polar body (PB1) are two indicators of meiosis maturation. As expected, the percentage of oocytes that successfully progress to the germinal vesicle breakdown stage and extrude the first polar body during in vitro culture was increased significantly, and the expression of PKA signaling genes and mitochondrial function recovered after appropriate mitochondrial Ca2+ regulation. Additionally, some indicators of mitochondrial performance—such as adenosine triphosphate (ATP) and reactive oxygen species (ROS) levels and mitochondrial membrane potential—recovered to normal. These results suggest that the regulation of mitochondrial Ca2+ uptake in mouse oocytes has a significant role during oocyte maturation as well as PKA signaling and that proper mitochondrial Ca2+ reductions in obese oocytes can recover mitochondrial performance and improve obesity-associated oocyte quality.
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INTRODUCTION

Obesity or diabetes induced by high sugar and fat diets are occurring at epidemic rates worldwide (Pan et al., 1997). Many researches have suggested that obesity has detrimental effects on female reproduction—obese women take longer to conceive, even if ovulation cycle regular, and have a higher risk of miscarriage, preeclampsia, and congenital defects in offspring (Pan et al., 1997; Krishnamoorthy et al., 2006; Grindler and Moley, 2013). Previous studies have also shown that type I diabetes can decrease mammalian oocyte quality severely (Pan et al., 1997; Grindler and Moley, 2013), and oocyte maturation and ovulation rates for type I diabetics are considerably lower than those of healthy controls (Wang et al., 2012). These phenomena suggest that defects in oocyte quality contribute to damaged fecundity caused by obesity or diabetes.

Mitochondria are the most abundant organelles in mammalian oocytes and early embryos (Dumollard et al., 2003). They are the main cellular energy producers maintaining the reproductive process. Emerging evidences have suggested that mitochondria provide cellular energy critical for oocyte meiosis progression (Van Blerkom, 2011; Gibson et al., 2005). Mitochondrial dysfunction in oocytes from obese or diabetic mice is associated with poor fertilization rates and abnormal embryo development (Wang et al., 2009). As mitochondria are maternally inherited (Wang et al., 2009), no new mitochondrial could be produced until early preimplantation embryo stage. Research has focused on enhancing mitochondrial functionality to improve oocytes quality. Studies on improving obese mouse oocyte quality have reported that transplantation of mitochondria from healthy mouse oocytes into obese ones can increase oocyte quality and enhance mitochondrial functionality in their offspring (Kristensen et al., 2017). The treatment of some antioxidant drugs—such as glutathione, melatonin, and resveratrol—can ameliorate oocyte maturation by recovering damaged mitochondrial performance (Boots et al., 2016; Han et al., 2017). These results indicate that the activity of mitochondria plays a key role in maintaining oocyte quality.

Calcium (Ca2+) is a second messenger that mediates many physiological processes—such as differentiation, apoptosis, and oxidative stress. Calcium signaling homeostasis plays an important role in maintaining cellular processes. Evidence suggests that Ca2+ dysregulation can give rise to neurodegenerative diseases through oxygenated stress damage (Penna et al., 2018). Previous studies have shown that both endoplasmic reticulum and mitochondria were primary Ca2+ stores which maintained cellular calcium homeostasis (Wang et al., 2017). Mitochondrial Ca2+ homeostasis controls several biological processes in the cell (Paillard et al., 2017), and the accumulation of mitochondrial Ca2+ may alter mitochondrial morphology, redox state, and ATP production (Han et al., 2017). Previous research showed that oocytes from obese mice exhibit higher mitochondrial Ca2+ levels (Zhao et al., 2017), which is consistent with our study in diabetes and aged mice (unpublished data). These oocytes have shown impairment of meiotic maturation and exhibited many of the characteristics recently observed in the obese, diabetic, or aged mice (Ben-Meir et al., 2015; Hou et al., 2016). However, from current studies, it is not clear whether mitochondrial Ca2+ overload is attributable to problems that arise in the obesity, diabetes, or aged mice oocytes. The role of mitochondrial Ca2+ overload in regulating oocyte quality and meiosis maturation is still unknown.

More recently, it has been shown that Ca2+ can also play a central role in triggering some controlled pathway of mitochondrial function. As a result, oocyte mitochondria produce less ATP and more reactive oxygen species (ROS) that can damage multiple components of the cell including DNA, RNA, proteins, and lipids and, thereby, perturb diverse biological processes—such as cell metabolism, apoptosis, and aging. ATP is an important indicator of mitochondrial function, and ATP deficiency resulting from mitochondrial dysfunction may be a common denominator for an array developmental defects (Kahn et al., 2005; May-Panloup et al., 2007).

Previous research showed that ATP concentration can affect the AMP-activated protein kinase (PKA) signaling pathway and has a relationship with PKA phosphorylation in somatic cells (Kahn et al., 2005). The PKA signaling pathway is sensitive to the AMP/ATP ratio in mouse oocytes (Bertoldo et al., 2015). PKA has been shown to improve resumption of oocyte meiosis in mice (Chen and Downs, 2008; Reverchon et al., 2013), however, the interactions between mitochondrial Ca2+ and PKA signal during oocyte maturation remain unclear.

In addition, the mitochondrial Ca2+ uniporter (MCU) mediates the calcium-dependent physiological stimulation of oxidative reactions to avoid mitochondrial Ca2+ overload and cell death (Patron et al., 2014). As an indispensable component of the MCU complex, the calcium-sensing protein Micu1 acts as a gatekeeper to avoid mitochondrial Ca2+ overload (Paillard et al., 2018). A previous study showed that Micu1 deletion increases mitochondrial Ca2+ concentration, and that Micu2 has a similar effect in regulating mitochondrial Ca2+ homeostasis in HeLa cell (Csordas et al., 2013). Extruding Ca2+ from the mitochondrial matrix occurs primarily through a mitochondrial Na+/Ca2+ exchanger (NCLX) (Luongo et al., 2017). Recent studies have indicated that damaged NCLX activity leads to mitochondrial Ca2+ overload and defects in mitochondrial function (Luongo et al., 2017).

In this study, we established two mouse oocytes models: (1) knockdown of Micu1 or Micu2 and (2) knockdown of NCLX. The aim of this study was to determine whether mitochondrial calcium homeostasis plays an important role in meiotic resumption and whether impaired oocyte mitochondrial function can be improved by decreasing mitochondrial Ca2+ concentration.



MATERIALS AND METHODS


Ethics Statement

All chemicals were purchased from Sigma Chemical Co (St Louis, MO, USA) unless otherwise stated. All animal manipulations were performed according to the guidelines of the Animal Care and Use Committee. The present study was approved by the Institutional Animal Care and Use Committee of China Agricultural University (AW01040202-1).



Generation of Obese Mice

Obese mice and oocyte harvesting were carried out as previous reported (Zhao et al., 2017). CD-1® (ICR) female mice (3 week-old) were purchased from the Beijing Vital River Experimental Animals Centre (Beijing, China) and housed under 12 h light: dark cycles at a temperature of 23 ± 2°C for all experiments. The mice were randomly divided into two groups (five per cage): one group was fed a control diet (CD) and the other was fed a high fat diet (HFD) for 12 weeks with free access to food and water. After obesity had been established, mice from the two groups were weighed.



Oocyte Collection and Culture

Before all experiments, the mice were treated with 5 IU of pregnant mare serum gonadotropin (PMSG) for 46–48 h and then sacrificed by cervical dislocation. Germinal vesicle (GV) stage oocytes were collected for subsequent experiments. All procedures were performed under the Institutional Animal Care and Use Committee of China Agricultural University (AW01040202-1).

Oocytes were collected from 4 to 6 week-old ICR mice. To obtain GV-stage oocytes, females were primed with 5 IU of pregnant mare serum gonadotropin and euthanized after 46 h. By puncturing the fully grown follicles, GV-stage oocytes were released from the ovaries into pre-warmed M2 medium supplemented with 2.5 μM milrinone. After specific treatments, oocytes were washed thoroughly and cultured in M16 medium, undergoing GV and MII stages.



siRNA Microinjection

Small interfering RNAs (siRNA) for Micu1 (sequence: AGCCUUAUCCUGAGGACAATTU UGUCCUCAGGAUAAGGCUTT), Micu2 (sequence: CCUCUUCUCAGUCAUGUUUTTAAACAUGACUGAGAAGAGGTT), NCLX (sequence: CCUUCUUGCCACGUCUAATTUUAGACGUGGCAAAGAAGGTT), MCU (sequence: CCAAAGAGACCUAATTUUAGGAGGUCUCUCUUUGGTT) (GenePharma, Shanghai, China), or siRNA control were microinjected (5 μM) into the cytoplasm of fully grown GV oocytes with an Eppendorf microinjection instrument (Hamburg, Germany) and completed within 30 min. Oocytes were arrested in M16 supplemented (Sigma-Aldrich, St. Louis, MO, USA) with 2.5 μM milrinone for 20 h to block mRNA translation. After 20 h, the oocytes were cleaned thoroughly to resume meiosis.



Measuring Mitochondrial Ca2+ ([Calcium]m)

[Calcium] m levels were assessed using Rhod-2AM (Invitrogen/Molecular Probes, Carlsbad, CA, U.S.) according to a previous procedure (Zhao et al., 2017). First, zona pellucida was enzymatically removed by 0.5% pronase 37°C for 5 min. The oocytes were then processed in maturation medium with 5 μM Rhod-2AM for 30 min, washed three times by DPBS, and incubated without Rhod-2AM at 37°C and 5% CO2 for 30 min. Subsequently, they were analyzed using a confocal laser scanning microscope (Nikon A1R, Tokyo, Japan) and quantitatively processed using NIS-Elements AR (Nikon Instruments, Tokyo, Japan).



Mitochondrial Reactive Dye Mito-Tracker (Green)

Mitochondrial distribution was determined using mitochondrial reactive dye Mito-tracker (Green) (Beyotime Institute of Biotechnology, China). The oocytes were then processed in maturation medium with 5 μM Mito-tracker (Green) for 20 min, washed three times by DPBS. Subsequently, they were analyzed using a confocal laser scanning microscope (Nikon A1R, Tokyo, Japan) and quantitatively processed using NIS-Elements AR (Nikon Instruments, Tokyo, Japan).



Measuring Cytosolic Ca2+ ([Calcium]i)

Cytosolic Ca2+ levels were assessed using Flou-3 AM (Invitrogen/Molecular Probes, Carlsbad, CA, U.S.). First, zona pellucida was enzymatically removed by 0.5% pronase 37°C for 5 min. The oocytes were then processed in maturation medium with 5 μM Flou-3 AM for 40 min, washed three times by DPBS. Subsequently, they were analyzed using a confocal laser scanning microscope (Nikon A1R, Tokyo, Japan) and quantitatively processed using NIS-Elements AR (Nikon Instruments, Tokyo, Japan).



Quantification of Mitochondrial Membrane Potential by JC-1 Staining

To measure mitochondrial membrane potential (Δϕm), oocytes were incubated with JC-1 using a mitochondrial membrane potential assay kit (Beyotime Institute of Biotechnology, China). Oocytes were exposed to 10 μM JC-1 in 100 μM working solution at 37.0°C in 5% CO2 for 20 min, after which they were washed with washing buffer to remove surface fluorescence and observed using a fluorescence microscope (Olympus IX73). Δϕm was calculated as the ratio of red fluorescence corresponding to activated mitochondria (J-aggregates) to the green fluorescence corresponding to less activated mitochondria (J-monomers).



ROS Content Assay

The average ROS content in each oocyte was determined by using an Elisa ROS Assay Kit, store in 4°C,TX20634 (Yingxin lab, China) according to the manufacturer's instructions. Denuded oocytes were mixed with 10 μM of RIPA buffer to a 0.2 mL centrifuge tube and then homogenized by overtaxing until lysis occurred. Then, luminescence activity was measured immediately using luminometer (Power Wave XS2). ROS content of samples was determined from the standard curve(U/mL).



cAMP Content Assay

The average cAMP content in each oocyte was determined by using a cAMP Activity Assay Kit, store in −20°C,K371-100 (Bio vision, the U.S.) according to the manufacturer's instructions. Denuded oocytes were mixed with 10 μM of RIPA buffer to a 0.2 mL centrifuge tube, and then homogenized by overtaxing until lysis occurred. Then, luminescence activity was measured immediately using luminometer (Power Wave XS2). cAMP content of samples was determined from the standard curve (pmol/l).



ATP Content Assay

The average ATP content in each oocyte was determined by using an Enhanced ATP Assay Kit, S0027 (Beyotime Institute of Biotechnology, China) according to the manufacturer's instructions. Serial dilutions of ATP standard were prepared before examining, ranging from 0 to 40 pol ATP. Ten denuded oocytes were mixed with 10 μM of lysis buffer to a 0.2 mL centrifuge tube on ice, and then homogenized by overtaxing until lysis occurred. All procedures were operated on ice before measurement. ATP assay buffer were added to 96-well plates and equilibrated for 3–5 min at room temperature. Then, standard solutions and ATP detection diluent were injected into each well. Subsequently, samples were also added into each well and luminescence activity was measured immediately using luminometer (Infinite F200; Tecan). ATP content of samples was determined from the standard curve. The total amount of ATP was divided by the number of oocytes in each sample to obtain the mean content per oocyte (pmol/oocyte).



Measuring Intracellular ROS Levels

Intracellular ROS levels were measured as described previously (Zhao et al., 2017). Oocytes were incubated in M2 supplemented with 1 mmol/L 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) for measuring ROS for 30 min at 37°C and washed three times. The fluorescence was examined under an epifluorescence microscope with a filter at 460 nm excitation for ROS (DP72, Olympus, and Tokyo, Japan). All data were analyzed using ImageJ software.



Semi-Quantitative Reverse Transcription PCR (RT-PCR) and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from 40 collected GV oocytes using a RNeasy micro-RNA isolation kit (Qiagen, Valencia, CA, and U.S.) following the manufacturer instructions. The RNA concentrations were measured using a NanoDrop 2000 Spectrophotometer (Biolab, Scoresby, Victoria, Australia) at wavelength of 260 nm. We wouldn't use the samples for subsequent analyses until their absorbance ratio at 260 nm: 280 nm >1.8.

Reverse transcription was conducted to generate cDNA libraries using a Quantitated Reverse Transcription Kit (Qiagen) according to the manufacturer instructions and we treated the sample with DNaseI before that. QRT-PCR and RT-PCR were performed using an ABI 7500 real-time PCR instrument and a Fast 96-well Thermal Cycler (Applied Biosystems, Foster City, CA, U.S.). The sequences of all primers used are listed in Supplementary Table 1. The relative expression of genes was calculated with the comparative threshold cycle (CT) method as 2−ΔΔCT.



RNA Sequencing

We performed expression profiling on pools of 40 denuded GV-oocytes isolated per group. RNA was isolated using the RNeasy Micro Kit (Qiagen). cDNA was generated and amplified from 1.2 ng with the Nu-Gen ovation RNA-seq System V2 (Part no. 7102; Nu-Gen). 50 ng of the resulting SPIA cDNA was fragmented and sequencing libraries were prepared using Tru-Seq DNA Sample Preparation Kit (low-throughput protocol) (Part no. 15005180 Rev. C; Nu-Gen).

The sequencing data was filtered with SOAP-nuke (v1.5.2) by (1) Removing reads containing sequencing adapter; (2) Removing reads whose low-quality base ratio (base quality ≤5) is more than 20%; (3) Removing reads whose unknown base (“N” base) ratio is more than 5%, afterwards clean reads were obtained and stored in FAST-Q format. The clean reads were mapped to the reference genome using HISAT2 (v2.0.4) Bowtie2 (v2.2.5) was applied to align the clean reads to the reference coding gene set, then expression level of gene was calculated by RSEM (v1.2.12) (https://github.com/deweylab/RSEM). The heatmap was drawn by pheatmap (v1.0.8) according to the gene expression in different samples.



Differential Expression Analysis

Differentially expressed genes and repeat elements were identified Phyper based on Hypergeometric test, by fitting a three-factor model of the form “KD-control,” “KD-Micu1/2,” and “KD-NCLX.” Only genes with at least 3 reads per million in at least three samples were included in the analysis (11,366 for Ref-Seq annotation and 14,954 for oocyte specific annotation). Differential expression analysis was performed using the DESeq2 (v1.4.5).DESeq2.html with Q ≤ 0.05. To take insight to the change of phenotype, GO (http://www.geneontology.org/) and KEGG (https://www.kegg.jp/) enrichment analysis of annotated different expressed gene was performed by Phyper based on Hypergeometric test. The significant levels of terms and pathways were corrected by Q value with a rigorous threshold (Q ≤ 0.05) by Bonferroni.



Statistical Analysis

Each experiment was repeated at least three times. A representative image of each experiment is shown. All data were analyzed using t-tests followed by the Fisher LSD test and one-way analysis of variance (ANOVA) examined by Duncan's multiple-range test in SPSS software (IBM, Chicago, IL, USA). Data are expressed as the mean ± SEM (ns. represents not significant, *represents p < 0.05, **represents p < 0.01, ***represents p < 0.001).




RESULTS


Deletion of Micu1/Micu2 or NCLX Induces Increased Mitochondrial Ca2+ Levels in Mouse Oocytes

Previous research has shown that oocytes from obese mice exhibit higher mitochondrial Ca2+ levels, then real-time PCR to analyze the expression of gatekeeper of mitochondrial Ca2+ uniporter, Micu1 and Micu2 between control and obese mice. As shown in Figure 1A, the expression of Micu1 and Micu2 in obese oocytes significantly decrease. To generate the mitochondrial overload model in mouse oocytes, we separately targeted Micu1/Micu2 and NCLX for knockdown with siRNA injected into oocytes (Figure 1B, Supplementary Figures 1A–C). Then, we used Rhod-2 AM to analyze mitochondrial Ca2+ levels with a confocal laser scanning microscope. To confirm that Rhod-2 AM can be used to show the level of mitochondrial Ca2+ specially, we treated the GV oocytes with the mitochondrial reactive dye Mito-tracker (Green) co-stained with Rhod-2 AM. As shown in Supplementary Figure 2, double staining revealed co-localization of these two reactive dyes, declaring that Rhod-2 AM was reliable.


[image: Figure 1]
FIGURE 1. Micu1/Micu2 or NCLX knockdown induces mitochondrial Ca2+ overload in mouse oocytes. (A) The mRNA levels of Micu1 and Micu2 in obese mouse oocytes. (B) The process about establishment of the mouse oocyte calcium overload model by microinjection special siRNA sequence to knockdown expression about Micu1 and Micu2 as well as NCLX in mouse oocytes. (C) Representative images of Rhod-2 AM fluorescence (red) in germinal vesicle (GV) stage oocytes treated with KD-control, KD-Micu1, KD-Micu2, and KD-Micu1/2. Scale bar: 50 μm. (D) Quantification of the relative levels of mitochondrial Ca2+ in KD-control, KD-Micu1, KD-Micu2, and KD-Micu1/2 injected GV-stage oocytes. (n = 50 for each group). (E) Representative images of Rhod-2 AM fluorescence (red) in GV-stage oocytes from KD-control and KD-NCLX. Scale bar: 50 μm. (F) Quantification of the relative levels of mitochondrial Ca2+ in GV-stage oocytes from KD-control and KD-NCLX. (n = 50 for each group). Student's t-test and one-way ANOVA were utilized for statistical analyses. **P < 0.01; ***P < 0.001 vs. control group. Error bars indicate SEM.


This analysis revealed that Micu1/Micu2 siRNA-injected mouse oocytes (KD-Micu1/2) had a markedly increase in their levels of mitochondrial Ca2+ (Figures 1C,D). Knockdown of NCLX with siRNA injection into mouse oocytes (KD-NCLX) also increased mitochondrial Ca2+ levels (Figures 1E,F). Additionally, CGP-37157, a specific inhibitor of NCLX was used to validate the siRNA results. Result showed that CGP-37157 was dose-dependent and the effect of 10 μM CGP-37157 on mitochondrial Ca2+ of oocytes was equivalent to knockdown of NCLX with siRNA (Supplementary Figure 3A). Moreover, previous studies demonstrated that the increase in intracellular Ca2+ directly impacted oocytes maturation (Qi et al., 2015), therefore, we measured intracellular Ca2+ levels using Flou-3-AM. As shown in Supplementary Figures 3B,C, quantitative analysis revealed that the relative mean Flou-3 AM intensity in KD-Micu1/2 or KD-NCLX oocytes had no significant difference to the control (Supplementary Figures 3B,C). These observations showed that KD-Micu1/Micu2 or KD-NCLX in mouse oocytes both significantly increased levels of mitochondrial Ca2+ while intracellular Ca2+ levels were unaffected. Since then, we confirmed that KD-Micu1/Micu2 or KD-NCLX would be an available model to research the potential impact of mitochondrial Ca2+ overload on oocytes.



Mitochondrial Ca2+ Overload Leads to Mitochondrial Dysfunction in Oocytes

Maturation of the oocyte is a complex progress dependent on mitochondria (Wakai et al., 2012). Previous research has shown that mitochondrial Ca2+ homeostasis plays an important role in regulating energy metabolism and several complexes of the electron transport chain (Luongo et al., 2017). Mitochondrial membrane potential (MMP) is an indicator of mitochondrial function, so we used JC-1 to quantify MMP levels in mouse oocytes (Figures 2A,B). Additionally, mitochondria are important organelles that generate ATP in eukaryotes (Deguchi et al., 2015), if the function of mitochondrial is damaged, ATP level may be affected. To determine whether mitochondrial Ca2+ levels impair mitochondrial generated ATP, we used an ATP Assay Kit to quantify ATP levels. As expected, both KD-Micu1/2 and KD-NCLX decreased the MMP level and ATP level (Figures 2B,C), which indicated that mitochondrial Ca2+ overload leads to mitochondrial dysfunction in oocytes.
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FIGURE 2. Mitochondrial function is impaired by mitochondrial Ca2+ overload. (A) Representative images of JC-1 from KD-control, KD-Micu1/2, and KD-NCLX. Scale bar: 50 μm. (B) Oocytes from KD-control, KD-Micu1/2, and KD-NCLX were stained with JC-1 and quantification of the relative levels of mitochondrial membrane potential (Δϕm) in oocytes (n = 50 for each group). (C) ATP (pM) concentrations were evaluated in individual oocytes from KD-control, KD-Micu1/2, and KD-NCLX (n = 30 for each group). (D) Representative images of CM-H2DCFDA fluorescence (green) in germinal vesicle (GV) stage oocytes from KD-control, KD-Micu1/2, and KD-NCLX. Scale bar: 50 μm. (E) Quantification of the relative levels of reactive oxygen species (ROS) in oocytes from KD-control, KD-Micu1/2, and KD-NCLX (U/ml). (F) Expression levels of genes involved in mitochondrial function (Ndufs3, Sdha, and Sod1) in GV-stage oocytes were reduced with mitochondrial Ca2+ overload (n = 30 for each group). Student's t-test and one-way ANOVA were utilized for statistical analyses. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate SEM.


Recent studies have shown that mitochondrial reactive oxygen species (ROS) can mediate intracellular signaling (Formentini et al., 2017). Mitochondria are largely responsible for ROS production following egg activation/fertilization (Zorov et al., 2014; Moloney and Cotter, 2018). Since mitochondrial function is associated with oxidative stress, we further evaluated whether mitochondrial Ca2+ overload influences ROS production. ROS production in mitochondria is also known to be regulated by MMP (Dai et al., 2018). Intracellular ROS is thought to be a mediator of the cellular signaling in the maintenance of physiological functions (Schieber and Chandel, 2014). To evaluate mitochondrial dysfunction in oocytes we measured intracellular ROS using dihydroethidium and enzyme linked immunosorbent assay. As shown in Figure 2D, quantitative analysis revealed that the relative fluorescence mean intensity in KD-Micu1/2 and KD-NCLX oocytes was significantly higher than control, which was same as the concentration of ROS in the KD-Micu1/2 and KD-NCLX oocytes (Figure 2E). We further detected mitochondrial function related genes such as Sdha, Nduf3, and the mitochondrial ROS scavenger Sod1. Expression of Sod1, Sdha, and the mitochondrial ROS scavenger Ndufs3 (Figure 2F) were all significantly decreased in mitochondrial Ca2+ overloaded oocytes. As expected, CGP-37157 similarly impaired mitochondrial function (Supplementary Figures 4A–E).



Mitochondrial Ca2+ Overload Delays Meiotic Maturation

Germinal vesicle breakdown (GVBD) refers to the dissolution of the nucleus of an oocyte that is arrested in prophase of meiosis I and acts as an indicator of oocyte maturation (Norris et al., 2009). GVBD indicates a resumption of meiosis and the extrusion of the first polar body (PBE) indicates completion of the first meiotic division in oocytes; then, the oocyte will arrest in meiosis II at the metaphase in a pre-fertilization stage (Poueymirou and Schultz, 1987). Therefore, GVBD and PBE usually are used to evaluate the quality of oocytes maturation. Our previous studies have shown that calcium-mediates oocytes maturation disturbance (Deguchi et al., 2015), therefore, we hypothesized that mitochondrial calcium overload may affect meiotic maturation.

As we expected, compared with control oocytes, more KD-Micu1/2 and KD-NCLX oocytes remained at the germinal vesicle stage (Figures 3A,B), and the rate of extrusion of the first polar body was significantly deceased in KD-Micu1/2 or KD-NCLX oocytes 12 h after milrinone removal (Figures 3A,C).
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FIGURE 3. Oocytes maturation is impaired by mitochondrial Ca2+ overload. (A) Representative images of germinal vesicle breakdown (GVBD) (2.5 h) and the first polar body (PB1) (12 h) extrusion oocytes from KD-control, KD-Micu1/2, and KD-NCLX. Scale bar: 50 μm. (B) The percentage of oocytes that successfully progressed to the GVBD during in vitro culture in 2.5 h (n = 158 for KD-control, n = 146 for KD-Micu1/2, and n = 132 for KD-NCLX). (C) The percentage of oocytes that successfully extracted the first polar body during in vitro culture in 12 h (n = 115 for KD-control, n = 107 for KD-Micu1/2, and n = 98 for KD-NCLX). (D) Percentage of germinal vesicle breakdown (GVBD) at 2 and 18 h after milrinone removal (Early GVBD n = 103 for KD-control, n = 43 for KD-Micu1/2, and n = 45 for KD-NCLX; Late GVBD n = 5 for KD-control, n = 67 for KD-Micu1/2, and n = 78 for KD-NCLX). (E) Polar body extrusion rate of Early or late GVBD: respectively, before or after 2 h after milrinone removal. (Early GVBD n = 72 for KD-control, n = 53 for KD-Micu1/2, and n = 43 for KD-NCLX; Late GVBD n = 12 for KD-control, n = 46 for KD-Micu1/2, and n = 37 for KD-NCLX). Student's t-test and one-way ANOVA were utilized for statistical analyses. **P < 0.01. ns, non-significant (P > 0.05). Error bars indicate SEM.


To confirm that mitochondrial Ca2+ overload delays or blocks oocyte maturation, we observed oocytes that had completed GVBD within 2 h (early GVBD) or between 2 and 18 h after milrinone removal (late GVBD) and determined the capacity of oocytes to extrude the PB1. In controls, PB1 extrusion efficiency was dramatically deceased for those oocytes that had gone through late GVBD. In addition, we found a notable decease for early vs. late GVBD from KD-Micu1/2 and KD-NCLX oocytes suggesting that those oocytes are delayed in GVBD and PB1 extrusion (Figures 3D,E). Similarly, CGP-37157 also delayed GVBD and PB1 extrusion to impair meiotic maturation (Supplementary Figures 4F–H). We demonstrated that mitochondrial Ca2+ overload delayed, but might not arrest meiotic maturation.



Mitochondrial Ca2+ Overload Leads to Impaired PKA Signaling

Given the known mitochondrial Ca2+ overload leads to mitochondrial dysfunction and meiotic maturation, the mechanism of delayed meiosis is still unknown. We anticipated that KD-Micu1/2 and KD-NCLX during oocyte growth would alter expression of genes controlling meiotic maturation. Then we used RNA-seq to discover underlying mechanisms caused by mitochondrial calcium overload. KD-control, KD-Micu1/2 and KD- NCLX data sets have 13,602, 13,952, and 13,437 genes totally (Figure 4A). As shown in volcano plot (Figures 4B,C), there are 5,272 genes upregulated (red) and 370 genes downregulated (blue) genes in KD-Micu1/2 GV oocytes, and 2,774 genes upregulated (red) and 348 genes downregulated (blue) genes in KD-NCLX GV oocytes. And we used heatmap to show average expression for all replicates and relative expression between replicates for genes with cell cycle, division functions and mitochondrial functions (Figure 4D). KEGG Pathway Analysis indicated that some pathway participated in metabolism and cAMP-related signal cascades are highly variable (Figures 4E,F). Interestingly, using KEGG Pathway Analysis, we found some genes belonging to the PKA signaling pathway were dysregulated in KD-Micu1/2 and KD-NCLX oocytes (Figure 5A). It is well-known that PKA maintains meiotic arrest in response to high levels of cAMP, such that meiotic arrest in prophase is normally maintained by high levels of cAMP that activates PKA signal that in turn down regulates the mature promoting factor (MPF) activity (Poueymirou and Schultz, 1987; Norris et al., 2009). Then we use quantitative Real-Time PCR to verified the results (Figure 5B). As shown in Figure 5C, levels of cAMP in KD-Micu1/2 and KD-NCLX oocytes dramatically increased. To further confirm that PKA/cAMP signaling is involved in the GVBD delay observed in mitochondrial Ca2+ overloaded oocytes, we inhibited PKA/cAMP signaling with cAMP antagonist 8-bromo-Rp-cAMP (Rp-cAMP) (Figure 5D). After removal of milrinone, Rp-cAMP treatment did not affect the high rate of GVBD in control oocytes. Meanwhile, in KD-Micu1/2 and KD-NCLX oocytes, we observed a significant alleviation the GVBD delay. These results suggest that the GVBD delay observed in mitochondrial Ca2+ overloaded oocytes which has showed in Figure 3D may be due to the abnormal activation of the PKA/cAMP signaling pathway.
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FIGURE 4. Gene expression changes upon KD-Micu1/2, KD-NCLX. (A) VENN showing differential genes in KD-Micu1/2 and KD-NCLX GV oocytes. (B) Volcano plot showing upregulated (red) and downregulated (blue) genes in KD-Micu12 GV oocytes. (C) Volcano plot showing upregulated (red) and downregulated (blue) genes in KD-NCLX GV oocytes. (D) Heatmap showing average expression for all replicates and relative expression between replicates for genes with cell cycle, division functions and mitochondrial functions (based on GO-term). (E) Go cellular component showing the biological process and function of the differential genes participated in KD-Micu1/2 GV oocytes (based on KEGG enrichment analysis). (F) Go cellular component showing the biological process and function of the differential genes participated in KD-Micu1/2 GV oocytes (based on KEGG enrichment analysis).
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FIGURE 5. Mitochondrial Ca2+ overload leads to meiotic delays which may related to impairing PKA signaling. (A) Heatmap showing the average expression for all replicates and relative expression between replicates for genes with PKA signal pathway (based on GO term). (B) Dysregulation of genes associated with PKA pathway signaling in KD-control, KD-Micu1/2, and KD-NCLX oocytes (n = 30 for each group). (C) Quantification of the relative levels of cAMP in oocytes. (n = 40 for each group). (D) Percentage of GVBD at 2.5 h and 18 h after milrinone removal for oocytes treated with or without Rp-cAMP. (n = 24 for KD-control, n = 30 for KD-control+ Rp-cAMP, n = 24 for KD-Micu1/2, n = 24 for KD-Micu1/2+ Rp-cAMP, and n = 40 for KD-NCLX, n = 32 for KD-NCLX+ Rp-cAMP). Student's t-test and one-way ANOVA were utilized for statistical analyses. *P < 0.05, **P < 0.01, ***P < 0. 001; ns, non-significant (P > 0.05). Error bars indicate SEM.




Ru360 Can Ameliorate Mitochondrial Dysfunction and Recover Oocyte Maturation Caused by Mitochondrial Ca2+ Overload

Mitochondrial dysfunction and meiosis maturation defects had been observed in KD-Micu1/2 and KD-NCLX oocytes, but whether impaired oocyte mitochondrial function can be improved by decreasing mitochondrial Ca2+ level is unclear. As Ru360 is a well-known inhibitor of the mitochondrial Ca2+ uniporter MCU (Paillard et al., 2018), we next examined whether Ru360 treatment could improve mitochondrial function in oocytes. To this end, we supplemented the in vitro maturation (IVM) solution for KD-Micu1/2 and KD-NCLX oocytes with 0, 5, 10, and 20 μM Ru360 and analyzed mitochondrial Ca2+ levels by Rhod-2 AM staining. Quantitative analysis of relative fluorescence mean intensity reveals that KD-Micu1/2 and KD-NCLX oocytes increased mitochondrial Ca2+ levels, and the addiction of 5 μM Ru360 downregulated these mitochondrial Ca2+ levels to those seen in control oocytes (Supplementary Figures 5A,B).

We next examined mitochondrial Ca2+ overload in oocytes with 5 μM Ru360 and analyzed the ROS, ATP level, and Δϕm levels as well as the mRNA expression levels of mitochondrial genes Ndufs3, Sdha, and Sod1. As shown in Figures 6A,B, Ru360 reversed the decreased MMP levels in KD-Micu1/2 or KD-NCLX oocytes. Mitochondria depend on calcium signals to maintain their function, especially for their capacity to synthesize ATP. As we expected, the ATP level decreased with increasing mitochondrial Ca2+ levels (Figure 6C). High levels of ROS caused by the mitochondrial respiratory chain in oocytes was mediated by mitochondrial Ca2+ levels (Figures 6D,E). Moreover, the mRNA expression of mitochondrial function genes Ndufs3, Sdha, and Sod1 also distinctly increased after treatment with Ru360 (Figures 6F–H). As mitochondrial function is closely associated with meiosis competence in oocytes, we further evaluated the quality of oocytes. As shown in Table 1, the rates of GVBD and PB1 significantly increased after mitochondrial Ca2+ deceased, which suggested recovery of meiosis competence. Collectively, the results suggest that in vitro administration of Ru360 could improve mitochondrial dysfunction and meiosis defect in mitochondrial Ca2+ overload oocytes.
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FIGURE 6. Mitochondrial dysfunction and recovery of oocyte maturation by decreasing mitochondrial Ca2+ levels. (A) Image of oocytes from KD-control, KD-control+Ru360, KD-Micu1/2, KD-Micu1/2+Ru360, KD-NCLX and KD-NCLX+Ru360 were stained with JC-1. (B) Oocytes from KD-control, KD-control+Ru360, KD-Micu1/2, KD-Micu1/2+Ru360, KD-NCLX, and KD-NCLX+Ru360 were stained with JC-1 and quantification of the Red/Green ratio of mitochondrial membrane potential (Δϕm) in oocytes (n = 30 for each group). (C) ATP (pM) concentrations were evaluated in individual oocytes from KD-control, KD-control+Ru360, KD-Micu1/2, KD-Micu1/2+Ru360, KD-NCLX, and KD-NCLX+Ru360 (n = 30 for each group). (D) Representative images of CM-H2DCFDA fluorescence (green) in germinal vesicle (GV) stage oocytes from KD-control, KD-control+Ru360, KD-Micu1/2, KD-Micu1/2+Ru360, KD-NCLX, and KD-NCLX+Ru360. Scale bar: 50 μm. (E) Quantification of the relative levels of ROS in oocytes. (n = 35 for each group). (F–H) Expression levels of genes involved in mitochondrial function (Ndufs3, Sdha, and Sod1) in GV-stage oocytes from KD-control, KD-control+Ru360, KD-Micu1/2, KD-Micu1/2+Ru360, KD-NCLX, and KD-NCLX+Ru360 (n = 30 for each group). Student's t-test and one-way ANOVA were utilized for statistical analyses. *P < 0.05, **P < 0.01, ***P < 0. 001; ns, non-significant (P > 0.05). Error bars indicate SEM.



Table 1. Effect of Ru360 treatment on recover meiosis maturation of mitochondrial calcium overload oocytes.
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Declining Mitochondrial Ca2+ Rescues Mitochondrial Dysfunction and Meiosis Maturation in Oocytes of Obese Mice

We have shown a meiosis maturation defect in GVBD from mitochondrial Ca2+ overload oocytes, which may be a consequence of mitochondrial dysfunction. Further, the capacity of impaired mitochondrial could be recovered by decreasing mitochondrial Ca2+ levels. Therefore, we examined whether the beneficial effects of decreasing mitochondrial Ca2+ levels could also ameliorate deficient mitochondrial function in oocytes of high fat diet (HFD) mice. Firstly, we established an obesity model by feeding HFD diet 12 weeks constantly (Figures 7A,B). And then GV-stage oocytes from control diet (CD) mice, HFD mice, and HFD mice infected with an siRNA targeting MCU (HFD + KD-MCU), and HFD mice administered Ru360 (HFD+Ru360) (Figure 7C). All of these groups were analyzed for ROS, ATP, and Δϕm levels as well as the mRNA expression level of mitochondrial function genes Ndufs3, Sdha, and Sod1. As shown in Figures 7D–H, the data suggested that downregulating mitochondrial Ca2+ levels promoted the potential of mitochondrial to improve quality of oocytes derived from obese mice. As mitochondrial function was closely associated with ATP content and oocyte quality, we further examined whether mitochondrial Ca2+ levels influence meiosis maturation. GV-stage oocytes from CD, HFD, HFD+ KD-MCU, and HFD+Ru360 mice were analyzed for frequency of GVBD and PB1 extrusion. The rates of GVBD and PB1 extrusion significantly increased after mitochondrial Ca2+ decrease, which suggested recovery of obese oocyte quality (Figures 7A–D). These observations indicated that proper downregulation of mitochondrial Ca2+ concentration could attenuate meiotic defects in damaged oocytes from obese mice.
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FIGURE 7. Declining mitochondrial Ca2+ rescues mitochondrial dysfunction in obese oocytes. (A,B) Female mice receiving a control diet (CD) or high-fat diet (HFD) for 13 weeks were evaluated for body weight (n = 22 for each group). (C) The process about declining mitochondrial Ca2+ in obese mouse oocytes by microinjection special siRNA sequence to knockdown expression about MCU or special inhibitor of MCU. (D) ATP (pM) concentrations were evaluated in individual oocytes from CD, CD+KD-MCU, and CD+Ru360 mice and HFD, HFD+KD-MCU, and HFD+Ru360 mice (n = 30 for each group). (E) Oocytes from CD, CD+KD-MCU, and CD+Ru360 mice and HFD, HFD+KD-MCU, and HFD+Ru360 were stained with JC-1 and quantification of the relative levels of mitochondrial membrane potential (Δϕm) in oocytes (n = 30 for each group). (F) Representative images of CM-H2DCFDA fluorescence (green) in germinal vesicle (GV) stage oocytes from CD, CD+KD-MCU, CD+Ru360 mice and HFD, HFD+KD-MCU, and HFD+Ru360 mice. Scale bar: 50 μm. (G) Quantification of the relative levels of ROS in oocytes from CD, CD+KD-MCU, and CD+Ru360 mice and HFD, HFD+KD-MCU, and HFD+Ru360 (n = 35 for each group). (H) Expression levels of genes involved in mitochondrial function (Ndufs3, Sdha, and Sod1) in HFD oocytes were rescued by declining mitochondrial Ca2+ level (n = 30 for each group). Student's t-test and one-way ANOVA were utilized for statistical analyses. **P < 0.01; ***P < 0.001; ns. means non-significant (P > 0.05). Error bars indicate SEM.





DISCUSSION

Obesity or diabetes—regarded as global health problems (Ou et al., 2019)—are common among women of reproductive age (Atzmon et al., 2017). Obese women take longer to conceive, and, even in assisted reproduction, they have lower implantation, pregnancy, and miscarriage rates. Therefore, many studies have focused on oocyte quality from obese women. Mitochondria are energy factories for many cellular processes, such as synthesizing ATP and heat production, which are essential for meiotic maturation and postembryonic development (Babayev and Seli, 2015). For this reason, research has attempted to improve deficient mitochondria from oocytes to maintain the potential for reproduction. Studies have indicated that transplanting mitochondria from healthy oocytes to severely obese patients dramatically increased their implantation and pregnancy rates (Machtinger et al., 2012; Babayev and Seli, 2015). Recent evidence suggests that supplementation with co-enzyme Q10 (CoQ10), melatonin, or glutathione (GSH) can improve oocyte mitochondrial abnormalities (Ben-Meir et al., 2015). Taken together, these results show that mitochondrial dysfunction can be caused by obesity and indicates that mitochondrial condition is critical for oocyte maturation and reproduction. However, the mechanisms accounting for this phenomenon are still not clear. To determine a possible mechanism for how obesity affects oocyte quality, we focused on the mechanisms regulating mitochondrial function.

In the study of somatic cells, mitochondrial Ca2+ overload contributes to impaired cardiac function thereby causing myocardial infarction (Santulli et al., 2015). Mitochondrial Ca2+ homeostasis has become an important biological problem as it is crucial to several pathologies as well as regulation of cytoplasmic redox state, signal transduction, regulation of chromosomal defects, and maturation and fertilization in human oocytes (Krishnamoorthy et al., 2006). Therefore, it is possible that overload in mitochondrial Ca2+ regulation could have a negative effect on meiosis maturation and oocyte development. Our study clearly demonstrates that mitochondrial Ca2+ overload leads to abnormalities in mitochondrial function and meiosis maturation. Here, we confirmed the importance of mitochondrial Ca2+ levels by two knockdown methods targeting Micu1/2 and NCLX by infecting siRNAs targeting these mRNA into mouse oocytes. We found that mitochondrial Ca2+ overload could give rise to a series of problems such as delayed meiosis maturation, depleted oocyte mitochondrial gene expression, and impaired mitochondrial function and all these changes could be reversed by decreasing the level of mitochondrial Ca2+. These results show that decreasing mitochondrial Ca2+ levels can improve mitochondrial function, meiosis maturation, and expression of PKA signaling-related genes (Nishimura et al., 2014), which is similar in our previous study that in bovine oocytes (Hu et al., 2018).

Previous studies have shown that there are two different situations that can affect meiosis maturation (Eymery et al., 2016). To confirm that mitochondrial Ca2+ overload can delay or block oocyte maturation, we analyzed the rate of GVBD and PB1 in control and mitochondrial Ca2+ overloaded oocytes at different time points after the removal of milrinone.

Given the important role of mitochondrial Ca2+ in regulating mitochondrial function, we evaluated the effect of mitochondrial function from different aspects. We show that overload of mitochondrial Ca2+ is accompanied by mitochondrial dysfunction associated with increased oxidative phosphorylation and reduced ATP levels. Since that the bioenergetic state of an oocyte depends on MMP (Wilding et al., 2001), we stained oocytes with JC-1 to quantify the relative levels of Δϕm. As we expected, mitochondrial Ca2+ overload caused a significant reduction of Δϕm in oocytes, which indicates that the action of the electron transfer chain (ETC)—a critical mitochondrial function—was impaired. Genes Ndufs3, Sdha, and Sod1 have been reported to play a role in mitochondrial function (Gibson et al., 2005). Gene expression analysis with qRT–PCR of GV-stage oocytes revealed a significant decrease in Ndufs3, Sdha, and Sod1 expression, which suggested that mitochondrial function was damaged by mitochondrial Ca2+ overload.

We have shown that mitochondrial Ca2+ plays a key role in the adaptive mechanisms that allow mitochondria to perform essential functions. This finding raises the possibility that decreasing mitochondrial Ca2+ to proper levels in obese oocytes can recover defects in mitochondrial function to, ultimately, rescue meiosis maturation. Taken together, these results indicate that proper mitochondrial Ca2+ regulation is critical for maintaining mitochondrial function and oocyte maturation. Targeted knockdown or pharmacological inhibition of MCU in obese mouse oocytes led to mitochondrial Ca2+ level decease, improvement in mitochondrial function, and recovery of the meiosis maturation. In this study, we demonstrate that proper regulation of mitochondrial Ca2+ in an obesity model restored oocyte mitochondrial gene expression and improved mitochondrial activity.

In summary, our study has proved that obese could cause impaired Micu1/2 expression which related to mitochondrial Ca2+ homeostasis. Moreover, mitochondrial Ca2+ overload in mice oocytes leads to meiosis maturation delay and mitochondrial dysfunction. Our results also highlight the critical role of mitochondrial Ca2+ regulation in maintaining mitochondrial function and oocyte maturation. These results enable researchers to find reliable approaches to solve mitochondrial dysfunction of oocytes from obese, aged, or other unideal source, and provide a new molecular pathway to control oocyte development and improve women reproduction.
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Bisphenol B Exposure Disrupts Mouse Oocyte Meiotic Maturation in vitro Through Affecting Spindle Assembly and Chromosome Alignment
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Bisphenol B (BPB), a substitute of bisphenol A (BPA), is widely used in the polycarbonate plastic and resins production. However, BPB proved to be not a safe alternative to BPA, and as an endocrine disruptor, it can harm the health of humans and animals. In the present study, we explored the effects of BPB on mouse oocyte meiotic maturation in vitro. We found that 150 μM of BPB significantly compromised the first polar body extrusion (PBE) and disrupted the cell cycle progression with meiotic arrest. The spindle assembly and chromosome alignment were disordered after BPB exposure, which was further demonstrated by the aberrant localization of p-MAPK. Also, BPB exposure increased the acetylation levels of α-tubulin. As a result, the spindle assemble checkpoint (SAC) was continuously provoked, contributing to meiotic arrest. We further demonstrated that BPB severely induced DNA damage, but the ROS and ATP production were not altered. Furthermore, the epigenetic modifications were changed after BPB exposure, as indicated by increased K3K9me3 and H3K27me3 levels. Besides, the pattern of estrogen receptor α (ERα) dynamics was disrupted with a mass gathering on the spindle in BPB-exposed oocytes. Our collective results indicated that exposure to BPB compromised meiotic maturation and damaged oocyte quality by affecting spindle assembly and chromosome alignment, acetylation of α-tubulin, DNA damage, epigenetic modifications, and ERα dynamics in mouse oocytes.

Keywords: bisphenol B, spindle assembly, chromosome alignment, DNA damage, epigenetic modifications


INTRODUCTION

Endocrine disrupting chemicals (EDCs), a group of exogenous substances or compound mixtures, can interfere with hormone action in the body and disrupt endocrine function that harms human and animal health (WHO/IPCS, 2002). Bisphenol A (BPA), a common manufacturing chemical in polycarbonate plastics is being widely used in industrial production, is one of the most abundant EDCs (Usman and Ahmad, 2016). Widespread use of BPA-containing products results in ubiquitous BPA exposure leading to a persistent and elevated environmental level. Bio-monitoring measurements of BPA in human serum, urine, hair, semen, and breast milk have revealed widespread exposure to BPA in the human population (Vandenberg et al., 2007; Usman and Ahmad, 2016). As an endocrine disruptor, BPA has been attracting increasing attentions, and many researchers are digging to explore how the endocrine system disrupted by bisphenol B (BPB) (Weatherly and Gosse, 2017; Ma et al., 2019a; Yang et al., 2019). Concerning the public health issue of reproductive disorder, the involvement of EDCs is suspected (Ma et al., 2019b). It has been reported that BPA has adverse effects on reproductive systems (Castellini et al., 2020). In males, BPA exposure decreases testosterone levels, affects sperm production and quality, and increases sperm DNA damage (Wisniewski et al., 2015; Lombó et al., 2019). BPA may influence the cyclicity negatively in females and cause ovarian and uterine dysfunction, including steroidogenesis, follicular formation, and oogenesis (Ziv-Gal and Flaws, 2016; Pivonello et al., 2020). Due to its reproductive toxicity and endocrine disrupting properties, the use of BPA is restricted.

The public concern and restrictions on BPA promote the development of alternative substances to replace BPA. BPB, as a substitute of BPA, is widely used in the production of polycarbonate plastic and resins (Cunha and Fernandes, 2010). Different food items such as canned foods, drinks, meat, peeled tomatoes, beverage, and milk for infants have been detected with BPB (Grumetto et al., 2008; Cunha et al., 2011; Cunha et al., 2012). BPB is resistant to aerobic and anaerobic bio-degradation, which makes it more prone to bio-accumulate in nature (Chen et al., 2016; Usman and Ahmad, 2016). BPB has been detected in various samples from humans such as sera and urine (Cobellis et al., 2009; Cunha and Fernandes, 2010). BPB is structurally similar to BPA with analogous physicochemical properties, and it was reported to affect male reproductive system negatively. Both acute and subacute exposures of adolescent male mice to BPB adversely impact tests and morphology of the sperm and their function (Ullah et al., 2018a, b; Ikhlas and Ahmad, 2020). Adult rats subjected to 50 mg/kg/day of BPB for 30 days have experienced sperm cell DNA damage (Ullah et al., 2018a). Ovaries in BPB treated female rats indicated adverse morphological and histopathological alterations, including a notable decrease in antral follicles and corpus luteum and the rise in atretic and cystic follicles (Ijaz et al., 2020). A relevant study has reported dose-dependently impaired reproductive functions in male and female zebrafish exposed to BPB, evidenced by a lower number of eggs laid, and a smaller hatching rate and embryo survival, reaching statistical significance in the 1 mg/L group (Yang et al., 2017). Despite the above experiments, the effects of BPB on reproductive function of animals and humans have been poorly studied.

Female fertility is greatly affected by the oocytes’ quality, which is linked to clear and accurate meiotic division. The meiotic maturation process involves distinct spindle organization and chromosome alignment and segregation, which is regulated by the microtubule organizing center (MTOC) (Bennabi et al., 2016; Mogessie et al., 2018). To avoid false chromosome segregation, the continuous activation of SAC works as a checkpoint, which inhibits the onset of anaphase till the attachment of all chromosomes to spindle microtubules and align at the metaphase plate (Lara-Gonzalez et al., 2012). BPA has been reported to disrupt the oocyte maturation process, affect cytoskeletal dynamics, induce oxidative stress and DNA damage, alter the epigenetic modifications, and even culminate in oocyte apoptosis (Wang et al., 2016). Other bisphenol substitutes, like bisphenol S (Žalmanová et al., 2017), bisphenol AF (Ding et al., 2017), and Fluorene-9-bisphenol (Jiao et al., 2019), were also demonstrated to inhibit mouse oocyte maturation and deprave oocyte quality. Nevertheless, related to oocytes maturation, the effects of BPB on oocyte maturation has never been addressed, and it remains to explore whether BPB have the same effects like BPA.

The objective of this study was to evaluate the effects of BPA on mouse oocyte maturation and its related mechanisms in vitro, and by evaluating the ratio of PBE, ROS levels, DNA damage, spindle morphology, chromosome alignment and segregation, ER, and epigenetic modifications. Our study could determine the novel toxicological mechanisms of BPB on oocyte maturation and create awareness about the safety of BPA substitutes.



MATERIALS AND METHODS


Animals and Ethics Statement

In this study, we used female of Kunming mice (3–4 weeks). The experimental mice were bought locally and kept in the Laboratory Animal Center of Huazhong Agricultural University under 12 h light/dark cycle. These mice received food and water ad libitum. All the experiments were performed according to the rules set out by the Huazhong Agricultural University Animal Care and Use Committee (HZAUSW-2017-005).



Antibodies and Chemicals

Primary antibodies detailed information including host species, vendor, catalog number, and working concentration are given in Table 1. BPB was purchased from Aladdin (Shanghai, China); Dihydroethidium was obtained from Beyotime (Beijing, China); CellTiter-Glo ATP Assay Kit was purchased from Promega (Madison, Wisconsin). Sigma (St. Louis, MO, United States) supported all remaining reagents, except for any other variable.


TABLE 1. Detailed information of antibodies.
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Oocytes Collection and Culturing

Cumulus oocytes complexes were obtained from ovaries of Female K. M aged 3–4 weeks, primed with pregnant mare serum gonadotropins for 48 h, by manual puncturing of antral ovarian follicles. Cumulus cells and oocytes were separated by recurrent pipetting. For the persistence of GV-stage, the oocytes were retrieved in preheated (37°C) DMEM/F12 medium with IBMX (50 μM). To stimulate the meiotic maturation, oocytes (GV) were washed out of IBMX and cultured in M16 medium at 37°C in a humidified atmosphere of CO2 (5%).

We used in vitro culture model to check the effect of BPB on oocyte meiotic maturation and oocyte quality. Therefore, we used a much higher concentration of BPB in this manuscript, to check what concentration could be toxic to oocyte, and what are the defects induced by BPB, and related regulatory pathways. DMSO dissolved BPB was diluted with M16 medium to obtain the relevant concentrations (DMSO, <0.3%) of 0, 50, 100, 150, and 200 μM to study the possible effects on oocyte maturation in vitro. The first PBE (in vitro oocyte maturation sign) rate was observed. Though 150 μM BPB exposure significantly reduced PBE rate, however, a limited number of oocytes were capable to continue the meiosis, which could help to uncover the BPB molecular mechanism affecting the oocyte maturation. Hence, a concentration of 150 μM was selected to investigate the molecular mechanism.



Immunofluorescence Staining

Firstly, oocytes were washed with PHEM solution (60 mM PIPES at pH 6.9, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2.7H2O). Next, oocytes (stage-specific) were fixed in PHEM solution (4% paraformaldehyde, 0.5% Triton X-100) for 45 min. Subsequently following blocking in PBS with 2% BSA and 0.05% Tween-20 at 25°C for 1 h, oocytes were incubated in the refrigerator overnight at 4°C with the primary antibodies mentioned (Table 1). Following primary antibody incubation, PBS plus Tween-20 (0.05%) was used to wash oocytes three times for 10 min each to incubate with the second antibody (Cy3-labeled goat anti-rabbit, Boster, 1:100) at 37°C for 1 h. For labeling DNA, at room temperature, oocytes were incubated with DAPI (1 μg/ml) in PBS for 10 min. Finally, DABCO was used to mount oocytes on glass slides for confocal laser scanning microscopy (Zeiss LSM 510 META, Carl Zeiss Imaging, Germany) equipped with an objective DIC. Plan-Apochromat 63/1.4 oil. Visualization of confocal images was made by subjecting these images to LSM. Image Browser software and Adobe Photoshop (Adobe Systems Inc., San Jose, CA, United States). Primary antibodies were replaced with non-immunized rabbit or goat IgG for negative control.

Dihydroethidium was used to determine the level of ROS. Before measuring fluorescence, the confocal microscope was adjusted to the same parameters. Each group of oocytes underwent the same immunostaining procedure for optimizing the acquired signals in oocytes from control and treatment groups. ImageJ software (NIH, United States.) or LSM. Image Browser software (Zeiss, Germany) was used to analyze the relative mean intensity of the fluorescence.



Chromosome Spreading

Following treatment with Tyrode buffer (pH 2.5) at room temperature, oocytes detached from Zona pellucida were retrieved in M2. Retrieved oocytes were fixed on glass slides in a drop of 1% paraformaldehyde with Triton X-100 (0.155), 3 mM DTT. After air drying, slides were washed (PBS) and blocked (BSA, 2%). Next, following incubation (anti-BubR1 rabbit, 1:50, 4°C, overnight), and (CY3-conjugated anti-rabbit sheep antibody, 1:100, 37°C, 1 h), respectively, DAPI was used to counterstain the chromosomes and for confocal laser scanning microscopy.



ATP Assessment

Relative ATP concentrations were determined using the kit method (CellTiter-Glo® ATP Assay Kit) (Promega, Madison, WI, United States) as per manufacturer instructions. Briefly, control or treatment (BPB) oocytes were transferred (n = 30, each) into 96-well black culture plates (M16, 50 μl/well) and added a reagent (CellTiter-Glo®; 50 μl/well; 10 min, 25°C) for luminescent signal stability. Luminescence against ATP concentration was obtained by reading the Plates using EnSpire® Multimode Reader (PerkinElmer, Waltham, MA, United States).



Statistical Analysis

All the data were obtained from three independent experiments and documented (M ± SEM). Data were analyzed using the analysis software Graph-Pad Prism with paired samples t-test. The difference was considered statistically significant if P-values (0.05).




RESULTS


BPB Exposure Compromised the Meiotic Maturation of Mouse Oocytes

We first examined the oocyte meiotic ability of BPB-exposed oocytes by calculation of the first PBE rate in oocytes exposed to different concentration of BPB (0, 50, 100, 150, and 200 μM) for 14 h. Results showed that BPB exposure compromised the oocyte meiotic maturation (Figure 1A). Statistical result showed that the PBE rate decreased in the BPB-exposed groups (100, 150, and 200 μM) and this decrease was significant for the 150 μM BPB group from 85% in controls to 66% in BPB-exposed oocyte (85.43 ± 3.9%, n = 117 vs. 23.77 ± 3.7%, n = 88; P < 0.001; Figure 1B). The use of 150 μM of BPB has led to a considerable reduction in PBE rates, but a small number of oocytes have been able to continue meiosis and maturation, which could help to investigate the BPB molecular mechanism which affects oocyte maturation. Hence, the concentration of 150 μM was chosen to uncover the molecular mechanism in the subsequent experiments.
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FIGURE 1. BPB exposure compromised the meiotic maturation of mouse oocytes. (A) Images depicting oocyte maturation with BPB (0, 50, 100, 150, 200 μM) exposure for 14 h. Bar,100 μm; Bar, 100 μm (small graph). (B) Rate of oocytes that extruded the first PB in control and BPB-treated groups. Control, n = 117; BPB, n = 88. ∗Significantly different (P < 0.05); ∗∗∗Significantly different (P < 0.001) compared with the corresponding control.




BPB Exposure Disturbed Cell Cycle Procession of Meiotic Maturation in Mouse Oocytes

Since BPB exposure resulted in the failure of meiotic maturation, the cell cycle progression was analyzed after 14 h of culture, grouped according to the developmental arrest at different meiotic stages (Figure 2A). As shown in Figure 2B, most of control oocytes reached MII stage, while most of BPB-exposed oocytes were still arrested at the GVBD or MI stage (GVBD: 2.000 ± 1.1%, n = 90 control vs. 21.20 ± 3.2, n = 90; P < 0.01; MI: 3.633 ± 2.1, n = 90 control vs. 53.87 ± 10.8, n = 90; P < 0.05). Notably, no significant difference was observed between the control group and the BPB-exposed group of GV phase and A/TI phase (GV: 1.200 ± 1.2, n = 90 control vs. 8.033 ± 4.1, n = 90; P > 0.05; A/TI: 1.200 ± 1.2, n = 90 control vs. 10.13 ± 3.5, n = 90; P > 0.05). These data demonstrated that BPB treatment significantly disturbed meiotic progression.
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FIGURE 2. BPB exposure disturbed cell cycle procession of meiotic maturation in mouse oocytes. (A) Spindle and chromosome depiction during oocyte developmental stages (GV, GVBD and Pro-MI, MI, A/TI, and MII). α-tubulin, green; DNA, blue. Bar, 20 μm. (B) The cell cycle distribution was quantified in the control and BPB groups. Control, n = 90; BPB, n = 90. ∗Significantly different (P < 0.05); ∗∗Significantly different (P < 0.01); ∗∗∗Significantly different (P < 0.001).




BPB Exposure Affected Spindle Assembly and Chromosome Alignment in Mouse Oocytes

Considering a meiotic arrest mediated by defective spindle morphology largely induced activation of SAC, we next examined the MI oocytes for spindle organization and chromosome alignment. Spindle structure was observed using an anti-α-tubulin-FITC antibody, and DAPI was used for visualization of chromosome alignment. The results displayed a typical barrel-shaped spindle apparatus in controlled oocytes, and the equatorial plate had well-aligned chromosomes. In contrast, abnormal spindle morphology and misaligned chromosomes were observed in BPB-treated oocytes (Figure 3A). Statistically, the rate of abnormal spindles and misaligned chromosomes were significantly increased from 18% in controls to 80% and from 25% in controls to 87%, respectively (abnormal spindles: 18.30 ± 4.3% control, n = 92 control vs. 80.10 ± 5.9%, n = 91; P < 0.01; misaligned chromosomes: 25.87 ± 6.3%, n = 92 control vs. 87.83 ± 4.9%, n = 91; P < 0.01; Figures 3B,C). Moreover, p-MAPK was examined to explain the mechanism for spindle defects following BPB exposure to the well-established component of MTOCs. In contrast to wild MI oocytes, where p-MAPK in spindle poles is canonically enriched, BPB-exposed oocytes show a severe distorted p-MAPK localization. BPB exposure resulted in the detachment of p-MAPK from spindle poles with scattered signals around the spindle, and some BPB-treated oocytes showed a precipitous decline in p-MAPK expression (Figure 3D), indicating the dysfunction of MTOCs. Moreover, the aberrant spindle assemble and chromosome alignment were found in MII oocytes after BPB treatment (aberrant spindle and chromosome: 17.81 ± 9.0%, n = 102 control vs. 65.34 ± 3.5%, n = 91; P < 0.01; Supplementary Figures 1A,B). Thus, these data suggested that BPB exposure disrupted meiotic spindle assembly and chromosome alignment, which contributed to meiotic failure after BPB treatment.


[image: image]

FIGURE 3. BPB exposure disturbed the MI spindle assembly and chromosome alignment. Only the oocytes that reach to GVBD at 2 h in the control and BPB treated group were cultured for 8 h for subsequent analysis. (A) Spindle morphology and chromosome alignment depiction in control and BPB-treated oocytes. α-tubulin, green; DNA, blue. Bar, 20 μm. (B) Aberrant spindle morphology rate following BPB exposure. Control, n = 92; BPB, n = 91. ∗∗Significantly different (P < 0.01). (C) Aberrant chromosomal alignment rate following BPB exposure. Control, n = 92; BPB, n = 91. ∗∗Significantly different (P < 0.01). (D) Depiction of p-MAPK position in control and BPB-exposed oocytes. p-MAPK, red; α-tubulin, green; DNA, blue. Bar, 20 μm.




BPB Exposure Changed the Acetylation Levels of α-Tubulin in Mouse Oocytes

In tubulin, one of the most abundant non-histone proteins, lysine 40 of α-tubulin subunit is the site of acetylation (Zilberman et al., 2009). The microtubules stability in mouse oocytes is dependent on α-tubulin acetylation levels (Ling et al., 2018), and aberrant levels of α-tubulin acetylation may affect spindle assembly and the meiotic process. As spindle defects were confirmed, we then examined the acetylation status of microtubules in control and BPB-treated oocytes. Results from Figures 4A,B revealed that the BPB-exposed oocytes had a significantly higher level for tubulin acetylation compared to the control (19.17 ± 1.466, n = 34 control vs. 35.47 ± 2.570, n = 29; P < 0.0001).


[image: image]

FIGURE 4. BPB exposure increased the acetylation level of α-tubulin. (A) Acetylated α-tubulin depiction in control and BPB-treated oocytes. Acetylated α-tubulin, red; DNA, blue. Bar, 20 μm. (B) Quantification of fluorescence intensity for acetylated α-tubulin in control, and BPB-exposed oocytes. Control, n = 34; BPB, n = 29. ∗∗∗Significantly different (P < 0.0001).




BPB Exposure Continuously Activated the SAC in Mouse Oocytes

Meiotic arrest and impaired spindle assembly in BPB-treated oocytes suggest that SAC might always be activated. To gain insight into this issue, BubR1, an integral component of SAC, was detected by chromosome spreading to indicate SAC activation at 10 h (A/TI) after BPB exposure. The control group did not show BubR1 signals, whereas a clear BubR1 signal was observed still in BPB exposed oocytes at the kinetochores (Figure 5), which indicates SAC activation.
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FIGURE 5. BPB exposure continuously activated the spindle assembly checkpoint. BubR1 depiction in control and BPB-exposed oocytes at ATI stage. BubR1, green. DNA, red. Bar, 20 μm.




BPB Exposure Increased DNA Damage in Mouse Oocytes

Considering that BPB exposure induced DNA damage in sperm cells, so we want to know whether BPB can also cause DNA damage in oocytes. DNA double strand breaks (DSBs) is one of the most common types of DNA damage. Therefore, the anti-γ.H2A.X antibody was used to indicate DNA damage in mouse oocytes. As shown in Figure 6A, bright γ.H2A.X foci prevalence in BPB-exposed oocytes inferred the induction of severe DNA damage. Quantitative analysis further demonstrated that the DNA damage level significantly increased after BPB treatment (12.23 ± 0.6193, n = 33 control vs. 16.88 ± 1.447, n = 32; P < 0.01; Figure 6B).
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FIGURE 6. BPB exposure increased DNA damage in mouse oocytes. (A) Images depicting DNA damage in control and BPB-treated oocytes. γ.H2A.X, red; DNA, blue. Bar, 20 μm. (B) Quantitative analysis of the fluorescence intensity of γ.H2A.X in control and BPB-treated oocytes. Control, n = 33; BPB, n = 32. ∗∗Significantly different (P < 0.01). (C) ROS depiction in control and BPB-exposed oocytes. ROS, red. Bar, 100 μm. (D) ROS fluorescence intensity in control and BPB-exposed oocytes. Control, n = 37; BPB, n = 36. No significant difference (P > 0.05). (E) The ATP content in control and BPB-treated oocytes. Control, n = 30; BPB, n = 30. No Significantly (P > 0.05).


We then detected the ROS level in the BPB-exposed oocytes. Unexpectedly, no obvious change was observed between the BPB-exposed oocytes and the controls (Figure 6C), indicating that oxidative stress was not produced by BPB. Moreover, fluorescence intensity of ROS analysis further confirmed this conclusion (14.36 ± 0.3942, n = 37 control vs. 14.29 ± 0.3002, n = 36; P > 0.05; Figure 6D). Besides, the ATP content was also not altered after BPB exposure (52,220 ± 2688, n = 30 vs. 57,860 ± 2041, n = 30 control; P > 0.05; Figure 6E).



BPB Exposure Altered the Levels of Histone H3K27me3 and H3K9me3

The effects of BPB exposure on epigenetic modification were evaluated by examining the H3K27me3 and H3K9me3 levels. The signals of H3K27me3 were significantly increased in the BPB-exposed oocytes than in the control group. Consistently, the fluorescence intensities of H3K9me3 were significantly higher in the BPB-exposed oocytes. Statistical analysis further confirmed that BPB affected the levels of histone H3K27me3 and H3K9me3 (H3K27me3: 16.16 ± 0.5889, n = 29 control vs. 19.11 ± 1.183, n = 31, P < 0.05; Figures 7A,B; H3K9me3: 12.68 ± 0.6714, n = 30 control vs. 21.10 ± 0.2463, n = 29, P < 0.0001; Figures 7C,D).
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FIGURE 7. BPB exposure altered epigenetic modification in mouse oocytes. (A) Images depicting H3K27me3 in control and BPB-treated oocytes. H3K27me3, red. Bar, 10 μm. (B) H3K27me3 fluorescence intensity in control and BPB-exposed oocytes. Control, n = 29; BPB, n = 31. ∗Significantly different (P < 0.05). (C) Images depicting H3K9me3 in control and BPB-treated oocytes. H3K9me3, red. Bar, 10 μm. (D) H3Kme3 fluorescence intensity in control and BPB-exposed oocytes. Control, n = 30; BPB, n = 29. ∗∗∗Significantly different (P < 0.0001).




BPB Exposure Disrupted the Localization Patterns of ERα

Since BPB was suggested to be competitively bound to ER of several species, including human and mouse (Blair et al., 2000; Sipes et al., 2013; Zhang et al., 2018), we finally tested the changes in estrogen receptor α (ERα) in controls and BPB-exposed oocytes. ERα signals in control-oocytes were diffused in the cytoplasm. At the same time, ERα had accumulated separately around the chromosome and showed a spindle-like pattern in oocytes exposed to BPB (Figure 8A). In addition, fluorescence intensity analysis showed that ERα signals were sharply increased in the BPB-exposed oocytes spindle in comparison to control oocytes (57.56 ± 2.209, n = 34 control vs. 5.54 ± 6.005, n = 33; P < 0.01; Figure 8B). Collectively, these data indicated that BPB exposure disrupted the localization patterns of ERα.
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FIGURE 8. BPB exposure changed the distribution pattern of ERα. (A) ERα depiction in control and BPB-exposed. ERα, red; α-tubulin, green; DNA, blue. Bar, 20 μm. (B) ERα fluorescence intensity on the spindles in control and BPB-exposed oocytes. Control, n = 34; BPB, n = 33. ∗∗Significantly different (P < 0.01).





DISCUSSION

Human beings are exposed to EDCs through various channels throughout their life cycle. EDCs can be absorbed by the body, accumulated, and even bio-transformed into more toxic metabolites. The EDCs including BPA are widely distributed and have adverse effects, which increased the researchers’ attention toward it, and more and more studies aimed at explaining how these compounds affect the endocrine system (Cimmino et al., 2020). The safety of BPB as a substitute for BPA has also attracted people’s attention. Most of the assays considered BPB has the potency similar to or even greater than that of BPA. Adverse effects of BPB on fish reproduction and the male reproductive system in rodents has been reported, but the effects on the female are still obscure.

Endocrine disrupting chemicals can disrupt ovarian physiology resulting in undesirable reproductive effects such as estrogen deficiency, dysfunctional ovulation, premature ovarian failure, and even infertility. The line of evidence for BPB estrogenic activity has been obtained in various in vivo and in vitro experiments (Serra et al., 2019). Ovarian estrogens and estrogen/ER pathways are indispensable for the development and physiology of female organs and female reproduction in mammals (Wall et al., 2014). BPB is competitively bound to ER of several species, including human and mouse (Blair et al., 2000; Sipes et al., 2013; Zhang et al., 2018). ERs, including ERα and ERβ, belong to a large nuclear receptor superfamily and can function as the ligand-induced transcription factors (Hall and McDonnell, 2005). BPB was confirmed to express ERα through ER-regulated gene expression in human mammary MCF-7 cell lines (Rivas et al., 2002; Mesnage et al., 2017). In fish exposed from 5 μM of BPB, the expression of ERα and hepatic estrogen genes vitellogenin-1, choriogenin-L was significantly high (Yamaguchi et al., 2015). A dose-dependent higher RNA expression of ERα and ER-regulated cyp19a1b was observed in male zebrafish brain exposed for 21 days from 0.1 mg/L (Yang et al., 2017). Besides, ERα appears to play a significant role in major reproductive physiological functions in females (Lee et al., 2009). Our data displayed alteration in the distribution of ERα, which was significantly aggregated on the spindle in BPB treated mouse oocytes. During mitosis, ERα is located on the spindles for the alignment of chromosome and spindle dynamics (Zhang et al., 2015). Several EDCs have been reported affecting oocytes maturation through targeting ERs. In pig oocytes, bisphenol S enhances the ERα expression which affects the oocyte meiotic maturation negatively (Žalmanová et al., 2017). In our previous study, diethylstilbestrol was found to neutralize oocyte meiotic maturation through affecting ERα dynamic changes (Ding et al., 2020b). Of note, the same phenomenon was observed in estrogen-exposed oocytes. These results implied that EDCs may affect oocyte maturation by affecting ERα dynamic, very likely through the effects of ERα on spindle assembly. Regardless of its findings in mitosis, the role of ERα in the assembly of meiotic spindles is not very clear, and it will be a main content of our subsequent research. Altogether, these data led to speculate that BPB exposure induces dysfunction of ERα to disrupt mouse oocyte meiotic maturation in vitro.

Ovarian potential to generate viable oocytes is limited from puberty to menopause. In humans, immature oocytes are arrested at the diplotene stage of meiotic prophase I, and this dormancy continue for several decades (Holt et al., 2013). Long-term growth arrest increases the susceptibility to external stimuli for immature oocytes (Ge et al., 2019). For the potential impact of BPB exposure on oocyte meiotic maturation, PBE and cell cycle progression were explored in the BPB-exposed oocytes. Our findings concluded that BPB exposure compromised oocyte meiotic maturation and resulted in the meiotic arrest. The meiotic arrest is mainly due to the activation of the SAC induced by defective spindle morphology (Lara-Gonzalez et al., 2012; Ding et al., 2020a). The failure of meiotic maturation prompts us to detect the spindle organization and chromosome alignment in MI oocytes. In BPB-exposed oocytes, as shown by immunofluorescence results, disruption of the spindle structure and chromosome alignment were observed. Unlike mitosis, oocyte-meiotic spindles assembly without canonical centrosome function, but MTOCs contained centrosomal proteins for meiotic spindle organization (Lee et al., 2000; Meunier and Vernos, 2012). Given the aberrant spindle assembly, we also examined p-MAPK, a well-established MTOC-associated protein (Ding et al., 2017). The disrupted localization of p-MAPK in BPB-exposed oocytes suggested it contributed to defects of spindles. To avoid false chromosome separation, SAC is continuously activated in oocytes to prevent abnormal chromosome segregation to ensure proper meiotic maturation (Gorbsky, 2015). Our results suggested that the SAC was not deactivated after BPB exposure inducing the failure of meiotic metaphase to anaphase, which is another contributor to BPB-induced meiotic arrest. After chromosome separation, oocytes enter ATI stage and extrude PB1, and are arrested at MII stage waiting for fertilization. Any error in the meiotic process can lead to the failure of oocyte maturation, causing pregnancy loss and developmental disabilities in humans (Jones and Lane, 2013).

A previous study reported that BPB exposure induced DNA damage in sperm cells (Ullah et al., 2019). Consistently, BPB exposure resulted in DNA damage in oocytes as indicated by positive γ.H2A.X spot in our study. Pathways, DNA damage response can detect and repair the DNA (Winship et al., 2018). Initially, recovery of DNA damage in oocytes is mediated by DNA damage response, in case the DNA damage could not be repaired, it results in apoptosis (MacLennan et al., 2015). In addition to apoptosis, DNA damage if failed to repair immediately causes chromatin remodeling, cell cycle arrest, or cell cycle delay (Dasika et al., 1999; van Gent et al., 2001; Pandita and Richardson, 2009). Moreover, it was suggested that DNA damage induced meiotic arrest in mouse oocytes was intervened by the SAC (Collins et al., 2015). In our study, BPB exposure did not affect GVBD occurrence after 14 h of culture. Still, a large proportion of oocytes were arrested at MI stage with SAC activation, indicating that DNA damage may play a role in meiotic arrest induced by BPB exposure. EDCs can disrupt mitochondrial function and cause oxidative stress. Oxidative metabolism in mitochondria produces cellular ATP, as a side effect of oxidative phosphorylation, ROS are generated which could damage various biological macro-molecules (Yu et al., 2010; Kawamura et al., 2018). In particular, suitable ROS and ATP are crucial for proper spindle assembly in oocyte meiosis (Ding et al., 2020a). BPB has also been found to induce oxidative stress under in vitro conditions (Ullah et al., 2018a). We thus detected the ROS production after BPB treatment. Unexpectedly, BPB treatment did not lead to excessive ROS production, indicating oxidative stress was not produced by BPB. In consistent, the ATP levels were not changed by BPB exposure. These data suggested that mitochondrial function was not affected by BPB exposure.

Spatiotemporal gene expression is a prerequisite for oocyte maturation, and to a certain extent is achieved through epigenetic mechanisms. Epigenetic modifications in oocytes could be changed after exposure to BPA and its analogs. The expression of H3K4me2 and DNA methylation (5 mC) levels was altered after BPA treatment in porcine oocytes (Wang et al., 2016). Oocyte quality was also impaired by BHPF exposure through changing histone modifications, demonstrated by the increased H3K9me3 and H3K27me3 levels (Jiao et al., 2019). Any alteration in stage-dependent histone modifications can result in related to oocyte meiosis and quality. Notably, any induced epigenetic modification tends to be inherited to the next generation (Anway et al., 2005; Skinner et al., 2011). Based on our results, BPB exposure could change histone methylation (H3K9me3 and H3K27me3), suggesting that BPB could affect epigenetic modifications in mouse oocytes.

In conclusion, our results indicated that BPB exposure compromised oocyte meiotic maturation and damaged oocyte quality through affecting spindle assembly and chromosome alignment, acetylation of α-tubulin, DNA damage, epigenetic modifications, and ERα dynamics in mouse oocytes. Our study suggests that BPB may not be a safe alternative to BPA via an acute exposure in vitro. It warrants further studies to discourse the persistent impact of BPB chronic exposures at a low dose.
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Imperatorin Ameliorates the Aging-Associated Porcine Oocyte Meiotic Spindle Defects by Reducing Oxidative Stress and Protecting Mitochondrial Function
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Imperatorin (IMP) exhibits a variety of pharmacological properties, including antioxidant, anti-inflammatory, antibacterial, anti-cancer, and anti-hypertension activities. However, its effects on animal reproduction systems, especially oocyte development, maturation, and aging are not yet clear. In this study, the effects of IMP on oocyte development and aging as well as the underlying molecular mechanisms were explored. Oocytes were cultured for an additional 24 h for aging. Results revealed that the blastocyst formation and hatching rates of embryos, which were parthenogenetically activated aged oocytes, were significantly increased with IMP treatment (40 μM). Simultaneously, well-distributed cortical granules but no significant difference in zona pellucida hardness were observed after IMP treatment. During this stage, intracellular reactive oxygen species, apoptosis, and autophagy levels were decreased, while mitochondrial membrane potential, glutathione level, and activity of superoxide dismutase and catalase were increased. IMP-treated aged oocytes also showed significantly higher expression of MOS, CCNB1, BMP15, and GDF9 than non-IMP-treated aged oocytes although their levels were still lower than those in the fresh oocytes. These results suggest that IMP can effectively ameliorate the quality of aged porcine oocytes by reducing oxidative stress and protecting mitochondrial function.

Keywords: imperatorin, porcine oocyte, aging, oxidative stress, mitochondrial function, autophagy


INTRODUCTION

As an animal ages, its oocyte quality reduces, which is a major cause of aging-related decline in female fertility (Liu and Keefe, 2002; Eichenlaub-Ritter et al., 2004). Simultaneously, after ovulation, porcine, and bovine oocytes are arrested at metaphase II (MII) stage, ready for fertilization. If fertilization is not successful at a certain stage, MII oocytes undergo a process known as “postovulatory aging” (Lord and Aitken, 2013; Lord et al., 2013; May-Panloup et al., 2016). Aging oocytes exhibit certain biological abnormalities, including zona hardening, cortical granule exocytosis, meiotic abnormalities, mitochondrial dysfunction, and decreased maturation-promoting factor (MPF) expression and ATP production (Wang T. et al., 2017). Aged oocytes often lead to fertilization failure and subsequent embryo developmental arrest, which causing losses in agricultural production (Miao et al., 2009). In animal reproduction, postovulatory oocyte aging leads to fertilization failure, poor embryonic development, increased abortion rate, and decreased offspring longevity (Tarín et al., 2002; Warburton, 2005). Although animal assisted reproductive technology (ART) can alleviate the negative effects of aging on oocytes, preventing aging, and selecting good quality oocytes are crucial for pre-implantation embryo development (Swain and Pool, 2008). Therefore, it is important to develop strategies to delay oocyte aging for ART and animal husbandry production.

Although the molecular signaling pathways involved in cell aging have not been well explored, reactive oxygen species (ROS) has been reported as a potential candidate inducer (Harman, 1988). ROS is mainly derived from the mitochondria and continuously enriched during aging (Goud et al., 2008), which results in impairment of mitochondrial function (Babayev et al., 2016) and reduced ATP production (Koyama et al., 2014), thus triggering oxidative stress and early apoptosis (Lord et al., 2015). In oocytes, excessive oxygen free radicals and mitochondria damage disrupt the relatively stable microenvironment, leading to aging (Ott et al., 2007). However, previous studies have suggested that many natural and synthetic chemicals, depending on their function of reducing ROS-induced apoptosis, mitochondrial damage, autophagy, and abnormal spindle formation (Lee et al., 2013; Ben-Meir et al., 2015; Wang H. et al., 2017), can reduce or relieve oocyte aging both in vivo and in vitro. Therefore, identifying more compounds and exploring their underlying mechanism are needed for effective inhibition of oocyte aging in vivo and in vitro.

Imperatorin (IMP), known as {9-[(3-methyl-2-buten-1-yl)oxy]-7H-furo(3,2-g)}, is a naturally occurring furanocoumarin derivative that is mainly distributed in citrus fruits (Citrus limonum), umbelliferous vegetables (Foeniculi Fructus), and some herbal medicines (Angelica dahurica and Angelica archangelica). It exhibits various pharmacological properties, including anti-cancer (Rahman et al., 2015), neuroprotective (Steinthor and Sigmundur, 2013), anti-inflammatory (Abad et al., 2010), anti-hypertension (Yan et al., 2010), and antibacterial activities (Rosselli et al., 2007). In recent years, IMP has received increasing attention due to its antioxidant effects. IMP has been shown to regulate the expression of superoxide dismutase, xanthine oxidase, and nicotinamide adenine dinucleotide phosphate oxidase (Cao et al., 2013) and reduce the production of ROS (Budzynska et al., 2015), as well as protect mitochondrial function (Ahmad et al., 2019). More importantly, our previous research showed that 40 μM IMP can improve porcine early embryonic development by reducing ROS production (Luo et al., 2020). However, whether IMP exerts protective effects on aged oocytes remains unknown.

In this study, we hypothesized that IMP maintains porcine oocyte quality during the process of aging. We investigated the effect of IMP on blastocyst formation rate, hatching rate, distribution of cortical granules, and hardness of zona pellucida (ZP) in parthenogenetically activated aged oocytes. Next, antioxidant capacity, mitochondrial membrane potential (MMP), ATP production, and autophagy levels were evaluated to explore the underlying mechanism. Our findings will contribute to the understanding about the molecular mechanism of oocyte quality control and providing new insights into the oocyte maturation, early development, preventing oocyte aging, and improving animal reproduction.



MATERIALS AND METHODS


Ethics Statement

All experiments were conducted at the Experimental Animal Center of Jilin University in accordance with the Institutional Animal Care and Use Committee of Jilin University (IACUC-ID-201802070).



Regents and Chemicals

All chemicals and reagents used in this study were purchased from Sigma-Aldrich (St. Louis, MO, United States) unless otherwise indicated.



In vitro Maturation and Aging of Porcine Oocytes

Prepubertal porcine ovaries were obtained from a local slaughterhouse and transported to the laboratory in a sterile saline solution supplemented with 75 μg/mL penicillin G and 50 μg/mL streptomycin sulfate within 2 h at 30–35°C. Cumulus-oocyte complex (COC) was aspirated from a follicle (diameter of 3–6 mm) using a 10 mL syringe with an 18-gauge needle. COCs were washed three times in Tyrode’s lactate-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (TL-HEPES) supplemented with 0.1% polyvinyl alcohol (PVA, w/v) and 0.05 mg/mL gentamycin. Only oocytes with a minimum of three layers of cumulus cells were selected. Next, about 50 COCs were matured in 500 μL in vitro maturation (IVM) medium [M199 with 10 ng/mL epidermal growth factor, 1 μg/mL insulin, 75 μg/mL kanamycin, 0.91 mM sodium pyruvate, 10% prepubertal porcine follicular fluid (Grupen et al., 2003), 0.5 μg/mL follicle-stimulating hormone, and 0.5 μg/mL luteinizing hormone] with mineral oil for 44 h at 38.5°C in a humidified atmosphere of 5% CO2 and 95% air.

For in vitro oocyte aging, cumulus cells were removed from the COCs by pipetting in TL-HEPES supplemented with 1 mg/mL hyaluronidase after porcine oocyte maturation. Only denuded oocytes with first polar bodies (fresh group) were used for subsequent experiments. Oocytes were then cultured in mineral oil-covered fresh IVM medium with (IMP-aged group) or without (aged group) 40 μM IMP (Selleck, Shanghai, China) based on our previous research (Luo et al., 2020) for an additional 24 h at 38.5°C in a humidified atmosphere of 5% CO2 and 95% air.



Parthenogenetic Activation and Embryo in vitro Culture

Following aging, the oocytes were parthenogenetically activated using two direct-current pulses of 120 V for 60 μs in 297 mM mannitol containing 0.5 mM HEPES, 0.1 mM CaCl2, 0.05 mM MgSO4, and 0.01% PVA. The activated oocytes were then cultured in bicarbonate-buffered porcine zygote medium-5 (PZM-5) (Yoshioka et al., 2008) containing 4 mg/mL bovine serum albumin [in vitro Culture (IVC) medium] and 7.5 mg/mL cytochalasin B for 3 h to suppress the extrusion of the pseudo-second-polar body. After careful washing the oocytes with PZM-5 three times, approximately 50 parthenogenetically activated oocytes were transferred into 4-well plates containing 500 μL of IVC medium and cultured at 38.5°C in a humidified atmosphere of 5% CO2 and 95% air. The blastocyst rates (number of blastocysts versus number of cleaved embryos) and hatching rates (number of hatched blastocysts versus number of cleaved embryos) were detected on days 7.



ZP Hardness Assay

The assay for ZP hardening was carried out according to a previously described method with some modifications (Coy et al., 2008). Briefly, denuded porcine oocytes were transferred into PBS-PVA, washed by pipetting, and transferred into 50 μL drop of 0.5% (w/v) pronase (from Streptomyces griseus) solution in PBS-PVA. Zonae pellucidae were continuously observed for dissolution under an inverted microscope at 37°C. Oocytes were observed every 30 s initially, and when the ZP becomes noticeably thinner, they were observed every 5 s at microscope until all the ZP dissolved. The dissolution time of the zona of each oocyte was registered as the time interval between placement of the samples in pronase solution and that when the zona was no longer visible.



Cortical Granule Distribution Assay

For cortical granule staining, the ZP of oocytes was removed by brief incubation in acidic Tyrode’s solution. The oocytes were fixed in 3.7% paraformaldehyde in PBS-PVA for 30 min and then blocked in PBS-PVA containing 0.3% BSA and 100 mM glycine. Next, the oocytes were permeabilized in PBS-PVA containing 0.1% Triton X-100 for 5 min. After three washes with PBS-PVA, cortical granules were labeled with 10 μg/mL of Alexa Fluor 488-conjugated wheat germ agglutinin (Invitrogen, Grand Island, NY, United States) in PBS-PVA for 30 min in the dark. Finally, oocytes were washed three times, mounted on glass slides, and observed under a Zeiss LSM 510 confocal microscope (Carl Zeiss, Jena, Germany).



Annexin-V Staining

An Annexin-V staining kit was used for the detection of early-apoptosis (Vazyme, Nanjing, China). The oocytes were incubated at room temperature in the dark for 10 min with 100 ml of binding buffer containing 10 ml of Annexin-V-EGFP. After three times washes in PBS-PVA, the oocytes were mounted on glass slides covered with cover slips. Then, oocytes were determined immediately with the confocal microscope (Carl Zeiss).



Assays for Intracellular ROS and GSH Levels

To measure intracellular ROS and GSH levels, oocytes were incubated in PBS-PVA containing 10 μM 2′,7′-dichlorodihydrofluorescein diacetate (DCFH, for ROS level measurement; Invitrogen) or 10 μM 4-chloromethyl-6,8-difluoro-7-hydroxycoumarin (CMF2HC, for GSH level measurement; Invitrogen) for 30 min. After washing the oocytes three times in PBS-PVA, images were captured using a fluorescence microscope (Nikon, Tokyo, Japan) and ImageJ software (NIH, Bethesda, MD, United States) was used to analyze the fluorescence intensities.



Superoxide, Superoxide Dismutase, and Catalase Assay

The superoxide level, superoxide dismutase (SOD) activity, and catalase (CAT) activity were assayed by Superoxide Assay Kit (Beyotime, Shanghai, China, #S0060), Total Superoxide Dismutase Assay Kit with WST-8 (Beyotime, #S101S), and Catalase Assay Kit (Beyotime, #S0051) according to the manufacturer’s instructions, respectively. Briefly, before measurement, standard reaction solutions and curve were prepared according to the manufacturer’s instructions. Then, 150 oocytes were dissolved with related lysed buffer and incubated with reaction buffer for 30 min. Next, the absorption value was measured with a microplate reader (Tecan, Mannedorf, Switzerland). The superoxide level and activity of SOD and CAT were calculated based on the absorption value and standard curve.



Determination of Mitochondria Distribution

To assess mitochondria distribution, after denudation treatment, denuded and washed oocytes were incubated in TCM-199 medium (Invitrogen) for 10 min to acclimatize. Next, denuded oocytes were incubated in TCM-199 medium containing 500 nM MitoTracker Red CMXRos (Cat#M7512; Invitrogen) for 30 min at 38.5°C, and subsequently fixed in PBS-PVA containing 3.7% paraformaldehyde for 30 min at room temperature. After washing three times in PBS-PVA, the oocytes were mounted on glass slides and observed under a Zeiss LSM 510 confocal microscope (Carl Zeiss). ImageJ software were used to analyze the fluorescence intensities.



MMP (ΔΨ) Assay

To determine the MMP, oocytes were incubated in IVM medium containing 2 μM 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide dye (JC-1; Beyotime) for 2 h with or without IMP treatment at 38.5°C. After washing the oocytes three times in PBS-PVA, images were captured using a fluorescence microscope (Nikon) and ImageJ software was used to analyze the fluorescence intensities. The average MMP of oocytes was calculated as the ratio of red fluorescence intensity to green fluorescence intensity.



Determination of ATP Levels

The ATP levels in oocytes were measured using an ATP Determination Kit (Cat#A22066; Invitrogen) and a luminometer (CentroPro LB 962; Berthold Technologies, Bad Wildbad, Germany) according to the manufacturer’s instructions, as previous described (Niu et al., 2019). Briefly, oocytes were collected into a 0.2 mL centrifuge tube containing 30 μL lysis buffer (20 mM Tris, 0.9% Nonidet-40, and 0.9% Tween 20) and lysed by ultrasonic shock. Before measurement, standard reaction solutions were prepared according to the manufacturer’s instructions and placed on ice in the dark. The sample lysis solution (5 μL) was then added to a 96-well plate and equilibrated for 10 s. Subsequently, 200 μL standard reaction solution was added into each well, and the light signal was integrated for 10 s after a delay of 2 s. The light intensity in the control group was arbitrarily set as 1, and the light intensity in the treatment group was then measured with a microplate reader (Tecan) and expressed as values relative to the control group.



Immunofluorescence Staining

Oocytes were fixed in PBS-PVA containing 3.7% paraformaldehyde for 30 min and permeabilized by incubation in 0.3% Triton X-100 for 15 min at room temperature. Oocytes were then blocked in PBS-PVA containing 1% BSA for 1 h. Next, oocytes were incubated with primary anti-LC3B antibody (Abcam, Cambridge, MA, United States; #ab48394) or anti-α-tubulin-FITC antibody (1:200; Abcam; #ab64503) overnight at 4°C. After washing three times in PBS-PVA, the oocytes were incubated with a secondary antibody (Abcam; #ab150073, for LC3B staining) for 1 h at room temperature. Then, DNA was stained with 1 μg/mL Hoechst 33342 for 15 min. Finally, the oocytes were mounted onto glass slides and the fluorescence intensities were examined using a confocal laser scanning microscope (Carl Zeiss). Autophagy levels in the embryos were measured by counting the number of LC3B dots.



Quantitative RT-PCR Analysis

mRNA was extracted from 150 oocytes using the DynabeadsTM mRNA DIRECTTM Purification Kit (Invitrogen) according to the manufacturer’s instructions. A fast reverse transcription kit (TIANGEN, Beijing, China) was used for the synthesis of cDNA by reverse transcription. Each 20 μL quantitative RT-PCR (qRT-PCR) mixed system included 8 μL of deionized water, 10 μL of SuperReal PreMix Plus (TIANGEN), 1 μL of cDNA, and 0.5 μL each of forward and reverse primers (10 mM). Gene expression was quantified with the Mastercycler ep realplex system (Eppendorf, Hamburg, Germany) using the 2–Δ Δ Ct method with GAPDH as the internal standard. The PCR conditions were as follows: 95°C for 3 min; 45 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. All primers used are listed in Supplementary Table 1.



Western Blotting

300 oocytes were collected and placed in lysis and loading buffer (40% ddH2O, 12.5% 0.5 M Tris–HCl, 10% glycerol, 2% SDS, 20% β-mercaptoethanol, and trace bromophenol blue) for 10 min at 95°C. Next, total protein was separated on 15% polyacrylamide gels containing 0.1% SDS and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, United States). After blocking with 5% BSA diluted in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at 37°C, the membranes were incubated overnight at 4°C with primary antibodies against LC3B, cleaved-Caspase 3 (Abcam; #ab49822), and GAPDH (Abcam; #ab9484). After washing three times in TBST for 10 min each, membranes were incubated at room temperature for 1 h with horseradish peroxidase-conjugated goat anti-rabbit IgG (Abcam; #ab205718, for LC3B and cleaved-Caspase 3) and goat anti-mouse IgG (Abcam; #ab205719, for GAPDH). Blots were visualized using a charge-coupled device camera and UviSoft software (Uvitec, Cambridge, United Kingdom).



Statistical Analysis

All statistical analyses were performed using SPSS software, version 22.0 (IBM Corporation, Chicago, IL, United States). Data from two groups were compared using the Student’s t-test. Differences between three or more groups were analyzed using one-way analysis of variance (ANOVA) with the Tukey–Kramer test. All data are presented as the mean ± standard deviation (SD). The total numbers of oocytes or embryos (N) used in each group and independent repeat times (R) of experiments are shown in the figure notes. Black dots represent the measurements in each group. P < 0.05 and P < 0.01 were considered statistically significant.



RESULTS


IMP Supplementation Maintained the Quality of Aged Oocytes and Enhanced the Developmental Competence of Parthenogenetic Embryos Derived From Aged Oocytes

As shown in Figure 1A, IMP supplementation helped oocytes reduce the cytoplasmic abnormalities, and spontaneous parthenogenetic activation. The expression levels of MOS proto-oncogene, serine/threonine kinase (MOS) in aged and IMP-treated aged oocytes were downregulated by 0.52 ± 0.15 and 0.76 ± 0.08-fold while the expression levels of cyclin B1 (CCNB1) in aged and IMP-treated aged oocytes were downregulated by 0.37 ± 0.03 and 0.78 ± 0.08-fold compared to the fresh oocytes. The expression levels of bone morphogenetic protein 15 (BMP15) in aged and IMP-treated aged oocytes were downregulated by 0.41 ± 0.11 and 0.74 ± 0.13-fold while the expression levels of growth differentiation factor 9 (GDF9) in aged and IMP-treated aged oocytes were downregulated by 0.38 ± 0.14 and 0.73 ± 0.14-fold compared to the fresh oocytes (Figure 1B). The cleavage rate in parthenogenetic embryos derived from fresh, aged, and IMP-treated aged oocytes were 85.71 ± 2.92%, 70.54 ± 5.89%, and 77.80 ± 5.67%, respectively (Figure 1C). The blastocyst formation rate in fresh, aged, and IMP-treated aged oocytes were 49.82 ± 2.67%, 16.27 ± 1.27%, and 30.97 ± 1.47% on day 7, respectively (Figures 1D,E). In addition, the hatching rates on day 7 in embryos derived from fresh and IMP-treated oocytes were 11.51 ± 1.16% and 8.22 ± 1.59%, respectively, while no hatched blastocyst was observed in aged oocytes (Figure 1F). These results suggested that IMP improved the quality of embryo derived from aged oocytes.
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FIGURE 1. IMP supplementation enhanced the development of porcine parthenogenetic embryos derived from aged oocytes. (A) Representative images of oocytes in fresh, aged, and IMP-treated aged groups. Normal/abnormal cytoplasm/spontaneous parthenogenetic activated oocytes were labeled with blue/red/orange arrows. Scale bar = 50 μm. (B) Differential gene expression in fresh, aged, and IMP-treated aged oocytes. Gene expression was detected in oocytes after 24 h of aging. R = 3. *P < 0.05; **P < 0.01. (C) Cleavage rate of parthenogenetic activated embryos derived from fresh (N = 199), aged (N = 216), and IMP-treated aged (N = 218) group. R = 4. Significant differences are represented by different capital letters (P < 0.01). (D) Representative images of parthenogenetic embryo development on day 7 derived from fresh, aged, and IMP-treated aged groups. Scale bar = 100 μm. (E) Blastocyst formation rate on day 7 in the fresh, aged, and IMP-treated aged groups. Significant differences are represented by different capital letters (P < 0.01). (F) Hatching rate on day 7 in the fresh, aged, and IMP-treated aged groups. No hatched blastocysts were observed in aged group. Significant differences are represented by different lower-case (P < 0.05) and capital (P < 0.01) letters.




IMP Supplementation Maintains Cortical Granule Distribution in Aged Oocytes

The process of oocyte aging is often accompanied by abnormal cortical granule distribution and changes in ZP hardness. In this study, the oocytes were classified into three types according to the observed distribution pattern of cortical granules (Figure 2A): Type 1: almost all cortical granules are distributed in the cortex and form a continuous halo around the plasma membrane; Type II: cortical granules are distributed in both the cytoplasm and plasma membrane, while halo formation around the plasma membrane is discontinuous; and Type III: cortical granules are more highly distributed in the cytoplasm than on the plasma membrane.
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FIGURE 2. Effects of IMP on the distribution of cortical granule and ZP hardness in aged oocytes with/without IMP treatment. (A) Representative images of different types of cortical granule distribution. Scale bar = 25 μm. (B) The proportion of different types of oocytes in the fresh (N = 105), aged (N = 98), and IMP-treated aged groups (N = 100). R = 3. Significant differences are represented by different capital letters (P < 0.01). (C) Relative dissolution time of ZP in fresh (N = 75), aged (N = 75), and IMP-treated aged (N = 75) oocytes. No significant difference was observed in dissolution time of ZP between aged and IMP-treated aged oocytes, which suggested no significant difference in ZP hardness with or without IMP treatment. R = 3. Significant differences are represented by different capital letters (P < 0.01).


The percentages of Type I oocytes in fresh, aged, and IMP-treated aged group were 72.45 ± 3.62%, 17.33 ± 0.78%, and 28.96 ± 1.64%, respectively. The percentages of Type II oocytes in fresh, aged, and IMP-treated aged group were 18.02 ± 3.84%, 33.81 ± 2.65%, and 49.19 ± 4.11%, respectively. The percentages of Type III oocytes in fresh, aged, and IMP-treated aged group were 9.53 ± 1.64%, 48.86 ± 2.40%, and 21.86 ± 2.88%, respectively (Figure 2B). These results indicated that IMP supplementation maintained cortical granule distribution in aged oocytes. However, no significant difference in dissolution time of ZP was observed between aged and IMP-treated aged oocytes (P > 0.05; Figure 2C).



IMP Supplementation Inhibited Apoptosis in Aged Oocytes

As shown in Figure 3A, In this study, the oocytes were classified into two types according to the observed distribution pattern of Annexin-V-positive membrane: Type 1: less than 50% of plasma membrane was labeled with Annexin-V-EGFP; Type II: more than 50% of plasma membrane was labeled with Annexin-V-EGFP. The percentages of Type I oocytes in fresh, aged, and IMP-treated aged group were 83.41 ± 4.76%, 20.84 ± 4.67%, and 44.64 ± 5.07%, respectively. The percentages of Type II oocytes in fresh, aged, and IMP-treated aged group were 16.59 ± 4.76%, 79.16 ± 4.67%, and 55.36 ± 5.07%, respectively. In addition, the level of cleaved-Caspase 3 in aged and IMP-aged oocytes were 1.36 ± 0.03 and 1.18 ± 0.02-times compared to those in fresh oocytes, respectively (Figure 3B).
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FIGURE 3. IMP treatment reduced apoptosis in aged oocytes. (A) Representative images of Annexin-V staining and proportion of Type I/II oocytes in fresh (N = 246), aged (N = 217), and IMP-treated aged (N = 235) groups. Scale bar = 25 μm. Significant differences are represented by different capital letters (P < 0.01). R = 3. (B) Cleaved-Caspase 3 level in fresh, aged, and IMP-treated aged groups. Significant differences are represented by different capital letters (P < 0.01). R = 3.




IMP Supplementation Enhanced the Oxidation Resistance of Aged Oocytes

To determine the antioxidant effects of IMP on aged oocytes, ROS, and GSH levels were detected by DCFH and CMF2HC assays, respectively (Figures 4A,B). Results showed that the DCFH fluorescence intensity levels in aged and IMP-treated aged oocytes were significantly increased to 1.54 ± 0.17 and 1.29 ± 0.13-fold (Figure 4C), while the CMF2HC fluorescence intensity levels were significantly decreased to 0.58 ± 0.16 and 0.80 ± 0.13-times (Figure 4D) compared to those in fresh oocytes. The superoxide level in IMP-treated aged oocytes was lower than that in aged oocytes although it was still higher than those in the fresh oocytes (Figure 4E). In addition, IMP-treated aged oocytes also showed significantly higher activity of CAT (Figure 4F) and SOD (Figure 4G) than non-IMP-treated aged oocytes although their levels were still lower than those in the fresh oocytes. These results suggested that IMP reduces the accumulation of ROS and enhanced the antioxidant capacity in aged oocytes.
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FIGURE 4. Effects of IMP on oxidation resistance in aged oocytes. (A) Representative DCFH staining images of oocytes in fresh, aged, and IMP-treated group. Scale bar = 100 μm. (B) Representative CMF2HC staining images of oocytes in fresh, aged, and IMP-treated group. Scale bar = 100 μm. (C) Relative DCFH fluorescence intensity (represents ROS) level in fresh (N = 120), aged (N = 123), and IMP-treated aged oocytes (N = 119). R = 3. Significant differences are represented by different capital letters (P < 0.01). (D) Relative CMF2HC fluorescence intensity (represents GSH) level in fresh (N = 127), aged (N = 124), and IMP-treated (N = 127) groups. R = 3. Significant differences are represented by different capital letters (P < 0.01). (E) Relative superoxide level change in fresh, aged, and IMP-treated aged groups. R = 3. *P < 0.05; **P < 0.01. (F) Relative CAT level change in fresh, aged, and IMP-treated aged groups. R = 3. Significant differences are represented by different capital letters (P < 0.01). (G) Relative SOD level change in fresh, aged, and IMP-treated aged groups. R = 3. Significant differences are represented by different capital letters (P < 0.01).




IMP Supplementation Ameliorated Mitochondrial Dysfunction in Aged Oocytes

The mitochondria are important for maintaining the quality of aged oocytes. In this study, the oocytes were classified into two types according to the observed mitochondrial distribution pattern: Type I: several mitochondria distributed evenly in the oocyte; and Type II: relatively fewer mitochondria with assembled distribution, while no mitochondria observed in certain places in the oocyte (Figure 5A).
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FIGURE 5. Effects of IMP on mitochondrial distribution, ΔΨm, and ATP levels in aged oocytes. (A) Representative images of Type I/II (three each) mitochondrial distribution in oocytes with MitoTracker staining. Scale bar = 50 μm. (B) The proportion of Type I/II oocytes in fresh (N = 119), aged (N = 76), and IMP-treated aged (N = 99) groups. Significant differences are represented by different capital letters (P < 0.01). R = 3. (C) Representative images of JC-1Red/Green staining in fresh, aged, and IMP-treated aged oocytes. Scale bar = 100 μm. (D) Relative fluorescence intensity of JC-1Red/Green in fresh (N = 128), aged (N = 122), and IMP-treated aged (N = 120) oocytes. Significant differences are represented by different capital letters (P < 0.01). R = 3. (E) Relative ATP levels in fresh, aged, and IMP-treated aged oocytes. R = 3. Significant differences are represented by different capital letters (P < 0.01).


Our results showed that percentage of Type I oocytes in the fresh, aged, and IMP-treated aged groups were 85.13 ± 3.66%, 46.61 ± 4.06%, and 62.84 ± 2.06%, respectively (P < 0.01), while the percentage of Type II oocytes were 14.87 ± 3.66%, 53.39 ± 4.06%, and 37.16 ± 2.06%, respectively (Figure 5B; P < 0.01).

Next, we measured the ΔΨm of aged oocytes by examining the ratio of red/green fluorescence using JC-1 dye staining. The results showed that ΔΨm in aged and IMP-treated aged oocytes were decreased to 0.76 ± 0.12 and 0.84 ± 0.09-fold compared to the fresh oocytes, respectively (Figures 5C,D).

Furthermore, the ATP levels were analyzed. The results showed that the ATP levels in aged and IMP-treated aged oocytes decreased by 0.63 ± 0.07 and 0.82 ± 0.03-fold compared to those in fresh oocytes, respectively (Figure 5E).



IMP Supplementation Inhibited Autophagy in Aged Oocytes

To assess whether IMP regulates autophagy in oocytes, LC3B levels were measured. As shown in Figures 6A,B, the relative number of LC3B dots in the aged and IMP-treated aged oocytes increased to 1.68 ± 0.43 and 1.32 ± 0.34-fold compared to that in fresh group, respectively. Western blotting results also showed that the level of LC3B in aged and IMP-treated aged oocytes increased to 1.36 ± 0.03 and 1.18 ± 0.02-fold compared to that in fresh oocytes, respectively (Figure 6C). These results suggested that autophagy levels were reduced with IMP supplementation.
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FIGURE 6. IMP supplementation reduced autophagy in aged oocytes. (A) Representative immunofluorescent images of LC3B dots in fresh, aged, and IMP-treated aged oocytes. Scale bar = 25 μm. (B) The relative number of LC3B dots in fresh (N = 43), aged (N = 44), and IMP-treated aged oocytes (N = 42). R = 4. (C) Expression of LC3B in fresh, aged, and IMP-treated aged oocytes. R = 3.




IMP Supplementation Ameliorated Impairment of Spindle/chromosome Structure in Aged Oocytes

It has been known that oocyte aging is always caused defective spindle assembly, we thus further observed the organization of spindle/chromosome structure in fresh, aged, and IMP-treated oocytes. As shown in Figure 7A, most of fresh oocytes showed a normal barrel-shaped spindle apparatus with well-aligned chromosomes at the equatorial plate. However, various abnormal spindles and misaligned chromosomes were observed in aged oocytes. Quantitatively, the normal rates of spindle/chromosome structure in fresh, aged, and IMP-treated aged oocytes were 80.52 ± 4.59%, 36.84 ± 5.26%, and 54.65 ± 3.63%, respectively (Figure 7B).
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FIGURE 7. Effect of IMP supplementation on the spindle assembly in porcine aged oocytes. (A) Representative immunofluorescent images of normal/abnormal spindle morphologies and chromosome alignment in aged and IMP-treated aged porcine oocyte. Scale bar = 5 μm. (B) The rate of normal/abnormal spindle morphologies and chromosome alignment in fresh, aged, and IMP-treated aged porcine oocyte. Compared with aged oocytes (N = 114), the rate of normal spindle formation was significantly increased with IMP treatment (N = 115). However, it is still lower than that in the fresh oocytes (N = 127). Significant differences are represented with different capital letters (P < 0.01).




DISCUSSION

The aging of postovulatory oocytes has a significant negative impact on livestock production. Although the mechanism of aging is not yet fully clear, excessive accumulation of ROS is considered to be a major factor in inducing aging (Cui et al., 2011; Sasaki et al., 2019; Tamura et al., 2020). Here, our results demonstrated that IMP exhibited antioxidant effects and enhanced aged oocyte quality by reducing ROS accumulation, autophagy, and apoptosis, enhancing mitochondrial function, and subsequently promoting embryonic development (Figure 8).
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FIGURE 8. Schematic diagram of the effects of IMP on oocyte aging. After treatment of IMP, intracellular ROS, apoptosis, and autophagy levels were decreased, while activity of CAT and SOD as well as mitochondria function (ATP production) were increased in aged oocyte. IMP-treated aged oocytes also showed significantly higher levels of MPF (MOS, CCNB1, BMP15, and GDF9) and well cortical granule distribution. These may help oocyte delay aging process.


In this study, we first confirmed that IMP improved the quality of aged oocytes, as well as the developmental competence of embryos derived from aged oocytes, especially the blastocyst formation and hatching rates. The changes in mRNA expression of related functional genes and relatively well-distributed cortical granules further supported these results. The up-regulated mRNA expression of GDF9, BMP15, MOS, and CCNB1 suggested that IMP might be involved in regulating oocyte cytoplasmic maturation (Su et al., 2004; De Castro et al., 2016; Liu et al., 2018), as well as promoting MPF activity (Peter et al., 2002; Madgwick and Jones, 2007; Yang et al., 2017). Moreover, stable MOS and CCNB1 levels are essential for meiosis mediated by MAD1, MPS1, and APC/CCdc20 (Alfonso-Pérez et al., 2019), as well as balancing the MAPK, NF-κB signal which affects the ROS and mitochondrial dysfunction-mediated oocyte aging (Achache et al., 2020; Niu et al., 2020; Zhu et al., 2020). In addition, relatively high levels of GDF9 and BMP15 also help slow down the aging and reduce the apoptosis of oocytes by luteinizing hormone receptor, BCL2/BAX, connexin43-mediated regulating the steroidogenic acute regulatory protein expression, plasminogen activator, gap junctions (Hussein et al., 2005; Chang et al., 2014; De Castro et al., 2016). Simultaneously, we found that IMP supplementation also prevented the release of cortical granules, which is in accordance with previous findings that showed that postovulatory aging is highly correlated with a variety of defects in oocytes, including precocious release of cortical granules (Liu, 2011; Bianchi et al., 2015; Miao et al., 2018). However, no significant difference in ZP hardening was observed between IMP-treated and normal aged oocytes. This suggests that IMP may not be effective in improving the fertilization processing of aged oocytes.

Previous studies have shown that IMP regulates the activities of various antioxidant enzymes, including glutathione peroxidases, superoxide dismutase, glutathione reductase, thereby reducing the production of ROS (Raja et al., 2011; Sun et al., 2012; Cao et al., 2013). Here, our results showed that IMP treatment enhanced the level of GSH, activity of CAT and SOD in aged oocytes. As an intrinsic antioxidant present in oocytes, the content of GSH has been shown to decrease with the progression of oocyte aging and accumulation of ROS (Dumollard et al., 2007). In addition, relative higher levels of CAT and SOD would also enhance the antioxidant capacity of oocytes (Nie et al., 2020). Consistently, our results showed that the levels of ROS and superoxide were significantly decreased with IMP supplementation, which may be one of the reasons why ROS accumulation is relatively lower in IMP-treated aged oocytes. This also suggests that IMP treatment ameliorates ROS-induced oocyte aging during IVM (Agarwal et al., 2012).

The mitochondria are the principal producers of ATP for all energy-requiring cellular activities in oocytes, and are particularly vulnerable to ROS attack and functional damage in aged oocytes (Eichenlaub-Ritter et al., 2011). As previously reported, ATP production is reduced in aged oocytes (Koyama et al., 2014). However, here, IMP supplementation ameliorated low ATP production caused by aging-induced mitochondrial dysfunction. In addition, our study showed that MMP were significantly increased with IMP supplementation, indicating that IMP may help in maintaining high mitochondrial quality and ensuring the survival and viability of the offspring (Gemmell et al., 2004).

Spindles and actin filaments of oocyte are sensitive to chemicals and aging (Sun and Kim, 2012; Liang et al., 2018; Niu et al., 2020). Our results showed that the rate of abnormal spindle morphology in aged oocytes exposed to 40 μM IMP is markedly lower than that in control oocytes. This suggests that IMP reduces incidence of meiotic arrest and spindle abnormalities of aged oocytes in vitro, which may further reduce the failure of polar body extrusion from subcellular structure level (Wang et al., 2016). The mechanism may involve IMP acting as a regulator to affect the expressions of MAPK family and their phosphorylated levels (Cao et al., 2014; Li et al., 2015; Zhang et al., 2015). In addition, IMP may also alleviate the negative effects of aging on oocytes by regulating the Ca2+ from intracellular stores (He et al., 2007; Zhang et al., 2010). However, abnormal spindles and misaligned chromosomes were still observed in aged oocytes with IMP treatment, which means IMP cannot completely prevent spindle abnormalities during the aging process of oocytes.

During aging-induced mitochondrial dysfunction, the cells undergo significant changes in the levels of autophagy and apoptosis (Wang et al., 2009; Lin et al., 2018; Woods et al., 2018). Autophagy, a process by which cells degrade their cytoplasmic proteins or organelles to meet their metabolic needs, as well as self-renewal of organelles play an essential role in the process of oocyte maturation and aging (Mizushima, 2007). In our study, we observed that the LC3B protein was down-regulated with IMP supplementation. Consistent with previous studies, this result suggests that IMP helps in stabilizing the internal environment and reducing the autophagy of aging oocytes. Moreover, we also find that the level of cleaved-Caspase 3 was significantly decreased with IMP treatment, indicating that IMP exerts an anti-apoptotic effect via the caspase 3 pathway, which is consistent with previous studies (Wang et al., 2013; Nasser et al., 2019). In addition, this also suggests that IMP helps in overcoming ROS-induced survival pressure and inhibiting apoptosis and autophagy, as well as maintaining the quality of normal and aged oocytes (Fulda et al., 2010; Scherz-Shouval and Elazar, 2011; Marino et al., 2014).

Previous studies suggested that oxidative stress, which resulted from an imbalance between pro-oxidants and the body’s scavenging ability (antioxidants), influenced the entire reproductive lifespan of female animal and even thereafter (Agarwal et al., 2005). The health benefits of antioxidants-based diets could efficiently modulate oxidative and inflammatory stress to maintain the reproductive ability (Serafini and Peluso, 2016). Therefore, there is mounting interest in identifying foods, food extracts and phytochemical formulations. In this study, the in vitro research results showed that IMP had great potential on delaying the aging of oocyte. These are similar like Lycopene, vitamin C, coenzyme Q10, proanthocyanidin, which had been widely recognized for their anti-aging effects both in vivo and in vitro (Kaliora et al., 2006; Allemann and Baumann, 2008). This also indicates that IMP may have the potential to delay aging and improve animal reproduction as a food additive or therapeutic chemicals. However, the specific pathways that IMP affects in early embryos are unclear, and further research is needed.



CONCLUSION

In summary, IMP supplementation improves the quality of aged porcine oocytes and subsequent embryonic development by increasing antioxidant capacity, reducing ROS accumulation, blocking premature exocytosis of cortical granules, preventing the abnormal mitochondria distribution, enhancing mitochondrial function, and inhibiting the occurrence of autophagy and apoptosis. These findings provide a theoretical basis for improvements of animal reproduction and in vitro embryo production.
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Maternal obesity impairs oocyte quality and embryo development. However, the potential molecular pathways remain to be explored. In the present study, we examined the effects of obesity on telomere status in oocytes and embryos obtained from mice fed with high-fat diet (HFD). Of note, telomere shortening was observed in both oocytes and early embryos from obese mice, as evidenced by the reduced expression of telomerase reverse transcriptase and activity of telomerase. Moreover, quantitative analysis of telomere dysfunction-induced foci (TIFs) revealed that maternal obesity induces the defective telomeres in oocytes and embryos. Meanwhile, the high frequency of aneuploidy was detected in HFD oocytes and embryos as compared to controls, accompanying with the increased incidence of apoptotic blastocysts. In conclusion, these results indicate that telomere dysfunction might be a molecular pathway mediating the effects of maternal obesity on oocyte quality and embryo development.
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INTRODUCTION

Obesity is a common health concern in recent decades, with the prevalence of reproductive troubles among obese women increasing rapidly. Substantial studies have demonstrated that obesity disturbs multiple processes relevant to female reproduction, such as gonadotropin level, conception rate, fetal growth, as well as neonatal development (Devlieger et al., 2008; Robker, 2008). Overweight women in ovulating regularly is still accompanied with reduced pregnancy rates, indicating that obesity may interfere with the critical events of conception, specifically, oocyte/embryo quality (van der Steeg et al., 2008; Licea-Cejudo et al., 2020). Clinical data from oocyte donation and embryo transfer also suggest that poor oocyte quality contributes to the pregnancy complications experienced by obese women (Luke et al., 2011; Luzzo et al., 2012).

Telomeres consist of telomeric DNA (TTAGGG) and related proteins located at the end of eukaryotic chromosomes (Saikhun et al., 2004). They play a crucial role in stabilizing the chromosomes and preventing illegitimate chromosomal recombination (Zhao et al., 2014; Ge et al., 2019). Telomerase is a ribonucleoprotein that elongates telomeric DNA sequences, participating in the maintenance of telomere length by compensating for the loss of telomeric DNA in cell divisions (Herrera et al., 1999). Telomere length, as a significant biological marker, affects diverse cellular events such as meiosis, genomic integrity, and nuclear organization throughout the lifespan of eukaryotic cells (Noguera et al., 2020). Obesity is known to reduce telomere length via influencing systemic inflammation and redox homeostasis continuously (Mundstock et al., 2015). It has been widely reported that maternal pre-pregnancy body mass index (BMI) is associated with shorter telomere lengths in both newborn and older children (Martens et al., 2016; Clemente et al., 2019; McAninch et al., 2020). It is worth noting that exposure to maternal obesity causes poor oocyte quality and developmental defects of embryos. However, much remains to be investigated about the potential mechanisms mediating this process. In the present study, we particularly focus on the telomeric status in oocytes and preimplantation embryos from obese mice, and report our findings below.



RESULTS


Reduced Telomere Length in Oocytes and Embryos From Obese Mice

Four-week old female mice were fed either a high-fat diet (HFD) or a normal diet (ND) for 16 weeks, and their oocytes/embryos were collected for the assessment of telomeric status, respectively. Telomeres are specialized repetitive sequences at the end of eukaryotic chromosomes, composed of non-coding DNA and a variety of proteins (Figure 1A). Here we first quantified the telomere length by telomere to single-copy gene ratio (T/S) as described previously (Callicott and Womack, 2006). Remarkably, the telomere length was decreased by ∼50% in GV/MII oocytes from HFD mice compared with ND oocytes. Likewise, ∼30% reduction in telomere length was detected in HFD 2-cell/blastocyst embryos relative to ND embryos (Figure 1B). Telomerase reverse transcriptase (TERT) is the rate-limiting catalytic subunit of telomerase, an RNA-dependent DNA polymerase that lengthens telomeric DNA to maintain telomere homeostasis (Patel et al., 2020). In line with this notion, we noticed that both mRNA and protein levels of TERT in MII oocytes and 2-cell embryos from HFD mice were reduced in comparison to controls (Figures 1C,D). However, TERT expression has no significant difference in GV oocytes and blastocyst embryos between ND and HFD groups. Therefore, we further evaluated the relative telomerase activity (RTA) in these cells using quantitative telomerase repeat amplification protocol. Interestingly, RTA levels in GV oocytes and blastocyst embryos obtained from HFD mice were significantly lower than that in ND cells (Figure 1E), indicating that both telomerase expression and activity involve in the control of telomere length. Altogether, the results suggest that maternal obesity induces a decline in telomere length in oocytes and early embryos.
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FIGURE 1. Reduced telomere length in oocytes and embryos from obese mice. (A) Schematic diagram showing telomere structure, telomere-associated proteins, and telomerase in cells. Telomere and telomere-associated proteins include TRF1 (telomeric repeat binding factor 1), TRF2 (telomeric repeat binding factor 2), POT1 (protection of telomeres 1), TIN2 (TRF1-interacting nuclear protein-2), TPP1 (TIN2 interacting protein), and RAP1 (repressor-activator protein 1). Telomerase are composed of N-DAT (N-terminal domain), RT (DNA- and RNA-binding regions, a central catalytic reverse transcriptase domain), C-DAT (C-terminal domain). (B) Relative telomere length is expressed as a T/S ratio by quantitative real-time PCR analysis (n = 50 oocytes/embryos from 3 mice for each group). (C) The relative mRNA levels of Tert in GV/MII oocytes and 2-cell/blastocysts from ND and HFD mice were detected using qRT-PCR (n = 50 oocytes/embryos from 3 mice for each group). (D) The protein levels of TERT in MII oocytes and 2-cell embryos from ND and HFD mice were evaluated by Western Blot (n = 200 oocytes/embryos from 10 mice for each lane). GAPDH served as an internal control. (E) Relative telomerase activity (RTA) in GV/MII oocytes and 2-cell/blastocysts from ND and HFD mice was measured (n = 50 oocytes/embryos from 3 mice for each group). Data are expressed as mean percentage ± SD, of three independent experiments. A Student’s t-test was used for statistical analysis; n.s., not significant.




Telomere Dysfunction and DNA Damage in HFD Oocytes and Embryos

Telomere repeat-binding factor 1 (TRF1), as a telomeric double-stranded DNA binding protein, negatively regulates telomerase-dependent elongation via blocking telomerase access to the telomeres (Azzalin et al., 2007; Okamoto et al., 2008). γH2AX is an early cellular response to the induction of DNA double-strand breaks (DSBs) (Ibuki et al., 2015). Telomere dysfunction could give rise to phosphorylation of histone H2AX and TRF1 accumulation through the activation of DNA damage response factor (Fernando et al., 2011). To check the telomere function, oocytes and 2-cell embryos derived from in vitro fertilization (IVF) were immunolabeled with γH2AX and TRF1 antibodies simultaneously. Remarkably, as shown in Figures 2A–D, HFD oocytes and embryos accumulate more TIFs spots as compared to normal cells. These data indicate that maternal obesity is capable of inducing DNA lesions and telomere dysfunction in oocytes and preimplantation embryos.
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FIGURE 2. Telomere dysfunction and DNA damage in HFD oocytes and embryos. (A) Representative images of ND and HFD GV oocytes stained with antibodies against TRF1 (red) and γH2AX (green), and co-stained with Hoechst 33342 for chromosomes (blue). (B) Quantification of the numbers of TRF1 and γ-H2AX foci (TIFs) in GV oocytes. TIFs were detected by co-localization of TRF1 and γ-H2AX. Each data point represents one oocyte (n = 10 oocytes for each group). (C) Representative images of ND and HFD 2-cell embryos stained with antibodies against TRF1 (red) and γH2AX (green), and co-stained with Hoechst 33342 for chromosomes (blue). (D) Quantification of the numbers of TRF1 and γ-H2AX foci (TIFs) in 2-cell embryos. Each data point represents an embryo (n = 10 embryos for each group). Scale bars, 25 μm. Data are presented as means ± SD, a Student’s t-test was used for statistical analysis.




Genomic Instability in Oocytes and Embryos From Obese Mice

Telomeres, as a special heterochromatic structure at the ends of linear chromosomes, can be utilized to prevent end-to-end fusion, nucleolytic degradation and irregular recombination (Meena et al., 2015). Hence, telomere shortening might lead to chromosomal instability in cells (Mania et al., 2014). To evaluate the genomic stability in HFD oocytes, karyotype analysis was conducted via chromosome spreading in combination with kinetochore labeling. About 3-fold increase in aneuploidy incidence in HFD oocytes was detected compared to ND oocytes (Figure 3A). Furthermore, we postulated that chromosomal abnormalities in HFD oocytes would also result in the generation of aneuploid embryos. Consistent with this hypothesis, the proportion of aneuploidy was dramatically elevated in zygotes derived from HFD oocytes (Figures 4A,B). Together, these observations indicate the genomic instability in oocytes and embryos exposed to maternal obesity, which is likely associated with the telomere dysfunction.
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FIGURE 3. Genomic instability in oocytes from obese mice. (A) Chromosome spread of MII oocytes obtained from ND and HFD mice (n = 56 ND oocytes from 3 mice and n = 47 HFD oocytes from 4 mice). Purple, kinetochores stained with CREST antibody; Blue, chromosomes stained with DAPI. Representative confocal images show the euploidy in ND oocytes and aneuploidy in HFD oocytes. (B) Summary of the frequency of aneuploidy in ND and HFD oocytes.
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FIGURE 4. Increased aneuploidy in zygotes derived from HFD oocytes. (A) Chromosome spread of zygotes derived from ND and HFD oocytes (n = 47 ND zygotes from 5 mice and n = 36 HFD zygotes from 5 mice). Blue, chromosomes stained with DAPI. Representative confocal images show the euploidy in ND zygotes and aneuploidy in HFD zygotes. (B) Summary of the frequency of aneuploidy in ND and HFD zygotes.




Cell Apoptosis of Blastocysts Derived From Obese Mice

In mitotic cells, telomere dysfunction triggers cellular stress, perhaps via DNA damage, resulting in growth retardation and apoptosis (Harrington and Robinson, 2002). Likewise, a surveillance mechanism in germ cells has been identified to specifically target cells with dysfunctional telomeres for apoptosis (Hemann et al., 2001). Considering the shorten telomere and accumulated DNA damage in HFD oocytes, we decided to assess the apoptotic status in the resultant embryos. By performing Terminal dUTP Nick End Labeling (TUNEL) analysis, we found that TUNEL positive nuclei were hardly observed in normal blastocyst. By contrast, the apoptotic blastocysts were readily detected in obese mice (Figures 5A,B). These findings imply that defective telomere might be a factor contributing to the compromised developmental potential of HFD embryos.
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FIGURE 5. Cell apoptosis of blastocysts derived from HFD oocytes. (A) TUNEL analysis of blastocysts originated from ND and HFD oocytes. Embryos were labeled with Hoechst 33342 (blue) for DNA and by TUNEL for fragmented DNA (red). Scale bars, 25 μm. (B) Quantification of ND and HFD blastocysts apoptosis with TUNEL positive nuclei (n = 20 embryos from 5 mice for each group). Data are expressed as mean percentage ± SD, a Student’s t-test was used for statistical analysis. (C) Diagram summarizing the main effects of maternal obesity on telomeric status and genomic stability in oocytes and early embryos.




DISCUSSION

Maternal obesity in humans alters metabolic adjustments and affects reproductive capacity including perinatal complications, preterm delivery and neonatal conditions (Bolumar et al., 2000; Wang et al., 2002). In particular, we found the impaired developmental potential of preimplantation embryos and fetal growth retardation in HFD mice (Han et al., 2018). Recently, emerging data derived from embryo transfer experiment suggests that these developmental defects are probably due to the poor oocyte quality (Wyman et al., 2008; Huypens et al., 2016).

Telomere is a protective nucleoprotein structure at the end of chromosomes, which can determine if it is the natural chromosomal termini and avoid the induction of double-strand breaks in DNA (Okamoto et al., 2008). On the other hand, telomeres prevent incomplete replication from deterioration or from fusion with chromosome ends and participate in genome regulation and protein coding during gametogenesis, especially in meiosis (Reig-Viader et al., 2016). In the present study, the reduction in telomere length in oocytes and early embryos from HFD mice was identified (Figure 1). Telomerase consists of two major components: a reverse transcriptase enzyme (TERT) and a long non-coding RNA. The telomerase activity is significantly active in germ cells and early embryos to ensure that telomere length can be restored for next generation (Schaetzlein et al., 2004). In support of this conception, both Tert expression and telomerase activity were discovered to be altered in HFD oocytes and embryos (Figure 1). Consequently, telomere homeostasis is disrupted in germline, with the production of aneuploid gametes and deficient gametogenesis, inducing fertility problems. Notably, by spreading chromosomes, we revealed the significantly increased incidence of aneuploidy in both HFD oocytes and preimplantation embryos (Figures 3, 4). The survival rate of embryos is restricted by many factors, the most prominent of which is chromosome state (Gianaroli et al., 2010). In addition, telomeres play important functions in many aspects during gametogenesis and embryogenesis, such as chromosome orientation, synapses and separation. Length of oocyte telomeres is closely related to embryonic development, and thereupon females fertility (Turner and Hartshorne, 2013). Cytogenetic abnormalities in germline can be transmitted to next generation and is catastrophic for the development of future generation. Collectively, it is conceivable that telomere dysfunction might be one of reasons for miscarriage and reproductive failure experienced by obese women.

Programmed cell death is not only essential for gametogenesis and embryogenesis, but also plays a role in the formation of fetal organs and structures. The chromosome ends are relaxed during genome replication, and the structure of telomeres is dynamic intrinsically. In order to accomplish replications, telomeres may switch between protected and deprotected states during cell cycle. Each state is a complex regulatory pattern and can lead the cell to either division or senescence/apoptosis under normal conditions (Harley et al., 1990; d’Adda di Fagagna et al., 2003). Telomere shortening below a critical length results in DNA damage response, end-to-end fusions, and checkpoint-mediated cell cycle arrest or apoptosis (Galati et al., 2013). Here we noted that those embryos originated from HFD oocytes with short telomere displayed high frequency of apoptosis (Figure 5), which may disrupt gametogenesis and adversely impact embryonic/fetal development. An ongoing project is to identify the critical factors mediating the effects of maternal obesity on telomere function. In sum, our findings support a model where maternal obesity induces telomere dysfunction, likely through the disruption of chromosomal stability, consequently contributing to the poor oocyte quality and impaired embryonic developmental potential (Figure 5C).



MATERIALS AND METHODS


Animals and Diet

All animal works and experiments were approved by the Animal Care and Use Committee of Nanjing Medical University. Female ICR mice aged 3 weeks were maintained on a 12/12 h light/dark cycle at constant temperature (22°C) and under specific pathogen-free conditions. Female mice were randomly divided into two groups. For control group, mice were fed with normal diet (D1415, Beijing HFK Bioscience Co., Ltd.) for 16 weeks. For HFD group, mice were fed with high-fat diet containing 35.8% fat, 20.7% protein and 35% carbohydrates (D12492i; Research Diets, Inc.) for 16 weeks.



Antibodies

Rabbit polyclone anti-TRF1 antibody (Cat#: ab1423) and mouse monoclonal anti-γH2AX antibody (Cat#: ab22551) were purchased from (Cambridge, MA, United Kingdom); Cy5-conjugated goat anti-human IgG was purchased from Jackson Immuno Research Laboratory (West Grove, PA, United States).



Oocyte Collection, Fertilization, and Embryo Culture

Female mice were superovulated by an intraperitoneal injection of 5 IU pregnant mare serum gonadotropin (PMSG, San Sheng, Ningbo, China). Forty eight hours later, germinal vesicle (GV) stage oocytes were collected from ovary by puncturing the follicles. For in vivo MII oocytes, mice received an intraperitoneal injection of 5 IU human Chorionic Gonadotropin (hCG, San Sheng) following with injection of the PMSG 48 h later. Oocytes were retrieved from oviduct ampullae 13.5 h post-hCG, and freed of cumulus cells by exposure to 1 mg/ml hyaluronidase. In vitro fertilization was performed according to our previous protocol (Han et al., 2018). Briefly, sperm were isolated from the dissected epididymis of ND ICR mice aged 10–20 weeks and left to capacitate for 1 h in HTF fertilization medium (Millipore, Merck) supplemented with 10 mg/ml BSA. Dispersed spermatozoa were added to HTF drops containing cumulus-oocyte complexes. Then, zygotes were transferred into KSOM medium (Millipore, Merck) and cultured up to blastocyst stage at 37°C in a humidified atmosphere of 5% CO2, 5% O2, and 90% N2.



Quantitative Real-Time PCR

Pooled oocytes (50 oocytes per sample) were collected for DNA extraction. DNA was extracted using QIAmp DNA micro Kit (Qiagen, Valencia) according to the manufacturer’s instructions. Real-time PCR was performed with SYBR Green using ABI StepOne Plus PCR system (Applied Biosystems). The telomere signal was normalized to the signal from the single-copy gene to generate a T/S ratio indicative of relative telomere length. The related primer sequences are listed in the Supplementary Table 1.



Telomerase Activity Assay

Telomerase activity was measured by a telomerase PCR ELISA kit (Roche Molecular Biochemicals, Mannheim, Germany) on the basis of manufacturer’s instruction. In brief, telomerase adds telomeric repeats (TTAGGG) to the 3′-end of the biotin-labeled synthetic P1-TS-primer. These elongation products, are amplified by PCR using the primers P1-TS and the anchor-primer P2. After PCR amplification, the products were denatured and hybridized to digoxin-labeled probes that bind to the repeated fragments of the amplified products. The final products are immobilized via the biotin label to a streptavidin fixed on the microporous plate. Immobilized amplicons are detected with the peroxidase labeled anti-diooxin antibody and sensitive peroxidase substrate TMB by the microplate analyzer.



Immunofluorescence

Immunofluorescence was performed as described previously (Han et al., 2018). Pooled oocytes or embryos were fixed with 3.7% paraformaldehyde for 15 min at room temperature (RT), then permeabilized with 0.5% Triton X-100 for 5 min at RT. After 3 washes in PBS–PVP, they were treated with 1% BSA in PBS for 1 h. Samples were incubated with primary antibody overnight at 4°C. After 3 washes in PBS–PVP, samples were incubated with an appropriate secondary antibody for 1 h at RT. Nuclei was stained with Hoechst 33342 (1:250) for 10 min at RT. To detect cell apoptosis, TUNEL assay (Promega) was performed in accordance with the manufacturer’s instructions. Samples were observed under a laser scanning confocal microscope (LSM 710; Carl Zeiss, Oberkochen, Germany).



Chromosome Spread

For chromosome spreading in oocytes, oocytes were exposed to Tyrode’s buffer for 30 s at 37°C. Then, samples were fixed in 1% paraformaldehyde and 0.15% Triton X-100 on a glass slide. Oocytes were air-dried and incubated with CREST (1:500). Chromosomes were stained with Hoechst 33342 (Wang et al., 2009). For chromosome spreading in zygotes, cells were incubated in KSOM medium containing 0.1 μg/ml colcemid at 11 h after insemination. Zygotes were exposed to 11% sodium citrate for 20 min at RT and plated onto glass slides, dropping with a freshly methanol: fixative (3:1) mixture of acetic acid. After air drying, chromosomes were stained with Hoechst 33342 (1:250). The laser scanning confocal microscope was used for chromosomes examining.



Statistical Analysis

Data are presented as means ± SD, unless otherwise stated. All differences were analyzed by Student’s t-test using GraphPad Prism 8.0. P < 0.05 was considered to be significant.
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FK506 binding proteins 25 (FKBP25) has been shown to function in ribosome biogenesis, chromatin organization, and microtubule stability in mitosis. However, the role of FKBP25 in oocyte maturation has not been investigated. Here, we report that oocytes with FKBP25 depletion display abnormal spindle assembly and chromosomes alignment, with defective kinetochore-microtubule attachment. Consistent with this finding, aneuploidy incidence is also elevated in oocytes depleted of FKBP25. Importantly, FKBP25 protein level in old oocytes is significantly reduced, and ectopic expression of FKBP25 could partly rescue the aging-associated meiotic defects. In addition, by employing site-specific mutagenesis, we identify that serine 163 is a major, if not unique, phosphorylation site modulating the action of FKBP25 on meiotic maturation. In summary, our data indicate that FKBP25 is a pivotal factor for determining oocyte quality, and may mediate the effects of maternal aging on female reproduction.
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INTRODUCTION

Oocyte development is crucial in establishing female fertility. All of the oocytes protract arrest in prophase of the first division in the ovary, which can last decades in human (Keefe et al., 2015; Verlhac and Terret, 2016). Upon luteinizing hormone (LH) stimulation during puberty, immature oocytes resume meiosis, and undergo nuclear maturation characterized by germinal vesicle breakdown (GVBD). Along with progression of the chromatin condensation and microtubule (MT) organization, the oocytes gradually proceed to maturation, extruding the first polar body (Pb1). Oocytes then are arrested at metaphase of the second meiotic division, waiting for fertilization (Gosden and Lee, 2010). Meiotic maturation includes two important events, spindle assembly and chromosome movement, where any error in this process may lead to the generation of aberrant oocytes, such as aneuploid eggs (Chiang et al., 2012). In human beings, fertilization of aneuploid eggs is a major cause of female sterility, which increases with advancing maternal age (Hassold and Hunt, 2001). It has been demonstrated that maternal age-related decline in oocyte quality is associated with meiotic defects (Nagaoka et al., 2012; Holubcova et al., 2015; Duncan et al., 2017). Aged oocytes exhibit significantly changed spindle organization or MT dynamics, leading to kinetochore–microtubule attachment defects or chromosome segregation errors, which is the main reason for the meiotic failure (Li et al., 2017; He et al., 2019). Therefore, poor quality oocytes are an insurmountable problem for aged women to obtain optimal reproductive outcome (Ciancimino et al., 2014). Even though this is a clinically significant issue, strategies to improve oocyte quality with age have been scarce.

FK506 binding proteins (FKBPs), a large family of proteins, possess peptidyl prolyl cis/trans isomerase (PPIase) domains (Wochnik et al., 2005; Nelson et al., 2006; Liu et al., 2014). Fifteen FKBPs are discovered in the human proteome and family members (Dilworth et al., 2012; Galat and Thai, 2014; Galat et al., 2014). FKBPs are involved in the regulation of MTs organization and related to protein folding pathologies (Chambraud et al., 2007; Hausch, 2015). FKBP25, shuttling between the cytoplasm and the nucleus, closely related to histone modification enzymes, is a nucleic acid binding immunophilin (Gudavicius et al., 2013, 2014; Prakash et al., 2016). Structurally, FKBP25 contains a unique N-terminal Basic Tilted Helical Bundle domain (BTHB), tethered by a 54-amino acid flexible linker region to a C-terminal conserved FKBP domain (Helander et al., 2014; Dilworth et al., 2017). Numerous studies have described the association between FKBP25 expression and the regulation of ribosome biogenesis (Jin and Burakoff, 1993), chromatin, and MTs (Yang et al., 2001; Yao et al., 2011). Notably, FKBP25 has been demonstrated as a microtubule-associated protein (MAP), which is critical for maintaining the MT stability during mitotic progression (Dilworth et al., 2018).

Recent studies have shown that FKBP25 is phosphorylated by Protein Kinase C the key DNA binding sites during mitosis (De et al., 2014; Dilworth et al., 2018). These interactions are controlled by carefully timed phosphorylation events to ensure proper cell cycle progression and faithful chromosome segregation. To date, however, the role of FKBP25 in meiosis is not known. In this study, we discovered that depletion of FKBP25 protein has an adverse effect on the meiosis of mouse oocytes, especially disrupting the assembly of meiotic apparatus. Meanwhile, We found that FKBP25 expression was decreased in aged oocytes, which is associated with the spindle defects and chromosome misalignment.



RESULTS


Localization of FKBP25 During Oocyte Maturation

We firstly examined the localization of FKBP25 at different meiotic stages. As shown in Figure 1A, FKBP25 is predominantly distributed in the nucleus at GV stage. However, with the meiotic resumption, FKBP25 resides in the cytoplasm and significantly accumulated on the spindle region from pre-metaphase I (Pre-MI) to metaphase II stage (arrowheads). Furthermore, we confirmed that FKBP25 was colocalized with the spindle in oocytes by performing the double staining (Figure 1B). The dynamic distribution pattern implies that FKBP25 may play an important role in regulating oocyte meiotic maturation.
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FIGURE 1. Cellular localization of FKBP25 in mouse oocyte. (A) Freshly collected oocytes of each stages were stained with FKBP25 antibody. Arrowheads point to the accumulation of FKBP25 signal. NC, negative control. (B) Metaphase oocytes were double labeled with FKBP25 antibody (red) and α-tubulin antibody (green), DNA was counterstained with Hoechst 33342 (blue). NC, negative control. Scale bar: 30 μm.




FKBP25 Knockdown Adversely Affects Mouse Oocyte Maturation

To investigate the function of FKBP25 in meiosis, GV stage oocytes were microinjected with FKBP25 siRNAs. After injection, the GV oocytes were cultured in M16 medium supplemented with milrinone for 20 h to facilitate endogenous FKBP25 mRNA degradation. The amount of FKBP25 protein level was dramatically decreased following knockdown (KD; Figure 2A). The results showed that FKBP25 knockdown had no effect on GVBD, shown by similar GVBD rate (Figure 2B). In contrast, FKBP25-KD oocytes exhibited a lower Pb1 extraction rate compared with controls after 14 h of mature culture (Figures 2C–E, asterisks). Oocytes with abnormal division, particularly large polar body extrusion, were frequently observed when FKBP25 was knocked down (Figures 2C,D, arrowheads). In addition, FKBP25-KD oocytes were significantly arrested at MI stage as compared with controls identified by immunofluorescence staining (Figure 2F). These observations strongly suggest that FKBP25 is required for meiotic divisions.
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FIGURE 2. Effects of FKBP25 knockdown on oocyte maturation. (A) Western blot shows the knockdown efficiency of FKBP25 siRNA, 100 GV oocytes per sample. (B) Analysis the GVBD rate of control (n = 163 from 5 mice) and FKBP25-KD (n = 156 from 8 mice) oocytes. (C) Phase-contrast images of control and FKBP25 knockdown (FKBP25-KD) oocytes. Yellow arrowheads show the oocytes that fail to extrude polar bodies, pink arrowheads denote the oocytes with apparent symmetric division, blue asterisks point the oocytes arrested at GV stage, and white arrowheads indicate the oocytes with large polar bodies. Scale bar: 100 μm. (D) Magnified images for the abnormal oocytes shown in (C). (E) Analysis the Pb1 extrusion rate of control (n = 163 from 5 mice) and FKBP25-KD (n = 156 from 8 mice) oocytes. (F) The percentage of oocytes arrested at metaphase I stage after FKBP25-KD injection (n = 124 for control from 4 mice; n = 120 for FKBP25-KD from 6 mice). Data are expressed as mean ± SEM. **p < 0.01, ***p < 0.001 vs controls.




Disorganization of Meiotic Apparatus in FKBP25-Depleted Oocytes

The specific localization of FKBP25 in meiotic process prompted us to investigate whether FKBP25 knockdown affects the meiotic apparatus in oocytes. To gain insight into this issue, we stained oocytes with anti-tubulin antibody and propidium iodide (PI) to visualize spindle and chromosomes, respectively. Using confocal microscope, we found a high defect rate in spindle assembly and chromosome organization in FKBP25-KD oocytes, showing the elongated/multipolar spindles (yellow arrows) and scattered chromosomes (white arrowheads; Figures 3A,B). By contrast, MII oocytes in control groups generally showed a typical barrel-shape spindle and well-aligned chromosomes. Moreover, the karyotype of MII oocytes was analyzed by chromosome spreading and kinetochore labeling. As shown in Figures 3C,D, we found that FKBP25 depletion resulted in about 3-fold increase in incidence of aneuploidy compared to controls. These results suggest that FKBP25 depletion disrupts spindle/chromosome organization in meiotic process, elevating the incidence of aneuploidy.
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FIGURE 3. Morphological analysis of spindle and chromosome in FKBP25 knockdown oocytes. (A) Control and FKBP25 knockdown (FKBP25-KD) oocytes were stained with both α-tubulin antibody and PI. Disorganized spindles (yellow arrows) and misaligned chromosomes (white arrowheads) were frequently observed in FKBP25 knockdown (FKBP25-KD) oocytes. Scale bar: 30 μm. (B) Quantification of control (n = 124 from 4 mice) and FKBP25-KD (n = 120 from 6 mice) oocytes with spindle defects or chromosome misalignment. (C) Chromosome spread of control and FKBP25 knockdown (FKBP25-KD) oocytes. Chromosomes were labeled by Hoechst 33342 (blue) and kinetochores were stained with CREST (purple). Scale bar: 10 μm. (D) Quantification of aneuploidy in control (n = 51) and FKBP25 knockdown (n = 45) oocytes. Data are expressed as mean percentage ± SEM. **p < 0.01, ***p < 0.001 vs controls.




FKBP25 Knockdown Impairs Kinetochore-Microtubule Attachments

Kinetochore, an important target connecting spindles and chromosomes, within a right location ensures that chromosomes are aligned at the equator and segregation precisely. Stable kinetochore-microtubule (K-MT) attachment is qualified to the spindle assembly checkpoint (SAC; Cheeseman, 2014; Tauchman et al., 2015). Given the disorganization of chromosome/spindle in FKBP25-KD oocytes, we hypothesized that FKBP25 knockdown may affect K-MT attachments. For this purpose, the kinetochores, MTs and chromosomes of MI oocytes were visualized by staining with anti-CREST antibody, anti-tubulin antibody and Hoechst 33342, respectively (Figures 4A–C). In most control oocytes, kinetochores were properly attached to MTs (amphitelic attachment). However, a prominently increased incidence of two forms of mismatch (lost attachment and monotelic attachment) was detected in FKBP25-KD oocytes relative to control oocytes (Figure 4C).
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FIGURE 4. Depletion of FKBP25 in oocytes impairs kinetochore-microtubule attachments. (A) Metaphase oocytes in control and FKBP25-KD groups were double labeled with CREST and α-tubulin antibody. Representative confocal images are displayed. (B) Magnified images for the kinetochore-microtubule attachments in the oocytes shown in (A). (C) Quantitative analysis of K-MT attachments in oocytes (n = 52 for control; n = 56 for FKBP25-KD). (D) Control and FKBP25-KD oocytes were stained with anti-BubR1 antibody (green) and counterstained with PI to examine chromosomes (red). Scale bar: 10 μm. (E) BubR1 fluorescence intensity in control (n = 45) and FKBP25-KD (n = 50) oocytes were quantified. Data are expressed as mean percentage ± SEM. *p < 0.05 vs controls.


Spindle assembly checkpoint, a ubiquitous trigger that ensures the precise separation of chromosomes, monitors the right connections between kinetochores and MTs. The SAC signal is strongly expressed when the kinetochores is not yet integrated with the MT. When the kinetochores fused with the tubulin, the signal is quenched (Sun and Kim, 2012; Polanski, 2013; Sacristan and Kops, 2015). BubR1 (budding uninhibited by benzimidazole-related 1), an important integral element of the SAC, is often used to evaluate the status of SAC (Sudakin et al., 2001; Lara-Gonzalez et al., 2012; Overlack et al., 2015; Touati and Wassmann, 2016). In normal oocytes, BubR1 was detected during pre-MI, and then disappeared at MI stage. However, in FKBP25-KD oocytes, BubR1 signals were still present at MI stage (Figures 4D,E). Together, the defective K-MT attachments may be the main reason why chromosomes cannot align properly in FKBP25-KD oocytes.



FKBP25 Overexpression Alleviates the Meiotic Defects in Old Oocytes

It has been well elucidated that female fertility decreases with maternal age on account of the maturation defects in oocytes (Holubcova et al., 2015; Duncan et al., 2017; Miao et al., 2020). Given that the FKBP25-KD oocytes exhibited the similar phenotypes as those in old oocytes, we decided to detect FKBP25 expression in oocytes from young and old mice. As shown in Figure 5A, remarkable reduction of FKBP25 protein was detected in oocytes from old mice compared with young oocytes at GV stage. We also assessed the FKBP25 distribution and accumulation in old oocytes via immunostaining. There was no significant alteration in the distribution pattern of FKBP25 between young and old oocytes (Figure 5B). However, the average florescence intensity of FKBP25 protein was dramatically decreased in both GV and MII oocytes from old mice (Figure 5C). In order to evaluate the relationship between FKBP25 protein level and the phenotypes of old oocytes, we performed the rescue experiments through microinjection of cRNA encoding FKBP25 into fully grown old oocytes (Figure 6A). Exogenous FKBP25 protein was efficiently expressed in oocytes (Figures 6B,C). It is worth noting that ectopic expression of FKBP25 ameliorated the maturation defects in old oocytes (Figures 6D,E). Furthermore, as shown in Figures 6F,G, overexpression of FKBP25 in old oocytes significantly reduced the incidence of aneuploidy. These results indicate that depletion of FKBP25 is one of key factors inducing meiotic defects in oocytes from aged mice.
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FIGURE 5. Expression of FKBP25 protein in oocytes from old mice. (A) Representative immunoblotting detecting the FKBP25 expression in oocytes from young and old mice (young, 100 oocytes from 3mice; old, 100 oocytes from 5 mice). (B) Confocal sections of young and old oocytes were immunolabeled with FKBP25 antibody (green) and counterstained with propidium iodide (PI) to visualize DNA (red). (C) Quantification analysis of FKBP25 fluorescence (27 young oocytes and 22 old oocytes for each experiment). Scale bar: 30 μm. *p < 0.05 vs controls.
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FIGURE 6. FKBP25 overexpression alleviates maternal age-induced meiotic defects. (A) Schematic illustration of the FKBP25 overexpression experiments. (B,C) Immunoblotting analysis detecting the exogenous FKBP25 expression. (D) Oocytes were stained with α-tubulin and PI to detect spindle and chromosome morphology, respectively. Arrows indicate the disorganized spindles and arrowheads indicate the misaligned chromosomes. Scale bar: 30 μm. (E) Quantification of the spindle/chromosome defects in each group (young, n = 113 from 5 mice; old, n = 102 from 7 mice; old+PBS, n = 105 from 10 mice; old+FKBP25, n = 124 from 10 mice). (F) Chromosome spread of oocytes in each group. Chromosomes and kinetochores were stained with Hoechst 33342 (blue) and CREST (purple), respectively. Scale bar: 10 μm. (G) Quantification of aneuploidy in young (n = 39), old (n = 30), old+PBS (n = 32), and old+FKBP25 (n = 28) oocytes. Data are expressed as mean percentage ± SEM. *p < 0.05 vs controls.




FKBP25 Phosphorylation Is Important for Modulating Meiosis in Old Oocytes

During oocytes maturation, there is a dramatically change in protein phosphorylation and dephosphorylation. A wealth of these phosphorylation and dephosphorylation events are key to regulate meiotic process, chromosome dynamics, and spindle assembly (McGinnis and Albertini, 2010; Schindler, 2011). To test whether FKBP25 phosphorylation affects meiotic process in oocytes, we constructed the site-specific mutants targeting Serine 163 (S163) of FKBP25 (Dilworth et al., 2018). Ser163 was mutated to an alanine residue (S163A), to preclude phosphorylation, or to an aspartate residue (S163D), to mimic permanent phosphorylation (Hou et al., 2015). We injected the mRNA encoding FKBP25 mutants into GV oocytes for analysis. As shown in Figure 7A, immunoblotting verified that FKBP25-S163 mutant was efficiently expressed in oocytes. Compared with control groups, S163A mutant led to an almost 3-fold increase in meiotic abnormalities, such as spindle defects and chromosome misalignment (Figure 7B). Subsequently, we checked whether S163D mutant could rescue some phenotypic abnormalities of aged mouse oocytes. We injected the S163D mutant into old oocytes, and then they were in vitro matured for analysis (Figure 7C). It is worth noting that those meiotic phenotypes of old oocytes could be partially prevented by overexpression of phospho-mimetic S163D (Figures 7D,E). The results suggest that FKBP25 phosphorylation is essential for mediating the effects of aging on oocyte quality.
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FIGURE 7. FKBP25-S163D mutant partly rescues meiotic defects in old oocytes. (A) Immunoblotting analysis detecting the expression of two FKBP25 mutants. (B) The histogram shows the effects of FKBP phosphorylation mutants on meiotic apparatus in oocytes (n = 95 for each group). (C) Schematic diagram showing the experimental design process. (D) Oocytes in each group were labeled with α-tubulin antibody (green) for spindle and PI (red) for chromosome. Arrowheads point to the chromosome misalignment and arrows point to the spindle disorganization. Scale bar: 30 μm. (E) Quantification of oocytes with spindle/chromosome defects in each group (young, n = 121 from 5 mice; old, n = 108 from 7 mice; old+PBS, n = 102 from 10 mice; old+FKBP25, n = 132 from 10 mice). Data are expressed as mean percentage ± SEM. *p < 0.05 vs controls.





DISCUSSION

FK506 binding proteins 25 immunophilin, a crucial MAP, promotes MT polymerization and maintains chromosome stability (Wochnik et al., 2005). FKBP25 is localized to the nucleus, binds to DNA and interacts with chromatin modifying enzymes (Prakash et al., 2015, 2016). In addition, FKBP25 was detected on purified spindles in ovary cells (Bonner et al., 2011). In this study, a dynamic localization of FKBP25 was observed during mouse oocyte maturation. The colocalization of FKBP25 with α-tubulin further suggested that FKBP25 may participate in spindle organization during meiosis (Figure 1). Silencing of FKBP25 in U2OS cells displayed cell cycle delays, showing MT defects (Dilworth et al., 2018). Similarly, our results showed that FKBP25 depletion leads to some critical meiotic defects, including reduced polar body extrusion, aberrant spindle morphology and chromosome misalignment (Figures 2, 3). The SAC makes oocytes arrest at meiosis I stage when they encounter unattached chromosomes and abnormal spindle tension (Vogt et al., 2008; Polanski, 2013). Our study uncovered that K-MT connection is impaired, and SAC is activated in FKBP25-KD oocytes (Figure 4). In accordance with this observation, the frequency of aneuploidy was significantly increased in FKBP25-KD oocytes relative to controls (Figure 3). All these findings demonstrated that FKBP25 is crucially involved in the regulation of the assembly of meiotic structure during oocyte maturation. The decline of oocyte competence caused by maternal aging is the main factor in human infertility (Hamatani et al., 2004). It has been well documented that MT dynamics are altered in old oocytes (Luke et al., 2012; Nakagawa and FitzHarris, 2017). In this study, FKBP25 protein level was found to be decreased in oocytes from aged mice (Figure 5). Moreover, FKBP25 overexpression to some extent improved spindle assembly and increased euploidy in eggs (Figure 6). These findings above may provide a potential and effective way to obtain more high-quality oocytes for assisted reproductive technology (ART) or indirectly improve the fertility of aged females.

FK506 binding proteins 25 has a picturesque competence to bind nucleic acids and MTs, with the former regulated by PKC phosphorylation [17, 45, 46]. It has been documented that PKC could phosphorylate many of residues of FKBP25 during cell cycle. In particular, phosphorylation of FKBP25 disrupts its DNA binding ability (Dilworth et al., 2018). Here, we found that overexpression of S163A mutant could result in similar phenotypes to those observed in old oocytes. Of note, phosphorylation-mimetic mutant S163D markedly decreased the spindle/chromosome defects in aged oocytes (Figure 7). Collectively, FKBP25 phosphorylation might be a critical modification regulating the effects of maternal aging on oocyte quality.

In sum, several pieces of evidence in this study reveal that FKBP25, as a MAP, plays a pivotal role in the assembly of meiotic apparatus and maturational progression during oocyte meiosis. The results of this study provide a theoretical possibility for the application of FKBP25 to improve the fertility and ART efficiency of aged women.



MATERIALS AND METHODS

All chemicals and culture media were purchased from Sigma (St. Louis, MO, United States) unless stated otherwise. Each experiment was repeated at least three times.


Mice

Three-4-week female mice were used as a control in this study. 42–45-week-old mice which near the end of their reproductive lifespan were used as a reproductive aging model. All animal work and experiments were carried out according to relevant ethical guidelines and regulations, and approved by the Animal Care and Use Committee of Nanjing Medical University.



Antibodies

Rabbit polyclonal anti-FKBP25 antibody were purchased from Abcam (Cat#: ab16654; 1:150); Mouse monoclonal FITC conjugated anti α-tubulin antibody were purchased from Sigma (Cat#: F2168; 1:500); human anti-centromere CREST antibody was purchased from Antibodies Incorporated (Cat#: 15234; 1:500); Cy5-conjugated donkey anti-human IgG and FITC-conjugated donkey anti-goat IgG were purchased from Jackson Immuno-Research Laboratory (Cat#: 709605149 and 705095147; 1:500); Goat polyclonal anti-BubR1 antibody and mouse monoclonal anti-Myc tag antibody were purchased from Abcam (Cat#: ab28193 and ab18185; 1:250); and FITC conjugated goat anti-rabbit IgG purchased from Thermo Fisher Scientific (1:300).



Collection and Culture of Oocytes

Oocytes were retrieved from female mice at the age of 3–4 week (young mice) and 42–45 week (reproductively old mice). To collect fully grown GV oocytes, female mice were superovulated with 5 IU pregnant mare serum gonadotropin (PMSG) by intraperitoneal injection. After 48 h, cumulus-oocyte complexes were acquired by manually rupturing of antral ovarian follicles. Cumulus cells were removed by repeatedly mouth pipetting. For in vitro maturation, GV oocytes were cultured in M16 medium under mineral oil at 37°C in a 5% CO2 incubator.



Plasmid Construction and cRNA Synthesis

Total RNA was extracted from 100 mouse oocytes using Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, CA, United States), and the cDNA was generated with QIA quick PCR Purification Kit (Qiagen, Germany). Plasmid construction and cRNA synthesis were conducted as we reported previously (Zeng et al., 2018). For the synthesis of cRNA, plasmids were linearized by NotI, and cRNAs were made using in vitro transcription with SP6 mMessage mMachine (Ambion, CA, United States) according to the manufacturer’s instruction and purified by RNeasy Micro Kit (Qiagen, Germany). Synthesized RNA was aliquoted and stored at −80°C. The related primer sequences can be found in Supporting Information Supplementary Table 1.



Knockdown and Overexpression Experiments

Microinjection experiments were conducted using a Narishige microinjector. Microinjection of siRNA or cRNA was used to knock down or overexpress FKBP25 in mouse oocytes, respectively. 2.5 pl FKBP25 siRNA (1 mM) was injected into oocytes for knockdown analysis, or an equivalent amount of negative siRNA. 10 pl cRNA (10 ng/μl) was microinjected into GV oocytes for overexpression experiments. Following multiple washes, oocytes were arrested at GV stage in M16 medium containing 2.5 μM milrinone for 20 h to promote mRNA degradation or translation, and then cultured in M16 medium without milrinone for further experiments. The related primer sequences can be found in Supporting Information Supplementary Table 1.



Western Blotting

A total of 100 GV oocytes were lysed in 2× Laemmli sample buffer containing protease inhibitor, and denatured at 95°C for 5 min, then frozen at −20°C until use. Total oocyte proteins were separated by 10% SDS-PAGE and electrophoretically transferred to PVDF membrane. Membranes were blocked with 10% nonfat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h at room temperature and then probed with primary antibodies (Myc antibody, 1:1,000; FKBP25 antibody, 1:1,000) at 4°C overnight. After washes in TBST for three times, the membranes were incubated with HRP-conjugated secondary antibodies. Then, the protein bands were visualized using an ECL Plus Western Blotting Detection System (GE Healthcare, Little Chalfont, United Kingdom). Tubulin was used as a loading control.



Immunofluorescence

Oocytes were fixed with 4% paraformaldehyde in PBS (pH 7.4) for 20 min at room temperature, permeabilized in 0.5% Triton-X 100 for 15 min at RT. Then, oocytes were blocked with 1% BSA-supplemented PBS for 1 h at RT and were subjected to indirect immunofluorescence staining by incubating with primary antibodies overnight at 4°C as follows: anti-FKBP25 antibody. To visualize spindle, oocytes were probed with FITC-conjugated tubulin antibody. Oocytes were co-labeled with CREST (1:500) to detect kinetochores. Following three washes, oocytes were labeled with secondary FITC- or Cy5-conjugated anti-body for 1 h at room temperature. Chromosomes were evaluated by staining with PI or Hoechst 33342 for 10 min. After washed in PBS, oocytes were mounted on antifade medium (Vectashield, Burlingame, CA, United States) and examined under a laser scanning confocal microscope (LSM 700, Zeiss, Germany).



Chromosome Spread

Chromosome spread was conducted as described previously (Gao et al., 2018). To remove zona pellucida, MII oocytes were placed in Tyrode’s buffer (pH 2.5) for about 30 s at 37°C. After recovery in M16 medium for 10 min, oocytes were fixed in a drop of 1% paraformaldehyde with 0.15% Triton X-100 on a glass slide. After air drying, oocytes were incubated with CREST overnight at 4°C and then Cy5-conjugated secondary antibody for 1 h for kinetochore labeling. Chromosomes were stained with Hoechst 33342. Samples were examined under a laser scanning confocal microscope.



Statistical Analysis

All experiments were replicated at least three times, and the data obtained were subjected to statistical analysis. Data are presented as mean ± SEM, unless otherwise indicated. Differences between two groups were analyzed by Student’s t test. Multiple comparisons between more than two groups were analyzed by one-way ANOVA test using GraphPad Prism 8. P < 0.05 was considered to be significant.
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Ethylene glycol butyl ether (EGBE), a type of glycol ethers, is a common chemical used in both industrial and household products. Increasing animal studies have indicated that it produces reproductive problems, such as testicular damage, reduced female fertility, death of embryos, and birth defects. However, how it influences the female germ cells has not yet determined. Here, we found that EGBE exposure resulted in the defective porcine oocyte maturation via disruption of cytoskeleton dynamics, showing the abnormal spindle assembly, chromosome alignment, and actin organization. Meanwhile, EGBE exposure perturbed the mitochondrial distribution and function, leading to the accumulation of reactive oxygen species (ROS) and generation of DNA damage and apoptosis. Of note, nicotinamide mononucleotide (NMN) supplementation rescued the meiotic defects caused by EGBE exposure via restoring NAD+ level and mitochondrial function and thus eliminating the excessive ROS. Taken together, our observations illustrate that NMN supplementation is an effective strategy to protect oocyte quality against environmental pollutant-induced deterioration, contributing to improve the animal and human fertility.
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INTRODUCTION

The glycol ethers (GEs) consists of a class of organic solvents widely applied in the household and industrial products (Browning and Curry, 1994). At present, the chemical industry has synthesized more than 30 different GEs (Multigner et al., 2005), and ethylene glycol monobutyl ether (EGBE), ethylene glycol monoethyl ether (EGEE), and ethylene glycol monomethyl ether (EGME) are the most widely consumed products (Fort et al., 2018). Due to their potential toxicity and widespread availability, it has attracted more attentions. A previous study on the EGME-exposed female workers shows the extended menstrual cycles and the time to pregnancy (Hsieh et al., 2005). Furthermore, in vitro investigation of meiotic resumption in Xenopus oocytes has indicated that EGME influences the critical process of oocyte maturation prior to fertilization (Fort et al., 2002). EGEE is soluble in water or other solvents and absorbed through the skin of the body. EGEE in the body is then converted to ethoxy acetaldehyde (EAA) and ethoxy acetic acid (EAA), two toxic metabolites, by ethanol dehydrogenase and aldehyde dehydrogenase (Cheever et al., 1984; Kennedy et al., 1993). Recent studies have found that EGEE exposure causes the health risks including the damage to the liver, blood, and reproductive systems (Welsch, 2005; Scofield et al., 2006; Wang et al., 2006). Repeated exposure to EGEE causes testicular atrophy, reduced sperm count, and sperm motility retardation (Melnick, 1984; Wang et al., 2006, 2007). EGBE is rapidly absorbed through dermal, pulmonary, and gastrointestinal routes (Bauer et al., 1992). The acute exposure to EGBE not only results in renal, neurologic, hematologic, and metabolic disorders but also leads to acute severe respiratory failure (Bauer et al., 1992). The reproductive toxicity of EGBE has been also reported in female mice by showing the subfertility (Cicolella, 2006). Nevertheless, the underlying mechanisms concerning how EGBE impacts the female fertility and the quality of oocytes remain largely unknown.

Nicotinamide adenine dinucleotide (NAD+) is a coenzyme for multiple redox reactions involved in glycolysis, oxidative phosphorylation and tricarboxylic acid cycle in cells (Camacho-Pereira et al., 2016). In particular, NAD+ has effects on a variety of cellular endpoints directly or indirectly as a rate-limiting substrate for sirtuin proteins, the critical enzymes to regulate the mitochondrial homeostasis and pro-survival pathways (Anastasiou and Krek, 2006; Csiszar et al., 2008, 2009a,b; Das et al., 2018). It has been reported that decrease of intracellular NAD+ changes the NAD+/SIRT1 pathway and compromises the mitochondrial function, thereby leading to the ROS accumulation, DNA damage and apoptosis in neurons (Croteau et al., 2017). Notably, NMN, a key precursor to NAD+, has been implicated in replenishing NAD+ levels and restoring the expression of genes related to circadian rhythm, inflammatory response, and oxidative stress by activation of Sirt1 in both HFD-induced and aged mice (Yoshino et al., 2011).

In the present report, we investigated the potential toxicity of EGBE on the oocyte meiotic progression and cytoskeleton dynamics in pigs. We also validated the beneficial impact of NMN supplementation on the developmental competency of EGBE-exposed oocytes.



MATERIALS AND METHODS


Antibodies

Mouse monoclonal α-tubulin-FITC (fluorescein isothiocyanate) and acetyl-α-tubulin (Lys40) antibodies were obtained from Sigma-Aldrich (St Louis, MO, United States; Cat# F2168, ABT241); rabbit monoclonal GAPDH and Phospho-Histone H2A.X (Ser139) antibodies were obtained from Cell Signaling Technology (Danvers, MA, United States; Cat# 2118, 9718).



Collection of Porcine Oocytes

Porcine ovaries were obtained from a local abattoir and transported to the laboratory in a physiological saline containing streptomycin sulfate and penicillin G within 2 h after slaughtering. Cumulus-oocyte complexes (COCs) were aspirated from the follicles using a disposable syringe. COCs with a 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 EGF, 0.6 mM cysteine, 0.2 mM pyruvate, 25 μg/mL kanamycin, and 10 IU/mL of each eCG and hCG. 20 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 stage and for 42–44 h to metaphase II stage.



EGBE and NMN Treatment

Ethylene glycol butyl ether (EGBE) was obtained from Sigma-Aldrich (Cat# 53071) and dissolved in the water to 500 mM for a stock solution, which was further diluted with maturation medium to a working concentration of 50, 100, or 250 μM, respectively. Nicotinamide mononucleotide (NMN; GeneHarbor Biotech, Hong Kong, China) was dissolved in the water to 1 M for a stock solution and diluted with maturation medium to a working concentration of 100 nM, 10 μM, and 1 mM, respectively.



Measurement of NAD+ Levels

NAD+ levels were measured with a NAD/NADH Quantitation Kit (Sigma-Aldrich; Cat# MAK037) according to the manufacturer’s instruction. In brief, 120 oocytes were harvested for total NAD+ extraction and quantification based on the procedure described by Pantazi et al. (2015). The NAD+ concentration was calculated by subtracting the NADH values from NADtotal (NAD+ and NADH). NADtotal and NADH levels were quantified in a colorimetric assay at 450 nm using iMarkTM Microplate Absorbance Reader (Bio-Rad, Hercules, CA, United States).



Fluorescence Staining and Confocal Microscopy

Denuded oocytes (DOs) were obtained by transferring COCs in 300 μL of 10 mg/mL hyaluronidase solution for 15 min. Then DOs were incubated in the fixation solution (4% paraformaldehyde/PBS) for 30 min, in the permeabilization solution (1% Triton X-100/PBS) for 1 h, and in the blocking solution (1% BSA-supplemented PBS) for 1 h at room temperature (RT), followed by incubation with α-tubulin-FITC antibody (1:200), acetyl-α-tubulin antibody (1:100), γH2A.X antibody (1:100) or phalloidin-TRITC (1:100; Sigma-Aldrich; Cat# P1951) overnight at 4°C. After washes in 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 500 nM MitoTracker Red CMXRos (Thermo Fisher Scientific; Cat# M7512) for mitochondrion staining, with 2 μM MitoProbe JC-1 (Thermo Fisher Scientific; Cat# M34152) for mitochondrial membrane potential assessment, with 10 μM dichlorofluorescein diacetate (DCFHDA; Beyotime, Huangzhou, China; Cat# S0033S) for ROS staining, and with Annexin-V-FITC (1:10; Beyotime; 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

Porcine oocytes were collected in the lysis buffer (4 × LDS sample buffer, Thermo Fisher Scientific; Cat# NP0007) with protease inhibitor and heated at 95°C for 5 min. Proteins were separated on 10% precast gels (Bis-Tris) and transferred to PVDF membranes. The blots were then incubated in the blocking buffer (5% low fat dry milk/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 (ThermoFisher Scientific; Cat# 32132) and protein bands were detected by Tanon-3900 Imaging System.



Evaluation of Total ATP Content

Total ATP content in a pool of 20 oocytes was determined using the Bioluminescent Somatic Cell Assay Kit (Sigma-Aldrich; Cat# FLASC), following the procedure described by Combelles and Albertini (2003) and the manufacturer’s instruction. A 5-point standard curve (0, 0.1, 0.5, 1.0, 10, and 50 pmol of ATP) was generated in each assay and the ATP content was calculated by using the formula derived from the linear regression of the standard curve.



RNA Extraction and Quantitative Real-Time PCR

Fifty oocytes were collected to extract the total RNA using RNeasy Mini Kit (Qiagen, Germantown, MD, United States; Cat# 74104) which was then reversed to cDNA with PrimeScript RT Master Mix (Takara, Kusatsu, Shiga, Japan; Cat# RR036A). Quantitative real-time PCR was performed using Real-Time PCR System (QuantStudio 7 Flex, Thermo Fisher Scientific) with SYBR Green PCR Master Mix (Thermo Fisher Scientific; Cat# 4344463). Data were normalized with GAPDH and the fold change was quantified by the comparative CT method. The primers were listed as follows:

GSR (F: ACAGTGGGACTCACAGAAGA/R: AGGTAGGAT GAATGGCAAC);

GPX1 (F: CCAAGTTTATCACCTGGTCTCC/R: AGGCACT GCTAGGCTCCTG); GPX4 (F: TGTGGTTTACGGATTCTGG/R: CCTTGGGCTGGACTTTCA);

SOD1 (F: GGTCCTCACTTCAATCCTG/R: CTTCATTTC CACCTCTGC);

SOD2 (F: TATCCGTCGGCGTCCAAG/R: GCGGCGTATCG CTCAGTT);

GAPDH (F: TGGGCTACACTGAGGACC/R: TACCAGGA AATGAGCTTGA).



Statistical Analysis

Data from at least three independent replicates were designated as mean percentage or value (mean ± SEM). Differences between two groups were analyzed by paired-samples t-test using GraphPad Prism 6 statistical software. P < 0.05 was accepted to be significant.



RESULTS


NMN Recovers the Meiotic Maturation of EGBE-Exposed Porcine Oocytes

To examine the influence of EGBE on the meiotic progression of porcine oocytes, increasing concentrations of EGBE (50, 100, and 200 μM) were added to the in vitro maturation medium. We observed that EGBE exposure prominently led to the oocyte meiotic failure by showing the defective expansion of cumulus cells and the reduced proportion of oocytes that completed the maturation (Figure 1A). Quantification data revealed that exposure to different doses of EGBE all caused a decline in the polar body extrusion (PBE) after IVM for 44 h, and addition with 100 and 200 μM EGBE considerably lowered the rate of PBE from 67% in controls to 32 and 22%, respectively (66.7 ± 2.8%, n = 112, control vs. 32.1 ± 2.4%, n = 101, 100 μM EGBE, P < 0.001 vs. 22.3 ± 2.3%, n = 109, 200 μM EGBE, P < 0.001; Figure 1B). We then used 100 μM EGBE for subsequent studies. To test whether NMN can improve the defective oocyte development induced by EGBE exposure, we supplemented different doses of NMN (10, 100 μM, and 1 mM) with 100 μM EGBE in the maturation medium. As expected, 1 mM NMN increased the proportion of PBE in EGBE-exposed oocytes to the level indistinguishable from the controls (67.2 ± 2.1%, n = 117, control, P < 0.001 vs. 32.7 ± 2.8%, n = 120, EGBE vs. 55.5 ± 2.1%, n = 110, 1 mM NMN, P < 0.001; Figure 1C). We further detected the NAD+ levels after EGBE exposure and NMN supplementation in oocytes. The results displayed that NMN supplementation significantly elevated the NAD+ levels that were reduced in EGBE-exposed oocytes (2.58 ± 1.13, n = 120, control, P < 0.001 vs. 1.45 ± 1.55, n = 120, EGBE vs. 2.11 ± 1.24, n = 120, NMN, P < 0.05; Figure 1D). Altogether, these results indicate that NMN can recover the failure of porcine oocyte meiotic maturation induced by EGBE exposure via restoring the NAD+ level.
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FIGURE 1. Effect of NMN supplementation on the porcine oocyte maturation after EGBE exposure. (A) Representative images of in vitro matured oocytes in control, EGBE-exposed, and NMN-supplemented groups. Polar body extrusion and cumulus cell expansion of oocytes were imaged by the confocal microscope. Scale bars: (a) 800 μm; (b) 400 μm; (c) 150 μm; (d) 30 μm. (B) The proportion of polar body extrusion was calculated in control and different concentrations of EGBE-exposed oocytes (50, 100, and 200 μM) after in vitro maturation. (C) The proportion of polar body extrusion was calculated in control, EGBE-exposed and different concentrations of NMN-supplemented oocytes (10, 100 μM, and 1 mM) after in vitro maturation. (D) NAD+ levels were measured in control, EGBE-exposed and NMN-supplemented oocytes. Data were expressed as mean percentage or value (mean ± SEM) of at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, NS, no significance.




NMN Restores the Spindle/Chromosome Structure and Microtubule Dynamics in EGBE-Exposed Porcine Oocytes

Given that oocyte maturational arrest is usually correlated with the disruption of spindle assembly, we then tested this in EGBE-exposed oocytes by staining them with α-tubulin-FITC antibody. The immunofluorescence results in Figure 2A displayed that most of oocytes in the control exhibited a typical barrel-shaped spindle apparatus with well-aligned chromosomes. By contrast, EGBE-exposed oocytes showed various disorganized spindle morphologies with misaligned chromosomes (Figure 2A). Conversely, NMN supplementation reduced the incidence of aberrant spindle/chromosome structure induced by EGBE exposure (disorganized spindle: 17.2 ± 2.5%, n = 37, control, P < 0.001 vs. 41.0 ± 2.1%, n = 36, EGBE vs. 26.9 ± 2.6%, n = 38, NMN, P < 0.01; misaligned chromosome: 12.1 ± 1.5%, n = 37 control, P < 0.001 vs. 67.1 ± 2.1%, n = 36, EGBE vs. 34.7 ± 2.8%, n = 38, NMN, P < 0.01; Figures 2A–C).
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FIGURE 2. Effect of NMN supplementation on the spindle assembly, chromosome alignment and microtubule stability in EGBE-exposed oocytes. (A) Representative images of spindle morphology and chromosome alignment in control, EGBE-exposed, and NMN-supplemented oocytes. Scale bar, 5 μm. (B) The proportion of disorganized spindles was calculated in control, EGBE-exposed, and NMN-supplemented oocytes. (C) The proportion of misaligned chromosomes was calculated in control, EGBE-exposed, and NMN-supplemented oocytes. (D) Representative images of acetylated α-tubulin in control, EGBE-exposed, and NMN-supplemented oocytes. Scale bar, 5 μm. (E) The fluorescence intensity of acetylated α-tubulin was quantified in control, EGBE-exposed, and NMN-supplemented oocytes. (F) The acetylation level of α-tubulin was examined in control, EGBE-exposed and NMN-supplemented oocytes by immunoblotting analysis. Data of (B,C,E) were expressed as mean percentage (mean ± SEM) of at least three independent experiments. **P < 0.01, ***P < 0.001.


One of the most important indicators for the microtubule stability is the acetylation level of α-tubulin in both somatic and germ cells (Montagnac et al., 2013; Xu et al., 2017). Thus, we asked whether the defective spindle organization in EGBE-exposed oocytes results from the perturbed microtubule dynamics through evaluating the acetyl-α-tubulin level. As assessed in Figure 2D, the acetyl-α-tubulin signals were dramatically disappeared in EGBE-exposed oocytes compared to the controls. The quantification of fluorescence intensity and immunoblotting analysis further verified this observation (Figures 2E,F). On the contrary, NMN supplementation significantly increased the acetyl-α-tubulin signals in EGBE-exposed oocytes (37.7 ± 2.9, n = 31, control, P < 0.01 vs. 12.4 ± 2.7, n = 29, EGBE vs. 28.1 ± 2.1, n = 30, NMN, P < 0.01; Figures 2D–F), suggesting that NMN is able to restore the abnormal spindle formation caused by EGBE exposure by maintaining the microtubule stability.



NMN Rescues the Actin Dynamics in EGBE-Exposed Porcine Oocytes

In normal oocytes, the actin cytoskeleton takes critical parts in the establishment of cortical polarization and asymmetric spindle positioning. To test whether the actin dynamics is involved in the EGBE effect on oocyte quality, we applied phalloidin-TRITC to display the actin filaments. The data as judged by fluorescence imaging and quantification in Figure 3 validated the impairment of actin integrity in EGBE-exposed oocytes, showing the remarkable decrease of signals on the plasma membrane in comparison with the controls (Figures 3A–C). While, NMN supplementation substantially raised the actin signals in EGBE-exposed oocytes (48.1 ± 1.3, n = 29, control, P < 0.001 vs. 13.6 ± 1.2, n = 31, EGBE vs. 32.7 ± 1.3, n = 33, NMN, P < 0.01; Figures 3A–C). Overall, all above results illustrate that NMN improves the oocyte maturation via maintaining the integrity of cytoskeleton.
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FIGURE 3. Effect of NMN supplementation on the actin dynamics in EGBE-exposed oocytes. (A) Representative images of actin signals in control, EGBE-exposed and NMN-supplemented oocytes. Porcine oocytes were stained with phalloidin-TRITC to show actin filaments. Scale bar, 25 μm. (B) The graphs showed the fluorescence intensity profiling of actin filaments in control, EGBE-exposed, and NMN-supplemented oocytes. Pixel intensities were measured along the lines which were drawn across the oocytes. (C) The fluorescence intensity of actin filaments on the membrane was quantified in control, EGBE-exposed, and NMN-supplemented oocytes. Data were expressed as mean percentage (mean ± SEM) of at least three independent experiments. **P < 0.01, ***P < 0.001.




NMN Improves the Mitochondrial Function in EGBE-Exposed Porcine Oocytes

As an energy factory of cells, mitochondria produce enough ATP for various cellular events, including the cytoskeleton dynamics. We therefore examined if mitochondrial function is disturbed in EGBE-exposed oocytes. Firstly we examined the mitochondrial localization by MitoTracker Red staining and found that a majority of mitochondria distributed around lipid droplets in the subcortex of control porcine oocytes, but lost this normal distribution pattern in EGBE-exposed oocytes (Figure 4A). The quantification of fluorescence intensity revealed that mitochondrial signals dramatically declined in the EGBE-exposed oocytes compared to the controls (Figure 4B). On the contrary, this abnormality was protected by the treatment with NMN (33.5 ± 2.3, n = 27, control, P < 0.001 vs. 11.9 ± 2.3, n = 25, EGBE vs. 23.3 ± 2.4, n = 28, NMN, P < 0.01; Figures 4A,B). We also applied JC-1 staining to evaluate the mitochondrial membrane potential (ΔΨm). A red fluorescence represented the high membrane potential while a green fluorescence indicated the low membrane potential (Figure 4C). The quantification results displayed that the ratio of red to green signals was considerably decreased in EGBE-exposed oocytes compared to the controls, but elevated in NMN-supplemented oocytes (1.69 ± 0.08, n = 29, control, P < 0.001 vs. 0.46 ± 0.17, n = 31, EGBE vs. 1.09 ± 0.06, n = 28, NMN, P < 0.05; Figures 4C,D). As production of ATP is the main function of mitochondria, we lastly quantified the ATP levels in three groups of oocytes. The data revealed that ATP content was prominently reduced in EGBE-exposed oocytes in comparison with the controls, but restored after supplementation of NMN (0.5 ± 0.048, n = 120, control, P < 0.01 vs. 0.2 ± 0.037, n = 120, EGBE vs. 0.32 ± 0.068, n = 120, NMN, P < 0.05; Figure 4E). Altogether, these observations suggest that NMN supplementation improves the EGBE-induced mitochondrial dysfunction in oocytes.
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FIGURE 4. Effect of NMN supplementation on the mitochondrial localization and function in EGBE-exposed oocytes. (A) Representative images of mitochondrial distribution in control, EGBE-exposed and NMN-supplemented oocytes. Scale bar, 25 μm. (B) The fluorescence intensity of mitochondrial signals was quantified in control, EGBE-exposed, and NMN-supplemented oocytes. (C) Mitochondrial membrane potential (ΔΨm) was assessed by JC-1 staining in control, EGBE-exposed and NMN-supplemented oocytes (Red, high ΔΨm; Green, low ΔΨm). Scale bar, 25 μm. (D) The ratio of red to green fluorescence intensity was quantified in control, EGBE-exposed, and NMN-supplemented oocytes. (E) ATP levels were measured in control, EGBE-exposed and NMN-supplemented oocytes. Data were expressed as mean percentage (mean ± SEM) of at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.




NMN Removes the Accumulated ROS to Suppress DNA Damage and Apoptosis in EGBE-Exposed Porcine Oocytes

Mitochondrial dysfunction is usually correlated with the excessive ROS accumulation, which can result in the oxidative damage to macromolecules in cells and thus induce the apoptosis. To verify this assumption in the context of EGBE exposure, we performed DCFH staining to assess the ROS levels in control and EGBE-exposed oocytes. The data revealed that ROS signals were hardly detected in the cytoplasm of control oocytes, but considerably elevated in EGBE-exposed oocytes (Figure 5A). Expectedly, NMN supplementation markedly lowered the ROS signals in EGBE-exposed oocytes (8.1 ± 1.5, n = 23, control, P < 0.001 vs. 26.3 ± 1.9, n = 24, EGBE vs. 12.2 ± 1.2, n = 23, NMN, P < 0.001; Figures 5A,B). In addition, we validated the downregulated expression of a couple of genes implicated in the anti-oxidation pathways in EGBE-exposed oocytes, but recovered in NMN-supplemented oocytes (Figure 5C). As the high level of ROS usually induces DNA damage and apoptosis (Ratan et al., 1994; Ozben, 2007), we next assessed DNA damage accumulation by γH2A.X antibody staining and early apoptosis occurrence by Annexin-V staining. The fluorescent images and intensity measurement analysis displayed that γH2A.X signals were enhanced on the chromosomes in EGBE-exposed oocytes compared to the controls (Figures 6A,B). Whereas supplementation with NMN significantly reduced the accumulation of DNA damage (10.7 ± 1.4, n = 21, control, P < 0.001 vs. 33.0 ± 1.6, n = 23, EGBE vs. 18.3 ± 1.6, n = 21, NMN, P < 0.01; Figures 6A,B). Furthermore, we observed that Annexin-V signals were hardly found in control oocytes, but robustly present on the membrane of EGBE-exposed oocytes (Figure 6C). Concordantly, the frequency of apoptosis was significantly elevated in EGBE-exposed group, but decreased in NMN-supplemented group (10.3 ± 0.7, n = 29, control, P < 0.001 vs. 24.9 ± 1.8, n = 31, EGBE vs. 15.1 ± 1.3, n = 27, NMN, P < 0.01; Figures 6C,D). Collectively, our findings demonstrate that NMN.
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FIGURE 5. Effect of NMN supplementation on the ROS levels in EGBE-exposed oocytes. (A) Representative images of ROS signals in control, EGBE-exposed, and NMN-supplemented oocytes. Scale bar, 20 μm. (B) The fluorescence intensity of ROS was quantified in control, EGBE-exposed and NMN-supplemented oocytes. (C) Expression of genes related to the anti-oxidation pathway was examined in control, EGBE-exposed, and NMN-supplemented oocytes. Data of (B,C) were expressed as mean percentage (mean ± SEM) of at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 6. Effect of NMN supplementation on the DNA damage and apoptosis in EGBE-exposed oocytes. (A) Representative images of DNA damage in control, EGBE-exposed and NMN-supplemented oocytes. Scale bar, 5 μm. (B) The fluorescence intensity of γH2A.X signals was quantified in control, EGBE-exposed, and NMN-supplemented oocytes. (C) Representative images of apoptotic oocytes were shown in control, EGBE-exposed and NMN-supplemented groups. Scale bar, 20 μm. (D) The proportion of early apoptosis was calculated in control, EGBE-exposed and NMN-supplemented oocytes. Data of (B,D) were expressed as mean percentage (mean ± SEM) of at least three independent experiments. **P < 0.01, ***P < 0.001.




DISCUSSION

Ethylene glycol butyl ether (EGBE), which belongs to the chemical family of glycol ethers, is a commonly used solvent for hydraulic fluids, varnishes and resins, and a component of various household products such as floor polishes and waxes, as well as cleaning compositions for upholstery, leather and glass (Rambourg-Schepens et al., 1988; Browning and Curry, 1994). In recent years, an increasing amount of studies have reported that compounds in the glycol ethers have adverse impact on the reproductive system. Ethylene glycol monoethyl ether (EGEE) severely reduces the activities of glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT), and thus destroys the redox balance in the rat testes and sperm (Adedara and Farombi, 2010). The percentage of tetraploid sperm in male rats exposed to EGEE for 14 days (400 mg/kg/day) was significantly higher than that in controls (Yu et al., 1999). Ethylene glycol monomethyl ether (EGME) has been shown to induce the apoptosis of mouse oocytes and granulosa cells (Weng et al., 2010). Supplementation of EGME during oocyte development also affected nuclear maturation and impaired the meiotic process of Xenopus laevis eggs (Fort et al., 2002). However, how EGBE affects the quality of female germ cells remains to be further explored.

To this end, we investigated the extrusion of polar body and the expansion of cumulus cells, two key indicators for the normal porcine oocyte maturation. EGBE-exposed oocytes displayed a reduced frequency of polar body extrusion with weakened expansion of cumulus cells in a dose-dependent manner, suggesting that EGBE exposure leads to the failure of oocyte meiotic maturation. Since the impairment of cytoskeletal assembly often results in the defect of cell division in both meiotic and mitotic cells (Azoury et al., 2008; Heng and Koh, 2010), we further explored the negative effect of EGBE exposure on the oocyte meiotic progression by testing the cytoskeleton dynamics. Our data showed that EGBE exposure disrupted the spindle organization through compromising the stability of microtubules, which was coupled with the chromosome misalignment. Moreover, EGBE exposure disturbed the integrity of actin, another essential component of cytoskeleton, on the oocyte membrane. Thus, these findings demonstrate that the perturbed oocyte maturation induced by EGBE exposure is attributed to the defective cytoskeleton dynamics.

Mitochondrion functions as a primary factory in oocytes to generate ATP source for cell development (Dumollard et al., 2007; Niu et al., 2019), and its distribution pattern has been considered as one of the critical indicators for evaluating the oocyte cytoplasmic maturation. Our findings revealed that the localization, membrane potential, and ATP production of mitochondria were disturbed in EGBE-exposed oocytes, implying that EGBE exposure impairs the oocyte cytoplasmic maturation by destructing the mitochondrial distribution and function. Consequently, ROS levels were increased to induce the accumulation of DNA damage and occurrence of apoptosis in EGBE-exposed oocytes.

It has been reported that NMN, a key NAD+ intermediate, recovers the function of cerebromicrovascular endothelial and neurovascular coupling responses in aged mice by attenuating mitochondrial production of ROS (Tarantini et al., 2019). In addition, we recently evidenced that in vivo supplementation of NMN restores the NAD+ level to ameliorate the quality of oocytes from aged mice via maintaining the chromosome euploidy and fertilization ability (Miao et al., 2020). In line with this protective effect NMN, we validated that NMN could recover the EGBE exposure-induced meiotic defects by restoring NAD+ level and removing excessive ROS, hence suppressing DNA damage accumulation and apoptosis occurrence in porcine oocytes.

To sum up, we provide a body of evidence documenting that NMN protects the oocytes from EGBE exposure by restoring the mitochondrial function and suppressing EGBE-induced production of ROS and apoptosis (Figure 7).
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FIGURE 7. Schematic diagram of NMN effect on the EGBE-exposed oocytes. EGBE exposure leads to the aberrant spindle assembly, chromosome alignment, and actin polymerization during porcine oocyte meiotic maturation by impairing the mitochondrial functions. NMN supplementation restores the meiotic defects induced by EGBE exposure through improving the mitochondrial function and eliminating the accumulation of ROS, thereby inhibiting the occurrence of DNA damage and apoptosis.
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Paraquat Reduces the Female Fertility by Impairing the Oocyte Maturation in Mice
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Paraquat (PQ) is a widely used non-selective and oxidizing herbicide in farmland, orchards, flower nursery, and grassland. Overuse of PQ will accumulate in the body and affect the reproduction in mammals. In this study, we found that PQ could reduce the female fertility by oral administration for 21 days in mice. PQ exposure could impair the nuclear maturation by perturbing the spindle assembly and kinetochore–microtubule attachment to cause the misaligned chromosomes during meiosis. In the meantime, PQ exposure disturbed the mitochondrial distribution and enhanced the level of reactive oxygen species and early apoptosis, which thereby deteriorated the early embryo development. Also, PQ administration could cause some changes in epigenetic modifications such as the level of H3K9me2 and H3K27me3. Therefore, PQ administration reduces the female fertility by impairing the nuclear and cytoplasmic maturation of oocytes in mice.
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INTRODUCTION

More and more herbicides are widely used in farmland, orchards, flower nursery, and grassland, especially in developing countries. Paraquat (PQ; 1,1’-dimethyl-4,4’-bipyridinium dichloride) is an effectively and widely non-selective, water-soluble herbicide. It is extremely toxic to humans and animals in many aspects (Kumar et al., 2016). The number of patients worldwide who had been poisoned by PQ was over 650,000 in 2016 (Nunes et al., 2017), and it is predicted to exceed 1 million by 2025 (Ding et al., 2016).

Many researches on PQ were focused on its neurotoxicity. PQ can affect the proliferation and differentiation of neural stem cells and the expression of neuronal differentiation-related genes (Huang et al., 2019). Moreover, PQ exposure increases the mitochondrial fragmentation and alters the DNA methylation in human neural stem cells (Xiong et al., 2019). For reproductive research, PQ can transform the hypothalamic–pituitary–gonadal (HPG) axis to affect the reproductive functions in Japanese quails (Soni et al., 2019). Male rats were given PQ by oral administration for a short time, which could retard the regeneration of Leydig cells from stem/progenitor Leydig cells, decrease the production of testosterone, and block the spermatogenesis (Li et al., 2019). In addition, PQ can reduce the in vitro fertilization (IVF) outcomes from oxidative stress (Pang et al., 2019; Kamali et al., 2020).

In female, the quality of mature oocyte plays a decisive role in early embryonic development and fertility (Lonergan and Fair, 2016). Before meiotic maturation, oocytes are arrested at the prophase of meiosis I with a distinct germinal vesicle (GV). In puberty, fully grown oocytes reinitiate meiosis and complete the first meiotic division with the first polar body (PB1) extrusion and then arrest at the metaphase of meiosis II (MII) waiting for fertilization (Downs, 2015). The meiotic maturation of oocyte is a long and complex process, which is divided into nuclear and cytoplasmic maturation for simplicity (Marteil et al., 2009). The nuclear maturation includes all the events related to the faithful chromosome alignment and segregation. The cytoplasmic maturation involves the organelle maturation and redistribution, as well as the storage of important molecules. For example, mitochondria localize at the perinuclear area in the GV stage and then shift to the inner cytoplasm during meiotic progression (Sun et al., 2001). The substantial storage of mRNA, lipids, proteins, and other transcriptional factors in the cytoplasm plays vital roles during oocyte maturation, fertilization, and early embryo development (Ferreira et al., 2009; Duan et al., 2015). In addition, epigenetic changes during oocyte maturation (epigenetic maturation) including specific histone methylation pattern are related to early embryo development; some adverse effects can be passed to the next generation by epigenetics (Hirota et al., 2005; Govin et al., 2010).

In this study, we evaluated the toxic effects of PQ on the reproduction of female mice by oral administration. The results showed that PQ administration could decrease the quality of oocyte to weaken the female fertility by impairing the nuclear and cytoplasmic maturation during meiotic progression. Also, PQ exposure caused some changes in the epigenetic modifications. All these results provide a new insight into the reproductive toxicity of PQ in vivo.



MATERIALS AND METHODS


Animal Husbandry

All the animal studies were approved by the Animal Research Committee of Qingdao Agricultural University. Three-week-old CD-1 female mice were raised in a temperature-controlled room with 12-h day/dark cycling and regularly given a normal diet and water. Pain relief was considered, and the mice were humanely treated as much as possible.



Chemical Administration

Female mice were randomly divided into two groups (18–20/group). PQ (Aladdin, Shanghai, China) was dissolved in saline at a stock concentration of 120 mg/ml. Female mice were weighed by using an S-234 scale at 4:00 p.m. every other day. PQ was given to female mice in a dose of 10 mg/kg average body weight every day by oral administration for 21 days, and the control group was given saline according to the previous studies (Krishna et al., 2019; Soni et al., 2019).



Oocyte Collection and Maturation Culture

Denuded oocytes with a distinct GV were collected from the ovaries of control and PQ-treated mice in M2 medium with 2.5 μM of milrinone (MedChemExpress, New Jersey, United States) (Yang et al., 2019). After washing, oocytes were cultured in the 35 μl drops of M16 (Sigma-Aldrich, MO, United States) under mineral oil for in vitro maturation (8 or 12 h to MI or MII stage) in a condition of 5% CO2 atmosphere at 37°C. Each group has 25–30 oocytes.



Early Embryo Collection and Culture

Female mice were regularly mated with male mice at 5:00–5:30 p.m., and vaginal plug was checked at 8:30–9:00 a.m. on the next morning. Oviductal ampullae were broken by syringe to release the cumulus oocyte complexes (COCs). Cumulus cells of COCs were removed in M2 medium supplement with 0.1% hyaluronidase (Sigma-Aldrich) to get cumulus-free oocytes and transferred to KSOM (EMD Millipore Corp, Billerica, MA, United States) to culture until blastocyst stage (Sun et al., 2019). IVF was conducted with the standard procedure as before (Yang et al., 2019).



Immunofluorescent Staining

Oocytes at MI stage were observed with the standard procedure as published before (Yang et al., 2019). The primary antibodies included mouse monoclonal anti-α-tubulin fluorescein isothiocyanate (FITC) antibody (1:500, Santa Cruz Biotechnology, Dallas, TX, United States), human anti-centromere antibody derived from human CREST patient serum (1:100, Antibodies Incorporated, California, United States), rabbit polyclonal anti-H3K9me2 antibody (1:100, Bioworld Technology Inc., St. Louis Park, MN, United States), and rabbit monoclonal anti-H3K27me3 antibody (1:100, Sangon Biotech, Shanghai, China). At least three replicates were performed, and more than 30 oocytes were observed, respectively, in the control and PQ-treated groups for each replicate.



Mitochondrial Distribution

MitoTracker Deep Red (Invitrogen, Carlsbad, CA, United States) was used to evaluate the distribution of mitochondria in the control and PQ-treated groups. Briefly, MI oocytes were stained with pre-warmed MitoTracker Deep Red for 30 min at 37°C. After being stained with DAPI for 15 min, MI oocytes were put on glass slides for observation by a laser scanning confocal microscope (Leica TCS SP5 II, Wetzlar, Germany).



Reactive Oxygen Species Detection and Apoptosis Assay

The Reactive Oxygen Species Assay Kit (Beyotime Institute of Biotechnology, Shanghai, China) was used to detect the level of intracellular reactive oxygen species (ROS) (Nie et al., 2020). MI oocytes were incubated with the oxidation-sensitive fluorescent probe at 37°C for 30 min and then transferred to glass slides for observation under a laser scanning confocal microscope. All the scanning parameters of the confocal system remained the same. The Annexin V-FITC Apoptosis Kit (Beyotime Institute of Biotechnology) was used to detect the level of early apoptosis. Oocytes were exposed to the acid M2 for 5 s to remove the zona pellucida and stained with 39 μl of binding buffer containing 1 μl of Annexin V FITC for 30 min in the dark. The fluorescent signal on the membrane was considered as the symbol of early apoptosis.



Fluorescence Intensity Analysis

All pictures were captured under the same scanning parameters. Per unit area within the region of interest (ROI) of the average fluorescence intensity was examined by ImageJ software (National Institutes of Health, Bethesda, MD, United States).



Statistical Analysis

All statistics from at least three replicated experiments were expressed as mean ± SEM and analyzed with GraphPad Prism software by one-way analysis of variance (ANOVA) analysis. A P value of less than 0.05 was considered as statistically significant. At least 30 oocytes were observed in the control and PQ-treated groups for each replicate.



RESULTS


Paraquat Reduces the Weight of Ovaries and Disturbs First Polar Body Extrusion in Mouse Oocytes

After PQ administration in vivo for 21 days, the average weight of ovaries in the PQ-treated group was significantly decreased compared with that in the control (0.01436 ± 0.00046 g, n = 5, control vs. 0.01118 ± 0.00110 g, n = 5, PQ-treated group; P < 0.05; Figures 1A,B). To investigate the effects of PQ on the oocyte maturation, the percentage of PB1 extrusion was directly detected. The proportion of PB1 in the PQ-treated oocytes was decreased significantly compared with that in the control oocytes (77.4 ± 3.8%, n = 294, control vs. 47.8 ± 3.0%, n = 225, PQ-treated group; P < 0.05; Figures 1C,D). These data demonstrated that PQ can impair the ovary and cause the meiotic arrest during oocyte maturation in mice.
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FIGURE 1. Paraquat (PQ) reduces the weight of ovary and disturbs first polar body (PB1) extrusion in mice. (A) Representative images of ovary from the control and PQ-treated groups. (B) The average weight of ovaries in the control and PQ-treated groups. (C) Representative images of PB1 extrusion from the control and PQ-treated groups. The white arrow indicates the oocyte with PB1 extrusion, and the black arrow indicates the oocyte without a PB1. Scale bar = 100 μm. (D) The percentage of PB1 extrusion in the control and PQ-treated groups. Data are presented as mean ± SEM from at least three independent experiments. ∗P < 0.05, ∗∗P < 0.01.




Paraquat Decreases the Embryonic Development Potential in vivo

After PQ administration in vivo for 21 days, the number of MII oocytes from natural estrus cycle in the PQ-treated group was significantly decreased compared with that in the control group (14.33 ± 0.7, n = 9, control vs. 11.56 ± 0.5, n = 9, PQ-treated group; P < 0.05). The oocyte quality directly influences the fertilization and subsequent embryo development, so the corresponding experiments were conducted. The results showed that PQ had no significant effects on the rates of IVF (59.33 ± 4.4%, n = 84, control vs. 55.8 ± 4.7%, n = 114, PQ-treated group; P > 0.05; Figures 2A,B). However, after mating the rates of two-cell embryos and blastocysts in the PQ-treated group were significantly lower than those in the control (two-cell embryos: 89.41 ± 3.8%, n = 129, control vs. 47.45 ± 13.8%, n = 104, PQ-treated group; blastocyst: 88.63 ± 4.5%, n = 129, control vs. 42.1 ± 12.7%, n = 104, PQ-treated group; P < 0.05; Figures 2C–E). These data demonstrated that PQ exposure can decrease the level of mature oocytes and impair the embryonic development potential in vivo, indicating that the cytoplasmic maturation is compromised.
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FIGURE 2. Paraquat (PQ) decreases the embryonic developmental potential in mice. (A) Representative images of pronuclei after in vitro fertilization (IVF) in the control and PQ-treated groups. The white arrow indicates the zygote with pronucleus. Scale bar = 100 μm. (B) The percentage of IVF rates in the control and PQ-treated groups. (C) Representative images of two-cell embryos and blastocysts in the control and PQ-treated groups after mating. The white arrow indicates the representative two-cell embryos and blastocysts. Scale bar = 100 μm. (D,E) The percentage of two-cell embryos and blastocysts in the control and PQ-treated groups after mating. Data are presented as mean ± SEM from at least three independent experiments. ∗P < 0.05.




Paraquat Reduces the Litter Size of Female Mice and the Average Weight of Offspring

Next, the numbers of offspring were examined to define the fertility. The average numbers of offspring were 14 ± 0.5, n = 13, control vs. 10 ± 0.4, n = 15, PQ-treated group; P < 0.05 (Figures 3A,B). Also, we examined the weight of 3-week offspring and found that the average weight in the PQ-treated group was significantly lower than that in the control. The numbers of weight were 13.2 ± 0.4 g, n = 13, control vs. 10.6 ± 0.6 g, n = 11, PQ-treated group; P < 0.05 (Figure 3C).
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FIGURE 3. Paraquat (PQ) reduces the litter size of female mice and the weight of 3-week offspring. (A) Representative images of offspring in the control and PQ-treated groups. (B) The average numbers of litter size in the control and PQ-treated mice. (C) The average weight of 3-week offspring in the control and PQ-treated mice. Data are presented as mean ± SEM from at least three independent experiments. ∗P < 0.05, ∗∗P < 0.01.




Paraquat Affects the Meiotic Spindle and Chromosome Dynamics in Mouse Oocytes

Correct spindle assembly is one of the important factors that contribute to the faithful chromosome segregation, which ensures the formation of euploid. After treatment with PQ, the percentage of aberrant spindle in the PQ-treated group was significantly higher than that in the control group. The proportion of aberrant morphology of spindle was 22.7 ± 3.7%, n = 157, control vs. 44.2 ± 4.0%, n = 126, PQ-treated group; P < 0.01 (Figures 4A,B). Also, the percentage of misaligned chromosome in the PQ-treated group was significantly increased than that in the control group. The numbers were 43.3 ± 2.7%, n = 171, control vs. 64.2 ± 5.8%, n = 114, PQ-treated group; P < 0.01 (Figure 4C). These data indicated that PQ exposure impairs the nuclear maturation of oocyte by disrupting the meiotic spindle morphology and increasing the percentage of misaligned chromosome. And the incorrect interaction between kinetochore and microtubule (K-M) is generally considered to be associated with the abnormal spindle assembly, which could increase the percentage of aneuploidy rate in MII oocytes (Lan et al., 2018). The rate of defective K-M attachments was dramatically increased in the PQ-treated group compared with that in the control group (Figure 4D). The proportion of defective K-M attachments was 19.5 ± 0.3%, n = 133, control vs. 38.8 ± 1.6%, n = 140, PQ-treated; P < 0.01 (Figure 4E). These statistical data showed that PQ can impair the interaction K-M attachments during oocyte maturation.
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FIGURE 4. Paraquat (PQ) affects the meiotic spindle and chromosome dynamics in mouse oocytes. (A) Representative images of spindle morphology from the control and PQ-treated groups. Spindle (green) and DNA (blue). Scale bar = 10 μm. (B) The percentage of aberrant spindle in the control and PQ-treated groups. (C) The percentage of misaligned chromosome in the control and PQ-treated groups. (D) Representative images of kinetochore and microtubule (K-M) attachment from the control and PQ-treated groups. Images of kinetochores (red), microtubule (green), and DNA (blue) were observed by the confocal microscopy. The white arrow indicates the abnormal K-M attachment or no K-M attachment. Scale bar = 10 μm. (E) The rate of defective K-M attachments in the control and PQ-treated groups. Data are presented as mean ± SEM from at least three independent experiments. ∗∗P < 0.01.




Paraquat Causes the Abnormal Mitochondrial Translocation in Mouse Oocytes

Mitochondria could be moved to the specific regions by microtubule and associated with the concentrating ATP or calcium during oocyte maturation and fertility. So we used MitoTracker Deep Red to detect the distribution of mitochondria after treatment with PQ. The percentage of homogenous distribution of mitochondria was remarkably decreased, and the number of cluster distribution of mitochondria was significantly increased in the PQ-treated group, compared with that in the control group (Figure 5A). The rates of homogenous distribution were 85.7 ± 3.6%, n = 133, control vs. 61.3 ± 1.8%, n = 140, PQ-treated group, P < 0.01; the rates of perinuclear distribution were 3.1 ± 1.8%, n = 133, control vs. 8.7 ± 1.9%, n = 140, PQ-treated group, P > 0.05; and the rates of cluster distribution was 11.22 ± 3.4%, n = 133, control vs. 30.0 ± 1.7%, n = 140, PQ-treated group, P < 0.01 (Figure 5B). These data revealed that PQ exposure can affect the translocation of mitochondria from perinuclear to cytoplasm.
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FIGURE 5. Paraquat (PQ) causes the abnormal distribution of mitochondria in mouse oocytes. (A) Representative images of mitochondrial distribution in the control and PQ-treated groups. Mitochondria (red) and DNA (blue). Scale bar = 25 μm. (B) The proportion of homogenous, perinuclear, and cluster mitochondrial distribution in the control and PQ-treated groups. Data are presented as mean ± SEM from at least three independent experiments. ∗∗P < 0.01.




Paraquat Increases the Level of Intracellular Reactive Oxygen Species and Induces the Early Apoptosis in Mouse Oocytes

Mitochondrial dysfunction induces a high level of intracellular ROS to damage the quality of oocytes (Giorgi et al., 2018), so we tested the level of ROS with Reactive Oxygen Species Assay Kit by fluorescent analysis. The ROS level was visibly increased and the fluorescent signal was significantly higher in the PQ-treated oocytes, compared with the control (Figure 6A). The fluorescence intensity of ROI was 17.2 ± 1.2%, n = 140, control vs. 36.7 ± 2.9%, n = 149, PQ-treated group; P < 0.01 (Figure 6B). These data suggested that PQ exposure increases the level of intracellular ROS in mouse oocytes.
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FIGURE 6. Paraquat (PQ) increases the level of intracellular reactive oxygen species (ROS) and induces the apoptosis in mouse oocytes. (A) Representative images of ROS (green) in the control and PQ-treated groups. Scale bar = 100 μm. (B) The fluorescence intensities of ROS in the control and PQ-treated groups. (C) Representative images of early apoptosis in the control and PQ-treated groups. Oocytes with the Annexin V signals (green) at membrane were considered as the early apoptosis. Scale bar = 50 μm. (D) The percentage of early apoptosis in the control and PQ-treated groups. Data are presented as mean ± SEM from at least three independent experiments. ∗P < 0.05; ∗∗P < 0.01.


Since a too high level of intracellular ROS could induce apoptosis (Tiwari et al., 2015), next, we evaluated the level of apoptosis by detecting Annexin V signals in oocytes. The fluorescent signal on the membrane in the control group was significantly lower than that in the PQ-treated groups (Figure 6C). The percentages of early apoptosis were 21.87 ± 1.5%, n = 141, control vs. 43.2 ± 1.5%, n = 169, PQ-treated group; P < 0.01 (Figure 6D). All these results indicated that PQ exposure can induce the early apoptosis in mouse oocytes.



Paraquat Reduces the Levels of Histone Methylation in Mouse Oocytes

The correct epigenetic modification is a crucial element for successful fertilization and zygote cleavage (Kim et al., 2019). Next, we investigated the effects of PQ on histone methylation of oocytes. Compared with the control group, the fluorescence intensity of H3K9me2 was observably reduced in the PQ-treated oocytes (Figure 7A). The fluorescence intensities of H3K9me2 were 1.2 ± 0.05, n = 95, control vs. 0.7 ± 0.04, n = 96, PQ-treated group; P < 0.01 (Figure 7B). The fluorescence intensity of H3K27me3 in the PQ-treated oocytes was lower than that in the control oocytes (Figure 7C). The number of fluorescence intensities of H3K27me3 was 0.8 ± 0.06, n = 97, control vs. 0.5 ± 0.02, n = 93, PQ-treated group; P < 0.01 (Figure 7D). All these data demonstrated that PQ exposure can decrease the levels of histone methylation in mouse oocytes.
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FIGURE 7. Paraquat (PQ) reduces the levels of histone methylation in mouse oocytes. (A) Representative images of H3K9me2 (green) and DNA (blue) in the control and PQ-treated groups. Scale bar = 15 μm. (B) The fluorescence intensities of H3K9me2 in the control and PQ-treated groups. (C) Representative images of H3K27me3 (green) and DNA (blue) in the control and PQ-treated groups. Scale bar = 15 μm. (D) The fluorescence intensities of H3K27me3 in the control and PQ-treated groups. Data are presented as mean ± SEM from at least three independent experiments. ∗∗P < 0.01.




DISCUSSION

Paraquat is detected in pregnant woman urine, and the PQ concentration in urinary increases dramatically by contact with certain agricultural activities. It is reported that 55% of newborn meconium samples contains measurable PQ (Konthonbut et al., 2018). PQ on the female fertility deserves more attention. In this study, we elucidated the effects of PQ on mouse oocytes and offspring from the following aspects: oocyte maturation; rates of fertilization and early embryo development; litter size; spindle morphologies and chromosome alignment; K-M attachments; mitochondrion-related functions including redistribution, oxidative stress, and apoptosis; and epigenetic modifications. All these combined data indicate that PQ exposure impairs the oocyte quality to damage female fertility via affecting the nuclear and cytoplastic maturation of oocytes.

The quality of oocytes is associated with oocyte maturation, viability, fertilization, and the embryo development, etc. Meiotic maturation of oocytes can be divided into nuclear maturation and cytoplasmic maturation. The rate of PB1 extrusion is significantly decreased in the PQ-treated group, which indicates that the nuclear maturation is affected. In addition, PQ exposure decreases the rates of two-cell embryo and blastocyst, indicating that some oocytes may undergo the nuclear maturation but do not accomplish the total cytoplasmic maturation. The numbers of litter size and the weight of 3-week offspring are dramatically reduced in the PQ-treated mice, further verifying that PQ impacts the developmental competence of oocytes caused from the failure of cytoplasmic maturation. All these data demonstrate that PQ exposure can reduce the female fertility by impairing the oocyte quality via affecting both nuclear and cytoplasmic maturation.

Meiotic arrest is usually caused by the abnormal spindle assembly and chromosome alignment. Spindle characteristics are involved in fertilization and embryonic development (Cooke et al., 2003; Shen et al., 2006), and aberrant spindles are considered crucial for increasing the fetal miscarriage, infertility incidence, and abnormal conceptions, which result in birth defects (Battaglia et al., 1996). Faithful chromosome segregation in the oocytes with nuclear maturation requests the correct connection between the kinetochore and spindle microtubule to help the bi-orientation of homologous chromosome. PQ exposure caused the aberrant K-M attachment and spindle-chromosome assembly, which leads to the distinct nuclear maturation defects.

Deficient or abnormal cytoplasmic maturation of oocyte is considered to damage the subsequent embryo development. Notably, the cytoplasmic maturation is more complicated. It includes many factors, for example, organelle preparation and redistribution (Marteil et al., 2009). Mitochondria are the most important organelles, which produce energy and play other necessary functions. Originally, mitochondria are aggregated in the perinuclear area of oocytes. With the mature procession, mitochondria shift to the inner cytoplasm to play their roles in the mature oocytes (Sun et al., 2001). PQ administration inhibits the translocation of mitochondria from the perinuclear area and then affects the cytoplasmic maturation, which subsequently influence the early embryo development. Meanwhile, a previous study has shown that mitochondria are the center of oxidative metabolism and principal site of ROS production (Giorgi et al., 2018). Mitochondrial dysfunction caused by PQ elevates the ROS production, which is supposed to be a factor to trigger apoptosis (Bokov et al., 2004; Elmore, 2007). Therefore, it is not surprising that the levels of intracellular ROS and early apoptosis were detected in the PQ-treated oocytes. All of the combined data indicate that PQ affects the cytoplasmic maturation by impairing the mitochondrial redistribution and inducing apoptosis through accumulation of ROS.

Epigenetic modifications are involved in the changes of phenotype without altering the sequence of DNA. Histone modifications play crucial roles in sensing, processing, and repairing damaged DNA to ensure the cellular homeostasis and the integrity of genetic information (Kim et al., 2019). The main changes of histone modifications include methylation, acetylation, and phosphorylation. Histone modifications can result in the activation or suppression of gene expression to impact the development of oocytes and the embryonic development potential (Crea et al., 2014; Nowacka-Zawisza and Wisnik, 2017). It has been reported that histone H3 lysine on lysine 9 (H3K9) methylation is crucial for heterochromatin formation (Audergon et al., 2015), and histone H3 on lysine 27 (H3K27) methylation is a marker of transcriptional repression and frequently found in the heterochromatin (Pan et al., 2018). After treatment with PQ, the fluorescence intensity of H3K9me2 and H3K27me3 is distinctly reduced, suggesting that PQ changes the chromatin configuration in mouse oocytes. These data imply that PQ may deteriorate the embryonic development potential due to affecting the transcriptional activity of oocytes.

In conclusion, our research demonstrates that PQ exposure can impair the oocyte quality to weaken the female fertility by impairing the nuclear and cytoplasmic maturation during oocyte meiosis in mice.
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PAT1 homolog 2 (PATL2), encoding an RNA-binding protein, is a repressor involved in the translational regulation of maternal mRNAs during oocyte maturation. Previous studies have reported mutations in PATL2 those led to female infertility with oocyte maturation arrest; however, the mechanisms by which mutations affected meiotic maturation remained unclear. Here, we identified several novel and recurrent mutations of PATL2 in patients with similar phenotype, and chose the missense mutation c.649 T>A p.Tyr217Asn in PATL2 (PATL2Y217N) as a typical to investigate the underlying mechanisms. We confirmed that this mutation disturbed oocyte maturation and observed morphological defects of large polar body, symmetrical division and abnormal spindle after microinjection of corresponding mutated mRNA. We further evaluated the effect of the PATL2Y217N mutation in 293T cells, and found this mutation decreased the ubiquitination level and degradation of PATL2. Then, abnormally increased PATL2 bound mRNAs of Mos, an upstream activator of mitogen activated protein kinase (MAPK), to regulate its translational activity and subsequently impaired MAPK signaling pathway and oocyte meiosis. These results dissented from the previous view that PATL2 mutations reduced their expression and highlight the role of PATL2 in translational regulation of Mos and its association with MAPK signaling pathway during oocyte meiotic maturation.

Keywords: meiotic maturation, PATL2 mutation, ART, MAPK, female infertility


INTRODUCTION

The wide application of assisted reproductive technology (ART) allows us to access the maturity and classify phenotypes based on the morphology of oocytes upon retrieval (Ebner et al., 2003; Muasher et al., 2006; Beall et al., 2010). In clinical ART, these morphologic appearances are used to generally identify different phases of meiotic progression such as GV (germinal vesicle), MI (metaphase I), or MII (metaphase II) oocyte. Only when the oocyte undergoes the meiotic division into MII, it can be successfully fertilized. Therefore, the meiotic maturation of oocytes is an integral part of reproduction. Meiotic progression depends upon the precise control of a large number of mRNAs and proteins synthesized in growing oocytes (Huo et al., 2004; Liang et al., 2007). It is accomplished through the regulation of protein translation, phosphorylation, and degradation (Sorensen and Wassarman, 1976; Rauh et al., 2005). The most common pathways for degradation of maternal proteins are autophagy lysosome pathway and the ubiquitin proteasome pathway (Dikic, 2017; Varshavsky, 2017). For example, cytoplasmic polyadenylation element binding protein 1 (CPEB1) is a key regulator for maternal mRNA translation but undergoes ubiquitin-dependent degradation during meiosis I otherwise it can affect the progression to meiosis II (Setoyama et al., 2007; Ivshina et al., 2014). In this respect, protein degradation may be viewed as a prerequisite to complete the oocyte maturation and achieve oocyte-to-zygote transition. Any subtle defect in these procedures could result in maturation failure.

Knockout mouse models were previously used to discover many key factors of oocyte maturation (Holt et al., 2013), but there was still limited evidence of their pathogenicity to human reproduction. Recently, several genes were reported to be responsible for human oocyte maturation arrest. TUBB8 mutations and TRIP13 mutations were identified to cause human oocyte MI arrest (Feng et al., 2016; Zhang et al., 2020). With increasing attention, other variable phenotypes of the TUBB8 mutations have also been discovered (Chen et al., 2017a; Huang et al., 2017; Wang et al., 2018; Xiang et al., 2018; Yuan et al., 2018; Jia et al., 2020; Xing et al., 2020). The same as TUBB8 gene, pathogenic variants in PATL2 was first found to result in GV arrest (Chen et al., 2017b; Maddirevula et al., 2017), and then similar but slightly variable phenotypes were reported (Chen et al., 2017b; Maddirevula et al., 2017; Christou-Kent et al., 2018; Huang et al., 2018; Wu et al., 2019; Liu et al., 2020). Although the affected cases of PATL2 mutations are accumulating, the molecular etiology underlying this remains largely unknown.

In this study, we identified seven mutations within PATL2 by whole-exome sequencing (WES), including three recurrent mutations (c.898C>T p.Gln300*, c.1376C>A p.Ser459Tyr, c.649T>A p.Tyr217Asn) and four novel mutations (c.1345A>G p.Thr449Ala, c.931A>G p.Met311Val, c.920G>A p.Arg307Gln, c.1336C>T p.Arg446Trp) in individuals affected with primary infertility. Considering the conservation of mutations among different species and the consistency of phenotype among patients, we selected the recurrent mutation p.Tyr217Asn in PATL2 to confirm its pathogenicity in mouse oocytes, then further investigated the effect of the missense mutation and attempted to rescue the impaired phenotype by in vitro studies. Our findings show a novel perspective that mutation of PATL2 caused the abnormal accumulation of its protein, which is different from previous studies and might provide a prospect of improved IVM protocol for future therapies for affected individuals.



MATERIALS AND METHODS


Human Subjects and Ethics Approval

Infertility patients were recruited from the Reproductive Medicine Center of Women's Hospital of Nanjing Medical University and The First Affiliated Hospital of Nanjing Medical University. All samples from donors were obtained with informed consent. This study was approved by the Ethics Committee of the Nanjing Medical University (2018/651), the Ethics Committee of Women's Hospital of Nanjing Medical University (KY-025) and the Ethics Committee of The First Affiliated Hospital of Nanjing Medical University (2012-SR-128).



Genomic DNA Extraction and Genetic Analysis

Genomic DNA samples were extracted from peripheral blood with a RelaxGene Blood DNA System using standard methods (Tiangen, Beijing, China, DP319). Whole-exome sequencing was performed to identify candidate variants. Whole-exome capture used the Aglient SureSelect Human All Exon V6 (Agilent), and sequencing was carried out on the Illumina NovaSeq 6000 platform (Illumina) by Microanaly Genetech Co., Ltd. (Anhui). We selected candidate variants with the following criteria: (1) had a under 1% frequency in public databases (such as the genome Aggregation Database (gnomAD) and the Exome Aggregation Consortium (ExAC) Browser), (2) variants located in exon or splice site, (3) filtration using our in-house gene list that were highly expressed or specifically expressed in oocytes or early embryo, (3) sanger sequencing: PCR amplifications were performed with corresponding primers using 2X Rapid Taq Master Mix (Vazyme, Nanjing, P222) to validate the candidate variant in the affected individuals and their parents if available (Primers in Supplementary Table 1). Subsequently, the conservation analysis among multiple species was performed using MEGA software. And the functional effect of mutations was assessed by Sorting Intolerant from Tolerant (SIFT,) and Polymorphism Phenotyping (Polyphen2).



Vector Construction and In vitro Transcription

Wild-type human PATL2 were constructed and then recombined with the eukaryotic expression vector pcDNA3.1. A MYC-tag or a FLAG-tag were fused at N-terminus of PATL2. The vectors were constructed by GenScript (Nanjing). The variant c.649T>A was generated using Fast Mutagenesis Kit (Vazyme, Nanjing, C214). GFP reporter plasmid for analyses of Mos 3′-UTR activities were constructed by GenScript (Nanjing) (Dai et al., 2019). The PATL2WT-MYC and PATL2Y217N-MYC plasmids were linearized with XbaI enzyme (New England Biolabs, #R0145V) and then be transcribed to PATL2WT and PATL2Y27N cRNAs using HiScribe T7 ARCA mRNA Kit (New England Biolabs, E2060) according to the manufacturer's standard mRNA synthesis protocols. Mos 3′-UTR reporter plasmid was linearized and in vitro-transcribed using the SP6 mMESSAGE mMACHINE Kit (Invitrogen, AM1340) according to the manufacturer's instructions.



Cell Culture and Transfection

HEK293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Life Technologies/Gibco, Grand Island, New York, #11995073) supplemented with 10% fetal bovine serum (FBS) (Life Technologies/Gibco, Grand Island, NY, #10270106), 10,000 units/ml of penicillin and 10,000 μg/ml of streptomycin (Invitrogen, 15140-122), and the cells were cultured at 37°C with 5% CO2. Cells were transiently transfected for 6 h using Lipofectamine 2000 reagent (Invitrogen, USA, #11668019), then cells were washed twice with PBS and maintained in serum-free medium for 48 h before harvesting. Twenty-four hours post transfection with the PATL2WT-FLAG or PATL2Y217N-FLAG plasmids, the HEK293T cells were treated with proteasome inhibitor MG132 (Merck, M7449) at a concentration of 10 μM for 6 h and analyzed by western blotting. At 24 h post-transfection, cells were treated with CHX cycloheximide (CHX) (APEXBIO, A8244), an inhibitor of new protein synthesis, at a concentration of 10 μM for the indicated amount of time and harvested periodically and analyzed by western blotting.



Oocyte Collection and Microinjection

Female ICR mice (4 week) were used for oocyte collection. To collect fully grown GV oocytes, mice were superovulated by intraperitoneal injection with 5 IU pregnant mare serum gonadotropin (PMSG) (Ningbo Sansheng Pharmaceutical Corporation, Zhejiang, China). Cumulus-enclosed oocytes were obtained by manual rupturing of antral ovarian follicles 48 h later. To obtain fully grown GV oocytes, cumulus cells were removed by repeatedly pipetting. For in vitro maturation, GV oocytes were cultured in M16 medium (Sigma, M7292) under mineral oil (Sigma, M8410) at 37°C in a 5% CO2 incubator. For microinjection, fully grown GV oocytes were harvested in M2 medium (Sigma, M7167) with 2.5 μM milrinone (Sigma, M4659) to inhibit meiotic resumption. Approximately 10 pL of complementary RNA was injected at a concentration of 1,000 ng/μl. After injections, oocytes were arrested at the GV stage in M2 medium containing 2.5 μM milrinone for 12 h to allow sufficient translation, then washed in milrinone-free M16 medium, and cultured for 3 h to observe meiotic resumption (GVBD) or 14 h to detect the first polar body (Pb1) extrusion. We collected the oocytes after milrinone removal for further analysis.



Western Blots

Cell protein concentrations were determined with a BCA Protein Assay (Beyotime Biotechnology, China, P0012). Oocyte protein concentrations were adjusted by the equal number of oocytes. The protein was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis before being transferred to polyvinylidene fluoride membranes (Millipore, Massachusetts, IPVH00010). Non-specific binding sites were blocked for 2 h at room temperature with 5% non-fat milk in Tris-buffered saline containing 0.05% Tween-20. Membranes were incubated overnight at 4°C with a dilution of the following antibodies: GAPDH (Abclonal, China, AC002), ACTIN (Proteintech, China, #66305-1-lg), β-TUBULIN(Abclonal, AC021), MYC (Cell Signaling Technology, Massachusetts, #2278), FLAG (SIGMA, USA, F7425), Ubiquitin(Santa Cruz, sc-8017), PATL2 (Invitrogen, PA5-48187), ERK1(Santa Cruz, sc-271269) and pERK1/2(Cell Signaling Technology, 9101s). After incubation with an anti-immunoglobin horseradish peroxidase-linked antibody (Invitrogen, USA, #31430 and #31460) for 1 h, the immune complexes were detected by enhanced chemiluminescence (FDBIO, China, FD8020). For densitometric analyses, protein bands on the blots were measured by ImageJ software.



Coimmunoprecipitation (Co-IP) Assays

Cells were harvested and lysed with RIPA lysis buffer (Beyotime, P0013K) containing 1 mM protease inhibitor cocktail (Bimake, B14001) on ice for 40 min. Then, the cells were centrifuged at 12,000 rpm for 30 min at 4°C. Protein lysates were incubated with 80 μL of Protein A/G Magnetic Beads (Bimake, Shanghai, B23202) after preclearing the beads for 1 h. Then, 8 μg of anti-FLAG antibody (SIGMA, F7425) were added, and mix was subjected to gentle rotation overnight at 4°C. Western blots were operated after the beads were washed six times with lysis buffer.



Immunofluorescence and Confocal Microscopy

Oocytes were fixed in phosphate-buffered saline (PBS) supplemented with 4% paraformaldehyde (PFA) (Sigma, P6148) for 30 min at room temperature and then incubated in 0.5% Triton X-100 for 30min at 37°C. Then, samples were blocked in 1% bovine serum albumin in PBS for 1 h and incubated with primary antibodies overnight at 4°C. After washed three times in PBS, the samples were incubated with secondary antibodies for 1 h at room temperature. After washed three times in PBS, the samples were stained with Hoechst 33342 (KeyGen BioTECH, KGA212-10) for 10 min and observed by confocal microscopy (LSM 800; Carl Zeiss, Germany).



Statistical Analyses

Statistical differences between groups were conducted by Student's t-test when appropriate. Derived values are presented as the means ± SD. p < 0.05 were considered statistically significant. “n.s.” refers to non-significant.




RESULTS


Clinical Characterization

The first patient (family 1 II-2) had not conceived after 3 years of attempts without contraception, and she was diagnosed with primary infertility at the age of 25. She had regular menstrual cycles and normal sex hormone concentrations (Table 1). She underwent three in vitro fertilization (IVF) attempts. A total of 33 oocytes were retrieved, of which 17 GV oocytes were retrieved and the remaining 16 oocytes degenerated (Figure 1A and Table 1). The second patient (family 2 II-4) was 28 years old and had been diagnosed with infertility 3 years earlier. In her first IVF treatment attempt, four MI oocytes and one matured Pb1 oocyte were retrieved. Only one degenerated oocyte was retrieved in her second IVF treatment cycle (Table 1). The third patient (family 3 II-1) was 28 years old and had been diagnosed with primary infertility of unknown causes for 7 years. Thirty oocytes were retrieved in two IVF cycles, including 17 GV oocytes, five MI oocytes, four degenerated oocytes, three Pb1 oocyte with abnormal morphology, and one fertilized oocyte but arrested at early stage (Figure 1A and Table 1). The forth patient (family 4 II-1) was 32 years old and during her 4 years of infertility, she underwent one IVF cycle. She had a similar phenotype that two Pb1 oocytes with large polar body were retrieved apart from four immature GV oocytes (Figure 1A and Table 1). Two sisters from family 5 (family 5 II-2 and II-4) had been diagnosed with primary infertility for several years, although they all had regular menstrual cycles and normal sex hormone concentrations. They had same phenotypes in their IVF treatments, such that all immature oocytes were arrested at GV stage (Figure 1A and Table 1).


Table 1. Clinical features of the patients.
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FIGURE 1. Clinical characterization and identification of PATL2 mutations in the infertile patients. (A) The morphology of oocytes [germinal vesicle (GV), metaphase I (MI), and first polar body (Pb1) oocytes] from normal and affected individuals with PATL2 mutations. Individuals from family 3 and 4 had Pb1 oocytes with abnormal polar body, as indicated by the arrows. The scale bar represents 50 μm. (B) Pedigrees of five affected families. Sanger sequencing confirmation is shown below the pedigrees. Solid indicates affected members, and equal signs denote infertility. Sanger sequencing result is shown beside the pedigrees. The mutations in the affected individuals from families 3, 4, and 5 were inherited from their parents. The patients in families 1 and 2 had unknown inheritance patterns. The patients in families 1 carried mutation c.C898T p.Q300* and family 2 carried mutation c.A1345G p.T449A. The patients in families 3 had the compound heterozygous mutations c.C1376A p.S459Y and c.A931G p.M311V. Compound heterozygous mutations c.G920A p.R307Q and c.T649A p.Y217N were identified in family 4. Heterozygous mutation c.C1336T p.R446W was identified in two sisters in family 5.




Identification of Mutations in PATL2

To investigate the genetic cause of the infertility, we performed WES of affected individuals. After bioinformatics analysis based on our filtering protocols (see section Materials and Methods), we identified mutations in PATL2 which may be responsible for the phenotypes of these infertile females. We first identified a likely pathogenic heterozygous non-sense mutation c.898C>T (p.Gln300*) of PATL2 (NM_001145112.1) in the patient (family 1 II-2) and the mutation was verified by sanger sequencing (Figures 1B, 2A, Table 2). A heterozygous missense variant in PATL2 c.1345A>G (p.Thr449Ala) was identified in the patient (family 2 II-4). Subsequent sanger sequencing was performed to confirm the variant site which may be involved in the maturation-defective phenotype (Figures 1B, 2A, Table 2). We also found two other families (family 3 and 4) carrying PATL2 compound heterozygous pathogenic variants. The proband in family 3 had the compound heterozygous variants c.1376C>A (p.Ser459Tyr) and c.931A>G (p.Met311Val) of PATL2. The affected individual in family 4 carried the compound heterozygous variants c.920G>A (p.Arg307Gln) and c.649T>A (p.Tyr217Asn). Sanger sequencing was then used to validate these mutations, and it was confirmed that the variants derived from both their parents (Figures 1B, 2A, Table 2). Another heterozygous missense variant in c.1336C>T (p. Arg446Trp) in exon 13 of PATL2 was identified in two infertile sisters (family 5 II-2 and II-4) of family 5. Subsequently, sanger sequencing showed that the affected patients (family 5 II-2 and II-4) and their father (family 5 I-1) carried the heterozygous PATL2 mutation, while her mother (family 5 I-2) and their fertile sister (family 5 II-7) did not, indicating a dominant pattern of inheritance (Figures 1B, 2A, Table 2). The altered amino acid substitutions except mutation Y217N were all located in the conserved PAT1 domain of PATL2 (Figure 2A). The functional impact of all variants was assessed by SIFT and PolyPhen 2 (Table 2). Moreover, the positions where these mutations in PATL2 occur are highly conserved among most species (Figure 2B).
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FIGURE 2. Location and conservation of mutations in PATL2. (A) The positions of PATL2 mutations and functional domains are indicated in the gene structures. (B) Conservation of mutated sites in PATL2 among species.



Table 2. Overview of PATL2 mutations identified in the patients.
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Confirmation the Pathogenicity of Y217N Variant in Mouse Oocyte

To investigate the effect of PATL2 mutation during oocyte meiotic maturation, we first constructed wild-type PATL2, mutant PATL2 (p.Tyr217Asn) and then recombined with the eukaryotic expression vector pcDNA3.1 with a MYC-tag. The wild-type PATL2 and mutant PATL2 plasmids were transcribed into complementary RNAs (cRNA) in vitro and microinjected into mouse GV oocytes (Figure 3A). The expressions of cRNA were determined by western blot (Figure 3B). After 3 h culture for in vitro maturation, both negative control and PATL2WT groups resume meiosis normally, indicated by the similar GVBD rate over 80%. However, the GVBD rate largely decreased in PATL2Y217N group (Figures 3C,D). Moreover, only 23.4% PATL2Y217N cRNA-injected oocytes extruded Pb1 after 14 h culture, which was significantly reduced compared to PATL2WT cRNA-injected and negative control oocytes (Figures 3C,E). It is worth noting that large polar body and 2-cell like symmetrical division were observed in a number of oocytes which appeared to have been completed the meiotic maturation (Figure 3C, Enlarged and Figure 3F). In addition, critical events during oocyte maturation process such as spindle assembly and chromosome alignment were observed in PATL2Y217N cRNA-injected oocytes by immunofluorescent staining. We found that the Y217N mutation caused spindle disorganization and chromosome misalignment in oocyte meiosis (Figure 3G). Together, these results suggest that PATL2 is essential for orderly meiosis during oocyte maturation and the p.Tyr217Asn mutation of PATL2 impairs the progress.


[image: Figure 3]
FIGURE 3. Pathogenicity of Y217N variant in mouse oocyte. (A) Illustration of mRNA microinjection in (B–G). (B) Expression of PATL2WT and PATL2Y217N cRNA after microinjection was verified by Western blot analysis. (C) Phase-contrast images of negative control and PATL2WT or PATL2Y217N cRNA injected oocytes. Black arrows indicate oocytes with apparent abnormal polar body. Enlarged images of oocytes with large polar body and symmetrical division are arranged in the right line. Scale bars indicate 50 μm. (D,E) Quantitative analysis of GVBD rate (D) and Pb1 extrusion rate (E) Graphs show means ± SD of results observed in three independent experiments. **P < 0.01, ***p < 0.001 (F) The proportion of the normal polar body, large polar body and symmetrical division in negative control and PATL2WT or PATL2Y217N cRNA injected oocytes. Total number of oocytes analyzed: n = 184 for negative control oocytes; n = 200 for PATL2WT cRNA injected oocytes; n = 74 for PATL2Y217N cRNA injected oocytes. P < 0.017 was considered to be statistically significant by Pearson chi square test. (G) Spindle defects and chromosome misalignment were detected in PATL2Y217N cRNA injected oocytes. Scale bar indicates 50 μm.




Effects of Y217N Variant on PATL2 Degradation

To investigate the importance of Patl2 during oocyte meiotic maturation, we first performed western blot analysis and immunofluorescence to characterize the expression pattern of Patl2 in mouse oocytes. As shown in Figures 4A,B, Patl2 level was abundant in GV oocytes and decreased during meiotic maturation. Furthermore, subcellular localization of Patl2 was distributed in the cytoplasm with lighter staining during meiotic maturation (Figure 4C). These results indicate that PATL2 might play a pivotal role during the process of oocyte maturation. It has been previously reported that Xenopus Pat1a, the PATL2 ortholog, degraded by proteolysis via PEST-like region (Rechsteiner and Rogers, 1996; Marnef et al., 2010). In addition, we used an integrated bioinformatics platform to predict that PATL2 has multiple E3 recognizing motifs, one of which is adjacent to Tyr217 residue (http://ubibrowser.ncpsb.org) (Li et al., 2017). Therefore, we asked whether the p.Tyr217Asn mutation influenced the ubiquitin-mediated degradation of PATL2 protein. To answer this question, we transfected FLAG-PATL2WT or FLAG-PATL2Y217N into 293T cells with proteasome inhibitor MG132 treatment to determine the influence of the ubiquitination level in vitro. Immunoprecipitation analysis showed decreased ubiquitination level in the groups transfected with mutant PATL2 pulled down by anti-Flag beads (Figure 4D). We next sought to analyze the effect of the PATL2Y217N on degradation of PATL2. While the protein level of PATL2WT was decreased progressively after 6 h and 12 h after treatment with CHX, an inhibitor of new protein synthesis, the protein level of PATL2Y217N was relatively stable (Figures 4E,F). These data indicated that the mutation affected its ubiquitination, and caused the abnormal accumulation of PATL2.
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FIGURE 4. Effects of Y217N variants on PATL2 degradation. (A,B) The Patl2 levels in oocytes at germinal vesicle (GV), meiosis metaphase I (MI), and meiosis metaphase II (MII) stages were determined by western blot. (C) Immunostaining of Patl2 in oocytes at GV, MI, and MII stages. Scale bar, 20 μm. (D) Ubiquitination was evaluated by co-IP with an anti-FLAG antibody. (E,F) The PATL2 stability comparison between group of PATL2WT or PATL2Y217N transfected cells is followed by CHX treatment. ***p < 0.001.




Regulation of MOS Translational Activity and MAPK Signaling Pathway by Increased PATL2 Level

In Xenopus, overexpression of P100 (the ortholog of human PATL2) not only represses translation, but also functions to inhibit oocyte maturation by affecting c-mos accumulation (Nakamura et al., 2010). To explore the defect of abnormally increased PATL2, we performed western blot analysis to detect the expression of MOS, and found an obvious reduction in oocytes microinjected PATL2Y217N mutated RNA (Figure 5A). To further investigate the mechanism of MOS reduction, we constructed eGFP reporter fused with the 3′-untranslated region (3′-UTR) of c-mos and transcribed it in vitro, then mixed it with PATL2WT or PATL2Y217N RNA, and microinjected them into GV oocytes (Figure 5B). The oocytes were arrested in M2 medium supplemented with 2.5 μM milrinone for 12 h. Subsequently, we performed immunofluorescence assay and the fluorescence intensity was analyzed. We detected weak GFP signals in PATL2Y217N group, whereas that in PATL2WT group was strong (Figure 5C). In oocytes, Mos, a specific upstream regulator of MAPK, plays a crucial role in controlling meiotic maturation (Dupre et al., 2011). As expected, phosphorylated ERK1/2 (pERK1/2), which was well-known as a marker of MAPK pathway activation reduced in MII oocytes of PATL2Y217N group (Figure 5D). Next, we doubt whether activated MAPK pathway could rescue the pathogenic effects. The MAP kinase was activated 2 h after GVBD (Sun et al., 1999). Thus, PATL2WT or PATL2Y217N cRNA injected oocytes were cultured in vitro for 4 h to GVBD stage then transferred into M16 medium with 2 μM dehydrocorydaline chloride for 1 h, which could elevate p38 MAPK activation. Subsequently, the oocytes continued culturing in vitro for the analysis after washed thoroughly. Notably, the severe phenotype of impaired meiosis in PATL2 mutation group could be rescued to some extent indicated by the increased Pb1 extrusion rate (Figures 5E,F). These findings demonstrate that in oocytes, PATL2 is important for the proper translation of MOS and the activation of MAPK signaling pathway.


[image: Figure 5]
FIGURE 5. Repression of MOS with its cascade effect and phenotypic rescue by dehydrocorydaline chloride. (A) The MOS level in oocyte groups of negative control, PATL2WT or PATL2Y217N cRNA microinjected were determined by western blot. (B) Illustration of mRNA microinjection and oocyte culture. (C) Fluorescence results showing the expression of GFP fused with Mos 3′-UTR. The scale bar represents 50 μm. (D) ERK1and pERK1/2 protein levels in in oocytes of negative control, PATL2WT or PATL2Y217N cRNA microinjected were determined by western blot. (E) Representative images of normal control oocytes and that of PATL2Y217N cRNA injected oocytes were cultured with/without dehydrocorydaline chloride. Scale bars indicate 50 μm. (F) Quantitative analysis of Pb1 extrusion rate. Data are represented as the mean ± SD; *p < 0.05.





DISCUSSION

Assisted reproductive techniques (ART) have revealed previously invisible infertility phenotypes, including oocyte maturation defect. Previous studies have reported that PATL2 mutations are responsible for oocyte maturation arrest at germinal vesicle (GV) stage and several slightly variable phenotypes (Chen et al., 2017b; Maddirevula et al., 2017; Huang et al., 2018). In this study, we identified seven different missense mutations including four novel mutations and three recurrent mutations in PATL2 from five sporadic primary infertile cases and one family with two infertile sisters. These affected individuals had similar phenotypes but also showed a multiplicity. Although these findings make the mutational and phenotypic spectrum with PATL2 more distinct, the molecular etiology remains largely unknown. The patient (family4 II-1) was identified compound heterozygous mutations c.920G>A (p.Arg307Gln) and c.649T>A (p.Tyr217Asn), whereas an individual carried c.649T>A (p.Tyr217Asn) and c.566T>G (p.Leu189Arg) was found in previous report (Chen et al., 2017a). Although the two patients have one different mutation site in addition to p.Tyr217Asn, the phenotypes of the two are very similar including MI arrest and Pb1 oocytes with large polar body (Chen et al., 2017b). Another recurrent mutation p.Ser459Tyr is conserved among different species, but the phenotype of the patient (family 3 II-1) is not completely consistent with that of the patient in previous report (Jia et al., 2020). Considering that the PATL2Y217N mutation recurred in the patients with similar phenotype and is conserved among different species, we chose p.Tyr217Asn in PATL2 (PATL2Y217N) as a typical to explore the possible mechanism of PATL2 mutations that cause oocyte maturation defect.

PATL2 (P100 in Xenopus) is an RNA binding protein that contains the conserved PAT1 domain. The observation from Xenopus oocytes indicated P100 is maternal factor that expresses in growing oocytes, and declines during oocyte maturation (Nakamura et al., 2010). It was demonstrated that PATL2 level is less abundant with oocyte growth in mouse model (Christou-Kent et al., 2018). In our study, we collected oocytes at GV, MI, and MII stages, repeated the conclusion that PATL2 was highly expressed in early stages of oocytes but the abundance declined sharply, with the onset of meiosis. PATL2 conforms to the rule of maternal expression, which suggests that PATL2 has an indispensable influence on oocyte maturation and even early embryonic development. Indeed, according to previous studies in Xenopus, this decline in the level of PATL2 is necessary for meiotic maturation and that ectopic expression may impair meiosis progression (Marnef et al., 2010; Nakamura et al., 2010). While, the oocytes from affected individuals with corresponding mutations in PATL2 showed lower level of PATL2 than did normal oocytes, and it was speculated that the reduced level of PATL2 expression was the pathogenic cause (Chen et al., 2017b; Wu et al., 2019). We doubted whether there was other possible etiology besides decreased protein level resulting from mutations. Considering PATL2 contained multiple ubiquitination sites and degraded by proteolysis (Rechsteiner and Rogers, 1996; Marnef et al., 2010), we used in vitro experiments to detect the mutation effect. It is worth noting that decreased ubiquitination level in the mutant groups was determined. Then, the protein level of PATL2Y217N was indicated to be more stable compared to PATL2WT, leading to the abnormal abundance of PATL2. Next, we focused on the possible downstream influence.

In mammalian oocytes, a large amount of maternal mRNAs stored during oocyte growth, and subsequent meiotic progression required temporal maternal mRNA polyadenylation and translational activation (Piccioni et al., 2005; Chen et al., 2013). Whereas, P100, the ortholog of human PATL2, was described to be a partner of CPEB in Xenopus oocytes, and plays a vital role in translational repression. It was suggested that P100 represses specific translation of c-mos by observations that less protein level of MOS and fewer numbers of oocytes underwent GVBD coupled with P100 overexpression (Nakamura et al., 2010). MOS plays an extremely important role in meiotic maturation progression cause it activates MAP kinase and involves in microtubule organization in mouse oocytes, and the MOS−/− oocytes underwent the first meiotic division frequently appearing symmetrical cleavage or producing an abnormally large polar body (Choi et al., 1996; Verlhac et al., 1996; Zhang et al., 2015). Coincidentally, the oocytes retrieved from patient (family4 II-1) who carried p.Tyr217Asn and the mouse oocytes injected with PATL2Y217N cRNA presented a similar phenotype of anomalous polar body in MOS−/− oocytes. The oocytes injected with PATL2Y217N cRNA also showed partially symmetrical cleavage and abnormal spindle. Thus, we proposed that whether the abnormal abundance of PATL2 caused the decrease of MOS and the defect of oocyte maturation. Consistent with our hypothesis, the mutant PATL2 significantly affected the translation of c-Mos after injection of wild-type or mutant PATL2 cRNA indicated by western blot analysis and the 3′ UTR reporter. These observations therefore suggest that the mutation p.Tyr217Asn in PATL2 represses translation of MOS and results in decline in amount of MOS and a similar phenotype to that of MOS−/− oocytes. MOS is identified as upstream activator of mitogen-activated protein kinase (MAPK), which is normally expressed throughout oocyte maturation (Ferrell et al., 1991; Pelech and Sanghera, 1992; Posada and Cooper, 1992; Shibuya et al., 1992). A MAPK cascade connects translation and degradation of maternal mRNA with meiotic progression in mouse oocytes, since ERK1/2-mediated CPEB1 phosphorylation or degradation is a main mechanism of maternal mRNA translational, and is crucial for mouse oocyte maturation (Sha et al., 2017; Chen et al., 2020). As its upstream activator was affected, we verified the impaired MAPK pathway indicated by lower pERK1/2. These results were consistent with the defect of meiotic maturation in oocytes microinjected with PATL2Y217N cRNA.

In the clinic, current strategies of regular IVM to improve outcome of immature oocytes cannot exceed oocyte maturation arrest (Hourvitz et al., 2010). In addition, it was demonstrated that besides the ERK pathway recited above, other MAPK families have been identified. One of them is p38 pathway, which is activated by cellular stress (Zhang and Liu, 2002). We noticed that the phenotypes of Mos−/− and Erk1/2−/− oocytes are not entirely consistent, one of the possibilities is MOS might activate targets of other MAPK family members, such as p38MAPKs besides ERK1/2 (Zhang et al., 2015). However, the speculation has not yet been sufficiently explained. In our study, we tried the rational methods of IVM, adding p38 MAPK activator dehydrocorydaline chloride rather than the traditional one. The designed IVM plan greatly improved the probability of oocyte maturation via in vitro experiments in mouse model. The data suggest a potentially clinical application that the PATL2 mutations involved in the phenotype of oocyte maturation arrest, which need to be further assessed.

In conclusion, our study identified several novel and recurrent mutations in PATL2 of primary infertile female and emphasized its pathogenicity and phenotypic consistency. Our observation in vitro contrasted with data from previous studies, where mutant PATL2 was shown rapid degradation (Chen et al., 2017b; Wu et al., 2019; Liu et al., 2020). This discrepancy suggested that the functional effects of PATL2 mutation seemed diverse. The results in this study indicate that the mutation in PATL2 decreased its ubiquitination level and led to abnormal accumulation. Then, unusually increased PATL2 repressed translational activity of MOS and impaired oocyte maturation process. As MOS does not seem to be essential for the initiation of oocyte maturation, it suggests that the oocyte maturation arrest observed in patient with PATL2Y217N mutation may be caused by some other mechanisms. As PATL2 was recognized as a specific translational repressor, it might also inhibit translational activities of some pathways beside MOS/MAPK during oocyte maturation (Figure 6). Moreover, it also suggested that modified IVM protocol with p38 MAPK activator dehydrocorydaline chloride improved the maturation rate of mutated cRNA injected oocytes, which may apply for clinical use to help solve this plight in the future. Our work expands the understanding of the pathogenesis of PATL2 gene mutations and recommends a rationally advanced IVM method in combination with PATL2 target gene diagnosis for infertile patients affected by oocyte maturation arrest.


[image: Figure 6]
FIGURE 6. A schematic representation of the proposed mechanism by which Y217N mutation in PATL2 impairs oocyte meiotic process. The mutation p.Y217N in PATL2 decreased its ubiquitination level and led to its abnormal accumulation. Then, increased PATL2 repressed translational activity of Mos and impaired oocyte meiotic maturation. Addition of the activator of subsequent MAPK signaling partially rescued the impairment of meiotic maturation in PATL2 mutated oocytes. Further, it was speculated that some other mechanisms still remained in defect oocyte maturation influenced by PATL2 mutation.
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Maternal factors that modulate maternal-to-zygotic transition (MZT) are essential for the growth from specialized oocytes to totipotent embryos. Despite several studies, the mechanisms regulating epigenetic reprogramming during MZT remain largely elusive. UHRF1 plays a role in maintaining GC methylation in oocytes and early embryos. However, little is known about its role in mouse MZT. Here, we explored the function of maternal UHRF1 in zygotic genome regulation during early embryonic development in mice. We showed that the conditional knockout (cKO) of UHRF1 in either primordial or growing oocytes causes infertility but differentially affects early embryonic development. UHRF1 deficiency in primordial oocytes led to early embryonic developmental arrest at the two-cell stage, accompanied by significant alterations in global DNA and H3K4me3 methylation patterns. In comparison, UHRF1 ablation in growing oocytes significantly reduced developmental competence from two-cell embryos to blastocysts. At the transcriptional level, the absence of maternal UHRF1 led to aberrant transcriptional regulation of the zygotic genome during MZT at the two-cell stage. Furthermore, we observed that retrotransposable elements in UHRF1-deficient oocytes and embryos were not silenced properly; in particular, the LINE-1 and long terminal repeat (LTR) subfamily were activated abnormally. Collectively, the findings of our study reveal that maternal UHRF1 plays a critical role in establishing the correct epigenetic chromatin reprogramming of early embryos, regulating essential genes during MZT, and preserving genome integrity that drives early embryonic development in mice.

Keywords: UHRF1, maternal-to-zygotic transition, H3K4Me3, 5mC, retrotransposon


INTRODUCTION

Fully grown mammalian oocytes are highly differentiated and transcriptionally quiescent. Upon fertilization, early embryonic development involves the “maternal-to-zygotic transition (MZT),” in which the majority of the maternal RNAs and proteins are degraded, the zygotic genome becomes transcriptionally active, and embryos are totipotently established (Piko and Clegg, 1982; Hamatani et al., 2004; Tadros and Lipshitz, 2009; Walser and Lipshitz, 2011). In mice, zygotic genome activation (ZGA) is a key event of in MZT (Newport and Kirschner, 1982; Tadros and Lipshitz, 2009; Lee et al., 2014) and occurs in two phases: minor ZGA initiates during the late zygotic stage and major ZGA follows at the two-cell embryo stage (Kanka, 2003; Artus and Cohen-Tannoudji, 2008; Xue et al., 2013). In addition, ZGA is characterized by efficient TATA-less promoters use (Davis and Schultz, 2000), activation of retrotransposons (Peaston et al., 2004), for example, murine endogenous retrovirus with a leucine tRNA primer-binding site (MERVL) at the two-cell stage as a marker for totipotent cells (Macfarlan et al., 2012), transcription and translation uncoupling in zygotes (Nothias et al., 1996), and transcription activation in two-cell embryos (Wiekowski et al., 1991). Transcription from the maternal pool is critical for ZGA and embryonic development. Defects in ZGA initiation always lead to embryonic development failure, in which embryos are mainly arrested at the two-cell stage and cannot develop into totipotent blastocysts (Qiu et al., 2003; Chu et al., 2013; Zhang et al., 2015). Thus, illustrating the key maternal ZGA regulators will facilitate the understanding of early embryogenesis.

DNA methylation and histone modifications are essential for ZGA (Guo et al., 2014). For example, 5-methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC), as a stable epigenetic modification, play important roles during early embryonic development (Stroud et al., 2011; Bachman et al., 2014). In addition, histone modification, including lysine acetylation and lysine (tri-) methylation, is required for mouse embryogenesis during ZGA. Loss of the maternal BRG1, a component of ATP-dependent chromatin remodeling by acetylation, results in reduced expression levels of zygotic genes and early embryo arrest at the two-cell stage (Bultman et al., 2006). The opposing marks histone H3 trimethylated at lysine 4 (H3K4me3) and histone H3 lysine 27 trimethylation (H3K27me3) are associated with gene activation and repression, respectively. Upon fertilization, H3K4me3 and H4 acetylation are re-established on promoter regions during the major ZGA at the late two-cell stage (Liu et al., 2016; Zhang et al., 2016). Endogenous retroviruses (ERVs), which were previously considered to be “junk DNA,” are broadly transcribed into tissue-specific genes or ERV-derived sequences in early embryos (Kigami et al., 2003; Peaston et al., 2004; Bui et al., 2009). ERVs expression contributes to embryonic genome activation and totipotency and pluripotency establishment (Lu et al., 2014). UHRF1 (ubiquitin-like, containing PHD and RING finger domains1), an epigenetic factor and ubiquitin ligase, is a key epigenetic regulator between DNA methylation maintenance and histone modifications in both somatic and male germ cells (Bostick et al., 2007; Xie et al., 2012; Liu et al., 2013; Dong et al., 2019). Two recent studies have revealed that maternal UHRF1 is essential for oocyte and preimplantation embryo development by regulating several epigenetic pathways, and maternal UHRF1 deficiency in growing oocytes induces early embryonic developmental defects (Maenohara et al., 2017; Cao et al., 2019). However, the role of maternal UHRF1 in the epigenetic regulation of the MZT process has not yet been explored.

In this study, we deleted UHRF1 in oocytes at two different developmental stages: primordial and growing oocytes. Both conditional knockouts (cKOs) caused infertility, but displayed different early embryonic development defects, demonstrating the crucial role of maternal UHRF1 in reproduction. Our study, for the first time, showed that maternal UHRF1 depletion in primordial oocytes results in more severe embryo arrest phenotype than that in growing oocytes. The absence of UHRF1 protein in primordial oocytes led to early embryonic developmental arrest at the two-cell stage, with a severe and stepwise decrease in H3K4me3 levels at zygotes and two-cell stage embryos. Furthermore, the absence of UHRF1 in primordial oocytes abrogated the normal changes in transcriptome by the two-cell stage, resulting in the deficient suppression of retrotransposon expression and increased genome damage, possibly due to increased LINE-1 activity. Altogether, our study demonstrated the essential role of maternal UHRF1 in early embryonic development during MZT and provided new insight into the maintenance of appropriate temporal and spatial patterns of histone methylation and preserving genome expression and integrity to ensure MZT and developmentally competent in preimplantation embryos.



MATERIALS AND METHODS


Mice

Floxed Uhrf1 mice (Uhrf1flox/flox) were obtained from Shanghai Research Center for Model Organisms, and the details were referred to in the previous article (Dong et al., 2019). Zp3-Cre and Gdf9-Cre in the C57BL/6J background was purchased from the Jackson Laboratory. Zp3-Cre or Gdf9-Cre males were first crossed with Uhrf1flox/flox females to generate the Zp3-Cre; Uhrf1+/flox or Gdf9-Cre; Uhrf1+/flox females, and then the Zp3-Cre; Uhrf1+/flox or Gdf9-Cre; Uhrf1+/flox female mice were bred with Uhrf1flox/flox male mice to obtain the Zp3-Cre; Uhrf1flox/lox or Gdf9-Cre; Uhrf1flox/lox females (designated as Zp3-cKO or Gdf9-cKO). For the genotype, the primers of PCR are listed in Supplementary Table 1.



Antibodies

All the commercial antibodies in the study are listed in Supplementary Table 2. The antibody of LINE1 ORF1 antisera generation was homemade, which was the same with the one used in our previous study.



Oocytes and Early Embryos Collection and Culture

For the superovulation, each 8- to 10-week-old female mouse was injected with 10 IU PMSG, followed by 10 IU hCG after 48 h. The cumulus–oocyte complexes were collected from the oviducts at 16 h of hCG injection. After the 0.5 mg/ml hyaluronidase (Sigma, St. Louis, MO, USA) treatment, MII oocytes without cumulus cells were collected. To obtain the zygotes, female mice were mated with 8- to 10-week-old WT male mice. After the presence of vaginal plugs being found, embryos were harvested from oviducts at 16 h after hCG injection. To obtain the developmental embryos, zygotes were cultured in KSOM medium for differenced time. After the culture, zygotes, two-cell embryos, four-cell embryos, eight-cell embryos, morula, and blastocysts were collected for additional experiments.



Hematoxylin and Eosin (HE) Staining and Immunohistochemistry (IHC)

Mouse ovaries were collected and fixed in Bouin's solution (SIGMA, HT10132) at 4°C overnight and then washed five times with 75% alcohol, 30 min per wash. After washing with 100% alcohol and xylene penetration for 2 h, ovaries were embedded in paraffin, and 8-μm-thick sections were serially cut and stained with HE after being dewaxed and rehydrated. To determine the number of different types of follicles per ovary, every fifth section was counted throughout the whole ovary from the first section to the final count and the total number was multiplied by five as a correction factor, which is based on the well-accepted standards established by Pedersen and Peters (1968). Briefly, after the slices were sectioned, the number of follicles was counted by the well-accepted criteria established by Pederson and Peters. The primordial follicles (types 1 and 2), primary follicles (type 3), early secondary and late secondary follicles (types 4 and 5), and antral follicles (types 6 and 7) were counted in collected sections of an ovary. In each section, only those follicles that contain the nucleus of the oocyte were scored. The number of the follicle counts was multiplied by a correction factor of 5 to represent the estimated number of total follicles in an ovary. After being dewaxed and rehydrated, the sections for IHC were microwaved with 0.01% citrate (pH 6.0) and cooled at room temperature (RT). After washing three times with PBS, the sections were treated with 3% H2O2 at RT for 15 min. After blocking with 5% BSA for 1 h, the sections were incubated with primary antibody at a 4°C wet box overnight. Then, the sections were washed with PBS and incubated with a secondary antibody for 1 h at RT. After washing with PBS and coloring with DAB, the sections were stained with hematoxylin and washed with ddH2O. After hydrating, the sections were mounted with neutral resin and then photographed.



Immunofluorescence Staining

For oocyte and embryo immunofluorescence staining, oocytes, and embryos were fixed in 4% paraformaldehyde (PFA) for 30 min at RT and then permeabilized for 20 min in 0.1% Triton X-100 in PBS at RT. After blocking in 1% BSA in PBS at RT for 1 h, the oocytes and embryos were incubated with primary antibody at 4°C overnight. The oocytes and embryos were washed three times in 1 mg/ml polyvinyl pyrrolidone (PVP; Sigma) in PBS. After incubation with secondary antibody for 1 h at RT, the oocytes and embryos were stained with DAPI in the dish and examined by FluoView 400 microscope (Zeiss, Germany). The fluorescence intensity measurement on immunofluorescence Z stacks was performed by Image J software. The process is as follows: the nuclear area of the stack image was selected, and then the integrated Intensity (intensity divided by the number of pixels represented within the nuclear area) was obtained. Distribution of fluorescence intensities (background color removed) was compared using t test after all data had been tested as belonging to normally distributed populations (SPSS19.0 software).



Western Blotting

Oocytes were collected from WT and mutant mice, and the proteins were extracted using RIPA buffer (CWBIO, Cat# 01408). The protein lysates of 100 oocytes were separated on a 10% SDS-PAGE gel and transferred to PVDF membranes (Bio-Rad). After 5% non-fat milk blocking for 1 h, the membranes were incubated with primary antibodies overnight at 4°C. After washing three times with TBST, the membranes were then incubated with the secondary antibodies for 1 h at RT. After washing, the membranes were chemiluminescence detected and photographed by ChemiDoc XRS+ system (BIO-RAD).



RNA Isolation and RT-qPCR

Total RNAs were extracted from oocytes or embryos using TRIzol reagent (Life Technologies) according to the manufacturer's protocols. The purity and concentration of RNA samples were determined by the Nanodrop ND-2000 spectrophotometer (Thermo Scientific). A total of 500 ng of RNA was reverse transcribed according to the High Capacity cDNA Reverse Transcription Kit (Thermo Scientific) to obtain cDNAs. RT-qPCR was performed with SYBR green master mix (Vazyme) on the StepOne Real-Time PCR system according to manufacturer's instructions. Each experiment was performed in triplicate using the comparative cycle threshold method, with the Gapdh expression used as normalization. The specific primers are listed in Supplementary Table 1.



RNA-Seq Analysis

RNAs (300 ng) from MII oocytes and two-cell embryos were used for stranded RNA sequencing library preparation. After the mRNA was enriched with Oligo(dT) magnetic beads, the fragmentation buffer was added to break the mRNA into short fragments, and the mRNA was used as a template to synthesize one-stranded cDNA using random hexamers. The purified double-stranded cDNA was subjected to plus A-tail and ligated with sequencing joints before being fragmented using AMPure XP beads size selection. The second strand of the U-containing cDNA is degraded by USER enzyme, and then the final sequencing information is derived from the first strand of cDNA, thus preserving the strand orientation of the mRNA. Then, the PCR amplification was performed, and the PCR product was purified with AMPure XP beads to obtain a strand-specific cDNA library. The EDGER package (version 3.12.1) was used to annotate and identify differentially expressed genes (DEGs) among different groups based on the UCSCMM10 mouse genome with the criteria of the FDR corrected p value to 0.05 and fold-change cutoff of 2.0. The Gene Ontology (GO) analysis for DEGs was performed by KOBAS software (version: 2.1.1) with a corrected p value cutoff of 0.05 to judge statistically significant enrichment.



RNA-seq Analysis of Repetitive Elements

All the raw sequences of RNA-seq were annotated based on Repbase (http://www.girinst.org/repbase/) with HiSAT2 software. The differentially expressed repetitive elements between control and mutant oocytes and two-cell embryos were collected from the sorted bam file with the Samtools function “idxstats” with the criteria of more than twofold change and Wald test (FDR < 0.05).



Data Processing and Analysis of ChIP-seq

ChIP-seq reads were downloaded from (GSE113915) datasets. After the read count was normalized, the read count was mapped to the Mouse Genome Overview GRCm38 assembly (USCS mm10) (http://ftp.ensembl.org/pub/release87/fasta/mus_musculus/dna/) using STAR (https://github.com/alexdobin/STAR/ releases). For UHRF1, H3K9me3, and H3K4me3 occupancy in Cdk1, Cdk2, Dppa2, Dppa3, and Dppa4 genes, peak callings were performed by MACS2 (https://github.com/taoliu/MACS), and the default parameters with broad peak option and a broad cutoff of 0.05 (p value) were used.



Statistical Analysis

All data are presented as mean ± SEM. Statistical differences between datasets were assessed by one-way ANOVA or Student's t test using the SPSS19.0 software or GraphPad Prism 8.0. p values are denoted in figures by *p < 0.05.




RESULTS


UHRF1 Deficiency in Primordial or Growing Oocytes Results in a Distinct Early Embryonic Development Arrest

Since previous reports have shown that UHRF1 in growing oocytes plays a crucial role in the global epigenetic reprogramming of oocytes and preimplantation embryo development (Maenohara et al., 2017; Cao et al., 2019), we explored the function of UHRF1 in primordial oocytes on oocyte and early embryo development. We thus generated a conditionally knockout Uhrf1 mouse model in primordial oocytes by crossing Uhrf1flox/flox mice with Gdf9-Cre mice (Lan et al., 2004) (Supplementary Figures 1A,B). Molecular analyses showed that UHRF1 mRNA and protein were undetectable in Uhrf1flox/flox: Gdf9-cre mouse oocytes (hereafter referred to as Gdf9-cKO) (Supplementary Figures 1C–F), indicating that Gdf9-Cre mediated Uhrf1 knockout mice were successfully created. To confirm and compare the effects of UHRF1 in growing oocytes on female fertility, we also successfully generated Zp3-Cre mediated Uhrf1 knockout mouse models (hereafter referred to as Zp3-cKO) as previously reported (Maenohara et al., 2017; Cao et al., 2019) (Supplementary Figures 1A,B,G,H). As expected, no pups were produced in either Zp3-cKO or Gdf9-cKO females after mating with fertility-proven males for at least 6 months (data not shown), indicating that Zp3-cKO and Gdf9-cKO females were sterile. To characterize the phenotype of Gdf9-cKO and Zp3-cKO females, we first examined the histomorphology of their ovaries. The results revealed that both Zp3-cKO and Gdf9-cKO ovaries at 1, 3, and 5 months were morphologically and histologically indistinguishable from control ovaries, with the presence of follicles at various stages (Figures 1A–D). The observations indicated that specifically deleting the UHRF1 in either primordial or growing oocytes does not affect follicle development and oogenesis. Next, we investigated whether the fertilization ability of oocytes was affected upon UHRF1 deletion in primordial or growing follicles. To this end, Zp3-cKO and Gdf9-cKO females were superovulated and mated them with WT males. Examination of the oocytes or embryos obtained at 0.5 dpc oviducts showed that Zp3-cKO and Gdf9-cKO MII oocytes were fertilizable, and all embryos successfully develop into zygotes (Figure 1E), suggesting that the Zp3-cKO and Gdf9-cKO oocytes had normal fertilization ability. However, we observed that the embryonic development potency of Zp3-cKO and Gdf9-cKO zygotes was significantly compromised compared to that of WT controls (Figures 1E,F). In Zp3-cKO mice, around half of the embryos were blocked at the two- to four-cell stage, and ~20% embryos developed into blastocysts (Figure 1F), which was consistent with the results of a previous study (Cao et al., 2019). Interestingly, in Gdf9-cKO mice, we found that most embryos were arrested at the zygote stage; only ~40% embryos developed into two-cell stages, and almost no embryos developed into the blastocysts (Figure 1F). These results indicate that UHRF1 depletion in primordial oocytes results in more severe early embryonic development defects than that due to UHRF1 deficiency in growing oocytes, which further suggests that UHRF1 may have a distinct function in developing primordial oocytes into growing oocytes.
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FIGURE 1. Conditional inactivation of Uhrf1 in either primordial or growing oocytes results in preimplantation embryo developmental arrest and female sterility in mice. (A) Histology of ovarian sections from control, Zp3-cKO, and Gdf9-cKO mice at 1, 3, and 5 months of age, respectively, stained with Hematoxylin and Eosin. Scale bars = 500 μm. (B–D) Quantitative analyses show the number of primordial follicles (PrF), primary follicles (PF), secondary follicles (SF), and antral follicles (AF) per ovary at the age of 1, 3, and 5 months, respectively. n = 3 for each genotype; data are presented as mean ± SEM. (E) Representative bright-field images show the morphology of the zygotes, two-cell embryos, four- to eight-cell embryos, morula, and blastocysts from control, Zp3-cKO, and Gdf9-cKO mice. (F) Statistical analysis of early embryos before implantation at each developmental stage. Data are presented as means ± SEM from three independent experiments. *p < 0.05.




Maternal UHRF1 Deletion Causes DNA Hypomethylation and Abnormal H3K4 Methylation Pattern in Oocytes and/or Early Embryos

Next, we explored the molecular reason for embryo developmental arrest upon maternal UHRF1 depletion. Since UHRF1 serves as a master epigenetic regulator between DNA methylation and histone modification in male germ cells (Dong et al., 2019), we examined whether DNA methylation and histone modification were affected in UHRF1-deficient oocytes and preimplantation embryos. We mainly focused on the GV oocytes and early embryos derived from Gdf9-cKO mice in this study because the phenotype of Gdf9-cKO mice was more severe than that of Zp3-cKO mice. Thus, we first investigated the effect of maternal UHRF1 deficiency on the establishment of DNA methylation in GV oocytes and zygotes from control and Gdf9-cKO mice. Immunofluorescence analysis revealed that the overall 5-mC expression levels were significantly decreased in GV oocytes of Gdf9-cKO mice, where ~80% reductions were seen in mutants compared to controls (Figures 2A,B). Additionally, the overall 5-mC expression levels of the paternal and maternal pronuclei in the zygotes of Gdf9-cKO mice were decreased with a one- to two-fold change compared with those in the control (Figures 2C,D). As maternal TET3 catalyzes the conversion of 5-mC to 5-hmC for DNA demethylation during oogenesis (Gu et al., 2011), we examined the expression levels of 5-hmC in GV oocytes and zygotes from control and Gdf9-cKO mice. We observed that the expression levels of 5-hmC significantly increased in both GV oocyte and zygote of Gdf9-cKO mice (Figures 2E–H). These data indicate that maternal UHRF1 is required for the maintenance of global DNA methylation in oocytes and zygotes.
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FIGURE 2. Maternal UHRF1 depletion causes DNA hypomethylation at oocytes and zygotes. (A) The representative immunofluorescent-staining images for anti-5-methylcytosine (anti-5-mC) of control and Gdf9-cKO GV oocytes are shown. Nuclei were stained with DAPI. Scale bar = 50 μm. (B) Histogram shows a semi-quantitative analysis regarding changes of 5-mC distribution of fluorescence intensity at GV oocytes of (A). Quantification of the level of 5-mC in control and Gdf9-cKO oocytes and data are presented as means ± SEM from three independent experiments (total number of GV oocytes analyzed: n = 92 for control, n = 81 for Gdf9-cKO). *p < 0.05. (C) Representative immunofluorescent-staining images for 5-mC of control and Gdf9-cKO zygotes are shown. Nuclei were stained with DAPI. Scale bar = 10 μm. (D) Histogram shows a semi-quantitative analysis of changes in the fluorescence intensity, indicating the 5-mC distribution in zygotes of (C). Data are presented as mean ± SEM. n = 3 independent experiments (total number of zygotes analyzed: n = 131 for control, n = 73 for Gdf9-cKO). *p < 0.05. (E,F) Representative immunofluorescent staining images (E) and the quantification of fluorescence intensity (F) for 5-hydroxymethylcytosine (5-hmC) of control and Gdf9-cKO GV oocytes are shown. Data are presented as mean ± SEM. n = 3 independent experiments (total number of GV oocytes analyzed: n = 121 for control, n = 87 for Gdf9-cKO). (G,H) Representative immunofluorescent-staining images (G) and fluorescence intensity quantification (H) for 5-hmC of control and Gdf9-cKO zygotes are shown. Data are presented as mean ± SEM. n = 3 independent experiments (total number of zygotes analyzed: n = 95 for control, n = 78 for Gdf9-cKO). Scale bar = 50 μm. *p < 0.05.


To determine whether maternal UHRF1 plays a critical role in histone modifications during oocyte and early embryo development, we next examined the H3K4 and H3K9 methylation levels in GV oocytes and early embryos from control and Gdf9-cKO mice using immunofluorescence assays. We found that the fluorescence signal of both H3K4me3 and H3K9me3 at GV oocytes did not change significantly in Gdf9-cKO mice compared with those in the control mice (Figures 3A,B). Interestingly, the overall H3K4me3 levels decreased significantly in Gdf9-cKO zygotes and two-cell stage embryos compared to that of controls, while the H3K9me3 levels did not significantly change in Gdf9-cKO embryos (Figures 3C,D). Additionally, the H3K4me3 mark was more severely reduced in the male pronucleus than in the female pronucleus in Gdf9-cKO zygotes (Figure 3B), suggesting that maternal UHRF1 plays an irreplaceable role in paternal H3K4me3 reprogramming in zygotes. Altogether, these observations show that the absence of maternal UHRF1 protein results in decreased levels of H3K4me3 in both parental genomes at the zygotes stage and genomes in two-cell embryos, and suggest that UHRF1 might be engaged with other chromatin modifiers to control global H3K4me3 marks after fertilization and early embryonic development.
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FIGURE 3. Maternal UHRF1 deficiency affects the H3K4me3 expression pattern but not H3K9me3 in zygote and two-cell embryos. (A) Immunofluorescent-staining using antibodies against H3K4me3 (in green) and UHRF1 (in red) at GV oocytes, zygotes, and two-cell embryos from control and Gdf9-cKO mice are shown. DNA was counterstained with DAPI (blue). Scale bar = 50 μm. (B) Quantification of the relative expression levels of H3K4me3 in control and Gdf9-cKO GV oocytes, zygotes, and two-cell embryos of (A). Data are presented as mean ± SEM. n = 3 independent experiments (total number of GV oocytes analyzed: n = 80 for control, n = 75 for Gdf9-cKO; total number of zygotes analyzed: n = 123 for control, n = 106 for Gdf9-cKO; total number of two-cell embryos analyzed: n = 96 for control, n = 83 for Gdf9-cKO), *p < 0.05. (C) Immunofluorescent-staining using antibodies against H3K9me3 (in green) and UHRF1 (in red) at GV oocytes, zygotes, and two-cell embryos from control and Gdf9-cKO mice are shown. DNA was counterstained with DAPI (blue). Scale bar = 50 μm. (D) Quantification of the relative expression levels of H3K9me3 in control and Gdf9-cKO GV oocytes (total number analyzed: n = 89 for control, n = 92 for Gdf9-cKO), zygotes (total number analyzed: n = 135 for control, n = 131 for Gdf9-cKO), and two-cell embryos (total number analyzed: n = 125 for control, n = 93 for Gdf9-cKO) of (C).




Absence of UHRF1 Abrogates the Normal Changes in Transcriptome by the Two-Cell Stage

As maternal UHRF1 deficiency in primordial oocytes arrests zygotic development, we next examined the potential effects of maternal UHRF1 on the transcriptome during zygotic gene activation. We thus subjected MII oocytes and two-cell embryos derived from WT and Gdf9-cKO mice for global RNA-seq analyses. Gene expression levels were assessed as fragments per kilobase of transcript per million mapped reads (FPKM), and DEseq was used as a normalization method across our samples to determine the relative gene expression between controls and mutants. At the MII stage, our analyses showed that 344 genes were upregulated and 355 genes were downregulated in the Gdf9-cKO oocytes when compared to those in WT oocytes (Figure 4A and Supplementary Table 3). Moreover, RNA-seq revealed a large number of upregulated (n = 3037, fold change > 2, p value < 0.05) or downregulated (n = 1684, fold change > 2, p value < 0.05) genes in the Gdf9-cKO two-cell embryos compared to those in WT embryos (Figure 4B and Supplementary Table 4). Together, RNA-seq data revealed that the normal transcriptomes were destroyed more severely in two-cell stage embryos than in MII oocytes upon maternal UHRF1 loss, suggesting that the absence of maternal UHRF1 most likely leads to transcriptome changes and severe defects after ZGA at the two-cell stage.
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FIGURE 4. Abnormal ZGA upon absence of maternal UHRF1 revealed by transcriptome analysis. (A,B) Volcano plots showing the RNA-seq data obtained from (A) MII oocytes and (B) two-cell embryos of control and Gdf9-cKO mice. Red and dark blue dots indicate genes that were significantly upregulated and downregulated, respectively (fold change > 2, and FDR < 0.05) in Gdf9-cKO oocytes or embryos. (C,D) RNA-seq data from (C) MII oocytes or (D) two-cell embryos in comparison with the different categories of the gene catalog available at the Database of Transcriptome in Mouse Early Embryos (DBTMEE) generated the transcriptome analysis. The total number of genes in each class and found in this study is indicated on top of the graph. (E) RT-qPCR validates the expression of select upregulated and downregulated genes in MII oocytes and two-cell embryos from control and Gdf9-cKO mice. *p < 0.05 by Student's t test. (F,G) Top 10 representative GO terms (biological functions) enriched in Gdf9-cKO (F) MII oocytes and (G) two-cell embryos. p value indicates the significance of the enrichment.


To further explore the effects of maternal UHRF1 deficiency on zygotic gene activation by the two-cell stage, we next assessed the deregulated genes in Gdf9-cKO MII oocytes and two-cell stage RNA-seq data according to the recent database of transcriptome in mouse early embryos (DBTMEE) (Park et al., 2013). DBTMEE was established by large-scale whole transcriptome analysis of preimplantation embryos, in which the genes are usually divided into six categories according to the transcriptional waves they expressed (Park et al., 2013; Ancelin et al., 2016). As shown in Figures 4C,D, we assessed the percentage of genes of each of our classes (up, down, not significantly changed, and not in our data) that overlapped with the different DBTMEE categories of transcription switches from the oocyte to the two-cell stage. Interestingly, we found that most of the deregulated genes in Gdf9-cKO MII oocytes did not change when mapped to the categories of DBTMEE, and only 31 and 30 upregulated genes belong to the genes annotated as maternal (3.3%) and minor ZGA genes (2.5%), respectively (Figure 4C and Supplementary Table 5). Strikingly, the downregulated genes in the Gdf9-cKO two-cell stage embryos fell essentially into the earliest stages and belonged to genes annotated as maternal (8.6%), minor ZGA genes (12.6%), and zygotic-transient (7.4%) (Figure 4D and Supplementary Table 6). In contrast, the majority of upregulated genes in the Gdf9-cKO two-cell embryos belonged to nearly four annotated genes, including maternal genes (10.6%), major ZGA (36.8%), two-cell transient (28.6%), and MGA (mid zygotic gene activation) (43.7%) (Figure 4D and Supplementary Table 6). These results suggest that the absence of maternal UHRF1 compromises gene expression in the ZGA at the two-cell stage.

To validate the RNA-seq data and analysis performed, we selected a set of genes with characteristic expression profiles, including maternal (Pias4, Arrdc2, Unk, Lrrc17, Rnf114, Cnot6l, and Tet3), minor ZGA (Aven, Suv39h2), major ZGA (Cdk1, Cdk2, Dppa2, Dppa3, and Dppa4), and non-ZGA (Ddb1 and Actb) genes to perform RT-qPCR in control and Gdf9-cKO oocytes and two-cell embryos (Figure 4E). As predicted from RNA-seq results, the maternal and minor ZGA genes did not change significantly in MII oocytes of Gdf9-cKO mice. In contrast, nearly all maternal and major ZGA genes were significantly increased in two-cell embryos of Gdf9-cKO mice (Figure 4E). No difference in expression of Pias4, Arrdc2, Unk, Lrrc17, Rnf114, Cnot6l, Tet3, Suv39h2, Cdk1/2, and Dppa2/3 was observed between controls and mutants at the MII oocyte stage, implying that the maternal pool of these mRNAs was not affected by maternal UHRF1 depletion. We next explored the link between chromatin modification and an increase in the transcription of major ZGA genes in maternal UHRF1-deficient embryos. Since the mouse ESC (embryonic stem cell) population resembles two-cell stage embryos and is pluripotent (Rodriguez-Terrones et al., 2018), we utilized the GSE113915 dataset and conducted a comparative analysis with ChIP-seq data for H3K4me3, H3K9me3, and UHRF1 enrichment between control and Uhrf1 KO ESCs. We found that the histone modification landscape of representative genes related to the major ZGA genes (Cdk1, Cdk2, Dppa2, Dppa3, and Dppa4) significantly reduced H3K4me3 and H3K9me3 enrichment in Uhrf1 KO ESCs compared with those in control (Supplementary Figures 2A–E), whereas the enrichment of H3K4me3 and H3K9me3 in the representative non-ZGA genes (Ddb1 and Actb) was comparable between Uhrf1 KO ESCs and WT ESCs (Supplementary Figures 2F,G). Furthermore, H3K9me3 enrichment was significantly lower than that of H3K4me3 in the representative major ZGA genes in mouse ESCs (Supplementary Figure 2). We also found that UHRF1 was marginally enriched in Dppa2, Dppa3, and Dppa4 genes in WT ESCs (Supplementary Figures 2C–E). Moreover, we examined the Cdk1, Cdk2, Dppa2, Dppa3, and Dppa4 expression in MII oocytes, zygotes, and two-cell embryos derived from control and Gdf9-cKO mice and found that the mRNA levels of Cdk1, Cdk2, Dppa2, and Dppa4, but not Dppa3, increased at the zygote stage (Supplementary Figure 2H), further supporting that ZGA genes were activated in Gdf9-cKO embryos. Thus, together with the RNA-seq data, these bioinformatic results suggest that maternal UHRF1 deficiency compromises the gene expression in ZGA at the two-cell stage to some extent and there is a link between chromatin modification and an increase in the transcription of major ZGA genes in maternal UHRF1 mutant embryos.

A further GO analysis of the DEGs in MII oocytes revealed that the DEGs in tRNA-type intron splice and cleavage, ubiquitin-like protein transferase activity, and protein transport were significantly enriched (Figure 4F). GO analysis of the deregulated genes from two-cell stage embryos is implicated in ribosome biogenesis, ncRNA/rRNA metabolic process, and mRNA processing (Figure 4G). Collectively, these results suggest that maternal UHRF1 is necessary for the transcriptional regulation of specific genetic pathways implicated in fundamental biological functions such as RNA metabolic process, protein transport, and ribosome biogenesis regulation. These combined defects could be consistent with the inability of the mutant embryos to develop beyond the two-cell stage.



Maternal UHRF1 Deficiency Induces the Transposable Elements (TEs) Derepression and DNA Damage

Many TEs are known to be expressed in early mouse embryos, and some of them might even be essential for new events of retrotransposition between fertilization and implantation (Peaston et al., 2004; Kano et al., 2009; Fadloun et al., 2013). During early embryonic development, the repression of some of these TEs is correlated with the expression of active chromatin marks such as H3K4me3 (Fadloun et al., 2013). Since maternal UHRF1 depletion significantly decreases H3K4me3 expression levels in zygotes and two-cell embryos (Figures 3A,B) and UHRF1 deletion in male germ cells results in activation of retrotransposons (Dong et al., 2019), we explored whether the absence of maternal UHRF1 affects repetitive element expression in oocytes and early embryos. Thus, we investigated the RNA-seq data from control and Gdf9-cKO oocytes and two-cell embryos for the relative expression of repetitive elements. As shown in Figures 5A,B, compared with the control groups, 13 and 111 repetitive elements were significantly upregulated in Gdf9-cKO MII oocytes and two-cell embryos, respectively (fold change > 2, p < 0.05, Wald test: Supplementary Tables 7, 8), indicating maternal UHRF1 deletion results in abnormal TEs activation in both oocytes and two-cell embryos. Interestingly, we found that most of the upregulated TEs were long terminal repeat (LTR) elements in Gdf9-cKO, which account for 76.9% and 77.5% at MII oocytes and two-cell embryos, respectively (Figures 5C,D). However, we found that the expression levels of L1MEj at MII oocytes and L1Md_F2, L1Md_A, L1_Mus1, and L1MEi at two-cell embryos increased three- to sixfold (Supplementary Tables 7, 8), suggesting that LINE-1 family was activated in Gdf9-cKO oocytes and embryos. To assess whether the observed increase in LINE-1 transcription might correspond to full-length LINE-1 protein, we performed the immunofluorescence (IF) to detect the expression of ORF1, one of the two LINE-1 encoded proteins. As expected, we found that the fluorescence intensity increased in both Gdf9-cKO MII oocytes and two-cell embryos compared with those in controls (Figures 5E,F). These results suggest that LINE-1 deregulation observed at the RNA level might indeed lead to the increased levels of LINE-1 ORF1 proteins. We next investigated whether the overexpression of such TEs is harmful for genome integrity. Therefore, we performed IF staining for γ-H2A.X, a marker of DNA damage response, to assess whether increased DNA damage signaling is seen in Gdf9-cKO oocytes and embryos. Indeed, we found that γ-H2A.X was more strongly stained in mutant MII oocytes and two-cell embryos than that in controls (Figures 5G,H). Taken together, these results suggest that maternal UHRF1 is essential for repetitive element repression and genome integrity of oocytes and early embryos.


[image: Figure 5]
FIGURE 5. Increased retrotransposons and γ-H2AX in MII oocytes and two-cell embryos depleted for maternal UHRF1. (A,B) Volcano plots depicting activation of individual retrotransposon repetitive elements at (A) MII oocytes and (B) two-cell embryos of Gdf9-cKO mice. Red and dark blue dots indicate repeat classes with significantly increased and decreased expression, respectively, in Gdf9-cKO compared with those in controls. (C,D) Pie chart representing the percentage of each category of repeat elements analyzed in (C) MII oocytes and (D) two-cell embryos RNA-seq data. (E,F) The representative immunofluorescent staining images for anti-LINE1 Orf1 at (E) MII oocytes and (F) two-cell embryos from control and Gdf9-cKO mice are shown. Nuclei were stained with DAPI. Scale bar = 50 μm. (G,H) Immunostaining images using antibodies directed against γ-H2AX (a marker of DNA strand break) for (G) MII oocytes and (H) two-cell embryos from control and Gdf9-cKO are shown. Nuclei were stained with DAPI. Scale bar = 50 μm.





DISCUSSION

Our previous study showed that UHRF1, an epigenetic factor, is essential for suppressing the retrotransposons and interacting with the piRNA pathway in male germ cells (Dong et al., 2019). Although the effects of maternal Uhrf1 mutant in oocytes have been assessed (Maenohara et al., 2017; Cao et al., 2019), the biological function of such changes and the identification of the histone modification involved in early embryonic development during MZT remains to be identified. In the present study, we focused on the function of UHRF1 in the dynamic development process of oocytes to embryos after fertilization. We showed that maternal UHRF1 deficiency in oocytes resulted in abnormal oocytes in the MII stage and arrested the development of fertilized eggs at the two-cell stage, some of which have also been reported in previously published studies (Maenohara et al., 2017; Cao et al., 2019). Furthermore, this study revealed that UHRF1 is essential for early post-zygotic embryo development as a critical regulator of the dynamic balance of maternal and zygote transcript pools, and maternal UHRF1 deficiency in primordial oocytes resulted in embryo developmental arrest at the two-cell stage. We further showed that maternal UHRF1 is a regulator that controls histone H3K4me3 marks at the zygote and two-cell stages, and maternal UHRF1 is also necessary for the appropriate repression of some transposon elements, particularly the LTR and LINE-1 subfamilies.

It is worth mentioning that, in the present study, we found that maternal UHRF1 deficiency decreases the global DNA methylation levels in GV oocytes and zygotes, which has also been reported in previously published studies (Maenohara et al., 2017; Cao et al., 2019). These observations are largely supported by the function of UHRF1 in DNA methylation maintenance in mammalian cells (Bostick et al., 2007). UHRF1 is also essential for regulating heterochromatin formation and associated with histone modifications such as H3K9me3 and H3K4me3 marks in somatic and germ cells (Xie et al., 2012; Dong et al., 2019). Notably, the H3K4me1/2/3 expression levels are associated with the development of the zygote to the two-cell embryo stage (Shao et al., 2014). H3K4me3 is linked to active vs. inactive regions of the genome and is crucial for the accumulation of maternal factors and MZT during oogenesis and preimplantation embryogenesis (Bultman et al., 2006; Macfarlan et al., 2011; Aoshima et al., 2015; Ancelin et al., 2016; Yu et al., 2017; Hanna et al., 2018; Sankar et al., 2020). The deletion of maternal CFP1 decreases H3K4me3 expression in oocytes and further leads to decreased developmental competence and defects in the MZT (Yu et al., 2017).

Maternal UHRF1 participates in global epigenetic reprogramming of oocytes and preimplantation embryos (Maenohara et al., 2017). Upon fertilization, global H3K4me3 on the paternal allele of the zygote undergoes extensive reprogramming, and paternal H3K4me3 peaks are weak in zygotes and then reappear particularly at the late two-cell stage (Zhang et al., 2016). Interestingly, in the present study, we found that maternal UHRF1 depletion in primordial oocytes reduced the expression of H3K4me3 in two-cell embryos instead of MII oocytes, but did not affect the H3K9me3 expression levels. We thus speculated that maternal UHRF1 plays an irreplaceable role in paternal H3K4me3 reprogramming in zygotes and more significantly reduced H3K4me3 in male pronucleus than that in female pronucleus in Gdf9-cKO mice. In comparison, the global H3K9me2 levels decreased in GV and MII oocytes from Zp3-cKO mice, without impacting the H3K4me3, H3K9me3, H3K36me3, H3K9ac, H3K27ac, and H4K8ac levels (Cao et al., 2019). In addition, UHRF1 recruits H3K9 methyltransferase that catalyzes the bi-and tri-methylation of H3K9 (Kim et al., 2018). Therefore, the variance change of H3K9me3 in oocytes, embryos, and ESCs of UHRF1 mutant mice indicated that the effects of UHRF1 deficiency may be histone-locus-specific and cellular specific.

Chromatin-based repression is imperative for regulating ZGA and transition from the zygote to the two-cell or four-cell stage (Nothias et al., 1995; Wiekowski et al., 1997; Ma et al., 2001; Ma and Schultz, 2008). Both KDM1A and KDM4A deficiency lead to the decrease or loss of the genes required for the transition toward the two-cell embryo stage (Ancelin et al., 2016; Sankar et al., 2020). Although the decrease of H3K4 methylation levels occurred in maternal UHRF1 mutant zygotes and two-cell embryos, we found an increase of the expression levels of the genes required for the ZGA (such as in the major ZGA, two-cell transient, and MGA waves). Thus, UHRF1-deficient embryos might possess deficits other than the histone modification. Additionally, the transcription factors developmental pluripotency-associated 2 (Dppa2) and Dppa4 are necessary to activate the two-cell genes, particularly the transcription factor double homeobox (DUX) (De Iaco et al., 2019; Eckersley-Maslin et al., 2019). Similarly, compared with the controls, we found that the two-cell embryos of maternal UHRF1 mutant showed higher transcriptional activity of DPPA2 and DPPA4, which might be the main reason for gene activation at the major ZGA, 2C transient, and MGA waves. Furthermore, oocytes that lack Dppa3 (Stella) acquire excessive DNA methylation at the genome-wide level and induce UHRF1 ectopic nuclear accumulation (Payer et al., 2003; Li et al., 2018). Meanwhile, UHRF1 deficiency in the two-cell embryos resulted in increased transcriptional levels of Dppa3 and global DNA hypomethylation (Li et al., 2018). Combined with the results of the database analysis, UHRF1 was marginally enriched in Dppa2, Dppa3, and Dppa4 genes in WT ESCs, of which enrichment revealed a marked reduction of H3K4me3 in Uhrf1 KO ESCs compared with controls. Thus, we could not exclude the possibility that UHRF1 and DPPAs (DPPA2, DPPA3, and DPPA4) had mutual restriction and interdependence function during the oocyte and preimplantation embryo development.

Another exciting finding of the current study is that we found that the repetitive elements, especially LTR and LINE-1, were not silenced correctly in maternal UHRF1-deficient oocytes and two-cell embryos. This observation is consistent with the function of UHRF1 in other types of cells, such as male germ cells (Dong et al., 2019) and neural stem cells (Ramesh et al., 2016), which added a layer of UHRF1 function in female germ cells and further supported the notion that UHRF1 maintains the genome integrity in both somatic and germ cells by silencing repetitive elements. Retrotransposon activity is suppressed by multiple mechanisms, including small non-coding piRNAs, DNA methylation, and repressive histone modifications in mammalian germ cells (Yang and Wang, 2016). The analysis of CG methylation revealed that the absence of maternal UHRF1 caused a proportional decrease in CG methylation of repetitive elements, including LINE1 and IAPs, in full-grown oocytes and blastocysts (Maenohara et al., 2017). Furthermore, these results, together with H3K4me3 decrease, are consistent with the context that H3K4me3 loss at LINE1 elements without a change in H3K9 methylation (Fadloun et al., 2013) might activate retrotransposon expression in oocytes and preimplantation embryos. As expected, we detected LINE-1 and LTR activation in the Uhrf1 mutant MII oocytes and a significant increase in LINE-1 and LTR expression and LINE-1 ORF1 protein levels in the Uhrf1 mutant two-cell embryos. In addition, UHRF1 loss in neural stem cells induced retrotransposon activation followed by global genomic DNA hypomethylation (Ramesh et al., 2016). Thus, the failure of retrotransposon suppression in UHRF1 mutant embryos in the present study might also be caused by DNA hypomethylation and abnormal histone modifications. Collectively, we speculated that maternal UHRF1 protein has a potential role in histone-based and DNA methylation defense mechanisms to safeguard the genome from retrotransposition during oocytes and preimplantation development. However, the mechanism and molecular links through which UHRF1 is recruited to the repetitive elements to suppress retrotransposons during the maternal–zygotic transition remain to be elucidated.

In summary, our study demonstrated that maternal UHRF1 participates in controlling genomic DNA methylation, H3K4me3 modification, and the transcription of mouse maternal and zygote mRNAs in early embryos, providing them with high developmental competence after fertilization. A further intriguing concept in this study revealed that UHRF1 is essential for elevating developmental competence in MZT. We believe that our findings provide a novel insight into epigenetic regulation in early embryo development and a basis for improving assisted reproductive technologies.
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Supplementary Figure 1. Generation of conditional knockout of UHRF1 mouse models in primordial or growing oocytes. (A) The schematic illustration of Gdf9-Cre or Zp3-Cre-mediated Uhrf1 knockout in oocytes from primordial follicle or growing follicles is shown. (B) The strategy of generation of specific UHRF1 knockout mouse models is shown. (C) RT-qPCR analyses show that Uhrf1 mRNA was nearly undetectable in Gdf9-cKO GV oocytes. ***p < 0.001 by Student's t test. (D) Western blotting shows UHRF1 protein was undetectable in Gdf9-cKO GV oocytes. GAPDH served as a loading control. (E) Immunohistochemical staining (IHC) results show the UHRF1 protein expression in different follicles of control and Gdf9-cKO mice. Scale bar = 50 μm. For each genotype, at least five females were used. (F) The representative immunofluorescent staining images for anti-UHRF1 in GV oocytes and different stage of preimplantation embryos from control and Gdf9-cKO mice. Scale bar = 10 μm. (G–H) RT-qPCR analyses and western blotting show Uhrf1 (G) mRNA and (H) protein were nearly undetectable in Zp3-cKO GV oocytes. ***p < 0.001. GAPDH served as a loading control.

Supplementary Figure 2. ChIP-Seq revealed the histone modification changes of Dppas genes between Uhrf1 KO and WT ESCs. (A–E) Genome browser panels showing read coverage at (A) Cdk1, (B) Cdk2, (C) Dppa2, (D) Dppa3, and (E) Dppa4 from UHRF1, H3K9me3, and H3K4me3 ChIP-seq of WT and Uhrf1 KO ESCs. (F) The histogram shows the representative gene expression (Cdk1, Cdk2, Dppa2, Dppa3, and Dppa4) of the major ZGA at MII oocytes, zygotes, and two-cell embryos from control and Gdf9-cKO mice. *p < 0.05 by Student's t test; ns, no significant.
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Oocyte-specific competence remains one of the major targets of current research in the field of reproduction. Several mechanisms are involved in meiotic maturation and the molecular signature of an oocyte is considered to reflect its quality and to predict its subsequent developmental and functional capabilities. In the present minireview, we focus on the possible role of mechanotransduction and mechanosensor signaling pathways, namely the Hippo and the RhoGTPase, in the maturing oocyte. Due to the limited access to female gametes, we propose the use of cells isolated from parthenogenetic embryos as a promising model to characterize and dissect the oocyte distinctive molecular signatures, given their exclusive maternal origin. The brief overview here reported suggests a role of the mechanosensing related pathways in oocyte quality and developmental competence and supports the use of uniparental cells as a useful tool for oocyte molecular signature characterization.
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INTRODUCTION

It is currently well known that parthenogenesis can spontaneously occur in invertebrates as well as in lower vertebrates. In contrast, in mammals, this type of reproduction is not natural, and the birth of parthenogenetic offspring is not possible. Indeed, in higher vertebrates, with the exception of some avian species, parthenogenesis is usually abortive, because of the requirement of both functionally specialized paternal and maternal genomes that, together with genomic imprinting, act as a developmental barrier (Kono, 2006).

Nevertheless, parthenogenetic activation of mammalian oocytes can be artificially achieved using different in vitro approaches that mimic the intracellular calcium wave induced by the spermatozoon at fertilization. This event triggers meiotic resumption with the subsequent cleavage divisions and early embryonic development (Paffoni et al., 2008). However, the resultant parthenotes are not able of developing to term and they arrest growth at different stages, depending on the species (Brevini et al., 2012b), due to the lack of paternally imprinted genes, that are indispensable for the establishment of a functional placenta (Barlow and Bartolomei, 2014).

Parthenogenetic activation allows to circumvent the ethical and legal problems related to the use of human embryos generated for reproductive purposes. Based on this, parthenotes have been employed in different research areas, ranging from assisted reproduction technologies to pluripotent stem cell derivation and basic biology, for studying the regulatory mechanisms underlying the embryonic development (Bos-Mikich et al., 2016). In addition, cell lines obtained from parthenogenetic embryos represent an optimal model to characterize and dissect the distinctive molecular signatures of the oocyte. Indeed, the strictly, and uniquely maternal origin of these cells provides them with the ability to specifically express and/or over-express oocyte-related genes, while offering the possibility to use high-throughput genetic and omics analysis as well as comprehensive studies that require a large quantity of genomic material.

In the present minireview, we focus on the results obtained both in the oocyte and in parthenogenetic cells on the rapidly growing research area of mechanotransduction and suggest its possible role in oocyte quality and developmental competence. In particular, we describe the most relevant mechanosensor signaling pathways, the Hippo and the RhoGTPase, and report their involvement in oocyte and parthenogenetic cell ability to sense and respond to chemical and mechanical cues.



THE HIPPO SIGNALING PATHWAY AND ITS ROLE IN CELL MECHANOTRASDUCTION

During the last years, increasing evidence has highlighted the importance of biomechanical and biochemical cues deriving from the surrounding cell microenvironment, that play a fundamental role in regulating cell behavior, both in physiological and pathological conditions (Pennarossa et al., 2020a). Cells are indeed able to sense the cellular and extracellular mechanical stimuli and to respond modeling their shape as well as intracellular organization, and modifying their growth, differentiation, and functions. Hence, the origin of the term “mechanotransduction,” which indicates the cellular mechanisms by which mechanical inputs and externally applied forces, such as stretching, contracting, tension or fluid flow, are converted into intracellular signals (Pruitt et al., 2014).

These processes have been shown to be regulated by the highly conserved Hippo signaling pathway that play a fundamental role in controlling cell, tissue and organ development and homeostasis (Camargo et al., 2007). Unlike many other pathways, that are strictly regulated by the binding of specific morphogens and hormones with their corresponding receptors, the Hippo signal responds to a wide range of diverse environmental and physiological cues, including cell-to-cell and cell-to-matrix interactions, mechanical forces, cellular energy status, and various stress stimuli (Wu and Guan, 2020).

The core components of the Hippo pathway consist of a kinase cascade and two main downstream effectors, namely the Yes-associated protein (YAP) and the WW domain-containing transcription regulator protein 1 (WWTR1 or TAZ) (Varelas, 2014). YAP and TAZ compartmentalization depends on the activation or inactivation of the upstream cascade and influences gene expression, controlling cell fate (Brevini et al., 2020). In mammals, upstream regulators include neurofibromin 2 (NF2), mammalian STE20-like protein kinase 1/2 (MST1/2), Salvador family WW domain containing protein 1 (SAV1), MOB kinase activator 1A/B (MOB1A/B), and large tumor suppressor 1/2 (LATS1/2). When stimulated by specific signals, NF2 promotes the activation of the Hippo pathway by interacting with the upstream components MST1/2 and LATS1/2 (Yin et al., 2013). MST1/2 are then activated either by the TAO kinase or through autophosphorylation events (Boggiano et al., 2011; Poon et al., 2011). Subsequently, SAV1 and MOB1A/B, which are regulatory subunits of MST1/2 and LATS1/2, respectively, are phosphorylated by the active form of MST1/2 and recruit LATS1/2 that, in turn, undergo autophosphorylation events (Wu and Guan, 2020). Lastly, activated LATS1/2 phosphorylate YAP and TAZ, leading to their cytoplasmic retention (Zhao et al., 2007). In contrast, when the cascade is inactive, YAP and TAZ translocate into the nucleus, interacting with the other downstream Hippo pathway effectors, namely the DNA-binding protein TEA domain transcription factor 1/2/3/4 (TEAD1–4), and with different transcription factors (TFs). It is noteworthy that YAP and TAZ act as transcriptional coactivators and do not have any DNA-binding domain. Rather, when translocated into the nucleus, they elicit their functions through interaction with other TFs, including TEAD1–4, which are sequence-specific mediators of the Hippo pathway in mammalian cells (Pan, 2010). We recently demonstrated that YAP and TAZ localization was mirrored by a parallel compartmentalization of SMAD2/3 in somatic cells. In particular, we observed that differentiated cells displayed a cytoplasmic retention of YAP and TAZ and exhibited a parallel SMAD2/3 cytoplasmic distribution, while undifferentiated ones showed a nuclear localization of the two molecules, with a concomitant SMAD2/3 nuclear accumulation (Pennarossa et al., 2019, 2020b). Nuclear formation of the YAP/TAZ-SMAD2/3 complex allow binding to TEAD TFs and modulates multiple biological processes, including oogenesis, embryonic development, pluripotency, and immune regulation (Beyer et al., 2013; Mullen, 2014; Huh et al., 2019).


The Hippo Signaling Pathway in Oocyte

One of the essential events during oocyte maturation and meiosis is cellular polarization. Indeed, the oocyte undergoes asymmetric meiotic divisions, producing one large cell, the egg, and two small polar bodies. Furthermore, asymmetries are also present in the form of a different compartmentalization of cellular structures and organelles as well as of diverse distribution of proteins and mRNAs within the oocyte. In early-stage oocytes (germinal vesicle, GV), the nucleus is centrally positioned, but, as oogenesis progresses, it moves, and localizes to the cortical area, generating the animal pole. In parallel, a transient aggregation of specific mRNAs, endoplasmic reticulum, mitochondria, Golgi, and proteins, known as the Balbiani body (Guraya, 1979), assembles adjacent to the nucleus, forming the vegetal pole (Marlow, 2010). These two events lead to the establishment of the so-called animal—vegetal axis, necessary for the subsequent organization of the embryonic body axes (Elkouby et al., 2016). Although oocyte polarity is a well-established process, the underlying mechanisms need to be further elucidated and this symmetry breaking is presently suggested to result from biomechanical and biochemical stimuli deriving from cytoskeletal components and specific polarity proteins, respectively. In this direction, different studies demonstrated that proteins involved in controlling polarity, are also able to influence the Hippo pathway activity. In particular, in non-polarized cells, Angiomotin (AMOT) is phosphorylated and activates NF2 and LATS1/2 kinases, facilitating YAP and TAZ phosphorylation and inducing their cytoplasmic retention (Zhao et al., 2011; Li et al., 2015; Figure 1). In contrast, in polarized cells, AMOT is sequestered by the PAR-aPKC system, resulting in YAP and TAZ dephosphorylation, with their consequent nuclear accumulation (Hirate and Sasaki, 2014; Figure 1). In agreement with these observations, immunostaining analysis, carried out on GV oocytes, demonstrated YAP predominant distribution into the cytoplasmic compartment. In contrast, during the subsequent developmental phases, when the oocyte polarizes, YAP protein gradually translocates from the cytoplasm to the nucleus (Yu et al., 2016), suggesting a direct role in maturation and meiosis progression. YAP and TAZ essential role during oogenesis are also suggested by their higher transcription levels compared to somatic cells, both in mouse and human oocytes. Furthermore, a key function of these molecules is also demonstrated by the observation that maternally accumulated YAP plays a key role for zygotic genome activation (Yu et al., 2016) and the subsequent first cell fate decision in the mouse (Nishioka et al., 2009; Frum et al., 2018), and regulates blastocyst development in the porcine (Cao et al., 2019).
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FIGURE 1. Schematic representation of the core components of the Hippo signaling pathway and their regulation in the GV and MI-stage oocyte.




The Hippo Signaling Pathway in Parthenogenetic Cells

The limited number of donors as well as the paucity of the material that may be extracted from each single oocyte, have significantly limited the amount of studies aimed at better elucidating the Hippo signaling pathway in early development. We recently performed a whole transcriptome analysis (WTA) (Pennarossa et al., 2020b), using human parthenogenetic cell lines, previously derived in our laboratory, as a starting material (Brevini et al., 2009, 2012a). Integrative bioinformatics analysis of the omics data obtained revealed that YAP and TAZ genes were differentially expressed in mono-parental cells, compared to bi-parental ones, that were used as a control, with a significant up-regulation of the two genes in parthenogenetic cells (Pennarossa et al., 2020b). This is consistent with the results obtained by Yu et al. (2016) that demonstrated high YAP and TAZ expression in oocytes. We further analyzed the Hippo pathway and the expression of its core components. Interestingly, in contrast to the significantly higher expression levels of the two main actors of the cascade, we could not observe a corresponding increase in the upstream genes, namely LATS1/2, MOB1, MST1/2, NF2, and SAV1, suggesting the possibility of a LATS/MST/NF2-independent regulation of the Hippo pathway. An independent regulatory mechanism has been described in high plasticity cells (Sansores-Garcia et al., 2011; Aragona et al., 2013; Johnson and Halder, 2014) as well as in early developmental stage embryos (Cockburn et al., 2013; Posfai and Rossant, 2016) and appear to be already active in the oocyte. Furthermore, YAP gene upregulation in parthenogenetic cells resulted in an increased synthesis of the encoded protein, that, however, remained in its dephosphorylated form, due to the over described lack of a parallel over expression of LATS1/2, MOB1, MST1/2, NF2, and SAV1 genes, and led to YAP nuclear translocation. This, in turn, allowed for its interaction with the downstream nuclear Hippo pathway effectors, namely TEAD1–4 and SMAD2/3, which were upregulated in parthenogenetic cells, compared to their bi-parental counterparts. These observations are consistent with a recent study carried out in the mouse demonstrating that YAP and TAZ interaction with SMAD2/3 proteins, in the oocyte nucleus, is essential for activating pathways in cumulus and granulosa cells, promoting cell survival and proliferation, while suppressing cell differentiation (Sun and Diaz, 2019).



THE RHO GTPASE SIGNALING PATHWAY AND ITS ROLE IN CELL MECHANOTRASDUCTION

The Ras homologous (Rho) protein family is a highly conserved member of the Ras superfamily protein and acts as key regulator of several crucial cellular activities, including morphology, migration, and cytokinesis. This protein family plays an essential role in actin reorganization, controlling the dynamic processes of polymerization and depolymerization of contractile actin stress fibers (Ridley and Hall, 1992), and is involved in microtubule organization, controlling their stability, elongation, and alignment (Wojnacki et al., 2014). GTPases are monomeric proteins and function as molecular switches that turn “on” or “off” signal transduction pathways, in response to guanine nucleotide exchange factors (GEF, activators) or GTPase-activating proteins (GAP, inhibitors), respectively (Warner et al., 2019).

Several recent studies demonstrated that Rho GTPases are also essential modulators of the Hippo pathway components in an actin cytoskeleton-dependent manner (Seo and Kim, 2018; Rausch and Hansen, 2020). Early observations revealed that YAP and TAZ were active in cells undergoing spreading and inactive in round and compact cells. Furthermore, they showed YAP and TAZ ability to sense and respond to different stimuli, such as stiffness (Dupont et al., 2011), detachment and attachment proprieties (Zhao et al., 2012), indicating that actin rearrangement may be associated with changes in the Hippo pathway activity. Moreover, both Dupont et al. (2011) and Zhao et al. (2012) demonstrated that the Ras Homolog Family Member A (RhoA) strongly enhances YAP and TAZ activity as well as Rac Family Small GTPase (Rac) and Cell Division Cycle 42 (Cdc42), although less potently. All these observations point to a possible role of Rho GTPases in regulating dynamics of the cytoskeletal actin (Jaffe and Hall, 2005) and strongly suggest that the same actin may act as a mediator and integrator of various upstream signals of the Hippo pathway. In agreement with this hypothesis, it was subsequently demonstrated that alteration of actin dynamics severely affected YAP and TAZ activity. For example, the induction of filamentous actin (F-actin) bundling promoted nuclear enrichment of the two proteins (Aragona et al., 2013; Matsui and Lai, 2013; Yu and Guan, 2013), while F-actin-disrupting caused their cytoplasmic retention (Wada et al., 2011; Zhao et al., 2012). Although the specific mechanisms involved still remain unclear, it is well known that Rho GTPases activities enhance actin polymerization, inducing the formation of stress fibers (Sadok and Marshall, 2014) and leading to the production of two different mechanotransduction effects, described as short- or long-range transmission of force (Miroshnikova et al., 2017). The first directly affects nuclear localization and function of mechanosensitive transcription regulators, including YAP and TAZ. The long-range effect transmits the force from the surrounding environment to the cell nucleus, thanks to a physical actin-mediated connection with the linker of nucleoskeleton and cytoskeleton (LINC) complex. This latter event generates several changes, including chromatin remodeling, exposure of DNA specific sites to TFs, and the modifications of nuclear pore conformation and size, eventually promoting YAP and TAZ nuclear translocation.


The Rho GTPase Signaling Pathway in Oocyte

As described above, mammalian oocyte maturation involves a unique asymmetric division that is controlled by microtubules and cytoskeletal actin (Sun et al., 2001; Brunet and Verlhac, 2011). Full-grown oocytes arrested at the GV stage resume meiosis after germinal vesicle breakdown and a spindle is organized at or near the center of the cytoplasm. After chromosomes align in the equatorial plate of the oocyte, the spindle migrates, in an actin-dependent manner, along its long axis, and toward the cortex. In addition, an event known as “cortical reorganization” takes place, during which cortical granules are redistributed, actin becomes enriched to form an actin cap, and microvilli are lost in the region overlying the spindle (Deng et al., 2003). Subsequently, thanks to the formation of an actomyosin-based contractile ring, cytokinesis occurs, leading to the extrusion of the first polar body (Kutsuna et al., 2004).

As expected, several molecules have been reported to be involved in these complex processes. Among them the Rho GTPases play a fundamental role, as coordinators of actin filament and microtubule formation and dynamics (Schmandke et al., 2007). Recent studies showed that this protein family is necessary for polar body extrusion and spindle rotation during meiosis (Duan and Sun, 2019). In particular, it was demonstrated that RhoA accumulates at the contractile ring, during the late phases of meiosis, and its inhibition or knockdown cause aberrant actin assembly and failure of polar body extrusion, both in mouse and porcine oocytes (Zhong et al., 2005; Zhang et al., 2008, 2014). Similarly, two other members of the Rho GTPase family, namely Cdc42, and Rac, play a key role during oocyte maturation. Indeed, their mutation causes aberrant cortical polarity establishment (Cui et al., 2007; Bielak-Zmijewska et al., 2008; Wanga et al., 2013) and failure of chromosome alignment, resulting in altered polar body extrusion (Song et al., 2016; Hao et al., 2017).



The Rho GTPase Signaling Pathway in Parthenogenetic Cells

In agreement with the data obtained in the female gamete, human parthenogenetic cells displayed higher expression of the Rho GTPase family components, namely RHOA, RHOB, and RHOC, compared to bi-parental ones. Furthermore, a down-regulation of 8 out of 11 GAP inhibitors and a higher transcription levels for 12 out of 17 of GEF activators were detected in mono-parental cells (Pennarossa et al., 2020b).

Altogether, these results indicate that, both in oocytes and in parthenogenetic cells, a fine-tuning system is likely to regulate mechanotrasduction and mechanosensing pathways in a dual and cooperating mode: a direct regulation exerted through the Hippo signaling and an indirect control mediated via the expression of the Rho GTPase activators and inhibitors.



CONCLUSION

Biomechanical cues deriving from the surrounding cell microenvironment play a key role in several experimental, settings and act, together with the biochemical components, in regulating cell behavior, in physiological and pathological conditions. Cells are able to sense the cellular and extracellular mechanical stimuli and to respond, modeling shape and intracellular organization, modifying their growth, differentiation, and function. This ability is not limited to somatic cells and has emerged as an active property of oocytes and early embryos, that may actively sense biomechanical stimuli and convert them into intracellular signals, tuning their own behavior. In the female gamete context, the two main mechanosensing signaling pathways, namely the Hippo and the RhoGTPase, have been demonstrated to be involved in many fundamental oogenesis processes and to influence oocyte quality. While the RhoGTPase signaling pathways are important actors in the coordination of actin filaments and microtubule formation as well as polar body extrusion and spindle rotation during meiosis, the main actors of the Hippo pathway, YAP and TAZ have an essential role during oogenesis, are highly transcribed in mouse and human oocytes, are maternally accumulated and have been reported as strong candidates for zygotic genome activation (Figure 2).
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FIGURE 2. Role of Rho and YAP activators in early embryonic development. During early development of mammalian embryos, Rho, and YAP activators present in the tubal fluid induce the activation of the Hippo and RhoGTPase signaling pathways, playing an essential for the zygotic genome activation. Similarly, during in vitro embryo culture, the addition of exogenous Rho and YAP activators in the culture medium exerts a beneficial effect in early embryonic development.


It is clear that our current understanding of how these complex and dynamic mechanisms are implicated throughout the course of oocyte maturation is far from complete. A heavy limit is represented by the paucity of the material obtained from each oocyte, that makes it difficult to carry out high-throughput and omics studies. Some of the results summarized in this review were therefore obtained in cell lines generated from parthenogenetic embryos, that may constitute an alternative and particularly advantageous model, since they allow to circumvent the problems related to the little amount of material available, while, at the same time, reflecting the distinctive molecular signatures of the oocyte.

In conclusion, the data presently available, although still very much in need of further elucidation, suggest a role of cellular mechanics and mechanotransduction in mammalian female gamete maturation, ultimately affecting oocyte quality and competence to develop in a healthy embryo.
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Ovarian hyperstimulation syndrome (OHSS) is a common complication caused by ovulatory stimulation therapy, which manifests as an increase in ovarian volume, an increase in the number of oocytes retrieved, and increased vascular permeability throughout the body and especially in ovarian tissue. In our previous study, we found that electroacupuncture (EA) could prevent the progression of OHSS, by mainly affecting ovary. However, the specific molecules and the mechanism of this process were still unknown. In order to explore the underlying mechanism, OHSS rat model was established and EA treatment was performed, which was followed by proteomic analysis of ovaries. Results showed a significant increase in the expression level of CD200 in the ovaries of OHSS group treated with EA than those of OHSS group. Clinical data showed that the level of CD200 in follicular fluid was negatively correlated with the number of oocytes retrieved and serum E2 level. Further in vitro experiments showed a concentration-dependent role of human chorionic gonadotropin (hCG) in reducing CD200 and CD200R levels, and increasing inflammatory cytokine levels in cultured KGN cells. In human umbilical vein endothelial cells (HUVECs), the vascular barrier function was improved by CM (cultural medium from KGN cell) which treated with CD200Fc (CD200R agonist). Meanwhile, the results of in vivo experiments indicated that EA reduced the number of ovarian corpora lutea, decreased inflammatory response, and improved the vascular barrier function by increasing the expression of CD200 and CD200R in rat ovaries. These findings suggest that EA treatment may reduce oocyte number and maintain vascular barrier against OHSS through ovarian anti-inflammatory response mediated by CD200. Therefore, this study is the first to identify CD200 as a main of EA in the ovary and elucidate the possible mechanism of EA on preventing and treating OHSS, which provide a scientific basis for CD200 as an effector and indicator in EA treatment.
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INTRODUCTION

Ovarian hyperstimulation syndrome (OHSS) is a common complication caused by ovulatory stimulation therapy. It is characterized by enlarged ovary, higher number of oocytes, and increased vascular permeability, resulting in redistribution of intravascular fluid to the third space of the body and leading to clinical syndrome which includes ascites, pleural effusion, and oliguria (Veisi et al., 2013; Kwik and Maxwell, 2016). OHSS is attributable to the massive increase in systemic inflammatory cytokines and vasoactive factors present in the serum, follicular, and ascetic fluid, including vascular endothelial growth factor (VEGF), interlukin-1β, IL-6, TNFα, and so on (Loret de Mola et al., 1996, 1997; Pellicer et al., 1999; Artini et al., 2002; Orvieto, 2004). Systemic inflammatory response during OHSS is apparently the consequence of the presence of human chorionic gonadotropin (hCG), which triggers ovulation, enables an increase in oocyte number, and initiates inflammatory secretion in the ovary and human granulosa cells (Orvieto, 2004; Orvieto et al., 2015). Accumulating evidences have supported that activation of NF-κB induces the release of pro-inflammatory cytokines, causing vascular endothelial barrier (VEB) dysfunction (Donato et al., 2008; Xu et al., 2016). Despite plenty of researches have been done, the etiopathogenesis of OHSS has still not been fully elucidated. So, there are no universal guidelines or strategies for OHSS management due to controversies in treatment options.

As an alternative way to medical therapy in treating diseases, electroacupuncture (EA) has been approved and applied by many populations in many countries because it is considered a safe procedure with few contraindications and can be easily applied (Ulett et al., 1998; Kim et al., 2013; Mayor, 2013). A growing number of reports have recently indicated that EA may be effective in treating many types of diseases by regulating inflammatory responses (Kim et al., 2007; Liu et al., 2016; Park and Namgung, 2018). Some studies have reported that EA mainly regulated the NF-kB signaling pathway to ameliorate inflammatory factor (Park and Namgung, 2018). There are also many studies reporting that EA, when it has been applied in artificial reproduction technology (ART), can not only improve the pregnancy rate but also reduce the incidence of OHSS (Cui et al., 2011; Jo and Lee, 2017). However, it has not been clearly identified whether this effect is associated with inflammation suppression.

In our previous study, EA has efficiently rescued the characteristics of OHSS in a rat model, by reducing the size of the ovary and decreasing the levels of sex hormones (Chen et al., 2016). The reduced number of ovarian corpora lutea (CL), promoted luteal regression, and inhibited ovarian steroidogenesis pathway were mainly benefits of EA treatment (Huang et al., 2018). Although studies above have identified ovary as the main target organ of EA treatment, the specific molecules and the underlying mechanism are still unknown. Therefore, in the present study, OHSS rat model was established and EA treatment was performed which was followed by the proteomic analysis of ovaries to identify candidate proteins. The purpose of this study was to further elucidate the effective targets and molecular mechanisms of EA and to provide experimental evidence for the prevention and treatment of OHSS.



MATERIALS AND METHODS


Animals and Study Design

Female Sprague–Dawley rats of 22 days old (D22) were randomly divided into three groups with 12 each. The rats in the control group received 10 IU pregnant mare serum gonadotropin (PMSG) (Ningbo, China) on D27, followed by injection of 10 IU hCG (Ningbo, China) on D29 to induce ovulation; the OHSS rats were administered with PMSG (50 IU/day) for 4 days from D25 to D28 followed by injection of 150 IU hCG on D29; the EA + OHSS (EAO) rats underwent the same hormonal stimulation protocol as OHSS group in addition to EA stimulation for 15 min/day from D22 to D31. All the rats were free to have food and water and maintained at room temperature (21–23°C) with a 12L:12D cycle.

The EA stimulation protocol was performed as described previously (Chen et al., 2016; Huang et al., 2018). The rats in the EAO group were anesthetized with 4% chloralic hydras (0.1 ml/kg) followed by acupuncture at Sanyinjiao (SP6) and Guanyuan (CV4) points with an EA stimulator instrument (Model KDZ-I; Yangzhou Kaida Medical Equipment Co., Ltd., Yangzhou, China). The stimulus parameters included were as follows: 2/15 Hz, disperse-dense wave, 15 min/day. The rats in control and OHSS groups were anesthetized simultaneously to exclude the effects of anesthesia.

The ovaries were collected 48 h later after hCG injection. The ovaries were removed and cleaned of adhering tissue, and four pairs from EAO and OHSS groups were randomly selected for proteomic analysis. The ovaries from other rats were collected for subsequent assays, in which the left ovaries were stored at −80°C and the right ovaries were fixed in 4% paraformaldehyde.



Proteomic Processing and Bioinformatics Analysis

The ovarian proteins from four biological replicates in each group were extracted using the phenolic extraction method. iTRAQ labeling and quantitative LC-MS proteomics were performed according to the manufacturer’s instructions as described (Piehowski et al., 2013). The mass spectrometer was used to identify the labeled samples from EAO and OHSS group. The quantitative protein ratios were weighted and normalized by the median ratio in Mascot1. When the differences in protein expression between EAO and OHSS groups were >1.2-fold or <−1.2-fold (with P < 0.05), the protein was considered to be differentially expressed. Gene Ontology (GO) is a standardized gene function classification system that describes the properties of proteins. GO results were included three categories: cellular component, biological process, and molecular function. Based on the proteomic data, KEGG pathway was analyzed to find the key important molecules. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium2 via the iProX partner repository with the dataset identifier PXD0234933.



Collection of Follicular Fluid and Serum

Forty-three women aged 21–45 years, BMI between 18 and 25, who underwent conventional ovarian stimulation protocols were studied. During oocyte retrieval under in vitro fertilization embryo transfer program, the discarded follicular fluid (FF) samples from the follicles that are larger than 16 mm in diameter were collected. The corresponding serum samples from these patients were retrieved after detecting the hormones, and then were stored at −80°C.



ELISA for Assessing CD200

The level of CD200 in animal serum, and human serum and follicular fluid were determined using ELISA kit according to the manufacturer’s protocol (SEA880Hu, USCN). The detection sensitivity range of the kits was 4.6 pg/ml and showed no cross reactivity with a series of soluble molecules with a good reproducibility. The coefficient of variation was <12%.



Cell Culture

The KGN cells were cultured in Dulbecco’s modified Eagle’s medium/Ham’s nutrient mixture F12 (DMEM/F12; Yuanye, Shanghai, China) medium supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, United States) and penicillin (100 U/ml) and streptomycin (100 μg/ml) in a humidified incubator containing 5% CO2 at 37°C. KGN cells were then seeded into six-well plates (3 × 105 cells/well) and grew overnight till approximately 70% confluence was reached and stimulated with different concentrations (1, 10, and 100 IU/ml) of hCG for 24 h. The untreated medium was used as a negative control in this study. When to investigate the anti-inflammatory effect of CD200Fc in KGN, CD200Fc (100 ng/ml) was pre-incubated for 1 h prior to hCG (10 IU) treatment. After 24 h of incubation, the culture medium was collected and centrifuged at 5000 r/min under aseptic conditions. The suspension was stored at −20°C and served as conditional cultural medium (CM) for human umbilical vein endothelial cells (HUVECs). The culture was then seeded into six-well plates (2.5 × 105 cells/well) and grew overnight till they approximately reach to 70% confluence and stimulated with CM for 24 h. The whole-cell extracts were obtained for biochemical analyses or fixed with 4% paraformaldehyde for F-actin staining.



F-Actin Stain and Fluorescence Microscopy

After culturing for 24 h with CM, HUVECs were fixed with 4% paraformaldehyde. The cells were then washed with PBS and permeabilized with 0.1% Triton X-100. TRITC-phalloidin (R415, Thermo Fisher Scientific Tech, United States) was diluted 20 mg/ml. The cells were added to the culture in the dark for 30 min. The images were viewed under a fluorescence microscope (IX73, Olympus Corporation, Shinjuku, Tokyo, Japan).



Western Blotting

The ovary and cell lysates were purified and quantified using BCA assay; 50 μg protein of ovary and 30 μg protein of cells were applied to SDS-polyacrylamide gel and the separated proteins were then transferred onto PDVF membranes. The target proteins were immunoblotted with various primary antibodies after blocking with 5% bovine serum albumin, and corresponding secondary antibodies were incubated by the visualized on Tanon-5200 (Shanghai, China) with BioflightTM Western Chemiluminescent HRP Substrate (Bioworld Technology, United States).



Immunohistochemistry

The right ovaries were dehydrated and embedded in paraffin by manual manipulation, and were sectioned at a thickness of 5 mm. The sections were deparaffinized in xylene and rehydrated through a series of graded alcohol. Endogenous peroxidase activity of the tissues was blocked with 3% H2O2 solution; 1% BSA in PBS was used to block the non-specific binding sites and subsequently incubated with appropriate primary antibodies overnight at 4°C. The ovaries were then washed with PBST and treated with secondary antibody. The protein expression was visualized with DAB staining and nucleus was stained with hematoxylin. The images were digitized by microscopy (IX73, Olympus Corporation, Shinjuku, Tokyo, Japan).



Reagents and Antibodies

Animal PMSG and hCG were obtained from Ningbo N0.2 Hormone Factory (#110254564 and #110251282). Recombinant Human CD200 Fc Chimera Protein was purchased from R&D Systems (#2724-CD). Cellular hCG (2000 IU, H44020673) was obtained from LIVZON Pharmaceutical Group Inc. The antibodies anti-IL1 beta (ab9722), anti-Cyp19a1 (ab18995), anti-CD200 (ab203887), and anti-cyclooxygenase-2 (COX-2) (ab15191) were obtained from Abcam Tech (United Kingdom); anti-Occludin (13409-1-AP), anti-ZO-1 (21773-1-AP), anti-NF-κB p65 (10745-1-AP), and anti-VEGF (19003-1-AP) were purchased from Proteintech Tech (Wuhan, China); anti-Claudin 5 (AF5216), anti-phospho-NF-κB p65 (Ser536) (AF2006), and anti-VEGF Receptor 2 (AF6281) were obtained from Affinity Tech (United States); anto-CD200R (sc-53102), anti-Angiopoietin 1/2 (sc-271841, sc-393747), and anti-Tie2 (sc-293414) were purchased from Santa Cruz Tech (United States).



Statistical Analysis

Data were expressed as means ± standard deviation (SD) from at least three experiments by including three or more animals per group. The figures below showed representative results. The data were analyzed using the unpaired two-tailed Student’s t-test. The correlation between CD200 and the number of oocytes retrieved was analyzed by Pearson’s correlation analysis. P-values of <0.05 were considered to be statistically significant. SPSS statistical program (version 22) was used to analyze the data.




RESULTS


Proteomic Analysis Identified CD200 as Key Protein Expressed Differently in Ovaries of OHSS Model Rats After EA Treatment

ITRAQ-labeled proteomics approach was applied in the current study to explore the key working molecules of EA treatment. A total of 4806 proteins were co-expressed in OHSS- and EA-treated ovaries, among which 88 proteins showed statistical difference (fold change >1.2) (Figure 1A). The differentially expressed proteins (DEPs) are listed in Supplementary Table 1 and were visualized using heat maps (Figure 1B). After unsupervised clustering, the EAO group showed a distinct gene expression pattern when compared with the OHSS group, suggesting a significant impact of EA treatment on protein expression.
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FIGURE 1. The proteins identified in ovaries of OHSS group and EAO group. (A) The number of proteins that were identified as differentially expressed proteins in EAO ovaries relative to OHSS group. (B) Hierarchical clustering presents significantly altered protein profiles identified in rat ovary, and has been analyzed by feature selection. Up-regulated and down-regulated proteins are indicated in shades of yellow and blue, respectively.


The pathway and GO analyses were carried out to determine the potential roles of the identified proteins. These results were shown as negative logarithm of significance, which was regarded as a statistical score and a measure of the likelihood of the genes in a given network that were found together as a result of chance, as determined by Fisher’s exact test, and those with the highest statistical significance were plotted as a bubble chart. The most common cellular component, molecular functions, and biological processes are listed in Figures 2A–C. The KEGG pathways are shown in Figure 2D.
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FIGURE 2. Network of identified differentially expressed proteins in ovaries of OHSS group and EAO group. (A) Cellular component. (B) Molecular functions. (C) Biological processes. (D) KEGG pathway analysis.


CD200 was the key protein identified by iTRAQ analysis, and showed significant up-regulation in the ovary of OHSS rat model following EA treatment. CD200 is a member of the immunoglobulin super-family, and suppresses the immune function via its receptor CD200R (Hernangómez et al., 2014; Mousavinezhad-Moghaddam et al., 2016). The relationship between CD200 and vasoactive substance including VEGF, VEGFR, IL-6, IL-1β, and TNFα was analyzed by String online software. As shown in Figure 3, CD200 was related with TNFα and IL-6, which indicated that CD200 may be effector of EA treatment on OHSS rats.
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FIGURE 3. String network analysis between differentially expressed proteins (DEPs) and vasoactive substance (VEGF, IL-1β, TNF-α, etc.). The relationship between vasoactive substance including VEGF, VEGFR2, IL-6, IL-1β, TNFα, and DEPs in ovaries from EAO and OHSS model rats was analyzed by String online software.




Decreasing CD200 Level in Follicular Fluid Obtained From IVF Patients

To identify whether CD200 might be involved in the development of oocyte, the level of CD200 was quantitatively determined in follicular fluid and serum of IVF patients. A total of 43 women were recruited and grouped according to the number of oocytes retrieved. The number of oocytes retrieved was categorized as ≤5 (27.9%), 6–17 (53.5%), and ≥18 (18.6%). As shown in Figure 4A, the CD200 level showed negative correlation with the number of oocytes retrieved (r = −0.736, P < 0.001). Women who produced ≤5 oocytes had a mean CD200 level of 131.7 pg/ml, which was significantly increased by 61.3% over CD200 levels in women who produced ≥18 oocytes (Figure 4B, P < 0.001). However, there was no significant difference in the levels of CD200 in the serum (Figures 4C,D). Similarly, Estradiol (E2), which is the risk indicator of OHSS, was negatively correlated with the levels of CD200 in follicular fluid, no correlation between progesterone (P) and CD200 (Figure 4E). These results indicated that CD200 mediates the development of OHSS; however, the internal mechanisms of CD200 in OHSS require further experiments.
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FIGURE 4. The level of CD200 in follicular fluid and serum of patients who underwent IVF procedures. Correlations between CD200 concentration and the number of oocytes retrieved in FF (A) and serum (C) (n = 43). The levels of CD200 in follicular fluid (B) and serum (D) were compared between the groups with higher (≥18, n = 12), middle (6–17, n = 23), and lower (≤5, n = 8) oocytes retrieved. The correlations between CD200 concentration and the level of E2 and P were analyzed (E). ∗∗∗P < 0.001. Abbreviations: E2, estradiol; P, progesterone.




Expression of CD200/CD200R and Inflammatory Pathway Molecules in hCG-Induced KGN Cells, and Vascular Barrier-Related Proteins in HUVECs

The KGN cell line is a steroidogenic human ovarian granulose-like tumor cell line that is responsive to follicle-stimulating hormone (FSH) and secreted estradiol. HCG is the key hormone to trigger oocyte maturation. In this study, KGN cell model was used to examine the effects of hCG on CD200, its receptor, and inflammatory cytokines. KGN cells were treated with 1, 10, and 100 IU/ml hCG for 24 h, respectively. As shown in Figure 5A, the expression of CD200 and CD200R was decreased in a concentration-dependent manner. Cyp19a1 acts as a key enzyme for estradiol synthesis, and was up-regulated by hCG, which was parallel to the E2 levels in IVF patients. The protein levels of inflammatory cytokines IL-1β and TNFα showed significant up-regulation by hCG (Figure 5B). p38 MAPK and NF-κB pathway participated in regulating the inflammatory response in EA-treated OHSS rat model, and were verified in hCG-induced KGN cells. As shown in Figure 5C, hCG increased the phosphorylation levels of NF-κB and p38 MAPK. Therefore, both in vitro and in vivo study indicated an active role of hCG in stimulating inflammatory response.
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FIGURE 5. Effects of hCG on CD200 and inflammatory response pathway in KGN cells and the effects of CM on vascular permeability in HUVECs. The cells were treated with vehicle control (Ctrl) and 1, 10, and 100 IU/mL hCG for 24 h. The protein levels of CD200 and CD200R (A), Cyp19a1, IL-1β, and TNFα (B), and of NF-κB, p-NF-κB, p38 MAPK, and p-p38 MAPK (C) were examined. HUVECs were treated with condition culture medium from KGN for 24 h. (D) The levels of vasoactive proteins VEGF and VEGFR2, and cell junction proteins of Occludin, Claudin 5, and ZO-1 in HUVECs. (E) Fluorescent photomicrographs of HUVEC monolayer stained with TRITC-phalloidin with a final concentration of 20 mg/ml. Data were presented as means ± SD, *P < 0.5, **P < 0.01, ***P < 0.001 versus Ctrl.


The interactions between the granulosa cells and endothelial cells in the ovary were investigated via treating HUVECs with the conditional medium from culturing KGN cells under different circumstances. The medium from culturing KGN cells at concentrations of 0, 1, 10, and 100 IU/ml hCG was collected, and then HUVECs were cultured for another 24 h. The expression and protein levels of vasoactive substances VEGF and VEGFR2 and cell–cell junctional molecules Claudin 5, Occludin, and ZO-1 were determined. The culture medium with higher concentration of hCG showed increased expression of VEGF and VEGFR2, and significantly decreased protein levels of Occludin, Claudin 5, and ZO-1 (Figure 5D).

What is more, the relative distribution of HUVECs cytoskeletal f-actin that could be responsible for augmentation of vascular permeability was monitored by TRITC-phalloidin. Fluorescent photomicrographs of control group showed the existence of normal f-actin filaments, which traversed the cells and appeared to form a contiguous network of f-actin throughout the monolayer. HCG caused considerable rearrangement of f-actin in HUVECs in a concentration-dependent manner, and formed clusters in the peripheral regions of the cells (Figure 5E). The abnormal expressions of protein and the altered cytoskeletal distribution in the HUVECs created gaps between adjacent endothelial cells, which might be due to the increased secretion of inflammatory cytokines in KGN culture medium.



CD200Fc Reduced Inflammatory Response in hCG-Induced KGN Cells and Maintained the Vascular Barrier Function in HUVECs

CD200Fc, a CD200R agonist, was used to investigate the anti-inflammatory effect in KGN cells with a concentration of 100 ng/ml. As shown in Figure 6A, stimulation with hCG significantly decreased both CD200R and CD200 protein levels. Pre-treatment with CD200Fc for 1 h before addition of 10 IU/ml hCG showed significant up-regulation of CD200R protein expression, and reduction of inflammatory mediators IL-1β and TNFα levels simultaneously. The increased expression of Cyp19a1 stimulated by hCG was inhibited by CD200Fc as well. The inflammatory response pathway NF-κB and p38 MAPK activities were determined, and the phosphorylation of NF-κB and p38 MAPK was up-regulated by hCG but significantly down-regulated with treatment of CD200Fc (Figure 6B). Therefore, CD200Fc was considered to play an anti-inflammatory role in hCG-induced KGN cells by promoting CD200-CD200R interaction and inhibition of p38 MAPK/NF-κB signaling pathway-mediated cytokines expression.
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FIGURE 6. Effects of CD200Fc on inflammatory response pathway in KGN cells and vascular permeability-related protein and cell cytoskeleton in HUVECs. (A) The cells were treated with vehicle (Ctrl), and 10 IU/ml hCG with or without 100 ng/ml CD200Fc for 24 h, and the protein levels of CD200, CD200R, Cyp19a1, IL-1β, and TNFα were examined by western blotting. (B) The ovarian expression of NF-κB, p-NF-κB, p38 MAPK, and p-p38 MAPK, and the relative NF-κB and p38 MAPK activity were derived as p-NF-κB and p-p38 MAPK, and are expressed as fold changes over Ctrl. HUVECs were treated with condition culture medium from KGN (10 IU/ml hCG with or without 100 ng/ml CD200Fc) for 24 h. (C) The levels of vasoactive proteins VEGF and VEGFR2, and cell junction proteins Occludin, Claudin 5, and ZO-1 were examined by western blotting. (D) Fluorescent photomicrographs of HUVECs monolayer stained with TRITC-phalloidin with a final concentration of 20 mg/ml. Data were presented as means ± SD, *P < 0.5, **P < 0.01, ***P < 0.001 versus Ctrl.


To investigate the effects of CD200Fc on the interaction between granulosa cells and vascular endothelial cells, CM from CD200Fc-treated KGN cells was collected for culturing the HUVECs. In HUVECs, vasoactive substances VEGF and VEGFR2 expression were decreased when cultured with CM from CD200Fc-treated cells, and the cell junctional proteins Occludin, Claudin 5, and ZO-1 were significantly increased (Figure 6C). Fluorescent photomicrographs of HUVEC monolayer with TRITC-phalloidin showed that hCG treatment caused considerable rearrangement of f-actin, and CM from CD200Fc treated cells obviously amended the abnormal cytoskeletal distribution in the HUVECs (Figure 6D). Therefore, the improvement in vascular barrier function of HUVECs might attribute to the amended cell cytoskeletons and junctional proteins, especially the inhibition of inflammatory expression in KGN cell.



EA Decreased the Number of Corpus Luteal and Increased the Expression of CD200 and CD200R in Ovary

The number of CL and follicles at different stages including preantral follicle (PF), antral (AF), preovulatory follicle (POF), and atretic follicle (Atret. F) was counted. There were no differences among the number of follicles at different stages of development among groups, although the number of CL and total follicles in OHSS group was significantly higher than control and EAO group (Figure 7A). EA treatment significantly decreased the number of CL, which was higher in OHSS group (P < 0.05, Figure 7B). The expression of CD200 in the experimental groups was further confirmed by western blotting. Ovarian expression of CD200 and CD200R was significantly decreased in OHSS group, while EA treatment increased its levels (Figure 7C). Similarly, the results of western blotting and IHC were in agreement with those of iTRAQ (Figure 7E). However, no significance was observed in the CD200 levels in the serum between OHSS and EAO groups (Figure 7D). Those results suggest that CD200-CD200R axis might participate in the regulation of ovulation and luteinization.
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FIGURE 7. The number of follicles at different stages, expression of CD200 and CD200R in EA-treated OHSS model. (A) The number of follicles at different stages in each group. (B) The ratio of corpora lutea/total follicles. (C) The protein expression of CD200 and CD200R in ovary of OHSS rats with or without EA treatment. (D) The CD200 levels in the serum of experimental groups were detected by ELISA. (E) The distribution of CD200 was detected by IHC, original magnification 40×, scale bar = 100 μm. Data were shown as means ± SD, *P < 0.5, **P < 0.01, ***P < 0.001 versus OHSS group.




EA Decreased the Inflammatory Response and Improved the Expression of Vascular Permeability-Related Proteins in Ovary

Inflammatory response in the ovaries of OHSS rat model was investigated. Inflammatory cytokines, including IL-1β, TNFα, and COX-2, were determined by western blotting. The results showed significantly increased levels of IL-1β (P < 0.05), TNFα (P < 0.05), and COX-2 (P < 0.05) in OHSS groups when compared with control group. Furthermore, EA treatment reduced the expressions of cytokines as described above (Figure 8A). NF-κB has been an important modulator in the regulation of inflammatory response (Hayden and Ghosh, 2008). NF-κB activation was detected to further explore the anti-inflammatory mechanism of EA treatment in the ovary of OHSS rats (Figure 8B). The results showed that ovarian hyperstimulation markedly induced the phosphorylation of NF-κB, and the effect was significantly reserved by EA treatment. On the other hand, the phosphorylation of p38 MAPK in OHSS ovaries by significantly attenuating with EA treatment. The results described above indicated that EA played a strong anti-inflammatory response role in OHSS rats and was mediated by p38 MAPK/NF-κB pathway.
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FIGURE 8. Effects of EA treatment on the expression of inflammatory pathway and cell junction proteins in ovary of OHSS rats. (A) The expressions of IL-1β, TNFα, and COX-2 protein in ovary were determined by western blotting. (B) The ovarian expression of NF-κB, p-NF-κB, p38 MAPK, and p-p38 MAPK, and the relative NF-κB and p38 MAPK activity were derived as p-NF-κB and p-p38 MAPK. The protein expression of vasoactive factor VEGF, VEGFR2, ANGPT1, ANGPT2, and Tie-2 (C) and junctional protein Occludin, Claudin 5, and ZO-1 (D) were determined. The data were shown as means ± SD, *P < 0.5, **P < 0.01, ***P < 0.001 versus OHSS group.


Treatment with EA resulted in statistically significant decrease in VEGF and VEGFR2 (P < 0.05 and P < 0.01, respectively). The ANGPTs play an important role in the angiogenesis and blood vessel stabilization during luteal development. In the OHSS group, the ratio of ANGPT-1/ANGPT-2 and the expression of Tie 2 were significantly increased, while EA treatment significantly decreased this ratio and Tie 2 level (P < 0.05) (Figure 8C). EA treatment significantly prevented the decrease of Occludin, Claudin-5, and ZO-1 in ovaries (Figure 8D). Therefore, EA treatment improved the vascular hyper-permeability of hyperstimulated ovary mainly by reducing the expressions of vasoactive substances and increasing the levels of junctional proteins.




DISCUSSION

In order to comprehensively explain the role and mechanism of EA treatment, ovarian proteomic analysis of OHSS rat model with EA was performed. CD200 was significantly down-regulated in the ovaries of OHSS rat model, while up-regulated by EA treatment, and CD200 was identified as potential effector in ovary. CD200 is a membrane glycoprotein of the immune-globulin superfamily with immune suppression effect via its receptor CD200R. It has been shown that soluble CD200 fusion protein (CD200Fc), which is a CD200R agonist, could activate CD200R expression and inhibits the release of the pro-inflammatory cytokines in kinds of cells, including vascular endothelia cells (Ding et al., 2015; Jiang et al., 2016; Xu et al., 2016). In human cumulus–oocyte complex, CD200 mainly expressed in granulosa cells (Assou et al., 2006), same as our result that CD200 highly expressed in luteal granulosa cells of ovaries from EA-treated model rats. To clarify the specific role of CD200, we first detected the level of CD200 in follicular fluid, and found negative correlation with oocyte retrieved and serum E2, which are the risk factors of OHSS. These key findings demonstrated that follicular CD200 has protective effects during OHSS development, but no relevant reports have been present till date. Therefore, it is interesting to evaluate the specific role of CD200 in oocyte development in further experiments, and it may serve as a prognostic predictor for OHSS.

It has been evidenced that OHSS patients and rat models have high levels of inflammatory cytokines in the serum and FF (Artini et al., 2002), and hCG directly induces hyper-ovulation resulted in inflammation-like reaction (Orvieto, 2004). We showed that CD200 was related with inflammatory cytokines TNFα and IL1β by string analysis. In vitro, the expression level of inflammatory cytokines and related pathway were confirmed in KGN cells and could induce in response to the administration of hCG in a concentration-dependent manner. What is more, OHSS rat model showed decreased ovarian expression of CD200 and CD200R, and accompanied by increased inflammatory response and activated NF-κB pathway. Hence, CD200-CD200R-mediated anti-inflammatory response contributes to the reduction of cytokines in the ovary.

Inflammation triggers a wide range of physiological and pathological processes. Ovulation represents a short-term inflammatory event limited by endogenous mediators that facilitate resolution of inflammation. It is triggered in by the preovulatory surge of LH and culminates in the release of a mature fertilizable oocyte and formation of the corpus luteum. COX2 is one of the ovulation-related genes that produce prostaglandin E2 (PGE2). In this study, we demonstrated that the number of follicles at different stages and CL were significantly reduced in EAO model rats. COX-2 is stimulated in granulosa cells by hCG, and the ovarian expression was decreased following EA treatment. In the previous study, we have indicated that EA treatment decreased the levels of PGE2 in serum and ovary. From the above results, we speculated that EA treatment inhibited the oocyte ovulation then reduced the CL formation in OHSS model rat might through via anti-inflammatory responses in ovary.

In ovary, the developing CL incorporates a tightly regulated system of cellular communication between granulosa cells and endothelial cells. During ovulation, vascular growth factor families are necessary paracrine mediators, and vascular changes are a critical component of inflammation as well (Duffy et al., 2019). In OHSS, hyper-permeability results in ovarian and peripheral vascular leakage, and endothelial cell barrier dysfunction was mainly responsible for these abnormalities (Albert et al., 2002). Inflammatory cytokines and vasoactive proteins VEGF and ANGPTs play crucial roles in OHSS (Lebovic et al., 1999; Gomez et al., 2002). Vascular endothelial cells act as the target response to inflammatory mediators and vasoactive substances, leading to vascular leakage (Albert et al., 2002; Gomez et al., 2002; Kumar et al., 2009). Our data pointed out that increased expression of inflammatory pathway and vasoactive proteins was all restored in model rats with EA treatment. Pre-treatment with CD200Fc significantly reduced the VEGF/VEGFR2 levels and up-regulated cell junction proteins, and furthermore restored the cytoskeleton arrangement in HUVECs. Considering the results of inhibition of inflammation in KGN cells, it can be considered that the maintenance of vascular barrier function in HUVECs was partially attributed to the attenuated inflammatory response in granulosa cells by CD200Fc. Accordingly, the ovarian and granulosa cells as the source of inflammatory cytokines, CD200 protected VEB function via anti-inflammatory effect.



CONCLUSION

Collectively, we propose for the first time that CD200 is one of the key molecules by which EA exerts clinical efficacy and elucidates the effector mechanisms by which CD200 regulates granulosa cell inflammatory responses that in turn affect ovulation and vascular barrier function. This provides a scientific basis for CD200 as an effector target in EA treatment.
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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.

Keywords: SIRT6, oocyte maturation, meiotic failure, apoptosis, redox homeostasis


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.
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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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Accumulating evidence has demonstrated that lipopolysaccharide (LPS) compromises female reproduction, especially oocyte maturation and competence. However, methods to protect oocyte quality from LPS-induced deterioration remain largely unexplored. We previously found that mogroside V (MV) can promote oocyte maturation and embryonic development. However, whether MV can alleviate the adverse effects of LPS exposure on oocyte maturation is unclear. Thus, in this study, we used porcine oocytes as a model to explore the effects of MV administration on LPS-induced oocyte meiotic defects. Our findings show that supplementation with MV protected oocytes from the LPS-mediated reduction in the meiotic maturation rate and the subsequent blastocyst formation rate. In addition, MV alleviated the abnormalities in spindle formation and chromosome alignment, decrease in α-tubulin acetylation levels, the disruption of actin polymerization, and the reductions in mitochondrial contents and lipid droplet contents caused by LPS exposure. Meanwhile, LPS reduced m6A levels in oocytes, but MV restored these epigenetic modifications. Furthermore, MV reduced reactive oxygen species (ROS) levels and early apoptosis in oocytes exposed to LPS. In summary, our study demonstrates that MV can protect oocytes from LPS-induced meiotic defects in part by reducing oxidative stress and maintaining m6A levels.
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INTRODUCTION

Lipopolysaccharide (LPS), the main component of the outer membrane of the cell wall in gram-negative bacteria, is a typical pathogen-associated molecular pattern (PAMP), also known as an endotoxin (Bidne et al., 2018). LPS is composed of lipid A, core polysaccharides, and O-antigens and is released via bacterial metabolism and after death/lysis. As a type of PAMP, LPS is recognized by immunocytes and promotes the release of cytokines, which can lead to systemic inflammation, multiple-organ dysfunction syndrome, endotoxemia, and septic shock (Cavaillon, 2018). LPS also adversely affects female reproduction; for example, it inhibits the secretion of reproductive hormones, disturbs the regulation of follicular activation, and reduces the primordial follicular pool reserve (Bromfield and Sheldon, 2013; Magata et al., 2014; Bidne et al., 2018). Collectively, it is shown that LPS severely affects physiological health and female reproductive performance.

High-quality oocytes are essential for proper embryonic development and successful reproductive outcome. Both in vivo and in vitro studies have shown that LPS treatment inhibits the meiotic maturation progress of oocytes (Magata and Shimizu, 2017; Shepel et al., 2018; Heidari et al., 2019) and further impairs embryonic developmental potential in diverse animal species (Magata and Shimizu, 2017; Zhao et al., 2017). In bovines and sheep, the addition of LPS to the in vitro maturation (IVM) medium induces oxidative stress, interferes with oocyte meiotic maturation (Zhao et al., 2017; Shepel et al., 2018), increases the apoptosis index of blastocysts, and affects early embryonic developmental competence (Roth et al., 2015; Magata and Shimizu, 2017). Oocyte quality and developmental competence are also decreased by LPS exposure in mice and rainbow trout (Crespo et al., 2010; Shepel et al., 2018). Although LPS toxicity toward oocytes and embryos has been reported in many species, the negative effects of LPS on mammalian oocyte maturation and embryonic developmental competence and the underlying mechanism still need to be further elucidated.

Mogroside V (MV), the most abundant mogroside in Siraitia grosvenorii (Luo-han-guo, LHG), has numerous pharmacological properties, such as antioxidative (Liu et al., 2018), antiobesity (Zhang et al., 2018), antidiabetic, anti-inflammatory, and anticancer properties (Weerawatanakorn et al., 2014). As a potent antioxidant, MV has significant oxygen free radical scavenging capacity and attenuates lipid peroxidation induced by Fe2+ or H2O2 (Li et al., 2014). In addition, our previous studies demonstrated that MV reduces reactive oxygen species (ROS) levels and promotes mitochondrial function to improve porcine oocyte IVM (Nie et al., 2020) and protects oocyte quality from deterioration during in vitro aging (Nie et al., 2019). Furthermore, protective effects of MV against LPS-induced diseases, such as alleviation of LPS-induced memory impairment and acute lung injury in mice and prevention of LPS-induced oxidative stress injury in RAW264.7 cells have been reported (Di et al., 2011; Shi et al., 2014; Li et al., 2019; Wang et al., 2020). In general, MV is a natural substance with many biological activities and has the potential to be an effective preventive agent against LPS-induced impairments.

However, whether MV can rescue oocytes from meiotic defects under LPS exposure remains unclear. In this study, we examined the effects of MV on porcine oocyte meiotic maturation, early embryonic development, cytoskeleton structure, mitochondrial contents, lipid droplet (LD) contents, oxidative stress level, and m6A modification in LPS-exposed oocytes. Our findings may provide a potential strategy for protecting oocytes from LPS-induced meiotic defects.



MATERIALS AND METHODS

The chemicals and reagents used in the present study were purchased from Sigma Chemical Co. (St. Louis, MO, United States) except when stated otherwise.


Oocyte Collection and IVM

The animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Guangxi University and were conducted in accordance with the animal welfare and ethical rules. Ovaries were obtained from juvenile pigs at a local abattoir and transported to the laboratory in sterilized 0.9% saline solution at 32°C. After the ovaries were washed three times with prewarmed 0.9% saline solution, the cumulus–oocyte complexes (COCs) were aspirated from 3 to 8 mm antral follicles with a syringe fitted with an 18-gauge needle. Approximately forty COCs were cultured in a 200 μL modified bicarbonate-buffered TCM-199 medium, supplemented with 0.1% (w/v) polyvinyl alcohol (PVA), 3.05 mM d-glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 0.01 μg/mL epidermal growth factor, 0.50 μg/mL follicle-stimulating hormone, 0.50 μg/mL luteinizing hormone, 75.00 μg/mL penicillin G, 50.00 μg/mL streptomycin, and 10% porcine follicular fluid. The medium was covered with mineral oil and cultured for 26 or 44 h at 38.5°C in a 5% CO2 incubator with humidified air.



LPS and MV Treatment

LPS was dissolved in sterilized water to a concentration of 100 mg/mL. MV (Chengdu Biopurify Phytochemicals, Ltd., Chengdu, China) was dissolved in dimethylsulfoxide (DMSO) to a concentration of 100 mM and diluted to a working concentration with IVM medium. The final concentration of DMSO in the IVM medium was less than 0.1%.



Parthenogenetic Activation (PA) and in vitro Culture

To detect embryonic developmental potential, PA was performed using a BTX Elector-Cell Manipulator 2001 (BTX Inc., San Diego, CA, United States) according to the method described in a previous study (Nie et al., 2016). The activation medium contained 0.30 M mannitol, 1.00 mM CaCl2 ⋅ 2H2O, 0.10 mM MgSO4, 0.50 mM HEPES, and 0.3% (w/v) bovine serum albumin (BSA). After activation, the embryos were immediately transferred to PZM-3 medium (Yoshioka et al., 2002) and cultured at 38.5°C in a 5% CO2 incubator with humidified air. The cleavage rate (percentage of activated oocytes) and blastocyst formation rate (percentage of activated oocytes) were examined after 48 and 144 h, respectively.



Immunofluorescence Staining and Confocal Microscopy

Cumulus cells were removed from COCs in polyvinyl alcohol (PVA)-TL-HEPES containing 0.1% hyaluronidase. The denuded oocytes (DOs) were washed three times in 0.1% PVA-Dulbecco’s phosphate-buffered saline (DPBS) and then fixed in 4% paraformaldehyde (PFA) for 30 min at room temperature (RT). The oocytes were permeabilized with 1% Triton X-100 in DPBS for 8–12 h at RT. Then, the oocytes were blocked with 1% BSA in DPBS for 1 h at RT and incubated with anti-α-tubulin FITC (1:150, Abcam, Cambridge, United Kingdom), anti-acetylated tubulin (1:100), phalloidin-FITC (1:400, AAT Bioquest, CA, United States), and rabbit monoclonal anti-methylation at the N6 position of adenosine (m6A) antibodies (1:400, Abcam) at 4°C overnight. After three washes with DPBS containing 0.1% Tween-20 and 0.01% Triton X-100, the oocytes were incubated with appropriate secondary antibodies for 1 h at RT. Then, the oocytes were washed three times and counterstained with 10 μg/mL propidium iodide (PI) or Hoechst 33342 for 10 min at RT. Finally, the oocytes were washed, immediately mounted on glass slides, and imaged under a confocal laser scanning microscope (TCS-SP8 with LAS, Leica, Wetzlar, Germany).

Spindle formation and chromosome alignment determination were double-blinded. For fluorescence intensity measurement, the same immunostaining procedure and the same scanning setting were used to acquire signals. Then, an identical size region of interest (ROI) in the cell membrane or cytoplasm was defined and fluorescence signals were calculated with ImageJ software (National Institutes of Health, Bethesda, MD, United States). Finally, the average values of all measurements of an individual group were used to compare fluorescence intensities.



Determination of Mitochondrial Contents

Mitochondrial content was detected with an orange fluorescent dye (MitoTracker Orange CMTMRos, Thermo Fisher Scientific, MA, United States). After three washes in 0.1% PVA-DPBS, DOs were incubated with 200 nM orange-fluorescent dye for 30 min at 38.5°C and subsequently fixed in 4% PFA for 30 min at RT. After three washes with 0.1% PVA-DPBS, the oocytes were mounted on glass slides and imaged under a confocal microscope with the same scanning setting. The fluorescence intensity was calculated with ImageJ software.



Determination of Lipid Droplet (LD) Contents

After three washes in 0.1% PVA-DPBS, DOs were fixed in 4% PFA for 30 min at RT and subsequently incubated in DPBS containing 10 μg/mL BODIPY 493/503 for 30 min at RT. After three washes with 0.1% PVA-DPBS, images were captured under a fluorescence microscope (Nikon, Japan) with the same scanning setting. The fluorescence intensity was calculated by ImageJ software.



Annexin-V Staining

DOs were stained with an Annexin-V staining kit (Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s instructions. After three washes in 0.1% PVA-DPBS, the oocytes were stained with 90 μL of binding buffer containing 10 μL of Annexin V-FITC for 30 min in a dark environment. After three washes with 0.1% PVA-DPBS, the oocytes were mounted on glass slides and captured under a confocal microscope with the same scanning setting.



Evaluation of ROS Levels

The intracellular ROS levels in oocytes were detected with an ROS assay kit (Beyotime Biotechnology, Shanghai, China). DOs were incubated with 10 μM dichlorofluorescein diacetate (DCFH-DA; fluorescent probe) for 30 min at 38.5°C. After three washes with 0.1% BSA-DPBS, images were captured under a fluorescence microscope (Nikon, Japan). The fluorescence intensity was calculated with ImageJ software.



RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

Pools of 100 oocytes/sample were collected, and then total RNA was isolated with an RNAprep Pure Micro Kit (Tiangen, China) according to the manufacturer’s instructions. cDNA was synthesized using a first-strand synthesis cDNA kit with random primers (Promega, United States). qRT-PCR was performed according to our published report (Nie et al., 2020). GAPDH was used as a reference gene, and the relative expression levels of target genes were determined by the 2–ΔΔCt method. The primers used were as follows: GAPDH: F: 5′-AAGTTCCACGGCACAGTCAAG-3′, R: 5′-CACCAGCATCA CCCCATTT-3′; CAT: F: 5′-ACACACCTGAAGGATCCGGA-3′, R: 5′-AACCAGCTTGAAAGTGTGCG-3′; GPx1: F: 5′-GAAGTGTGAGGTGAATGGCG-3′, R: 5′-CTCGAAGT TCCATGCGATGT-3′.



Statistical Analysis

The data are expressed as the means ± SEM. Prism 7 software (GraphPad, San Diego, CA, United States) was used to analyze the data via one-way ANOVA. Fluorescence intensity was calculated using NIH ImageJ software. Significance was accepted at P < 0.05.



RESULTS


Protective Effects of MV on Meiotic Maturation and Subsequent Embryonic Development in LPS-Exposed Oocytes

To explore whether MV protects against the meiotic arrest caused by LPS, MV and LPS were added to the IVM medium. As shown in Figures 1A,B, the percentage of oocytes with first polar body extrusion (PBE) significantly decreased with increasing LPS concentrations (5, 10, and 15 μg/mL). Then, we supplied different concentrations of MV to IVM medium containing 15 μg/mL LPS. As shown in Figures 1A,C, the PBE ratio in LPS-exposed oocytes markedly increased with increasing MV concentrations (25, 50, and 100 μM). Because the PBE ratio in the 15 μg/mL LPS + 50 μM MV group were close to the control group, these concentrations were used in the subsequent experiments.


[image: image]

FIGURE 1. Effects of different concentrations of LPS and MV on meiotic progression and embryonic developmental potential in porcine oocytes. (A) Representative images of cumulus expansion and first polar body extrusion (PBE) in the control, LPS, and LPS + MV groups. (B) PBE rates in the control and LPS-exposed groups. (C) PBE rates in the control, LPS, and LPS + MV groups. (D) Representative images of blastocysts in the control, LPS, and LPS + MV groups. (E) Cleavage rates in the control, LPS, and LPS + MV groups. (F) Blastocyst formation rates in the control, LPS, and LPS + MV groups. Scale bar = 100 μm. COCs, Cumulus–oocyte complexes; DOs, denuded oocytes. “n” indicates the number of oocytes used. The data are presented as the mean ± SEM from at least three independent experiments. Different letters denote significant differences (P < 0.05).


We next detected the effect of MV on embryonic development in LPS-exposed oocytes. As shown in Figures 1D–F, after PA, MV did not alter the cleavage rate but significantly increased blastocyst formation in LPS-exposed oocytes. Taken together, the results indicate that MV supplementation protects against oocyte meiotic maturation failure and embryonic developmental arrest caused by LPS exposure.



MV Alleviates Abnormalities in Spindle Assembly, Chromosome Alignment, and α-Tubulin Acetylation in LPS-Exposed Oocytes

As shown in Figure 2A, under normal conditions, oocytes displayed barrel-shaped spindles with well-aligned chromosomes on the equatorial plate. A large proportion of aberrant spindles (Con: 25.71 ± 3.94%, n = 74 vs. LPS: 52.46 ± 4.27%, n = 86, P < 0.005) and misaligned chromosomes (Con: 20.19 ± 2.88%, n = 74 vs. LPS: 37.38 ± 4.10%, n = 86, P < 0.01; Figures 2B,C) were detected in LPS-exposed oocytes compared with control oocytes. However, MV significantly reduced the abnormal spindle rate (LPS: 52.46 ± 4.27%, n = 86 vs. LPS + MV: 32.05 ± 5.75%, n = 75, P < 0.05) and abnormal chromosome rate (LPS: 37.38 ± 4.10%, n = 86 vs. LPS + MV: 21.46 ± 2.77%, n = 75, P < 0.05; Figures 2B,C) in LPS-exposed oocytes.
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FIGURE 2. Effects of MV on spindle assembly, chromosome alignment, and α-tubulin acetylation in LPS-exposed porcine oocytes. (A) Representative images of normal/abnormal spindle (green) formation and chromosome (red) alignment in the oocytes. Scale bar = 10 μm. (B) Aberrant spindle rates in the control, LPS, and LPS + MV groups. (C) Misaligned chromosome rates in the control, LPS, and LPS + MV groups. (D) Representative images of acetylated α-tubulin (green) and chromosomes (red) in the control, LPS, and LPS + MV groups. Scale bar = 7.5 μm. (E) Quantitative analysis of the fluorescence intensity of acetylated α-tubulin in the control, LPS, and LPS + MV groups. The data are presented as the mean ± SEM from at least three independent experiments. Different letters denote significant differences (P < 0.05).


Then, we detected the levels of α-tubulin acetylation, which determines the stability of α-tubulin. As shown in Figures 2D,E, the fluorescence intensity of acetylated tubulin was significantly lower in LPS-exposed oocytes than in control oocytes (Con: 12.17 ± 0.85, n = 40 vs. LPS: 8.29 ± 0.54, n = 43, P < 0.005). Interestingly, MV significantly increased the fluorescence intensity of acetylated tubulin in LPS-exposed oocytes (LPS: 8.29 ± 0.54, n = 43 vs. LPS + MV: 13.33 ± 1.10, n = 37, P < 0.0005). Taken together, the above results suggest that LPS impairs microtubule stability and spindle assembly in porcine oocytes, whereas MV supplementation ameliorates these impairments.



MV Attenuates the Actin Polymerization Defects in LPS-Exposed Oocytes

We next detected the actin distribution in both the membrane and cytoplasm of oocytes. As shown in Figures 3A–C, strong actin signals were observed on the plasma membrane in control oocytes, but the signals were weak in LPS-exposed oocytes (Con: 36.34 ± 1.82, n = 75 vs. LPS: 15.73 ± 0.93, n = 75, P < 0.0001). As expected, actin signals were significantly increased after MV supplementation in LPS-exposed oocytes (LPS: 15.73 ± 0.93, n = 75 vs. LPS + MV: 21.95 ± 1.23, n = 71, P < 0.005). Therefore, the above results indicate that MV supplementation ameliorates the actin polymerization defects induced by LPS.
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FIGURE 3. Effect of MV on actin polymerization in LPS-exposed porcine oocytes. (A) Representative images of actin (green) in the control, LPS, and LPS + MV groups. (B) Actin fluorescence distribution on the cell membrane and cytoplasm of oocytes in the control, LPS, and LPS + MV groups. (C) Quantitative analysis of the fluorescence intensity of actin in the control, LPS, and LPS + MV groups. Scale bar = 50 μm. The data are presented as the mean ± SEM from at least three independent experiments. Different letters denote significant differences (P < 0.05).




MV Alleviates the Change in Mitochondrial Contents and LD Contents in LPS-Exposed Oocytes

As shown in Figures 4A,B, compared with control oocytes, LPS-exposed oocytes exhibited significantly decreased mitochondrial contents, but MV supplementation significantly increased the mitochondrial contents (Con: 59.44 ± 1.42, n = 60 vs. LPS: 45.09 ± 1.27, n = 63, P < 0.0001; vs. LPS + MV: 50.47 ± 1.57, n = 60, P < 0.0001). Then, we examined the LD contents. As shown in Figures 4C,D, MV markedly increased the LD contents in LPS-exposed oocytes (Con: 39.65 ± 0.60, n = 67 vs. LPS: 33.89 ± 0.57, n = 67, P < 0.0001; vs. LPS + MV: 36.23 ± 0.65, n = 62, P < 0.0005). Collectively, these results indicate that MV attenuates the mitochondrial and lipid contents reduction caused by LPS exposure.
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FIGURE 4. Effects of MV on mitochondrial content and LD numbers in LPS-exposed porcine oocytes. (A) Representative images of mitochondrial distribution in the control, LPS, and LPS + MV groups. Oocytes were stained with MitoTracker to visualize the mitochondria. (B) Quantitative analysis of the fluorescence intensity of MitoTracker in the control, LPS, and LPS + MV groups. (C) Representative images of lipid droplet (LD) distribution in the control, LPS, and LPS + MV groups. Oocytes were labeled with the lipophilic dye BODIPYTM 493/503 to visualize the LDs. (D) Quantitative analysis of the fluorescence intensity of BODIPY in the control, LPS, and LPS + MV groups. Scale bar = 50 μm. The data are presented as the mean ± SEM from at least three independent experiments. Different letters denote significant differences (P < 0.05).




MV Maintains m6A Levels in LPS-Exposed Oocytes

We next evaluated the effects of LPS and MV on m6A levels via immunofluorescence staining. As shown in Figures 5A,B, the fluorescence intensity of m6A was significantly reduced in LPS-exposed oocytes compared to control oocytes (Con: 39.26 ± 1.31, n = 80 vs. LPS: 34.41 ± 1.15, n = 83, P < 0.005). However, the fluorescence intensity of m6A was obviously increased after MV supplementation in LPS-exposed oocytes (LPS: 34.41 ± 1.15, n = 83 vs. LPS + MV: 38.09 ± 1.16, n = 81, P < 0.05). These results indicate that MV supplementation can maintain m6A levels in LPS-exposed oocytes.
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FIGURE 5. Effect of MV on m6A modification in LPS-exposed porcine oocytes. (A) Representative images of m6A signals (green) in the control, LPS, and LPS + MV groups. Oocytes were stained with an anti-m6A antibody. (B) Quantitative analysis of the fluorescence intensity of m6A in the control, LPS, and LPS + MV groups. Scale bar = 50 μm. The data are presented as the mean ± SEM from at least three independent experiments. Different letters denote significant differences (P < 0.05).




MV Reduces ROS Levels and Early Apoptosis in LPS-Exposed Oocytes

As shown in Figures 6A and B, ROS levels were obviously higher in LPS-exposed oocytes than in control oocytes (Con: 35.86 ± 1.77, n = 56 vs. LPS: 54.53 ± 2.55, n = 49, P < 0.0001), but MV effectively reduced ROS levels (LPS: 54.53 ± 2.55, n = 49 vs. LPS + MV: 44.51 ± 2.15, n = 52, P < 0.005). In addition, the relative expression of catalase (CAT) and glutathione peroxidase (GPx1) was significantly higher in LPS + MV oocytes than in LPS-exposed oocytes (CAT LPS + MV: 1.16 ± 0.072 vs. LPS: 0.67 ± 0.03, P < 0.0005; GPx1 LPS + MV: 1.43 ± 0.20 vs. LPS: 0.84 ± 0.05, P < 0.0005; Figure 6C). As shown in Figures 6D,E, the percentage of Annexin-V-positive oocytes was obviously reduced after MV treatment in LPS-exposed oocytes (Con: 26.53 ± 4.30%, n = 83 vs. LPS: 52.61 ± 5.25%, n = 86, P < 0.005; vs. LPS + MV: 30.16 ± 4.00%, n = 89, P > 0.05). Collectively, these results demonstrate that MV inhibits the occurrence of oxidative stress and early apoptosis in LPS-exposed oocytes.
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FIGURE 6. Effects of MV on ROS levels and apoptosis in LPS-exposed porcine oocytes. (A) Representative images of ROS content in the control, LPS, and LPS + MV groups. Oocytes were stained with DCFH-DA. (B) Quantitative analysis of the fluorescence intensity of DCFH-DA in the control, LPS, and LPS + MV groups. (C) Levels of two antioxidant enzyme genes (CAT and GPx1) in the control, LPS, and LPS + MV groups. (D) Representative images of apoptotic oocytes in the control, LPS, and LPS + MV groups. Oocytes were stained with Annexin-V-FITC. (E) The rate of early apoptosis in the control, LPS, and LPS + MV groups. Scale bar = 50 μm. The data are presented as the mean ± SEM from at least three independent experiments. Different letters denote significant differences (P < 0.05).




DISCUSSION

In this study, we found that MV significantly ameliorated porcine oocyte IVM inhibition due to LPS exposure. Our findings demonstrate that LPS exposure reduced meiotic maturation and embryonic development of porcine oocytes, associated with defective cytoskeletal dynamics, altered m6A levels, and decreased mitochondrial and LD contents. Moreover, LPS induced excessive ROS accumulation, consequently resulting in early apoptosis. Interestingly, MV alleviated the abovementioned defective parameters induced by LPS exposure.

Lipopolysaccharide (LPS) presents in follicular fluid of the cows with mastitis and endometritis (Magata et al., 2015; Roth et al., 2015; Heidari et al., 2019), indicating that it might directly inhibit oocyte maturation as the ovary is the niche of oogenesis. Actually, LPS exhibits negative effects on follicle development, oocyte maturation, and blastocyst formation in cows and mice (Shepel et al., 2018; Roth et al., 2020). Our results show that LPS suppressed porcine oocyte IVM and resulting blastocyst formation, consistent with the previous reports regarding cows and mice. Then, we applied the porcine oocyte as a study model and found that MV treatment evidently alleviated the LPS-induced meiotic defects. Similarly, we previously revealed that MV has protective and promotive effects on porcine oocyte maturation and competence (Nie et al., 2019, 2020). Thus, our findings suggest that MV is a candidate agent for amelioration of LPS-induced oocyte meiotic defects.

The cytoskeleton structure, which includes microtubules and actin filaments, is an indispensable component of meiotic maturation (Duan and Sun, 2019). Consistent with the findings of previous studies in bovine oocytes (Zhao et al., 2017), we found that LPS exposure induced porcine oocyte meiotic arrest by disrupting spindle assembly and chromosome alignment. Interestingly, MV supplementation protected against microtubule assembly and spindle defects in LPS-treated oocytes. Low acetylation levels at tubulin may destabilize microtubules and cause abnormal spindle assembly (Xu et al., 2017). Notably, we observed that MV restored α-tubulin acetylation to normal levels in LPS-exposed oocytes. Additionally, our results show that MV can rescue the compromised actin filament distribution in LPS-exposed oocytes. Therefore, this study suggests that MV supplementation protects against meiotic arrest and ameliorates cytoskeletal organization defects in LPS-exposed oocytes.

Mitochondria are essential organelles located in the cytoplasm, and mitochondrial integrity is regarded as a vital marker that can be used to evaluate oocyte cytoplasmic maturation (Babayev and Seli, 2015). Our results demonstrate that LPS caused reduced mitochondrial contents in porcine oocytes, consistent with a previous study on bovine oocytes (Magata and Shimizu, 2017). Likewise, we found that LPS dramatically decreased LD quantity in the oocytes. Mitochondria and LDs colocalize considerably in oocytes, and their interaction plays important roles in oocyte maturation and embryonic development (Holt et al., 1983; Dunning et al., 2010; Paczkowski et al., 2014). The neutral lipids liberated from LDs into the cytoplasm as free fatty acids are taken up into mitochondria for metabolism (Bradley and Swann, 2019). MV could preserve mitochondrial and LD contents in LPS-exposure oocytes; this was essential to oocyte meiotic maturation and competence.

We observed that oocyte m6A levels were decreased after LPS exposure and MV restored the changes. Currently, we do not know the exact reason why m6A levels were reduced by LPS exposure, but this defect could be attenuated by MV. It is possible that MV maintains RNA methyltransferase and eraser enzymes activity in the oocytes. In addition, oxidative stress also can induce the changes in epigenetic modifications (Guillaumet-Adkins et al., 2017; Tharmalingam et al., 2017). As expected, we observed that MV reduced ROS levels and increased the expression of antioxidant genes (CAT and GPx1) in LPS-exposed oocytes. Excessive ROS accumulation originating from the external microenvironment and cellular metabolism may cause oxidative stress and further induce early apoptosis in oocytes (Pandey et al., 2010; Jia et al., 2019; Zhang et al., 2020). Moreover, we found that MV reduced the occurrence of early apoptosis caused by LPS exposure. This result is similar to that of the previous studies showing that MV protects cells from oxidative stress (Li et al., 2014; Liu et al., 2018; Nie et al., 2019, 2020). Given our findings and those of the others, we speculate that MV reverses meiotic defects in LPS-exposed oocytes in part by preventing oxidative stress and early apoptosis.

In summary, our study demonstrates that LPS induces oxidative stress and early apoptosis and further disrupts cytoskeleton dynamics, organelle integrity, and epigenetic modifications in porcine oocytes. However, MV administration can reverse the adverse parameters resulting from LPS exposure. Notedly, MV can improve IVM and embryonic developmental potential of LPS-exposed oocytes. The underlying mechanisms of the proactive role of MV in LPS-exposed oocytes still need to be further studied.
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It has been found that the quality of oocytes from obese women has been compromised and subsequent embryos displayed arrested development. The compromised quality may be either due to the poor or rich metabolic conditions such as imbalance or excession of lipids during oocyte development. Generally, lipids are mainly stored in the form of lipid droplets and are an important source of energy metabolism. Similarly, lipids are also essential signaling molecules involved in various biological cascades of oocyte maturation, growth and oocyte competence acquisition. To understand the role of lipids in controlling the oocyte development, we have comprehensively and concisely reviewed the literature and described the role of lipid metabolism in oocyte quality and maturation. Moreover, we have also presented a simplified model of fatty acid metabolism along with its implication on determining the oocyte quality and cryopreservation for fertilization.
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BACKGROUND

The female ovaries are destined for the growth and development of oocytes as well as the production of sex hormones that influence the menstrual cycle (Zhu et al., 2020). The complete cycle of oocyte maturation is a complex, continuous and tightly regulated process in mammals (Pepling and Spradling, 2001; Gunesdogan and Surani, 2016). The key step during this process is the acquisition of oocyte competence to develop as an embryo after its fertilization. Though all the factors that control the developmental competence are still not clear, however, it has been known that both the oocyte quality and competence acquisition are linked to the metabolism of oocytes (Sirard, 2011). The role of lipids in energy production, as the precursors of steroid hormones and signaling molecules suggest that the intracellular lipid content of oocytes should be carefully estimated during oocyte maturation. Furthermore, the oocyte activation is also closely linked to the mobilization of lipid reserves.

To understand the role of lipids in controlling the oocyte development, we have comprehensively reviewed the literature and described the contribution of lipid metabolism in the oocyte maturation and quality. We have also presented a simplified model of β-oxidation of fatty acid in the process of oocyte growth and maturation that will further facilitate a better understanding of lipid metabolism in controlling the oocyte quality (an oocyte’s intrinsic developmental potential) and its acquisition of competence.



CUMULUS-OOCYTE COMPLEX: THE DYNAMIC UNIT OF OOCYTE METABOLISM

The maturation and competence acquisition of oocyte is governed by maternal signals and ovarian follicular microenvironment that are mediated by the bidirectional communication between somatic and germinal cells (Matzuk et al., 2002). Specialized granulosa cells surrounding the oocytes in antral follicles, named cumulus cells, are involved in the acquisition of oocyte developmental competence. These cells are physically and metabolically linked with an oocyte and form the cumulus-oocyte complex (COC), a chief functional and dynamic unit that is pivotal in oocyte metabolism (Tanghe et al., 2002). Since oocytes are glycolytically less active and require energy from carbohydrates, fatty acids and amino acids to achieve full maturation, these energy sources are provided to oocytes by cumulus cells from the external follicular fluid (FF) as well as from internal storage inside the COCs.

To understand the role of cumulus cells in lipid metabolism of COCs, an elaborative study was conducted on bovine cumulus cells and it was found that these cells control lipid metabolism during cytoplasmic oocyte maturation. Transmission electron microscopy displayed different lipid droplets (LDs) and membrane-bound vesicles in metaphase II denuded oocytes and cumulus enclosed oocytes (CEO). Denuded oocytes had lower lipid contents and the global transcriptomic analysis showed that various genes are differentially expressed in denuded and CEO. The local lipogenesis and lipolysis factors, such as fatty acid synthase and hormone-sensitive phospholipase proteins were detected in both denuded and oocytes groups, however, a significant reduction of fatty acid synthase protein was observed in the denuded oocytes group as compared to the CEOs indicating impaired lipogenesis in the absence of cumulus cells (Auclair et al., 2013). Hence, the removal of cumulus cells during in vitro maturation can affect lipid metabolism in the oocyte and can lead to suboptimal cytoplasmic maturation. Overall, cumulus cells may influence oocyte by changing the consumption of nutritive storage via regulation of local fatty acid synthesis and lipolysis to provide energy for maturation. Thus, energy metabolism balance is vital for oocyte maturation and acquisition of developmental competence.

During the past few decades, little attention has been given to the lipid or fatty acid metabolism associated with the oocyte development despite knowing the higher lipid contents in oocytes and embryos of various mammals such as pig, sheep and cows (McEvoy et al., 2000). Generally, free fatty acids in FF are transported in the form of dynamic fatty acid complex and their main function is to serve as a source of energy (Ferguson and Leese, 2006). Higher fatty acid concentration in the blood due to increased lipolysis of adipose tissue can induce lipotoxic effects on COC morphology and embryo quality (Leroy et al., 2005; Jungheim et al., 2011). Thus, balanced amount of various fatty acid concentration is required for optimal oocytes growth and development. Interestingly, higher concentration of saturated fatty acids even affects the post-fertilization developmental competence of in vitro matured oocytes, while monounsaturated fatty acids like oleic acid initiate the normal developmental competence. The adverse effects of saturated fatty acids can be reversed by the addition of a balanced amount of palmitic acid (C16) (Shibahara et al., 2020), stearic acid (C18) (Ranneva et al., 2020), and oleic acid during in vitro maturation of oocytes (Wu et al., 2010; Aardema et al., 2011). Thus, the composition as well as a balanced amount of saturated and unsaturated free fatty acids in the FF is critical for the developmental competence of oocytes. Common fatty acids constituting the composition of FF in various mammalian species have been summarized in Table 1.


TABLE 1. Most common fatty acids constituting lipid polymer in mammals.

[image: Table 1]
On the other hand, in vitro experiments revealed that higher free fatty acid concentration in the oocyte growth medium can cause a massive increase of neutral lipids in the surroundings of COCs. The increased neutral lipid contents did not affect the developmental competence of oocytes, however, a lower blastocyst rate was observed. Subsequent in vivo experiments displayed that an increased level of free fatty acids can only affect cumulus cells if there is a substantial increase in the storage of triglycerides (Aardema et al., 2013). Thus, the cumulus cells of COCs can protect the maturing oocytes from an elevated level of free fatty acids by increasing the intracellular lipid storage.



LIPID COMPOSITION AND METABOLISM IN COC

Generally, free fatty acids, also known as non-esterified fatty acids (NEFA), are linked with serum albumin that acts as a carrier protein and helps in the transportation of these insoluble fatty acid through the circulation system (Simpson et al., 1980). These fatty acids can also be stored in the form of lipoprotein particles such as low density lipoproteins (LDLs), very low density lipoproteins (VLDLs), and high density lipoproteins (HDLs) (Gautier et al., 2010). Examination of FFs in various species revealed the presence of triacylglycerol and fatty acids. Human FF examination revealed the presence of a major amount of HDL (Valckx et al., 2012). These HDL particles are serum-derived and are the major lipoproteins present in the FFs because the follicle basement membrane is permeable only to serum proteins ≤300 KDa, thus, excluding LDL and VLDL (Jordanov and Boyadjieva-Michailova, 1974). However, human granulosa-derived lutein cells can also generate LDL and VLDL through ApoB-100 marker. Thus, the LDL and VLDL which are observed in FFs are originally produced by ovarian cells (Dunning et al., 2014b).

Oocytes of different mammalian species contain different lipid droplet contents. Oocytes of pigs, cows and dogs possess a large amount of lipids and appear dark under an optical microscope while mouse and human oocytes have a substantially lower amount of lipid droplets and their cytoplasm is more transparent (Apparicio et al., 2012). These lipid contents are used by mammalian eggs to gain most of their ATP through mitochondrial oxidation. The process of early embryogenesis in mammals is dependent on β-oxidation derived ATP because early embryo is glycolytically less active (Dumollard et al., 2009). Thus, based upon the recent findings about the generation, mobilization and utilization of fatty acids during oocyte growth and development, we have presented a model of lipid metabolism providing ATP for developing oocytes and embryos to underpin the β-oxidation of fatty acids (Figure 1). To be noted, pyruvate and fatty acids are the major sources of energy supply during oocyte development, however, the balance between the generation of ATP through pyruvate or from fatty acid oxidation is completely incomprehensible. Furthermore, both proportion of ATP provided by fatty acid oxidation to developing oocyte and whether these fatty acids are obtained from endogenous lipid droplets or exogenous sources are also unclear.
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FIGURE 1. Proposed model of free fatty acid (FFA) mobilization and catabolism in COC. (A) Free fatty acids or non-esterified fatty acids (NEFAs) are incorporated with serum albumin and are transported to follicular fluids by fatty acid carrier or directly diffused through lipid bilayer. (B) The mobilization of triacylglycerol from lipoproteins in follicular fluids occurs due to enzymatic action of lipoprotein lipases through which free fatty acids are generated and become available for cellular uptake. (C) Intracellular triacylglycerols are stored in the cumulus cells and oocytes in the form of lipid droplets. These lipid droplets are activated and further liberate free fatty acids by lipase mediated hydrolysis. (D) All the liberated free fatty acids either intracellularly from lipid droplets or through transporter molecules from follicular fluids, are metabolized in the mitochondria and ATP is generated through β-oxidation.


Previously, coherent anti-Stokes Raman scattering (CARS) was used to determine the number, spatial distribution and chemical content of lipid droplets in mouse eggs and embryos (Bradley et al., 2016). Josephine et al. utilized CARS imaging with deuterium labeling of oleic acid to check the turnover of fatty acids within lipid droplets of living mouse eggs and found that pyruvate removal caused the increased loss of labeled oleic acid and also promoted the dispersion of lipid droplets. Subsequently, inhibition of β-oxidation leads to increased uptake of pyruvate and reduced ATP production along with clustering of lipid droplets (Tatsumi et al., 2018). Further examination revealed that there is a compensatory relationship between inhibition of pyruvate uptake and β-oxidation of fatty acids, in which both reactions caused the successive deletion of ATP (Bradley et al., 2019). Thus, β-oxidation of fatty acids and pyruvate oxidation have an equal contribution in ATP production for mouse oocyte development.

Pig farming is widely used for meat production and mostly pig embryos are produced in vitro. Generally, immature pig oocyte contains around 156 ng lipid contents much higher than cattle and sheep oocytes which usually have 58 and 4 ng, respectively (McEvoy et al., 2000). Interestingly, higher endogenous lipid contents has been observed in the pig oocytes and embryos which shows a dark appearance. Recent studies have been undertaken to show the potential importance and role of these higher lipid contents in pig oocytes. A comprehensive study proved that pig oocytes used endogenous triglyceride as an energy source during in vitro maturation and that most (91–97%) of the ATP produced during embryo development comes from oxidative phosphorylation, half of which come from β-oxidation of NEFA (Sturmey and Leese, 2003). Altogether, these studies demonstrated that NEFA is the essential source of ATP production during the mammalian oocyte maturation and development.

In contrary to that NEFA also play an important role in the energy metabolism of the developing oocytes in various mammalian species, some studies have controversial results about the exact role of lipid metabolism. Higher concentration of NEFA also caused metabolic stress and jeopardized oocyte and embryo development in human and dairy cows (Van Hoeck et al., 2013; Leroy et al., 2015). Higher concentration of NEFA within the oocytes and in the microenvironment of the embryo is detrimental for their subsequent development and competence acquisition (Leroy et al., 2008). Additionally, an increased level of NEFA in the microenvironment of oocytes can affect gene expression, alter the DNA methylation level of imprinted genes and thus can change the fate of the resultant blastocyst (Van Hoeck et al., 2015). Recently, a study explored the effect of NEFA concentration by exposing oocytes and embryos to a high concentration of oleic (OA), palmitic (PA), and stearic (SA) acid and also performed pyrosequencing for targeted DNA methylation analysis. The sequencing results revealed that most of the genes (SIRT1, MAD2L1, FAM3C, CDC7, CD47, HERC5, HSPD1, SCP2, UBL3, ID3, GPCPD1, CYP11A1, PDCD10, SCP2, KRT19, GBP4, CCL17, SC4MOL, and TP53) related to apoptosis, embryo implantation, gene transcription, immune response and metabolism have an altered expression (Desmet et al., 2016). Thus, a balanced level of fatty acid is necessary to ensure the quality of developing oocytes in mammals which can be useful for the successful maturation of oocytes for monospermic fertilization.



THE SIGNALING ROLES OF LIPID MOLECULES DURING OOCYTE MATURATION

All the biological membranes are constituted by different lipid molecules and their derivatives, however, the distribution of lipid contents varies in each developmental stage of mammalian oocytes. The analysis of the porcine ovary revealed the differences in compositions of glycerophospholipids, sphingolipids, and cholesterol derivatives between somatic cells and FFs (Uzbekova et al., 2015). The localization and intensity of some lipid derived molecules like phosphatidylinositol and arachidonic acid continuously vary between pre- and post-ovulated stages in mouse ovaries indicating their diverse role in oogenesis (Campbell et al., 2012). The catabolite products of glycerophospholipids and sphingolipids such as diacylglycerols (DGs) (Eichmann and Lass, 2015), unsaturated FAs (Choi et al., 2019), lysophosphatidic acids (LPA) (Jesionowska et al., 2015), and ceramides (Buschiazzo et al., 2011) perform signaling functions, stimulate cell proliferation, migration, differentiation and survival.

The role of these lipid derivatives in oocyte maturation and developmental competence has been recently studied in various mammalian species. LPA receptors perform an essential role in promoting meiotic maturation and also improve the pre-implantation embryo developmental competence in mouse, bovine and porcine oocytes (Komatsu et al., 2006; Jo et al., 2014; Zhang et al., 2015). Addition of LPA in cultured bovine and porcine oocytes stimulated the expression of anti-apoptotic B-cell lymphoma 2 (BCL2) mRNA and decreased BAX-BCL2 expression (Boruszewska et al., 2015). LPA is also a major regulator of oocyte maturation by modulating the other molecules in a cascade manner. It regulates the concentration of cAMP which induces the germinal vesicle breakdown (GVBD) by activating MAPK and adenylyl cyclase (AC) pathway (Villa-Diaz and Miyano, 2004; Yamashita et al., 2009). It also modulates the activity of PCNA (Proliferating cell nuclear antigen) which affects the development of ovarian follicles. More importantly, LPA regulates the activity of some important enzymes including ACSL3 (Long-chain-fatty acid-CoA ligase 3) and ACADL (Acyl-CoA dehydrogenase, long-chain) that are involved in fatty acid oxidation and improved oocyte metabolism (Dunning et al., 2014a). LPA is also involved in stimulating the uPA (urokinase plasminogen activator) and uPAR (urokinase plasminogen activator receptor) in porcine oocytes. Addition of LPA (30 uM) resulted in higher uPA and uPAR in CCs but not in oocytes, suggesting that LPA activated MAPK pathway in CCs. Additional investigation of nuclear maturation of the experimental group revealed that LPA and EGF (epidermal growth factor) together have a synergistic effect on the metaphase II stage oocyte nuclear maturation (Hwang et al., 2018).

The orchestrating events of oocyte maturation is executed through multiple signaling pathways and one of them is cyclooxygenase-(COX-2) derived prostaglandin E2 (PGE2), a well-known lipid mediator that is critical for oocyte development. PGE2 directs oocyte maturation in cultured mouse ovaries and inhibition of PGE2 by indomethacin attenuates gonadotropin-induced cumulus cell expansion which further delays the GVBD of oocytes (Neal et al., 1975; Downs and Longo, 1983). Cox–/– mouse displayed a compromised oocyte maturation and cumulus cell expansion along with the delay of GVBD. While the cultured oocytes of Cox–/– mouse restores the maturation and expansion of CCs when treated with PEG2 indicating that PEG2 is mandatory for oocyte maturation. PGE2 works in coordination with gonadotropin signaling through its cell surface G-protein-coupled EP2 and EP4 receptors. It stimulates cumulus cell expansion and oocyte meiotic maturation in mouse by impinging cAMP-dependent protein kinase, NF-KB, MAPK, and phosphatidylinositol 3-kinase/Akt pathways (Takahashi et al., 2006).

Arachidonic acid is another important polyunsaturated fatty acid (PUFA) that performs various functions in cell behavior and response. It is the part of membrane phospholipid and after releasing from the membrane it is further catabolized into eicosanoids which influences the quality of oocytes (Lapa et al., 2011). Arachidonic acid regulates the dynamics of gap junction by modulating the transfer of small metabolites and regulatory molecules between granulosa cells and oocytes. High level of arachidonic acid can reduce the number of membrane channels while inhibition of arachidonic acid is associated with the increased number of membrane channels (Marandykina et al., 2013). Arachidonic acid also stimulates the activation of protein kinase C (PKC) and MAPK signaling pathways which further promote the production of matrix glycoprotein laminin and Connexin-43 protein in cultured granulosa cells (Jin et al., 2009). Thus, it seems that arachidonic acid pathway in association with kinase activity is necessary for the direct cell-to-cell communication and synergistically modulate paracrine signaling during oocyte maturation (Figure 2).
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FIGURE 2. Lipid signaling pathways during oocyte maturation. The flow chart representative diagram explaining the various signaling events occurs during mammalian oocyte maturation. Briefly, luteinizing hormone (LH) through its receptor luteinizing hormone receptor (LHR) stimulates the entry of arachidonic acid in theca cells (TCs) in the form of high density lipoprotein (HDL). Then HSL is activated through cAMP/PKA pathways, and initiates the release of cholesterol from lipid droplets. In the mitochondria, cholesterol molecules are converted into pregnenolone by action of steroidogenic acute regulatory protein (StAR). Furthermore, COX pathway is triggered inside the granulosa cells (GCs) via FSH stimulation which initiates the expression of aromatase and converts testosterone (T) into estradiol (E2). Estradiol further stimulates various pathways in the oocytes which safeguard the degradation of cAMP and concurrent inhibition of maturation-promoting factor (MPF). On the other hand, activation of progesterone (P4) signaling causes inhibition of cAMP production by blocking adenylate cyclase (AC) activity which results in MPF activation and GVBD.


Gangliosides are also key lipid derivative molecules that belong to the glycosphingolipids family and contain negatively charged sialic acid residues in their carbohydrate moiety (Mirkin et al., 2002). Generally, gangliosides regulate the activity of platelet-derived growth factor receptor (PDGFR), epidermal growth factor receptor (EGFR), and fibroblast growth factor receptor (FGFR) (Xu et al., 2005; Kim et al., 2008). Ganglioside GD1a activates EGFR signaling pathways in vertebrate oocytes and further initiates the resumption of meiosis and expansion of cumulus cells (Uhm et al., 2010). GD1a expression is restricted to COCs and adding GD1a (10 uM) significantly increased the proportion of metaphase II stage of porcine oocytes. Subsequently, exogenous treatment of GD1a initiated the meiotic oocyte maturation and a higher proportion of metaphase I stage oocytes were observed. The addition of GD1a and EGFR can improve the quality and developmental competence of blastocysts in the pre-implantation embryo stage (Kim et al., 2016). Furthermore, sphingolipid also contributes the activation of mTOR pathway and Tfap2c translation during mammalian embryogenesis (Chi et al., 2020).



REGULATORS OF LIPID METABOLISM DURING OOCYTE MATURATION

It is well known that lipogenesis and lipolysis are important processes during oocyte maturation and embryo development, thus, the regulators of lipid metabolism had been thoroughly studied. Melatonin (N-acetyl-5-methoxytryptamine) which is synthesized during night time from the pineal gland of mammals, has antioxidant properties and regulates various physiological processes such as lipid profile and metabolic syndrome (Kozirog et al., 2011; Stehle et al., 2011; Kitagawa et al., 2012; Calvo et al., 2013; Reiter et al., 2016). Beneficial effects of melatonin on oocyte development have been documented in various mammalian species including sheep, cows, mice, cattle and pigs (Wang et al., 2013, 2014). Recently, the effects of different melatonin concentrations (10–3, 10–5, 10–7, and 10–9 M) on lipid metabolism of the porcine oocytes during in vitro maturation have been investigated and a significant increase in the rate of blastocyst formation has been observed with 10–9 M concentration of melatonin compared to other experimental groups. Moreover, the upregulated expression of lipid metabolism-associated genes such as ACACA, FASN, PPARγ, and SREBF1 were noted in melatonin treated groups. Subsequently, the role of melatonin in lipolysis has also been evaluated and a greater uptake of FA has been observed in treated groups. Expression of fatty acid oxidation-related genes (CPT1a and b and CPT2 II) was noted to be higher in the melatonin group (Jin et al., 2017). These observations demonstrated the importance of melatonin in lipid metabolism for the acquisition of oocyte developmental competence.

Supplementation of antioxidants during in vitro maturation of bovine and other mammalian oocytes is necessary to decrease the generation of reactive oxygen species (ROS) as well as to neutralize the adverse effects on oocyte and embryo development (Jeong et al., 2006; Cicek et al., 2012). Ascorbic acid (AC) and α-tocopherol are well-known antioxidants that are generally used for ROS scavenging both in vivo and in vitro (Hossein et al., 2007). The addition of these molecules to culture media protects the oocytes and embryos from oxidative damage as well as improves the blastocyst formation. However, AC is sensitive to high temperature and humidity, and thus it should be encapsulated in methyl−β−cyclodextrin (CD) to form an inclusion complex that helps to increase the bioavailability of AC for the developing embryos (Hu et al., 2012). The effects of AC-cyclodextrin complex on the in vitro maturation efficiency and lipid metabolism of bovine oocytes has been extensively investigated. Interestingly, no obvious differences had been found in the nuclear maturation of the control and AC-cyclodextrin treated groups, however, AC-cyclodextrin treated oocytes and cumulus cells displayed differential expression of apoptosis and lipid metabolism associated genes. The expression of apoptosis related genes (BAX and BMP15) were downregulated in AC-cyclodextrin group while lipid metabolism associated gene (CYP51A1) expression was upregulated. Though neither blastocyst formation rate nor cleavage rate displayed any significant difference, the increased expression of CYP51A1 in CCs of AC-cyclodextrin group indicated that AC regulates the cholesterol synthesis during in vitro maturation of oocytes (Torres et al., 2019). Overall, these observations might lay the foundation for future improvement of in vitro oocyte culture by modifying the metabolism of lipids.



ABNORMAL LIPID METABOLISM AND OOCYTES OR ZYGOTE DEVELOPMENT


Aging and Oocyte Quality

Aging is known to mediate certain types of complications and pathologies in cellular functions (Kirkwood, 2002). Generally, aging is associated with increased production of ROS and other toxic by-products during aerobic respiration which are likely to affect cellular and mitochondrial genome leading to imbalanced redox activity and aneuploidy (Fragouli et al., 2015). Most of the population consulting reproductive and fertility centers are encountered with women of higher reproductive age. The quality of oocytes from these women is usually compromised and the resulting embryos from these oocytes display poor development (Meldrum et al., 2016; Greaney et al., 2018). Aging can cause reduced oocyte quality, defects in mitochondrial function as well as increased level of mutation and deletion in oocyte mitochondrial DNA (mtDNA) (Wang et al., 2017; Liu et al., 2018; Pasquariello et al., 2019). Oocyte maturation, fertilization potency, cleavage, embryo preimplantation and embryogenesis require high amount of ATP which is generally provided by mtDNA mediated β-oxidation of lipid molecules while increased maternal age is associated with declined energy production efficiency in oocytes and early embryos (Spikings et al., 2007; Eichenlaub-Ritter et al., 2011; Ge et al., 2012). Hence, a prominent change that occurs with age is mitochondrial dysfunction related to the β-oxidation of fatty acids in the oocytes. Therefore, both quality and quantity of mitochondria in the oocytes are important and could be essential indicators for successful fertilization and embryo growth in aged women.



Effect of Obesity in Oocyte and Zygote Development

Epidemiological findings have suggested that maternal body weight is linked with an elevated risk of cardiovascular and metabolic disorders in the offspring (Lawlor et al., 2012; Reynolds et al., 2013). It is also generally recognized that maternal diet in the periconceptional span can affect oocyte production, embryo development, and offspring health (Gluckman and Hanson, 2004; Connor et al., 2012; Machtinger et al., 2012).

The ovarian follicular environment is changed in obese women with elevated levels of glucose, triglycerides, and insulin which can have phenotypic effects on the oocytes (Robker et al., 2009; Valckx et al., 2012). Specifically, overweight and obese women face problem of producing fewer oocytes than normal body mass index (BMI) women. The oocytes from overweight and obese women are less likely to enter the blastocyst phase. Studies have also documented that embryos from overweight and obese women display impaired developmental and metabolic phenotypes. The major metabolic anomalies exhibited by these embryos include elevated endogenous triglyceride content, reduced glucose intake and altered amino acid metabolism profile. These finding provide clear evidences of a correlation of maternal diet, periconceptional environment, and oocyte development, which may have long-term health consequences in the offspring (Leary et al., 2015). Overall, these findings pointed toward the possibility of some altered lipid metabolism and age-dependent oocyte development which may be impaired with the growing age. We have also presented all the possible effects of aging and impaired metabolism in the form of a flow chart diagram in Figure 3.
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FIGURE 3. Flow chart diagram describing the effect of obesity and advanced maternal age on oocyte maturation. Obesity and advanced maternal age cause improper lipid metabolism in oocyte which further affect spindle formation, lead to aneuploidy and poor embryonic development.


Maternal diet-induced obesity can alter mitochondrial distribution, hyperpolarization of mitochondrial membrane, oxidized redox, and oxidative stress in both oocytes and zygotes. It is reported that 46% of obese mothers experienced the failure of embryo development at the blastocyst stage due to mitochondrial oxidative stress (Zhang et al., 2020). The lack of blastocysts in obese females is not attributed to anovulation but more likely is due to the increased embryonic death. Furthermore, it was reported that an obesogenic diet raised the concentration of serum fatty acids and oviductal leptin. Similarly, high exposure of oocytes and embryos to the obese reproductive environment was correlated with qualitative and quantitative changes in mitochondria, oxidized redox status, increased oxidative load, and impaired antioxidant ability (Igosheva et al., 2010). Thus impaired mitochondrial metabolism of oocytes or early embryos resulting from prolonged exposure to nutrients before and during pregnancy could be responsible for the adverse reproductive outcomes in obese women. Further analysis of mitochondrial functions in oocytes and embryos is required, particularly, of obesity-related alterations in mitochondrial gene expression that control energy metabolism.



Polycystic Ovary Syndrome and Lipid Metabolism

Polycystic ovary syndrome (PCOS) is one of the complex and most prevalent endocrine disorder in women at reproductive age (Neven et al., 2018). PCOS is manifested with dilute or chronic anovulation, polycystic ovaries, and hyperandrogenism (Balen et al., 2016). Functional inactivation and mutations in the genes that affect steroid hormone functions such as AR (androgen receptor) and SHBG (sex hormone-binding globulin) have been reported with PCOS in various ethnic groups (Gottlieb et al., 2004; Wickham et al., 2011). Similarly, the distorted function of genes that are necessary for the synthesis of gonadotropin hormone is an important cause of PCOS. The variations in the two most well-known genes, FSHR (follicle-stimulating hormone receptor), and AMH (anti-mullerian hormone), are associated with PCOS (Wu et al., 2014; Gorsic et al., 2017). On the other hand, genes that are essential for ovarian and adrenal steroidogenesis also play important role in the etiology of PCOS. The defective function of these genes is manifested through the endocrine system which aggravates an elevated level of androgen resulting in PCOS. Thus, the variants in ovarian and adrenal steroidogenesis synthesis genes such as CYPA1A, CYP11A1, CYP11B2, CYP17A1, CYP1A1, CYP21A2, CYP3A7, and CYP19A1 are involved in PCOS (Zhao et al., 2003; Esinler et al., 2008; Unsal et al., 2009; Reddy et al., 2014; Mykhalchenko et al., 2017). Furthermore, mutations and polymorphisms in some other genes including FTO, CAPN10, INS, INSR, SRD5A2, and SRD5A1 are also assumed to be associated with PCOS in certain ethnic groups (Goodarzi et al., 2006; Baillargeon and Carpentier, 2007; Cai et al., 2014). Most of these genes are involved in lipid metabolism and androgen synthesis, suggesting that impaired lipogenesis and lipolysis can be an important factor in understanding the etiology of PCOS. We have summarized the reported genes found to be associated with PCOS in Table 2.


TABLE 2. Most common genes associated with PCOS.

[image: Table 2]
In mammalian females, evolutionary mechanisms integrate nutritional, environmental and hormonal cues to ensure the successful reproduction under normal energetic conditions, beware that alterations in these events can affect the oocyte development and quality. Impaired metabolism such as obesity affects the reproductive health of females and also causes compromised fertility that can lead to PCOS in severe cases. The role of obesity in PCOS is well-reviewed in many articles and they have regarded obesity as a cause of infertility in females (Jeanes and Reeves, 2017; Silvestris et al., 2018; Ajmal et al., 2019). The impact of obesity on ovulatory disorders is attributed to a dysregulated endocrine system which in turn reduces the ovulation homeostasis (Pasquali et al., 2003). The impaired endocrine system further causes gonadotropin secretion, enhanced aromatization of androgens to estrogens as well as insulin resistance. Keeping in view all these linked metabolic pathways and their involvement in PCOS, we have summarized the role of each pathway in Figure 4. However, still the complete mechanism underlying PCOS is unknown and it is suggested that lipid metabolism including phospholipids, free fatty acids and epigenetic factors such as methylation alterations can be new factors in understanding the complete etiology of PCOS.
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FIGURE 4. Pathophysiology of polycystic ovary syndrome (PCOS). The representative illustration of complex interactions underlying the pathophysiology of PCOS. Generally, insulin resistance occurs in PCOS that further causes hyperinsulinemia which is responsible for the majority of changes in PCOS women. Skeletal muscles and adipose tissues become insulin resistance with reduced glucose uptake and higher lipolysis, while the ovaries remain insulin sensitive. However, hyperinsulinemia occurs as a compensatory response to insulin resistance and stimulates enhanced production of androgens from ovaries and adrenal glands in PCOS women. In short, excess insulin stimulates increased androgen production in ovarian theca cells in response to luteinizing hormone, resulting in follicular arrest and anovulation. On the other hand, hyperinsulinemia causes suppression of hepatic sex hormone-binding globulin (SHBG) production and leads to hyperandrogenemia.


The lipidomics approach is utilized to investigate the concentration of lipid profile in PCOS women. A comprehensive study was carried out to evaluate the profile of serum lipids in both obese and lean women with PCOS. The increased concentration of phosphatidylcholine (PC) and concomitantly low level of lysophospholipid (LPC) were observed in the obese PCOS group. Additionally, decreased concentration of PUFA such as linoleic acid, docosahexaenoic acid (DHA) and a higher level of saturated fatty acids were evident in obese PCOS women. Interestingly, downstream bioactive compounds that are generated by PUFA metabolism were higher in the serum of control women than in the lean and obese PCOS women (Li et al., 2017).

Recently, another study was conducted on PCOS women to explore the role of epigenetic factors in PCOS. The study revealed that around 92 differentially expressed genes were unique in PCOS woman granulosa cells and bioinformatic analysis demonstrated that the synthesis of lipids and steroids was stimulated in these cells. Furthermore, the 5-methylcytosine analysis indicated a significant reduction of global methylation in PCOS granulosa cells. Interestingly, hypomethylation of promoter regions was evident in the genes that are related to lipid and steroid metabolism (Pan et al., 2018). Overall, these findings suggested that aberrant DNA methylation of lipid and steroid synthesis genes may lead to dysregulation of steroid metabolism which can stimulate the excess production of androgens and cause PCOS in women.

Emerging evidences also portrayed that gut metabolic abnormalities are also involved in the pathogenesis of PCOS (Zhao et al., 2020). Gut microbes (GM) have the ability to alter the lipid metabolism associated gene expression of host organism causing adiposity and weight gain as well as impacting metabolic, inflammatory pathways and the gut-brain axis (Ussar et al., 2015; Bauer et al., 2016). The microenvironment of the human GM consists of about 1000-1500 species of bacteria (Gill et al., 2006). The dominant species include Prevotella, Porphyromonas, Clostridium, and Eubacterium while the less abundant ones are actinomycetes, proteobacteria, and methanogenic archaea (Lozupone et al., 2012). Dysbiogenesis of GM is associated with PCOS and women with PCOS contain fewer species of GM as compared to normal ones (Torres et al., 2018). Study of GM on the host’s PCOS phenotype revealed that mice transplanted with fecal samples from PCOS patients developed insulin resistance, had an increased number of ovarian cyst-like follicles, a decreased corpus luteum, higher levels of testosterone, luteinizing hormone and produced fewer pups than control mice (Qi et al., 2019). Lindheim et al. (2017) reported that PCOS patients also harbor lower levels of Tenericutes ML615J-28 and Bacteroidetes S24-7 than the normal women. Mice with letrozole-induced PCOS showed decreased genus of GM while number of Firmicutes (closely related to obesity and metabolisches Syndrom) increased (Kelley et al., 2016). Dysbiogenesis of GM also affects the level of ASH (appetite-stimulating hormone) that regulates the secretion of GnRH and sex hormones. The metastatic analysis of PCOS patients displayed lower level of ASH which in turn activates higher expression of aromatase CYP19A1 (Gao et al., 2016). Reduced level of ASH is also a major cause of abnormal metabolism of short chain fatty acids (SCFAs). Thus, it can be inferred that dysbiogeneis of GM may be involved in the occurrence and development of PCOS and the routine investigation of GM may present a new insight to treat PCOS in future.

Micro-RNAs (miRNAs) are small non-coding RNA molecules, approximately consisting of 20–23 nucleotides, have the ability to inhibit the translation of their target genes by a well-known RNA interference (RNAi) mechanism (Trujillo et al., 2010). These small RNA molecules are responsible for a broad range of physiological processes such as proliferation (Sirotkin et al., 2010), differentiation (Qu et al., 2014), and cell metabolism (Sang et al., 2013). Aberrant expression of miRNAs has been linked to the occurrence and development of PCOS (Cai et al., 2017). For example, normal expression of miR-145 is required to inhibit the activation of MAPK/ERK signaling pathways through binding with insulin receptor substrate 1 (IRS1). However, the granulosa cells of PCOS women displayed a lower expression of miR-145 that in turn activates IRS1/MAPK/ERK pathways causing dysregulation of granulosa cell proliferation in PCOS women (Cai et al., 2017). MiR-126-5p and miR-29a-5p expression were also found to be lower in the granulosa cells of PCOS women which induce apoptosis of granulosa cells through the Klotho-associated signaling pathway (Mao et al., 2018). Studies reported that the dysregulated function of miRNAs such as miR-320a (Zhang et al., 2017) and miR-509-3p (Huang et al., 2016) in granulosa cells is associated with aberrant metabolism of estrogen and estradiol secretion which are the common characteristics of PCOS. Downregulated expression of miR-92a and miR-92b was observed in theca cells of PCOS women and gene target analysis confirmed that both of these miRNAs regulate the expression of GATA6, whose protein products regulate the activity of human CYP17 promoter which is involved in lipid metabolism (Lin et al., 2015).

A relationship between miRNAs level in ovarian FF, development and maturation of oocytes has been suggested (Matsuno et al., 2019). Microarray profiling of human FF revealed a significantly increased expression of hsa-miR-9,-18b,-32,-34c, and miR-135a in PCOS group and normal expression of these miRNAs is required for a balanced carbohydrate and lipids metabolism (Roth et al., 2014). Another study reported that around 100 miRNAs showed differential expression in FF in PCOS females. Of note, miR-132 and miR-320 which are the important regulators of steroid synthesis were significantly downregulated implying their involvement in the pathogenesis of PCOS (Sang et al., 2013). Further study reported that let-7b and miR-140 were downregulated while miR-30a was upregulated in the FF of PCOS women (Scalici et al., 2016). These short RNAs are involved in the regulation of androgen production and their dysregulated expression in FF caused excessive androgen production which in turn lead to poor follicular development and ovulatory failure in PCOS (Sang et al., 2013).

Ovarian FF of mammals also contains exosome bound miRNAs. These exosomes encapsulated miRNAs are involved in regulating follicular development, ovulation, and early embryonic development (da Silveira et al., 2012, 2015; Gross et al., 2012; Sang et al., 2013; Di Pietro, 2016; Machtinger et al., 2016; Martinez et al., 2018). Several reports suggested that exosome encapsulated miRNAs also maintain intracellular communication between ovarian function and follicle development (Sun et al., 2019). Furthermore, bioinformatics based analysis identified 167 upregulated and 245 downregulated circRNAs from exosomes of FF obtained from PCOS patients (Wang et al., 2019). Thus, due to ill defined etiology of PCOS, understanding the role of miRNAs in the pathogenesis of PCOS may provide novel therapeutic strategies for the treatment of PCOS.




CURRENT CHALLENGES AND FUTURE DIRECTIONS

According to recent world report by the International Committee for Monitoring ART (assisted reproductive technology), the use of ATR has increased dramatically worldwide over the past two decades (Dyer et al., 2016), however, its efficiency is still low in terms of live birth. For instance, 4.45 cycles are required for one live birth event following in vitro fertilization (IVF) across all age groups. It is estimated that less than 7% of retrieved oocytes develop into normal embryos that yields a live birth. The low success rate manifests the poor knowledge of the molecular determinants of oocyte and embryo viability (Montani et al., 2019). To further improve the IVF efficiency and to get more information about the factors affecting the oocyte quality, recent studies are focusing more on FF composition. Studies have focused on hormones, growth factors and ROS profile of the FF and have linked them with oocyte quality (Reinthaller et al., 1987; Basuray et al., 1988; Enien et al., 1995; Mantzoros et al., 2000; De Placido et al., 2006). Recently, the role of lipid metabolism in oocyte maturation and quality control is also evident. It has been demonstrated that carnitine palmitoyltransferase I (CPT1B) plays an important role in the β-oxidation of fatty acids during oocyte maturation and embryo development (Ye et al., 2010). Cpt1b expression was noted in murine COCs and its high expression was observed after injection of hormones that stimulate oocyte maturation and ovulation. It was also found that the level of β-oxidation was increased during oocyte maturation, as measured by the production of 3H2O in the medium. Furthermore, inhibition of β-oxidation with etomoxir during oocyte maturation caused retarded embryo development in 3–5 day of post-coitum and thus it was deduced that β-oxidation is essential for oocyte developmental competence. Similarly, supplementation of L-Carnitine during oocyte maturation increased β-oxidation, improved developmental competence and also assisted in the 2-cell cleavage in the absence of carbohydrates supply (Dunning et al., 2010). Thus, understanding of lipid metabolism of oocyte and embryo development in the surrounding microenvironment will pave the way for non-invasive ART in the future.

Lipid profiling of biological systems has been an intensive area of research since 1960s (Montani et al., 2019). However, the research has become more prominent with the emergence of lipidomics. It is a comprehensive understanding of the influence of all lipids on the biological system with respect to cell signaling, transcriptional and translational modulation, and response to environmental changes. The success of lipidomics is attributed to the powerful detection and quantification method that involves interdisciplinary integration of biological, analytical, statistical and bioinformatics approaches (Triebl et al., 2017). On the other hand, non-invasive tools are much more desirable to study the change in lipid profiles with the developmental stages. Thus, recently microprobe capillary electrophoresis (Onjiko et al., 2016), single-cell capillary electrophoresis high-resolution mass spectrometry (CE-HRMS) and multiple reaction monitoring (MRM) are reported for lipid profiling (Onjiko et al., 2017). For example, MRM-profiling is suitable for the analysis of oocytes and embryos since it avoids sample chromatographic dilution, and separation of untargeted lipidomics and has been successfully employed for lipid profiling of 2–6 cell blastocyst (de Lima et al., 2018). Additionally, Nomarski interference differential contrast (NIC) approach was also successfully utilized to detect lipid alterations in porcine oocytes as an appropriate and non-invasive technique to evaluate the lipid content of a single oocyte before or after in vitro maturation (Prates et al., 2013). Similarly, coherent anti-Stokes Raman scattering (CARS) microscopy for the comparative quantification of lipid content in different mammalian oocytes at different developmental stages with only ∼2 min of laser exposure without detrimental effects was employed as a new non-invasive tool (Jasensky et al., 2016). Thus, the non-invasive tools for complete lipid profiles in a single cell will provide new approaches that will greatly improve the understanding of the lipid metabolism during oocyte maturation and embryo development.

It is well known that lipid dysregulation has a strong correlation with both male and female infertility (Pocate-Cheriet et al., 2020). Complete information regarding the biochemical, metabolic and molecular pathways of lipids in oocyte maturation and early embryonic development is scarce (Dubeibe Marin et al., 2019). To be noted, the foundation for existing ART is based on animal studies. A wide range of animal models including vertebrates (Xenopus, Zebrafish, mouse, and bovine), urochordates (ascidian), and protostomes are used for egg and sperm studies, which greatly improved our understating of oocyte maturation and embryo development (Khoury et al., 2018). The basic plan of the early development is mostly similar, however, the intervening events differ among species. For instance, the pig and ruminant oocytes depend more on lipid metabolism, whereas, rodent and human oocytes mostly depend on glucose and pyruvate metabolism (Dalbies-Tran et al., 2020). Due to the procedural and ethical barriers in using human oocytes, still there is need to define the best animal model for translational studies of oocyte lipidomics.

Recent advancement in organoid technology is revolutionizing knowledge about the function of biological systems. This organoid technology is recently being used to study clinical applications, toxicology studies and drug discoveries (Xiao et al., 2017; Mancini and Pensabene, 2019). The use of microfluidics technology has already enabled researchers to study organ-on-chip that may lead to create multi-organoid-on-a chip plate form and even human-on-a-chip plate form (Heidari-Khoei et al., 2020). Thus, in future, it may become a powerful tool for the understanding and exploration of lipid metabolism of oocytes and their microenvironment.



CONCLUSION

Lipid droplets are active molecules having an important role in the lipid metabolism. Generally, lipid droplets consist of neutral lipids, mostly triglyceride (TG) and cholesterol ester (CE), and offers substrates for energy production, signaling lipids and membrane components. Usually, lipid droplets are stored in the cytoplasm during mammalian oogenesis, although for unknown reasons the exact contents of lipid droplets vary widely among species. Numerous studies have demonstrated the important functions of lipid droplets and free fatty acids in oocyte growth and development. Still, this topic is under extensive investigation and novel functions of these molecules in oocyte development and competence acquisition are being reported on daily basis. Thus, to improve the efficiency of ART in females, focus on the regulation of lipid metabolism during oogenesis is required. In short, extensive information is available about the prevalence of fatty acids, triglycerides and lipoproteins in the microenvironment of COC and researchers should pay more attention to investigate their exact function in oocyte maturation and embryo development.
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In mammals, including humans, mature oocytes are ovulated into the oviduct for fertilization. Normally, these oocytes are arrested at metaphase of the second meiosis (MII), and this arrest can be maintained for a certain period, which is essential for fertilization in vivo and oocyte manipulations in vitro, such as assisted reproduction in clinics and nuclear/spindle transfer in laboratories. However, in some species and under certain circumstances, exit from MII occurs spontaneously without any obvious stimulation or morphological signs, which is so-called oocyte spontaneous activation (OSA). This mini-review summarizes two types of OSA. In the first type (e.g., most rat strains), oocytes can maintain MII arrest in vivo, but once removed out, oocytes undergo OSA with sister chromatids separated and eventually scattered in the cytoplasm. Because the stimulation is minimal (oocyte collection itself), this OSA is incomplete and cannot force oocytes into interphase. Notably, once re-activated by sperm or chemicals, those scattered chromatids will form multiple pronuclei (MPN), which may recapitulate certain MPN and aneuploidy cases observed in fertility clinics. The second type of OSA occurs in ovarian oocytes (e.g., certain mouse strains and dromedary camel). Without ovulation or fertilization, these OSA-oocytes can initiate intrafollicular development, but these parthenotes cannot develop to term due to aberrant genomic imprinting. Instead, they either degrade or give rise to ovarian teratomas, which have also been reported in female patients. Last but not the least, genetic models displaying OSA phenotypes and the lessons we can learn from animal OSA for human reproduction are also discussed.
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INTRODUCTION

Except some species (e.g., canine), mammalian females ovulate mature metaphase-II (MII) oocytes into the oviduct following luteinizing hormone (LH)-triggered oocyte maturation and follicular rupture (Cui and Kim, 2007; Duan and Sun, 2019). Normally, these ovulated oocytes can maintain MII arrest for a certain period until fertilization occurs (Fissore et al., 2002; Yin et al., 2008). Maintaining at MII stage is essential for not only fertilization in vivo but also oocyte manipulations in vitro, such as assisted reproduction, nuclear transfer cloning, and other therapeutic approaches (Sun et al., 2014; Herbert and Turnbull, 2018; Matoba and Zhang, 2018). However, in some species and under certain circumstances, exit from MII occurs spontaneously without any obvious stimulation or morphological signs, which is so-called oocyte spontaneous activation (OSA). In this mini-review, we highlight insights gained on two types of OSA through various animal models and discuss the effects of OSA on human fertility and reproductive health.



FIRST TYPE OF OSA

In the first type of OSA (type-1 OSA) (Figure 1A), ovulated mature oocytes can maintain MII arrest in vivo (in the oviduct); however, once collected out without any obvious or artificial stimulation, oocytes undergo OSA. In other words, these oocytes have very limited ability to maintain the MII arrest, and only oocyte recovery procedure itself can trigger parthenogenetic activation in these oocytes. This type of OSA has been known and studied in multiple species, mainly on rat (Keefer and Schuetz, 1982; Zernicka-Goetz, 1991) and golden hamster (Goud et al., 1998; Sun et al., 2002), together with case reports from human in vitro fertilization (IVF) clinics (Van Blerkom et al., 1994; Osman et al., 2019; Ye et al., 2020).


[image: image]

FIGURE 1. Two types of OSA and representative animal models exhibiting OSA phenotypes. (A) In type-1 OSA, ovulated mature oocytes can maintain MII arrest in vivo; however, once collected out without any obvious or artificial stimulation, oocytes undergo OSA. In hamster and some human IVF cases, OSA-oocytes can extrude 2nd PB and reach interphase with visible pronucleus. In rat, OSA-oocytes either extrude 2nd PB or not, depending on the oocyte postovulatory age, rat strain, external environment, and microtubule integrity. When OSA is finished, rat OSA-oocytes reach M-III arrest, with chromatids scattered around but no pronucleus formation. Once re-activated, those scattered chromatids will form multiple pronuclei (MPN), which may recapitulate certain MPN and aneuploidy cases observed in human fertility clinics. Notably, due to the nature of IVF lab protocol, only the consequence (3PN or MPN) has been reported, but information about the process prior to MPN formation was not available. We speculate that certain cases of human 3PN and MPN, especially after ICSI, are due to OSA. (B) In certain mouse strains, such as LT/Sv, some oocytes that have completed the first meiotic division can undergo type-2 OSA. Intrafollicular development of these parthenotes can cause ovarian teratomas (occasionally to teratocarcinomas). Similar phenotypes have also been reported in human and dromedary camel. (C) Mos– oocytes frequently produce large 1st PBs due to the failure of metaphase spindle movement. Ovulated MII oocytes undergo OSA to extrude 2nd PB and reach M-III, followed by pronucleus formation and cell divisions. Unovulated OSA-oocytes can initiate intrafollicular development to form ovarian teratomas. (D) Soon after ovulation, Erk1/2– oocytes undergo OSA and exit MII arrest with 2nd PB extruded spontaneously, reaching M-III stage but not into interphase. After fertilization, male pronucleus formation shows severe defects. (E) Scarb1 knockout causes excess cholesterol deposition in oocytes, which does not affect oocyte maturation significantly. However, excess cholesterol in MII oocytes can induce an elevation of (Ca2+)i, leading to OSA and extrusion of 2nd PB to M-III after ovulation. Furthermore, this cholesterol-induced OSA can result in a further round of meiosis with extrusion of 3rd PB. (F) Btg4 knockdown immature GV oocytes under live imaging can resume meiosis and reach MII. BTG4 deficiency causes a global delay in maternal mRNA degradation, and excess polyadenylated mRNA would occupy the translational machinery, which then leads to an insufficient capacity of the oocyte to translate the mRNAs that are essential for MII arrest, leading to OSA and reaching M-III. MI, metaphase of the first meiosis; MII, metaphase of the second meiosis; A/T, anaphase/telophase; PB, polar body; GV, germinal vesicle; GVBD, GV breakdown; KD, knockdown. For clarity, only four of 40 chromatids at MII are illustrated.


Morphological and cytoskeletal changes during type-1 OSA have been relatively well studied in rats. The initial separation of sister chromatids is similar to normal MII-to-AII (anaphase II) transition as seen in sperm or chemical-induced meiotic resumption and oocyte activation (Ross et al., 2006; Cui et al., 2012). Following this, oocytes either extrude the second polar body (2nd PB) or just exhibit a protrusion without 2nd PB extrusion or even no obvious change at all, depending on the oocyte postovulatory age, rat strain, external environment, and microtubule integrity (Zernicka-Goetz, 1991; Ross et al., 2006; Chaube et al., 2007; Cui et al., 2012). When OSA is done (normally around 6 h post in vitro culture), scattered chromatids and surrounding microtubules form multiple small spindle-like structures, reaching a new metaphase-like arrest (Zernicka-Goetz et al., 1993; Tomioka et al., 2007; Cui et al., 2012). Because the stimulation is minimal (oocyte collection itself and the following in vitro culture), this OSA is incomplete/abortive and cannot force oocytes into interphase, and therefore, no pronucleus formation occurs after OSA. Instead, OSA-oocytes enter a so-called “metaphase III-like” (M-III) arrest (Zernicka-Goetz, 1991). Notably, these OSA-oocytes can be re-activated by sperm or chemicals, and once re-activated, those scattered chromatids will form multiple pronuclei (MPN), which may recapitulate certain MPN and aneuploidy cases observed in human fertility clinics (Van Blerkom et al., 1984; Dozortsev et al., 1998; Hayes et al., 2001; Dai et al., 2017; Grigoryan et al., 2019). Different from rat, some hamster and human OSA-oocytes can reach interphase with visible pronuclei (Longo, 1974; Van Blerkom et al., 1994; Sun et al., 2002; Jiang et al., 2015; Osman et al., 2019; Ye et al., 2020).



MECHANISM AND CONTROL OF TYPE-1 OSA

Although no obvious or artificial stimulation is applied on OSA-oocytes, substantial subtle changes could happen during oocyte collection and in vitro culture. Among all factors, exposure to cold and prolonged retention in the oviduct after animal sacrifice can significantly increase rat OSA (Keefer and Schuetz, 1982; Zernicka-Goetz, 1991; Kito et al., 2010). Another widely recognized factor is postovulatory aging, which has been shown in rat (Ben-Yosef et al., 1995; Chaube et al., 2007; Cui et al., 2012), golden hamster (Sun et al., 2002; Jiang et al., 2015), and human (Santos et al., 2003) to facilitate OSA (Table 1). Same as other vertebrates, the two most critical kinases of cytostatic factor (CSF), maturation-promoting factor (MPF), and mitogen-activated protein kinase (MAPK), are also involved in OSA (Tiwari et al., 2018). Previous studies revealed that rat oocytes carry only 40% MPF kinase activity of that in mouse oocytes (Ito et al., 2005), which could explain the susceptibility of rat oocytes to OSA, although variation in MPF activity has been detected among different rat strains (Hirabayashi et al., 2003; Ross et al., 2006; Sterthaus et al., 2009). As a master regulator of microtubule organization and spindle assembly during oocyte meiosis, MAPK, the other pivotal CSF, has also been studied in rat OSA. Different from sperm or chemical-induced oocyte activation where high MAPK activity still lasts several hours after the stimulation (Fan and Sun, 2004), rat OSA exhibits a quick decrease in both Mos and MAPK kinase (MEK)/MAPK (Ito et al., 2007; Table 1), which could explain the reason underlying the disintegrated microtubules and failure of 2nd PB extrusion during OSA in some rat strains (Cui et al., 2012; Prasad et al., 2015). Regarding the mechanism of re-entering the so-called M-III arrest after OSA, a plausible scenario is that defects in attachment of kinetochores and/or spindle assembly caused by premature MAPK decline could activate the spindle assembly checkpoint (SAC) proteins, which then mobilize cyclin B protein and actuate MPF activity (Cui et al., 2012).


TABLE 1. Factors that are involved in type-1 OSA.
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Similar to sperm and chemical-induced mammalian oocyte activation (Miao and Williams, 2012; Parrington et al., 2019), Ca2+ and calmodulin-dependent protein kinase II (CaMKII) are also involved in OSA attributing to MPF inactivation and probably a premature decline in Mos/MEK/MAPK (Ito et al., 2006; Ito et al., 2007; Yoo and Smith, 2007; Table 1). It is noteworthy that increase of intracellular free Ca2+ [(Ca2+)i] during OSA is insufficient (Cui et al., 2012; Premkumar and Chaube, 2013) compared with the pattern caused by sperm or chemical, which could explain why OSA is incomplete and abortive that cannot force oocytes into interphase to form pronucleus. To block increase of (Ca2+)i and its cascade during OSA, Ca2+-free medium (Hayes et al., 2001; Sun et al., 2002; Premkumar and Chaube, 2013), Ca2+ chelator (Ito et al., 2007), multiple Ca2+ channel blockers (Chaube et al., 2007; Yoo and Smith, 2007), and CaMKII inhibitors (Ito et al., 2006; Yoo and Smith, 2007) have been applied (Table 1), but these methods cannot fully block OSA or can cause obvious side effects [reviewed in Chebotareva et al. (2011)]. A novel physiological method focusing on sodium/calcium exchanger-mediated Ca2+ efflux has been demonstrated effective to block OSA, but this method cannot override the stimulation caused by enucleation during somatic cell nuclear transfer (SCNT) (Cui et al., 2013). To inhibit cyclin-B degradation and MPF inactivation, proteasome inhibitor MG132 was also widely applied (Zhou et al., 2003; Ito et al., 2007; Popova et al., 2009; Sterthaus et al., 2009; Mizumoto et al., 2010; Cui et al., 2013), but caution should be exercised due to its profound side effects [reviewed in Chebotareva et al. (2011)]. Furthermore, other factors have also been evaluated to better elucidate type-1 OSA, such as intracellular nitric oxide (Premkumar and Chaube, 2015; Prasad and Chaube, 2016), cyclin-dependent kinase 1 (Prasad et al., 2016a,b), ubiquitin-proteasome pathway (Tan et al., 2005), and reactive oxygen species (Premkumar and Chaube, 2016). To summarize, although more factors and pathways involved in type-1 OSA are emerging (Table 1), the nature of trigger and the best way to prevent the onset of OSA are still unclear. With advancement in rat and hamster genome editing especially under CRISPR/Cas9 system (Meek et al., 2017; Li et al., 2018), we hope a clear picture of type-1 OSA could be achieved soon.



“CONFUSING” TERMS

Given the theme of this mini-review and the following content (type-2 OSA) to discuss, it seems helpful to clarify some “confusing” terms here.


Spontaneous Meiotic Resumption

Once mammalian oocytes are separated from the antral follicles and cultured under appropriate conditions, they can resume meiosis spontaneously from the diplotene stage of the first meiotic prophase to MII, which is also called spontaneous maturation (Liang et al., 2007; Pan and Li, 2019).



Spontaneous Ovulation

Most mammals including women display a continuous cycling of reproductive hormones with ovulation occurring at regular intervals, which is different from those induced ovulators (e.g., rabbits, cats, and camelids) that copulation is responsible for hormone regulation and ovulation (Ratto et al., 2019).



Postovulatory Oocyte Aging vs. OSA

Normally, mature oocytes can maintain MII arrest for a certain period in vivo or in vitro. If fertilization does not occur, oocytes undergo postovulatory oocyte aging, and too “aged” oocytes may GRADUALLY exit MII arrest with some initiating OSA (Pickering et al., 1988; Xu et al., 1997; Gordo et al., 2002; Miao et al., 2009). In short, long-time postovulatory oocyte aging may facilitate OSA both in vivo and in vitro, but OSA can also occur in very “young and fresh” oocytes, and OSA process is relatively much faster and uncontrollable (discussed in section “First Type Of OSA”).



TYPE-2 OSA AND MECHANISM

Although oocytes spend majority of their life in the ovary and follicles, to become an embryo, it has to be ovulated from the follicle into oviduct for fertilization with sperm. However, OSA-induced embryogenesis is an exception. The second type of OSA (Figure 1B) occurs in ovarian oocytes within the follicles and it can initiate intrafollicular development to a certain stage. For example, in LT/Sv mice, a substantial portion of oocytes that have completed the first meiotic division can undergo OSA (Eppig et al., 1977). Although these ovarian OSA-embryos resemble normal until the blastocyst or even primitive streak stage, later on, most of them become disorganized and form ovarian teratomas (Stevens and Varnum, 1974). Usually, these teratomas are benign, but occasionally, they grow progressively and are malignant, containing multiple types of tissue and proliferating pluripotent stem cells (embryonal carcinoma cells that are called teratocarcinomas) (Stevens, 1980). Notably, these phenotypes were also reported in humans, including ovarian zygotes (Combelles et al., 2011), two-cell embryo (Padilla et al., 1987), four-cell embryo (Oliveira et al., 2004), and teratomas (Linder et al., 1975). To clarify, the existence of nuclei had been confirmed in all blastomeres of the above-mentioned human ovarian OSA-embryos, ruling out the possibly of cytoplasmic fragmentation, which is a relatively common phenomenon in aged unfertilized oocytes or during human preimplantation development (Alikani et al., 1999; Lord and Aitken, 2013).

In addition to spontaneous ovulators, type-2 OSA and ovarian teratoma have also been detected in induced ovulators, such as dromedary camel (Camelus dromedarius) (Mesbah et al., 2002, 2004). Similarly, OSA-oocytes can initiate intrafollicular development to blastocyst stage with clear inner cell mass and trophectoderm (Abdoon et al., 2007, 2020), suggesting the occurrence of the first cell lineage specification in these parthenotes (Cui and Mager, 2018; Ho et al., 2019). Although the underlying molecular mechanism that causes type-2 OSA is not fully understood yet, current knowledge from mouse models suggests that type-2 OSA and teratoma formation are multigenic traits (Eppig et al., 1996), involving genetic background (Lee et al., 1997; Ciemerych and Kubiak, 1998; Cheng et al., 2012; Abdoon et al., 2020), cytoskeletal arrangement and SAC (Albertini and Eppig, 1995; Maciejewska et al., 2009), companion somatic cells (Eppig et al., 2000), AMPK signaling (Downs et al., 2010; Ya and Downs, 2013), and hormonal regulation (Speirs and Kaufman, 1988).



GENETIC MODELS DISPLAYING OSA PHENOTYPES

With success in embryonic stem cell (ESC)-mediated gene targeting and CRISPR/Cas9-mediated genome editing, more engineered animal models have been generated for studying mammalian oocyte meiosis. Here, we briefly review some examples.

Mos knockout female mice can produce MII oocytes; however, these oocytes cannot arrest at MII stage (Figure 1C). For those ovulated MII oocytes, they will spontaneously extrude 2nd PB and reach M-III, followed by pronucleus formation and cell divisions. Meanwhile, unovulated OSA-oocytes can initiate intrafollicular development, which then causes ovarian teratomas (Colledge et al., 1994; Hashimoto et al., 1994; Araki et al., 1996). In addition, Mos– oocytes frequently produce large first polar bodies (1st PBs) due to the failure of metaphase spindle movement (Choi et al., 1996; Verlhac et al., 1996). Given the phenotypes detected from the knockout mice, these models are valuable for studying human ovarian pathology and teratogenesis.

Although MOS/MEK/ERK cascade has been relatively well studied in oocyte meiosis, the explicit role of extracellular signal-regulated kinase (ERK) in vivo was not clear. Through the knockout of both Erk1 and Erk2 in mouse oocytes (Figure 1D), data indicates that Erk1/2– oocytes exit MII arrest and extrude 2nd PB spontaneously, reaching M-III stage. Different from Mos– oocytes, Erk1/2– MII oocytes do not exhibit large 1st PBs, and subsequent M-III oocytes display low frequency of pronucleus formation, explaining why ovarian teratomas were not detected in the females. Interestingly, ERK1/2 deletion also severely prevents male pronucleus formation after fertilization (Zhang et al., 2015), representing another major contributing cause of female infertility.

Female fertility can be affected by many factors, including diet and nutrient metabolism. Two recent studies using genetically modified mice revealed that maintenance of cholesterol within a physiological range during oocyte development and maturation is essential for female fertility. Excess cholesterol deposition in MII oocytes can induce an elevation of (Ca2+)i, which then triggers reduction in both MPF and MAPK, leading to OSA and extrusion of 2nd PB to M-III (Figure 1E). Different from all the above-mentioned OSAs, this cholesterol-induced OSA can result in multiple cell cycles, including execution of the third meiosis with extrusion of 3rd PB (Yesilaltay et al., 2014; Quiroz et al., 2020), which was found in partially activated oocytes (Kubiak, 1989). Importantly, this excess-cholesterol-induced OSA can be reversed both in vivo and in vitro (Yesilaltay et al., 2014; Quiroz et al., 2020), highlighting the possibility that cholesterol metabolism may underlie some woman infertility of unknown etiology and this could be cured with appropriate treatments.

In mammals, oocyte meiotic maturation not only produces a haploid gamete but also initiates maternal mRNA transition from stable to unstable (Wu and Dean, 2016; Sha et al., 2019), serving as a prolog to maternal-zygotic transition (MZT) which involves maternal mRNA destabilization and degradation. Recently, three laboratories independently identified BTG4 as a key mediator that links mRNA decay machinery and meiotic cell cycle progression, and loss of BTG4 causes a global delay in maternal mRNA degradation (Liu et al., 2016; Pasternak et al., 2016; Yu et al., 2016). In addition, BTG4 was also identified as essential for MII arrest (Figure 1F), because excess polyadenylated mRNA caused by Btg4 knockdown could occupy the translational machinery, which then leads to an insufficient capacity of the oocyte to translate the mRNAs that are essential for MII arrest (e.g., mRNAs encoding EMI2), and all of this finally resulted in OSA to M-III (Pasternak et al., 2016). Interestingly, this OSA phenotype was not detected in knockout models, which could be due to the environment (in vitro live imaging vs. in vivo) and/or methodologies (difference in genetic compensation and specificity between knockdown and knockout).



DISCUSSION

We reviewed two types of OSA and representative animal models exhibiting OSA phenotypes due to genetic defects. Regarding type-1 OSA (in vivo to in vitro), we propose that more caution should be exercised during assisted human reproduction, as many steps could trigger OSA, such as oocyte retrieval (Muechler et al., 1989), cryopreservation (Gook et al., 1995), and intracytoplasmic sperm injection (ICSI) (Sultan et al., 1995). Furthermore, as learned from rat OSA, certain OSA-oocytes could show minimal morphological signs (e.g., sister chromatids separated or even scattered in cytoplasm but without 2nd PB or pronucleus formation). Therefore, we propose OSA should be considered for those unexplained abnormal fertilization with repeated triploid pronuclei (3PN) (Grigoryan et al., 2019) or even more pronuclei (e.g., up to 8PN) (Dai et al., 2017) after ICSI. Other lessons we can learn from animal models and issues that should be addressed are as follows: (1) time interval between oocyte pickup and IVF/ICSI. Currently, there is no consensus among clinics about this interval, and 2–6 h are widely accepted for a better cytoplasmic maturity but without aging (Van de Velde et al., 1998; Garor et al., 2015). This routine interval seems fine for most patients; however, for those that cannot achieve pregnancy after multiple cycles and especially with repeated 3PN or MPN, this interval probably needs to be avoided as OSA could be the reason that is much faster than natural aging. (2) Make everything ready for a rapid ICSI. For oocytes that are susceptible to OSA (Dozortsev et al., 1998; Morishita et al., 2019), all things should be well prepared before oocyte retrieval; right after which, a careful and rapid oocyte denudation and ICSI should follow to mitigate OSA-induced abnormal fertilization and possible aneuploidy.

A substantial number of patients cannot achieve successful pregnancy after multiple IVF cycles, and it is generally believed that genetic defects underlie many of these unrecognized pathologies (Conti and Franciosi, 2018; Cui, 2020). Dissecting the association between genetic variants and human OSA is challenging because the etiology is highly heterogeneous and patients have different genetic predispositions and epigenetic modifications (Marshall and Rivera, 2018; Ou et al., 2019), ages and lifestyles (Qiao et al., 2014; Grondahl et al., 2017), and exposures to diverse environments and pollutants (Peretz et al., 2014). To gain a better understanding of human oocyte meiosis and idiopathic infertility, animal models have been generated to define key factors and pathways involved in meiotic cell cycle regulation. Although more than 400 mutant mouse models with reproductive phenotypes have been established (Matzuk and Lamb, 2008), many genes and pathways regulating oocyte meiosis and OSA are still not fully delineated due to insufficient models and possible limitations when translating the information from mice to humans. With more mouse models being generated by the Knockout Mouse Program and the International Mouse Phenotyping Consortium1 and recent application of CRISPR/Cas9 in other species that can bypass barriers of ESCs and SCNT, we believe more essential genes will be screened out and more appropriate animal models (e.g., point mutation by knock-in) will be generated. We hope, with more precise animal models available, more sophisticated clinical protocols (Sachs et al., 2000; Socolov et al., 2015), faster genetic tests in clinics, more advanced assisted reproductive technologies (Smith and Takayama, 2017; Belli et al., 2019; Hawkins et al., 2021), and genetic diagnosis in preimplantation embryos, we will fully understand the underpinnings of human OSA, an overlooked meiotic instability problem that requires global attention (Premkumar et al., 2020).
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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.


[image: image]

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.
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Meiosis is the basis of sexual reproduction. In female mammals, meiosis of oocytes starts before birth and sustains at the dictyate stage of meiotic prophase I before gonadotropins-induced ovulation happens. Once meiosis gets started, the oocytes undergo the leptotene, zygotene, and pachytene stages, and then arrest at the dictyate stage. During each estrus cycle in mammals, or menstrual cycle in humans, a small portion of oocytes within preovulatory follicles may resume meiosis. It is crucial for females to supply high quality mature oocytes for sustaining fertility, which is generally achieved by fine-tuning oocyte meiotic arrest and resumption progression. Anything that disturbs the process may result in failure of oogenesis and seriously affect both the fertility and the health of females. Therefore, uncovering the regulatory network of oocyte meiosis progression illuminates not only how the foundations of mammalian reproduction are laid, but how mis-regulation of these steps result in infertility. In order to provide an overview of the recently uncovered cellular and molecular mechanism during oocyte maturation, especially epigenetic modification, the progress of the regulatory network of oocyte meiosis progression including meiosis arrest and meiosis resumption induced by gonadotropins is summarized. Then, advances in the epigenetic aspects, such as histone acetylation, phosphorylation, methylation, glycosylation, ubiquitination, and SUMOylation related to the quality of oocyte maturation are reviewed.

Keywords: ovary, oocyte, meiosis arrest, meiosis resumption, oocyte maturation


INTRODUCTION

Uncovering the signals involved in controlling the resumption of oocyte meiosis is a major issue in female reproductive biology. The meiosis initiation and resumption of oocytes is different from sperm in at least three aspects. Female germ cells enter and undergo the first meiotic progression during embryonic development, and arrest at the diplotene stage of prophase I before birth. And, some of the arrested oocytes within fully grown follicles will resume meiosis after puberty in response to luteinizing hormones (LHs) during each estrous (animal) or menstrual cycle (human) (Mehlmann, 2005). Last, the cell division of oocytes is known as asymmetric cytokinesis. Interestingly, whenever fully grown oocytes are released from follicles and cultured in appropriate medium in vitro, spontaneous resumption happens as well (Pincus and Enzmann, 1935). Oocyte meiotic maturation is a complicated and vital process used to attain full competence required for the oocyte as well as early embryonic development. An oocyte arrested at meiotic prophase I contains a large nucleus covered by a nuclear envelope, which is known as the germinal vesicle (GV). With the arrival of LH surge, serial processes related to oocyte nuclear maturation, such as chromatin condensation and germinal vesicle breakdown (GVBD), occur in oocytes of fully grown follicles. After GVBD, oocytes enter the metaphase I (MI) stage (Moor et al., 1998). Later, after extrusion of the first polar body (PB1) containing a small portion of cytoplasm, an oocyte containing one set of chromosomes completes meiosis I. Very soon after that, the second meiosis starts and the oocyte (mature egg) arrests at metaphase II (MII) until fertilization. Actually, the oocyte accomplishes its meiosis progress only when fertilization happens.

In humans and animals, multiple factors including epigenetic molecules and different signaling pathways have been identified and proven to be pivotal for meiotic maturation. They not only regulate oocytes maturation, but also coordinate with each other to ensure good oocyte quality. This article aims to review the events and development around the quality control of mammalian oocyte meiotic maturation in nuclear and cytoplasm aspects, of which, the underlying molecular mechanisms are discussed to provide detailed information for better understanding of meiosis.



OOCYTE NUCLEAR MATURATION


The Regulation Mechanism of Oocyte Meiosis Arrest at Prophase I

Before an oocyte is enclosed by ovarian granulosa cells to form primordial follicles, meiosis has been initiated and the cell has arrested at the diplotene stage of prophase I (Bowles et al., 2006; Bowles and Koopman, 2007). When females are sexually mature, a small portion of primordial follicles will be activated and start to grow gradually. Previous studies have indicated that molecules such as cyclic adenosine monophosphate (cAMP) within growing oocytes and the natriuretic peptide precursor type C (NPPC)/natriuretic peptide receptor 2 (NPR2) system in granulosa cells play essential roles in maintaining oocyte meiotic arrest during the long developmental journey. Later, oocytes in fully grown follicles in response to gonadotropins stimulation possess the capability to resume meiosis and ovulate in vivo.


High cAMP Level Within Oocyte Contributes to Meiotic Arrest

In mammals, meiotic arrest is regulated by a high level of cAMP in the oocyte (Conti et al., 2002; Mehlmann, 2005). When oocytes are isolated from the antral follicles, the cAMP levels within the oocytes decrease and meiosis resumes spontaneously (Törnell et al., 1990). On the contrary, when they are cultured with the cAMP analog dibutyryl cAMP (dbcAMP) or cAMP phosphodiesterase (PDE) inhibitors such as isobutyl methyl xanthine (IBMX) and milrinone, the spontaneous meiotic maturation of mouse oocytes is prevented (Cho et al., 1974; Dekel et al., 1981; Schultz et al., 1983; Vivarelli et al., 1983; Eppig et al., 1985; Aktas et al., 1995). Therefore, a constantly higher level of cAMP becomes the priority for oocytes to sustain meiosis at the GV stage.

cAMP in oocytes plays a central role in the regulation of meiosis arrest (Zhang et al., 2009). Oocytes possess all of the necessary proteins including adenylyl cyclase (AC), Gs protein, and G protein-coupled receptor 3 (GPR3) for producing cAMP themselves. AC is responsible for specifically catalyzes ATP to form cAMP, and Gs protein, which stimulates AC3 activity in oocytes (Horner et al., 2003; Hinckley et al., 2005; Mehlmann, 2005). Mice oocytes lacking AC3 expression fail to maintain meiosis arrest (Horner et al., 2003). Similarly, blocking Gs function causes spontaneous resumption of meiosis in follicle-enclosed mouse oocytes (Mehlmann et al., 2002; Kalinowski et al., 2004). GPR3, which is located in the oocyte plasma membrane, is necessary to stimulate Gs activity and elevate the level of cAMP (Kalinowski et al., 2004). This is approved by the fact that oocytes undergo spontaneous meiotic resumption at an early antral stage in GPR3 KO mice and the phenomenon can be reversed by injection of GPR3 mRNA into the oocyte (Freudzon, 2005). The studies in pig oocytes are consistent with those in mice (Yang et al., 2012a). Although GPR3 is expressed in the human oocyte, it contributes nothing to premature ovarian failure, which is unlike the phenotype of GPR3 KO mice (Kovanci et al., 2008). While GPR and Gs are functional in generating intrinsic cAMP, PDE in mice oocytes is responsible for the degradation of cAMP (Sasseville et al., 2006). In a PDE3 knockout model, oocytes are permanently arrested at the GV stage and female mice are infertile (Vaccari et al., 2008). Specifically, inhibition of PDE3 elevates cAMP level and prevents oocyte spontaneous maturation simultaneously in cultured cumulus-oocyte-complexes (COCs) or denuded oocytes (DOs) (Kovanci et al., 2008). Simultaneously knockout of GPR3 and PDE3A result in oocyte maturation (Vaccari et al., 2008).



NPPC/NPR2 System in Granulosa Cells Contributes to Meiotic Arrest

Meiosis inhibition is a process in which oocytes coordinate with granulosa cells to sustain a high level of cAMP. Cumulative data have proven that intrinsic cAMP produced by oocyte alone is not sufficient to maintain meiotic arrest. Instead, a sustained high level of cAMP in the oocyte depends on cGMP, which is produced in the surrounding granulosa cells, possibly by suppressing PDE3A activity (Zhang et al., 2010; Shuhaibar et al., 2015; Jaffe and Egbert, 2017). Generally, cGMP is produced from GTP by guanylyl cyclases in mural granulosa cells (MGCs) and cumulus granulosa cells (CGCs) and is transported to oocytes.

cGMP production in CGCs relies on the coordination of MGCs-secreted NPPC conjugating with its receptor, guanylyl cyclase NPR2 which is found on the membrane of CGCs. NPPC and NPR2 are both highly expressed in follicular granulosa cells (Zhang et al., 2010; Jaffe and Egbert, 2017). NPPC inhibits the spontaneous GVBD in COCs, but not in DOs in vitro. Besides, NPR2 mutant mice are infertile due to premature resumption of meiosis because of the shortage of cGMP production in CGCs, which results in oocyte fragmentation and poor embryo development (Geister et al., 2012; Tsuji et al., 2012). Consistently, applying NPPC in cultured COCs contributes to preventing spontaneous oocyte maturation by increasing the cGMP levels in the CGCs (Zhang et al., 2010). Together, these results suggest that cGMP produced in granulosa cells play a vital role in keeping the cAMP level high in the oocyte, and that maintaining oocyte meiotic arrest requires coordination between granulosa cells and an oocyte within a follicle.

How is the NPPC/NPR2 signaling pathway regulated in granulosa cells? One of the important actions of follicle stimulation hormones (FSHs) on MGCs and CGCs of antral follicles is to sustain high levels of NPPC/NPR2 in humans, rodents, and pig (Jankowski et al., 1997; Kawamura et al., 2011). Pregnant mare serum gonadotrophin (PMSG) that possesses primarily FSH activity induces the expression of NPPC and NPR2 mRNA in the ovary (Zhang and Xia, 2012). This is further approved by the fact that estrogen-promoted NPPC expression in granulosa cells can be enhanced by interaction with FSH (Lee et al., 2013). However, the oocytes within antral follicles did not show precocious resumption of meiosis after deletion of the estrogen receptor or Cyp19α1 (aromatase) (Krege et al., 1998; Dupont et al., 2000; Kiyama and Wada-Kiyama, 2015), possibly implying that there are other pathways mediating NPPC/NPR2 action. In line with this speculation, we have proved that the expression of the NPPC/NPR2 system in ovarian granulosa cells is up regulated by sex hormones, such as androgen and estrogen through respective hormone receptors (AR and ER) in physiological conditions, in polycystic ovary syndrome (PCOS) in mice ovaries, and in in vitro cultured granulosa cell lines (Liu et al., 2017; Reis and Honorato-Sampaio, 2018; Wang et al., 2018). Therefore, NPPC/NPR2 as a specific pathway potentially helps to explain the mechanism of the ovulatory disruption in PCOS (Reis and Honorato-Sampaio, 2018). In addition, Yang et al. (2019) proved that transforming growth factor β (TGF-β) could regulate the expression of NPPC in MGCs and oocyte maturation. In the presence of FSH, TGF-β further increased NPPC levels and inhibited the oocyte meiotic resumption of COCs (Yang et al., 2019). Interestingly, supplementary natriuretic peptide precursor type B (NPPB) and NPPC are effective at improving the developmental competence of oocytes recovered from small-sized antral follicles of porcine in vitro (Zhang W. et al., 2015; Zhang Y. et al., 2017).

Importantly, one of the important roles of LH surge is to downregulate the level of the NPPC/NPR2 system in MGCs and CGCs as well. The levels of NPPC/NPR2, as well as the activity of NPR2, are either completely decreased or inhibited in mouse and human ovaries after the activation of LH receptors, which occurs sufficiently earlier than GVBD. The underlined mechanism could be that LH significantly decreases AR and ER levels, and thus decreases NPPC/NPR2 levels and induces oocyte maturation (Liu et al., 2017; Wang et al., 2018; Yang et al., 2019). By suppressing the NPPC/NPR2 system, LH reduces cGMP level in CGCs as well as oocytes rapidly. Besides, the reduced cGMP level in oocytes releases PDE3A from the inhibitory state. As a result, cAMP is degraded and the maturation promoting factor (MPF) is activated, which induces the resumption of meiosis (Norris et al., 2009). However, it remains unclear how LH and FSH specifically regulate the expression of AR, ER, and TGF-β. The regulations of granulosa cells cooperate with oocytes to maintain oocyte meiotic arrest in mice, which are summarized in Figure 1.


[image: image]

FIGURE 1. Schematic model depicting the mechanisms of meiotic arrest. Meiotic arrest in fully grown oocytes is required by the synthesis and maintenance of high levels of cAMP, the arrest state is maintained by the cooperation of granulosa cells and oocytes in the follicles. In mural granulosa cells, FSH binds its receptor (FSHR), collaborating with androgen/AR, estrogen/ER, and the TGF-β/TGFBR2 signal pathway to promote NPPC transcription and increase NPPC production. In cumulus granulosa cells, FSH binds FSHR, collaborating with androgen/AR and estrogen/ER to promote NPR2 transcription and increase NPR2 production. NPPC actives NPR2, GTP is converted into cGMP, then cGMP enters the oocyte through CX37 gap junctions. In oocytes, cGMP inhibits PDE3A activity, prevents the degradation of cAMP, cAMP activates protein kinase A (PKA) that in turn activates the WEE1B kinase and inhibits the CDC25B phosphatase leading to the inactivation of CDK1. In addition, CDC25B protein level is inhibited by histone lysine demethylases 1A (KDM1A). The constant degradation of cyclin B1/2 (cycB1/2) by APC/CDH1 prevents MPF activation in the arrested oocytes.




Oocyte Meiotic Resumption

Fully grown oocytes in early antral and preovulatory follicles have the capability to resume meiosis before LH surge (Holt et al., 2010). According to the hypothalamus-pituitary-ovary axis feedback theory, an LH surge in response to a peak estrogen surge initiates oocytes meiosis in vivo through positive feedback regulation. LH surge produces rapid changes in MGCs via intracellular pathways and extracellular paracrine loops. In brief, LH binds to the LH receptor (LHR) located in the membrane of theca cells and the MGCs of a follicle. As a result, the activated LHR induces serial affairs in follicular granulosa cells and oocytes. It reduces the cAMP level within the oocyte through downregulating the NPPC/NPR2 system and shutting down gap junctions between the oocyte and CGCs (Egbert et al., 2014; Shuhaibar et al., 2016). Also, it upregulates the activity of the epidermal-like growth factors (EGF) network in MGCs/CGCs (Conti et al., 2012; Jaffe and Egbert, 2017). In the oocyte, reduced cAMP levels activates the activity of MPF, which in turn phosphorylates proteins including APC and initiates GVBD and chromosome segregation (Adhikari and Liu, 2014).


MPF Activity Regulates the Meiotic Resumption in Oocytes

The mechanism of how high levels of cAMP are necessary to prevent meiotic maturation in oocytes is more or less fully understood. It is clear that cAMP exerts its role by activating protein kinase A (PKA). PKA balances the activities of WEE1B/MYT1 kinase and CDC25 phosphatase, and thus regulates the activity of cyclin-dependent kinase 1 (CDK1). Briefly, the CDK1 and cyclin B complex, namely MPF, is essential for oocytes meiotic maturation (Jaffe and Egbert, 2017). The ability of CDK1 to phosphorylate target proteins at specific serine and threonine residues depends on its activity and binding with the cyclin B (Jones, 2004; Jaffe and Egbert, 2017). It has been found that activated CDK1 triggers CXXC-finger protein 1 (CXXC1, also known as CFP1) phosphorylation and degradation following meiotic resumption. The degradation of CFP1 ensures the absence of the SET domain containing 1 (SETD1)-CXXC1 complex from chromatin, thereby facilitating chromosome condensation during oocyte maturation. Besides, CFP1 coordinates histone H3 lysine-4 trimethylation and meiotic cell cycle progression in mouse oocytes (Sha et al., 2018). Therefore, one of the key points to initiate oocyte meiosis depends on when to activate CDK1. In arrested oocytes, a sustained high level of cAMP activates PKA, which in turn activates WEE1. WEE1 inactivates while CDC25 activates CDK1 through phosphorylates or dephosphorylates the Thr14 and Tyr15 residues of CDK1, respectively (Chen et al., 2001; Adhikari et al., 2016; Jaffe and Egbert, 2017). Thus, the activity of MPF is indirectly controlled by the level of cAMP (Jones, 2004; Han et al., 2005; Han and Conti, 2006; Kovo et al., 2006). Interestingly, epigenetic molecules, such as histone lysine demethylases KDM1A (also known as LSD1), are involved in regulating the expression of CDC25B to maintain meiotic arrest. Conditional deletion of LSD1 in growing oocytes results in precocious resumption of meiosis and spindle and chromosomal abnormalities (Kim et al., 2015).

Synthesis and accumulation of cyclin B1 and its interaction with CDK1 have long been considered prerequisites for oocyte MPF activation as well. As part of the MPF, cyclin B1 must be constantly degraded by a multi-subunit ubiquitin E3 ligase named the anaphase promoting complex (APC) to maintain meiosis arrest (Jaffe and Egbert, 2017). During this time, the role of cadherin 1 (CDH1) is important because it is an activator of the APC (Reis et al., 2006). Before GVBD happens, cyclin B1 translocation from the cytoplasm into the nucleus is required (Marangos and Carroll, 2004; Holt et al., 2010; Jaffe and Egbert, 2017). Interestingly, cyclin B1-null oocytes resumed and finished meiosis I but are then arrested at the meiosis interphase when cyclin B2 is available, indicating that cyclin B2 compensates for the shortage of cyclin B1 in oocyte meiosis I (Holt et al., 2010; Li et al., 2019).



Gap Junction Facilitates Intercellular Communication Within Follicles

Gap junction provides a direct communication channel between cells which allow molecules smaller than 1,000 Da be transferred to the adjacent cells (Nicholson and Bruzzone, 1997; Simon and Goodenough, 1998; Arroyo et al., 2020). In mice, as many as 20 connexins (Cxs) participate in forming the channels of the gap junction. Inside a follicle, cGMP produced in CGCs diffuses into oocytes through Cx43 and Cx37 GJs and thus elevates oocyte cGMP level (Solc et al., 2010). Importantly, the closure of GJs between MGCs and CGCs and between CGCs and oocytes are targets of LH signaling (Anderson and Albertini, 1976; Gilula et al., 1978). For instance, LH inhibits Cx43 translation and breaks down GJs to prevent cAMP and cGMP diffusion into the oocyte, which results in PKA inactivation and triggers the initiation of oocyte maturation (Kalma et al., 2004; Edry et al., 2006; Sela-Abramovich et al., 2006).

Of all connexins, Cx43 and Cx37 are the most studied ones in the follicle and may possess equal importance to folliculogenesis. In mice, Cx43 is mainly expressed in gap junctions between GCs and is regulated by extracellular signal regulated kinase-1 and -2 (ERK1/ERK2) signals in response to LH surge in vivo (Su et al., 2002; Sela-Abramovich et al., 2005; Dekel, 2009). However, PKCε-mediated mitogen-activated protein kinase (MAPK)-dependent signals might contribute to Cx43 phosphorylation in CGCs during FSH-induced oocyte meiotic resumption in vitro (Cai et al., 2018). Ovaries lacking Cx43 do not proceed beyond the primary follicle stage. Also, Cx37, which is mainly expressed between the oocyte and CGCs, is essential to oocyte growth and survival, which in turn is necessary to maintain proper MGC function (Li et al., 2007; Gershon et al., 2008). In Cx37-knockout mice, folliculogenesis is arrested at the early antral stage and this disruption results in sterility because mutant oocytes grow slowly and cannot survive (Carabatsos et al., 2000). To examine the roles that Cx37 and Cx43 play in oogenesis, a transgenic mouse model, in which Cx37 specifically replaced Cx43 in growing oocytes, was made. The generations of Cx43 transgene mice driven by zona pellucida 3 (ZP3) crossed with Cx37-null mice are fertile due to the restoration of oocyte–granulosa cell coupling, oocyte growth, and oocyte maturation (Li et al., 2007). Thus, despite their different properties, Cx43 may be physiologically equivalent to Cx37 in coupling oocytes with granulosa cells. Both of them are indispensable in the regulation of oocyte maturation.



Epidermal Growth Factor (EGF)-Related Proteins Regulate Meiosis Resumption

EGF-related proteins are a set of proteins that respond to the LH signal and promote oocyte maturation. Different epidermal-like growth factors, such as amphiregulin (AREG), epiregulin (EREG), and beta-cellulin (BTC) are expressed in MGCs and CGCs in autocrine and paracrine manners through respective EGF receptors (EGFRs) (Tsafriri et al., 2005; Conti et al., 2006; Hsieh et al., 2007). The activation of EGFR is required for oocyte meiotic resumption and cumulus cell expansion (Fan et al., 2009; Reizel et al., 2010). Studies using inhibitors and gene deletion mouse models have identified that EGFs mediate LH action through EGFR (Park et al., 2004; Ashkenazi et al., 2005; Hsieh et al., 2007). For instance, the process of oocyte maturation, cumulus expansion, and ovulation stimulated by LH are either delayed in AREG or blocked in EGFR-deficient mice (Hsieh et al., 2007). Furthermore, in granulosa cell-specific EDFR deleted mice, oocytes cannot resume meiosis (Hsieh et al., 2011).

How does EGF signaling regulate meiosis resumption response to LH surge? When the LH surge arrives, LH decreases NPPC/NPR2 expression levels, thereby blocking cGMP synthesis, and stimulates MGCs to secrete EGFs to activate EGFR signaling in cumulus cells, and activates phosphodiesterase 5 (PDE5) (Egbert et al., 2016; Wang et al., 2019). The activation of PDE5 suppresses the production of NPPC and closes the gap junction communication between granulosa cells (Gershon et al., 2008; Kawamura et al., 2011; Liu et al., 2014), resulting in the decrease of cGMP levels and the reduction of oocyte cAMP levels. Then, cumulus expansion and oocyte maturation starts (Wang et al., 2019; Arroyo et al., 2020). Even though the expression of EGFR and the direct effects of EGF on oocytes has been reported (Das et al., 1991; Gall et al., 2004; Vigneron et al., 2004), how LH regulates EGF in detailed molecular mechanisms remain unclear. Recently, Wang et al. (2019) found that LH surge-induced histone deacetylase 3 (HDAC3) downregulation in GCs is essential for oocyte maturation. HDAC3 in GCs is a negative regulator of EGF expression before the LH surge. HDAC3 in GCs is recruited by transcription factors, such as FOXO1, to the AREG promoter to suppress the expression of AREG. With the LH surge, the HDAC3 level decreases while histone H3K14 acetylation increases, which enables transcription factor SP1 binding to the AREG promoter to initiate AREG transcription. Moreover, granulosa cell-specific knockout of HDAC3 in vivo or inhibition of HDAC3 activity in vitro increases the proportion of the oocyte maturation independent of LH (Wang et al., 2019). Unfortunately, the mechanism of HDAC3 downregulation after the LH surge remains unclear.

In addition, calcium signaling is involved in gonadotropin-induced oocyte maturation in many species (Veldhuis, 1987; Su et al., 1999; Zhang et al., 2007, 2009; Conti et al., 2012). It was reported that EGFR signaling activates phospholipase Cγ (Chattopadhyay et al., 1999), which may increase calcium levels (Wang et al., 2013). Moreover, the elevated calcium of cumulus granulosa cells inactivates NPR2, further decreasing the binding affinity of NPR2 for NPPC. As a result, cGMP levels and meiotic resumption decreases (Hao et al., 2016). The regulations of granulosa cells cooperate with oocytes to resume meiosis induced by LH surge in mice, which are summarized in Figure 2.
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FIGURE 2. Schematic model depicting the mechanisms of LH-induced meiotic resumption. A preovulatory surge of LH binds its receptor (LHR) and induces a series of events in granulosa cells. In mural granulosa cells, on the one hand, LH/LHR inhibits AR and ER to reduce NPPC transcription and decrease NPPC production, on the other hand, it induces the degradation of histone deacetylase 3 (HDAC3) to decrease the Ac-H3K14 level which enables transcription factor SP1 binding to the AREG promoter to initiate AREG transcription, then increases the EGF level. The production of EGFs activates EGFR signaling and elevates the level of calcium in cumulus granulosa cells to further inactivate NPR2. LH-LHR also causes closure of gap junctions in the follicle and prevents cGMP delivery to oocytes. This in turn increases cAMP degradation by PDE3A. Low levels of cAMP and PKA can no longer activate WEE1B and inactivate CDC25B, and CDK1 becomes dephosphorylated and catalytically active. In addition, activated CDK1 triggers CXXC-finger protein 1 (CXXC1, also known as CFP1) phosphorylation and degradation following the meiotic resumption. The degradation of CFP1 ensures the absence of the SET domain containing 1 (SETD1)-CXXC1 complex from the chromatin, thereby facilitating chromosome condensation during oocyte maturation.




CYTOPLASMIC MATURATION

As one the key factors that heavily determines the quality of an oocyte, the cytoplasmic maturation of oocytes is critically important, which includes the synthesis, activation, and degradation of maternal mRNA as well as orderly arrangement of organelles (Schellander et al., 2007; Su et al., 2007; Walser and Lipshitz, 2011; Yu et al., 2016a), thereby affecting fertilization and embryonic development (Sirard, 2001; Chen et al., 2013; Li and Albertini, 2013; Coticchio et al., 2015; Pan et al., 2020; Sun et al., 2020; Xu et al., 2020).


The Expression and Degradation of Maternal mRNA

The expression and degradation of maternal mRNA is developmental stage dependent. Along with the growth of activated follicles, the transcription of genes necessary for oocyte growth and meiosis resumption accumulate and are stored in the cytoplasm. With the initiation of meiotic resumption, not only does the transcription in oocytes cease because of staining agglutination, but the maternal mRNAs stored in oocytes are degraded and gradually consumed. As to protein synthesis, although a large amount of maternal mRNA exists in fully grown oocytes at the GV stage, they are translationally dormant in mice until meiotic maturation (Piccioni et al., 2005; Chen et al., 2011, 2013). The freshly translated proteins after oocytes resume meiosis play important roles in meiotic spindle assembly, MII arrest maintenance, and mRNA clearance during maternal zygotic transition (MZT) (Walser and Lipshitz, 2011). Generally, novel mRNA synthesis is initiated in the late stage of fertilized eggs (Piccioni et al., 2005).

How could the transcriptions of mRNA in growing oocytes remain stable before GVBD? Accumulative data show that there are stringent mRNA stabilizing mechanisms within GV-stage oocytes. For instance, cytoplasmic polyadenylation of the 3′-untranslated region (3′-UTR) is closely related to mRNA stability and mRNA translational activation, which plays an important role in oocyte maturation (Yang et al., 2017). Actually, the degree of polyadenylation of mRNA affects oocyte translation activation as well. Cytoplasmic polyadenylation is a key process that serves to unmask particular mRNAs and enables them to be translated (Richter, 2007; Ivshina et al., 2014). In its simplest form, masked mRNA refers to dormant transcripts in the oocyte that are to be translated during completion of meiotic divisions or in early embryos.

The degradation of maternal mRNA is controlled strictly in oocytes undergoing meiotic resumption and in early embryos. In mouse oocytes, transcriptional destruction, especially the transcripts of oxidative phosphorylation, energy production, and protein synthesis during the transition from GV to MII, is selective rather than promiscuous. It is stated that the selective degradation of the transcription of maternal mRNAs is a prerequisite for the activation of the zygotic genome (Su et al., 2007; Yu et al., 2016a,b). Particularly, regulation of maternal mRNA translation and degradation mainly occurs in maturing oocytes rather than in fertilized eggs, but these mechanisms are essential for the oocyte and zygote to build up competence to accomplish MZT.

The starting point of the MZT is oocyte activation from meiotic arrest rather than fertilization (Sha et al., 2019). About 90% of the maternal mRNA is degraded at the two-cell stage of early mice embryos (Schellander et al., 2007). In the major pathway of mRNA degradation, shortening of the poly(A) tail, or deadenylation, is the first and rate-limiting step (Walser and Lipshitz, 2011). Poly(A) tail shortening reduces the binding of poly(A) binding proteins (PABPs) and slows down translation (Ozturk and Uysal, 2017). In this aspect, prepared RNA-binding proteins (RBPs) in fully grown oocytes are important for sustaining genome stability, stabilizing and/or degrading mRNAs, or even for protein synthesis and degradation. For instance, meiosis arrest female 1 (MARF1) is an essential regulator of important oogenic processes leading to female fertility and the development of healthy offspring by suppressing levels of specific transcripts (Su et al., 2012a,b). More information about oocyte-specific RBPs regulating genome stability and mRNA stability needs to be uncovered.



Orderly Arrangement of Organelles Is Important for a Fully Grown Oocyte

The cytoplasmic maturation of oocytes also includes the maturation of various organelles, especially cortical granules, mitochondria, the endoplasmic reticulum (ER), and cytoskeleton. The time dependent distribution and structure of these organelles are indispensable for the respective functions.

Cortical granules are membranous organelles derived from Golgi complexes, which are found in the cortex of unfertilized oocytes (Liu et al., 2003) and play important roles during the fertilization process (Liu, 2011). Following fertilization, cortical granules undergo exocytosis to release their contents into the perivitelline space, which result in the blocking of polyspermy by modifying the oocytes’ extracellular matrices, such as the zona pellucida in mammals (Coticchio et al., 2015). Besides, mitochondria are the key to ATP energy supply in oocytes. Impaired oocyte quality, including meiosis chromosome separation, maturation, and fertilization failure, correlates with both abnormal mitochondrial rearrangement and low ATP level (Blerkom, 2004; Dumollard et al., 2006). In addition, ER is responsible for the storage and release of free Ca2+ in the cytoplasm in oocytes, which is important for calcium reaction at fertilization (Bootman et al., 2002; FitzHarris et al., 2007; Machaca, 2007). Since the cytoskeleton is mainly composed of microtubules and filaments and the recombination of spindles is strictly controlled by the microfilament network (Verlhac et al., 2000), anything that disrupts either microtubules or microfilament causes failure of chromosome movement and separation, in which case, the oocyte is arrested at the metaphase stage.



EPIGENETIC MODIFICATION INVOLVED SYSTEMATICALLY IN OOCYTES DEVELOPMENT AND MATURATION

Multiple posttranslational modifications exist in developing oocytes, including acetylation, phosphorylation, methylation, glycosylation, ubiquitination, and SUMOylation of various proteins (Allfrey et al., 1964; Gutierrez and Hnilica, 1967; Huletsky et al., 1985; Kim J. H. et al., 2003; Sarmento et al., 2004; Nathan et al., 2006; Koprinarova and Russev, 2008; Rada-Iglesias et al., 2009; Xu et al., 2009), implying that epigenetic modification plays different but important roles during the oocyte maturation process under varying temporal and environmental conditions (Li, 2002; Richardson, 2002). As follows, the changes and regulation as well as functions of histone modifications during meiotic maturation of mammalian oocytes, with particular emphasis on histone acetylation and methylation are summarized.


Histone Acetylation Modifications

Lysine acetylation of histones is generally controlled by histone acetyl transferases (HATs) and histone deacetylases (HDACs) (Gallinari et al., 2007). Acetylation of H3/4 leads to open chromatin configuration, enhances transcriptional activity, and thereby promotes transcription factor binding to DNA (Liu et al., 2011). Contrarily, deacetylation is associated with transcriptional inactivation. The key sites of histones for acetylation include at least four conserved lysines (K) in histone H4 (K5, K8, K12, and K16) and two conserved lysines (K) in H3 (K9 and K14) (Bjerling et al., 2002; de Ruijter et al., 2003). In general, all lysine residues are acetylated in fully grown GV oocytes, including H4K5ac, H4K8ac, H4K12ac, H4K16ac, H3K9ac, and H3K14ac, except for H4K8ac, which is deacetylated in condensed chromosomes and is maintained until the MII stage (Kim J. M. et al., 2003; Akiyama et al., 2004; Kageyama et al., 2007). In mammals, as many as 18 HDACs are identified and divided into four classes based on their homology with yeast proteins (Bolden et al., 2006). In which, class I HDACs are nuclear-localized, including HDAC 1, 2, 3, and 8 (de Ruijter et al., 2003; Ropero and Esteller, 2007). Class II is divided into IIa (HDAC 4, 5, 7, and 9) and IIb (HDAC 6 and 10), both of which can shuttle between the nucleus and cytoplasm (de Ruijter et al., 2003). Class III includes seven sirtuins (SIRT1-7), which are homologous with the yeast SIRT2 family proteins and require NAD+ as a cofactor to function (Sengupta and Seto, 2004). HDAC11 is the only member of class IV, which is homologous to both classes I and II (Gao et al., 2002). The respective actions of these proteins in oocytes are reviewed in the following.


Class I HDACs

Class I HDACs are important in oocyte development and maturation. HDAC1 and HDAC2 share high amino acid homology and work together in almost all repressive transcriptional complexes (Grozinger and Schreiber, 2002). HDAC1 and HDAC2 are located in the nucleus throughout oocyte growth (Ma et al., 2012). HDAC1 in the nucleus decreases gradually during the growth of oocytes and co-localizes with chromosomes following meiosis resumption. In contrast, HDAC2 in the nucleus increases between 5 and 12 days post-partum, and is relatively stable during the growing period of mice oocytes. After GVBD, HDAC2 in an oocyte is uniformly dispersed throughout the cytoplasm (Ma and Schultz, 2008; Ma et al., 2012). Germ-line deletion of either HDAC1 or HDAC2 will cause mouse embryo lethality (Montgomery et al., 2007; Leboeuf et al., 2010). However, conditional knockout HDAC1 by ZP3-Cre has no obvious impact on fertility and oocyte maturation. Although, the deletion of HDAC2 by ZP3-Cre did result in reduced fertility, but the follicular development was normal. Further, deletion of both HDAC1 and HDAC2, however, results in infertility due to oocyte development arrest at the secondary follicle stage (Ma et al., 2012). The low level acetylation of H4K16 is essential for the function of centromeres. Interestingly, the deletion of maternal HDAC2 caused high level acetylation of H4K16 and resulted in disorder in chromosome segregation and kinetochore function during MII in oocytes (Ma and Schultz, 2013). In summary, HDAC1/2 regulate oocyte growth with their compensatory function, and HDAC2 could be more critical than HDAC1 for oogenesis.

HDAC3 is expressed in the nucleus of GV oocytes and disperses in the cytoplasm of oocytes after meiotic resumption. The signal of HDAC3 accumulates on the meiotic spindle region from pre-metaphase I to MII. Knockdown of HDAC3 in oocytes results in spindle/chromosome organization failure, with severely impaired kinetochore-microtubule attachments. In addition, overexpression of HDAC3 modulates the acetylation status of α-tubulin in mouse oocytes (Li et al., 2017). HDAC3 also has functions in promoting meiotic apparatus assembly in aging mouse oocytes. Overexpression of HDAC3 in old oocytes not only partially prevents spindle/chromosome disorganization, but significantly lowers the incidence of aneuploidy (He et al., 2019). HDAC3 also plays important roles in GCs. Conditional knockout of HDAC3 in MGCs in vivo or inhibition of HDAC3 activity in vitro promotes the maturation of oocytes independent of LH (Wang et al., 2019). The above results indicate that HDAC3 in both granulosa cells and oocytes plays important regulatory roles in oocyte maturation.

HDAC8 could be important for oocyte maturation according to its distribution in growing oocytes. It is widely distributed in the cytoplasm of mouse oocytes at the GV stage. After GVBD, it starts to accumulate around the chromosomes, and shows a spindle pole-like localization pattern in both MI and MII. Inhibition of HDAC8 in fully grown oocytes causes spindle defects and chromosome misalignment during oocyte meiotic maturation, accompanied by impaired kinetochore-microtubule attachments (Zhang K. et al., 2017). Conditional deletion of HDAC8 by Vasa-Cre results in subfertile females, which is independent of chromosome segregation errors during meiosis (Vijay Pratap et al., 2019). On the whole, HDAC8 is important for oocyte development and maturation, but the mechanisms of its action on oocytes needs further study.



Class IIa

The function of class IIa HDACs in oocyte maturation has not been well studied. According to existing reports, the expression of HDAC4 is maintained at a high level in fully grown oocytes until the MII stage, and then dramatically decreased after fertilization, it may play specific roles during mouse oocyte maturation (Kageyama et al., 2006).



Class IIb

In class IIb, HDAC6 has been studied extensively, while HDAC10 has hardly been reported. HDAC6 localizes in the cytoplasm of mouse GV oocytes. Overexpression of HDAC6 results in GV oocytes and pronuclear zygotes which results in altered nuclear structure and causes compaction of the chromatin (Verdel et al., 2003). In addition, inhibition of HDAC6 in GV oocytes prevents PB1 extrusion later because of disrupted maturational progression and meiotic apparatus assembly (Zhou et al., 2017; Sui et al., 2020a). However, HDAC6 KO mice are viable and fertile and presented no major observable phenotype (Zhang et al., 2008). Despite that, the TuA-treated group presented significant changes in the expression of HDAC subfamily genes such as HDAC6, 10, and 11 and sirtuin 2, 5, 6, and 7 by RNA-sequencing, which may indicate that TuA is a multifunctional inhibitor which targets both HDAC and sirtuin activity rather than being a HDAC6-specific inhibitor in mouse oocytes (Choi et al., 2019).



Class III

Sirtuins are generally important for oocyte development. SIRT1, SIRT2, SIRT3, and SIRT6 are beneficial for improving the competence of oocytes grown or matured in vitro in humans and animals (Tatone et al., 2018). SIRT4, SIRT5, and SIRT7 have seldom been studied so far. Activation of SIRT1 by resveratrol in vitro improves oocyte quality and embryo development in mice, pigs, and cows (Liu et al., 2013; Takeo et al., 2014; Wang et al., 2014; Itami et al., 2015; Li et al., 2016; Khan et al., 2017). SIRT1 relates to mitochondria biosynthesis and degradation in oocytes because resveratrol supplementation improves the mitochondrial function and the developmental capability of the oocytes (Sato et al., 2014). In contrast, specifically inhibition of SIRT1 results in increased ROS production and abnormal MII plates in mouse oocytes (Di Emidio et al., 2014). Similarly, inhibition of SIRT2 during in vitro oocyte maturation or knockout of SIRT2 blocks the progression of oocyte development after GVBD (Riepsamen et al., 2015). SIRT2 knockdown also affects spindle organization and chromosome alignment during meiosis (Zhang L. et al., 2014). Besides, SIRT3 regulates the ROS level in oocytes. Overexpression of SIRT3 reduces the spindle defects and chromosome misalignment in oocytes (Zhang L. et al., 2015). Last, SIRT6 is important in regulating meiotic progression as well. Depleted SIRT6 results in disruption of spindle morphology and chromosome alignment in oocytes (Han et al., 2015).



Class IV

The expression of HDAC11 in oocytes decreases from the GV to MII stage. Inhibition of HDAC11 by JB3-22 significantly interrupted mouse oocyte meiosis progress, possibly because of abnormal spindle organization and misaligned chromosomes, impaired kinetochore-microtubule attachment, and spindle assembly checkpoint function (Sui et al., 2020b).

The function of HDACs during oocyte maturation are summarized in Table 1.


TABLE 1. Role of HDAC in oocyte development and maturation.
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Histone Acetyl Transferases (HATs)

Histone acetyl transferases, including MYST, GCNA5/PCAF, and p300/CREB-binding protein (CBP), regulate the acetylation of histones as well (Gu et al., 2010).

MYST is an acronym of its four founding members, including human MOZ (monocytic leukemia zinc finger protein), yeast Ybf2 (renamed Sas3, for something about silencing 3), yeast Sas2, and mammalian TIP60 (HIV Tat-interacting 60 kDa protein) (Carrozza et al., 2003; Yang, 2004; Thomas and Voss, 2007). Importantly, K (lysine) acetyltransferase 8 (KAT8) is a highly conserved MYST family member who is specifically responsible for H4K16 acetylation and is important for mouse oocyte development, by regulating reactive oxygen species levels (Thomas et al., 2007; Gupta et al., 2013; Yin et al., 2017). The expression of KAT8 increases dramatically between 14 days and full-grown GV-stage oocytes, followed by a sharp decrease in GVBD-MI-stage oocytes. The protein is mainly located in the nucleus throughout the growth phase, but upon GVBD, the staining intensity decreases and the signal becomes uniformly dispersed throughout the oocyte. Oocyte KAT8 deletion results in female infertility with defects in follicle development and increased oocyte apoptosis (Yin et al., 2017).

In bovine, the levels of MYST4 mRNA in both GV and MII oocytes are high. MYST4 protein accumulates in the nucleus of GV oocytes. It concentrates in the vicinity of the meiotic spindle rather than on chromosomes in the MI stage (Champagne et al., 1999; McGraw et al., 2007).

Histone acetyltransferases p300 and the CBP subfamily are constitutively expressed in the GCs of growing and ovulatory follicles in a gonadotrophin-independent manner. ED-rich tail (CITED) protein CITED4 formed an endogenous protein complex with CBP and transcription factors CCAAT/enhancer binding protein C/EBP/b, which docked on the promoters of LH and ERK1/2 target genes. Both CITED4 expression and CBP acetyltransferase activity were indispensable for ovulation-related molecular and histological events. Moreover, the dynamic histone acetylation changes (histone H2B-Lys5 and H3-Lys9) in GCs were regulated by LH, CBP, and HDACs during ovulation (Zhang Y. L. et al., 2014). In addition to the above two subfamilies, the constant expression of HAT1 and GCN5 mRNA was also detected during bovine oocyte maturation (McGraw et al., 2003).

Taken together, HATs have essential roles in mouse follicle development and oocyte maturation, and the potential functions of HATs in oocytes maturation needs more exploration.



Histone Methylation Modifications

Histone methylation correlates with chromatins activity. For instance, H3K4 methylation is associated with the activation of chromatins and occurs mainly in the promoter regions of active genes, while the methylations of either H3K9 or H3K27 relates to gene inactivation (Werner and Ruthenburg, 2011). In developing mouse oocytes, the level of H3K4me3 are elevated during the transition of chromatin configuration from the non-surrounded nucleolus (NSN) to surrounded nucleolus (SN) type (Yu et al., 2017), the latter of which have better developmental competence after fertilization (Ma et al., 2013; Zhang et al., 2019). H3K4me and H3K4me2 levels elevate, but H3K4me3 level decreases after GVBD and reaches its lowest point in anaphase I (Sha et al., 2018).

Histone methylation modification is regulated by histone lysine methyl transferases (KMTs) and histone lysine demethylases (KDMs) via modifying lysine residues and the number of methyl groups (Sha et al., 2020). There are six known histone H3 methyltransferases, including SET domain containing 1A/B (SETD1A/B), lysine (K) methyltransferase 2A/B (KMT2A/B), and KMT3/4 in mammals (Shilatifard, 2012).

The SETD1/COMPASS histone methyltransferase complex is the primary enzyme that methylates histone H3K4 by recognizing its basic subunit, CXXC1 (Roguev et al., 2001; Lee and Skalnik, 2005; Brown et al., 2017). The expression of SETD1A and SETD2B persists from oocyte to blastocyst. SETD1A is first required at the epiblast stage, whereas SETD1B becomes essential after gastrulation (Bledau et al., 2014). In GDF9-Cre-driven SETD1B deficient mice, the number of follicles decreases gradually with time, the ovulated MII oocytes exhibit meiotic spindle abnormalities. And the oocytes as well as zygotes display perturbed cytoplasmic organelles and aggregated lipid droplets (Brici et al., 2017). SETD1-CXXC1 conjugation regulates H3K4me3 in mice oocytes (Yu et al., 2017). A stabilized CXXC1 in fully grown GV oocytes resulted in decreased GVBD and PB1 emission rates as well as spindle assembly defects in mice (Sha et al., 2018).

KMT2B activates gene expression by regulating H3K4me3 (Glaser et al., 2006). Loss of KMT2B in mouse oocytes induced by GDF9-Cre resulted in abnormal meiosis maturation, anovulation, oocyte death, and female sterility, in which H3K4 level decreased and gene expression was abnormal (Andreu-Vieyra et al., 2010; Hanna et al., 2018). KDMs consist of KDM1 and the KDM2-KDM7 subfamily, which contain a Jumonji C (JmjC) domain (Xhabija and Kidder, 2019). KDM1A is expressed in the oocyte nucleus, which specifically catalyzes the demethylation of H3K4me1 and H3K4me2. KDM1A-null oocytes display defects in maintaining prophase I arrest and undergo precocious GVBD. Most KDM1A-null oocytes undergo apoptosis before the completion of meiotic maturation (Kim et al., 2015). KDM1B is highly expressed in growing oocytes and the level persists through later stages of oogenesis, but it is hardly detectible in oocytes of primordial and primary follicles in mice. The deletion of KDM1B in mice does not affect embryo development, animal survival, or oocyte growth. However, oocytes from KDM1B-deleted females show high levels of H3K4 methylation and fail-to-deposit DNA methylation marks at four out of seven imprinted genes. Early embryos derived from these oocytes show biallelic expression or suppression of the affected genes and died before mid-gestation (Ciccone et al., 2009).

KDM4A and KDM4B are located in human oocytes, granulosa cells, theca cells, and luteal cells in reproductive-aged women (Krieg et al., 2018). Deletion of KDM4A during oogenesis had no significant impact on ovulation since KDM4A–/– and wild-type females ovulated similar numbers of fertilizable oocytes. MII oocytes from KDM4A–/– females were euploid with no evidence of major chromosomal breakages or aneuploidies. KDM4A is the major demethylase functional in MII oocytes and is required to maintain the genomic stability of pre-implantation embryos (Sankar et al., 2020).

The KDM5 family consists of KDM5A to KDM5D (Xhabija and Kidder, 2019). During knockout of KDM5A, the mice are viable and fertile (Klose et al., 2007), whereas knockout of KDM5B resulted in early embryonic lethality (Catchpole et al., 2011), suggesting that KDM5B is the major functional KDM family member in vivo.



Histone Phosphorylation Modifications

Protein phosphorylation occurs most often on serine, threonine, or tyrosine residues and competently regulates cell cycle stage-related affairs in a variety of different signal transduction pathways (Schatten and Sun, 2014). For example, histone H3 phosphorylation at Ser10 and Ser28 affects chromatin condensation of either mitosis or meiosis (Bradbury et al., 1973; Bradbury, 1992; Wei et al., 1998, 1999; Goto et al., 1999; Houben et al., 2005; Swain et al., 2007). Aurora B phosphorylates histone H3 at Ser28 in mitotic cells and Ser10 and Ser28 in meiosis cell. ZM447439 (an inhibitor of the Aurora kinase family) treatment prevented Aurora B activity and significantly decreased the phosphorylation levels of both H3/Ser10 and H3/Ser28 in mouse oocytes, resulting in chromosome misalignment (Jeliìnkovaì and Kubelka, 2006). In addition, protein phosphatase 1 (PP1) dephosphorylates H3 at Ser10 in budding yeast and nematodes. Inhibition of PP1/PP2a induces rapid chromosome condensation with hyperphosphorylated histone H3 (Bui et al., 2004; Swain et al., 2007). Taken together, the balance of Aurora B kinase and PP1 activities regulate the meiotic phosphorylation of histone H3 in mammalian oocytes.



Ubiquitination Modifications

The ubiquitination/deubiquitination system is important for the degradation of proteins, cell cycle progression, and transcriptional regulation (Bassermann et al., 2014), which is also important for oocyte maturation (Dekel, 2005; Susor et al., 2010; Mtango et al., 2012). Importantly, APC initiates the metaphase to anaphase transition by inducing the degradation of cyclin B and securin (Jones, 2011). Also, protein ubiquitin (Ub) E3 ligases trigger specific protein degradation and thus plays an important role in the process of both the meiotic and mitotic cell cycle (Huo et al., 2004).

Interestingly, cullin ring-finger ubiquitin ligase 4 (CRL4) is one of E3 ligase members who exert multiple functions in the maintenance of oocyte survival and meiotic cell cycle progression (Jones, 2011). DCAF13, a CRL4 adaptor, stimulates the meiotic resumption-coupled activation of protein synthesis in oocytes. Deletion of DCAF13 in oocytes resulted in not only decreased CDK1 activity and impaired meiotic cell cycle progression as well as chromosome condensation defects, but also polyubiquitination and degradation of PTEN (Zhang et al., 2020).

In addition, protein-ubiquitination mediated CCNB1 and securin degradation is essential for the metaphase to anterograde transition during oocyte meiotic maturation (Herbert et al., 2003; Marangos and Carroll, 2008).

Ubiquitin C-terminal hydrolases (UCHs) are a deubiquitin enzyme that catalyzes the hydrolysis of peptides, isopeptides, or UB portions (Kim J. H. et al., 2003; Wilkinson, 2009). UCHs present in oocytes in many species. UCHs have a complimentary distribution in porcine, bovine, and murine oocytes. UCHL1, one of the most abundant proteins in mammalian oocytes, accumulates in the oocyte cortex. UCHL3 is associated with oocyte spindle (Mtango et al., 2012). Inhibiting UCH activity causes excessively large PB1, distorts the meiotic spindle, and disrupts other spindle attributes, such as chromosome alignment (Mtango et al., 2012). In vitro, inhibition of UCHL3 reduces the expansion of cumulus cells (Mtango et al., 2014).

In follicular granulosa cells, the ubiquitin-proteasome system (UPS) was involved in regulating the deposition of the extracellular matrix of cumulus and steroidal formation during the expansion of cumulus cells, implying that this system may be pivotal for follicle development (Nagyova et al., 2012).



Histone Glycosylation Modifications

In the female reproductive system, a large number of proteins, including FSH, LH, GDF9, BMP15, and AMH are glycosylated (Saito et al., 2008; Bousfield and Harvey, 2019). Protein glycosylation is one of the most frequent post-translational modifications (PTMs), which affects many things, such as protein folding, distribution, stability, and activity. There are two main types of glycosylation in cells, N-linked and O-linked glycosylation (Ohtsubo and Marth, 2006). Defects in the process of protein glycosylation leads to many clinical diseases.

Protein N-glycosylation in oocytes is crucial for female fertility. For example, DPAGT1 is an enzyme involved in the process of protein N-glycosylation. DPAGT1 missense mutation causes subfertility in females due to defective follicular development and less ovulation (Li et al., 2020). Also, due to the decreased glycosylation of ZP proteins, the mutant oocytes have a thin and fragile ZP layer and have poor developmental ability after in vitro fertilization. Furthermore, the first meiotic division is accelerated in such mutant oocytes. Importantly, the phenotypes of conditional knockout of DPAGT1 in infertile mouse oocytes is consistent with those in humans (Li et al., 2020).

Protein O-glycosylation plays a small role in oocyte maturation. In vitro, O-glycosylation is elevated in bovine COCs exposed to glucosamine (Sutton-McDowall et al., 2006). Glucosamine treatment during in vitro maturation does not affect the meiotic maturation of cow, pig, or mouse oocytes, but blastocyst development was severely inhibited (Schelbach et al., 2010). This suggests that protein O-glycosylation does not affect oocyte maturation, but it affects the quality of oocytes.



SUMOylation Modifications

SUMOylation and de-SUMOylation modification refers to the reversible addition and removal of SUMO (small ubiquitin-related modifier) polypeptides on lysine residues (Schatten and Sun, 2014). SUMO proteins, such as SUMO1, SUMO2, SUMO3, and UBE2I, are expressed in and are required for oocyte maturation in events like oocyte meiotic resumption and spindle formation (Ihara et al., 2008; Wang et al., 2010; Feitosa et al., 2018; Rodriguez et al., 2019).

The localization of SUMO1, SUMO2, and SUMO3 in oocytes depends on the developmental stage of the oocytes. In immature oocytes, SUMO1 localizes to the nuclear membrane while SUMO2/3 are within the nucleoplasm. During oocyte meiosis, SUMO1 localizes to the spindle poles and around the chromosomes whereas SUMO2/3 locate near the centromeres (Yuan et al., 2014). UBE2I primarily expresses in the nucleoplasm of mouse growing oocytes at least from postnatal day 13 to GV-stage fully grown oocytes. UBE2I is downregulated following meiotic resumption (Ihara et al., 2008).

The importance of SUMOylation on oocytes maturation could be highlighted by the following facts. After endogenous SUMO1 or UBC9 activities in oocytes were either inhibited or silenced, the percentage of GVBD and PB1 extrusion was significantly reduced, together with abnormal spindle organization, chromosome misalignment, segregation defects, and aneuploidy in matured oocytes (Yuan et al., 2014). Similarly, inhibition of UBE2I for GV-stage mouse oocytes disrupts meiotic maturation and causes defects in spindle organization (Yuan et al., 2014), while overexpression of UBE2I in meiotic incompetent oocytes stimulates gene transcription in vitro (Ihara et al., 2008). Deletion of UBE21 by GDF9-Cre results in complex infertility phenotypes, including defects appearing at multiple critical oocyte transition points, such as unstable ovarian reserves, impaired communication with granulosa cells, and defective resumption of meiosis and meiotic progression (Rodriguez et al., 2019).

Other proteins that affect oocyte maturation are also involved in the process of SUMOylation. For instances, overexpression of the SUMO-specific isopeptidase, sentrin/SUMO-specific protease 2 (SENP2), leads to defects in MII spindle organization by changing the localization of SUMO-modified proteins in oocytes (Wang et al., 2010). Septin, a conserved GTP-binding protein that is modified by SUMO1, is also required for chromosome congression in mouse oocytes (Zhu et al., 2010). And the spindle-assembly checkpoint protein Bub1-related kinase, or MAD3/Bub1b (BUBR1), may be SUMOylated by SUMO1 and is necessary for homologous chromosome alignment as well (Wei et al., 2010; Yang et al., 2012b).



CONCLUSION

Oocyte maturation is a complex process involving multiple steps and is regulated by many molecules and signaling pathways. In recent years, due to the rapid development and popularization of technologies like the genetic modification of animal models, molecular biology, and biochemistry, researchers have gained a better understanding of oocyte GV arrest and meiosis I resumption. The major cellular and molecular affairs, especially the epigenetic modification events related to oocyte maturation in response to hormone induction, and the major advances in this field, are highlighted in this review.

Since the development of an oocyte depends not only on the oocyte itself, but on mutual communication and physical contact with follicular granulosa cells, it is important to focus more on epigenetic changes within oocytes, ovarian granulosa cells in response to hormones, and other extracellular molecules induction. Besides, applying microscopes with high resolution and a high-throughput analysis technique, such as mono-cellular based sequencing and omics techniques, should be emphasized to present clearer 3D or even time-dependent 4D representations of critical affairs that happen during oogenesis. Finding more specific oocyte-expressed proteins, such as RBPs and oocyte-derived paracrine molecules, may contribute to uncover the mysterious mechanisms of oocyte meiosis as well. Further, integration of analysis of sequencing data, comparing the data collected from different breeds, and verifying the function of each individual molecule in vitro and in vivo simultaneously based on multiple animal models are also plausible.
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Bisphenol A (BPA) is one of the ubiquitous environmental endocrine disruptors (EEDs). Previous studies have shown that the reproduction toxicity of BPA could cause severe effects on the mammal oocytes and disturb the quality of mature oocytes. However, the toxic effects of BPA on the organelles of mouse oocytes have not been reported. In this study, to investigate whether BPA can be toxic to the organelles, we used different concentrations of BPA (50, 100, and 200 μM) to culture mouse oocytes in vitro. The results showed that 100 μM BPA exposure could significantly decrease the developmental capacity of oocytes. Then, we used the immunofluorescence staining, confocal microscopy, and western blotting to investigate the toxic effects of BPA on the organelles. The results revealed that mitochondrial dysfunction is manifested by abnormal distribution and decreased mitochondrial membrane potential. Moreover, the endoplasmic reticulum (ER) is abnormally distributed which is accompanied by ER stress showing increased expression of GRP78. For the Golgi apparatus, BPA-exposed dose not disorder the Golgi apparatus distribution but caused abnormal structure of Golgi apparatus, which is manifested by the decrease of GM130 protein expression. Moreover, we also found that BPA-exposed led to the damage of lysosome, which were shown by the increase of LAMP2 protein expression. Collectively, our findings demonstrated that the exposure of BPA could damage the normal function of the organelles, which may explain the reduced maturation quality of oocytes.

Keywords: BPA, oocyte, meiosis, organelles, mitochondria, ER stress, lysosome


INTRODUCTION

In recent years, with the continuous development of human society, the contradiction between rapidly rising pollution levels and human health has become increasingly prominent. Excessive exposure to environmental pollutants can induce severe health problems, including reproductive health problems, which have attracted increased attention in recent years. This situation is being followed closely by scholars at home and worldwide (Vandenberg et al., 2007; Kabir et al., 2015). Environmental endocrine disruptors (EEDs) are a category of common environmental pollutants. The United States Environmental Protection Agency defines EED as “a substance that disrupts the synthesis, secretion, transport, binding, or attenuation of natural hormones needed to maintain homeostasis, reproduction, development, and normal behavior” (Kavlock et al., 1996). EEDs have attracted the attention of various research institutions because they may contribute to the development of endocrine system disorders in mammals and interfere with normal reproductive functions (Lucaccioni et al., 2020; Shi et al., 2021).

Bisphenol A (BPA) is a common EED that is often used as a synthon of polycarbonate plastics and epoxy resins (Rubin, 2011). It can be detected in chemical products, such as adhesives and surface coatings, and has an estrogen-like effect (Alonso-Magdalena et al., 2012). Excessive exposure to BPA may affect the health of the reproductive system, immune system, and neuroendocrine system of mammals (Chen et al., 2017; Ma et al., 2019). Zhang et al. (2017) carried out an in vivo exposure experiment in mice and found that certain concentrations of BPA treatment can disrupt spindle arrangement, chromosome synapsis, and kinetochore microtubule assembly, which impacts the excretion of the first polar body, destroys the meiosis process, and ultimately damages the reproductive capacity of mammals. Furthermore, an in vitro exposure experiment by Li and Zhao (2019) revealed that BPA has certain reproductive toxicity and adversely affects the oocyte maturation. However, the mechanism of how BPA retards oocyte development remains unclear, and there are limited studies investigating the toxic effects of BPA on the organelle function of mammalian oocytes.

Assuring the maturation quality of oocytes is the basis of reproduction in all mammals, the maturation quality of the oocyte has a significant influence on subsequent early embryonic development (Sen and Caiazza, 2013; Keefe et al., 2015). Maintaining the normal distribution and function of organelles in oocytes is essential for oocyte maturation, which include the proper distribution of mitochondria, endoplasmic reticulum, Golgi apparatus, lysosomes, and other organelles in the cytoplasm and the maintenance of normal physiological activity (Sirard et al., 2006; Mao et al., 2014). Oocyte mitochondria are the major source of ATP during preimplantation embryonic development (Babayev and Seli, 2015). A study by Duan et al. (2015) showed that excessive exposure to harmful substances not only leads to the obstruction of oocyte development but also leads to abnormal mitochondrial distribution in the oocyte, which ultimately affects the maturation quality of the oocyte. To maintain oocyte and embryo development, endoplasmic reticulum is the important place to fold the functional proteins properly (Lin et al., 2019). Lysosomes are membranous organelles that are produced by Golgi apparatus and closely related to the functions of the endoplasmic reticulum and mitochondria and are involved in autophagy (Bajaj et al., 2019; Miao et al., 2019).

There are many studies confirming that BPA has certain reproductive toxicity; however, few studies have reported the effect of BPA on oocyte organelles. In this study, we intended to explore the potential toxic effects of BPA on organelles. The results showed that a 100 μM BPA treatment had some effect on the extrusion rate of the first polar body and the distribution and function of the organelles, which may explain the reduced maturation quality of oocytes following BPA exposure.



MATERIALS AND METHODS


Chemicals and Antibodies

Pregnant horse serum gonadotropin (PMSG) was purchased from Ningbo No.2 hormone factory (Zhejiang, China). Mito-Tracker Red, Mitochondrial membrane potential assay kit with JC-1, ER-Tracker Red, Golgi-Tracker Red, and Lyso-Tracker Red were purchased from Beyotime Biotechnology (Shanghai). Rabbit polyclonal anti-LAMP2 antibody and rabbit polyclonal anti-GRP78 were purchased from Cell Signaling Technology (Danvers, MA, United States). Rabbit monoclonal anti-LAMP2 antibody and rabbit monoclonal anti-GRP78 antibody were purchased from Abcam (Cambridge, United Kingdom). Alexa Fluor 594 goat anti-rabbit antibody was purchased from Zhongshan Golden Bridge Biotechnology (Beijing). All other chemicals and reagents were purchased from Sigma-Aldrich Corp., unless otherwise stated.



Ethics Statement

We followed the guidelines of the Institutional Animal Care and Use Committee of the College of Veterinary Medicine, Northwest A&F University (No. 2018011212) to conduct the operations. These mice were housed in considerably ideal conditions which consisted of controlled temperature, regular diet, and appropriate light.



BPA Treatment

Bisphenol A was dissolved in DMSO to prepare a 150 mM stock solution. Taking the research concentration of BPA in porcine oocytes as a reference, we choose the corresponding low concentration for the experiment. We diluted the stock solution in M2 medium to a final working concentration of 50, 100, and 200 μM. For the oocytes collection, mice were intraperitoneally stimulated with 5 IU of PMSG and were then sacrificed by cervical dislocation after 48 h. The oocytes were placed at 37°C with an atmosphere of 5% CO2 and cultured in different concentrations of BPA and to different time points for future experiments.



Immunofluorescent Staining

Oocytes were fixed in 4% paraformaldehyde for 30 min at room temperature, then permeabilized with 0.5% Triton X-100 for 20 min at room temperature, and blocked in blocking buffer (1% BSA-supplemented PBS) at room temperature for 1 h. For GRP78 and LAMP2 staining, the oocytes after blocking were incubated with rabbit polyclonal anti-LAMP2 antibody and rabbit polyclonal anti-GRP78 (1:100) at 4°C overnight, and then the oocytes were washed by wash buffer (0.1% Tween 20 and 0.01% Triton X-100) three times (2 min each time). Next the oocytes were labeled with Alexa Fluor 594 goat anti-rabbit antibody (1:100) at room temperature for 1 h and then washed by wash buffer for three times (2 min each time). Finally, oocytes were incubated with Hoechst 33342 at room temperature for 10 min. After staining, samples were mounted on glass slides and observed with a confocal laser-scanning microscope (Zeiss LSM 800 META, Germany).



Mito-Tracker Red, ER-Tracker Red, and Lyso-Tracker Red Staining

Oocytes were incubated with ER-Tracker Red (1:3000), Mito-tracker Red (1:2000), or Lyso-tracker Red (1:20000) in M2 medium for 30 min at 37°C and 5% CO2. Then, the oocytes were washed 3 times with M2 medium, and finally, the samples were examined with a confocal laser-scanning microscope (Zeiss LSM 800 META, Germany) and confocal scanning laser microscope (Nikon Eclipse Ti, Tokyo, Japan).



Golgi-Tracker Red Staining

Oocytes were incubated with 1% pronase for 4 min in order to remove the zona pellucida, and then, they were incubated with Golgi-tracker Red (1:100) in M2 medium for 30 min at 37°C and 5% CO2. Then, the oocytes were washed 3 times with M2 medium, and finally, the samples were examined with a confocal scanning laser microscope (Nikon Eclipse Ti, Tokyo, Japan).



Western Blot Analysis

Approximately 200 mouse oocytes were placed in Laemmli sample buffer and heated at 95°C for 10 min. Proteins were separated by SDS-PAGE at 80 V for 45 min and 120 V for 2 h and then electrophoretically transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, United States) at 20 V for 3 h. After transfer, the membranes were then blocked with TBST (TBS containing 0.1% Tween 20) containing 5% non-fat milk powder at room temperature for 1 h. After blocking, the membranes were incubated with rabbit monoclonal anti-LAMP2 antibody (1:500) and rabbit monoclonal anti-GRP78 antibody (1:1000) or rabbit monoclonal anti-GAPDH antibody (1:2000) at 4°C overnight. After washing five times in TBST (5 min each), membranes were incubated at 4°C overnight with HRP-conjugated Pierce Goat anti-Rabbit IgG (1:5000). After washing for 5 times, the membranes were visualized using chemiluminescence reagent (Millipore, Billerica, MA).



Statistical Analysis

At least three biological replicates were performed for each analysis. The fluorescence intensity and the Western blotting band gray intensity were measured by Image J. All analyses were performed using GraphPad Prism7.00 software (GraphPad, CA, United States). Results of P < 0.05 were considered statistically significant (differences P < 0.05 denoted by ∗, P < 0.01 denoted by ∗∗, P < 0.001 denoted by ∗∗∗, and P < 0.0001 denoted by ****). The results were endowed as means ± SEM.



RESULTS


Effects of BPA on the Developmental Competence of Mouse Oocytes

To investigate the toxic effects of BPA on mouse oocytes, we first examined the maturation of oocytes with a rising concentration gradient which is exposed with 50, 100, and 200 μM BPA, respectively. We observed polar body extrusion, and the results showed that most oocytes could extrude first polar body in the control group and 50 μM BPA treatment group; however, in the 100 and 200 μM treatment groups, most oocytes had developmental block (Figure 1A). The quantitative results also confirmed this phenotype (Rate of GV rate: Control group: 11.71 ± 1.157%, n = 233, 50 μM: 27.57 ± 4.665%, n = 194, P < 0.01, 100 μM: 30.81 ± 4.307%, n = 202, P < 0.001, 200 μM: 39.2 ± 5.124%, n = 268, P < 0.001, Figure 1B. Rate of first polar body extrusion: Control group: 82.56 ± 2.1984%, n = 134, 50 μM: 71.29 ± 8.807%, n = 165, P > 0.05, 100 μM: 44.29 ± 5.053%, n = 145, P < 0.001, 200 μM: 15.62 ± 4.07%, n = 94, P < 0.0001, Figure 1C). These results suggested that BPA exposure could reduce the developmental competence of mouse oocytes in the dose-dependent manner. Furthermore, we next selected 100 μM as the working concentration in the subsequent study.
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FIGURE 1. Effects of BPA on the developmental competence of mouse oocytes. (A) DIC images of the oocyte polar body extrusion in control, 50, 100, and 200 μM BPA treatment groups. Bar = 100 μm. (B) Rate of GV period after 3 h culture of the control group and BPA treatment group. **, significant difference (P < 0.01); ***, significant difference (P < 0.001). (C) Rate of polar body extrusion after 12 h culture of the control group and BPA treatment group. ***, significant difference (P < 0.001); ****, significant difference (P < 0.0001).




Effects of BPA on Mitochondrial Distribution and Functions During Mouse Oocyte Maturation

To further explore the effects of BPA on the maturation of mouse oocytes, we then explored the effects of BPA on the organelles. We first examined the distribution of mitochondria in BPA treatment oocytes. As Figure 2A, in the control group, the mitochondria are evenly distributed in the cytoplasm and accumulated at the chromosome periphery in oocytes; however, in BPA treatment oocytes, mitochondria appeared as clumped aggregation distribution in cytoplasm. We compared the rate of abnormal mitochondrial distribution between the control group and BPA treatment group; the BPA treatment group was much higher than the control group (33.93 ± 6.61%, n = 55 vs. 81.17 ± 2.596%, n = 43, P < 0.001, Figure 2B). We also examined the mitochondrial membrane potential, and the results showed that BPA treatment could cause the alterations of mitochondrial membrane potential (MMP) by JC-1 staining. The fluorescence intensity of JC-1 red channel was decreased, and green channel was increased compared with the control group (Figure 2C). We also calculated the ratio for red/green fluorescence intensity, and the results also confirmed this (control group: 6.444 ± 0.615, n = 9; BPA treatment group: 4.627 ± 0.477, n = 18, P < 0.05, Figure 2D). These results indicated that BPA exposure adversely affected mitochondria distribution and functions during mouse oocytes maturation.
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FIGURE 2. Effects of BPA on mitochondrial distribution and functions during mouse oocyte maturation. (A) Representative images of mitochondrial distribution in the oocyte cytoplasm in the control group and BPA treatment group. Red, Mito; Blue, DNA. Bar = 20 μm. (B) Abnormal distribution of mitochondrial significantly increased in the BPA treatment oocytes compared with the control oocytes. ***, significant difference (P < 0.001). (C) The typical picture for JC1 red channel and green channel after BPA treatment. Bar = 20 μm. (D) The JC1 signal (red/green ratio) after BPA treatment compare with the control group, the JC-1 red/green fluorescence ratio was significantly reduced in BPA treatment group. *, significant difference (P < 0.05).




Effects of BPA on Endoplasmic Reticulum Distribution and Functions During Mouse Oocyte Maturation

As the ER–mitochondrial interaction is important for the cellular vital movement, we then examined the ER distribution in the BPA-exposed oocytes. As shown in Figure 3A, in the control oocytes, the ER was evenly distributed in the cytoplasm and accumulated at the chromosomes periphery; however, three abnormal distributions appeared in the BPA-exposed oocytes: ER abnormal agglomerated chromosome periphery, the accumulation of ER around the chromosomes disappeared, or ER agglomerated in cytoplasm. The statistical analysis showed that the abnormal distribution of ER increased significantly in the BPA treatment group (35.37 ± 5.228%, n = 55 vs. 73.85 ± 4.774%, n = 47, P < 0.01, Figure 3B). The ER localization pattern indicated that its functions might be disturbed in the BPA-exposed oocytes. To further confirm the effects of BPA on ER, we stained the ER stress marker protein GRP78 to examine the ER stress level. As shown in Figure 3C, we found a significant increase of GRP78 signals in the BPA treatment group, and the statistical analysis for the fluorescent signals also confirmed our findings (164.8 ± 29.74, n = 17 vs. 509.3 ± 70.07, n = 14, P < 0.0001, Figure 3D). These results indicate that BPA-exposed caused abnormal ER distribution and further led to ER-stress in mouse oocytes.
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FIGURE 3. Effects of BPA on endoplasmic reticulum distribution and functions during mouse oocyte maturation. (A) Representative images of ER distribution in the oocyte cytoplasm in the control group and BPA treatment group. In BPA treatment oocytes, ER agglomerated in the cytoplasm (white arrow). Red, ER. Bar = 20 μm. (B) Abnormal distribution of ER significantly increased in the BPA treatment oocytes compared with the control oocytes. **, significant difference (P < 0.01). (C) Representative images of GRP78 intensity in the oocyte cytoplasm in the control group and BPA treatment group. Red, GRP78 antibody; Blue, DNA. Bar = 20 μm. (D) The fluorescence intensity of GRP78 in the BPA treatment group was significantly increased compared with the control group. ****, significant difference (P < 0.0001).




Effects of BPA on Golgi Apparatus Distribution During Mouse Oocyte Maturation

Since the protein needs to be processed, sorted, and delivered by Golgi apparatus, we next examined the Golgi apparatus distribution using Golgi-Tracker in the BPA-exposed oocytes. As shown in Figure 4A, there is no difference in the distribution of Golgi apparatus in the control group and BPA treatment group, and the statistical analysis for the fluorescent signals also confirmed our findings (34.08 ± 4.823%, n = 37 vs. 38.18 ± 6.355%, n = 46, P > 0.05, Figure 4B). Since BPA exposure has no effect on the distribution of Golgi apparatus, we further examined whether BPA has an effect on the structure of Golgi apparatus. As GM130 protein participates in the maintenance of Golgi apparatus, we examined the protein expression of GM130 and found that BPA exposure significantly decreased the GM130 protein level compared with the control group (1 vs. 0.696 ± 0.029, P < 0.001, Figure 4C). These results indicate that BPA exposure caused abnormal structure of Golgi apparatus but does not affect the distribution of Golgi apparatus in mouse oocytes.
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FIGURE 4. Effects of BPA on Golgi apparatus distribution during mouse oocyte maturation. (A) Representative images of Golgi apparatus distribution in the control group and BPA treatment group. Red, Golgi. Bar = 20 μm. (B) Abnormal distribution of Golgi apparatus no significant difference in the BPA treatment oocytes compared with the control oocytes. P > 0.05. (C) Western blot analysis for GM130 expression in the control group and BPA treatment group. Relative intensity of GM130 and GAPDH was assessed by densitometry. ***, significant difference (P < 0.001).




Effects of BPA on Lysosome Functions During Mouse Oocyte Maturation

As lysosomes are formed on the trans-face of Golgi apparatus, to further confirm the effects of BPA on organelles during mouse oocyte maturation, we detected the lysosome by using Lyso-Tracker and lysosomal marker protein LAMP2 in the BPA-exposed oocytes. As shown in Figure 5A, in the BPA treatment group, the punctate signals of Lyso-Tracker were stronger compared with the control group, and the statistical analysis for the fluorescent signals also confirmed our findings (175.4 ± 9.432, n = 21 vs. 208 ± 12.09, n = 22, P < 0.05, Figure 5B). The results of LAMP2 analysis were similar to Lyso-Tracker; as shown in Figure 5C, we found that the signal of LAMP2 in BPA exposure oocytes was stronger compared with the control oocytes, and the statistical analysis for the fluorescent signals also confirmed this (23.27 ± 4.962, n = 4 vs. 62.81 ± 7.424, n = 4, P < 0.05, Figure 5D). We also examined the protein expression of LAMP2 and found that BPA exposure significantly increased LAMP2 protein level compared with the control group (1 vs. 1.265 ± 0.070, P < 0.01, Figure 5E). These results indicate that BPA exposure caused adverse effects on the lysosome functions in mouse oocytes.
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FIGURE 5. Effects of BPA on lysosome functions during mouse oocyte maturation. (A) Representative images of lysosome distribution in the oocyte cytoplasm in the control group and BPA treatment group. Red, lysosome; Blue, DNA. Bar = 20 μm. (B) The fluorescence intensity of lysosome significantly increased in the BPA treatment oocytes compared with the control oocytes. *, significant difference (P < 0.05). (C) Representative images of LAMP2 intensity in the oocyte cytoplasm in the control group and BPA treatment group. Red, LAMP antibody; Blue, DNA. Bar = 20 μm. (D) The fluorescence intensity of LAMP2 in the BPA treatment group was significantly increased compared with the control group. *, significant difference (P < 0.05). (E) Western blot analysis for LAMP2 expression in the control group and BPA treatment group. Relative intensity of LAMP2 and GAPDH was assessed by densitometry. **, significant difference (P < 0.01).




DISCUSSION

The toxic effects of BPA on oocyte maturation have been reported previously. However, the specific underlying mechanism remains unknown. To better understand the effect of BPA treatment on oocyte development at the cytobiological level, we used mouse oocyte samples to detect the excretion rate of the polar body, mitochondria, endoplasmic reticulum, Golgi apparatus, and lysosomes. The results of the statistical analysis showed that a 100 μM BPA treatment had some effect on the excretion rate of the first polar body and the distribution and function of the organelles, which may explain the reduced maturation quality of oocytes following BPA-exposed.

During the development of oocytes, the excretion of the first polar body signals the completion of the first meiosis and indicates that the oocyte has reached the state of nuclear maturation (Sen and Caiazza, 2013). Therefore, the excretion rate of the first polar body is a good indicator of the developmental ability of a mouse oocyte (Sato and Tokmakov, 2020). First, we detected the effect of BPA treatment on the extrusion of the first polar body in a mouse oocyte. The results showed that the extrusion rate of the first polar body was significantly reduced in the BPA-treated group. This indicated that BPA treatment disrupted the first meiosis in the mouse oocyte, which resulted in a poorer quality oocyte. This finding is consistent with the results of an in vitro BPA exposure experiment in pig oocytes by Wang et al. (2016).

Oocytes need adenosine triphosphate (ATP) to carry out meioses and other vital activities, and oocyte mitochondria are the major source of ATP during preimplantation embryonic development (Babayev and Seli, 2015). During the first meiosis of the oocyte, the spindle that is formed by microtubules binds to homologous chromosomes and controls the synapsis and separation of homologous chromosomes until the first polar body is excreted (Sato and Tokmakov, 2020). This process consumes a large amount of ATP, so the distribution of mitochondria is of great importance during the meiosis process. More and more evidence suggested that stress-induced developmental competence impairment of oocyte involves alterations in mitochondrial functioning (Roth, 2018). From the perspective of cytobiology, we explored the effects of BPA treatment on the distribution of mitochondria in mouse oocytes. Our results showed that the rate of abnormal distribution of mitochondria was significantly higher in the group treated with 100 μM of BPA. The abnormally distributed mitochondria were no longer aggregated around the spindle; rather, they were clustered or dispersed in the oocyte. This may lead to an insufficient supply of ATP required for meiosis and thus result in the obstruction of oocyte development.

Endoplasmic reticulum is a membranous organelle in oocyte, which is associated with some of the functions of mitochondria (Friedman and Voeltz, 2011). The main function of the endoplasmic reticulum is processing cell proteins. Distribution of ER can affect the oocyte quality, for example, ER displayed a homogeneous distribution pattern throughout the entire ooplasm during development of oocytes and embryos from diabetic mice (C. H. Zhang et al., 2013). And similar, our results indicated that BPA exposure caused abnormal ER distribution in the cytoplasm. Certain endogenous/exogenous stimulation or changes in physical/chemical conditions may induce considerable expression of unfolded or misfolded proteins in the endoplasmic reticulum, which triggers endoplasmic reticulum stress and activates the unfolded protein response (Qi and Chen, 2019). GRP78 is one of the main molecular inducers of endoplasmic reticulum stress (Rana, 2020). A study by Asahi et al. (2010) found that BPA treatment induces endoplasmic reticulum stress in mouse hepatocytes and concurrently raises GRP78 expression levels. Based on these mitochondria-related studies, we further explored the endoplasmic reticulum function of mouse oocytes treated with BPA and measured the expression level of GRP78. We found that the expression levels of GRP78 in all oocytes treated with 100 μM of BPA increased significantly, and the majority of GRP78 molecules were distributed around the spindle. This suggests that the reproductive toxicity of BPA may induce endoplasmic reticulum stress in oocytes, which interferes with the normal function of the endoplasmic reticulum and disrupts the synthesis and processing of proteins needed for meiosis. This ultimately has an adverse impact on the maturation quality of oocytes.

The Golgi apparatus plays a central role in many intracellular transport events related to protein modification and delivery. After germinal vesicle breakdown (GVBD), the chromosomes are concentrated, and the Golgi apparatus is also fragmented; after that, in the MI oocytes, the Golgi apparatus was further broken and distributed around the spindle until the MII phase (Moreno et al., 2002). It has been reported that superovulation led to the decline of oocyte quality, one of the reasons is superovulation caused the distribution of Golgi apparatus changed significantly (Kalthur et al., 2016). We further explored the Golgi apparatus distribution in mouse oocytes treated with BPA, and the majority of Golgi apparatus distribution were around the spindle in MI period, but the GM130 protein expression was significantly decreased. GM130 protein participates in the maintenance of Golgi apparatus (Nakamura, 2010). Thus, we speculated that BPA exposure caused abnormal structure of Golgi apparatus but does not affect the distribution of Golgi apparatus in mouse oocytes.

Lysosomes play an important role in the intracellular vesicles transport system by digesting endogenous and exogenous macromolecules. They are membranous organelles that are closely related to the functions of the endoplasmic reticulum and mitochondria and are involved in autophagy (Miao et al., 2019). LAMP2 is a lysosomal marker protein. Its function is to protect the lysosomal membrane from digesting itself and maintain an acidic environment inside the lysosome. A study by Sun et al. (2020) showed that lysosomal damage can lead to an increase in LAMP2 levels. To explore the toxic effect of BPA on the intracellular organelles of mouse oocytes, we observed changes in LAMP2 expression levels in mouse oocytes as an index of lysosomal function. The results showed that the LAMP2 levels of oocytes treated with 100 μM of BPA increased significantly. A study by Han et al. (2016) suggested that increases in LAMP2 levels are related to autophagy. Taken together, our findings suggest that BPA treatment may lead to abnormal lysosomal function of oocytes, which triggers a lysosome-related autophagy reaction that interferes with the oocyte maturation.



CONCLUSION

In conclusion, BPA treatment can disrupt the in vitro maturation of mouse oocytes. Specifically, BPA reduces the excretion rate of the first polar body. At the organelle level, this may be caused by the reproductive toxicity of BPA, which leads to the abnormal distribution of mitochondria, endoplasmic reticulum stress, abnormal Golgi apparatus structure, and lysosomal damage. These abnormal organelle functions lead to regional dysfunctions of the oocyte, which ultimately disrupts oocyte maturation.
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There are two important events in oocyte meiotic maturation, the G2/M transition and metaphase I progression. Thousands of proteins participate in regulating oocyte maturation, which highlights the importance of the ubiquitin proteasome system (UPS) in regulating protein synthesis and degradation. Skp1–Cullin–F-box (SCF) complexes, as the best characterized ubiquitin E3 ligases in the UPS, specifically recognize their substrates. F-box proteins, as the variable adaptors of SCF, can bind substrates specifically. Little is known about the functions of the F-box proteins in oocyte maturation. In this study, we found that depletion of FBXO34, an F-box protein, led to failure of oocyte meiotic resumption due to a low activity of MPF, and this phenotype could be rescued by exogenous overexpression of CCNB1. Strikingly, overexpression of FBXO34 promoted germinal vesicle breakdown (GVBD), but caused continuous activation of spindle assembly checkpoint (SAC) and MI arrest of oocytes. Here, we demonstrated that FBXO34 regulated both the G2/M transition and anaphase entry in meiotic oocytes.
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INTRODUCTION

The life of sexual reproduction originates from fertilized egg, the zygote of oocyte, and sperm after fertilization (Stitzel and Seydoux, 2007). Moreover, oocytes provide almost all cytoplasmic components for fertilization (Matzuk et al., 2002). Fully grown oocytes are arrested at prophase of the first meiosis, manifested by the germinal vesicle (GV) (Tripathi et al., 2010), and nuclear envelope breakdown termed germinal vesicle breakdown (GVBD) marks the resumption of meiosis. With the separation of homologous chromosomes, the oocytes accomplish the progression of the first meiosis, and after the first polar body extrusion, oocytes stagnate in the metaphase of the second meiosis (MII) (Jones, 2004; Tripathi et al., 2010; Fabritius et al., 2011), awaiting the arrival of the sperm and the occurrence of fertilization.

Similar to mitosis, the G2/M transition of meiosis, which is the resumption of meiosis, requires activation of maturation promoting factor (MPF) (Adhikari et al., 2012). There are two important components of MPF, the regulatory subunit CCNB1 (also known as cyclin B1) and the catalytic subunit CDK1 (also known as p34cdc2, CDC2, or cyclin-dependent kinase I) (Doree and Hunt, 2002). Wee1 protein kinase dephosphorylates CDK1 tyrosine residue at position 15 (Tyr-15), and then CDK1 is activated (Morgan, 1995; Mitra and Schultz, 1996). Because of continuous degradation of CCNB1 by anaphase-promoting complex/cyclosome (APC/C), the concentration of CCNB1 remains low before the resumption of meiosis (Marangos et al., 2007). Low levels of CCNB1 do not reach the threshold concentration for binding with CDK1, which is one of the reasons why MPF could not be activated and function (Reis et al., 2006). After the resumption of meiosis, the important event of oocyte is to initiate the metaphase/anaphase transition and complete the first meiosis (Tripathi et al., 2010; Fabritius et al., 2011). Spindle assembly checkpoint (SAC) plays an important role in monitoring the correct assembly of spindles and the accurate separation of chromosomes (Stegmeier et al., 2007). The spindle checkpoint proteins BubR1, Mad2, and Bub3 bind to CDC20, inhibiting the activity of APC and preventing segregation of chromosomes and anaphase entry (Reddy et al., 2007; Stegmeier et al., 2007; Li et al., 2009). Once all the chromosomes and spindles connect correctly and align on the equatorial plate, SAC begins to become inactivated and CDC20 activates APC. CCNB1 is rapidly degraded by APC/C, and the oocyte enters the anaphase (Reddy et al., 2007).

Thousands of proteins participate in the regulation of oocyte mature progress (Zhang et al., 2009). But at different developmental stages of oocytes, the protein compositions are different, correlating with oocyte characteristics (Wang et al., 2010). Thus, proteins are precisely translated and assembled before participating in life activities and then degraded in an orderly manner when no longer needed. The ubiquitin proteasome system (UPS) via posttranslational modifications regulates kinds of cellular processes, such as development and differentiation of cell, apoptosis, and cell cycle (Ciechanover, 1994; Hochstrasser, 1995). The UPS includes the activating E1 enzymes and the conjugating E2 enzymes, as well as the ligase E3 (Hershko et al., 2000; Pickart, 2004). The specificity of the UPS is monitored by E3 ligases, containing the major representative Skp1–Cullin–F-box (SCF) protein complex. The SCF complex consists of S-phase kinase–related protein 1 (SKP1), the backbone protein Cullin1, and a variable F-box protein (Cardozo and Pagano, 2004). Moreover, a recent research suggested that SCF ligases were necessary for oocytes maturation, expansion of cumulus cell, and fertilization (Kinterova et al., 2019). F-box proteins are a class of proteins that contain the F-box motif, which constitute the key component of the SCF and mainly mediate substrate recognition and substrate recruitment (Kipreos and Pagano, 2000). Moreover, F-box protein family also has many functions independent of SCF. Previous researches have revealed lots of functions of F-box proteins. High expression and phosphorylation of FBXO28 strongly and independently predict poor outcome in human breast cancer (Cepeda et al., 2013). FBXO32 impaired SK2, causing occurrence of diabetes mellitus (Ling et al., 2019). In addition, F-box proteins are also significantly important in germ cell development and maturation. FBXO43 (also known as Emi2) played a key role in spermatocytes at early diplotene of prophase I (Gopinathan et al., 2017) and inhibited the binding of Ube2S to APC/C, mediating meiotic MII arrest (Sako et al., 2014). FBXO30-deleted oocytes were arrested at MI stage, due to chromosome overcondensed and failure of separation (Jin et al., 2019). As a member of F-box proteins, FBXO34 is highly expressed in the testis and ovary of adult mice, but the functions of FBXO34 have hardly any reports.

Here, we found that depletion of FBXO34 led to the significant decrease of MPF activity and failure of GVBD. When FBXO34 was overexpressed, it was extremely difficult for oocytes to emit the first polar body and reach to MII stage. To deeply explore the mechanisms of the MI arrest, we performed the live-cell imaging experiments. Surprisingly, the homologous chromosomes did not separate, and the spindle of MI stage did not migrate to the cortex. Chromosome spreading experiments showed that FBXO34-overexpressed oocytes had a continuous activation of SAC. In our study, we revealed the significant function of FBXO34 protein in regulating the maturation of oocytes.



RESULTS


Subcellular Localization of FBXO34 During Oocyte Meiotic Maturation

We first checked the subcellular localization of FBXO34 during oocyte meiotic maturation. We collected mouse oocytes and microinjected them with FBXO34-MYC mRNAs and then cultured the oocytes to different stages. FBXO34 was mainly localized at the nucleus and colocalized with F-actin in the membrane of oocytes at GV stage (Figure 1A). The signal of FBXO34 was colocalized with F-actin in the membrane of oocytes at GVBD and MI stages (Figures 1B,C). At MII stage, it was concentrated in the cortex, overlapping the actin cap (Figure 1D).
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FIGURE 1. Subcellular localization of FBXO34 in oocyte meiotic stages. (A–D) Oocytes at GV, GVBD, MI, and MII stages were collected for immunofluorescent analysis for FBXO34 (green), DNA (blue), and F-actin (red). Scale bar, 10 μm.




Depletion of FBXO34 Reduced MPF Activity and Caused Failure of Resumption of Meiosis

Morpholino (MO) was used to deplete FBXO34 in mouse oocytes. Interestingly, only 35% of FBXO34-depleted oocytes underwent GVBD by 3 h after being released from 3-isobutyl-1-methylxanthine (IBMX). It was inescapably clear that the percentage of oocytes passing through prophase I in the FBXO34-depleted group was lower than that in the control oocytes (34.9% ± 1.3% vs. 82.2% ± 0.5%; P < 0.05) (Figure 2A). To demonstrate the specificity of FBXO34-MO, we used depletion and rescue methods. Exogenous mRNAs with synonymous mutation of the ATG site prevent morpholino targeting and encode the same protein (Madakashira et al., 2017). Most importantly, the incidence of the prophase I arrest was significantly reduced by coinjection of the FBXO34-MO and synonymous mutant mRNAs (Figures 2B,C). These results suggested that FBXO34 was specifically and effectively depleted in our experiments, and these FBXO34-depleted oocytes showed failure of prophase I resumption, being kept arrest at the GV stage.
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FIGURE 2. Depletion of FBXO34 impaired the resumption of meiosis and activity of MPF. (A) GVBD rates of control group and FBXO34-MO group at 3 h following release from IBMX inhibition. (B) Western blot of FBXO34-MYC and actin in control, FBXO34 mRNA–injected, and FBXO34-sm mRNA–injected oocytes (100 oocytes per sample). The molecular weight of FBXO34-MYC is 130 kDa; the molecular weight of actin is 42 kDa. (C) After oocytes were released from IBMX inhibition, GVBD rates of oocytes at 1, 2, and 3 h for control group; FBXO34-MO group; and FBXO34-MO+FBXO34-sm mRNA group were summarized. (D) After oocytes were released from IBMX inhibition, Western blot of the phosphorylation level of Tyr15 of Cdk1 (pCdk1-Y15), CCNB1, and actin in the control group and the FBXO34-MO group were presented (180 oocytes per sample). The molecular weight of pCDK1-Y15 is 30 kDa, the molecular weight of CCNB1 is 55 kDa, and the molecular weight of actin is 42 kDa. The relative intensity of immunoreactive bands was quantified by densitometry. Quantitative data were obtained from at least three independent repeats, and one repeat of each experiment contained at least 50 oocytes. The error bars of quantitative data represent the standard deviation (*P < 0.05, ***P < 0.005).


Given the above results, we further explored the underlying mechanisms. We tested the expression level of pCDK1 and CCNB1, two critical components of MPF (Jones, 2004). Normally, CDK1 become active by dephosphorylation at Tyr 15, and CCNB1 will be accumulated for GVBD. We found that the level of CDK1 phosphorylation has a significant increase in FBXO34-depleted oocytes comparing with the control group. Moreover, we examined that the level of CCNB1 in FBXO34-depleted oocytes was evidently lower than that in the control group (Figure 2D). We supposed that the reason for FBXO34-depleted oocytes failing to resume prophase I progression was caused by the low expression level of CCNB1 and lack of CDK1 dephosphorylation, which led to a low level of MPF activity.



Overexpression of CCNB1 Could Rescue the Failed GVBD Caused by Depletion of FBXO34

To explore the functions of CCNB1 in FBXO34-depleted oocytes, exogenous CCNB1-GFP mRNAs were injected, and the location of CCNB1 was traced in oocytes. CCNB1 distributed in the cytoplasm of oocytes at GV stage and then transferred to the nucleus before GVBD. Comparing with control oocytes, the nuclear entry of CCNB1 was not affected in FBXO34-depleted oocytes (Figure 3C and Supplementary Movies 1,2). However, overexpression of CCNB1 in FBXO34-depleted oocytes increased GVBD evidently after CCNB1-GFP mRNA injection (Figures 3A,B), which attested that FBXO34 might play an integrant role in stabilization of CCNB1.
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FIGURE 3. The addition of exogenous CCNB1 alleviated the impairment caused by FBXO34-MO. (A) GVBD rates of control, FBXO34-MO group, and FBXO34-MO+CCNB1-GFP mRNA group at 1, 2, and 3 h following release from IBMX. (B) Western blot of the CCNB1-GFP, endogenous CCNB1, and actin in the control group and the CCNB1-GFP mRNA group were presented (180 oocytes per sample). (C) The dynamics of CCNB1-GFP were shown by live-cell imaging in control oocytes and FBXO34-MO oocytes. Images of live cells were taken every 10 min from releasing to occurrence of GVBD. Scale bar, 20 μm. Quantitative data were obtained from at least three independent repeats, and one repeat of each experiment contained at least 50 oocytes. The error bars of quantitative data represent the standard deviation (*P < 0.05).




Overexpression of FBXO34 Promoted GVBD

To further gain insight into the roles of FBXO34 in the G2/M transition of oocytes, we performed the FBXO34 overexpression experiment. Oocytes microinjected with FBXO34 mRNAs were incubated in M2 medium with IBMX for 4 h, achieving overexpression of FBXO34 (Figure 4C). Then, the FBXO34-overexpressed oocytes were released to M2 medium with low concentration IBMX (50 μM). We found that FBXO34-overexpressd oocytes promoted the rate of GVBD comparing with control oocytes (Figure 4A). By knockdown and overexpression experiments, we deduced that FBXO34 was one of the indispensable proteins in the G2/M transition of oocytes.
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FIGURE 4. Effects of FBXO34 overexpression on resumption and progression of meiosis. (A) GVBD rates at 3 h after being released to M2 medium with 50 μM IBMX for control and FBXO34-overexpressed oocytes. (B) MII rates of control and FBXO34-overexpressed oocytes. (C) Western blot of FBXO34-MYC and actin in control, FBXO34 mRNA–injected oocytes (100 oocytes per sample). The molecular weight of FBXO34-MYC is 130 kDa, and the molecular weight of actin is 42 kDa. (D) The rates of MI arrest oocyte in control and FBXO34-overexpression groups. (E) Oocytes in the control and FBXO34-overexpression groups were cultured for 12 h followed with staining with α-tubulin (green) and DNA (blue). Scale bar, 10 μm. Quantitative data were obtained from at least three independent repeats, and one repeat of each experiment contained at least 50 oocytes. The error bars of quantitative data represent the standard deviation (**P < 0.01, ***P < 0.005).




Overexpression of FBXO34 Blocked Anaphase Entry in Oocytes

Overexpression of FBXO34 promoted GVBD, and it affected succeeding development during oocyte maturation. When cultured for 12 h in M2 medium, almost all control oocytes (95.1% ± 1%; P < 0.05) emitted the first polar body. Contrarily, only very few FBXO34-overexpressed oocytes (8.0% ± 9.7%; P < 0.05) could exclude the first polar body (Figure 4B). We explored the reason that FBXO34-overexpressed oocytes were arrested at MI stage by immunofluorescent and live-cell imaging experiments. In the overexpressed oocytes, the two ends of the spindles were messy and irregular, the homologous chromosomes did not separate (Figure 4E), and those FBXO34-overexpressed oocytes were arrested at MI stage (Figure 4D).

In addition, we performed live-cell imaging experiment to analyze the dynamics of chromosomes and spindle of FBXO34-overexpressed oocytes. Spindle and chromosomes were labeled by MAP4-eGFP and H2B-mCherry, respectively (Li et al., 2020). In control oocytes, the spindles organized normally, the chromosomes aligned naturally, and the first polar body extruded on time (Figure 5A and Supplementary Movie 3). In contrast, although the chromosomes and the spindle are normal between the stages GVBD and MI in the FBXO34-overexpressed oocytes, the chromosomes and the spindle were at a standstill for the next step. The chromosomes did not separate, and the spindle did not migrate to the cortex (Figure 5A and Supplementary Movie 4).
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FIGURE 5. Overexpression of FBXO34 caused continuous activation of SAC and MI arrest. (A) Control and FBXO34-overexpressed oocytes injected with MAP4-eGFP and H2B-mCherry mRNAs were incubated for 4 h and released to M2 medium for live-cell imaging. The spindle was labeled with MAP4-eGFP, and the chromosomes were labeled with H2B-mCherry. Images of live cells were taken every 30 min from the start of releasing to the end of 14 h later. Scale bar, 20 μm. (B) After being incubated for 9.5 h, control and FBXO34-overexpressed oocytes were collected for chromosome spreading. Bub3 (red), DNA (blue). Scale bar, 10 μm.


Given that FBXO34-overexpressed oocytes were arrested at MI stage, we performed chromosome spreading to test the activity of SAC. Comparing with the control oocytes, the homologous chromosomes of FBXO34-overexpressed oocytes did not separate, and the signals of Bub3 were detected on chromosome kinetochores. However, we could not detect the signals of Bub3 in the control oocytes (Figure 5B). The result suggested that the SAC in FBXO34-overexpressed oocytes was still activated, which inhibited the chromosomes separation. The results above demonstrated that overexpression of FBXO34 led to failure of anaphase entry.



DISCUSSION

Mammalian oocytes mature with the involvement of thousands of proteins, many of which later follow the cytoplasm into the fertilized egg and participate in the subsequent life activities, such as zygotic gene activation and embryogenesis (Zhang et al., 2009; Wang et al., 2010). Therefore, the balance of proteins production and degradation is extremely important. The UPS plays a key role in protein degradation. In the UPS, F-box family proteins as the important component of SCF determined the substrate-selected specificity of E3 ligase (Weissman, 2001). In the human, F-box protein family contains almost 70 members (Skaar et al., 2009) that consist of cell-cycle regulators, DNA replication factors, cyclin-dependent kinase inhibitors, transcription factors, and so on (Kipreos and Pagano, 2000). In this study, we focused on the functions of FBXO34 in oocyte maturation. Interestingly, we found that FBXO34 played pivotal roles in oocyte maturation.

Oocytes are arrested at GV stage, which is the diplotene stage of the first meiotic prophase. After increased expression of CCNB1 and dephosphorylation of CDK1, the MPF was activated, and the resumption of meiosis occurred (Adhikari et al., 2012), marked as GVBD. In this study, we first used morpholino, a tool of targeting the start codon of FBXO34 transcript, to avoid original translation of FBXO34. We found that injection of FBXO34-MO caused failure of prophase I resumption. It was reported that FBXW7 as substrate recognition subunit played a key role in degradation of protein at meiotic prophase, especially the transition from pachytene to diplotene (Kisielnicka et al., 2018). It is well-known that MPF is an important regulator for the resumption of meiosis. Because of the low level of CCNB1 in FBXO34-depleted oocytes, we injected exogenous CCNB1-GFP mRNAs to rescue the resumption of meiosis in FBXO34-depleted oocytes. We found that CCNB1-GFP entered the nucleus, and GVBD occurred in FBXO34-depleted oocytes. It was verified that the failure of prophase I resumption in FBXO34-depleted oocytes was due to the low expression level of CCNB1. Similarly, a previous report mentioned that Emi1 (also known as FBXO5) was responsible for destruction of CCNB and inactivation of MPF (Marangos et al., 2007). We speculated that the decrease of CCNB1 level and the inactivation of MPF caused by depletion of FBXO34 might act in a similar way. Moreover, the SKP1 could directly bind CCNF (also known as cyclin F) through a novel structural motif and regulated proteolysis in G1/S and G2/M transitions (Bai et al., 1996). SCF-mediated ubiquitination was closely related to the regulation of meiosis resumption. In our work, we confirmed that the depletion of FBXO34 led to the low level of and inactivity of MPF, but the direct substrate of FBXO34 needs further investigation.

After the resumption of meiosis, the chromosomes attach to the spindle and align correctly, waiting for separation after the SAC deactivation (Dumont and Desai, 2012; Lara-Gonzalez et al., 2012; Stukenberg and Burke, 2015). In FBXO34-overexpressed oocytes, the chromosomes could not separate normally, stagnating in the MI stage. We found that the two ends of the spindle were messy and irregular, and the chromosomes did not separate. Furthermore, in contrast to control oocytes, the spindle of FBXO34-overexpressed oocytes did not migrate to the cortex. Continuous activation of the SAC leads to the failure of the oocyte meiotic progress (Lara-Gonzalez et al., 2012). Bub3, as a core member of SAC, monitors oocyte meiotic anaphase entry (Li et al., 2009). To further detect the reason of the MI arrest, we checked the activity of the SAC according to the signals of Bub3. The SAC kept continuous activation at 9.5-h culture in FBXO34-overexpressed oocytes. A previous study found that depletion of FBXO30 caused the overcondensed chromosomes and failure of chromosome segregation (Jin et al., 2019). In addition, as a member of F-box proteins, FBXO34 was a composition of the UPS, participating in regulation of protein production and degradation (Zhou and Howley, 1998; Galan and Peter, 1999). To some extent, overexpression of FBXO34 might increase the levels of ubiquitination, causing degradation of one or more proteins and impairment of meiosis progress. MPF plays a vital role during the meiosis I to meiosis II transition (Jones, 2004). FBXO34 depletion led to decrease of MPF activity and failure of GVBD. Thus, we speculated that overexpression of FBXO34 might impair the transition from meiosis I to meiosis II by regulating MPF activity. In our work, we provided a new evidence of F-box family proteins regulating oocyte maturation.

In conclusion, our study revealed the importance of FBXO34 in mouse oocyte maturation. The balance of protein is pivotal for unidirectional progression of cell cycle (Wang et al., 2017), especially the ubiquitination-related proteins. We demonstrated that the FBXO34 played a vital role both in the G2/M transition and anaphase entry in meiotic oocytes.



MATERIALS AND METHODS


Oocyte Collection and Culture

6–8 week-old ICR mice were fed and handled according to the policies of the ethics committee of the Institute of Zoology, Chinese Academy of Sciences. To maintain the collected oocytes at GV stage, we used M2 medium with 200 μM IBMX to culture them. Moreover, we used the inhibitory model using a low concentration of IBMX (50 μM) to perform the experiment “overexpression of FBXO34 promoted GVBD.” Oocytes were released for culturing in M2 medium to different stages, such as GVBD (2 h), MI (8 h), and MII (12 h). M2 medium covered with mineral oil was used to culture the oocytes in a humidified atmosphere of 5% CO2 at 37°C.



Plasmid Construction

RNeasy micro purification kit (Qiagen) was used to extract total RNA from 200 mouse GV oocytes as a sample, and then cDNA synthesis kit (Takara) and poly(dT) primers were used to generate the first strand cDNA. The full length of FBXO34 CDS was amplified by the polymerase chain reaction (PCR) method. The PCR products and Myc tag plasmid were, respectively, digested using FseI and AscI (New England Biolabs, Inc.), and then FBXO34 CDS and Myc plasmid were linked. The fusion plasmid was transfected into DH5α competent cells (Transgene Biotech). KOD-Plus-Mutagenesis Kit (Toyobo) was used to make a synonymous mutation of FBXO34 plasmid. CCNB1-GFP plasmid, MAP4-eGFP plasmid, and H2B-mCherry plasmid were acquired from plasmid bank in our laboratory.



Microinjection of Morpholino and mRNAs

We used the Nikon operating system to achieve microinjection and complete within 30 min. Each oocyte was treated with 5–10 pl of MO or mRNAs. FBXO34-MO (5′-CGCTCGCCCCGAAACCCATTTGTTG-3′) (Gene Tools) was diluted with nuclease-free water to knockdown FBXO34 in mouse oocytes by microinjecting, and the same nuclease-free water was used for the control. mRNAs were produced and capped by the mMessage mMachine (Ambion), added the tail with poly(A) polymerase Tailing kit (Epicenter, AP-31220) and purified with an RNeasy cleanup kit (Qiagen). FBXO34 mRNAs and FBXO34-sm mRNAs sequences of the ATG site are as follows: FBXO34 mRNAs (5′-ATGGGTTTCGGGGCGAGCGTT-3′), FBXO34-sm mRNAs (5′-ATGGTTTTGGAGGCAAGCGTT-3′). For overexpression and localization experiments, oocytes were microinjected with 500 ng to 1 μg/μL and 50 ng to 200 ng/μL mRNAs into the cytoplasm of GV oocytes, respectively.



Antibodies

The antibodies were as follows: anti-CCNB1 antibody (Santa Cruz Biotechnology; Cat#: sc-245; 1:2,000 for Western blot), anti-pCDK1 (Tyr 15) antibody (Santa Cruz Biotechnology; Cat#: sc-12340-R; 1:1,000 for Western blot), anti–β-actin antibody (Santa Cruz Biotechnology; Cat#: sc-8432; 1:3,000 for Western blot), anti-MYC antibody (Sigma-Aldrich; Cat#: M4439; 1:3,000 for Western blot), anti-MYC antibody (Thermo Fisher; Cat#: R953-25; 1:200 for immunofluorescent analysis), anti–α-tubulin–FITC antibody (Sigma-Aldrich; Cat#: F2168; 1:800 for immunofluorescent analysis), and Alexa FluorTM 546 Phalloidin (Thermo Fisher; Cat#: A22283; 1:200 for immunofluorescent analysis).



Western Blot and Immunofluorescent Analysis

Western blot experiments were performed to analyze the expression level of proteins. Two hundred mouse oocytes as a sample were collected in 7 μL 1.5 × sodium dodecyl sulfate (SDS) buffer containing protease inhibitor and immediately boiled for 5 min. After separating by SDS–polyacrylamide gel electrophoresis, the denatured proteins were transferred to polyvinylidene fluoride membrane. Next, TBST (Tris-buffered saline with 0.1% Tween 20) containing 5% bovine serum albumin (BSA) was used to block the membrane for 1–2 h at room temperature. When incubated with primary antibodies for 16 h in a 4°C environment, the membrane was washed in TBST for three times (10 min for each time) and then incubated with corresponding secondary antibodies for 1 h at 37°C. After three washes in TBST, the membrane was handled by the enhanced chemiluminescence detection system (Bio-Rad).

Immunofluorescent experiments were performed to analyze the localization of proteins. Paraformaldehyde (PFA) 4% and Triton X-100 0.5% were used to fix oocytes for 30 min and permeabilize oocytes for 25 min successively. Then, blocking buffer (1% BSA in PBS) was used to block oocytes for 1–2 h at room temperature. After primary antibodies were incubated for 16 h in a 4°C environment, oocytes were washed in washing buffer (0.1% Tween 20 and 0.01% Triton X-100 in PBS) for three times (5 min for each time). Next, oocytes were labeled with the appropriate fluorescent secondary antibodies for 1–2 h at room temperature. After three washes, 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) was used to stain the chromatin of oocytes for 15 min. Confocal laser-scanning microscope (Zeiss LSM 880) was used for observing the immunofluorescent signals.



Confocal Time-Lapse Live Imaging

After a mini-cell incubator was equipped, confocal microscope imaging system (Andor dragonfly 200) was used to perform live-cell imaging experiment. The injected oocytes were incubated in M2 medium covered by mineral oil. According to our requirement, the fluorescence, the whole incubation time, and the spacing were adjusted to take images.



Chromosome Spreading

Chromosome spreading was performed as follows (Hodges and Hunt, 2002): First, the zona pellucida of oocytes was removed by acid Tyrode’s solution (Sigma) at room temperature. After a fast wash in M2 medium, the oocytes were moved onto a clean glass slide that dropped with a solution (1% PFA 0.15% Triton X-100 and 3 mM dithiothreitol in water). Then, the oocytes were blocked with blocking buffer for 1–2 h at room temperature. Then the oocytes were incubated with primary antibodies for 16 h at 4°C and washed three times (5 min for each time) with washing buffer. After the appropriate fluorescent secondary antibodies were incubated for 1–2 h and washed three times, oocytes were stained with DAPI for 15 min. Confocal laser-scanning microscope (Zeiss LSM 880) was used for observing the immunofluorescent signals.



Statistical Analysis

The Photoshop CS5 (Adobe) and Illustrator CC5 (Adobe) were used for analysis of the images. Quantitative analysis of each experiment (mean ± standard error of mean) was obtained from repeating at least three times and processed by Student t test using Prism8 (GraphPad Software) with P < 0.05 set for significance.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences.



AUTHOR CONTRIBUTIONS

B-WZ, Q-YS, and Z-BW conceived and designed the project and analyzed the data. B-WZ, S-MS, KX, W-LL, and S-LL prepared and performed the research. Y-YL and Y-CO provided the technical support. B-WZ and Z-BW wrote the manuscript. All authors contributed to the article and approved the final version of this manuscript.



FUNDING

This study was supported by the National R&D Program of China (2017YFC1001500), the National Natural Science Foundation of China (31671559), and the Youth Innovation Promotion Association CAS (2017114).



ACKNOWLEDGMENTS

We appreciate the technical assistance from Shiwen Li and Xili Zhu.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.647103/full#supplementary-material

Supplementary Movie 1 | Control oocytes injected with CCNB1-GFP mRNAs were incubated for 2 h and released for live-cell imaging. We kept the experiments until GVBD. CCNB1 was visualized with GFP. Scale bar, 20 μm.

Supplementary Movie 2 | FBXO34-depleted oocytes injected with CCNB1-GFP mRNAs were incubated for 2 h and released for live-cell imaging. We kept the experiments until GVBD. CCNB1 was visualized with GFP. Scale bar, 20 μm.

Supplementary Movie 3 | Control oocytes injected with MAP4-eGFP and H2B-mCherry mRNAs were incubated for 4 h and released for live-cell imaging. The time spanning of the movie was from GVBD to MII stage (about 10 h). The spindle was labeled with MAP4-eGFP, and the chromosomes were labeled with H2B-mCherry. Scale bar, 20 μm.

Supplementary Movie 4 | FBXO34-overexpressed oocytes injected with MAP4-eGFP and H2B-mCherry mRNAs were incubated for 4 h and released for live-cell imaging. The time spanning of the movie was similar to that of the control group. The spindle was labeled with MAP4-eGFP, and the chromosomes were labeled with H2B-mCherry. Scale bar, 20 μm.
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Melatonin Alleviates the Suppressive Effect of Hypoxanthine on Oocyte Nuclear Maturation and Restores Meiosis via the Melatonin Receptor 1 (MT1)-Mediated Pathway
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It is well known that hypoxanthine (HX) inhibits nuclear maturation of oocytes by elevating the intracellular cAMP level, while melatonin (MT) is a molecule that reduces cAMP production, which may physiologically antagonize this inhibition and restore the meiosis process. We conducted in vitro and in vivo studies to examine this hypothesis. The results showed that 10–3 M MT potentiated the inhibitory effect of HX on mouse oocyte meiosis by lowering the rate of germinal vesicle breakdown (GVBD) and the first polar body (PB1). However, 10–5 M and 10–7 M MT significantly alleviated the nuclear suppression induced by HX and restored meiosis in 3- and 6-week-old mouse oocytes, respectively. We identified that the rate-limiting melatonin synthetic enzyme AANAT and melatonin membrane receptor MT1 were both expressed in oocytes and cumulus cells at the GV and MII stages. Luzindole, a non-selective melatonin membrane receptor antagonist, blocked the activity of MT on oocyte meiotic recovery (P < 0.05). This observation indicated that the activity of melatonin was mediated by the MT1 receptor. To understand the molecular mechanism further, MT1 knockout (KO) mice were constructed. In this MT1 KO animal model, the PB1 rate was significantly reduced with the excessive expression of cAPM synthases (Adcy2, Adcy6, Adcy7, and Adcy9) in the ovaries of these animals. The mRNA levels of Nppc and Npr2 were upregulated while the genes related to progesterone synthesis (Cyp11a11), cholesterol biosynthesis (Insig1), and feedback (Lhcgr, Prlr, and Atg7) were downregulated in the granulosa cells of MT1 KO mice (P < 0.05). The altered gene expression may be attributed to the suppression of oocyte maturation. In summary, melatonin protects against nuclear inhibition caused by HX and restores oocyte meiosis via MT1 by reducing the intracellular concentration of cAMP.
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INTRODUCTION

Adenylated cyclases (ADCYs) catalyze the conversion of ATP to cyclic adenosine 3′,5′-monophosphate (cAMP) (Hanoune and Defer, 2001), an important second messenger that participates in multiple cellular functions (Gold et al., 2013; Zhang et al., 2020). Hypoxanthine (HX) (Downs et al., 1985; Eppig et al., 1985; Eppig and Downs, 1987; Ma et al., 2003), NPPC/NPR2 (Zhang et al., 2010; Kiyosu et al., 2012), and some other small molecular peptides in follicular fluid secreted by granulosa cells (Huang et al., 2013; He et al., 2016; Zhang et al., 2017) can inhibit phosphodiesterase (PDE) activity and maintain a high intracellular concentration. This high level of cAMP inhibits oocyte meiosis (Pirino et al., 2009) and allows the oocytes to be in a meiotic arrest state and keeps them in the GV stage in the follicles.

Phosphodiesterases play an important role in maintaining the balance of cAMP concentrations (Brunton, 2003; Beltejar et al., 2017; Rohrig et al., 2017). Among PDEs, PDE3A mainly degrades cAMP within the oocyte. In the luteinizing hormone (LH) secretion peak, PDE3A is activated to metabolize cAMP and to recover meiosis (Richard et al., 2001). At a relatively low level of LH (for example, before the LH secretion peak), cGMP can enter oocytes through gap junctions and inhibit PDE3A activity. In the presence of PDE3A, a lower cGMP concentration in oocytes leads to GVBD (Norris et al., 2009; Vaccari et al., 2009; Zhang et al., 2010).

Regarding the impact of cAMP on oocyte maturation, melatonin is a well-known molecule that regulates intracellular cAMP levels in a variety of cell types. The effect of melatonin (MT) on oocyte maturation has been extensively studied. For instance, MT can promote the maturation of fish eggs by inducing the hormone molt-inhibiting hormone (MIH). In mammals, MT significantly promotes oocyte maturation and improves embryo quality in cattle, pigs, and sheep (Zhao et al., 2016; Tian et al., 2017; Wang et al., 2017). The signaling pathway of MT mediated by its membrane receptor is the inhibition of cAMP production. This effect was first reported in frog melanocytes (White et al., 1987) and subsequently in many mammalian tissues, including the pituitary and cerebral arteries (Roka et al., 1999).

In addition, MT effectively reduces endoplasmic reticulum (ER) stress (Park et al., 2018), protects porcine oocytes in vitro maturation from heat stress (Li et al., 2015), and improves the quality of frozen thawed oocytes in mouse ovaries (Hemadi et al., 2009). MT1 and MT2 melatonin membrane receptors have been detected in bovine oocytes, and their activation by MT significantly improves the oocyte cleavage rate and blastocyst rate during in vitro maturation (Sampaio et al., 2012). Based on this evidence, we speculate that MT may cooperate with LH to relieve nuclear suppression and restore meiosis of oocytes. These activities of MT may be mediated by receptors to regulate the intracellular concentration of cAMP. To confirm these hypotheses, we examined whether MT application can prevent HX inhibition of oocyte meiosis and investigated the underlying mechanisms since HX is an established PDE inhibitor that elevates intracellular cAMP.



MATERIALS AND METHODS


Animal Treatment

Wild-type Kunming White and C57BL/6J mice (Mus musculus) were purchased from the Laboratory Animal Center of Academy of Military Medical Science (Beijing, China). Mtnr1a knockout (MT1 KO) C57BL/6J mice were reconstructed via the CRISPR/Cas9 system (Zhang et al., 2019). Mice were kept in the facility at China Agricultural University according to the guidelines for laboratory animals. All animal treatment procedures were approved by the Animal Care Committee of China Agricultural University (CAU), and the protocol number for the mouse study was AW21119102-2-1. Mice were housed under controlled temperature (22–26°C) and lighting (16 hours light/8 hours darkness) with food and water ad libitum.



Chemicals

TRIzol reagent was purchased from Life Technologies Corporation. Oligo dT and reverse transcriptase enzyme reverse transcription reagents were purchased from Fermenters. PCR primers were subscribed by Invitrogen. PCR Mix and ddH2O were purchased from Tiangen Company. MEMα was purchased from Gibco (United States). Pregnant mare serum gonadotropin (PMSG) and human chorionic gonadotropin (hCG) hormone were obtained from Ningbo Second Hormone Factory (Ningbo Hormone Products Co., Ltd., China). Fetuin (Merck, Germany), MT, and other test reagents were purchased from Sigma (St. Louis, MO, United States) unless otherwise stated.



Mouse Oocyte Collection and Culture

For the in vivo study, mice aged 3 weeks (before sexual maturity) and 6 weeks (after sexual maturity) were used. Mice were sacrificed by cervical dislocation 44 h after they were primed with 10UI PMSG, and the oocytes were immediately collected from the ovaries. Briefly, the follicles were punctured under a stereomicroscope using a 29G needle fixed to a 1 mL disposable syringe and aspirated into M2 medium supplemented with 4 mM HX (Wang et al., 2004). Cumulus oocyte complexes (COCs) were washed three times using M2 and cultured in 50 μL drops of MEMα medium under mineral oil. Mouse oocytes were matured in an atmosphere of 5% CO2 at 37°C. After 4 and 18 h of incubation, germinal vesicle breakdown (GVBD) and first polar body (PB1) ovulation were evaluated. COCs were cultured under the following conditions: HX-free medium, 4 mM HX medium, and HX medium with MT (10–3, 10–5, 10–7 and 10–9 M). To identify whether the melatonin membrane receptor is involved in the signal transduction pathway, 10–7 M luzindole (a melatonin membrane receptor antagonist) (Wang et al., 2014) was added to the culture medium of some groups. In addition, in some animals, 10 UI hCG was injected 44 h after PMSG injection. Then, after 16 h of in vivo maturation, the oocytes were removed from the oviduct, and the number of superovulations and PB1 in oocytes of WT and MT1 KO mice were recorded.



RNA Isolation and qPCR

Total RNA was isolated from granulosa cells, cumulus cells, and ovaries using TRIzol reagent. First-strand cDNA was produced by using oligo dT primers and reversed transcriptase according to the manufacturer’s instructions. RNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific) by measuring the ratio of the absorbance at 260 nm to the absorbance at 280 nm. The real-time qPCR reactions consisted of SYBR Green (10 μL), forward and reverse primers (0.5 μL and 0.5 μM), template cDNA (2 μL, 500—1,000 ng) and ddH2O added up to a total volume of 20 μL. The qPCR was performed using the primers as in Supplementary Table S1. Annealing, an extension, and total number of cycles for the three transcripts were 60, 53, and 58°C for 30 s, respectively, and 72°C for 50 s, 35 cycles. Normalization was performed using actin and beta (Actb) as a control. Gene sequences were found on the NCBI website1, and Primer Premier (version 5.00) was used for primer design. Primer sequences are listed in Supplementary Table S1. The experiments were replicated at least three times.



Detection of cAMP and cGMP

Both cAMP and cGMP were detected via an ELISA kit. Eighteen hours after in vitro maturation, cumulus cells in each group were digested with 0.1% hyaluronidase, and then oocytes in the cumulus cells were washed with M2 operating liquid containing 0.2 mM isobutylmethylxanthin (IBMX). Each group of oocytes was incubated with 0.1 M hydrochloric acid on ice for processing for at least 10 min. After a short freezing, the samples were preserved at −80°C in liquid nitrogen. For analysis, the samples were thawed on ice and centrifuged at 600 g. For 10 min, the supernatant was collected and dried at 60°C. The samples were reconstituted with 200 μL Assay Buffer 2. The samples were detected according to kit instructions.



Immunofluorescence

After the GV and MII COCs were isolated, they were placed in paraformaldehyde for 40 min, 0.1% Triton X-100 in PBS for 20 min, and 0.3% BSA in PBS for 1 h and then incubated with anti-AANAT antibody (1:100 dilution; ab3505; Abcam), anti-MT1 antibody (1:200 dilution; ab203038; Abcam), and anti-MT2 antibody (1:200 dilution; ab203346; Abcam) overnight at 4°C. COCs were further incubated with fluorescent secondary antibody (1:1,000 dilution; 111-165-144; Jackson) at room temperature for 2 h, washed with PBS, and then incubated with nuclear staining (bisbenzimide H33342 trihydrochloride, Hoechst 33342; 1:1,000 dilution; 14533; Sigma) for 5 min. A laser confocal microscope platform (Leica TCS SP8, Leica Microsystems, Germany) was used to take immunofluorescent photos in which excitation light with wavelengths of 488 and 594 nm was used.



Statistical Analysis

All experiments were performed at least three times. Data were expressed as the mean ± S.E.M. The values were analyzed by ANOVA followed by Tukey’s post hoc comparisons. Statistical analyses were performed using the computer software SPSS 19.0. P < 0.05 was considered significant.



RESULTS


The Effects of Melatonin on GVBD and PB1 in Mouse Oocytes in the Presence of HX

Under HX treatment, oocyte meiosis was suppressed. This effect was indicated by the significantly lower GVBD and PB1 rates than those in the control groups without HX (P < 0.05; Figure 1). MT treatment at a concentration of 10–3 M significantly lowered the GVBD and PB1 rates compared with those in the other groups (P < 0.05; Figure 1). MT at 10–5 M significantly increased the GVBD and PB1 rates of oocytes collected from 3-week-old mice compared to control groups (77.8 ± 2.9% vs 57.7 ± 4.4%, P < 0.01; 61.9 ± 3.0% vs 46.3 ± 2.7%, P < 0.01; Figure 1A). For oocytes collected from 6-week-old mice, similar phenomena were observed in the MT-treated groups, and the maximum effects were found in the MT 10–7 M group (Figure 1B).
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FIGURE 1. The effect of melatonin on the meiosis of mouse oocytes in the presence of HX. GVBD and PB1 during oocyte maturation. (A) Three-week-old. Control (n = 153), HX (n = 153), HX + 10–3 M, MT (n = 159), HX + 10–5 M, MT (n = 154), HX + 10–7 M MT (n = 158), HX + 10–9 M MT (n = 161). (B) Six-week-old mice. Control (n = 152), HX (n = 148), HX + 10–3 M MT (n = 149), HX + 10–5 M MT (n = 158), HX + 10–7 M MT (n = 152), HX + 10–9 M MT (n = 153). HX, 4 mM hypoxanthine; MT, melatonin. Data represents the mean with SEM. Different superscript letters (a–d) in each column present significant differences. (P < 0.05) determined by one-way ANOVA followed by Tukey post hoc comparisons.




The Expression of MT Receptors and AANAT During Oocyte Maturation

The immunofluorescence results showed that the melatonin synthetic enzyme AANAT and melatonin membrane receptor MT1 were expressed during mouse oocyte maturation. AANAT and MT1 were all expressed in cumulus cells and oocytes in both GV and MII stages (Figure 2). However, MT2 was only slightly expressed in the cumulus of GV COCs (Figure 2). The above results suggest that the effects of melatonin on oocyte maturation may be mediated by MT1.
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FIGURE 2. Expression of the melatonergic system during meiotic maturation in mouse oocytes. Immunofluorescence of AANAT, MT1 and MT2 in cumulus cells and oocytes at the GV stage (A) and MII stage (B). Bar = 20 μm.




Effects of MT1 on Nuclear Suppression Caused by HX

For 3-week-old mouse oocytes, the beneficial effect of melatonin on nuclear suppression induced by HX was blocked by luzindole (L). MT and its receptor inhibitor luzindole supplemented the GVBD rate in the HX + 10–5 M MT + L group and was lower than that in the HX + 10–5 M MT group, but the difference did not reach significance (68.3 ± 6.2% vs 78.4 ± 4.8%, P > 0.05). However, the PB1 rate in the HX + 10–5 M MT + L group was significantly lower than that in the HX + 10–5 M MT group (65.0 ± 3.0% vs 49.7 ± 3.4%, P < 0.05). As the control, the GVBD rate in the HX + L group was not different than that in the HX group (65.3 ± 6.0% vs 57.9 ± 4.4%, P > 0.05) (Figure 3A).
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FIGURE 3. Effects of melatonin receptors on the recovery of meiosis in mouse oocytes and the levels of cAMP and cGMP. (A) Three-week-old; control (n = 119), HX (n = 117), HX + 10–5 M MT (n = 122), HX + 10–5 M MT + L (n = 117), HX + L (n = 120). (B) Six-week-old mice: control (n = 100), HX (n = 100), HX + 10–7 M MT (n = 104), HX + 10–7 M MT + L (n = 99), and HX + L (n = 104). (C,D) Effects of luzindole on cAMP and cGMP levels in oocytes. Levels of cAMP and cGMP in oocytes from different groups were tested by ELISA. (C) cAMP: Control (n = 419), HX (n = 416), HX + 10–5 M MT (n = 425), HX + 10–5 M MT + L (n = 419). (D) cGMP: Control (n = 320), HX (n = 320), HX + 10–5 M MT (n = 320), HX + 10–5 M MT + L (n = 310). HX, 4 mM hypoxanthine; MT, melatonin; L, 10–7 M luzindole. Data represent the mean with SEM. Different superscript letters (a–d) in each column represent significant differences vs respective groups. (P < 0.05) determined by one-way ANOVA followed by Tukey post hoc comparisons.


Similar effects were observed in 6-week-old mouse oocytes as in 3-week-old mouse oocytes under all the treatments (Figure 3B).



Effects of Melatonin on cAMP and cGMP Levels Under the Influence of HX

Hypoxanthine significantly increased the cAMP level in oocytes compared to the control (0.113 ± 0.0240 vs 0.044 ± 0.0183 fmol, P < 0.05). Melatonin treatment significantly reduced the cAMP level compared to that of the HX group (0.050 ± 0.0148 vs 0.113 ± 0.0240 fmol, P < 0.05; Figure 3C). Luzindole partially blocked the effects of melatonin on cAMP production but reached significance (0.068 ± 0.0133 vs 0.050 ± 0.0148 fmol, P > 0.05; Figure 3C). The cGMP levels were not significantly changed among the groups (P > 0.05; Figure 3D).



Effects of MT1 KO on the Maturation of Mouse Oocytes in vivo

At 44 h after PMSG injection, GV oocytes were collected for analyses. MT1 expression was not detected in GV oocytes from MT1KO mice, as expected (Figure 4A). In the KO mice, the number of ovulations exhibited no significant difference compared to the WT mice (Figure 4B); however, the rate of PB1 of oocytes matured in vivo was significantly decreased in KO mice compared to the WT (P < 0.05; Figure 4C).
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FIGURE 4. Effects of MT1 KO on mouse oocyte maturation and cAMP synthesis ability of the ovary. (A) Images of immunofluorescence of MT1 at the GV stage in WT and MT1 KO oocytes. Bar = 10 μm. (B,C) The number of superovulated oocytes and the rate of PB1 in WT and MT1 KO oocytes. No. of superovulation: n = 7; PB1: n = 4. (D,E) The mRNA level of cAMP synthases in the ovaries of WT and MT1 KO mice detected by qPCR. Data represent the mean with SEM. (*P < 0.05, **P < 0.01) vs its respective group, determined by one-way ANOVA followed by Tukey post hoc comparisons (n = 5).




Effects of MT1 KO on cAMP Synthase in Mouse Ovary

The results showed that the expression of cAMP synthesis enzymes functioning at the GV stage of the ovary, including adenylate cyclase 6 (Adcy6) and Adcy7, and functioning at the MII stage of the ovary, including Adcy2, Adcy7, and Adcy9, in MT1 KO mice was significantly upregulated compared to that in WT animals (P < 0.05; Figures 4D,E). The other adenylate cyclase enzymes that synthesized cAMP did not change significantly among the groups.



Effects of MT1 KO on Granulosa Cell Function

The qPCR results showed that the expression of Nppc/Npr2 was significantly upregulated in GV stage granulosa cells collected from MT1 KO mice compared to WT mice (P < 0.05; Figure 5A). The expression of Egfr was not significantly changed between MT1KO and WT mice (P > 0.05; Figure 5A). The results also showed that genes related to progesterone synthesis, Cyp11a1 (cytochrome P450, family 11, subfamily a, and polypeptide 1) (P < 0.01; Figure 5C), cholesterol biosynthesis Insig1 (insulin induced gene 1) (P < 0.01; Figure 5D) and feedback (Lhcgr, luteinizing hormone receptor; Prlr, prolactin receptor; Atg7, autophagy-related 7; P < 0.01; Figure 5B), were significantly downregulated in the granulosa of MT1KO mice compared to WT mice. The expression of other genes tested showed no significant alterations between the MT1KO and WT mice (Figure 5).
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FIGURE 5. Effects of MT1 KO on the expression of Nppc/Npr2 and genes related to progesterone synthesis. Nppc/Npr2 are genes regulating oocyte maturation and progesterone synthesis in mouse GV granulosa cells. (A) Nppc/Npr2 and Egfr. (B) Gene-related feedback. (C) Gene-related progesterone synthesis. (D) Gene-related cholesterol biosynthesis. Data represent the mean with SEM. (*P < 0.05, **P < 0.01) vs respective groups determined by one-way ANOVA followed by Tukey post hoc comparisons (n = 3).




DISCUSSION

Oocyte maturation is regulated by a number of factors. Identifying the mechanisms of oocyte maturation is a critical step for improving the quality of oocyte in vitro maturation. Under in vivo conditions, many factors can lead to oocyte meiotic arrest in follicles. Among these factors, HX (Eppig et al., 1985; Ma et al., 2003) and certain peptides (Zhang et al., 2010) have the capacity to maintain oocytes at the stage of meiotic arrest. Thus, HX is often used to suppress oocytes during in vitro maturation.

Melatonin is also an important factor that regulates female reproductive activities. These include regulating sex hormone expression and ovarian function and promoting oocyte maturation and early embryonic development (Reiter et al., 2009). However, the mechanisms of MT in the mammalian oocyte meiotic resumption process have not been fully understood to date. MT has been demonstrated to be present in the follicular fluid of humans, pigs, and other animals (Brzezinski et al., 1987; Shi et al., 2009; Tamura et al., 2009). This finding suggests that MT may play an important role in the oocyte maturation process.

Wang et al. (2004) reported that high concentrations of melatonin of 7.1 × 10–7–3.5 × 10–4 M inhibit FSH-induced GVBD, while moderate physiological doses of melatonin promote it. For example, melatonin at a concentration of 10–6 M boosted mouse oocyte maturation (Salimi et al., 2014). The results from the current study were consistent with these reports. We observed that MT at 10–5 and 10–7 M significantly promoted oocyte maturation and meiosis of the GV, which were suppressed by HX. It was also found that age also played a role in the sensitivity to the different concentrations of melatonin. For example, to erase the inhibitory effect of HX on the COCs of superovulation, 3-week-old mice require a higher concentration of melatonin than 6-week-old mice (10–5 M vs 10–7 M). This requirement may be related to the different qualities of superovulated oocytes in mice of different ages, and it may also be caused by the different levels of melatonin receptors on COCs of different ages. This effect will be studied in the future.

We also observed that MT at a high concentration of 10–3 M potentiated the inhibitory effects of HX on oocyte maturation. The suppressive effects of high levels of melatonin may be related to its effects on NO production. MT is a nitric oxide synthase (NOS) inhibitor that can inhibit the production of NO, and a suitable concentration of NO is required for activating COCs (Bu et al., 2003; Bu et al., 2004). A high concentration of melatonin oversuppresses NO formation and thus negatively impacts oocyte meiosis. However, we hypothesized that the beneficial effects of melatonin on oocyte maturation and mitosis would be attributed to its effects on the levels of intracellular cAMP or cGMP and other second messengers. This mechanism has not been investigated up to date. It is well known that the effect of melatonin on cAMP is mediated by its membrane receptors (Browning et al., 2000; Sethi et al., 2008; Renzi et al., 2013).

MT1 activation inhibits forskolin-induced cAMP production through suppression of adenylate cyclase activity (i.e., binding Gi protein) (Witt-Enderby and Dubocovich, 1996; Brydon et al., 1999), thereby inhibiting the activation of PKA and cAMP response element binding protein (cAMP responsive element-binding protein, CREB) phosphorylation (Witt-Enderby et al., 1998). The MT2 receptor is also capable of inhibiting cAMP and cGMP production (Sharkey and Olcese, 2007). In this study, MT1 expression but not MT2 expression was identified in granulosa cells, cumulus cells and oocytes in mice. In this consideration, MT2 may not play a major role in oocyte maturation, but MT1 does. The melatonin receptor antagonist luzindole blocks the effect of melatonin on oocyte maturation, which strongly suggests that MT1 is the mediator of MT activity. HX is an inhibitor of cAMP degradation that maintains high levels of cAMP; thus, it has suppressive effects on oocyte maturation. In contrast, melatonin reduces cAMP production by MT1 activation; thus, melatonin can physiologically antagonize the suppressive effects of HX on oocyte maturation.

To investigate the effects of MT1 further, we constructed MT1 KO mice. In this animal model, in vivo oocytes exhibited a significantly reduced PB1 rate compared to WT mice, indicating reduced oocyte maturation and further suggesting the importance of melatonin and MT1 in female reproductive physiology. MT1 KO mice are expected to have elevated cAMP synthesis in the ovaries, and this elevated cAMP level causes insufficient initiation of oocyte meiosis as seen in the HX animal model.

Previous studies have also confirmed that the melatonin receptor is involved in mitochondrial function (Ahluwalia et al., 2018; Qi and Wang, 2020). Gene expression analyses showed that MT 1KO significantly upregulated the expression of the oocyte maturation inhibitory gene Nppc/Npr2, which functions at the mitochondrial level. These results provide molecular mechanisms by which melatonin and its MT1 influence oocyte maturation and mitosis for the first time. Another important aspect observed in the study is the potential association of melatonin and MT1 with LH. LH plays a pivotal role in oocyte maturation (Fan et al., 2008; Zamah et al., 2010; Arroyo et al., 2020; Chen et al., 2020; Liu et al., 2020). LH is similar to melatonin, which can lower the concentration of cAMP within the oocyte but has different mechanisms than melatonin (Sethi et al., 2008; Muhlbauer et al., 2011; Lyga et al., 2016). This feature can lead the combination of melatonin and LH to produce synergistic effects on cAMP production and oocyte maturation. Our results suggest that melatonin can promote LH generation via MT1 activation. First, LH is generated in the mitochondria. MT1 KO may affect the production of LH by affecting mitochondrial function since melatonin and LH are both synthesized in mitochondria. Second, MT1 KO significantly downregulated the expression of genes related to progesterone synthesis (Cyp11a1), cholesterol biosynthesis (Insig1), and feedback (Lhcgr, Prlr, and Atg7) in oocytes, and all these genes were associated with LH synthesis and located in the mitochondria (Tan and Hardeland, 2020). In the current study, although we did not detect the LH level in the MT1 KO mice, the results supported this speculation. In conclusion, we identified that the melatonin synthetic enzyme AANAT and melatonin membrane receptor MT1 are all expressed in GV and MII oocytes. These observations indicate that mouse oocytes have the capacity to synthesize melatonin, which is consistent with previous reports (He et al., 2015). The locally generated melatonin can act on MT1 in oocytes to function as an autocrine promoter of oocyte maturation. A major mechanism is that melatonergic system activation reduces the intracellular level of cAMP in oocytes to promote their maturation. Thus, melatonin and its receptor MT1 are critical factors for oocyte quality and maturation under in vitro and in vivo conditions.
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The nucleolus undergoes significant functional changes and plays important roles during mammalian oocyte meiotic maturation. Fibrillarin (FBL) is the component of nucleolar small nuclear ribonucleoprotein (snRNP) particle and localizes to the dense fibrillar component (DFC) of the nucleolus. We found that FBL–GFP displays an uneven and cloudy localization in the nucleolus of non-surrounded nucleolus (NSN) oocytes, while it distributes evenly and to a few bright dots in the surrounded nucleolus (SN) oocytes. Accordingly, NSN oocytes showed active nascent RNA transcription, while the SN group was transcriptionally quiescent. NSN geminal vesicles also contained more DNA damage marker γH2AX foci. Based on different FBL–GFP patterns in live oocytes, the ones with superior meiotic maturation potential can be identified. Global transcriptome profiling revealed a significant difference in single SN and NSN oocytes. Thus, FBL–GFP can serve as a marker for nucleolus activity, which also correlates with transcription activity and the quality of oocytes.
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INTRODUCTION

The nucleolus is important for mammalian oocyte meiotic maturation. For all mammalian species, oocytes are arrested in the prophase with a large nucleus called the germinal vesicle (GV). During oocyte meiosis I (M I), the germinal vesicle breakdown (GVBD), chromosomes condense and align at the metaphase I spindle. Then, the homologous chromosomes separate during anaphase I and the oocytes protrude the 1st polar body. After completing the first meiotic division, oocytes are arrested at metaphase II, waiting to be fertilized (Fulka et al., 1998). The nucleolus of mammalian oocytes is termed nucleolus-like body (NLB) due to their unusual ultrastructure and different functions from the active somatic nucleolus. During oogenesis, transcriptionally active nucleoli in growing oocytes transform to NLBs in fully grown oocytes. After fertilization and zygotic genome activation, NLBs return to active nucleoli in preimplantation embryos. NLBs are composed of densely packed homogenous fibrillar material. By contrast, somatic fibrillo-granular nucleoli are assembled around nucleolar organizer regions (NORs) (Boisvert et al., 2007), which are divided into subregions named fibrillar centers (FC), dense fibrillar components (DFC), and granular components (GC) (Carmo-Fonseca et al., 2000). Fibrillarin (FBL) is an snRNP member that can form protein clusters in DFC and is involved in 47S pre-rRNA processing (Boisvert et al., 2007; Yao et al., 2019). Meanwhile, nucleolar rRNA transcription and processing status correlated with nuclear chromatin configuration.

In the mouse, it has been reported that fully grown oocytes show heterogeneous chromatin configuration (Zuccotti et al., 1995). Those with a ring of fully condensed chromatin surrounding the NLB are termed surrounded nucleolus (SN), while the others with less condensed chromatin rim surrounding the NLB are called non-surrounded nucleolus (NSN). More than 90% of oocytes in 2-week-old female mice are NSN oocytes arrested in the prophase of meiosis I. As the oocytes grow, some stay in the NSN configuration, whereas others undergo an NSN-to-SN transition (Zuccotti et al., 1995). As the chromatin configuration of the SN and NSN nucleus differs considerably, so does their transcription activity. NSN oocytes are transcriptionally active, where RNA Pol I and RNA Pol II transcribe rRNA and mRNA, respectively. On the other hand, SN oocytes are transcriptionally inactive (Bouniol-Baly et al., 1999).

SN oocytes have been shown to reach metaphase II at a high frequency during in vitro maturation culture, while NSN oocytes have limited meiosis competence and developmental potential (Ogushi et al., 2008; Fulka and Aoki, 2016). After fertilization, most SN oocytes can develop to blastocyst stage. On the contrary, fertilized NSN oocytes are often arrested at the two-cell stage (Zuccotti et al., 2002). The above studies indicated that the conformation of NLB in GV oocytes could be a marker of meiotic competence and developmental potential.

In this work, we visualize the NLB in live GV oocytes using an FBL–GFP fusion protein. We show that fully grown oocytes could be classified into two NSN and SN types based on the FBL–GFP distribution pattern. Besides, we analyzed the transcriptome heterogeneity of single NSN and SN GV oocytes and MII oocytes derived from them. Our study provided new tools and resources to evaluate the quality of mammalian oocytes.



MATERIALS AND METHODS


Oocyte Collection and Culture

All animal experiments were conducted following the Guide for the Care and Use of Animals for Research Purposes. The protocol for mouse oocyte isolation was approved by the Institutional Animal Care and Use Committee and Internal Review Board of Tsinghua University. GV oocytes were collected from the ovary of 3- to 4-week-old C57BL/6 females (Charles River) 48 h post-PMSG (San-Sheng Pharmaceutical Co., Ltd.) in M2 medium (Sigma M7167) supplemented with 10 μM Cilostamide (Cayman 14455), then cultured in IVM medium at 37.5°C in a CO2 incubator. An IVM medium (Hayashi and Saitou, 2013) was freshly prepared by mixing α-MEM (Gibco C12571) and 10% FBS (BI 04-001-1ACS), supplemented with 0.025 mg/ml sodium pyruvate (Sigma P4562) and 0.08 mg/ml gentamicin (Invitrogen 15750-060), with or without 10 μM Cilostamide (Cayman 14455).



Plasmid Construction, in vitro mRNA Synthesis, and Microinjection

Mouse fibrillarin was subcloned into the RN3P vector for in vitro transcription of mRNA. Capped mRNAs were generated using a T3 mMESSAGE mMACHINE Kit (Thermo Fisher Scientific, AM1348) following the manufacturer’s instructions. Microinjection of mRNA at desired concentrations into mouse GV oocytes was performed on a Leica DMI3000B microscope equipped with a Leica micromanipulator as previously described (Na and Zernicka-Goetz, 2006).



Immunofluorescence Staining and EU Staining

Mouse oocytes were first treated with acidic Tyrode’s solution (Merck Millipore MR-004-D) to remove the zona pellucida, then fixed with either 4% PFA in PBS for 20 min at room temperature or ice-cold 100% methanol for 20 min at –20°C. After fixation, oocytes were permeabilized with 0.5% Triton X-100 for 20 min and blocked with 3% BSA in PBST (0.1% Tween in PBS) for 2 h at room temperature. Primary antibody incubation was carried out at 4°C overnight. The primary antibodies include FBL (ABclonal A1136) and anti-gamma H2A.X (Abcam ab26350). The samples were then washed in PBST and incubated with secondary antibodies, including Dylight 488 Goat Anti-Rabbit (EarthOx E032220) and Dylight 549 Goat Anti-Mouse (EarthOx E032310) at 4°C overnight. The nucleus was stained with DAPI (Sigma D9542) or Hoechst 33342 (Dojindo H342). After staining, oocytes were mounted on coverslips in VECTASHIELD mounting medium (Vectorlabs H-1000). For EU incorporation assay, EU was injected into the oocyte cytoplasm at a concentration of 100 mM. Newly synthesized RNA was detected following the manufacturer’s instruction (RiboBio C10316).



Enzymatic Antigen Retrieval

For FBL immunostaining, we performed enzymatic antigen retrieval to retrieve the fibrillarin epitope first. Oocytes were fixed as described above and then treated with 1 μg/ml proteinase K (Transgen GE201-01) for 20 min. After three washes in PBST, oocytes were postfixed with 4% PFA in PBS for 20 min and treated with 0.2% Triton X-100 for 10 min, followed by conventional immunofluorescence staining.



Imaging and Quantifications

Images were acquired on a Nikon A1R HD25 confocal microscope. Images were processed using Fiji software (Schindelin et al., 2012). For fluorescence intensity distribution analysis, a line across the oocyte diameter was drawn, and fluorescence levels were determined using Plot Profile function. Foci numbers were calculated using 3D Objects Counter function.



High-Throughput RNA-Sequencing Library Construction

For the oocyte gene expression study, we used the SMART-seq2 protocol to amplify single oocyte RNA (Picelli et al., 2014). The single oocyte was first lysed in hypotonic lysis buffer (Amresco, M334), followed by reverse transcription and pre-amplification of cDNA. After AMPure XP beads (Beckman Coulter A63881) purification, cDNAs were tagmented by Tn5 to obtain Illumina Nextera libraries. All libraries were sequenced on Illumina HiSeq X-10 according to the manufacturer’s instruction.



RNA-Sequencing Data Analysis

Adapter sequences were trimmed using TrimGalore (v0.4.4) (Krueger, 2017). Clean reads were mapped to the mouse genome (mm10) using Bowtie2 (v2.3.5) (Langmead and Salzberg, 2012) software with the Ensembl Annotation. Read counts and Fragments Per Kilobase per Million mapped reads (FPKM) of Refseq genes were calculated by RSEM (v1.2.28) (Li and Dewey, 2011). The normalization of read counts was completed by DESeq2 package (v1.20.0) (Love et al., 2014). Differentially expressed genes (DEGs) were selected according to a previous report (Ma et al., 2013). Then genes with a threshold of absolute fold change ≥ 1.5 were regarded as DEGs. Principle component analysis was performed using R’s “prcomp” function and drawn by ggplot2 package (v3.1.0) (Ginestet, 2011). The heatmaps were produced by the heatmap2 function of the gplots package (v3.0.1.1) (Warnes et al., 2015) with the hierarchical clustering method. The soft clustering of gene expression data is implemented using the fuzzy c-means algorithm by the Mfuzz package (v2.42.0) (Futschik and Carlisle, 2005). The enrichment of GO was analyzed using the clusterProfiler package (v3.8.1) (Yu et al., 2012).



Statistical Analysis

Data were presented as means ± standard error of the mean (s.e.m.). Statistical significance was determined by unpaired two-tailed Student’s t-test using GraphPad Prism software. P < 0.05 was considered significant.



RESULTS


FBL–GFP Marks Nucleolus in Live SN and NSN GV Oocytes

To visualize the NLB in GVs, we expressed GFP-tagged FBL by microinjection of FBL–GFP mRNA into the cytoplasm of GV oocytes; H2B-mCherry mRNA was co-injected. Oocytes were blocked in the GV stage with Cilostamide. We first used confocal microscopy to examine fixed GV oocytes. FBL–GFP formed numerous bright aggregates of various sizes. These aggregates appeared to locate on the surface of NLB. FBL–GFP also has a cloudy distribution throughout the NLB. DAPI staining indicates that GV oocytes with such FBL–GFP localization are NSN GV oocytes (Figure 1A), which is in agreement with earlier reports (Zatsepina et al., 2000). By contrast, in SN GV oocytes, few bright FBL–GFP aggregates can be observed on the NLB surface (Figure 1A). After the maximum projection of all stacks, NSN GV oocytes exhibited a lumpy FBL distribution pattern compared to SN GV oocytes (Figure 1B). We normalized FBL–GFP levels against co-injected H2B-mCherry. The fluorescence quantification showed that the amount of FBL–GFP protein is significantly less in SN oocytes than in NSN oocytes (Figure 1C). We also measured the gray value across the NLB. In NSN GV oocytes, the gray value of FBL–GFP fluorescence had multiple high peaks along the line drawn across one typical NLB (Figure 1D). In SN GV oocytes, the FBL–GFP gray value was generally lower across nucleolus, with only one or two peaks (Figure 1D). Thus, based on the above results, NSN GV oocytes could be easily distinguished from SN GV oocytes.


[image: image]

FIGURE 1. Organization of FBL clusters in NSN and SN oocytes. (A,B) FBL exhibits a clustered distribution pattern in fixed NSN GV oocytes. The clusters decrease significantly in fixed SN GV oocytes. Representative z section (A) and 3D projection (B) confocal images of exogenously expressed FBL–GFP and H2B-mCherry in oocytes are shown. Scale bar = 5 μm. (C) Bar graph shows relative FBL signal intensity to H2B signal intensity in fixed NSN and SN GV oocytes. N = 68. **P < 0.01. (D) The intensity distribution of FBL was measured along the arrow lines drawn on the images in (B). Green, NSN; purple, SN. (E,F) FBL distribution patterns in live NSN and SN GV oocytes. Representative z section (E) and 3D projection (F) confocal images of exogenously expressed FBL–GFP and H2B-mCherry in oocytes are shown. Scale bar = 5 μm. (G) The bar graph shows relative FBL signal intensity to H2B signal intensity in live NSN and SN GV oocytes. N = 39. **P < 0.01. (H) The intensity distribution of FBL was measured along the arrow lines drawn on the images in (F). Green, NSN; purple, SN. (I,J) FBL distribution patterns were confirmed with anti-FBL in fixed NSN and SN oocytes. Representative z section (I) and 3D projection (J) confocal images of endogenous FBL localization are shown. Scale bar = 5 μm. (K) The bar graph shows relative anti-FBL signal intensity to DNA signal intensity in fixed NSN and SN GV oocytes. N = 56. ****P < 0.0001. (L) The intensity distribution of anti-FBL was measured along the arrow lines drawn on the images in (J). Green, NSN; purple, SN.


Next, we imaged live NSN and SN GV oocytes; FBL–GFP displayed similar fluorescence levels and localization patterns in the NLB as in fixed oocytes (Figures 1E–H). Finally, we performed immunostaining of endogenous Fibrillarin using an FBL antibody. As expected, endogenous FBL showed similar differences in NSN and SN GV oocytes (Figures 1I–L), and the protein level of endogenous Fibrillarin in NSN GV oocytes was more than twice that in SN oocytes (Figure 1K). Taken together, FBL–GFP can be used as a convenient tool to distinguish live SN GV oocytes from NSN ones in real time.



Nucleolus Activity Predicts GV Oocyte Meiotic Maturation Potential

The full-grown meiotic competent GV oocytes are mostly SN oocytes and transcriptionally quiescent (Fulka and Aoki, 2016). To test whether the FBL–GFP pattern correlates with different transcriptional activities, we performed 5-ethynyl uridine (EU) incorporation assay. In the first series of experiments, we used Hoechst 33342 labeling to distinguish NSN and SN GV oocytes. GV oocytes with diffused Hoechst 33342 nucleus distribution have apparent positive EU staining, indicating that they are NSN oocytes that transcribe new RNAs. On the other hand, GV oocytes with a prominent ring-like DNA staining have a minimal EU signal, suggesting that they are transcriptionally quiescent (Figure 2A). Quantification of EU fluorescence intensity confirmed the observation; NSN oocytes have significantly more EU incorporation than SN oocytes (Figure 2B). Then, we microinjected mRNA encoding FBL–GFP and separated NSN and SN GV oocytes based on FBL–GFP localization. The EU signal was much stronger in oocytes with NSN type of FBL–GFP distribution, while GV oocytes with smooth FBL–GFP distribution virtually had no EU signal, indicating that they are SN oocytes (Figures 2C,D). Since FBL played important functions in pre-rRNA processing (Boisvert et al., 2007; Yao et al., 2019), the observations that SN oocytes showed substantially reduced FBL levels (Figures 1C,G,K) and an almost undetectable EU signal (Figure 2E) are consistent with previous knowledge that full-grown GV oocytes are transcriptionally quiescent before meiosis.
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FIGURE 2. The transcription activity of NSN and SN GV oocytes. (A,B) Representative z section images of nascent RNA transcription in NSN and SN GV oocytes. Box–whisker plot shows relative EU signal intensity to DNA signal intensity in NSN and SN GV oocytes. Scale bar = 10 μm. N = 23. ***P < 0.001. (C–E) Representative z section (C) and 3D projection (D) confocal images of nascent RNA transcription in FBL–GFP-classified NSN and SN GV oocytes. Box–whisker plot shows relative EU signal intensity to DNA signal intensity in FBL–GFP-classified NSN and SN GV oocytes. Scale bar = 5 μm. N = 49. ****P < 0.0001. (F–H) Representative live oocyte bright-field images at 0, 4, and 16 h after FBL–GFP classification and Cilostamide release. Scale bars = 100 or 50 μm. The GVBD rate at 4 h was shown in (G). The 1st polar body extrusion rate at 16 h was shown in (H). **P < 0.01.


Next, we compared the in vitro maturation ability of SN and NSN GV oocytes classified based on FBL–GFP distribution (Figure 2F). NSN oocytes showed a significantly lower GVBD rate (Figure 2G) and 1st polar body extrusion rate (Figure 2H) than SN oocytes. The above results demonstrated that FBL–GFP could be used to select SN and NSN oocytes for meiotic maturation evaluation.



Gene Expression Revealed the Difference Between NSN and SN Oocytes Before and After Meiosis I

To characterize the transcriptome difference during NSN and SN oocyte maturation, we carried out single oocyte RNA-seq of NSN and SN GV oocytes; MII oocytes matured from NSN and SN GV oocytes (Figure 3A). Then, we performed principal component analysis (PCA) and hierarchical cluster analysis. The PCA graph showed that the transcriptome of single GV and MII oocytes separated into two groups (Figure 3B). Although the transcriptome of single NSN or SN GV oocytes sometimes clustered together, GV stage and MII stage oocytes have very different gene expression patterns (Figures 3B,C). The single oocyte analysis revealed heterogeneity of the NSN and SN oocyte transcriptome and suggested that despite that NSN GV oocytes are mostly transcriptionally active, their overall transcriptomes are still similar to SN GV oocytes. We compared differentially expressed genes (DEGs) in NSN and SN oocytes at GV or MII stages, respectively (Figures 3D,E). 204 upregulated genes and 96 downregulated genes were identified in NSN vs. SN oocytes at the GV stage (Figure 3D and Supplementary Table 1). In the MII pairwise comparison, 173 genes were upregulated in NSN oocytes, and 305 were downregulated (Figure 3E), indicating that after meiotic maturation, MII oocytes derived from NSN and SN GV oocytes became more distinct from each other. Gene ontology (GO) analysis of MII oocyte DEGs highlighted pathways involving DNA repair, nuclear migration, and nucleus localization (Figure 3F and Supplementary Table 2).
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FIGURE 3. Transcriptome comparison before and after meiotic maturation of NSN and SN oocytes. (A) Schematic illustrating the pipeline of preparing single oocyte RNA-Seq samples. (B) PCA analysis of RNA-Seq data from NSN and SN oocytes at the GV and MII stages. Each dot represents one library, color-coded by oocyte type and stage. (C) Gene expression heatmap of NSN and SN oocytes at the GV stage and MII stage. The blue to red color change represents the transcription level from low to high. (D,E) Volcano plot of DEGs in NSN oocytes vs. SN oocytes at the GV stage and MII stage. The upregulated (fold change >1.5) and downregulated (fold change <–1.5) transcripts in each comparison are labeled by red and blue, respectively (P < 0.05). (F) Gene ontology analysis of the upregulated and downregulated DEGs between NSN and SN MII oocytes. (G) Mfuzz analysis of RNA-Seq data from NSN and SN oocytes at the GV and MII stages. The x axis represents oocyte types and stages, while the y axis represents standardized FPKM. Green to purple colored lines correspond to genes with low to high membership value. (H) Gene ontology analysis of genes in the four clusters from (G) (see also Supplementary Tables 1–3).


We also performed a more detailed analysis about the change in gene expression pattern, taking into account both NSN and SN oocytes and their meiotic stages. Four gene clusters with distinct temporal expression kinetics were classified (Figure 3G). Among these, cluster 1 contained genes most highly expressed in SN GV oocytes and downregulated in MII oocytes, while cluster 2 was comprised of genes with the highest expression in NSN GV oocytes, then downregulated in MII. Cluster 1 and cluster 2 were enriched for very different biological processes. For example, various ncRNA-, ribosomal RNA-, and mRNA-processing genes were enriched in cluster 1, suggesting that the RNA processing and metabolism might be more complete in SN GV oocytes, while genes related to the organic acid catabolic process and protein glycosylation were more abundant in NSN GV oocytes, implying that NSN oocytes might not be metabolically as mature as SN GV oocytes (Figure 3H). Cluster 3 genes were the most upregulated in MII oocytes derived from NSN GV oocytes (NSN-MII). It contained more mRNA-processing genes and protein methylation, alkylation genes, indicating that certain aspects of the mRNA and protein processing were incomplete in this oocyte group. Cluster 4 genes were significantly higher in the MII stage compared to the GV stage. Besides, the levels of this group of genes were the highest in MII derived from SN GV oocytes (SN-MII). Genes highly represented in cluster 4 include proteasome-mediated ubiquitin-dependent protein catabolic processes, RNA localization, and transport, which is in accordance with the metaphase II arrest status of the oocytes. Interestingly, more DNA repair genes were in cluster 4 than cluster 3, suggesting that SN-MII oocytes might be more capable of repairing DNA damage and handling genomic stress than NSN-MII oocytes (Figure 3H). The enriched biological process in each cluster and genes in each biological process were provided in Supplementary Table 3.

Since DNA repair genes were downregulated in NSN-MII oocytes, we next investigated H2AX phosphorylation during meiotic maturation by immunostaining. The background of γH2AX in the nucleus was higher, and the number of γH2AX foci was significantly more in NSN GV oocytes than SN oocytes (Figure 4A). The γH2AX foci number in NSN oocytes was about 2.8 times that in SN oocytes at both GV and MI stages (Figure 4B), indicating that NSN oocytes are more susceptible to DNA damage and may explain their inferior meiotic competence.
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FIGURE 4. H2AX phosphorylation dynamics during meiotic maturation. (A) γH2AX staining in NSN and SN oocytes at GV, MI, and MII stage. Scale bars = 10 μm. (B) The scatter plot shows the quantification of γH2AX foci numbers in (A). ****P < 0.0001.




DISCUSSION

In this study, we showed that FBL–GFP localizes nicely to NLB in mouse GV oocytes and could be a reliable new marker to distinguish NSN and SN status in live oocytes. It allowed direct visualization of nucleolus activity in real-time live oocytes. The large and round nucleolus in GV oocytes is quite distinct from the reticulated nucleolus in somatic cells and ESCs (Kyogoku et al., 2014). The FBL–GFP nicely demarcated the nucleolus in NSN and SN GV oocytes, and its pattern was very similar to the immunostaining of endogenous FBL in our study and others (Zatsepina et al., 2000). The numerous FBL–GFP dots in NSN GV reflected that both Pol I and Pol II were still transcribing. There was substantial EU staining in the nucleus but not inside the nucleolus, suggesting that the newly transcribed rRNA was immediately exported into the nucleoplasm as described in Yao et al.’s (2019) study. Interestingly, the nucleolus from GV oocytes, but not zygotes, somatic cells, or embryonic stem cells (ESCs), was required for the development of naturally fertilized eggs and somatic nucleus transferred embryos (Ogushi et al., 2008). Removing the nucleolus from GV oocytes leads to abnormal chromatin remodeling, reduced expression of the centric and pericentric satellite DNA in zygotes, and development failure (Fulka and Langerova, 2014; Kyogoku et al., 2014). Our result and several studies also showed that SN GV oocytes have much better meiotic maturation potential than NSN GVs. Thus, it would be of future interest to examine the relationship of NSN, SN nucleolus, and the surrounding heterochromatin using FBL–GFP and centromere markers in live oocytes.

In live NSN and SN GV oocytes, the FBL–GFP pattern in the nucleolus co-related well with the H2B-mCherry distribution outside the nucleolus. After selecting NSN and SN GV oocytes based on FBL–GFP, they can resume meiosis I and be in vitro fertilized to study their developmental potential. Using live-cell DNA dye Hoechst to stain DNA in the GV can have variable results and may cause DNA damage to the oocytes if subsequent meiosis, fertilization, and embryo development are desired. Judging by the space between zona and the oocyte membrane is convenient (Inoue et al., 2008) but is not always consistent with the nucleolus activity, especially when GV oocytes are arrested in the GV stage during in vitro culture. Our transcriptome study also revealed differential gene expression associated with NSN and SN GV oocyte characteristics and MII oocytes derived from them. Notably, the number and levels of DNA repair and developmental genes were reduced in NSN MII oocytes, while several metabolic pathway genes and epigenetic regulation genes were different in NSN and SN GVs. Indeed, immunostaining of γH2AX showed that there were significantly more γH2AX foci in NSN GV and MI oocytes. It is possible that NSN oocytes were less able to maintain the mRNA levels of genes essential for the repair of DNA damage or other developmentally critical processes due to their immature metabolic and epigenetic status and RNA processing capacity, which eventually resulted in their poor developmental potential.

Our approach also has some limitations. For example, cytoplasmic microinjection of mRNA may cause additional damage to GV oocytes. Nevertheless, our results about FBL–GFP offered a useful new tool for observing nucleolus activity in live GV oocytes.

In summary, our study showed that FBL–GFP could be a useful tool for indicating nucleolus activity and separating live NSN and SN GV oocytes. The transcriptome profiles of single NSN and SN GV oocytes, and their derivative MII oocytes, provided a valuable resource that might guide the quality control of mammalian oocyte meiotic maturation.
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The objective of this study was to investigate the effect of milrinone supplementation as a phosphodiesterase 3A inhibitor during in vitro maturation (IVM) to coordinate the cytoplasmic and nuclear maturation of porcine oocytes and subsequent development of porcine cloned embryos. Brilliant cresyl blue (BCB)-stained (BCB +) oocytes, classified as well-developed, and BCB− oocytes were used in parthenogenesis (PA) and cloning, and their preimplantation development was compared. In PA embryos, BCB + oocytes had significantly higher rates of development than BCB− oocytes in terms of maturation (87.5 vs. 71.3%), cleavage (88.6 vs. 76.3%), and blastocyst development (34.3 vs. 25.3%) and also had higher cell numbers (46.9 vs. 38.9%), respectively (p < 0.05). In cloned embryos, the BCB + group also had a significantly higher blastocyst formation rate than the BCB− group (30.6 vs. 20.1%; p < 0.05). Supplementation with 75 μM milrinone during IVM of BCB− oocytes showed improvement in maturation and blastocyst development rates, which may be due to the coordinated maturation of the cytoplasm with the nucleus as an effect of milrinone. Moreover, the analysis of nuclear reprogramming via the examination of the expression levels of the reprogramming-related genes POU5F1, DPPA2, and NDP52IL in milrinone-supplemented BCB− oocytes showed higher expression levels than that in non-treated BCB− oocytes. These findings demonstrate that milrinone is useful in improving developmental competence in less competent oocytes during IVM and for proper nuclear reprogramming in the production of porcine cloned embryos by coordinating cytoplasmic and nucleus maturation.

Keywords: oocyte, cloning, development, meiosis, milrinone


INTRODUCTION

In vitro production (IVP) of embryos has low efficiency, particularly for cloned embryos, which is mainly attributed to poor competence of oocytes during in vitro maturation (IVM) (Manjunatha et al., 2007). The importance of selecting competent oocytes that have high development rates and can result in the successful establishment of pregnancy has been reported in previous studies (Mehlmann et al., 2002; Gilchrist, 2011). Although many factors, such as limitations in culturing conditions and the stage of the donor cell cycle, have been identified as affecting the efficiency of embryo production, the ability to attain competent oocytes in IVM remains the main obstacle (Hunter, 2000). Conventionally, the developmental competence of an oocyte is generally affected by the age of the animal (Armstrong, 2001), follicular size (Trounson et al., 2001), oocyte size (Durinzi et al., 1995), and oocyte quality (Karami-Shabankareh and Mirshamsi, 2012). Furthermore, Russell (1998) found that there is a positive relationship between oocyte diameter and the ability of the oocyte to develop to the blastocyst stage. Consequently, it has been proposed that follicular size and oocyte diameter can be used as selection parameters (Roca et al., 1998). Nowadays, developmental competence of an IVM oocyte refers to the coordinated maturation of the cytoplasm and nucleus in a controlled manner, attaining the full development of the oocyte, similar to that in the in vivo state, which supports the success of subsequent fertilization and embryo development (Nogueira et al., 2006).

Before luteinizing hormone (LH) surge for ovulation, oocyte cytoplasm is growing and fully developed during arrest in prophase 1 due to the effect of cyclic nucleotides, which are mainly synthesized by the surrounding granulosa cells (Gupta et al., 2017). Nuclear maturation is resumed by LH surge after sufficient development of the ooplasm. In IVM, as oocytes are aspirated from the follicles, there is a spontaneous resumption of meiosis, leading to an uncoordinated nuclear and cytoplasmic maturation. This uncoordinated maturation, in turn, leads to less developmental competence, resulting in a poor rate of blastocyst development (Combelles et al., 2002). The role of cyclic nucleotides in arresting the oocyte from meiosis is primarily regulated by nucleotide phosphodiesterase (PDE) enzymes, which hydrolyze these cyclic nucleotides and lead to a decrease in cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) levels, resulting in the resumption of meiosis (Azevedo et al., 2014; Gupta et al., 2017). The development of oocytes is also affected by granulosa cells that produce cAMPs and transfer them to the oocyte through gap junctions, allowing high levels of cAMP to be maintained (Bilodeau-Goeseels, 2011). Accordingly, the application of PDE inhibitors in IVM has shown promising results in improving the competence of oocytes in terms of better coordination of cytoplasmic and nuclear maturation in different species of animals, including humans (Taiyeb et al., 2014; Gupta et al., 2017; Leal et al., 2018). To improve the coordination of cytoplasmic and nuclear maturation during IVM, PDE inhibitors such as caffeine, theophylline, and cilostazol have been applied, yielding progressive results for IVP in different species (Elahi et al., 2016; Gupta et al., 2017; Taiyeb et al., 2020).

Developmentally competent oocytes with sufficient ooplasmic maturation are more necessary in somatic cell nuclear transfer (SCNT), which exhibits aberrant gene expression compared to in vitro fertilization (IVF) embryos, owing to incomplete reprogramming of the donor nuclei (Zhang et al., 2009). This fact is evident from several reports, which demonstrate that genomic reprogramming in the cloning of mice was affected by the level of cytoplasmic development of the oocytes, a key factor in cloning (Bui et al., 2008). Nuclear reprogramming was thought to be determined only by the donor nucleus, but it has been demonstrated that the role of the recipient oocyte cytoplasm is the most critical determining factor for the success of SCNT (Kang et al., 2014). Thus, a fully developed recipient ooplasm, which is in coordinated meiosis, is the determining factor for proper reprogramming in SCNT.

In this study, we aimed to improve oocyte competence by coordinating maturation, thereby improving the efficiency of cloned pig production by SCNT. The efficiency of reprogramming can be assessed by evaluating gene transcription as an indication of proper embryonic development and correct reprogramming of donor nuclei (You et al., 2010; Fang et al., 2018). For this purpose, we evaluated the application of specific PDE3A inhibitors to improve coordinated oocyte maturation, ultimately improving the efficiency of porcine SCNT. Milrinone has improved of the in vitro maturation of oocytes in different species, which improved the success in IVF, bovine (Alam et al., 2018), in ovine (Wang et al., 2016) oocyte maturation. The role of proper cytoplasmic maturation is believed to be important in nuclear reprogramming, we propose the application of PDE3A for improving efficiency of cloning in porcine. We used milrinone, a PDE3A inhibitor, to improve the developmental competence of recipient oocytes via the induction of coordinated maturation of the nucleus and ooplasm in less competent oocytes, which were classified by Brilliant cresyl blue (BCB) staining. We evaluated the effect of milrinone on the developmental competence of porcine cloned embryos and calculated the reprogramming efficiency by assessing the expression of POU5F1, NDP52I1, and DPPA2 genes (Boiani et al., 2002; Loh et al., 2006), as an indicator of the efficiency of nuclear reprogramming.



MATERIALS AND METHODS


Chemicals and Reagents

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, United States) unless otherwise indicated.



IVM and Selection of Competent Oocytes

Pig ovaries were collected from a local slaughterhouse within 4 h of slaughter. The follicular fluid of follicles with diameters ranging from 3 to 8 mm was aspirated using a 10-mL syringe with an 18-ga needle. Fluids were collected in 15-mL conical tubes and oocytes were settled within 5 min and then washed with HEPES-buffered Tyrode’s (TLH) medium containing 0.05% (wt/vol) polyvinyl alcohol (PVA). Cumulus–oocyte complexes (COCs) were washed three times with TLH-PVA, and those with at least three layers of compact cumulus cells were selected. The COCs were then exposed to 13 μM BCB (B-5388) supplemented with modified Dulbecco’s phosphate-buffered saline (mDPBS) with the addition of 0.4% BSA for 90 min at 38.5°C in a humidified atmosphere of 5% CO2 and 95% air (Roy et al., 2017). The COCs were exposed to BCB, washed twice in mDPBS, and classified as BCB + (if cytoplasm stained blue) or BCB− (if cytoplasm colorless/without blue stain) oocytes (Figure 1). In addition, control oocytes were prepared by washing COCs three times and placing them immediately in the IVM medium without BCB staining. Mature oocytes were denuded after 44 h of incubation in IVM medium and their diameters were measured under a microscope (200 × magnification) using Leica Application Suite X (LAS X) (Wetzlar, Germany). Glutathione (GSH) and reactive oxygen species (ROS) levels were measured as described in our previous studies (Roy et al., 2020a,b).
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FIGURE 1. Porcine oocytes after brilliant cresyl blue (BCB) staining. BCB−stained (BCB+; A–C) and non-stained (BCB−; A′–C′) oocytes in the immature cumulus–oocyte complexes (COCs; A,A′), mature COCs (B,B′), and denuded mature oocytes (C,C′).




Production of Embryos

Porcine parthenogenetic and SCNT embryos were produced as described in our previous studies (Fang et al., 2018; Kim et al., 2019). To produce parthenogenetic embryos, COCs were cultured in IVM medium for 44 h and then placed in IVM medium supplemented with 0.1% (w/v) hyaluronidase. The cumulus cells were then removed by gentle and repeated pipetting. Once they had been denuded, the mature good-quality oocytes were activated with two 60-μsec direct current (DC) pulses of 120 V/cm in 280 mM mannitol solution containing 0.01 mM CaCl2 and 0.05 mM MgCl2 using a BTX 2001 Electro-cell Manipulator (BTX, San Diego, CA, United States) for parthenogenetic activation (PA).

To produce SCNT embryos, the kidney cell of an aborted cloned male pig at 50 days of gestation was used as a primary culture of donor cells, cut into small pieces, and centrifuged several times. Culturing was performed in a 60-mm tissue culture plate in Dulbecco’s modified Eagle’s medium with 10% (v/v) fetal bovine serum until a monolayer of cells was completely formed. Donor cells at the G0/G1 stage of the cell cycle were synchronized for 48–72 h. For each replicate, the cells were passaged 3–8 times. Prior to nuclear transfer with the use of 0.4% (w/v) bovine serum albumin-TLH, donor cells were prepared by resuspension of trypsinized cultured cells. After 44 h of culturing in the maturation medium, COCs were denuded by gentle and repeated pipetting in 0.1% (wt/vol) hyaluronidase. Then, the denuded oocytes were incubated in 5 μg/mL Hoechst 33342 medium for 15 min and further treated with manipulation media overlaid with mineral oil. First, polar bodies were separated from metaphase II oocytes using a 17-μm beveled glass pipette. After enucleation, a single cell was inserted into the space between the zona pellucida and the membrane of the oocyte. Reconstructed SCNT oocytes were fused by electric cell fusion with two pulses of DC at 160 V/cm for 40 μs, followed by an alternating current of 2 V/cm for 2 s using a BTX 2001 Electro-cell Manipulator in 280 mM mannitol solution with a low Ca+2 concentration (0.001 mM). After 30 min of fusion, good-quality embryos were activated with two pulses of DC at 120 V/cm for 60 μs in 280 mM mannitol solution containing 0.01 mM CaCl2 and 0.05 mM MgCl2.

After electrical activation, both parthenogenic (PA) and cloned embryos were post-activated for 4 h with 10 μg/mL of cytochalasin B and 6-dimethylaminopurine. The embryos were then washed three times using in vitro culture medium (porcine zygote medium-5; IFP, Higashine, Yamagata, Japan) and then cultured in 25-μL droplets; pre-warmed mineral oil was used to cover the media, and embryos were cultured in 5% O2/5% CO2/90% N2 at 39°C in a humidified atmosphere. Embryo development and blastocyst development were assessed at days 2 and 6 for cleavage and blastocyst formation, respectively. Cell numbers were counted on day 6 blastocysts to determine the total cell number, the inner cell mass (ICM), and trophectoderm (TE) expression in accordance with differential staining protocol earlier reported in our previous work (Roy et al., 2020a).



Expression of Genes Related to Nuclear Reprogramming

Embryos were harvested at different stages to compare the expression of genes related to nuclear reprogramming (i.e., POU5F1, NDP52I1, and DPPA2) by reverse transcriptase quantitative polymerase chain reaction (qRT-PCR). Total DNA was extracted using TRIzol reagent (Invitrogen Corporation) as described in our previous study (Kim et al., 2019). For expression analysis of the pluripotency genes POU5F1, DPPA2, and NDP52IL, total RNA was isolated from 6-day-old blastocysts of the control and treatment groups. Complementary DNA was synthesized from 300 ng of total RNA by qRT-PCR using 1 μL of DNA as a template and BIOFACTTM 2 × Real-Time PCR Master Mix (BIOFACT Co., Ltd., Daejeon, South Korea) with the following reaction parameters: denaturation at 95°C for 15 min and 20 s, followed by 40 cycles of annealing and extension at 60°C for 40 s. The qRT-PCR primer sequences are presented in Table 1. The expression level of each target gene was quantified relative to that of the internal control gene (β-actin). The qRT-PCR specificity was determined via a melting curve analysis. Relative quantification was based on a comparison to the threshold cycle (Ct) at constant fluorescence intensity. Relative mRNA expression was quantified using the 2–(ΔCt sample – ΔCt control) method (Livak and Schmittgen, 2001). To determine a normalized arbitrary value for each gene, every value was normalized to that of β-actin.


TABLE 1. Specific primers used for quantitative reverse transcription polymerase chain reaction for the gene expression analysis.
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Milrinone Treatment

Milrinone is a specific PDE inhibitor that has been shown to coordinate cytoplasmic and nuclear maturation in IVF (Nogueira et al., 2006). We presumed that it would have a beneficial effect on SCNT in coordinating cytoplasmic and nuclear maturation. Therefore, we identified and separated oocytes that seemed to require coordination of cytoplasmic and nuclear development. For this purpose, we considered various conventional oocyte selection criteria, with BCB staining as the categorization criteria, such that oocytes were classified into BCB+, BCB−, and control (without staining) (Figure 1). The BCB− oocytes were then randomly divided into four groups and treated with different concentrations of milrinone (0, 50, 75, or 100 μM) for 6 h; the control group (0 μM milrinone) was not exposed to milrinone but was placed directly in the IVM medium. The oocytes in each group were then placed in wells containing 500 μL of TCM-199 medium at 38.5°C in a humidified atmosphere of 5% CO2 and 95% air. The development rates of PA and SCNT embryos were evaluated.



Experimental Designs

In experiment 1, the coordinated maturation of the cytoplasm with the nucleus was assessed as part of the developmental competence of oocytes. Developmental competence was related to the sizes of the ovarian follicles and the diameters of the oocytes, as evaluated by BCB staining (13 μM in mDPBS). The collected follicles were categorized into three groups according to their diameters: large (>5 mm), medium (3–5 mm), and small follicles (<3 mm). The percentage of select oocytes and the diameters of the oocytes were calculated according to their follicular size. Oocyte quality was also assessed by the higher GSH and lower ROS levels in incompetent oocytes. This experiment was repeated six times.

In experiment 2, the effects of coordinated cytoplasmic and nuclear maturation of oocytes were evaluated on the in vitro development of porcine PA and cloned embryos. The oocytes were categorized into those with well-coordinated cytoplasm and nuclear development or those needing coordination in IVM according to BCB staining (those not stained were the control group). Then, PA and SCNT were performed, and the effect of oocyte competence – essentially, the coordinated maturation of the cytoplasm with the nucleus – was analyzed by the competence of embryo development.

In experiment 3, we aimed to coordinate the cytoplasmic and nuclear maturation of oocytes in IVM, particularly in less competent oocytes that could be inefficient in coordinated cytoplasmic maturation. Therefore, we selected oocytes needing coordination (i.e., BCB− oocytes) and randomly divided them into four groups. Oocytes in the control group were placed directly into IVM medium, whereas those in the other three groups were treated individually with three different concentrations of milrinone (50, 75, and 100 μM) for 6 h. The in vitro development of PA and cloned embryos were then evaluated.

In experiment 4, the coordinated cytoplasmic and nuclear maturation of oocytes is essential not only for embryo cell cleavage and development but also for nuclear reprogramming. We aimed to evaluate the effect of cytoplasmic development, i.e., the attainment of in vitro coordinated maturation on the nuclear reprogramming efficiency in IVF and SCNT. The limitation in nuclear reprogramming is believed to be one of the major constraints in SCNT, and improving it would have a great impact on SCNT success. Therefore, we assessed the nuclear reprogramming efficiency of cytoplasmic and nuclear maturation coordination by milrinone though the evaluation of the expression levels of reprogramming-related genes POU5F1, NDP52I1, and DPPA2 in SCNT oocytes.



Statistical Analysis

Statistical Package for Social Sciences version 21.0 software (IBM, Armonk, NY, United States) was used to perform the data analysis. All values were presented as the mean ± standard error of the mean (SEM). Data related to oocyte maturation, blastocyst development rates in PA and cloned embryos, and cell number were analyzed using the generalized linear model procedure and one-way analysis of variance (ANOVA), and significance was determined using Duncan’s multiple range test. Significance in gene expression was also determined using ANOVA with Duncan’s multiple range test. GSH and ROS was analyzed by using t-test. Statistical significance was considered at p < 0.05.



RESULTS


Selection of Developmentally Competent Oocytes

The collected oocytes were assessed for coordinated cytoplasmic and nuclear maturation as an indicator of oocyte competence. The results showed that there was a significantly higher proportion of competent oocytes in large ovarian follicles (>5 mm) and medium ovarian follicles (3–5 mm), whereas the reverse was true for small ovarian follicles (<3 mm) (Figure 1). The mean diameter of denuded mature oocytes measured after IVM (including the zona pellucida) was significantly larger in competent oocytes than in less competent oocytes for large, medium, and small ovarian follicles, in alignment with follicular size. Similar to follicle size and oocyte diameter, GSH and ROS levels were significantly different between BCB + and BCB− oocytes (Figure 2).
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FIGURE 2. Epifluorescence photomicrographic images of in vitro mature porcine oocytes. (A) Glutathione (GSH; A,A′) and reactive oxygen species (ROS; B,B′) in oocytes in the brilliant cresyl blue-stained (BCB +) (A,B) and non-stained (BCB−) (A′,B′) oocyte groups. (B) Intracellular levels of GSH and ROS in in vitro mature porcine oocytes in the BCB + and BCB− oocyte groups. Values are means ± SEM (n = 8 replicates). Asterisks indicate P ≤ 0.05 when compared with each other.




Development of PA and SCNT Embryos

BCB + oocytes showed significantly higher rates of maturation (87.5 ± 2.3% vs. 71.3 ± 3.0%) than BCB− oocytes (p < 0.05). Cleavage rates (88.6 ± 1.1% vs. 76.3 ± 1.6%) and blastocyst development (34.3 ± 0.9% vs. 25.3 ± 0.6%) were also significantly higher in BCB + oocytes than in control oocytes after PA, respectively (p < 0.05) (Table 2). Similarly, there were significantly higher cell numbers in the blastocysts (46.9 ± 1.4% vs. 38.9 ± 0.9%) of BCB + oocytes than in BCB− oocytes (p < 0.05).


TABLE 2. In vitro development of porcine parthenogenetic embryos derived from brilliant cresyl blue-stained (BCB +) and non-stained (BCB−) oocytes.

[image: Table 2]In the case of cloned embryos, BCB + oocytes showed a significantly higher cleavage rate (77.9 ± 3.7% vs. 67.7 ± 2.3%) and blastocyst development rates (30.6 ± 1.6 vs. 20.1 ± 1.5) than those of BCB− oocytes (p < 0.05) (Table 3). The cell number in the blastocysts (46.7 ± 1.3% vs. 39.4 ± 2.0%) developed from BCB + oocytes was also significantly higher than that in BCB− oocytes (p < 0.05).


TABLE 3. In vitro development of porcine cloned embryos derived from brilliant cresyl blue-stained (BCB +) and non-stained (BCB−) oocytes.
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Milrinone Treatment of Oocytes and Embryo Production

In vitro maturation medium was supplemented with different concentrations of milrinone to enhance the coordination of nuclear meiosis with cytoplasm maturation. The results showed an increased rate of maturation of oocytes in all treated groups as compared to the untreated (73.0 ± 3.8%, 78.0 ± 2.6%, 76.0 ± 3.7% vs. 69.0 ± 2.5% for 50, 75, and 100 μM vs. 0 μM milrinone, respectively), although there was no statistically significant difference (Table 4). Furthermore, blastocyst development was significantly higher in the 75 μM treatment group than in the untreated control (38.5 ± 0.7% vs. 23.0 ± 1.6%) (p < 0.05). However, there was no significant difference in the total cell number in PA blastocysts among the different milrinone concentration treatments.


TABLE 4. In vitro development of porcine parthenogenetic embryos after treatment with four different milrinone concentrations in the brilliant cresyl blue non-stained (BCB−) oocytes.

[image: Table 4]In cloned embryo production, developmental competence was significantly improved in the 75 μM milrinone treatment group (30.1 ± 0.7% vs. 20.5 ± 2.2%) as compared to the control group (p < 0.05). However, there was no significant difference in blastocyst cell number among the four milrinone treatment groups (Table 5).


TABLE 5. In vitro development of porcine cloned embryos after treatment with four different milrinone concentrations in the brilliant cresyl blue non-stained (BCB−) oocytes.
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Nuclear Reprogramming in Milrinone-Treated Cloned Embryos

Gene expression analysis was performed to assess the role of coordinated cytoplasmic and nuclear maturation of oocytes in the efficiency of nuclear reprogramming in cloned porcine embryos. The expression of nuclear reprogramming-related genes POU5F1, DPPA2, and NDP52IL was analyzed in BCB + oocytes and BCB− milrinone-treated and non-treated oocytes. The results showed that gene expression was the highest in BCB + oocytes as compared to BCB− in both treated and non-treated groups. In contrast, milrinone treatment of the BCB− oocytes showed higher gene expression levels of POU5F1, DPPA2, and NDP52IL than BCB− non-treated oocytes (Figure 3).
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FIGURE 3. Relative expression levels of the POU5F1, DPPA2, and NDP52IL genes in cloned blastocysts derived from brilliant cresyl blue non-stained (BCB−) oocytes, BCB− oocytes supplemented with 75 μM milrinone, and BCB−stained (BCB +) oocytes. Asterisks indicate P ≤ 0.05 when compared with each other.




DISCUSSION

In this study, we found that cytoplasmic maturation along with nuclear maturation is a critical factor in determining the developmental competence of oocytes. Most of the BCB + oocytes showed significantly higher developmental competence at the IVM level regarding embryo development and expression of genes related to nuclear reprogramming in cloned embryos. This indicates that cytoplasmic maturation is important for attaining developmental competence in cloned embryo production. Low competence oocytes (marked as BCB−) had low developmental competence, mainly owing to the absence of synchronized cytoplasmic and nuclear maturation, as cytoplasmic maturation required more time than nuclear maturation in vitro. In oocytes with less developmental competence, where cytoplasmic maturation is not aligned with nuclear maturation, there is a need to coordinate cytoplasmic maturation for efficient production of cloned embryos. Our experiment revealed that 75 μM milrinone during IVM improved the developmental competence of cloned embryos from BCB−- oocytes. BCB staining detects G6PDH activity in the oocyte cytoplasm and can be used to assess the competence of oocytes in terms of cytoplasmic maturation in alignment with nucleus maturation, as also previously described (Catala et al., 2011).

Milrinone supplementation in the IVM medium enhanced oocyte competence, with the development rates of both PA (38.5%) and cloned (30.1%) embryos being significantly higher than that of the control groups (23.0 and 20.5%, respectively). This is attributed to the delaying effect of milrinone as a specific PDE inhibitor. Similar results of milrinone as a PDE inhibitor were reported in mice (Giorgi et al., 2011), rats (Richard et al., 2001), and bovines (Naruse et al., 2012; Alam et al., 2018). Milrinone supplementation also tended to improve the maturation rate of the oocytes and the number of developed blastocysts. These results are consistent with those of previous studies in which sheep oocytes supplemented with milrinone showed improved developmental competence (Wang et al., 2016). The mechanism of milrinone, as a specific PDE3 inhibitor, is as follows: it downregulates PDE3, which affects the hydrolysis of cyclic nucleotides, cAMP and cGMP, in the cytoplasm of the oocytes (Gupta et al., 2020). Thus, the maturation promoting factors that trigger the meiotic exit of the oocyte are destabilized. In IVM, where the oocytes are aspirated from the follicle, they escape the oocyte maturation inhibitor in the follicular fluid. As a result, there is a spontaneous resumption of meiosis, where the nuclear and cytoplasmic maturation might not align. Therefore, the optimum amount of milrinone would be required to inhibit the spontaneous resumption of meiosis, allowing time for cytoplasmic maturation. The effectiveness of milrinone supplementation in improving the competence of oocytes is related to its antioxidant effects, which reduce oxidative damage, and its ability to maintain high levels of cAMP through PDE3 degradation (Wang et al., 2016). High levels of cAMP regulate downstream protein kinase (Wang et al., 2016), arresting the GV stage and ultimately blocking spontaneous meiotic resumption (Vanhoutte et al., 2007). Therefore, as seen in our study, milrinone caused a delay that was required for the coordination of cytoplasmic and nuclear maturation, positively influencing further development. This finding will have important applications for endangered wild species with few oocyte reserves or monotocous species such as humans, which have a low oocyte recovery rate.

Gene expression analysis for nuclear reprogramming showed significantly higher expression in BCB + oocytes than in BCB− oocytes. Milrinone treatment of BCB− oocytes moderately improved gene expression as compared to the non-treated BCB− oocytes. This increase in gene expression may have been due to modifications that occurred in the cytoplasm, such as increased levels of GSH and cAMP, resulting in a beneficial environment for the reprogramming of the donor nuclei. Thus, milrinone supplementation during IVM of oocytes can improve the efficiency of cloned pig embryo production. This will be extremely useful in addressing one of the core limitations of cloning and will improve nuclear reprogramming efficiency in pigs and other animal species.

In conclusion, we recommend that oocyte competence is the core issue in in vitro embryo production and cloning of porcine embryos, not only for coyote totipotency and cell multiplication but also for nuclear reprogramming. In IVM, coordination of cytoplasmic and nuclear maturation is required, particularly in less competent oocytes, to attain better efficiency in embryo production and cloning in pigs and other animal species. We recommend that 75 μM milrinone can be used for the coordination of cytoplasmic and nuclear maturation of oocytes to improve the efficiency of porcine SCNT.
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In female mammals, meiotic prophase one begins during fetal development. Oocytes transition through the prophase one substages consisting of leptotene, zygotene, and pachytene, and are finally arrested at the diplotene substage, for months in mice and years in humans. After puberty, luteinizing hormone induces ovulation and meiotic resumption in a cohort of oocytes, driving the progression from meiotic prophase one to metaphase two. If fertilization occurs, the oocyte completes meiosis two followed by fusion with the sperm nucleus and preparation for zygotic divisions; otherwise, it is passed into the uterus and degenerates. Specifically in the mouse, oocytes enter meiosis at 13.5 days post coitum. As meiotic prophase one proceeds, chromosomes find their homologous partner, synapse, exchange genetic material between homologs and then begin to separate, remaining connected at recombination sites. At postnatal day 5, most of the oocytes have reached the late diplotene (or dictyate) substage of prophase one where they remain arrested until ovulation. This review focuses on events and mechanisms controlling the progression through meiotic prophase one, which include recombination, synapsis and control by signaling pathways. These events are prerequisites for proper chromosome segregation in meiotic divisions; and if they go awry, chromosomes mis-segregate resulting in aneuploidy. Therefore, elucidating the mechanisms regulating meiotic progression is important to provide a foundation for developing improved treatments of female infertility.
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INTRODUCTION: MAMMALIAN OOCYTE DEVELOPMENT AND MEIOSIS

Meiosis is a special type of cell division that generates haploid gametes important for sexual reproduction. In meiosis, cells replicate their DNA once, followed by two rounds of division: meiosis one (MI)- a reductional division, and then meiosis two (MII)-an equational division analogous to mitotic division. In the mammalian female embryo, meiotic division of the oocyte is preceded by several rounds of mitosis. Oocytes differentiate from primordial germ cells (PGCs) that migrate to the genital ridge starting at 10.5 days post coitum (dpc) in the mouse (see Figure 1; Molyneaux et al., 2001). The germs cells divide by mitosis until 13.5 dpc and are referred to as oogonia during this time. However, cytokinesis is not complete and the oogonia remain connected by intercellular bridges in structures called germ cell cysts (Pepling and Spradling, 1998). Oogonia enter meiosis in a wave from anterior to posterior and become oocytes beginning at 13.5 dpc in the mouse (Menke et al., 2003; Bullejos and Koopman, 2004). Oocytes remain associated during fetal development though cysts may fragment and reassociate as germ cell nests (Lei and Spradling, 2013). Oocytes gradually arrest near the end of prophase one with some oocytes reaching arrest as early as 17.5 dpc and most by postnatal day (PND) 5 (Cohen et al., 2006). Concurrently, the oocytes contained in germ cell nests separate and each individual oocyte is surrounded by somatic pregranulosa cells forming structures called primordial follicles (Pepling and Spradling, 2001). As oocytes separate and follicles form, a large number of oocytes are lost by programmed cell death that in part aid in individualization of surviving cells (Greenfeld et al., 2007). In addition, other potential functions of germ cell loss have been proposed including selection for the highest quality oocytes or as support for a subset of the cyst cells (Pepling et al., 1999). More recent work has provided evidence that some oocytes play a supporting role similar to nurse cells in Drosophila (Lei and Spradling, 2016). Thus, a pool of primordial follicles each containing an oocyte arrested at the end of prophase one is established and represents the population of germ cells available for the reproductive lifespan in female mammals (Pepling, 2012). Human and mouse germ cells progress through these developmental processes analogously, except that the process in mouse is accelerated likely due to their shorter lifespan and primordial follicle formation in humans is completed during fetal development (Hartshorne et al., 2009).
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FIGURE 1. Mouse female germ cell development. Germ cells are shown in green and somatic cells are shown in red above timeline. At 10.5 dpc, germ cells migrate to the gonad and begin rapidly dividing by mitosis, forming germ cell cysts. Some cysts fragment into smaller cysts and reassociate with unrelated cysts to form nests where some cells are still connected by intercellular bridges with others associated by aggregation. Beginning at 13.5 dpc, oogonia enter meiotic prophase one to become oocytes and progress through meiotic prophase one substages: leptotene, zygotene, pachytene, and diplotene (with representative surface spread nuclei labeled with SYCP3 in green shown below the timeline). The arrow for each substage indicates the first day oocytes are found in the indicated substage. Oocytes are found in each substage for several days. The oocytes arrest at the diplotene stage starting at 17.5 dpc. At this time, germ cell nests begin to breakdown and oocytes that are not lost due to apoptosis are surrounded by somatic cells forming primordial follicles.


In sexually mature females, follicle stimulating hormone (FSH) stimulates granulosa cell proliferation and estradiol production, inducing a preovulatory surge of luteinizing hormone (LH) which triggers meiotic resumption (Mcgee and Hsueh, 2000). This drives meiotic progression from prophase one to metaphase two. The oocyte is ovulated after the LH surge and becomes arrested in metaphase two. If fertilization occurs, the MII division is completed and followed by DNA replication in preparation for the first zygotic division; otherwise, the oocyte is passed to the uterus and disintegrates. Proper meiotic progression is important as aneuploidy, an abnormal number of chromosomes per cell occurs in at least 5% of all clinically recognized pregnancies (Hassold and Hunt, 2001). It has been estimated that women over 35 suffer from a greater risk of aneuploidy, resulting in a dramatic increase of infertility, miscarriage, and birth defects (Herbert et al., 2015).

While meiosis evolved from mitosis, novel steps were acquired that include pairing and recombination between homologous chromosomes, the inhibition of sister-chromatid separation during meiosis one (MI), and the absence of DNA replication during MII (Wilkins and Holliday, 2009). Following premeiotic DNA replication, germ cells enter an extended MI prophase which is further divided into four substages called leptotene, zygotene, pachytene, and diplotene based on cytology (Borum, 1961). During the leptotene stage, the earliest stage, chromosomes have not yet condensed and appear relatively long. In the zygotene stage, homologs begin to pair by a process called synapsis and start to condense. The pachytene stage is the third and longest stage of prophase one. By the start of the pachytene stage, the paired homologous chromosomes have become fully synapsed and by the end of this stage, chromosomes appear shortest and highly condensed. Toward the end of prophase one, homologs separate from each other marking entry into the diplotene stage. Homologous chromosomes remain physically connected at chiasmata which represent regions where crossing over has occurred during recombination which is the exchange of genetic material (Bolcun-Filas and Schimenti, 2012). It is thought that oocytes arrest in the diplotene substage because this is the most stable conformation of chromosomes as oocytes may remain at this stage until ovulation occurring months later in mice and years later in humans (Hartshorne et al., 2009). The significance of prophase one events for ensuring accurate chromosome segregation is underlined by the observation that most aneuploidies result from chromosome non-disjunction during the first meiotic division (Morelli and Cohen, 2005). This review describes recent findings on meiotic prophase one progression in mammalian oocytes up to the dictyate stage, with some reference to analogous events in mouse spermatocytes and yeast. By understanding what is known in the mouse model, we may gain insights into causes of high aneuploidy rates in human females.



RECOMBINATION: FORMATION AND REPAIR OF DOUBLE-STRAND BREAKS


Double-Strand Break Formation

The process of recombination involves exchange of genetic material between homologous chromosomes and is initiated by generation of double-strand breaks (DSBs). In eukaryotes including mammals, DSBs are created by the SPO11 topoisomerase beginning early in prophase one (see Figure 2; Keeney, 2008). DSBs are thought to occur at recombination hotspots throughout the genome (Paigen and Petkov, 2010) and genome-wide mapping studies have identified thousands of hotspots in the mouse (Smagulova et al., 2011; Brunschwig et al., 2012). The methyltransferase, PRDM9 has been shown to be important for targeting SPO11 to recombination hotspots and is thought to direct DSB machinery to crossover sites by direct sequence-specific binding (Baudat et al., 2010; Brick et al., 2012). SPO11 creates DSBs via a transesterification reaction that cleaves the DNA backbone on both strands, with SPO11 monomers covalently attached to the 5′ ends (Keeney, 2008). SPO11-oligonucleotide (SPO11-oligo) complexes are released by endonucleolytic cleavage and serve as a by-product of DSB formation that can be used to measure DSB levels as well as distribution (Neale et al., 2005; Daniel et al., 2011). The DSBs induced by SPO11 are required for homologous chromosomes to synapse (Baudat et al., 2000; Romanienko and Camerini-Otero, 2000). In Spo11 mutant oocytes, defects in synapsis lead to the eventual loss of all oocytes (Di Giacomo et al., 2005). Many oocytes are lost even before follicles form, though oocytes remaining undergo normal primordial follicle formation and the first wave of follicles begins to develop but within 2 months all oocytes are lost. REC114, MEI4, and MEI1 have also been implicated in DSB formation in mouse (Baudat et al., 2013). REC114 and MEI4 along with IHO1 colocalize on meiotic chromosomes and have been shown to form a complex required for DSB formation. It is thought that this complex may recruit and/or regulate the catalytic activity of SPO11 (Kumar et al., 2010, 2018; Stanzione et al., 2016) In addition, MEI1 is also required for DSB formation (Libby et al., 2003) and for MEI4 localization to meiotic chromosomes (Kumar et al., 2015).
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FIGURE 2. Summary of DSB formation and repair in mammals. SPO11 and associated factors including REC114, MEI4, MEI1, and IHO1 generate a double strand break to initiate recombination. Endonuclease activity results in cleavage of a small DNA fragment associated with SPO11. The resulting single-stranded DNA overhang is extended on both DNA strands by exonuclease activity. RAD51 and DMC1 along with other proteins aid in strand invasion of the homologous chromosome to begin the process of homologous recombination to repair the DSB. This forms the D-loop on the homolog that is extended by HFM1. If the other side of the DSB is “captured” a double Holliday junction is formed and stabilized by MSH4 and MSH5. This can either resolve to a crossover or a non-crossover with RNF212, HEI10, and CNTD1 involved in regulating crossover selection. Resolution to the final crossover products is promoted by MLH1, MLH3, and EXO1.


A large number of DSBs may damage genome integrity while too few might result in deficient recombination, therefore, it is important to maintain DSB numbers within an optimal range. In yeast, orthologs of Ataxia telangiectasia mutated (ATM) and Ataxia telangiectasia and RAD3-related (ATR), members of the PI3 kinase like family of protein kinases (PIKKs) are thought to work antagonistically to regulate DSB formation during mitosis and also in meiotic prophase one (Cooper et al., 2014). Mec1, the yeast ATR ortholog is able to promote DSB formation while the yeast ATM, called Tel1 appears to negatively regulate DSBs. Similarly, in the mouse, DSB formation in meiotic prophase one significantly increases in Atm null spermatocytes and excessive levels of DSBs cause severe meiotic defects resulting in infertility (Lange et al., 2011). However, overexpression of ATM does not affect the number of DSBs (Modzelewski et al., 2015). In addition, ATR does not seem to affect DSB numbers in mouse spermatocytes suggesting the balance of DSBs is regulated by a different mechanism in mice (Widger et al., 2018). There is no evidence that ATM or ATR are important for regulating DSB numbers in mouse oocytes (Pacheco et al., 2019) though in both oocytes and spermatocytes, ATM and ATR play roles in the DNA damage checkpoint and elimination of germ cells (see section “Elimination of Oocytes With Defective DNA Repair or Synapsis”). Regulation of DSB formation in mammalian oocytes may involve another kinase or feedback may be provided by factors detecting synapsis.



Double Stand Break Repair

Once DSBs are formed, they must be repaired and during this process crossovers can form. DSB repair involves end processing, strand invasion, intermediate processing and resolution with only a subset resulting in crossovers and in mouse oocytes takes about 4–5 days (Hartshorne et al., 2009). Much of our understanding of DSB repair comes from studies in yeast, flies and nematodes and the process appears to be conserved in mammals as well (reviewed in Gray and Cohen, 2016). The first step in repairing DSBs is end processing which begins with each strand of DNA being cleaved by an endonuclease releasing an oligonucleotide associated with a SPO11 monomer (see Figure 2). The cleavage is offset on one strand compared to the other leaving a two base pair overhang on each strand that is extended up to 800 bps by exonuclease activity. Recombinases RAD51 and DMC1 coat the resulting single-stranded DNA and aid in strand invasion of the homologous chromosome (Pittman et al., 1998). Several other proteins including BRCA2, HOP2, and MND1 assist RAD51 and DMC1 in strand invasion (Petukhova et al., 2005). The complementary DNA strand on the homolog is displaced forming a displacement (or D) loop. HFM1 (also called MER3) is a helicase thought to be involved in extending the D-loop (Guiraldelli et al., 2013). If a second end capture occurs, a double Holliday junction intermediate is formed and stabilized by mismatch repair proteins MSH4 and MSH5 to promote crossovers (Kneitz et al., 2000). In the mouse, several proteins participate in crossover selection including RNF212, a SUMO E3 ligase, HEI10, a ubiquitin E3 ligase, and CNTD1, a cyclin domain containing protein (Reynolds et al., 2013; Holloway et al., 2014; Qiao et al., 2014; Rao et al., 2017). Two other mismatch repair proteins MLH1 and MLH3 along with EXO1 promote resolution to crossovers (Lipkin et al., 2002). Alternatively, single end strand invasion will lead to the non-crossover pathway.



HOMOLOG PAIRING


DSB-Dependent Pairing

Homologous chromosome pairing starts at the zygotene stage and is essential for accurate homolog segregation during meiotic progression. It relies on DSB-dependent as well as DSB-independent pathways, and in recent years, many proteins have been identified that are involved in this regulation (see Table 1). DSBs mediate homolog pairing, and as this process culminates, homologs are coaligned ∼400 nm from each other (reviewed in Zickler and Kleckner, 2015). The coalignments consist of linkages between homologous axes which can be represented by “bridges,” each corresponding to a site of DSB-mediated inter-homolog association. Each bridge represents a nascent D-loop in which the “leading” DSB end interacts with its homologous chromosome, and therefore provides informational bias for homolog recognition, whereas the “lagging” DSB end associates with its sister chromatid. A “tentacle” hypothesis has been proposed where one end of the DSB would be released from its chromatin axis and conduct a search of the homologous chromosome (Kim et al., 2010; Panizza et al., 2011). Once the DSB has identified its partner sequence, the strands become associated and a bridge is created (Kim et al., 2010; Storlazzi et al., 2010).


TABLE 1. Proteins involved in homolog pairing.
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DSB-Independent Pairing

It was widely thought that DSBs were needed for pairing of homologous chromosomes but studies from several organisms suggest that some pairing can occur before DSBs are formed (reviewed in Klutstein and Cooper, 2014). In mouse spermatocytes, a significant proportion of pairing was established before SPO11 induced DSBs (Boateng et al., 2013). In either Mei1 mutant male mice where DSBs are absent but SPO11 expression is normal or Spo11 mutants with defective catalytic activity, pre-leptotene pairing levels were similar to wild type. Thus, pairing also involves a DSB independent mechanism, and SPO11 catalytic activity is dispensable for this process. This involves interactions of the meiotic chromosome telomeres with the nuclear envelope (Figure 3A). The telomeres are tethered to the nuclear envelope by a protein complex called LINC (linker of nucleoskeleton and cytoskeleton) consisting of SUN1, SUN2, KASH5, and a cohesin subunit (Figure 3B; Ding et al., 2007; Schmitt et al., 2007; Adelfalk et al., 2009). KASH5 recruits dynein to the telomere attachment sites at the outer nuclear membrane and therefore mediates chromosome movements (Horn et al., 2013). The TERB1/2-MAJIN complex connects the telomeres to the LINC complex (Shibuya et al., 2015). The telomeres are capped with the Shelterin complex that protects them from damage (Palm and de Lange, 2008; Shibuya et al., 2015). TERB1/2-MAJIN binds to Shelterin thereby connecting the telomere to the nuclear envelope. An additional protein, Speedy A, has been identified as a protein required for telomere-nuclear envelope attachment in both male and female mice during meiosis (Tu et al., 2017). Mice lacking any of these meiosis-specific structural molecules are sterile (Ding et al., 2007; Morimoto et al., 2012; Horn et al., 2013; Shibuya et al., 2014, 2015; Tu et al., 2017). In mice, both telomere-nuclear envelope attachment and chromosome movements gather correct homologs together and prevent non-homologs from pairing (Koszul and Kleckner, 2009; Storlazzi et al., 2010; Tu et al., 2017). Recently, detailed interactions of pairing have been examined in mouse oocytes including how chromosomes with acrocentric telomeres interact with the nuclear envelope (Kazemi and Taketo, 2021).
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FIGURE 3. DSB-Independent Homolog Pairing (A) DSB-independent pairing at pre-leptotene. Telomeric homolog pairing occurs at pre-leptotene independent of DSB formation. SPO11, not through its catalytic activity, is required for this process. Interstitial pairing is promoted by telomeric pairing and its frequency decreases upon leptotene entry. (B) Meiotic specific protein regulation of telomere-NE attachment. Speedy A localizes to the telomere and regulates its association to the NE. TERB1/2-MAJIN attaches the telomere-shelterin complex to the nuclear envelope by anchoring MAJIN within the INM. The downstream accumulation of the SUN1-KASH5 complex to the telomere attachment site facilitates chromosome movement by linking it to the dynein-dynactin motors through KASH5.


Meiosis-specific cohesion proteins also regulate homologous pairing. Hopkins and colleagues identified Stromal Antigen Protein 3 (STAG3) which localizes to chromocenters (heterochromatin rich pericentrometric clusters) at the pre-leptotene stage (Hopkins et al., 2014). In Stag3 mutant oocytes, the levels of chromosome associations within chromocenters are significantly reduced at both leptotene-like and zygotene-like stages. Homologous pairing depends on chromocenter clustering which is mediated by STAG3; therefore, STAG3 indirectly regulates inter-homolog associations in mouse oocytes.



SYNAPTONEMAL COMPLEX FORMATION AND FUNCTION


Synaptonemal Complex Assembly

The synaptonemal complex (SC) is a proteinaceous structure that forms between homologous chromosomes and “zippers” them together in eukaryotes. In mice, SC assembly is initiated through DSB formation, which promotes homology search and synapsis (Kauppi et al., 2013). The SC is a tripartite structure composed of lateral elements (LE) on each chromosome attached to the central element (CE) by transverse filaments (TF) (see Figure 4 and Table 2). Prior to synapsis the LEs are referred to as axial elements (AE) that assemble along the chromosomes (for reviews see Fraune et al., 2012; Cahoon and Hawley, 2016). SC formation begins during the leptotene stage when SYCP2 and SYCP3 load onto the chromosome to form AEs (Yang et al., 2006). Recently, in addition to these two AE-localized proteins, five other SC proteins were identified, the TF localized protein, SYCP1 (de Vries et al., 2005) and CE proteins, SYCE1, SYCE2, SYCE3, and TEX12 (Costa et al., 2005; Hamer et al., 2006; Schramm et al., 2011). Mutations in any of these SC proteins cause a failure of synapsis in mouse spermatocytes, prophase one arrest and infertility. The situation in females is more complicated. Like the male, mutations in genes encoding CE proteins or the TF protein, SYCP1 lead to synapsis defects, meiotic arrest and infertility (de Vries et al., 2005; Bolcun-Filas et al., 2007, 2009; Hamer et al., 2008; Schramm et al., 2011). However, Sycp2 or Sycp3 mutant females are subfertile with smaller litter sizes. Oocytes can be fertilized and begin embryonic development but some embryos are aneuploid and do not survive (Yuan et al., 2002; Yang et al., 2006). A more recent study has identified an additional CE protein SIX6OS1, which co-localizes with SYCE1 and SYCE3 (Gomez et al., 2016). In SIX6OS1 deficient oocytes, synapsis failed and all meiocytes were arrested in a pachytene-like stage similar to the other CE mutants.
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FIGURE 4. SC assembly and disassembly in mice. Axial element proteins (orange) start to load onto chromosomes at the leptotene stage. Transverse filament protein SYCP1 (blue) as well as central element proteins (green) begin to assemble at the zygotene stage. By the pachytene stage, homologous chromosomes are fully synapsed and the axial element becomes the lateral element completing the assembly of the SC. Disassembly of the SC depends on PLK1, INCENP(AURKB), and CDK1-Cyclin B1. Phosphorylated PLK1 targets central element protein TEX12, and transverse filament protein SYCP1 to promote central region disassembly. The other central element proteins are then removed from the SC. Simultaneously, both INCENP and AURKB redistribute to centromeres and facilitate lateral element protein relocation to centromere regions. CDK1 is activated by HSPA2, and active CDK1 interacts with Cyclin B1 which also targets lateral element proteins and initiates their redistribution to centromeres.



TABLE 2. Synaptonemal protein complex components.
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SC Extension and Maintenance

Once the SC starts to assemble, it polymerizes down the length of chromosomes to fully synapse the homologs. Cells must maintain full synapsis until the completion of recombination to ensure that homologs are properly aligned and DSB repair errors are reduced (Cahoon and Hawley, 2016). In yeast, the transverse filament protein, Zip1 is important for both the extension and maintenance of the SC (Voelkel-Meiman et al., 2012, 2013; Leung et al., 2015). However, no Zip1 homolog has been identified in mammals. Recently, a protein called synaptonemal complex reinforcing element (SCRE) was found to be important for stabilizing the SC (Liu et al., 2019). In Scre deficient oocytes, the SC formed but synapsis could not be maintained and oocytes were lost, resulting in infertility. Therefore, SCRE maintains the integrity and stability of the SC which is essential for fertility.



SC Disassembly

The SC disassembles during diplotene after crossovers have formed. In male mice, disassembly relies on Polo-like kinase 1 (PLK1) and Aurora B together with Inner Centromere Protein (INCENP) targeting CEs and LEs, respectively (Parra et al., 2003; Jordan et al., 2012). PLK1 phosphorylates SYCP1 and TEX12 causing subsequent central region collapse during diplotene. Following disassembly of the central region, INCENP re-localizes to centromeric heterochromatin, where Aurora B begins to localize; and results in SYCP2 and SYCP3 disassembling from LEs, both of which subsequently localize to the centromeric heterochromatin (Parra et al., 2003; Sun and Handel, 2008). In addition to PLK1 and Aurora B, CDK1- Cyclin B1 is also required for SC disassembly, as Cdk1 deficient germ cells are arrested at the mid to late pachytene stage (Cahoon and Hawley, 2016). CDK1 is activated by interacting with the chaperone protein HSPA2, and active CDK1 further interacts with Cyclin B1 to promote LE disassembly (Zhu et al., 1997). However, the mechanism of how CDK1-Cyclin B assists in SC disassembly is not well understood. In addition, SC disassembly has not been well studied in mammalian females.



ELIMINATION OF OOCYTES WITH DEFECTIVE DNA REPAIR OR SYNAPSIS


Oocytes With Unrepaired Double Strand Breaks

During meiotic prophase one, DNA is intentionally “damaged” so that recombination can occur. Mechanisms are in place to repair this damage but if the DNA is not repaired a DNA damage response is triggered leading to the elimination of defective oocytes (for review see Gebel et al., 2020). The ATM kinase is upregulated in damaged oocytes leading to activation of CHK2 (Hirao et al., 2002). CHK2 in turn activates an oocyte-specific isoform of the p53 homolog, p63, called TAp63α (Bolcun-Filas et al., 2014; Tuppi et al., 2018). TAp63α is present in oocytes but remains inactive unless damage is detected (Kim and Suh, 2014). Recent work has shown that TAp63α upregulates proapoptotic BCL2 family members PUMA, NOXA, and BAX leading to programmed cell death of the damaged oocytes (ElInati et al., 2020). ATR, at least in spermatocytes, binds to the short stretches of single stranded DNA that appear during DSB processing (Pacheco et al., 2018; Widger et al., 2018). In females, ATR has been implicated in detecting oocytes with DSBs and activating TAp63α (Kim et al., 2019). Besides CHK2, another checkpoint kinase, CHK1 has also been found to mediate removal of damaged oocytes (Martinez-Marchal et al., 2020; Rinaldi et al., 2020).



Oocytes With Unsynapsed Homologous Chromosomes

Mechanisms are also in place to check for and eliminate oocytes with unsynapsed homologous chromosomes (Di Giacomo et al., 2005; Cloutier et al., 2015). Oocytes lacking SPO11 cannot induce DSB formation and mice are infertile due to defective synapsis. However, the SPO11 mutants still accumulate DSBs that may be caused by activation of the LINE1 transposon (Carofiglio et al., 2013; Malki et al., 2014). The current model is that SPO11 makes DSBs and they are required for synapsis to occur. The DSBs get repaired using the homologous chromosome. HORMADs bind to unsynapsed chromosomes preventing repair using the sister chromatid and thereby promoting interaction instead with the homologous chromosome (Wojtasz et al., 2009). Interestingly, RNF212, the SUMO ligase involved in crossover control also plays a role in selecting oocytes for elimination (Qiao et al., 2018). Finally, the elimination of oocytes with unsynapsed chromosomes also depends on CHK2 and the DNA damage response pathway (Rinaldi et al., 2017). However, unlike oocytes with unrepaired DSBs, elimination of Spo 11 mutant oocytes which contain unsynapsed chromosomes does not require BCL2 family members suggesting separate genetic mechanisms of oocyte death (ElInati et al., 2020).



SIGNALING PATHWAYS IN MEIOTIC PROPHASE ONE

In mammalian females, oocytes are arrested in meiotic prophase one until puberty, lasting for months in mice and years in humans. Understanding the signaling events that regulate meiotic progression through prophase one is imperative to shed light on the formation of the ovarian reserve. Retinoic acid (RA) signaling initiates meiosis in mouse ovaries (Bowles et al., 2006; Koubova et al., 2006). The basis helix-loop-helix transcription factor STRA8 is activated by RA signaling (Anderson et al., 2008). This activation requires the RNA binding protein DAZL (Lin et al., 2008). RNA-seq analysis of wild-type, Kit mutant (which are germ cell deficient), Dazl mutant and Stra8 mutant mouse fetal ovaries resulted in the identification of over 100 genes expressed during meiotic prophase one in developing female mouse ovaries (Soh et al., 2015). Almost all of these genes require DAZL for induction but only some are dependent on STRA8. Interestingly, STRA8 independent and partly independent genes encode products important for chromosome structure during meiosis such as SC proteins that would be required early in meiosis.

Steroid hormone signaling plays a role in regulating meiotic progression. Progesterone treatment of fetal mouse ovaries in organ culture resulted in a delay of progression through prophase one (Dutta et al., 2016) and this effect was mediated through the progesterone membrane receptor, PGRMC1 (Guo et al., 2016). Guo and colleagues also found that progesterone caused downregulation of cyclic adenosine monophosphate (cAMP) synthesis. An earlier study showed that inhibition of cAMP resulted in meiotic prophase one delay as well as reduced primordial follicle formation (Wang et al., 2015). In addition, they found that blocking cAMP reduced the removal and degradation of SYCP1 protein suggesting that cAMP was important for regulation of SC disassembly. Another study found that the combination of estradiol and progesterone but not progesterone alone affected prophase one progression (Burks et al., 2019). Collectively, steroid hormones have been implicated in regulating meiotic prophase one progression, and further experiments are needed to fully understand this regulation.

Phthalates are synthetic chemical esters of phthalic acid and can act as endocrine disruptors impairing reproductive function with effects on reproductive organs including the ovary (Hannon and Flaws, 2015). Neonatal exposure to the phthalate, di (2-ethylhexyl) phthalate (DEHP) reduces primordial follicle formation and increases autophagy (Mu et al., 2015; Zhang et al., 2018). The effect on primordial follicle formation was mediated through estrogen receptors which are known to be expressed in mouse ovaries at this time (Chen et al., 2009). Fetal DEHP exposure delays progression through meiotic prophase one and impairs DSB repair (Liu et al., 2017) supporting the idea that estrogens play a role in meiotic progression and can be negatively impacted by endocrine disruptors. In addition, another phthalate, dibutyl phthalate (DBP) had effects on meiotic progression and DNA repair similar to DEHP (Tu et al., 2019). Expression of DNA repair proteins including ATR was reduced and oxidative stress was induced leading to an increase in oocyte apoptosis. Another endocrine disruptor, bisphenol A (BPA) also caused meiotic prophase one defects including higher than normal recombination and synapsis failure and again these effects are thought to be through estrogen receptors (Susiarjo et al., 2007).



CONCLUDING REMARKS

Meiotic prophase one is imperative to ensure accurate chromosome segregation as well as reproductive success. Much progress has been made in understanding the crucial checkpoints in mammalian prophase one. Interestingly, many studies have used mouse spermatocytes for elucidating meiotic events, such as DSB level regulation and homologous pairing. This is likely due to the fact that germ cells in all stages of meiotic prophase one can be obtained from adult male mice. In contrast, in females, oocytes need to be obtained during fetal stages which can be more difficult to obtain. Even though these critical events are controlled by similar genetic pathways, there are differences in checkpoint control in males and females (Morelli and Cohen, 2005). In most cases, mammalian oocytes have higher fault-tolerant rates. Therefore, while studies conducted on mouse spermatocytes contribute to our understanding of mammalian meiotic progression, there are also differences in mouse oocytes. Understanding the regulation of and progression through meiotic prophase one in oocytes and comparisons to spermatocytes will provide a more comprehensive picture of meiosis and aid in developing better female infertility treatments.
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Inosine monophosphate dehydrogenase (IMPDH), the rate-limiting enzyme catalyzing de novo biosynthesis of guanine nucleotides, aggregates under certain circumstances into a type of non-membranous filamentous macrostructure termed “cytoophidium” or “rod and ring” in several types of cells. However, the biological significance and underlying mechanism of IMPDH assembling into cytoophidium remain elusive. In mouse ovaries, IMPDH is reported to be crucial for the maintenance of oocyte–follicle developmental synchrony by providing GTP substrate for granulosa cell natriuretic peptide C/natriuretic peptide receptor 2 (NPPC/NPR2) system to produce cGMP for sustaining oocyte meiotic arrest. Oocytes and the associated somatic cells in the ovary hence render an exciting model system for exploring the functional significance of formation of IMPDH cytoophidium within the cell. We report here that IMPDH2 cytoophidium forms in vivo in the growing oocytes naturally and in vitro in the cumulus-enclosed oocytes treated with IMPDH inhibitor mycophenolic acid (MPA). Inhibition of IMPDH activity in oocytes and preimplantation embryos compromises oocyte meiotic and developmental competences and the development of embryos beyond the 4-cell stage, respectively. IMPDH cytoopidium also forms in vivo in the granulosa cells of the preovulatory follicles after the surge of luteinizing hormone (LH), which coincides with the resumption of oocyte meiosis and the reduction of IMPDH2 protein expression. In cultured COCs, MPA-treatment causes the simultaneous formation of IMPDH cytoopidium in cumulus cells and the resumption of meiosis in oocytes, which is mediated by the MTOR pathway and is prevented by guanosine supplementation. Therefore, our results indicate that cytoophidia do form in the oocytes and granulosa cells at particular stages of development, which may contribute to the oocyte acquisition of meiotic and developmental competences and the induction of meiosis re-initiation by the LH surge, respectively.
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INTRODUCTION

Meiosis is a type of specialized cell division through which germ cells reduce their chromosome composition from diploid to haploid. Faithful completion of the first meiosis is therefore a critical step toward producing a functionally normal gamete. In females of most mammalian species, meiosis starts in the fetal ovaries and stops at diplotene stage around the birth. Meiosis in oocyte is then arrested at this particular stage of prophase I (also referred to as dictyate stage) during the entire phases of oocyte and follicle growth, and won’t resume until the emergence of the surge of preovulatory luteinizing hormone (LH) at puberty or adulthood. After the LH surge, meiosis resumes in the fully grown oocyte (FGO) of preovulatory follicles, which is manifested by the morphological changes in the nucleus, i.e., breakdown of the germinal vesicle (also commonly known as GVB or GVBD), and enters the M-phase. The first meiotic division is ended with the equal distribution of a set of haploid homologous chromosomes into the asymmetrically divided large secondary oocyte and small first polar body (PB1). The resultant mature oocyte with meiosis arrested at metaphase II, which is now referred to as egg, is ovulated together with the mucified cumuli oophori into the oviduct ready for fertilization (Eppig et al., 2004; Conti and Franciosi, 2018).

Oocytes acquire the competence to resume and complete the first meiosis in a stepwise manner during the growing process. They first become competent to undergo GVBD in the small antral follicles, and then gain full competence to mature to M II when they reached the fully grown stage in the large antral follicles (Eppig et al., 2004). Such that, as demonstrated in the classic experiment by Pincus and Enzmann in the 1935 (Pincus and Enzmann, 1935), fully grown oocytes are readily to undergo GVBD and extrude PB1 (a.k.a. meiotic maturation) spontaneously when they are liberated from the large antral follicles before the LH surge and cultured in suitable medium. However, meiotic maturation cannot occur spontaneously in vivo in the FGO, hence, a factor (or factors) was then postulated to be present within the microenvironment of the antral follicles to prevent the FGOs from reentering into meiosis (Pincus and Enzmann, 1935; Tsafriri et al., 1976). Although this postulation on oocyte meiotic arrest was made nearly a century ago, landmark discoveries on the identity, origin, and functioning mechanisms of the putative oocyte maturation inhibitory factor (s) were achieved only in the past one decade or so. It was found that natriuretic peptide type C (NPPC) secreted by mural granulosa cells (MGCs) and its cognate guanylyl cyclase-linked natriuretic peptide receptor 2 (NPR2) expressed by cumulus cells maintain oocyte meiotic arrest (Zhang et al., 2010). This particular combination of natriuretic peptide system induces the production of cGMP in cumulus cells, which in turn diffuses into the oocyte through the heterologous gap junctions connecting them and suppresses the cAMP-hydrolysising activity of PDE3A. High levels of cAMP are then sustained in oocytes, which subsequently maintain the oocyte at meiotic arrest (Norris et al., 2009; Vaccari et al., 2009).

Generation of cGMP by NPR2 guanylyl cyclase requires the supply of GTP substrate. As illustrated in Figure 1A, GTP is produced through both the de novo biosynthesis pathway with inosine 5′-phosphate (IMP) as the precursor and the salvage pathway in which guanine is converted into GMP by hypoxanthine guanine phosphoribosyltransferase (HPRT). IMP is mainly produced from the de novo purine nucleotide biosynthesis, and to a lesser extent, is also converted from hypoxanthine by HPRT via the purine nucleotide salvage pathway. IMP dehydrogenase (IMPDH) is the rate-limiting enzyme in the GTP de novo biosynthesis pathway, which catalyzes conversion of IMP to xanthosine 5′-phosphate (XMP), the first committed and rate-limiting step of GTP biosynthesis. XMP is subsequently converted to GMP by the GMP synthetase (GMPS), and GMP is sequentially converted to GTP by GMP kinase and nucleoside diphosphate kinase (Hedstrom, 2009). In line with the essential role of IMPDH in the biosynthesis of guanine nucleotides, IMPDH was found to be crucial for the maintenance of oocyte meiotic arrest. A serial of earlier studies from the Eppig group in the 1990s revealed that inhibitors of IMPDH induced the resumption of meiosis by competent oocytes both in vivo and in vitro in a way that is independent of the LH, highlighting the importance of IMPDH-mediated biosynthesis of guanine nucleotides in supporting oocyte meiotic arrest maintenance (Downs et al., 1986; Downs and Eppig, 1987; Eppig, 1991). Remarkable, a recent study by the same group demonstrated that IMPDH inhibitors efficiently reverse oocyte meiotic arrest imposed by NPPC and hypoxanthine in cultured COCs in vitro. Coincidently, IMPDH inhibitors also reduce the levels of cGMP produced by these COCs (Wigglesworth et al., 2013). This study thus brings the direct connection of IMPDH to the production of cGMP by granulosa cells needed for delivery to oocytes to sustain oocyte meiotic arrest. Interesting, this study also found that the expression of IMPDH in cumulus cells is promoted by oocyte-derived paracrine factors, indicating the fine-tuned regulation of the expression of IMPDH is crucial for oocyte meiotic control (Wigglesworth et al., 2013). The meiotic arrest inputs from granulosa cells are reported to be withdrawn or turned off after the LH surge in order to allow for the reinitiation of oocyte meiosis (Norris et al., 2009; Vaccari et al., 2009; Downs, 2010; Jaffe and Egbert, 2017). How IMPDH is accordingly changed with the induction of oocyte meiotic resumption remains unclear. Furthermore, the dynamic changes in the expression and function of IMPDH in the oocytes also remain unknown. These are the questions that we are trying to address in this study.
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FIGURE 1. Dynamic expression of Impdh2 in oocytes, granulosa cells, and preimplantation embryos. (A) Schematic illustration of the guanosine nucleotides biosynthesis. (B–D) WB detection of the expression of IMPDH2 protein in oocytes isolated from the primordial, primary, secondary, and Graafian follicles (B); oocytes (OO), cumulus cells (CC), and mural granulosa cells (MGC) isolated from the large antral follicles (C); oocytes at GV- and MII stages, and preimplantation embryos at different developmental stages (D). (E–G) qRT-PCR comparison of the expression Impdh2 mRNA in oocytes isolated from the primordial, primary, secondary, and Graafian follicles (E); oocytes (OO), cumulus cells (CC), and mural granulosa cells (MGC) isolated from the large antral follicles (F); oocytes at GV- and MII stages, and preimplantation embryos at different developmental stages (G). Bars without letters in common are considered to be significantly different (P < 0.05).


There are two isoforms of IMPDH in mammals, IMPDH1 and IMPDH2. These two members share 84% aminio acid sequence identity and have virtually indistinguishable catalytic activity, but their tissue expression patterns and physiological importance differ largely (Collart and Huberman, 1988; Carr et al., 1993; Senda and Natsumeda, 1994; Hager et al., 1995). IMPDH2 is the dominant isoform expressed in most tissues of human, while IMPDH1 is found to be constitutively expressed at low levels in most tissues other than retina, spleen, and resting peripheral blood mononuclear cells (Senda and Natsumeda, 1994; Jain et al., 2004; Bowne et al., 2006). Accordingly, knockout (KO) of Impdh2 in mice leads to early embryonic lethality, which is in contrast with the Impdh1-KO that causes no overt abnormalities except a mild retina defect (Gu et al., 2000; Gu et al., 2003). Therefore, IMPDH2 becomes a more attractive target for the development of immunosuppressive, antiviral, and cancer therapeutics (Sintchak and Nimmesgern, 2000). Most intriguingly, IMPDH2 was found, under certain circumstances that interfere with the guanosine nucleotide homeostasis, to aggregate into a non-membranous filamentous subcellular macrostructure termed “cytoophidium” or “rod and ring” in a variety types of mammalian cells being studied (Liu, 2016; Calise and Chan, 2020). For example, in MCF7 human breast adenocarcinoma cell line, inhibition of IMPDH activity by treatment with mycophenolic acid (MPA), the non-competitive inhibitor of IMPDH, induces the aggregation of IMPDH2 into the rod- and ring- shaped marcrostructure, the first report on the formation of IMPDH2 cytoophidium (Ji et al., 2006). Similar observations were also made later in other types of cancer cell lines, as well as mouse primary cells (Carcamo et al., 2011; Thomas et al., 2012). Although it appears from the earlier reports that formation of IMPDH2 cytoophidia is a consequence of IMPDH2 inhibition or GTP insufficiency, recent studies indicate that formation of IMPDH2 cytoophidia are not an artificial phenomenon of perturbation of guanosine biosynthesis in vitro, it occurs under normal physiological conditions and may actively engage in certain biological processes involving purine metabolism. For instance, aggregation of IMPDH2 into cytoophidia were found to occur naturally in mouse embryonic stem cells (ESCs) and T-cell, which is crucial for rapid cell proliferation, and T-cell activation (Carcamo et al., 2011; Calise et al., 2018; Keppeke et al., 2018). Formation of IMPDH2 cytoophidia was also found in vivo in mouse pancreatic β cells, which was predicted to correlate with insulin secretion (Chang et al., 2015; Keppeke et al., 2019). However, the biological significance and underlying mechanism of IMPDH2 assembling into cytoophidia remains elusive. Whether or not IMPDH2 also assembles into cytoophidia within the ovaries is not clear.

Given the crucial role of granulosa cell IMPDH in the regulation of oocyte meiotic arrest, oocytes and the associated somatic cells in the ovary hence render an exciting model system for exploring the functional significance of IMPDH cytoophidium formation within the cell. Herein, by examining the dynamic expression and localization of IMPDH2 in the oocytes and granulosa cells throughout the process of oocyte growth and maturation, we show that cytoophidia do form in the oocytes and granulosa cells at particular stages of development, which may contribute to the oocyte acquisition of meiotic and developmental competences and the induction of meiosis reinitiation, respectively.



MATERIALS AND METHODS


Ethics Statement

All animal protocols were approved by the Ethical Committee of Laboratory Animals and the Animal Care and Use Committee of Nanjing Medical University (NJMU), and all experiments were conducted in accordance with the Institutional Guide for the Care and Use of Laboratory Animals.



Mice

Female ICR mice were used in all experiments. These mice were purchased from the Animal Core Facility of Nanjing Medical University. Adult C57BL/6JXDBA2 (B6D2) F1 male mice were produced at the investigator’s own colony, and were used for the in vitro fertilization experiments. All mice were housed in ventilated cages on a 12-h light: 12-h dark cycle at constant temperature (22°C) and controlled humidity.



Chemicals and Reagents

Unless otherwise stated, all chemicals and reagents were purchased from Sigma, United States.



Oocytes and Granulosa Cell Isolation, Culture, and Treatments

Female mice were injected with 5 IU eCG (Ningbo Second Hormone Factory) for 46 h to stimulate follicular development. Cumulus-oocyte complexes (COCs) were then isolated from the large antral follicles, and denuded oocytes (DOs) were obtained by stripping off the cumulus cells from these COCs. Mural granulosa cells, cumulus cells, and DOs were then collected as described previously for reverse transcription quantitative realtime PCR (qRT-PCR) and Western Blot (WB) analysis (Su et al., 2006). Oocytes of primordial, primary, and secondary follicles were isolated from ovaries of neonatal female mice at the age of day 3, 6, and 12, respectively, using a protocol as detailed in the previous studies (Su et al., 2012b; Guo et al., 2018). To collect the oocytes at GV, pro-metaphase I (Pro-MI), MI, anaphase I (AI), telophase I (TI), and MII stages, oocytes were cultured in maturation medium, and the samples were collected at the 0-, 4-, 6-, 8-, 10-, and 14-h intervals, respectively. To investigate the earlier changes of IMPDH2 expression in oocytes and COCs after the LH surge, female mice were first primed with 5 IU/mouse of eCG for 48 h, followed by injection with hCG (5 IU/mouse). COCs were then collected at the 0, 2, 4, 6-h intervals following hCG injection by puncturing the large antral follicles with a pair of 26-gauge needles connected to 1ml- syringes. To obtain the oocytes from theses COCs, COCs were first briefly (3–5 min) treated with 1mg/ml hyaluronidase, and cumulus cells were then stripped off oocytes by passing COCs several times through a glass pipette with an inner diameter slightly narrower than the oocyte.

To investigate the effect of inhibition of IMPDH2 on the subcellular localization of IMPDH2 in cumulus cells and the maintenance of meiotic arrest in oocytes, COCs were cultured in medium supplemented with 25 μM NPPC (TOCRIS, Cat #3520) and 100 μM estradiol (E2) to maintain oocyte meiotic arrest, and treated with different doses of INPDH inhibitor, mycophenolic acid (MPA), for a period up to 6 h. At different intervals of the culture, assessment of oocyte GVBD and assembly of IMPDH2 cytoophidia were carried out. NPPC and E2 were dissolved in distilled water and DMSO at a stock concentration of 25 and 100 mM, respectively. MPA was dissolved in DMSO at a stock concentration of 100 mM. Groups treated with 100 μM DMSO served as controls.

To compare the potential difference of inhibition of IMPDH on IMPDH2 localization and oocyte meiotic maturation in cumulus cell-enclosed oocytes (CEOs) and DOs, COCs, and DOs were cultured in maturation medium, and treated with 100 μM MPA for 14 h. At the end of culture, the extrusion of the first polar body and the meiotic status of the oocytes were assessed. Alternatively, to assess the effect of inhibition of IMPDH on the kinetics of GVBD and the developmental competence of oocytes, DOs were cultured in maturation medium supplemented with 100 μM MPA for up to 14 h. GVBD was scored in a 15- min interval during the initial 2-h period of culture, and in vitro fertilization (IVF) was carried out on the matured oocytes at the end of 14-h culture. To assess the effect of inhibition of IMPDH on preimplantation development, oocytes that were matured in vitro were first subjected to IVF by incubating with the capacitated sperm for 6 h, and then the sperm were washed off, and the fertilized oocytes were transferred into medium supplemented with 100 μM MPA for further culture. DOs that were treated with only 100 μM DMSO served as controls.

To test the effect of guanosine supplement and inhibition of MTOR pathway on MPA-induced aggregation of IMPDH2 in cumulus cells and meiotic resumption in oocytes, COCs were cultured in NPPC and E2 containing medium, and treated with 100 μM MPA, 100 μM MPA + 200 μM guanosine, 1 μM MTOR inhibitor Torin1, or 100 μM MPA + 1μM Torin1 for 14 h. At the end of culture, Oocyte GVBD and cytoophidium assembly were then analyzed. COCs that were treated with only 100 μM DMSO served as controls.

Oocyte collection and culture was carried out in bicarbonate-buffered minimum essential medium with Earle’s salts (Thermo Fisher Scientific Inc., Waltham, MA, United States) supplemented with 75 μg/ml penicillin G, 50 μg/ml streptomycin sulfate, 0.23 mM pyruvate, and 3 mg/ml bovine serum albumin. To prevent the oocyte undergo spontaneous maturation during the collection period, collection medium was supplemented with 2.5 μM milrinone, the specific inhibitor of PDE3A. Cultures were carried out at 37°C in an Eppendorf NewBrunswick Galaxy170R incubator (Hamburg) infused with 5% O2, 5% CO2 and 90% N2.



In vitro Fertilization and Embryo Culture

Oocyte in vitro fertilization and embryo culture were carried out according to the procedure as described in the previous study (Eppig and O’Brien, 1996). Briefly, following IVM, mature oocytes with visible first polar bodies were inseminated with the capacitated sperm isolated from BDF1 adult males in the Petri dishes. The formation of pronuclei and 2-cell stage embryos were assessed at 8- and 24- h after IVF, respectively. After 24 h, the 2-cell stage embryos were transferred into KSOM medium and cultured for another 3–5 days, embryo cleavage was then scored during the culture.



Immunofluorescence Analysis

For immunofluorescence (IF) analysis of ovaries, freshly isolated ovaries were fixed in 4% paraformadehyde solution for 4 h, and embedded in paraffin. Ovarian blocks were sectioned at 5-μm thickness, and processed for IF analysis using the anti-IMPDH2 primary antibody (1:100, Proteintech, #12948-1-AP, Wuhan, China) and Alexa fluor 594-conjugated donkey anti-rabbit secondary antibody (1:200, Thermo Fisher Scientific, Waltham, MA, United States) as described previously (Guo et al., 2016). Oocyte whole mount IF analysis was carried out using the same protocol as previously described (Su et al., 2012a). Briefly, oocytes were first fixed in 4% paraformaldehyde for 30 min at room temperature, followed by washing in PBS containing 0.1% fetal bovine serum (FBS) and permeabilization with 0.5% Triton X-100 in PBS for 20 min at room temperature. The oocytes were then blocked with 10% FBS in PBS for 30 min, and subsequently incubated with primary antibodies (4°C, overnight) and Alexa flour 594-conjugated secondary antibodies (room temperature, 1 h), respectively. After counterstaining with Hoechst 33342 for 10 min to label chromosomes, the oocytes were finally mounted on glass slides in antifade, and subjected to confocal microscopy. Antibodies used were rabbit polyclonal anti-IMPDH2 (1:1,000, Proteintech, #12948-1-AP) and mouse monoclonal FITC-labeled anti-αTubulin (1:600) primary antibodies, and Alexa fluor 594-conjugated donkey anti-rabbit secondary antibody (1:1,000, Thermo Fisher Scientific, Waltham, MA). Imaging was carried out using a LSM 700 confocal laser scanning microscope (Zeiss, Oberkochen, Germany) with the identical settings for the control and treated groups within the same experiments.



Western Blot Analysis

Samples of mural granulosa cells (MGCs), cumulus cells (CCs), oocytes, and preimplantation embryos were collected and processed for Western Blot (WB) analysis as described previously (Su et al., 2001, 2010). Briefly, samples were collected and lysed in 2 × Laemmli sample buffer, and heated at 108°C for 5 min before electrophoresis. The denatured protein samples were then loaded in the 10% polyacrylamide gel, resoled by the SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes for protein detection as detailed in the previous study (Su et al., 2001, 2010). IMPDH2 was detected by anti-IMPDH2 primary antibody (1:1,000, Proteintech, #12948-1-AP). The expression of β-actin (ACTB) detected by anti-β-actin antibody (1:2,000, A1978) served as internal control of each sample. Quantification of the WB data was carried out by Image J according to the instructions provided by the manufacturer.



Reverse-Transcription and Real-Time PCR Analysis

Samples of oocytes, CCs, MGCs, and preimplantation embryos were collected in RLT buffer, and stored at −80°C until RNA extraction. Total RNA was extracted and reversed transcribed using the RNeasy Micro Kit (Qiagen) and QuantiTect Reverse Transcription Kit (Qiagen), respectively. The SYBR Green-based realtime PCR analysis was then carried out on these cDNAs using the primer pairs for Impdh2 and Rpl19. The sequences of these primary pairs are: Impdh-Forward 5′-GACTTACTGGCCCTTGCTGG-3′, Impdh-Reverse 5′-CCACAGGCCAACACTTCCT-3′; Rpl19-Forward 5′-GGAAAAAGAAGGTCTGGTTGGA-3′, Rpl19-Reverse 5′-GGCGGTCAATCTTCTTGGATT-3′. The relative fold changes in the mRNA levels of Impdh2 were calculated using the method of 2–ΔΔCt as described previously (Su et al., 2007), with Rpl19 served as an internal control.



Statistics

All experiments were performed independently for at least three times, and data are presented as Mean ± SEM. Statistical analyses were conducted using Graphpad Prism software (Graphpad software, Inc., La Jolla, CA, United States). For experiments with only two groups, Student’s t-test was applied to determine the differences between the groups. For experiments containing more than two groups, differences between groups were compared by one-way ANOVA followed by Tukey’s Honestly Significant Difference (HSD) test. Differences with a P-value less than 0.05 are defined as significant.



RESULTS


Dynamic Changes in the Expression of Impdh2 in Oocytes, Granulosa Cells, and Preimplantation Embryos

Quantitative RT-PCR and Western Blot analyses were performed to investigate the dynamic changes in the expression of Impdh2 in oocytes at various developmental stages, cumulus and mural granulosa cells of large antral follicles, and preimplantation embryos (Figure 1). IMPDH2 protein was expressed at constant levels in oocytes during the entire process of development and maturation (Figures 1B,D). However, at mRNA levels, a different pattern of Impdh2 expression was observed during oocyte development and maturation (Figures 1E,G). The levels remained unchanged during the transition from the non-growing primordial follicle stage to the growing primary and secondary follicle stages. A sharp reduction took place when the oocytes reached the fully grown stage in the Graafian follicles (Figure 1E), and a further dramatic decrease was observed when the oocytes matured to the metaphase II (M II) stage (Figure 1G). In the Graafian follicles, both Impdh2 protein and mRNA were found to be expressed at relatively lower levels in the oocytes than the cumulus and mural granulosa cells, with the highest levels detected in cumulus cells (Figures 1C,F). The levels of IMPDH2 protein were not evidently changed in the pronuclear and 2-cell stage embryos after fertilization, but increased sharply after the second round of embryonic cleavage (Figure 1D). At the mRNA levels, Impdh2 was decreased to the barely detectable levels at the pronuclear stage, and then restarted to be expressed at 2-cell stage, with the most robust expression observed at 4-cell stage and onward (Figure 1G).



Dynamic Changes in the Subcellular Localization of IMPDH2 in Oocytes and Preimplantation Embryos

To investigate the intraovarian localization of IMPDH2, immunofluorescence staining was performed on 21 day-old ovarian sections. As shown in Figure 2A, IMPDH2 was detected in both the oocytes and granulosa cells of all stages of follicles. In the early stage growing follicles, a relatively stronger signal of IMPDH2 staining was observed in oocytes than the companion granulosa cells, and this difference was diminished gradually as the secondary follicles growing larger. No apparent difference in the IF staining of IMPDH2 was observed between the oocytes and granulosa cells in the small antral follicles. To further examine if there is any specific patterns of subcellular localization of IMPDH2 during the processes of oocyte and preimplantaion embryo development, whole mount IF staining of IMPDH2 was conducted on the growing and fully grown oocytes (Figures 2B,C), as well as preimplantation embryos (Figure 2D). In the growing oocytes isolated from the ovarian follicles of 12-d old mice, IMPDH2 was found to be localized in both the cytoplasm and nucleus, and formed aggregates with variable size and shape resembling those “cytoophidia” or “rods and rings” subcellular macrostructure reported previously in other types of cells (Figure 2B). However, complete dissolution of the IMPDH2 aggregates took place when the oocytes reached the fully grown stage, which resulted in the even distribution of IMPDH2 inside the oocytes during the process of meiotic maturation (Figure 2C). No apparent aggregation of IMPDH2 was found either in the preimplantation embryos (Figure 2D). Except in the pronuclear stage embryos where more enrichment of IMPDH2 was found at the subcortical region, IMPDH2 was ubiquitously distributed in the cytoplasm of the rest stages of preimplantation embryos.
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FIGURE 2. Localization of IMPDH2 in the ovary, oocytes and preimplantation embryos. (A) IF staining of IMPDH2 protein in the ovary isolated from 21 day-old female mice that were not primed with eCG. The arrow indicates the oocyte within a small antral follicle, arrowheads point to oocyte in early stage growing follicles. In this and the following all figures, IMPDH2 is stained in red, DNA is counterstained in blue. Scale bars, except those in B that represent 20 μm, are 50 μm. (B–D) Whole mount IF staining of IMPDH2 in the growing oocytes isolated from the ovaries of 12 d-old female mice (B); fully grown oocytes (FGO) at different maturation (GV, Pro-MI, MI, AI, TI, and MII) stages (C); and preimplantation embryos at different developmental (PN, 2-Cell, 4-Cell, 8-Cell, Morula, and Blastocyst) stages (D). In (C), α-tubulin is stained in green.




Aggregation of IMPDH2 Into Cytoophidium and Reduction of IMPDH2 Expression in Granulosa Cells of Preovulatory Follicles

In the large antral follicles, IMPDH in granulosa cells was reported to be responsible for the maintenance of oocyte meiotic arrest before the appearance of the preovulatory LH surge. It is therefore plausible to speculate that the expression and/or activity of IMPDH in granulosa cells must be downregulated after the surge of preovulatory LH. We tested this possibility by assessing changes in the localization and expression of IMPDH2 in granulosa cells after in vivo administration of gonadotropins. IF staining of the ovarian sections revealed that the pattern of localization of IMPDH2 in granulosa cells was not changed after eCG priming, but the IF staining signal was getting brighter, which is indicative of the increase in the levels of expression. The increase of IMPDH2 expression in granulosa cells of large antral follicle after eCG priming could contribute to the maintenance of oocyte meiotic arrest by production of sufficient amount of GTP substrate for NPPC/NPR2. Evident changes in the localization and expression of IMPDH2 were observed in granulosa cells after administration of hCG. IMPDH2 started to nucleate and form small aggregates in certain granulosa cells 2 h after hCG injection, which was intensified over time. Massive nucleation of IMPDH2 was observed in most, if not all, of the granulosa cells 4–6 h after hCG injection, and the aggregates got elongated resembling the phase two cytoophidium as illustrated previously. Simultaneously, the IF staining signal of IMPDH2 diminished in the granulosa cells following hCG administration, with the most dramatic decrease observed 6 h after hCG injection (Figure 3A). To further verify the changes in the levels of IMPDH2, WB analysis was performed on oocytes and COCs isolated from the large antral follicles at different intervals after hCG administration. The levels of IMPDH2 remained constant in the oocytes at all three timepoints examined (Figure 3B), which was in contrast with the COCs where a gradual decrease was detected. Significant reduction in the levels of IMPDH2 was observed in COCs 6 h after hCG injection (Figure 3C).
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FIGURE 3. Dynamic changes in the localization and expression of IMPDH2 protein in the oocyte and granulosa cells of the preovulatory follicles after in vivo administration of hCG to the mice. (A) IF staining of IMPDH2 protein in the ovary isolated from female mice that were not primed with eCG (P0h), primed with eCG for 48h but no hCG (H0h), and primed with eCG for 48 h followed by hCG for 2h (H2h), 4h (H4h), and 6h (H6h), respectively. Magnified view of the boxed area in the top panels is shown at the bottom. IMPDH2 is stained in red, and DNA is counterstained in blue. Scale bars represent 100 μm. (B,C) WB detection of the expression of IMPDH2 protein in the oocytes and cumulus-oocyte complexes isolated from ovarian follicles of female mice that were primed with eCG for 48 h but no hCG (H0h), and primed with eCG for 48 h followed by hCG for 2h (H2h), 4h (H4h), and 6h (H6h), respectively. Quantification of the WB results is shown in the bottom bar graphs, bars without letters in common are considered significantly different (P < 0.05).




Inhibition of IMPDH2 Activity in COCs Induced the Coincident Formation of Cytoophidia in Cumulus Cells and Reversal of Oocyte Meiotic Arrest Maintained by NPPC in Culture

Nucleation and assembly into cytoophidia is a common feature for IMPDH2 when its activity was inhibited in vitro in a variety of cell types (Liu, 2016; Calise and Chan, 2020). We wonder whether the formation of cytoophidia by IMPDH2 is correlated with the reduction in the activity of IMPDH2 and induction of oocyte meiotic resumption. To address this question, we assessed the changes of IMPDH2 localization upon inhibition of its activity in COCs by mycophenolic acid (MPA), an ancient inhibitor of IMPDH, in vitro. To mimic the in vivo physiological conditions, COCs were cultured in the medium supplemented with NPPC, the physiological oocyte maturation inhibitor existed in the follicular fluids, to maintain oocyte meiotic arrest. Three major types of cytoophidium were observed in the COCs treated with various doses of MPA. As illustrated in Figure 4A, for the ease of description, we designated these three major types of cytoophidia as “Type I,” “Type II,” and “Type III,” respectively. Type I represents the early phase of cytoophidium assembly, with the major shape of small rings. Type II is at the intermediate phase, with the thin-rod shaped cytoophidia prevalent. Type III represents the most advanced phase of cytoophidium assembly, with most of the cytoophidia in the shape of big ring and large rod.
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FIGURE 4. Inhibition of IMPDH activity in COCs cultured in NPPC-supplemented medium induces reversal of oocyte meiotic arrest and aggregation of IMPDH2 into cytoophidia in cumulus cells. (A) Schematic illustration (far left panel) and representative images of the three types of IMPDH2 cytoophium classified based on the shape and size (length and thickness) of the aggregates. (B–D) Effects of treating COCs with different doses (0, 10, 50, 100 μM) of IMPDH inhibitor MPA on oocyte meiotic resumption (B) and cumulus cell IMPDH2 aggregation (C,D). (E,F) Effects of treating COCs with 100 μM- MPA for different time (2, 4, 6 h) on oocyte meiotic resumption (E) and cumulus cell IMPDH2 aggregation (F,G). COCs not treated with MPA and cultured for 6 h served as control. IMPDH2 and DNA are stained in red and blue, respectively. Scale bars: 50 μm. Bars without letters in common are considered to be significantly different (P < 0.05).


When COCs were cultured in medium supplemented with 25-μM NPPC for 6 h, only 7.7% of oocytes resumed meiosis, and no apparent assembly of IMPDH2 into cytoophidia was observed in cumulus cells (Figures 4B,D). When MPA was added into the culture medium, it dose-dependently induced the resumption of meiosis. Under the treatment of 10 μM MPA, the rate of GVBD was already reached 63%. GVBD rate was increased to 90.6% when COCs were treated with 50 μM MPA, and the maximum induction of GVBD (98.3%) was achieved by 100 μM MPA treatment (Figure 4B). Coincident with the resumption of meiosis in oocytes, evident assembly of IMPDH2 into cytoophidia was detected in cumulus cells surrounding the oocyte (Figures 4C,D). The size and shape of the IMPDH2 aggregates appeared to be dependent on the doses of MPA applied. Under 10 μM MPA treatment, most (73.7%) of the cytoophidia were type I, and a small portion (26.3%) were type II. With the treatment of 50-μM MPA, the assembly of cytoophidia was driven into the intermediate phases, with type II cytoophidia prevalent (60.8%). Cytoophidia assembly in cumulus cells reached the most advanced phase after COCs were treated with 100 μM of MPA, with the major type of cytoophidia was type III (55.9%).

Moreover, the type of cytoophidia formed by IMPDH2 is dependent on the duration of MPA treatment, and is tightly associated with the degree of oocyte resumption of meiosis. As shown in Figures 4E–G, when COCs were treated with 100 μM of MPA for only 2 h, most (83.7%) of the cytoophidia formed in the cumulus cells were type I, and there was only 27.6% of the oocytes underwent GVBD. After COCs were treated with 100 μM of MPA for 4 h, type II cytoophidia became prevalent in the cumulus cells and the oocyte GVBD rate increased to 53.1%. By 6 h of MPA treatment, a large proposition (43.4%) of the cytoophidia were transformed to type III in cumulus cells, and oocyte GVBD reached 72.6%.



Effect of Inhibition of IMPDH2 Activity on Oocyte and Preimplantation Embryo Development

The expression of IMPDH2 in oocytes and preimplantation embryos suggests that it may play a role during oocyte maturation and preimplantation development. We tested this possibility by inhibiting the activity of IMPDH2 with 100 μM of MPA during the process of oocyte and embryo culture. Treatment with MPA only slightly delayed GVBD in cultured denuded oocytes (DO) but not cumulus-enclosed oocyte (CEO) within the first 90 min of in vitro maturation (IVM) (Figure 5A). It did not affect the extrusion of the first polar body (PBE) in either DO or CEO (Figure 5B). Interestingly, MPA treatment induced the formation of cytoophidia by IMPDH2 in CEOs but not DOs (Figure 5C), which is in strike contrast to its effects on the quality of CEOs and DOs (Figures 5D,E). Deleterious effects on oocyte quality were only observed in DOs but not CEOs that were matured in the presence of MPA. Treatment with MPA during the process of DO-IVM significantly increased the rate of abnormal oocytes having disorganized metaphase II (MII) spindles and misaligned chromosomes (Figure 5D). After in vitro fertilization (IVF) of these DOs matured in the presence of MPA, the formation of pronuclei and the initial two rounds of embryo cleavage were essentially normal. However, the development of the 4-cell stage embryos toward hatched blastocysts was dramatically inhibited, few of them developed into blastocyst (Figure 5E). Such deleterious effect on the potential of preimplantation development was not observed in CEOs matured in the presence of the same dose of MPA (data not shown).
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FIGURE 5. Effects of inhibition of IMPDH activity on oocyte IMPDH2 aggregation and the development of oocyte and preimplantation embryos. (A) Effects of 100 μM- MPA treatment on the kinetics of GVBD in DOs in vitro. *P < 0.05, **P < 0.01, compared with the control (CTL) at the ame timepoint. (B) Effects of 100 μM– MPA treatment on PB1 extrusion in cumulus-enclosed oocytes (CEO) and DOs in vitro. (C,D) Effects of 100 μM- MPA treatment on IMPDH2 aggregation and the maturation into normal MII oocytes in CEO and DOs in vitro. Representative micrographs of staining of IMPDH2, α-tubulin, and chromosomes are shown in (C), while quantification of the rate of matured oocytes with abnormal spindles and misaligned chromosomes is shown in (D). Scale bars: 50 μm. ***P < 0.001, compared with the CTL. (E) Effects of treating the DOs with 100 μM- MPA during the process of maturation on the subsequent fertilization and preimplantation development. *P < 0.05, compared with the CTL at the same stage of embryos. (E) Effects of treatment with 100 μM- MPA on the development of the preimplantation embryos. ***P < 0.001, compared with the CTL at the same stage of embryos.


In accord with the robust upregulation of IMPDH2 mRNA and proteins in 4–8 cell stages of embryos, treatment with 100 μM of MPA during the in vitro culture of the fertilized eggs severely interrupted the development of the embryos beyond the 4-cell stage, with no blastocysts formed (Figure 5F).



Cytoophidium Assembly and Oocyte Meiotic Arrest in COCs Are Affected by Guanylyl Metabolites and MTOR Signaling

Aggregation and activation of IMPDH2 can be affected by the availability of its guanylyl product, as well as the activation of the MTOR pathway in T cells (Duong-Ly et al., 2018). We tested whether this could be the same case as well in COCs. As illustrated in Figure 1A, guanosine can be cleaved into guanine, which is then able to be enzymatically joined with PRPP by HPRT to convert into GMP. Therefore, guanosine was able to bypass the inhibitory effect of MPA on IMPDH and GTP production, and abrogate the reversal effect of MPA on oocyte meiotic arrest maintained by NPPC (Wigglesworth et al., 2013). We wondered whether guanosine could also interfere with the effect of MPA on the assembly of IMPDH2 into cytoophidia in COCs. To address this question, we treated the COCs that were cultured in NPPC-supplemented medium with 200-nM guanosine together with 100 μM of MPA, and assessed the ability of IMPDH2 to assemble into cytoophidia. Unsurprisingly, oocyte GVBD induced by MPA was completely suppressed by guanosine (Figure 6A). Importantly, we found that guanosine profoundly impaired the formation of cytoophidia induced by MPA, most (92.1%) of the cytoophidia formed were at the early stage of assembly, belonging to type I (Figures 6B,C).


[image: image]

FIGURE 6. Effects of guanosine supplementation and MTOR inhibition on MPA-induced reversal of oocyte meiotic arrest and aggregation of IMPDH2 into cytoophidia in cumulus cells. (A–C) Treating COCs with 200 nM- guanosine inhibits MPA-induced oocyte GVBD (A) and formation of IMPDH2 cyoophidia in cumulus cells (B,C). (D–F) Treating COCs with MTOR inhibitor Torin1 (1 μM) inhibits MPA-induced oocyte GVBD (D) and formation of IMPDH2 cyoophidia in cumulus cells (E,F). Scale bars: 50 μm. Bars without letters in common are considered significantly different (P < 0.05). ***P < 0.001.


To investigate the involvement of MTOR signaling in the assembly of IMPDH2 cytoophidium in cumulus cells and the maintenance of oocyte meiotic arrest, MTOR pathway in COCs was inhibited by treatment with Torin1, a specific inhibitor of MTOR. We observed that the MPA-induced oocyte GVBD and the assembly of IMPDH2 cytoophidia in cumulus cells were near completely abrogated by treatment with 1 μM Torin1 (Figures 6D–F). The rate of oocyte GVBD in COCs treated with 1-μM Torin1 + 100-μM MPA was only ∼15%, which was significantly lower than that (∼75%) in COCs treated with only 100-μM MPA. Only type I cytoophidia were formed in cumulus cells of COCs treated with Torin1 + MPA. No significant alteration of oocyte GVBD was observed in COCs that were only treated with 1-μM Torin1, neither did the assembly of IMPDH2, as compared with the control group COCs cultured in medium only supplemented with NPPC (Figure 6A).



DISCUSSION

In this study, we systematically examined the spacial-temporal expression and distribution of IMPDH2 during the processes of oocyte and follicle growth, oocyte maturation and preimplataion development, and revealed the unique mechanisms that control the dynamic changes in the expression of IMPDH in oocytes, granulosa cells, and preimplantation embryos. We also observed the aggregation of IMPDH2 into cytoophidium both in vivo and in vitro in the oocytes and granulosa cells at particular stages of development, and revealed that these IMPDH2 aggregation events coordinate with the oocyte acquisition of meiotic and developmental competences and the induction of oocyte meiosis reinitiation. These data therefore unraveled the complex regulation of IMPDH expression and activity in the oocyte and granulosa cells, and demonstrated that the fine-tuned regulation of guanine nucleotide biosynthesis is crucial for the control of oocyte growth and maturation.

We found that both the protein and mRNA of IMPDH2 are expressed in the oocyte and embryo at all the stages examined, but the pattern of changes across different developmental stages differs largely between them. Specifically, IMPDH2 protein was maintained at a constant level in the oocytes of all stages of follicles. But the levels of IMPDH2 mRNA in oocytes were only maintained constant up to the stage of secondary follicles, and an abrupt decrease was observed in the FGOs of Graafian follicles. Given that oocytes undergo global transcriptional silencing as they reach fully grown, the dramatic reduction in the levels of Impdh2 mRNA could be the result of the transcriptional shutdown and the rapid turnover of the mRNA. Indeed, recent studies indicate that active degradation of certain number of mRNAs exists in the oocytes at the germinal vesicle stage (Morgan et al., 2017), and work from our laboratory demonstrates that MARF1 (meiosis regulator and mRNA stability factor 1) is an oocyte-specific RNase participating in this particular mRNA degradation process (Yao et al., 2018). Impdh2 mRNA in the FGOs could be degraded through this process. It is well known that oocytes possess a unique gene expression program, through which most maternal mRNAs are expressed during the oocyte growth phase, and then become dormant and stored for later use (Svoboda et al., 2015; Schultz et al., 2018). However, as the oocyte reaching fully grown, Impdh2 mRNA becomes extremely instable while the protein maintains relatively unchanged, which makes Impdh2 mRNA unlikely to be such a type of dormant maternal message.

After oocyte meiotic resumption and fertilization, the mRNA of Impdh2 becomes even more unstable, and enters the same path as most maternal mRNAs do: undergoing two waves of dramatic degradation. Expression of Impdh2 mRNA restarts at 2-cell stage embryos when the major zygotic genome activation take places. In contrast to what happens with the mRNA, IMPDH2 protein is expressed at a constant level during oocytes maturation, and this level remains unchanged after fertilization until the embryos reaching the 4-cell stage. This result thus indicates that the mRNA decay-coupled active translation of Impdh2 take places at these particular stages of oocyte and embryo development, and the IMPDH2 protein stays very stable as well. Starting from the 4-cell stage, both the protein and mRNA of Impdh2 are boosted as the result of embryonic genome activation and to meet with the demand of fast embryo cleavage. These data therefore indicate that the expression of Impdh2 in oocytes and preimplantation embryos is regulated through a distinct mechanism involving post-transcriptional and translational control, which differs from the commonly known transcriptional control mechanism in somatic cells (Hedstrom, 2009).

In accord with the stable expression of IMPDH2 protein in oocytes and preimplantation embryos, we observed that inhibition of oocyte IMPDH2 activity during the process of in vitro maturation significantly compromised the quality of the resulting eggs. The oocytes matured in the presence of MPA displayed abnormal spindles and misaligned chromosomes, and after IVF, the ability of the resulted embryos to develop beyond the 4-cell stage was markedly reduced. This suggests that oocyte expressed IMPDH2 is crucial for promoting both the nuclear and cytoplasmic maturation of the oocyte. Considering the fact that there is no transcription and DNA replication activity in the fully grown oocytes (Eppig et al., 2004), the meiotic and developmental defects observed after inhibition of oocyte IMPDH2 activity is unlikely caused by disturbing the mRNA or DNA synthesis, but rather by impairing the other important functions of the guanine nucleotide products. Interestingly, inhibition of IMPDH2 activity in the embryos also interrupted the embryonic development beyond the 4-cell stage, thus suggesting that embryonic development after this particular stage requires both the maternal and embryonic expressed IMPDH2 proteins.

Recent studies suggest that assembly of IMPDH2 into the filamentous cytoophidium structure provides a new means for the regulation of IMPDH2 (Johnson and Kollman, 2020). Through the assembly of cytoophidium, cells modulate IMPDH activity to balance levels of product and substrate in response to metabolic demand (Liu, 2016; Calise and Chan, 2020; Johnson and Kollman, 2020). The activity and self-assembly of IMPDH2 into cytoophidium is determined by the intracellular levels of IMP and GTP. According to the recent study by Johnson and Kollman, under conditions with high nucleotides demand, such as in proliferating cells, IMPDH2 assembles into cytoophidium and becomes resistant to GTP inhibition. This allows IMPDH activity to be maintained at relatively high levels to produce sufficient GTP for supporting cell proliferation. In line with this hypothesis, we found in this study that prominent cytoophidia are formed in the growing oocyte of secondary follicles, but not in the FGOs, or the preimplantation embryos. Growing oocytes are well known to be at the most active stage of oocyte development, which requires ample supply of nutrients and metabolites to support macromolecule (e.g., protein and mRNA) synthesis and organelle (e.g., ribosome) assembly, two facets of the cytoplasmic maturation process (Eppig et al., 2004). In this scenario, growing oocytes could resemble the proliferating cells, which have high demands for guanine nucleotides. Assembly of IMPDH2 into cytoophidium will render high IMPDH2 activity to the growing oocytes to produce the GTPs required for fast growth of the oocytes.

We also found the formation of IMPDH2 cytoophidum in granulosa cells of the preovulatory follicles after the administration of hCG in vivo. The formation of cytoophidium in granulosa cells starts 2 h after hCG injection, which coincides with the reinitiation of oocyte first meiosis (Su et al., 2002; Hsieh et al., 2007). Interestingly, as a consequence of the inhibition of NPR2 activity and activation of cGMP-phosphodiesterase PDE5, rapid decrease in the levels of cGMP following hCG injection has been reported to take place in the granulosa cells of preovulatory follicles before the oocyte meiotic resumption (Egbert et al., 2014, 2016; Shuhaibar et al., 2015, 2016). Based on these reports, it is plausible to speculate that GTP levels could be also decreased in the granulosa cells of the preovulatory follicles as a feedback of the rapid cGMP reduction, which then induces the formation of IMPDH2 cytoophidium in the granulosa cells.

Nevertheless, one cannot rule out the possibility that GTP reduction and IMPDH2 cytoopidium formation is a direct effect of the LH signaling independent of the changes of NPR2 and cGMP levels. In this regard, IMPDH2 cytoopidium formation could be a prerequisite for the induction of oocyte meiotic resumption by the LH surge. Since granulosa cells cease dividing and enter the phase of terminal differentiation after the LH surge, the mechanism for the formation of the IMPDH2 cytoophidium in the preovulatory granulosa cells is apparently different from what is proposed for the proliferating cells. Notably, we also found the gradual decrease of the levels of IMPDH2 protein in the cumulus cells after hCG injection. This could be a reflection of the overall decline in the consumption of GTP by cumulus cells, and to be part of the changes required to accommodate with the remarkable remodeling process of the cumulus cells, i.e., cumulus expansion. Interestingly, a recent study by the Liu laboratory demonstrates that knockdown of IMPDH2 in Hela cells induces the assembly of IMPDH2 into cytoophidium (Keppeke et al., 2018). It is therefore plausible to speculate that the formation of IMPDH2 cytoopidium observed here in cumulus cells of the preovulatory follicles could be a result of the reduction of IMPDH2 protein.

We further confirmed the association of IMPDH2 cytoopidium formation with the induction of oocyte meiotic resumption in vitro in a culture system that mimics the meiotic arrest conditions in vivo. In this model, COCs are cultured in the medium supplemented with NPPC to maintain oocyte meiotic arrest, and the resumption of meiosis is induced by treating the COCs with IMPDH inhibitor, MPA (Wigglesworth et al., 2013). We observed that coincident with the resumption of oocyte meiosis, MPA treatment induces remarkable changes in the assembly of IMPDH2 in the cumulus cells that cumulates in the formation of typical mature-form cytoophidum. MPA is a reversible non-competitive inhibitor of IMPDH, which functions through occupying the NAD+ cofactor binding site of the catalytic domain of IMPDH. MPA-induced aggregation of IMPDH2 into cytoophidium has been reported in a variety type of cells, but the functional relevance is largely unclear (Liu, 2016; Calise and Chan, 2020). The simultaneous occurrence of oocyte meiotic resumption and cumulus cell IMPDH2 cytoopidium formation in COCs after MPA treatment is intriguing. We do not know at this moment whether or not these two events are functional linked. Nevertheless, they both might be simply attributed by the same cause, i.e., the reduction of GTP in cumulus cells. Interestingly, as reported in T-cells (Duong-Ly et al., 2018), MPA-induced assembly of IMPDH2 cytoophidium in cumulus cells is prevented by guanosine supplement and MTOR inhibitors. This suggests that the formation of IMPDH2 cytoopidium observed here in cumulus cells is probably also a response to lower levels of guanine nucleotides. The interruption of cytoophidium formation upon MTOR inhibition could be caused by a different mechanism, possible by interference with the purine de novo synthesis pathway, which resulted in lower levels of IMP in cumulus cells.

Taken together, mammalian oocytes are a specific type of highly differentiated cell, with the development controlled by a unique program that is distinct from somatic cells (Eppig et al., 2004; Schultz et al., 2018). Oocyte growth and maturation require the intimate cooperation with the companion granulosa cells and a fine tuned metabolic program (Eppig, 2001; Su et al., 2009; Clarke, 2017). The observations made here in this study may shed new light on understanding the metabolic control of oocyte growth and maturation.
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Iron Overload-Induced Ferroptosis Impairs Porcine Oocyte Maturation and Subsequent Embryonic Developmental Competence in vitro
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Accumulating evidence indicates that ferroptosis is an iron-dependent form of regulated cell death. This type of iron-dependent programmed cell death is different from traditional forms of regulated cell death, such as apoptosis and autophagy. However, the role of ferroptosis in porcine oocyte maturation and the associated mechanism remain unclear. In the present research, we investigated the effects of ferric ammonium citrate (FAC), a specific ferroptosis inducer, on porcine oocyte meiotic maturation and quality and subsequent embryonic developmental competence. FAC treatment caused obvious accumulation of intracellular ferrous ions in porcine oocytes. At the end of the in vitro maturation (IVM) period, there was a significant decrease in the polar body (PB) extrusion rate and an increase in the percentage of abnormal oocytes in the FAC treatment groups, indicating that iron overload-induced ferroptosis may suppress the meiotic process during porcine oocyte maturation. We also found that after FAC treatment, the subsequent two-cell rate, four-cell rate and blastocyst formation rate were significantly decreased in porcine parthenogenetic activation (PA) embryos, indicating that iron overload-induced ferroptosis decreased porcine oocyte quality. Further analysis revealed that FAC treatment not only enhanced intracellular reactive oxygen species (ROS) generation, decreased intracellular free thiol levels and induced mitochondrial dysfunction but also triggered autophagy in porcine oocytes. Taken together, these findings suggest that iron overload-induced ferroptosis impairs porcine oocyte meiosis and decreases porcine oocyte quality, possibly by increasing oxidative stress, inducing mitochondrial dysfunction and triggering autophagy.

Keywords: iron overload, ferroptosis, porcine oocyte, oxidative stress, mitochondrial function


INTRODUCTION

With the development of livestock husbandry, an increasing number of assisted reproduction technologies, such as in vitro fertilization (IVF), somatic cell nuclear transfer (SCNT), and intracytoplasmic sperm injection (ICSI), have been widely used in the production of domestic animals. The implementation of these techniques needs to be accompanied by the use of high-quality in vitro- or in vivo-derived oocytes to be fully effective. Compared with in vivo-matured oocytes, in vitro-matured oocytes are easier to obtain. However, in vitro-matured oocytes are lower in quality and have a lower developmental potential than in vivo-matured oocytes. Oocyte in vitro maturation (IVM) is a complex process regulated by a large number of internal and external factors (Grupen, 2014). Any changes in this process lead to changes in oocyte quality, which affect the subsequent developmental capacity of preimplantation embryos (Koyama et al., 2014; Ahmed et al., 2017; Ferrer-Vaquer et al., 2019). Therefore, identifying the changes that occur in oocytes under stress conditions can help find potential solutions to reduce the corresponding negative effects.

Iron is a trace metal that is very important in mammalian physiological processes, such as DNA synthesis, energy generation, and oxygen transport, which rely on the existence of iron in variable and interconvertible oxidation states. However, dysregulation of iron homeostasis can lead to iron overload disorders, eventually resulting in excessive reactive oxygen species (ROS) generation and DNA damage and lipid peroxidation (Totsuka et al., 2019; Han et al., 2020; Tian et al., 2020). These events were defined as a form of programmed cell death called ferroptosis by Brent R. Stockwell’s team in 2012 (Dixon et al., 2012). Ferroptosis is a unique iron-dependent form of cell death (Xie et al., 2016; Tang et al., 2018) that is different from the traditional modes of cell death, such as necrosis (Pasparakis and Vandenabeele, 2015), autophagy (Glick et al., 2010), and apoptosis (Peña-Blanco and García-Sáez, 2018), in terms of cell morphology, biochemical characteristics and gene levels. Another characteristic of ferroptosis is the accumulation of ROS in cells (Sui et al., 2018). A large number of experiments have shown that ferroptosis occurs in neurodegenerative diseases (Abdalkader et al., 2018), infectious diseases (Matsushita et al., 2015), cancer (Chen et al., 2020), etc. Previous studies have found that under physiological and pathological conditions, a variety of hormonal (Belavgeni et al., 2019; Wang et al., 2019) and metabolic abnormalities (Stockwell et al., 2017; Wang et al., 2017) can trigger different types of cell death, including ferroptosis. Data from Zhang et al. (2020) showed that when the uterus and placenta of a female rat were dysfunctional, ferroptosis was triggered, and iron deposition occurred in the uterus. Furthermore, previous studies have also shown that the accumulation of iron and ferroptosis may occur in the early stage of follicular atresia (Zhang et al., 2018).

In the present research, a highly selective inducer of iron overload, ferric ammonium citrate (FAC), was used to establish an iron overload model in porcine oocytes. FAC, a trivalent iron salt, is absorbed in vivo by reducing trivalent iron to divalent ferrous iron (Cotticelli et al., 2019; Yao et al., 2021). It has been shown that FAC-induced intracellular iron overload causes ferroptosis (Fang et al., 2018). The aim of the present research was to determine whether iron overload-induced ferroptosis during IVM impairs meiotic maturation and developmental competence of porcine oocytes.



MATERIALS AND METHODS

All chemicals used in this research were obtained from Sigma-Aldrich (St. Louis, MO, United States) unless otherwise noted.


Oocyte Collection and IVM

Porcine ovaries were obtained from a local slaughterhouse and transported to the laboratory in sterile 0.9% saline at 30–35°C. Cumulus-oocyte complexes (COCs) were obtained by aspirating 3∼8 mm antral follicles with a syringe. COCs with at least three or more layers of uniformly distributed cumulus cells were collected using Tyrode’s lactate-hydroxyethylpiperazine ethane sulfonic acid (HEPES) medium supplemented with 0.1% polyvinyl alcohol (PVA, w/v) and 0.05 g/L gentamycin under a stereomicroscope (S22-LGB, Nikon). The IVM medium consisted of tissue culture medium 199 (TCM-199, Invitrogen, Carlsbad, CA, United States) supplemented with 10% (v/v) porcine follicular fluid, 10 IU/mL follicle stimulating hormone (Ningbo No. 2 Hormone Factory, China), 10 IU/mL luteinizing hormone (Ningbo No. 2 Hormone Factory, China), 0.91 mM Na pyruvate, 10 ng/mL EGF, and 75 mg/mL kanamycin. The IVM medium was completely covered with mineral oil and cultured in an incubator containing 5% CO2 at 100% humidity at 38.5°C for 42 h.

For FAC treatment, FAC powder was dissolved in IVM medium at a concentration of 20 μM in the dark, and then 20 μM FAC solution was diluted in IVM medium to obtain 5 μM and 10 μM FAC solutions.



Parthenogenetic Activation (PA) and In vitro Culture (IVC)

Porcine oocyte PA was induced according to our previously described procedures (Qi et al., 2020). Briefly, cumulus cells were removed from COCs with cumulus cells expanded by 0.1% hyaluronidase at the end of the IVM period. Polar body (PB) extrusion of oocytes was examined under a stereomicroscope. The denuded oocytes were then subjected to electrical activation [300 mM mannitol containing 0.1 mM CaCl2, 0.05 mM MgSO4, 0.01% PVA (w/v), and 0.5 mM HEPES] at 110 V and 60 μs twice. After that, these oocytes were transferred to IVC medium [bicarbonate-buffered porcine zygote medium (PZM)-5 (Suzuki et al., 2007) comprising 4 mg/mL BSA] supplemented with 7.5 μg/mL cytochalasin B and cultured for 3 h to suppress extrusion of the pseudo-second PB. Next, the oocytes were thoroughly washed and cultured in IVC medium in four-well plates covered with mineral oil and cultured for 6.5 days at 38.5°C under 100% humidity and an atmosphere of 5% CO2 without changing the medium. Two-cell, four-cell and blastocyst formation rates were analyzed under a stereomicroscope at 24 h, 48 h, and 6.5 days. The two-cell, four-cell, and blastocyst formation rates were calculated by the number of examined embryos to the total embryos in each group.



Ferrous Ion Staining

Intracellular Fe2+ levels were examined at the end of the IVM period. The oocytes in each group were thoroughly washed in prewarmed PBS-PVA medium and assessed using the fluorescent probe Ferro Orange (Dojindo, F374) for 30 min. Images of the fluorescence signals were captured as TIFF files using a digital camera connected to a fluorescence microscope. The same procedures were followed for all groups of oocytes, including incubation, rinsing, mounting, and imaging. The fluorescence signal intensities of the oocytes in each group were analyzed via National Institutes of Health (NIH) ImageJ software (NIH, Bethesda, MD, United States).



Intracellular ROS Levels, Free Thiol Levels

Intracellular ROS levels and free thiol levels in oocytes were measured with an ROS detection kit (Thermo Fisher Scientific, C400) and free thiol level detection kit (Thermo Fisher Scientific, C12881). To determine intracellular ROS levels, oocytes were incubated for 15 min in PBS-PVA medium containing 10 μM 2′,7′-dichlorodihydrofluorescein diacetate. To determine intracellular free thiol levels, oocytes were incubated for 30 min in PBS-PVA medium containing 10 μM CMF2HC. Fluorescent signals were captured as a TIFF file using a digital camera connected to a fluorescence microscope. The same procedures were followed for all groups of oocytes, including incubation, rinsing, mounting, and imaging. The fluorescence signal intensities of the oocytes in each group were analyzed via NIH ImageJ software.



Mitochondrial Membrane Potential (MitoMP) Assessment

Mitochondrial membrane potential in oocytes was measured with a JC-1 MitoMP detection kit (Dojindo, MT09). Briefly, oocytes were incubated in PBS-PVA containing 2 μM JC-1 for 30 min. The MitoMP was calculated as a ratio of red florescence (J-aggregates; corresponding to activated mitochondria) to green fluorescence (J-monomers; corresponding to less active mitochondria). Images of the fluorescence signals were captured as TIFF files using a digital camera connected to a fluorescence microscope. The same procedures were followed for all groups of oocytes, including incubation, rinsing, mounting, and imaging. The fluorescence signal intensities of the oocytes in each group were analyzed via NIH ImageJ software.



Intracellular ATP Level Measurement

Intracellular ATP levels were measured using an ATP Detection Kit (Beyotime, S0027). Briefly, porcine oocytes from each group were collected and lysed with 200 μL of lysis buffer at the end of the IVM period. Next, the cell lysates were centrifuged at 12000 rpm at 4°C for 5 min, and the supernatant was taken for subsequent analysis. Then, 100 μL of ATP working solution and 20 μL of supernatant were added to 96-well opaque plates, which were analyzed with a luminometer (Tecan, Infinite M200 Pro).



Western Blotting Analysis

For Western blotting, 100 oocytes from each group were collected and fully lysed at 95°C in lysis buffer comprising 10% Tris–HCl, 40% DDH2O, 50% glycerol, 0.5 mM Tris–HCl, β-mercaptoethanol, and bromophenol blue. The protein samples were then loaded in a 10% polyacrylamide gel containing 0.1% SDS, and the separated proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Millipore). The PVDF membranes were blocked in 5% BSA at room temperature for 2 h and then incubated with primary antibodies against GAPDH (CST, #2118S), β-tubulin (Proteintech, 10094-1-AP), caspase-3 (Wanleibio, WL02117), Bcl-2 (Wanleibio, WL01556), Bax (Wanleibio, WL01637), GPX4 (BOSTER, BM5231), and LC-3 (CST, #11972S). After being washed with 1x TBST for 5 min each four times, the membranes were incubated at room temperature for 1 h with horseradish peroxidase-conjugated goat anti-rabbit IgG (Bioworld Technology, Inc., Louis Park, MN, United States, BS13278). The blots were visualized and analyzed by using a Tanon 5200 Image Analyzer (Tanon, Shanghai, China) and NIH ImageJ software, respectively.



Statistical Analysis

SPSS software version 11.0 (IBM, United States) was used to analyze all the data collected. Comparisons of data among groups were performed using one-way ANOVA or Student’s t-test. The results are presented as the mean ± standard error of mean (SEM) of the mean. Significant differences are indicated by different letters (p < 0.05).



RESULTS


FAC Treatment Results in Intracellular Fe2+ Accumulation and Deterioration of Porcine Oocyte Quality

To investigate the potential involvement of ferroptosis in oocyte quality during IVM, porcine oocytes were treated with increasing concentrations of FAC (5 μM, 10 μM, and 20 μM), and intracellular Fe2+ levels, the rate of PB extrusion and the percentage of abnormal oocytes (Supplementary Figure 1) were analyzed. Analysis with the fluorescence probe FerroOrange revealed that the relative intracellular Fe2+ levels in oocytes increased in a concentration-dependent manner (Figures 1A,B). Further analysis revealed that FAC treatment decreased the rate of maturation (85.74 ± 2.69%, 70.86 ± 2.11%, 61.58 ± 2.66%, 36.27 ± 3.02%; p < <0.05) and increased the percentage of abnormal oocytes (4.80 ± 0.32%, 34.05 ± 3.19%, 44.84 ± 2.20%, 62.62 ± 5.75%; p < <0.05) in a dose-dependent manner (Figures 2A–C). In addition, FAC treatment impaired cumulus cell expansion capacity in porcine oocytes (Supplementary Figure 2). Western blotting analysis showed that the expression of the key ferroptosis factor GPX4 was upregulated, but there was no statistical significance in the expression of the apoptosis-related factors cleaved-caspase-3, BCL-2 and BAX in oocytes treated with FAC compared with oocytes in the control group (Supplementary Figures 3, 4). These results suggest that iron overload-induced ferroptosis has a direct negative effect on the porcine oocyte maturation process. According to our pre-experiment, 10 μM FAC was used for all subsequent experiments.
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FIGURE 1. Effects of FAC on intracellular Fe2+ accumulation in porcine oocytes during IVM. (A) Representative images of the fluorescent probe FerroOrange showing intracellular Fe2+ levels in porcine oocytes. Scale bar = 100 μm. (B) Quantification of the relative intracellular Fe2+ levels in porcine oocytes from the different FAC treatment groups. The number of oocytes examined from each experimental group is indicated by the bars. Statistically significant differences are represented by different letters (p < 0.05).
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FIGURE 2. FAC treatment impairs the porcine oocyte maturation process. (A) Representative images of porcine oocytes treated with different concentrations of FAC at the end of the IVM period are shown. Porcine oocytes with morphological abnormalities as examined by optical microscopy are indicated by arrows. Scale bar = 100 μm. (B) Oocyte PB extrusion rate in each experimental group. (C) Percentage of abnormal oocytes in each experimental group. The number of oocytes examined from each experimental group is indicated by the bars. Statistically significant differences are represented by different letters (p < 0.05).




Effects of FAC Treatment During IVM on Subsequent In vitro Embryo Development After PA

Since the quality of an oocyte directly affects its developmental potential, we next assessed whether FAC treatment during the IVM period decreased the developmental competence of porcine PA embryos. The results showed that FAC treatment had a negative effect on porcine embryo developmental competence (Figure 3A). The two-cell rates (Figure 3B; 98.00 ± 1.41% vs. 14.50 ± 0.96% at 24 h; p < 0.05), four-cell rates (Figure 3C; 90.00 ± 3.16% vs. 3.50 ± 0.96% at 48 h; p < 0.05), and blastocyst formation rates (Figure 3D; 66.50 ± 1.71% vs. 1.50 ± 0.96% on day 6.5; p < 0.05) of the PA embryos generated from mature oocytes from the FAC-treated group were significantly lower than those of PA embryos generated from mature oocytes from the control group.
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FIGURE 3. Developmental competence of porcine oocytes after FAC treatment. (A) Development of PA embryos from the control and FAC treatment groups at different time points. Scale bar = 100 μm. (B) Two-cell rate of PA embryos from the control and FAC treatment groups. (C) Four-cell rate of PA embryos from the control and FAC treatment groups. (D) Blastocyst formation rate of PA embryos from the control and FAC treatment groups. The number of embryos examined from each experimental group is indicated by the bars. Statistically significant differences are represented by different letters (p < 0.05).




Effects of FAC Treatment During IVM on the Oxidative Resistance of Porcine Oocytes

To analyze the mechanism through which FAC-induced ferroptosis affects porcine oocyte maturation, intracellular ROS and free thiol levels in FAC-treated oocytes were measured. Intracellular ROS levels were measured by assessing DCFH fluorescence (Figure 4A). Quantitative analysis showed that the relative intracellular ROS levels in porcine oocytes were significantly increased in the FAC treatment group compared with the control group (Figure 4B; p < 0.05). Next, the intracellular free thiol levels in porcine oocytes were measured (Figure 5A). As shown in Figure 5B, quantitative analysis showed that the relative intracellular free thiol levels were significantly lower in the FAC treatment group than in the control group (p < 0.05), suggesting that iron overload-induced ferroptosis can lead to oxidative stress and decrease the oxidative resistance of porcine oocytes.
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FIGURE 4. Effects of FAC treatment on intracellular ROS generation in porcine oocytes during IVM. (A) Representative fluorescence images showing intracellular ROS levels in porcine oocytes. Scale bar = 100 μm. (B) Quantification of relative intracellular ROS levels in porcine oocytes from the control and FAC treatment groups. The number of oocytes examined from each experimental group is indicated by the bars. Statistically significant differences are represented by different letters (p < 0.05).
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FIGURE 5. Effects of FAC treatment on intracellular free thiol levels in porcine oocytes during IVM. (A) Representative fluorescence images showing intracellular free thiol levels in porcine oocytes. Scale bar = 100 μm. (B) Quantification of relative intracellular free thiol levels in porcine oocytes from the control and FAC treatment groups. The number of oocytes examined from each experimental group is indicated by the bars. Statistically significant differences are represented by different letters (p < 0.05).




Effects of FAC Treatment During IVM on Mitochondrial Function in Porcine Oocytes

As the source of energy for cells, mitochondria play a vital role in the oocyte maturation process. Therefore, the intracellular MitoMP and ATP levels in porcine oocytes were analyzed. The intracellular MitoMP of porcine oocytes was evaluated using JC-1 fluorescent dye (Figure 6A). Quantitative analysis showed that the relative intracellular MitoMP of porcine oocytes was decreased in the FAC treatment group compared with the control group (Figure 6B; p < 0.05). Further analysis showed that the relative intracellular ATP levels in porcine oocytes were significantly lower in the FAC treatment group than in the control group (Figure 6C; p < 0.05). These results indicate that iron overload-induced ferroptosis can impair mitochondrial function in porcine oocytes.
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FIGURE 6. Effects of FAC treatment on mitochondrial function in porcine oocytes during IVM. (A) Representative fluorescence images of JC-1-stained porcine oocytes. Scale bar = 100 μm. (B) Quantification of the relative JC-1 fluorescence intensity in porcine oocytes from the control and FAC treatment groups. (C) Quantification of relative intracellular ATP levels in porcine oocytes from the control and FAC treatment groups. The number of oocytes examined from each experimental group is indicated by the bars. Statistically significant differences are represented by different letters (p < 0.05).




Effects of FAC Treatment During IVM on Autophagy in Porcine Oocytes

To evaluate whether FAC-induced ferroptosis can induce autophagy in porcine oocytes, the protein expression of LC3, which is associated with autophagy, in porcine oocytes was analyzed after FAC treatment. Western blotting analysis showed that LC3-II protein expression was upregulated in oocytes treated with FAC compared with oocytes in the control group (Figure 7). This result indicates that iron overload is related to the induction of autophagy in porcine oocytes.
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FIGURE 7. Effects of FAC treatment on autophagy in porcine oocytes during IVM. (A) Western blotting analysis of LC3 expression in porcine oocytes. (B) Quantitative LC3-I and LC3-II levels in porcine oocytes. Statistically significant differences are represented by different letters (p < 0.05).




DISCUSSION

The present research suggested that iron overload disorders induced by FAC decreased porcine oocyte quality by increasing intracellular ROS generation, decreasing intracellular free thiol levels, and inducing mitochondrial dysfunction during IVM. Importantly, subsequent embryonic developmental potential was markedly decreased following iron overload during IVM of porcine oocytes. These results suggest that dysregulation of iron homeostasis decreases porcine oocyte quality and subsequent embryonic developmental competence.

Iron overload induces ferroptosis characterized by phospholipid peroxidation of plasma membranes caused by ROS generated during iron-mediated Fenton reactions (Dixon et al., 2012). A previous study showed that iron overload induces ferroptosis in cells and a loss of antioxidant defense (Chen et al., 2021). Porcine oocytes have relatively higher intracellular lipid levels than oocytes of other species, making them highly sensitive to ROS-induced impairments (Gajda, 2009). A previous study suggested that excessive intracellular ROS accumulation can induce cell cycle arrest and apoptosis in oocytes (Tripathi et al., 2009; Tiwari et al., 2017). It was found that oxidative stress can lead to a decrease in oocyte quality and reduce subsequent embryonic developmental competence (Yu et al., 2019; Zhou et al., 2019). In the present study, we found that FAC-induced iron overload led to intracellular ROS generation in porcine oocytes. To further evaluate the underlying process and mechanism through which FAC-induced iron overload decreases the quality and developmental potential of porcine oocytes, we examined intracellular free thiol levels. The levels of intracellular free thiols are regarded as important indicators of cytoplasmic maturation of oocytes at the end of the IVM period (Liang et al., 2018; Zhang et al., 2019). Several studies have shown that oocytes with higher intracellular ROS levels have lower intracellular free thiol levels and insufficient embryonic developmental potential (Nabenishi et al., 2012; Liang et al., 2017b; Li and Zhao, 2019). In the present study, FAC-induced iron overload during IVM decreased intracellular free thiol levels in the cytoplasm. These results are consistent with our hypothesis that FAC-induced iron overload decreases porcine oocyte quality by consuming intracellular free thiols and inducing the accumulation of intracellular ROS.

Mitochondria are a site of energy metabolism and are involved in cell apoptosis and death. Several studies have shown that mitochondrial function influences oocyte developmental potential and is associated with subsequent embryonic development, such as that of PA, IVF, and SCNT embryos (Liang et al., 2018; An et al., 2019; Hu et al., 2020; Nie et al., 2020). Recent research has suggested that ferroptosis can lead to mitochondrial dysfunction, including loss of the MitoMP, enhanced mitochondrial fragmentation, and reduced mitochondrial respiration, in neuronal HT22 cells and mouse embryonic fibroblasts (Jelinek et al., 2018). In addition, in vivo studies have suggested that excessive iron accumulation induces ferroptosis, not only exacerbating mitochondrial dysfunction but also increasing intracellular ROS and malondialdehyde levels (Kumfu et al., 2016, 2018; Wongjaikam et al., 2016, 2017; Khamseekaew et al., 2017; Sumneang et al., 2020). Abdalkader et al. (2018) also found that the characteristics of many neurodegenerative diseases are similar to those of ferroptosis-associated conditions, such as iron accumulation disorders and mitochondrial dysfunction. The MitoMP is commonly used as an indicator of mitochondrial function in oocytes (Liang et al., 2018) and is the driving force behind intracellular ATP synthesis (Dimroth et al., 2000). There is increasing evidence that oocytes with a higher MitoMP have better developmental potential (Liang et al., 2017a; An et al., 2019; Nie et al., 2020; Niu et al., 2020). Previous studies have suggested that iron overload could induce apoptosis through mitochondrial dysfunction, which increased mitochondrial oxidative stress and activated the caspase-dependent apoptotic pathway (Khamseekaew et al., 2017; Kumfu et al., 2018). Therefore, we analyzed intracellular MitoMP and ATP production in porcine oocytes after FAC treatment. Mitochondrial functional assays revealed that intracellular MitoMP and ATP production exhibited significant decreasing trends. These changes may account for the decrease in the quality of porcine oocytes after FAC-induced iron overload as well as the reduction in oocyte developmental potential. A similar study of mouse spermatozoa revealed that iron overload significantly decreases motility, viability, MitoMP, and GPX activity and increases the generation of ROS (Mojica-Villegas et al., 2014). Further studies, including studies on mitochondrial dysfunction and transmission electron microscopy results of mitochondria, are needed to further investigate the mechanism by which iron overload decreases the developmental competence of oocytes in pigs.

Autophagy is an intracellular process of self-degradation that occurs in abnormal physiological processes. LC3 is an autophagosome-labeling protein. LC3I exists in two forms: LC3I is lipidated and ubiquitylated into LC3II, which is ultimately targeted to the autophagosome or its precursor (Kabeya et al., 2000). It has been suggested that the modification of LC3I to LC3II is a sign of autophagy (Kabeya et al., 2004). In the present research, FAC-induced iron overload upregulated the expression of LC3II in porcine oocytes. This result was consistent with previous studies showing that iron overload-induced ferroptosis triggers autophagy in L6 skeletal muscle cells (Jahng et al., 2019) and murine preosteoblast cells (Cen et al., 2018). Thus, iron overload-induced ferroptosis might trigger autophagy to affect porcine oocyte meiotic maturation and block further development.



CONCLUSION

Taken together, the present research demonstrated that iron overload-induced ferroptosis might decrease porcine oocyte quality by inducing intracellular ROS generation and decreasing intracellular free thiol levels and mitochondrial dysfunction. These findings provide novel insights into the mechanisms underlying iron overload-induced ferroptosis in oocytes. In the future, in vivo experiments should be carried out to confirm the effect of iron overload-induced ferroptosis on porcine oocyte maturation and reduce the limitations of in vitro-matured oocyte tests.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



ETHICS STATEMENT

The present research followed the Care and Use of Laboratory Animals prepared by the Institutional Animal Care and Use Committee of Jilin University, China.



AUTHOR CONTRIBUTIONS

WH, YaZ, BS, and SL participated in the research design and wrote the article. WH, YaZ, DW, TY, and JQ participated in the experiment and data analysis. WH, YoZ, SL, HJ, and JZ participated in revising the article. All authors approved the submitted version.



FUNDING

This research was supported by the National Natural Science Foundation of China (31802060) and Jilin Scientific and Technological Development Program of China (SXGJSF2017-6).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.673291/full#supplementary-material



REFERENCES

Abdalkader, M., Lampinen, R., Kanninen, K. M., Malm, T. M., and Liddell, J. R. (2018). Targeting Nrf2 to Suppress Ferroptosis and Mitochondrial Dysfunction in Neurodegeneration. Front. Neurosci. 12:466. doi: 10.3389/fnins.2018.00466

Ahmed, J. A., Nashiruddullah, N., Dutta, D., Biswas, R. K., and Borah, P. (2017). Cumulus cell expansion and ultrastructural changes in in vitro matured bovine oocytes under heat stress. Iran. J. Vet. Res. 18, 203–207.

An, Q., Peng, W., Cheng, Y., Lu, Z., Zhou, C., Zhang, Y., et al. (2019). Melatonin supplementation during in vitro maturation of oocyte enhances subsequent development of bovine cloned embryos. J. Cell. Physiol. 234, 17370–17381. doi: 10.1002/jcp.28357

Belavgeni, A., Bornstein, S. R., von Mässenhausen, A., Tonnus, W., Stumpf, J., Meyer, C., et al. (2019). Exquisite sensitivity of adrenocortical carcinomas to induction of ferroptosis. Proc. Natl. Acad. Sci. U. S. A. 116, 22269–22274. doi: 10.1073/pnas.1912700116

Cen, W. J., Feng, Y., Li, S. S., Huang, L. W., Zhang, T., Zhang, W., et al. (2018). Iron overload induces G1 phase arrest and autophagy in murine preosteoblast cells. J. Cell. Physiol. 233, 6779–6789. doi: 10.1002/jcp.26405

Chen, G., Guo, G., Zhou, X., and Chen, H. (2020). Potential mechanism of ferroptosis in pancreatic cancer. Oncol. Lett. 19, 579–587.

Chen, X., Comish, P. B., Tang, D., and Kang, R. (2021). Characteristics and Biomarkers of Ferroptosis. Front. Cell Dev. Biol. 9:637162. doi: 10.3389/fcell.2021.637162

Cotticelli, M. G., Xia, S., Lin, D., Lee, T., Terrab, L., Wipf, P., et al. (2019). Ferroptosis as a Novel Therapeutic Target for Friedreich’s Ataxia. J. Pharmacol. Exp. Ther. 369, 47–54.

Dimroth, P., Kaim, G., and Matthey, U. (2000). Crucial role of the membrane potential for ATP synthesis by F(1)F(o) ATP synthases. J. Exp. Biol. 203, 51–59. doi: 10.1242/jeb.203.1.51

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E., et al. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell 149, 1060–1072. doi: 10.1016/j.cell.2012.03.042

Fang, S., Yu, X., Ding, H., Han, J., and Feng, J. (2018). Effects of intracellular iron overload on cell death and identification of potent cell death inhibitors. Biochem. Biophys. Res. Commun. 503, 297–303. doi: 10.1016/j.bbrc.2018.06.019

Ferrer-Vaquer, A., Barragán, M., Rodríguez, A., and Vassena, R. (2019). Altered cytoplasmic maturation in rescued in vitro matured oocytes. Hum. Reprod. 34, 1095–1105. doi: 10.1093/humrep/dez052

Gajda, B. (2009). Factors and methods of pig oocyte and embryo quality improvement and their application in reproductive biotechnology. Reprod. Biol. 9, 97–112. doi: 10.1016/s1642-431x(12)60020-5

Glick, D., Barth, S., and Macleod, K. F. (2010). Autophagy: cellular and molecular mechanisms. J. Pathol. 221, 3–12. doi: 10.1002/path.2697

Grupen, C. G. (2014). The evolution of porcine embryo in vitro production. Theriogenology 81, 24–37. doi: 10.1016/j.theriogenology.2013.09.022

Han, Z., Xu, Z., Chen, L., Ye, D., Yu, Y., Zhang, Y., et al. (2020). Iron overload inhibits self-renewal of human pluripotent stem cells via DNA damage and generation of reactive oxygen species. FEBS Open Bio 10, 726–733. doi: 10.1002/2211-5463.12811

Hu, W. Y., Li, X. X., Diao, Y. F., Qi, J. J., Wang, D. L., Zhang, J. B., et al. (2020). Asiatic acid protects oocytes against in vitro aging-induced deterioration and improves subsequent embryonic development in pigs. Aging 13, 3353–3367. doi: 10.18632/aging.202184

Jahng, J. W. S., Alsaadi, R. M., Palanivel, R., Song, E., Hipolito, V. E. B., Sung, H. K., et al. (2019). Iron overload inhibits late stage autophagic flux leading to insulin resistance. EMBO Rep. 20:e47911.

Jelinek, A., Heyder, L., Daude, M., Plessner, M., Krippner, S., Grosse, R., et al. (2018). Mitochondrial rescue prevents glutathione peroxidase-dependent ferroptosis. Free Radic. Biol. Med. 117, 45–57. doi: 10.1016/j.freeradbiomed.2018.01.019

Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, T., et al. (2000). LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome membranes after processing. Embo J. 19, 5720–5728. doi: 10.1093/emboj/19.21.5720

Kabeya, Y., Mizushima, N., Yamamoto, A., Oshitani-Okamoto, S., Ohsumi, Y., and Yoshimori, T. (2004). LC3, GABARAP and GATE16 localize to autophagosomal membrane depending on form-II formation. J. Cell Sci. 117, 2805–2812. doi: 10.1242/jcs.01131

Khamseekaew, J., Kumfu, S., Wongjaikam, S., Kerdphoo, S., Jaiwongkam, T., Srichairatanakool, S., et al. (2017). Effects of iron overload, an iron chelator and a T-Type calcium channel blocker on cardiac mitochondrial biogenesis and mitochondrial dynamics in thalassemic mice. Eur. J. Pharmacol. 799, 118–127. doi: 10.1016/j.ejphar.2017.02.015

Koyama, K., Kang, S. S., Huang, W., Yanagawa, Y., Takahashi, Y., and Nagano, M. (2014). Aging-related changes in in vitro-matured bovine oocytes: oxidative stress, mitochondrial activity and ATP content after nuclear maturation. J. Reprod. Dev. 60, 136–142. doi: 10.1262/jrd.2013-115

Kumfu, S., Chattipakorn, S. C., Fucharoen, S., and Chattipakorn, N. (2016). Dual T-type and L-type calcium channel blocker exerts beneficial effects in attenuating cardiovascular dysfunction in iron-overloaded thalassaemic mice. Exp. Physiol. 101, 521–539. doi: 10.1113/ep085517

Kumfu, S., Khamseekaew, J., Palee, S., Srichairatanakool, S., Fucharoen, S., Chattipakorn, S. C., et al. (2018). A combination of an iron chelator with an antioxidant exerts greater efficacy on cardioprotection than monotherapy in iron-overload thalassemic mice. Free Radic. Res. 52, 70–79. doi: 10.1080/10715762.2017.1414208

Li, Q., and Zhao, Z. (2019). Influence of N-acetyl-L-cysteine against bisphenol a on the maturation of mouse oocytes and embryo development: in vitro study. BMC Pharmacol. Toxicol. 20:43. doi: 10.1186/s40360-019-0323-9

Liang, S., Guo, J., Choi, J. W., Kim, N. H., and Cui, X. S. (2017a). Effect and possible mechanisms of melatonin treatment on the quality and developmental potential of aged bovine oocytes. Reprod. Fertil. Dev. 29, 1821–1831. doi: 10.1071/rd16223

Liang, S., Nie, Z. W., Zhao, M., Niu, Y. J., Shin, K. T., and Cui, X. S. (2017b). Sodium fluoride exposure exerts toxic effects on porcine oocyte maturation. Sci Rep. 7:17082.

Liang, S., Guo, J., Jin, Y. X., Yuan, B., Zhang, J. B., and Kim, N. H. (2018). C-Phycocyanin supplementation during in vitro maturation enhances pre-implantation developmental competence of parthenogenetic and cloned embryos in pigs. Theriogenology 106, 69–78. doi: 10.1016/j.theriogenology.2017.09.001

Matsushita, M., Freigang, S., Schneider, C., Conrad, M., Bornkamm, G. W., and Kopf, M. (2015). T cell lipid peroxidation induces ferroptosis and prevents immunity to infection. J. Exp. Med. 212, 555–568. doi: 10.1084/jem.20140857

Mojica-Villegas, M. A., Izquierdo-Vega, J. A., Chamorro-Cevallos, G., and ánchez-Gutiérrez, M. S. (2014). Protective effect of resveratrol on biomarkers of oxidative stress induced by iron/ascorbate in mouse spermatozoa. Nutrients 6, 489–503. doi: 10.3390/nu6020489

Nabenishi, H., Ohta, H., Nishimoto, T., Morita, T., Ashizawa, K., and Tsuzuki, Y. (2012). The effects of cysteine addition during in vitro maturation on the developmental competence, ROS, GSH and apoptosis level of bovine oocytes exposed to heat stress. Zygote 20, 249–259. doi: 10.1017/s0967199411000220

Nie, J., Yan, K., Sui, L., Zhang, H., Zhang, H., Yang, X., et al. (2020). Mogroside V improves porcine oocyte in vitro maturation and subsequent embryonic development. Theriogenology 141, 35–40. doi: 10.1016/j.theriogenology.2019.09.010

Niu, Y. J., Zhou, W., Nie, Z. W., Shin, K. T., and Cui, X. S. (2020). Melatonin enhances mitochondrial biogenesis and protects against rotenone-induced mitochondrial deficiency in early porcine embryos. J. Pineal Res. 68:e12627.

Pasparakis, M., and Vandenabeele, P. (2015). Necroptosis and its role in inflammation. Nature 517, 311–320. doi: 10.1038/nature14191

Peña-Blanco, A., and García-Sáez, A. J. (2018). Bax, Bak and beyond - mitochondrial performance in apoptosis. FEBS J. 285, 416–431. doi: 10.1111/febs.14186

Qi, J. J., Li, X. X., Diao, Y. F., Liu, P. L., Wang, D. L., Bai, C. Y., et al. (2020). Asiatic acid supplementation during the in vitro culture period improves early embryonic development of porcine embryos produced by parthenogenetic activation, somatic cell nuclear transfer and in vitro fertilization. Theriogenology 142, 26–33. doi: 10.1016/j.theriogenology.2019.09.027

Stockwell, B. R., Friedmann Angeli, J. P., Bayir, H., Bush, A. I., Conrad, M., Dixon, S. J., et al. (2017). Ferroptosis: a Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 171, 273–285. doi: 10.1016/j.cell.2017.09.021

Sui, X., Zhang, R., Liu, S., Duan, T., Zhai, L., Zhang, M., et al. (2018). RSL3 Drives Ferroptosis Through GPX4 Inactivation and ROS Production in Colorectal Cancer. Front. Pharmacol. 9:1371. doi: 10.3389/fphar.2018.01371

Sumneang, N., Siri-Angkul, N., Kumfu, S., Chattipakorn, S. C., and Chattipakorn, N. (2020). The effects of iron overload on mitochondrial function, mitochondrial dynamics, and ferroptosis in cardiomyocytes. Arch. Biochem. Biophys. 680:108241. doi: 10.1016/j.abb.2019.108241

Suzuki, C., Yoshioka, K., Sakatani, M., and Takahashi, M. (2007). Glutamine and hypotaurine improves intracellular oxidative status and in vitro development of porcine preimplantation embryos. Zygote 15, 317–324. doi: 10.1017/s0967199407004273

Tang, M., Chen, Z., Wu, D., and Chen, L. (2018). Ferritinophagy/ferroptosis: iron-related newcomers in human diseases. J. Cell. Physiol. 233, 9179–9190. doi: 10.1002/jcp.26954

Tian, Q., Qin, B., Gu, Y., Zhou, L., Chen, S., Zhang, S., et al. (2020). ROS-Mediated Necroptosis Is Involved in Iron Overload-Induced Osteoblastic Cell Death. Oxid. Med. Cell. Longev. 2020:1295382.

Tiwari, M., Prasad, S., Shrivastav, T. G., and Chaube, S. K. (2017). Calcium Signaling During Meiotic Cell Cycle Regulation and Apoptosis in Mammalian Oocytes. J. Cell. Physiol. 232, 976–981. doi: 10.1002/jcp.25670

Totsuka, K., Ueta, T., Uchida, T., Roggia, M. F., Nakagawa, S., Vavvas, D. G., et al. (2019). Oxidative stress induces ferroptotic cell death in retinal pigment epithelial cells. Exp. Eye Res. 181, 316–324. doi: 10.1016/j.exer.2018.08.019

Tripathi, A., Khatun, S., Pandey, A. N., Mishra, S. K., Chaube, R., Shrivastav, T. G., et al. (2009). Intracellular levels of hydrogen peroxide and nitric oxide in oocytes at various stages of meiotic cell cycle and apoptosis. Free Radic. Res. 43, 287–294. doi: 10.1080/10715760802695985

Wang, H., An, P., Xie, E., Wu, Q., Fang, X., Gao, H., et al. (2017). Characterization of ferroptosis in murine models of hemochromatosis. Hepatology 66, 449–465. doi: 10.1002/hep.29117

Wang, X., Wang, Z. B., Luo, C., Mao, X. Y., Li, X., Yin, J. Y., et al. (2019). The Prospective Value of Dopamine Receptors on Bio-Behavior of Tumor. J. Cancer 10, 1622–1632. doi: 10.7150/jca.27780

Wongjaikam, S., Kumfu, S., Khamseekaew, J., Chattipakorn, S. C., and Chattipakorn, N. (2017). Restoring the impaired cardiac calcium homeostasis and cardiac function in iron overload rats by the combined deferiprone and N-acetyl cysteine. Sci. Rep. 7:44460.

Wongjaikam, S., Kumfu, S., Khamseekaew, J., Sripetchwandee, J., Srichairatanakool, S., Fucharoen, S., et al. (2016). Combined Iron Chelator and Antioxidant Exerted Greater Efficacy on Cardioprotection Than Monotherapy in Iron-Overloaded Rats. PLoS One 11:e0159414. doi: 10.1371/journal.pone.0159414

Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., et al. (2016). Ferroptosis: process and function. Cell Death Differ. 23, 369–379. doi: 10.1038/cdd.2015.158

Yao, X., Sun, K., Yu, S., Luo, J., Guo, J., Lin, J., et al. (2021). Chondrocyte ferroptosis contribute to the progression of osteoarthritis. J. Orthop. Translat. 27, 33–43. doi: 10.1016/j.jot.2020.09.006

Yu, S., Zhao, Y., Feng, Y., Zhang, H., Li, L., Shen, W., et al. (2019). β-carotene improves oocyte development and maturation under oxidative stress in vitro. In Vitro Cell. Dev. Biol. Anim. 55, 548–558. doi: 10.1007/s11626-019-00373-0

Zhang, J., Liu, Y., Yao, W., Li, Q., Liu, H., and Pan, Z. (2018). Initiation of follicular atresia: gene networks during early atresia in pig ovaries. Reproduction 156, 23–33. doi: 10.1530/rep-18-0058

Zhang, Y., Guo, J., Nie, X. W., Li, Z. Y., Wang, Y. M., Liang, S., et al. (2019). Rosmarinic acid treatment during porcine oocyte maturation attenuates oxidative stress and improves subsequent embryo development in vitro. PeerJ 7:e6930. doi: 10.7717/peerj.6930

Zhang, Y., Hu, M., Jia, W., Liu, G., Zhang, J., Wang, B., et al. (2020). Hyperandrogenism and insulin resistance modulate gravid uterine and placental ferroptosis in PCOS-like rats. J. Endocrinol. 246, 247–263. doi: 10.1530/joe-20-0155

Zhou, C., Zhang, X., Chen, Y., Liu, X., Sun, Y., and Xiong, B. (2019). Glutathione alleviates the cadmium exposure-caused porcine oocyte meiotic defects via eliminating the excessive ROS. Environ. Pollut. 255:113194. doi: 10.1016/j.envpol.2019.113194

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 Hu, Zhang, Wang, Yang, Qi, Zhang, Jiang, Zhang, Sun and Liang. 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.










	 
	REVIEW
published: 02 June 2021
doi: 10.3389/fcell.2021.645318





[image: image]

Post-Translational Modifications in Oocyte Maturation and Embryo Development

Yu Wu1,2, Mo Li1,2* and Mo Yang3*

1Department of Obstetrics and Gynecology, Peking University Third Hospital, Beijing, China

2National Clinical Research Center for Obstetrics and Gynecology, Peking University Third Hospital, Beijing, China

3Medical Center for Human Reproduction, Beijing Chaoyang Hospital, Capital Medical University, Beijing, China

Edited by:
Shao-Chen Sun, Nanjing Agricultural University, China

Reviewed by:
Cheng-Guang Liang, Inner Mongolia University, China
Tianren Wang, University of Hong Kong, China

*Correspondence: Mo Li, limonat@126.com; Mo Yang, ymbjch@126.com

Specialty section: This article was submitted to Cell Growth and Division, a section of the journal Frontiers in Cell and Developmental Biology

Received: 22 December 2020
Accepted: 15 March 2021
Published: 02 June 2021

Citation: Wu Y, Li M and Yang M (2021) Post-Translational Modifications in Oocyte Maturation and Embryo Development. Front. Cell Dev. Biol. 9:645318. doi: 10.3389/fcell.2021.645318

Mammalian oocyte maturation and embryo development are unique biological processes regulated by various modifications. Since de novo mRNA transcription is absent during oocyte meiosis, protein-level regulation, especially post-translational modification (PTM), is crucial. It is known that PTM plays key roles in diverse cellular events such as DNA damage response, chromosome condensation, and cytoskeletal organization during oocyte maturation and embryo development. However, most previous reviews on PTM in oocytes and embryos have only focused on studies of Xenopus laevis or Caenorhabditis elegans eggs. In this review, we will discuss the latest discoveries regarding PTM in mammalian oocytes maturation and embryo development, focusing on phosphorylation, ubiquitination, SUMOylation and Poly(ADP-ribosyl)ation (PARylation). Phosphorylation functions in chromosome condensation and spindle alignment by regulating histone H3, mitogen-activated protein kinases, and some other pathways during mammalian oocyte maturation. Ubiquitination is a three-step enzymatic cascade that facilitates the degradation of proteins, and numerous E3 ubiquitin ligases are involved in modifying substrates and thus regulating oocyte maturation, oocyte-sperm binding, and early embryo development. Through the reversible addition and removal of SUMO (small ubiquitin-related modifier) on lysine residues, SUMOylation affects the cell cycle and DNA damage response in oocytes. As an emerging PTM, PARlation has been shown to not only participate in DNA damage repair, but also mediate asymmetric division of oocyte meiosis. Each of these PTMs and external environments is versatile and contributes to distinct phases during oocyte maturation and embryo development.
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INTRODUCTION

Oocyte maturation is a unique type of cell division that is different from mitosis. It is defined as the reinitiation and completion of the first meiotic division (Trounson et al., 1998). Oocytes arrest at the germinal vesicle (GV) phase for decades, then when stimulated by a surge of luteinizing hormone (LH), germinal vesicle breakdown (GVBD) occurs with gradual condensation of chromosomes (Motlik and Fulka, 1976; Mattson and Albertini, 1990). When the chromosomes are fully condensed, the oocyte enters the metaphase I (MI) stage. During this stage, chromosomes align on the metaphase plate and spindle microtubules attach to the kinetochores, preparing for chromosome segregation in the following anaphase I. After the exclusion of the first polar body, oocytes arrest at metaphase II (MII) until fertilization (Webster and Schuh, 2017). Any defects in this process may lead to arrest of meiosis and failure of fertilization. Because of the absence of transcriptional activities during oocyte maturation, post-translational modification (PTM) is critical to accomplish oocyte maturation (Chen et al., 2011).

There is also no transcription of the zygote genome at the early stages of embryo development, which begins at fertilization when a haploid oocyte fuses with a sperm. Although the maternal and paternal gametes offer equal genetic materials, early embryo development mainly depends on maternal mRNAs and proteins in the oocyte (Osman et al., 2018). These proteins are mainly activated during fertilization and the maternal-to-zygotic transition (Yartseva and Giraldez, 2015). Zygotic genome activation predominantly occurs at the 2-cell stage in mice, and at the 4-cell stage and 8-cell stage in humans (Xue et al., 2013; Yan et al., 2013; Lee et al., 2014). Because of the inactivation of the zygotic genome during early embryo development, PTM is particularly crucial. Errors of PTM in both oocyte maturation and early embryo development may cause implantation problems, fetal defects, and placental dysfunctions (Samson et al., 2014; Illingworth et al., 2015; Robajac et al., 2016).

Post-translational modifications include phosphorylation, ubiquitination, neddylation, SUMOylation, and PARylation. It is identified that PTMs such as phosphorylation regulate oocyte maturation and embryo development (Nishi and Lin, 2005; Das et al., 2016). But because of sample limitations, most reports about PTMs during oocyte maturation and early embryo development are restricted to zebrafish, Xenopus laevis or Caenorhabditis elegans eggs. In this review, we will discuss the recent discoveries about PTMs of mammalian oocytes, with a focus on phosphorylation, ubiquitination, SUMOylation, and Poly(ADP-ribosyl)ation (PARylation).



PHOSPHORYLATION REGULATES OOCYTE MATURATION MAINLY THROUGH THE MITOGEN-ACTIVATED PROTEIN KINASE PATHWAY


Phosphorylation Is a Common PTM in Eukaryotes

Phosphorylation is considered as a common PTM in eukaryotes (Cohen, 2000). Most proteins in mammalian cells are phosphorylated (Olsen et al., 2010); it is estimated that almost 13,000 proteins can be phosphorylated in human (Vlastaridis et al., 2017). Phosphorylation catalyzed by protein kinases is a reversible process that mainly occurs on serine, threonine, and tyrosine residues through the formation of phosphoester bonds. Phosphorylation changes the structures of the substrate proteins, thus allowing proteins to be activated or deactivated, stabilized or destabilized (Cohen, 2002). In addition, phosphorylation can regulate protein localization, interactions with other proteins, and stability by altering the electrostatic environment (Yokoi et al., 1993; Narayanan and Jacobson, 2009). In mammals, phosphorylation is involved in many biological processes such as the cell cycle (Besterman and Schultz, 1990), cell differentiation (Hardwick et al., 2018), and apoptosis (Nakamizo et al., 2008). However, although this PTM is important and ubiquitous, how phosphorylation regulates oocyte maturation and embryo development in mammals is still not well understood. It is speculated that phosphorylation may regulate these processes by regulating proteins involved in chromosome condensation and spindle assembly (Swain et al., 2007; Zhang Y. et al., 2018). Using okadaic acid to inhibit protein phosphatases, chromosome condensation occurred prematurely and pig oocytes entered the GVBD stage early as a result (Sun et al., 2002).



Histone Phosphorylation Regulates Chromosome Condensation

Chromosome condensation is an essential prerequisite for chromosome segregation during meiosis. Any error of chromosome condensation will lead to an unexpected abnormality of oocyte maturation and oocyte-derived embryonic aneuploidy, resulting in infertility. Histone phosphorylation was first observed as early as the 1960s (Gutierrez and Hnilica, 1967), and it was later found that histones were phosphorylated at phosphor-acceptor sites at the N-terminus (Galasinski et al., 2002). Among histones, phosphorylation of histone H3 is the most well studied in mammals. It is known that chromosome gradually condensed in GVBD stages. Studies have revealed that the activity of histone H3 kinase is low at the GV stage and increases at the GVBD, MI, and MII stages (Bui et al., 2004; Swain et al., 2007). Similarly, phosphorylation of histone H3 at Ser10 is first detected at the GVBD stage and is maintained until the MII stage during mouse oocyte meiosis (Swain et al., 2007). Though there are conflicting reports about whether the phosphorylation of histone H3 is required for chromosome condensation in mitosis (Hendzel et al., 1997; Van Hooser et al., 1998), these researches show that phosphorylated histone H3 is an important regulator of chromosome condensation during oocyte meiosis (Huang et al., 2018). Phosphorylation always occurs at Ser10 and Ser28 of the H3 N-terminal tail and the phosphorylated H3 recruits factors involved in chromosome condensation (Wei et al., 1998, 1999; Nowak and Corces, 2004). Other studies showed that phosphorylated histone H3 was localized close to the chromatin at the GV-stage oocytes and was retained along the entire chromosomes when oocytes entered the MI stage (Wang et al., 2006; Gu et al., 2008). Also, the phosphorylation of histone H3 at Ser28 is triggered at pre-MI during porcine oocyte maturation (Wang et al., 2006; Gu et al., 2008). This further reminds us that phosphorylation of histone H3 plays a key role in chromosome condensation at least. Moreover, rather than Ser28 and Ser10, histone H3 phosphorylation at Thr 3 (H3/Thr3ph) has been shown to be vital for chromosome dynamics during mitosis (Kang et al., 2015), with inhibition of H3/T3ph impairing the segregation of homologous chromosomes (Besterman and Schultz, 1990).

By which pathway does histone H3 regulate the chromosome condensation and segregation? It has been suggested that mitogen-activated protein kinases (MAPKs), also referred to as extracellular-regulated protein kinases (ERKs), mediate histone H3 phosphorylation (Sassone-Corsi et al., 1999). MAPKs are Ser/Thr protein kinases, some of which are involved in mammalian oocyte maturation (Faerge et al., 2001; Su et al., 2002; Prochazka and Nemcova, 2019), and are phosphorylated and activated by MAPK kinases and MAPK kinase kinases after GVBD in mammalian oocytes (Lu et al., 2001; Tan et al., 2001). MAPK3 and MAPK1, also known as ERK1 and ERK2, respectively, are ubiquitously expressed in mammalian tissues as well as in oocytes (Su et al., 2002; Fan et al., 2009). It is known that MAPK3/1 is activated by MEK1/2 (Verlhac et al., 2000). When MAPK1 and MAPK3 are inactivated using a MEK inhibitor, mouse oocytes are blocked from entering the GVBD stage in vitro (Su et al., 2002). Granulosa cells have endocrine functions during oocyte maturation. Depletion of Erk1/2 in ovarian granulosa cells disrupts LH-induced oocyte meiosis, ovulation, and luteinization through its downstream mediator CCAAT/Enhancer-binding protein-β (C/EBPβ) (Fan et al., 2009).

Many studies focus on the regulation of chromosome condensation by phosphorylation. In addition, phosphorylation is speculated to participate in many other structural and functional processes, such as chromosome segregation and spindle arrangement during and after the MII stage. Yet, the mechanisms are not fully understood and need to be further investigated. Phosphorylation is time-dependent and dynamically regulates meiosis (Sun et al., 2002). But the molecular mechanism is still uncertain. Further investigations are expected to bring information on the dynamic changes of proteomics during oocyte maturation and embryo development.



Environmental Exposure Disrupts Oocyte Maturation Through Phosphorylation

In addition to biological regulation mechanisms, environmental exposure also plays a considerable role in reproductive processes (Patisaul and Adewale, 2009). There are numerous toxins in the environment that influence the oocyte maturation process. One example is bisphenol AF (BPAF), which is widely produced for plastics and epoxy resins and is a ubiquitous toxin in our environment (Villeneuve et al., 2012). Upon the exposure to BPAF, MAPK phosphorylation is disrupted, causing abnormal spindle morphology and disrupted polar body extrusion (Ding et al., 2017). Similarly, treatment with HT-2, zearalenone, or fumonisin B1 causes spindle abnormalities (Zhu et al., 2014, 2016; Hou et al., 2015; Han et al., 2016). These toxins are suggested to mainly affect MAPK phosphorylation. However, the effects of deoxynivalenol to disrupt spindle formation and the interaction between the kinetochore and microtubules are suggested to be mediated by oxidative stress (Lan et al., 2018). These results show that environmental exposure does disrupt oocyte maturation. Though we speculate that it is regulated by phosphorylation, the exact mechanism is still not clear. As environmental problems become more and more intractable all over the world and are known to be related to impaired fertility, developing new targets is increasingly significant for future therapy.



UBIQUITINATION REGULATES OOCYTE MATURATION AND EMBRYO DEVELOPMENT


Ubiquitination Is a Three-Step PTM Regulating Protein Degradation

Ubiquitin is a small protein of 8.6 kDa and is universally expressed in eukaryotic cells (Dikic, 2017). Ubiquitination is the process by which ubiquitin is added to target substrates and regulates their degradation. It is known that seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) and an N-terminal methionine (M1) are the sites for ubiquitin to bind with its substrates (Cohen-Kaplan et al., 2016; Akimov et al., 2018). Ubiquitination occurs via a three-step cascade sequentially mediated by a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3) (Behrends and Harper, 2011). These three steps are correspondingly named activation, conjugation, and ligation. Activation, the first step of ubiquitination, is dependent on ATP. E1 binds to ATP and ubiquitin, and activates acyl-adenylation of the ubiquitin C-terminus. During conjugation, which is catalyzed by E2 ubiquitin-conjugating enzymes, the ubiquitin is transferred from the E1 to E2. E2 enzymes contain a highly conserved domain known as the ubiquitin-conjugating catalytic (UBC) domain. Ligation is the final step and is catalyzed by E3 ubiquitin ligases. An isopeptide bond is formed between the glycine residue of the ubiquitin C-terminus and the target protein. There are two major superfamilies of E3s: the RING-domain E3s and homologous to E6-AP C terminus (HECT) E3s. As ubiquitination of proteins occurs universally, thousands of substrates of ubiquitination have been identified to date. In a recent study, Akimov et al. (2018) identified over 63,000 unique ubiquitination sites on 9,200 proteins in human cell lines by mass spectrometry. It is relevant to the regulation of the cell cycle, fertilization, oocyte maturation, and embryo development (Xuan et al., 2018; Zhang Y. et al., 2018).

Ubiquitination regulates several reproductive processes mainly by modulating protein stability. Immediately after fertilization, the degradation of maternal proteins begins and this process is mainly regulated by ubiquitination (Huo et al., 2004a). Ubiquitination is involved in reproductive processes such as oocyte maturation, pre-implanted embryo development, and sperm-oocyte binding (Figure 1). Aberrant function or regulation of ubiquitination is at the root of several developmental abnormities. Notably, the regulation of processes by ubiquitination is mainly accomplished through the binding of E3 ligases to specific targets.
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FIGURE 1. Overview of the main ubiquitination mechanisms during oocyte maturation and preimplantation embryo development. Ubiquitination regulates protein stability during almost all stages of oocyte maturation and embryo development. Initially, ubiquitin proteins accumulate at GV stage (Huo et al., 2004b). While whether and how ubiquitination regulates GVBD stage is unclear by now. In MI stage, SCFFboxo30-mediated SLBP degradation regulates the chromosome condensation and segregation through ubiquitination. After MI stage, ubiquitin-conjugating enzymes UBE2C and UBE2S play roles in the escape from MII arrest (Fujioka et al., 2018). They regulate first polar body extrusion and spindle arrangement via APC/CCDC20 and APC/CCDH1 complex. While substrates that are ubiquitinated by UBE2C and UBE2S remain elusive. Zygote stage is the beginning of embryo development, while how ubiquitination plays roles in this stage is lack of studies in mammals. In 2-cell stage, APC/CCDC20 ubiquitinates securin and regulates sister chromatid separation. During the 4-cell to marula stage, Rnf20 controls the expression of H2B through ubiquitination and is involved in regulating preimplantation embryo development by controlling gene expression. From 8-cell to morula, ubiquitination of Suv39H1 via CRL4DCAF13 is important to the genome reprogramming. In morula stage, as a member of the ubiquitin C-terminal hydrolase (UCH) of deubiquitinating enzymes, UCHL1 regulates the morula compaction (Mtango et al., 2012).




SCF Is the Largest E3 Ubiquitin Ligase Family

The S-phase kinase associated protein 1 (SKP1)-Cullin 1 (CUL1)-F-box protein (SCF) family is the largest family of E3 ubiquitin ligases (Cardozo and Pagano, 2004). The SCF complex consists of SKP1, the E3 ligase RBX1, CUL1, and an F-box protein (Zheng et al., 2002). SCF-mediated ubiquitination is known to play key roles in oocyte maturation, preimplantation embryo development, and embryonic genome activation in mammals. SCF specifically recognizes numerous substrates via the F-box, such as F-box and tryptophan-aspartic acid (WD) repeat domain containing 7 (FBWX7). SCFFBXW7 regulates the degradation of cyclin E, which is a key activator of the cell cycle; deletion of Fbxw7 leads to embryonic lethality (Tetzlaff et al., 2004). In addition to FBXW7, our group found FBOXO30 as a newly discovered F-box protein that was highly expressed in mouse oocytes (Jin et al., 2019). Stem-loop binding protein (SLBP) is one of the substrates of SCFFBOXO30 and regulates oocyte maturation through ubiquitination. Depletion of Fboxo30 leads to the degradation of SLBP, and the resulting excess level of histone H3 in mouse oocytes causes chromosome compaction and chromosome segregation independent of the spindle assembly checkpoint (SAC) and mouse oocyte maturation arrest at the MI stage (Jin et al., 2019). Although previous studies emphasized the crucial function of SAC on chromosome segregation (Qiao et al., 2014; Lu et al., 2017), these findings suggested a new mechanism of chromosome segregation driven by over-condensed chromosomes, rather than dependent on SAC during meiosis. Knowing the molecular mechanism gives insights into the diagnosis and therapy of infertility and early abortion in the clinic. Therefore, it will be more meaningful to examine the expression level of Fbox30 and further identify its function in female patients with infertility. Embryo genome activation is dependent on the degradation of maternal materials. As CUL1 and SKP1 are synthesized early during embryo development and are activated on day 4 and day 8 in bovine embryos (Kepkova et al., 2011), we speculate that SCF is one of the key regulators of the degradation of maternal materials during embryo genome activation.



Other E3 Ubiquitin Ligases Involved in Embryo Development

Oocyte maturation and embryo development are very complex processes regulated by various pathways. Anaphase-promoting complex/cyclosome (APC/C) is another important E3 ubiquitin ligase that can trigger the degradation of anaphase inhibitors via the ubiquitin-proteasome pathway. It works with its co-activator Cdc20, which takes part in the degradation of securin (an inhibitor of separase) and finally causes sister chromatid segregation during mitosis (King et al., 1995). When Cdc20 is deleted, mouse oocyte maturation arrests at the 2-cell stage (Li et al., 2007). Moreover, CRL4 is also a common E3 enzyme. DCAF13, which is one of its substrate adaptors, is expressed from the 4-cell stage to blastocyst stage during mouse embryo development (Zhang Y. et al., 2018). CRL4 forms a complex with DCAF13 and regulates the degradation of SUV39H1 through polyubiquitination, thus playing a role in embryo development (Zhang Y. et al., 2018). Specifically, CRL4DCAF13 directs the polyubiquitination and proteasomal degradation of SUV39H1/2, and causes histone H3 demethylation and zygotic genome reprogramming. When Dcaf13 is depleted or Suv39h1 is overexpressed, RNA transcription in both nucleolus and nucleoplasm in the 8-cell embryo decreases (Zhang Y. et al., 2018). However, Suv39h1 knockdown cannot rescue the embryo development arrest, which means that SUV39H1 is not the only substrate of DCAF1 through ubiquitination. Meanwhile, DCAF1 may also have CRL4-independent functions during preimplantation development. Therefore, DCAF13-dependent proteomics, which is regulated by ubiquitination, needs to be examined in future studies, so as to know more about how ubiquitination regulates preimplantation embryo development.



Histone Proteins Regulate Chromatin Through Ubiquitination

Histone proteins can be modified by ubiquitination, and were found to play important roles in regulating chromatin architecture by as early as 1977 (Goldknopf et al., 1977). Ubiquitination of histones helps to insure the compaction and stability of chromatin. The nucleosome is the basic structural unit of eukaryotic chromosomes consisting of a 147-bp segment of DNA wrapped against a histone octamer of H2A, H2B, H3, and H4 (Fodor et al., 2010). Histones such as H2A and H2B play important roles in oocyte maturation mainly by regulating the transcription process, and the C-terminal lysine residues of H2A and H2B can be ubiquitinated. However, whether they are required for the repression of transcription is controversial (Baarends et al., 2005; Prather et al., 2009). Eskeland et al. (2010) and Endoh et al. (2012) reported that mono-ubiquitination of histone H2A (H2AK119ub1) and compaction of chromatin together regulate transcriptional repression in embryonic stem cells. Other studies suggested that loss of RING1B E3 ligase activity and H2AK119ub1 only partially disrupts polycomb recruitment (Eskeland et al., 2010; Illingworth et al., 2015). Thus, it seems that the primary role for RING1B in gene repression and early embryonic development is structural rather than enzymatic (Illingworth et al., 2015) and how H2A ubiquitination contributes to repression of its substrates is still not clear. Using intact cell MALDI-TOF mass spectrometry, researchers identified histone H2B as an oocyte meiotic maturation marker (Labas et al., 2018). Histone H2B mono-ubiquitination (H2Bub1) is mainly expressed from the late 1-cell stage to the blastocyst stage (Ooga et al., 2015). Knocking down RNF20, which is an H2B-specific ubiquitin E3 ligase, causes a decrease in the expression of H2Bub1 at the 4-cell and morula stages, and only one-third of the mouse embryos develop to the blastocyst stage (Ooga et al., 2015). Previous studies suggested that H2Bub1 regulated histone H3K4 and H3K79 methylation (Ruthenburg et al., 2007; Vermeulen et al., 2007; Lauberth et al., 2013). Interestingly, during embryo development, it seems that H2Bub1 is not the upstream regulator of H3K79me2 and H3K4me3. At present, it is not well known how H2B dynamically modulates nucleosome stability and chromatin dynamics through ubiquitination and deubiquitination during the oocyte maturation and preimplantation process (Chandrasekharan et al., 2010; Fuchs et al., 2012). These open questions have become hot topics in follow-up studies.



Ubiquitination and Ubiquitin-Like Modifications Work Together With Other PTMs

Neddylation is a kind of ubiquitin-like modification. It is reported that inhibition of Neddyaltion led to mouse oocyte meiosis arrest at the MII stage (Yang et al., 2019). Furthermore, it is supposed to regulate oocyte maturation together with ubiquitination (Yang et al., 2019). Actually, in many cases, these processes are regulated by several modifications at the same time or sequentially rather than by only one PTM. For example, KBTBD8 is a ubiquitin ligase that is highly expressed in mouse oocytes and is essential for oocyte quality (Li et al., 2019). The mechanism by which KBTBD8 regulates oocyte maturation can be summarized as follows: KBTBD8 regulates PKM through the ubiquitination pathway and regulates Erk1/2 activity by phosphorylation (Li et al., 2019). Thus, ubiquitination and phosphorylation sequentially regulate the oocyte maturation process.



SUMOYLATION DURING MEIOSIS AND EMBRYO DEVELOPMENT

SUMOylation is the process by which a small (∼12 kDa) SUMO protein is attached to the lysine residue of its substrates (Hendriks and Vertegaal, 2016). SUMO a ubiquitin-like modification, and most of the substrates are transcription factors (Rosonina et al., 2017). Similar to ubiquitination, SUMOylation involves a three-step cascade requiring activating enzymes (E1), conjugating enzymes (E2), and ligases (E3) (Flotho and Melchior, 2013). There are four SUMO proteins (SUMO1–4). Among them, SUMO1, SUMO2, and SUMO3 are expressed in mouse oocytes (Wang et al., 2010). During the SUMOylation process in mammals, SUMO proteins are cleaved by sentrin-specific proteases (SENPs) to expose the C-terminus (Eifler and Vertegaal, 2015). Then an E1 activating enzyme (SAE1) activates the SUMO polypeptide in an ATP hydrolysis-dependent manner. SUMO is transferred to the only E2 conjugating enzyme, Ubc9. Finally, the E3-ligating protein attaches SUMO to its specific substrates (Swatek and Komander, 2016). SUMO predominantly accumulates in the nucleus and plays a crucial role in many biological processes such as gene expression, DNA damage responses, chromosomal stability, and DNA integrity (Di Bacco et al., 2006; Schwertman et al., 2016). Furthermore, SUMOylation is essential during meiosis and embryo development.


Ubc9 Involves in Mammalian Oocyte Maturation as E2 Conjugating Enzyme

As mentioned above, the E2 conjugating enzyme Ubc9 is indispensable for SUMOylation. It has been reported that loss of Ubc9 in chick cells causes chromosome damage and eventually results in apoptosis (Hayashi et al., 2002). The mechanism of how SUMOylation, and especially Ubc9, regulates oocyte maturation and embryo development is not fully understood. Loss of Ubc9 causes embryonic lethality due to defects in chromosome segregation and lack of integrity of the nucleus in mouse embryos (Nacerddine et al., 2005). Inhibition of Ubc9 at the GV stage causes meiotic maturation arrest and spindle disorganization (Nacerddine et al., 2005). Another study recently demonstrates that when Ubc9 is added to the oocyte maturation medium, the level of SUMO-1 decreases, thereby inhibiting the first polar body exclusion and reducing the oocyte maturation rate (Xu et al., 2020). It is suggested that CaMKII is the substrate of SUMO-1 during embryo development but has not been surely identified yet in this study (Xu et al., 2020). In conclusion, Ubc9-mediated SUMOylation affects meiosis and preimplantation development mainly by regulating spindle organization and chromosome segregation.



E3 SUMO Ligases and the Substrates

In addition to Ubc9, E3 ligases and their specific substrates are also crucial for oocyte maturation and embryo development. Polo-like kinase 1 (PLK1) is one of the main substrates of E3 ligase and undergoes SUMOylation during oocyte maturation. It has a non-catalytic region at the C-terminus containing the Polo-box domain, which has been implicated in phosphorylation of serine/threonine residues (Lee et al., 1998) and functions during chromosome segregation, spindle formation, and cytokinesis (Petronczki et al., 2007; Hu et al., 2012; Ruan et al., 2012; Zhu et al., 2013). Many studies have identified the importance of PLK1 in centrosome maturation, checkpoint recovery, and spindle assembly in mitosis and meiosis (Pahlavan et al., 2000; Tong et al., 2002; Haren et al., 2009). However, few studies have investigated whether it takes part in SUMOylation. It has been reported that SUMO1-mediated spindle assembly and cytokinesis are regulated by SUMOylation of PLK1 after the GVBD stage (Feitosa et al., 2018). During the MI and MII stages, SUMO2 and SUMO3 are co-localized to the centromeric region in mouse oocytes (Feitosa et al., 2018). This suggests that PLK1 modification by SUMO2/3 regulates the attachment of chromosomes to the spindle during mouse meiosis.

Maternal protein PIASy (inhibitor of activated STATy) is another important E3 SUMO ligase. During embryo development, overexpression of PIASy causes embryo arrest at the 2-cell stage because of abnormal chromosome segregation and impaired zygotic transcription (Higuchi et al., 2019). SENP7, a SUMO poly-chain editing enzyme, plays a key role in heterochromatin integrity and binds to chromatin by interacting with HP1a (Hickey et al., 2012; Garvin et al., 2013; Romeo et al., 2015). During mitosis, loss of SENP7 increases the SUMOylation of HP1a and inhibits the expression of genes such as Rad51 and BRCA1, which are related to DNA damage repair (Maison et al., 2011). During meiosis, depletion of SENP7 inhibits polar body extrusion (Huang et al., 2017). It is speculated that SENP7 can cleave SUMO2/3 chains, thereby preventing the ubiquitination-mediated degradation of γ-tubulin, and finally causing meiosis arrest (Huang et al., 2017). These findings provide novel targets for developing the therapies and diagnosis of infertility and improving human fertility in clinic.



PARYLATION IS A NOVEL MARKER OF OOCYTE AND EMBRYO QUALITY

PARylation involves the transfer of ADP-ribose moieties from co-enzyme NAD + to aspartate, glutamate, serine, and lysine (Kraus and Lis, 2003; Martello et al., 2016), and is a pivotal PTM playing important roles in many biological processes including DNA repair, cell apoptosis, and transcriptional regulation (D’Amours et al., 1999). PARylation occurs rapidly after DNA damage and is catalyzed by PARPs (Gibson and Kraus, 2012), which are a 17-member family and covalently attach ADP-ribose to their substrates (Hottiger, 2015; Wei and Yu, 2016). Most PARPs only transfer a single mono-ADP-ribose onto their substrates, while PARP1, PARP2, PARP5A (also known as tankyrase 1), and PARP5B (also known as tankyrase 2) are able to add additional ADP-ribose molecules and form linear or branched chains of PAR (Bai, 2015). Though it is accepted that PARylation is crucial for oocyte and embryo development, little is known about its underlying mechanisms.

PARylation is essential for oocyte asymmetric division and preimplantation embryo development. It is reported that PAR is enriched at the cortex of the mouse oocyte (Xie et al., 2018). When the cortical PAR is removed by spindle exchanging, the asymmetric division is disrupted (Xie et al., 2018). During embryo development, the level of PARylation dynamically changes, especially in the first hour after fertilization. PARPs accumulate to high levels on the condensed oocyte chromosomes; the level of PARPs decreases 2 h later, and only a diffuse signal is detected in the cytoplasm of telophase- and pronuclear-stage embryos (Imamura et al., 2004). Consistent with these observations, another study reports that the transcript level of PARP1 transiently increases when fertilization occurs, decreases at the late one-cell stage, and is maintained until the blastocyst stage (Lee et al., 2016a). This indicates that PARylation occurs transiently from metaphase to interphase, and that spindle-associated PARP may be activated during this time. As there is no evidence that DNA repair occurs in activated oocytes, PARylation may play roles independent of its DNA damage repair capacity.

It is also suggested that PARylation may regulate autophagy during early embryo development (Lee et al., 2016a). It is speculated that autophagy is a positive regulator and can improve the quality of oocytes and embryos (Song et al., 2012, 2014). When PARylation is inhibited, the expression of autophagy-related genes is significantly decreased and the developmental competence and quality of porcine embryos are diminished (Lee et al., 2016a). During blastocyst formation, inhibition of PARylation selectively suppresses autophagic degradation of ubiquitinated proteins (Lee et al., 2016a). The effect of PARylation on autophagic degradation was subsequently found to be mediated by the mTOR pathway (Lee et al., 2016b). Specifically, PARylation, which activates AMPK and negatively regulates the mTOR pathway (Zhou et al., 2013; Chen et al., 2015), causes autophagy during the blastocyst formation process in porcine embryos by decreasing p70S6K accumulation and thus inhibiting the activity of mTORC1 (Lee et al., 2016b). In this way, PARylation accurately regulates the embryo development through MAPK and mTOR pathways. Moreover, treatment of mice with a PARylation inhibitor causes subfertility, with embryos arresting at the pronuclear envelope breakdown stage (Osada et al., 2010). PARP1-deficient mice are fertile (Masutani et al., 1999), while PARP1 and PARP2 double mutant embryos die early in development at the onset of gastrulation (Ménissier de Murcia et al., 2003). It is clear that PARylation does play a role in reproductive processes, but the concrete mechanism is not clear by now.



CONCLUSION

As discussed above, we concluded main functions of phosphorylation, ubiquitination, SUMOylation and PARylation during oocyte maturation and embryo development (Table 1). Besides the PTMs we reviewed above, a small number of studies found that other PTMs, such as glycosylation and acetylation, also involved in oocyte maturation and embryo development. Pannexin1 is a kind of glycoproteins encoded by PANX1. With a diagnosis of primary infertility of unknown causes, a four-generation family was included in a recent study (Sang et al., 2019). Researchers identified four kinds of mutations of PANX1 by whole-exome sequencing and observed that mutant GLY1 (one glycosylation form of PANX1) caused oocyte death because of aberrant channel activation (Sang et al., 2019). Other studies showed that acetylation was involved in regulating meiotic progression and maternal-to-zygotic transition (Wang H. et al., 2019; Wang H.H. et al., 2019; Zhang et al., 2019). Moreover, it was indicated that lysine acetylation in polycystic ovary syndrome (PCOS) granulosa cells affected the ovarian metabolic microenvironment and damaged the oocyte quality and embryo development (Min et al., 2020). The acetylation level of acetyl-CoA acetyltransferase 1 was negatively correlated with the fertilization rate and the ratio of transferable embryos (Min et al., 2020). This study revealed ACAT1 as a metabolic regulator functioning through acetylation, and provided a novel target for future investigations and clinical therapy of PCOS.


TABLE 1. Main PTMs of oocyte maturation and early embryo development.

[image: Table 1]High-quality oocytes are the foundation for fertilization and embryo development. Any error in oocyte maturation may cause deficiencies including infertility, abortion, and birth defects. The regulation of oocyte maturation and embryo development is incredibly complex. Because of the lack of transcription, PTM appears to be indispensable for oocyte maturation and early embryo development (Chen et al., 2011). Though PTMs have been investigated for decades, most studies have been done in non-mammalian systems such as Xenopus oocytes, because of the large number of maternal proteins and limited techniques for researching. As we described in this review, PTMs play particularly important roles in the regulation of chromosome condensation, spindle morphology, and spindle segregation through different modifications. It is worth noting that the dynamic changes of each PTM during different stages seem to be crucial and not fully explored yet. Furthermore, it seems that the oocyte maturation and preimplantation development are regulated by more than one kind of PTM in many cases. Different modifications may work together at the same time or sequentially. So, with the improvement of biological research methods and techniques, future research will give new insights into the complex mechanism of oocyte maturation and embryo development. Knowing the mechanisms of how PTMs regulate reproductive processes will provide new targets for the clinical diagnosis and treatment of infertility. Moreover, new contraceptive drugs are expected to be investigated in the future.
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Copper (Cu) is an essential trace element for animals, and also an important nutritional component for the normal physiology and metabolism of animal reproductive systems. An excess or lack of Cu will directly or indirectly affect animal reproductive activities. However, the effect of Cu, in particular excessive Cu, on the reproductive performance of sows has not been studied. Here, we report that excessive Cu had negative effects on oocyte maturation and organelle functions. We showed that Cu exposure perturbed porcine oocyte meiotic maturation and impaired spindle/chromosome structure, resulting in a defective spindle assembly, as well as the abnormal distribution of actin dynamics and cortical granules. In addition, single-cell transcriptome analysis identified the target effectors of Cu actions in porcine oocytes, further demonstrating that Cu exposure affects the mitochondrial distribution and function, leading to the high levels of reactive oxygen species, DNA damage, and early apoptosis of porcine oocytes. These findings demonstrate that Cu exposure causes abnormalities in the mitochondrial distribution and function, resulting in the increased oxidative stress and levels of reactive oxygen species, DNA damage, and apoptosis, ultimately leading to a decreased porcine oocyte quality.
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INTRODUCTION

Copper (Cu) is an essential trace element that plays an important role in a normal growth, development, metabolism, and reproduction. However, excessive Cu content may cause adverse effects within organisms (Yin et al., 2018). Excessive heavy metal levels pose a serious problem for animal feed safety in China. Enrichment of heavy metals in soil of forage crops or the addition of heavy metals may lead to excessive levels in animal feed (Hejna et al., 2018). The unsuitable use of Cu, a heavy metal, has adversely affected livestock production and, more importantly, excessive addition of dietary Cu to livestock has led to serious environmental problems via its excretion in feces (Sutton and Richert, 2004). Cu pollution in the environment could lead to Cu poisoning in animals, and sheep are very sensitive to Cu. Cu poisoning in sheep can cause renal degeneration, hemolysis, and central nervous system diseases (Dewes, 1996; Grace, 2006). What is more, Cu pollution of environmental contaminants may influence a behavioral problem in children, and child Cu exposure was associated with higher internalizing symptoms (Maitre et al., 2021).

Pigs are non-ruminants and generally do not suffer from Cu deficiency. It is rarely necessary to add additional Cu to the diet of pigs to maintain the minimum Cu requirements (Hill and Shannon, 2019). In 1948, researchers found that pigs that licked Cu pipes grew rapidly, and it was proposed that Cu at pharmacological concentrations of 125–250 ppm could promote the growth of pigs. The concentration of Cu added to the diets of weaned piglets was often higher than the demand of normal animals for Cu. Cu added to a diet at 242 ppm was considered the maximum dose to stimulate the growth of pigs (Cromwell et al., 1989), and 500 ppm was toxic (Suttle and Mills, 1966). Many other studies have shown that a diet high in Cu can improve the growth performance of weaned piglets, as well as increase the final body weight and hot carcass weight of pigs (Wang et al., 2016; Coble et al., 2017, 2018). Although feeds with a high Cu content can stimulate the growth of microorganisms and lipase secretion in pigs, promote more eating, accelerate growth, and improve feed utilization (Hill et al., 2000; Hasman et al., 2006; Debski, 2016), heavy metals absorbed by livestock in large doses can cause severe gastrointestinal symptoms and damage to the liver, kidneys, and central nervous system (Wilkinson et al., 2003).

There are not many studies on the actions of Cu in domestic animal reproduction, with most focusing on the in vitro culture of bovine oocytes and ovine sperm development (Picco et al., 2012; Rosa et al., 2016). The effect of Cu, in particular excessive Cu, on the reproductive performance of boars and sows has not been studied. In this paper, we performed a systematic study into the effects of Cu pollution on the quality and reproductive performance of sow oocytes, and identified potential molecular markers to evaluate oocyte quality and targets of heavy metal pollution, and develop strategies and solutions to improve the reproductive health and breeding technology of pigs. This study used the single-cell transcriptome analysis to explore the mechanism of Cu actions on porcine oocyte quality. The current findings expand our understanding on the effect of environmental pollutants on female gamete development.



MATERIALS AND METHODS


Antibodies

Mouse monoclonal α-tubulin-FITC (fluorescein isothiocyanate), phalloidin-TRITC (actin), lens culinaris agglu-tinin (LCA)-FITC, and PI (Propidium Iodide) were obtained from Sigma-Aldrich (St Louis, MO, United States). Alexa Fluor 488 goat anti-rabbit and 594 goat anti-mouse antibodies were from Invitrogen (Carlsbad, CA, United States). Rabbit polyclonal human γH2AX antibodies were obtained from Cell Signaling Technology (Danvers, MA, United States).



Collection of Porcine Oocytes

Porcine ovaries were taken from a local slaughterhouse and transported to the laboratory within two hours of slaughter in saline containing streptomycin sulfate and penicillin G. Cumulus-oocyte complexes (COCs) were aspirated from the follicles with a disposable syringe. COCs with dense cumulus cells were selected for the subsequent in vitro maturation (IVM). TCM-199 was used as the maturation medium (Thermo Fisher Scientific, United States; Cat# 11150059) and the medium was supplemented with 10% porcine follicular fluid, 10 ng/mL of EGF, 5 μg/mL of insulin, 0.2 mM pyruvate, 25 μg/mL of kanamycin, 0.6 mM cysteine, and 10 IU/mL of each hCG and eCG. Twenty germinal vesicle (GV) COCs were placed in a drop of 100 μL maturation medium as mentioned above, covered with mineral oil, and cultured at 38.5°C, 5% CO2 for 26–28 h to metaphase I stage, and for 42–44 h to metaphase II stage.



Cu Treatment

Copper sulfate standard solution(Macklin;Cat# 7758-98-7)was added to the maturation medium until it reached a volume of 500 μg/mL, which was further diluted to the working concentration of 15, 25, 50, or 100 μg/mL, respectively, with maturation medium. We thus chose 25 μg/ml for our subsequent study because this concentration not only has adverse effects on the oocyte maturation but also allowed us to collect matured oocytes for other experiments.



Fluorescence Staining and Confocal Microscopy

Denuded oocytes (DOs) were treated with the fixation solution (4% paraformaldehyde in PBS) for 30 min. Then, these DOs were incubated in the permeabilization solution (1% Triton X-100 in PBS) for one hour, and after incubating in the blocking solution (1% BSA-supplemented PBS) at room temperature (RT) for one hour, they were incubation with lens culinaris agglu-tinin (LCA)-FITC, α-tubulin-FITC antibody (1:200), γ-H2AX antibody (1:100), or phalloidin-TRITC (1:100) at 4°C for overnight. These oocytes were washed in the PBST, and incubated with the corresponding secondary antibodies for one hour. Next, they were counterstained with propidium iodide (PI) or Hoechst 33342 (10 μg/ml) at RT for 10 min. In addition, the oocytes were stained for 30 min at 38.5°C in the MitoTracker Red CMXRos (500 nM) for mitochondrion staining, in the MitoProbe JC-1 (2 μM) for mitochondrial membrane potential assessment, and in the dichlorofluorescein diacetate (DCFHDA, 10 μM) for ROS staining, and with Annexin-V-FITC (1:10; Beyotime, Huangzhou, China) for apoptosis assessment. Lastly, oocytes were mounted on the glass slides and imaged under a confocal microscope (LSM 700 META, Zeiss, Germany).



RNA Extraction and Quantitative Real-Time PCR

Fifty oocytes were collected and the total RNA was extracted using the RNeasy Mini Kit (Qiagen, United States), which was then reversed to the cDNA using PrimeScript RT Master Mix (Takara, Japan). Real-time quantitative PCR was performed using the SYBR Green PCR Master Mix (ThermoFisher Scientific). All data were normalized by GAPDH, and the comparative CT method was used to quantify the fold changes. The list of primers used was as follows (Miao et al., 2021):

Atp5pf (F: TCAGTCTGCGGTCTCGG/R: CTCAGGGCCAG CATCAA);

Ndufb3 (F: TGGAAGATAGAAGGGACA/R: GCAAAGCCA CCAGAGTA);

Ndufab1 (F: CCGTGTCCTTTACGTCTTG/R: TGGGCAC ATTAACTTCTCC);

Ndufa13 (F: GATGAAGTGGAACCGTGAG/R: TCCGCAG CCCATAGAGC);

GSR (F: ACAGTGGGACTCACAGAAGA/R: AGGTAGG ATGAATGGCAAC);

GPX1 (F: CCAAGTTTATCACCTGGTCTCC/R: AGGCACT GCTAGGCTCCTG);

GPX4 (F: TGTGGTTTACGGATTCTGG/R: CCTTGGGC TGGACTTTCA);

SOD1 (F: GGTCCTCACTTCAATCCTG/R: CTTCATT TCCACCTCTGC);

SOD2 (F: TATCCGTCGGCGTCCAAG/R: GCGGCGTAT CGCTCAGTT); and

GAPDH (F: TGGGCTACACTGAGGACC/R: TACCAGGA AATGAGCTTGA).



Single-Cell RNA Library Construction and Transcriptome Sequencing

Transcriptome analysis of mature oocytes was performed with the single cell RNA-Seq protocol. In short, three sets of samples (three oocytes per sample) were collected for each group and placed in the lysis buffer. The single cell collection solution contains the RNase inhibitors and cell lysis components. The nucleic acid sequence was used for reverse transcription with oligo dT to form the 1st cDNA. The 1st cDNA was amplified by PCR, nucleic acid was enriched, and the library was constructed after purification of the amplified products, including DNA fragmentation, terminal repair, adding “A” and joint, PCR amplification, and library quality control. The constructed library was sequenced on the Illumina platform. The sequencing strategy was PE150. The raw down sequence (Raw Reads) obtained by Hiseq sequencing were completed by a process of removing the low-quality sequence and connector pollution. Then, high-quality sequences (clean reads) were obtained, and all subsequent analysis was based on the clean reads (Miao et al., 2020). The sequencing data was filtered with SOAPnuke (v1.5.2) (Li et al., 2008) by (1) Removing reads containing sequencing adapter; (2) Removing reads whose low-quality base ratio (base quality less than or equal to 5) is more than 20%; and (3) Removing reads whose unknown base (“N” base) ratio is more than 5%. Afterward, the clean reads were obtained and stored in the FASTQ format. The clean reads were mapped to the reference genome using HISAT2 (v2.0.4) (Kim et al., 2015). Bowtie2 (v2.2.5) was applied to align the clean reads to the reference coding gene set. Then, the expression level of gene was calculated by RSEM (v1.2.12) (Li and Dewey, 2011). The heatmap was drawn by pheatmap (v1.0.8) according to the gene expression in different samples. Essentially, differential expression analysis was performed using the DESeq2(v1.4.5) (Love et al., 2014) with a Q value ≤ 0.05. To take insight to the change of phenotype, GO1 and KEGG2 enrichment analysis of annotated different expressed gene was performed by Phyper3 based on the Hypergeometric test. The significant levels of terms and pathways were corrected by Q value with a rigorous threshold (Q value ≤ 0.05) by Bonferroni.



In vitro Fertilization (IVF)

The spermatozoa were suspended in the fertilization medium at a concentration of 1 × 106 cells/ml and incubated at 38.5°C for one hour to capacitate. A total of 50 μL sperm sample was added to the fertilization droplets containing 30–35 matured oocytes, given to a final sperm with a concentration of 0.25 × 106 cells/ml, and then incubated for 6 h. After fertilization, oocytes were washed for three times and cultured with 500 μL of porcine zygote medium in four-well dishes at 38.5°C with 5% CO2. Cleavage formation was evaluated on Day 2 after IVF and fertilization was determined to be successful.



Parthenogenetic Activation

After being cultured for 44–48 h, oocytes were denuded of cumulus cells by pipetting in D-PBS containing 0.1% hyaluronidase, and those with intact first polar bodies were selected for electrical activation in a medium composed of 0.3 M mannitol, 0.05 mM CaCl2, 0.1 mM MgSO4, and 0.1% bovine serum albumin (BSA). Activation was induced with a twice DC pulse of 1.2 kV/cm for 40 μs. Oocytes were then incubated in PZM-3 medium with 5 μg/mL CB for three hours at 38.5°C under 5% CO2 in humidified air.



Embryo Culture

Embryos were washed in D-PBS after treatment with CB, and then, according to the experimental design, embryos were cultured in PZM-3 at 38.5°C under 5% CO2 in humidified air. Cleavage rates and blastocyst rates were evaluated under a stereomicroscope at 2 and 6 days after activation or IVF, respectively.



Statistical Analysis

At least three independently duplicated data were designated as mean percentages (mean ± SEM). Paired-samples t-test was performed for the differences between the two groups using the GraphPad Prism 6 statistical software. P < 0.05 was accepted to be significant.




RESULTS


Different Doses of Cu Perturb the Porcine Oocyte Meiotic Maturation and Impair the Spindle/Chromosome Structure

To confirm whether Cu exposure has effects on the porcine oocyte maturation, we chose different doses of Cu (including 15, 25, 50, and 100 μg/mL) which were added to the maturation medium during the in vitro maturation (IVM). As shown in Figures 1A,B, after culturing for 44 h in vitro, we found that most of the cumulus cells surrounding COCs in the control group were fully expanded, but those in the Cu-exposed group were not expanded or only partially expanded, and the frequency of the first polar body extrusion in the control group was higher than that in the Cu-exposed group (Figure 1A). Quantitative data displayed that the proportion of PBE was reduced in a dose-dependent manner after Cu exposure compared with the controls (68.8 ± 1.1%, n = 110, control vs. 57.3 ± 2.0%, n = 101, 15 μg/mL Cu, P = 0.133 vs. 37.9 ± 1.7%, n = 109, 25 μg/mL Cu, P < 0.0001 vs. 29.8 ± 1.6%, n = 119, 50 μg/mL Cu, P < 0.0001 vs. 5.1 ± 1.5%, n = 111, 100 μg/mL Cu, P < 0.0001; Figure 1B). We treated porcine COCs in the medium containing 25 μg/ml Cu for one hour, and then washed them out to observe the subsequent development in the fresh medium. The results showed that a short-term exposure to copper in vitro would not affect oocyte maturation (62.9 ± 1.6%, n = 99, control, vs. 58.3 ± 1.1%, n = 41, Cu, P = 0.18; Supplementary Figures 1A,B). We chose the concentration of 25 μg/mL Cu for further studies because a certain percentage of oocytes could be matured for the following studies at this concentration.
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FIGURE 1. Different doses of Cu perturb the porcine oocyte meiotic maturation and impair the spindle/chromosome structure. (A) Representative images of oocyte meiotic progression in the control and Cu-exposed oocytes. Cumulus cell expansion of COCs and polar body extrusion of DOs (denuded oocytes) were imaged by the confocal microscope. Scale bar, 250 μm (a); 150 μm (b); 50 μm (c). (B) The rate of PBE was recorded in the control group and in different concentrations of the Cu-exposed groups (15, 25, 50, and 100 μg/mL) after culture for 44 h in vitro. (C) The spindles of oocytes were visualized by immunostaining with anti–α-tubulin-FITC antibody, and the chromosomes were visualized by counterstaining with propidium iodide (PI). Scale bar, 5 mm. (D) The rate of aberrant spindles was recorded in the control and Cu-exposed oocytes. (E) The rate of misaligned chromosomes was recorded in the control and Cu-exposed groups. Data in (B,D,E) were presented as the mean percentage of at least three independent experiments (mean ± SEM). *P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance.


It is considered that the arrest of meiosis in oocytes is usually associated with the damage to cytoskeleton structures (Zhang et al., 2014, 2018), we examined the spindle structure and chromosome alignment in the Cu-exposed oocytes by staining. The results showed that a standard barrel-shape spindle structure and a well-aligned chromosome on the equatorial plate was exhibited in the control group (Figure 1C), while the Cu-exposed oocytes exhibited a higher frequency of aberrant spindle morphologies with misaligned chromosomes (misaligned chromosome: 14.0 ± 1.6%, n = 37 control, P < 0.001 vs. 58.1 ± 2.2%, n = 39, Cu; disorganized spindle: 14.3 ± 2.9%, n = 47, control, P < 0.001 vs. 42.3 ± 2.6%, n = 49, Cu; Figures 1D,E).



Effects of Cu Exposure on the Distribution of Actin and Cortical Granules Dynamics in Porcine Oocytes

Actin assembly plays a key role in asymmetric spindle positioning and cortical polarization during the meiotic maturation of oocytes (Azoury et al., 2008; Pfender et al., 2011; Duan and Sun, 2019). In order to detect whether Cu exposure affects the actin dynamics of oocytes, phalloidin-TRITC was used to stain the F-actin to observe the polymerization of actin filaments. As shown in Figure 2A, in the control oocytes, actin filaments were uniformly concentrated on the plasma membrane with strong signals. However, in the Cu-exposed group, the assembly of actin filaments was impaired and the oocytes exhibited weak signals. The quantitative detection of relative fluorescence intensity on the oocyte’s membrane showed that the actin signals were drastically reduced in the Cu-exposed oocytes (50.9 ± 1.8, n = 39, control, P < 0.001 vs. 16.4 ± 1.2, n = 41, Cu; Figure 2B). In addition, the fluorescence plot analysis confirmed the results above by quantified along the lines drawn through the oocytes (Figure 2C).
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FIGURE 2. Effects of Cu exposure on the distribution of actin and cortical granules dynamics in porcine oocytes. (A) Representative images of actin filaments in the control and Cu-exposed oocytes. Scale bar, 30 mm. (B) The fluorescence intensity of actin signals was measured in the control and Cu-exposed oocytes. (C) Right graphs showed fluorescence intensity profiling of phalloidin in oocytes. Lines were drawn through the oocytes, and pixel intensities were quantified along the lines. (D) Representative images of cortical granule localization in the control and Cu-exposed oocytes. Scale bar, 20 mm. (E) The fluorescence intensity of cortical granules was measured in the control groups and the Cu-exposed oocytes. Data of (B,E) were presented as the mean percentage of at least three independent experiments (mean ± SEM). ***P < 0.001.


The distribution of cortical granules (CGs) is one of the key indexes of oocytes cytoplasmic maturation (Ducibella et al., 1988). As shown in Figure 2D, in the Cu-exposed group, the signals of CGs exhibited a significant decrease. The quantitative detection of relative fluorescence intensity also confirmed that there was a markedly decline in the Cu-exposed oocytes compared to the controls (42.1 ± 2.3, n = 29, control, P < 0.001 vs. 10.2 ± 1.9, n = 31, Cu; Figure 2E).



Effects of Cu on the Fertilization Ability and Early Embryo Development of Porcine Oocytes

Decreased porcine oocytes quality caused by Cu exposure can affect the fertilization ability and embryonic development. We further carried out an in vitro fertilization to confirm it. The result was as expected (Figure 3A). The number of two-cell embryos in the Cu-exposed group was significantly decreased compared to the control group (72.5 ± 1.6%, n = 40, control vs. 47.4 ± 2.0%, n = 38, Cu, P < 0.0001; Figure 3B). The blastocyst rate after IVF in the Cu-exposed group was significantly decreased compared to the control group (26.5 ± 1.5%, n = 81, control vs. 6.3 ± 2.1%, n = 88, Cu, P < 0.0001; Figures 3C,D). Parthenogenetic activation experiment proved that a high concentration of copper did not affect the parthenogenetic activation rate of oocytes (93.0 ± 2.6%, n = 180, control vs. 86.3 ± 2.7%, n = 211, Cu, P < 0.005; Figures 3E,F). However, it had a significant effect on the embryonic development (Figure 3G). The blastocyst rate after parthenogenetic activation in the Cu-exposed group was significantly decreased compared to the control group (56.7 ± 2.1%, n = 101, control vs. 23.7 ± 2.9%, n = 117, Cu, P < 0.0001; Figure 3H). The results of the parthenogenetic activation experiments by means of electrical activation showed that a high concentration of copper did not affect the parthenogenetic activation rate of oocytes. However, a high concentration of copper affected the fertilization ability and blastocyst rate after the parthenogenetic activation or IVF of porcine oocytes.
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FIGURE 3. Effects of Cu on the fertilization ability and early embryo development of porcine oocytes. (A) Representative images of the fertilized eggs in the control and Cu-exposed groups. Scale bar, 120 μm (B) In vitro fertilization rate was recorded in the control groups and the Cu-exposed oocytes. (C) Representative images of the blastocyst rate in the control and Cu-exposed groups after IVF. Scale bar, 100 μm (D) blastocyst rate was recorded in the control groups and the Cu-exposed oocytes after IVF. (E) Representative images of the parthenogenetic activation rate in the control and Cu-exposed groups. Scale bar, 100 μm. (F) Parthenogenetic activation rate was recorded in the control groups and the Cu-exposed oocytes. (G) Representative images of the blastocyst rate in the control and Cu-exposed groups after parthenogenetic activation. Scale bar, 100 μm (H) blastocyst rate was recorded in the control groups and the Cu-exposed oocytes after parthenogenetic activation. Data of (B,D,F,H) were presented as the mean percentage of at least three independent experiments (mean ± SEM). ns: no significance; ***P < 0.001.




Transcriptome Analysis Identifies the Target Effectors of Cu in Porcine Oocytes

In order to further investigate the underlying mechanisms of the effects of Cu supplementation on the porcine oocytes, the single-cell transcriptome analysis was performed to identify the target effector of Cu. Heatmap and volcano plot data showed that the transcriptome profile of the Cu-exposed oocytes was different from that of the control oocytes, exhibiting that 44 differentially expressed genes (DEGs) were upregulated and 13 DEGs were downregulated in the Cu-exposed oocytes (Figures 4A,B). Four randomly selected genes in the downregulated group were verified using Log2(Fold-change) analysis and quantitative real-time PCR. As shown in Figures 4C,D, the expression of four genes (Atp5pf, Ndufb3, Ndufab1, Ndufa13) were significantly downregulated in the Cu-exposed oocytes compared to the controls.
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FIGURE 4. Transcriptome analysis identifies target effectors of Cu in porcine oocytes. (A) Heatmap illustration showing the gene expression of the control and Cu-exposed groups. (B) Volcano plot showing the differentially expressed genes (DEGs; upregulated, red; downregulated, blue) in the control compared with Cu-exposed oocytes. (C) RNA-seq results of the selected genes in the Cu-exposed oocytes compared with the control ones (red). (D) Validation of the RNA-seq data by quantitative RT-PCR in the control oocytes (blue) and the Cu-exposed oocytes (red). Data were presented as the mean percentage of at least three independent experiments (mean ± SEM). **P < 0.01, ***P < 0.001. (E) KEGG enrichment analysis of DEGs in the Cu-exposed oocytes compared with the control ones. (F) GO enrichment analysis of DEGs in the Cu-exposed oocytes compared with the control ones. Orange represents biological process; blue represents molecular function; and green represents cellular component.


Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs revealed the abnormal expression of genes enriched in the oxidative phosphorylation pathway and regulation of actin cytoskeleton pathway in the Cu-exposed oocytes compared with the control groups (Figure 4E). In addition, Gene Ontology (GO) analysis showed that DEGs were associated with the mitochondrial function including the mitochondrial proton-transporting ATP synthase complex, mitochondrial inner membrane, and mitochondrion (Figure 4F). In summary, the Cu-exposed oocytes that exhibited an abnormality are highly related to oxidative stress and mitochondrial function, which prompts us to focus on mitochondrial function and oxidative stress as the target effectors of copper in porcine oocytes.



Effects of Cu Exposure on the Distribution and Function of Mitochondria in Porcine Oocytes

The distribution of mitochondria is another key index of the cytoplasmic maturation of oocytes (Sun et al., 2001). In the porcine oocytes in the control group, most of mitochondria accumulated around lipid droplets in the subcortical region, but the Cu-exposed oocytes mitochondria lost its specific localization (Figure 5A). The quantitative detection of relative fluorescence intensity showed that the mitochondria signals were drastically reduced in the Cu-exposed oocytes compared to the controls (45.5 ± 2.0, n = 29, control vs. 16.9 ± 2.2, n = 28, Cu, P < 0.0001; Figure 5B). In addition, the mitochondria membrane potential (ΔΨm) was detected by JC-1 staining. High membrane potential mitochondria showed a red fluorescence, while low membrane potential mitochondria showed a green fluorescence (Figure 5C). The quantitative detection of the relative fluorescence intensity showed that the ratio of red and green fluorescence was significantly lower in the Cu-exposed oocytes than that in the controls (1.64 ± 1.2, n = 26, control vs. 0.45 ± 1.3, n = 21, Cu, P < 0.0001; Figure 5D). Altogether, this part of the results further verified the conclusion of the single cell transcriptome data analysis: a high concentration of copper treatment caused damage to the distribution and function of mitochondria in oocytes.
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FIGURE 5. Effects of Cu exposure on the distribution and function of mitochondria in porcine oocytes. (A) Representative images of mitochondria in the control and Cu-exposed oocytes. Scale bar, 50 μm. (B) The immunofluorescence intensity of mitochondrion signals was recorded in the control and Cu-exposed oocytes. (C) Mitochondrial membrane potential (ΔΨm) was detected by JC-1 in the control and Cu-exposed oocytes (Green, low ΔΨm; Red, high ΔΨm). (D) The ratio of red and green fluorescence intensity was recorded in the control and Cu-exposed oocytes. Data of (B) and (D) were expressed as the mean percentage of at least three independent experiments (mean ± SEM). ***P < 0.001.




Effects of Cu Exposure on the ROS Level, DNA Damage, and Early Apoptosis in Porcine Oocytes

Mitochondrial dysfunction is known to cause ROS production and oxidative stress; therefore, we used dichlorofluorescein (DCFH) staining to compare the ROS levels in porcine oocytes from the control and the Cu-exposed groups (Figure 6A). The results showed that the fluorescence intensity of ROS signal in the Cu-exposed oocytes was significantly stronger than that of the control group (9.8 ± 1.8, n = 25, control vs. 26.4 ± 1.9, n = 25, Cu, P < 0.0001; Figure 6B). In addition, several genes involved in the antioxidant pathways were verified using quantitative real-time PCR. As shown in Figure 6C, the expression of five genes (GSR, SOD1, SOD2, GPX1, GPX4) was significantly downregulated in the Cu-exposed oocytes compared to the controls.
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FIGURE 6. Effects of Cu exposure on the ROS level, DNA damage, and early apoptosis in porcine oocytes. (A) Representative images of ROS signals in the control and Cu-exposed oocytes. Scale bar, 30 μm. (B) The fluorescence intensity of ROS was quantified in the control and Cu-exposed oocytes. (C) The expression of genes related to the anti-oxidation pathway was examined in the control and Cu-exposed oocytes. (D) The representative images of DNA damagm. (B) The fluorescence intensity of ROS was quantified in the control and Cu-exposed oocytes. (C) The expression of genes related to the anti-oxidation pathway was examined in the control and Cu-exposed oocytes. (D) The representative images of DNA damage in the control and Cu-exposed oocytes. Scale bar, 5 μm. (E) The fluorescence intensity of γH2A.X signals was quantified in the control and Cu-exposed oocytes. (F) The representative images of apoptotic oocytes were shown in the control and Cu-exposed oocytes. Scale bar, 30 in the control and Cu-exposed oocytes. Data of (B,C,E,G) were expressed as the mean percentage of at least three independent experiments (mean ± SEM). **P < 0.01, ***P < 0.001.


High levels of oxidative stress often cause DNA damage and early apoptosis (Ratan et al., 1994; Ozben, 2007). Next, we chose γ-H2A.X staining and Annexin-V staining to verify the DNA damage and early apoptosis in the Cu-exposed oocytes and the controls. The immunofluorescence results showed that the γ-H2A.X signals and Annexin-V signals was remarkably higher in the Cu-exposed oocytes than that of the control groups (Figures 6D,F), and the fluorescence intensity analysis also confirmed the result above (20.6 ± 1.2, n = 22, control vs. 46.1 ± 2.4, n = 19, Cu, P < 0.0001; Figure 6E; 11.9 ± 1.9, n = 19, control vs. 30.9 ± 2.1, n = 18, Cu, P < 0.0001; Figure 6G).




DISCUSSION

It has been previously found that Cu promoted the growth rate of pigs (Cromwell et al., 1989), and a high Cu diet is widely used in pig production. However, excessive dietary Cu can seriously affect the growth of livestock and lead to serious environmental problems through excretion in feces (Sutton and Richert, 2004). At present, there has been limited research of Cu actions in reproduction. Some studies showed that trace amounts of Cu (0, 2, 4, and 6 μg/mL) during the in vitro maturation of bovine oocytes can improve the content of glutathione and DNA integrity in cumulus cells, and reported that the optimal development of embryos to the blastocyst stage depends on the addition of Cu during the in vitro maturation (Picco et al., 2012). In addition, previous reports showed that dietary Cu supplementation enhanced the in vitro fertilization ability of frozen semen from goats. The zona pellucida binding and embryo cleavage rates for the in vitro fertilization with goat sperm were significantly higher in the Cu-treated groups than in the control groups, and there was a dose-dependent response (Hackbart et al., 2010). Choi et al. (2021) treated porcine oocytes with 2.8 μg/ml copper and found that Cu supplementation at appropriate concentrations in the IVM medium improved porcine oocyte maturation and the subsequent embryonic potential. They showed that the mRNA levels of Has-2, a cumulus cell expansion-related gene, were higher in all the Cu-treated groups than that in the control group. In the 0.7 μg/ml Cu group, the mRNA expression levels of PCNA, ZAR1, and NPM2, which are related to developmental competence, were significantly higher than those in the control group. Moreover, increased levels of SOD1 transcript, correlated with the antioxidative response, were observed in the 0.7 and 1.4 μg/ml Cu groups. However, the effects of Cu, in particular excessive Cu levels, on the reproductive performance of boars and sows have not been studied.

Two key indicators of normal maturation of porcine oocyte are polar body extrusion and cumulus cells expansion. We have shown that increasing the Cu sulfate concentration (15, 25, 50, and 100 μg/mL) during the in vitro culture of porcine oocytes led to the abnormal expansion of cumulus cells and a decreased oocyte maturation rate. Since the breakdown of cytoskeletal assembly usually results in cell division defects in both meiotic and mitotic cells (Azoury et al., 2008; Heng and Koh, 2010), we investigated the negative effects of Cu exposure on the oocyte meiotic progression by studying cytoskeleton dynamics. Our data showed that Cu exposure disrupted spindle organization by impairing the microtubules stability, and with the chromosomal misalignment. In addition, Cu exposure destroyed the integrity of actin and cortical granules, both essential components for cytoskeletal and cytoplasmic maturation. Thus, these findings demonstrated that a disrupted oocyte maturation induced by Cu exposure was attributable to a deficiency in the cytoskeleton dynamics. Mature porcine oocytes treated with Cu exhibited a significantly decreased fertilization rate compared with the controls, showing that a high concentration of Cu reduced the quality and the fertilization ability of oocytes. Fertilization is a complicated event that requires energy supply. High concentrations of copper impair the function of the mitochondria, which provide energy to cells and maintain a redox balance. The accumulation of ROS is one of the reasons for the abnormal transport of cytoskeleton and cortical granules (Miao et al., 2018a,b). Cortical granules are involved in the cortical reaction during the process of fertilization, and inhibit the occurrence of polyspermy. Further studies of embryo development showed that 25 μg/mL of copper treatment also significantly reduced embryo development ability after IVF. We speculate that the decrease of oocyte quality is the direct cause of an abnormal embryo development. To validate this, we further verified that the blastocyst rate of oocytes treated with a high concentration of copper was significantly lower than that of the control group by parthenogenetic activation. However parthenogenetic activation did not affect the activation rate of porcine oocytes, indicating that a high concentration of copper did not affect the signal pathway or calcium ion channels during the electrical activation of oocytes (Cheng et al., 2007; Saadeldin et al., 2018).

The data of single-cell transcriptome analysis showed that genes related to cytoskeleton, such as ITGB5, GNG12, and PIP4K2B, were affected by copper treatment. Normal oocyte cytoplasmic maturation are indicated by the migration of cortical granules from the center region to the subcortical region following their synthesis from the Golgi apparatus (Ahmed et al., 2017), and this translocation is mediated by the actin filaments. Therefore, copper treatment might affect the cytoskeleton dynamics and cytoplasmic transport, resulting in the defective distribution of cortical granules to the subcortical area of oocytes. In addition, the single-cell transcriptome data further showed that genes in the oxidative phosphorylation pathway and mitochondrial organization-related processes were significantly downregulated in the Cu-exposed oocytes, suggesting that the mitochondria were the downstream effector of Cu actions. In agreement with the role of mitochondria, we found that Cu exposure impaired the normal mitochondrial distribution pattern, as well as mitochondrial function, including the membrane potential and ATP production capacity (Grootegoed et al., 1984; Cai et al., 2015; Zhang et al., 2019; Miao et al., 2020). Mitochondria play a primary role in oocytes and are an important source of the generation of ATP for cell development (Dumollard et al., 2007; Niu et al., 2019), and the mitochondrial distribution pattern is considered a critical indicator for evaluating oocyte cytoplasmic maturation. Our findings indicated that Cu exposure impaired cytoplasmic maturation of oocytes by disrupting the mitochondrial distribution and function. As a result, increased ROS levels induced the DNA damage and apoptosis accumulation in the Cu-exposed oocytes.



CONCLUSION

All in all, we provide a substantial record of evidence that Cu exposure results in mitochondrial dysfunction and redox perturbation in porcine oocytes, thereby generating ROS accumulation-induced apoptosis, which is a main cause for a deteriorated oocyte quality.
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Increasing evidence has demonstrated that oxidative stress impairs oocyte maturation, but the underlying mechanisms remain largely unknown. Here, for the first time, we examined the antioxidant role of luteolin in meiotic progression and the underlying mechanisms. Supplementation of 5 μM luteolin increased the rates of first polar body extrusion and blastocyst formation after parthenogenetic activation, and the expression levels of oocyte competence (BMP15 and GDF9)-, mitogen-activated protein kinase (MOS)-, and maturation promoting factor (CDK1 and Cyclin B)-related genes were also improved. Luteolin supplementation decreased intracellular reactive oxygen species levels and increased the expression levels of oxidative stress-related genes (SOD1, SOD2, and CAT). Interestingly, luteolin alleviated defects in cell organelles, including actin filaments, the spindle, mitochondria, the endoplasmic reticulum, and cortical granules, caused by H2O2 exposure. Moreover, luteolin significantly improved the developmental competence of in vitro-fertilized embryos in terms of the cleavage rate, blastocyst formation rate, cell number, cellular survival rate, and gene expression and markedly restored the competencies decreased by H2O2 treatment. These findings revealed that luteolin supplementation during in vitro maturation improves porcine meiotic progression and subsequent embryonic development by protecting various organelle dynamics against oxidative stress, potentially increasing our understanding of the underlying mechanisms governing the relationship between oxidative stress and the meiotic events required for successful oocyte maturation.
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INTRODUCTION

Understanding the in vitro maturation (IVM) of oocytes is important for developing assisted reproductive technology (ART) and generating mature oocytes that are capable of successful embryonic development (Hashimoto, 2009). However, only a small percentage of immature oocytes can develop into blastocysts and subsequently result in pregnancy (Kwak et al., 2012). As low-quality oocytes resulting from improper IVM conditions are one of the main reasons for ART failure, optimization of IVM conditions is vital for improving ART (Lee et al., 2020).

Oocyte maturation involves both nuclear and cytoplasmic maturation. Nuclear maturation mainly refers to chromosome segregation and reflects the capacity of the oocyte to resume meiosis (Lopes et al., 2019). Cytoplasmic maturation involves the accumulation of mRNA, proteins, and substrates required for subsequent fertilization ability and developmental competence (Watson, 2007). Cell organelles including mitochondria, the endoplasmic reticulum (ER), and microtubules play important roles in both nuclear and cytoplasmic maturation through the regulation of protein and ATP synthesis and chromosome segregation (Mao et al., 2014). However, inadequate in vitro conditions lead to the abnormal behavior of cell organelles and finally result in disrupted meiotic maturation (Ueno et al., 2005; De los Reyes et al., 2011; De los Reyes et al., 2012).

In aerobic organisms, reactive oxygen species (ROS) including hydroxyl radicals, superoxide anions, and hydrogen peroxide (H2O2) are produced as byproducts of cell metabolism. However, during IVM cultivation of cumulus oocyte complexes (COCs), the IVM medium has fewer antioxidant enzymes than does the in vivo environment comprising follicular and oviduct fluids provided by the mother (Ye et al., 2017). The imbalance between ROS production and clearance caused by the lack of maternal antioxidants induces oxidative stress, which disrupts oocyte maturation and subsequent embryonic development (Khazaei and Nematbakhsh, 2004). Numerous studies have shown that antioxidant treatments such as adding quercetin, vitamin C, and resveratrol to IVM medium are helpful in improving oocyte quality (Sovernigo et al., 2017). Nevertheless, it is essential to elucidate the mechanisms underlying the relationship between oxidative stress and meiotic events for successful oocyte maturation.

Luteolin (3, 4, 5, 7-tetrahydroxyflavone; Lut) is a flavone, a type of flavonoid, usually found in broccoli, rosemary, olive oil, and peppermint. Accumulating studies have shown that Lut possesses anti-inflammatory, anticancer, and cytoprotective properties (Gupta et al., 2018). Especially, Lut functions as an antioxidant, protecting various cell types against oxidative stress (Xia et al., 2014; An et al., 2016). However, no studies have examined the effects of Lut on mammalian oocytes. In the present study, we investigated the role of Lut on meiotic progression using porcine oocyte because of the physiological and phylogenetic similarities between porcine and human oocyte, such as oocyte diameter and time period of maturation, which means porcine oocyte can be used to reflect the reproduction system of human (Day, 2000; Santos et al., 2014; Wang et al., 2016). In the present study, we explored the antioxidant effect of Lut supplementation on oocyte maturation and the subsequent developmental competence of in vitro fertilization (IVF) embryos. Given the important role of Lut in oocyte maturation, we also examined the role oxidative stress plays in various changes in cell organelles during oocyte maturation.



MATERIALS AND METHODS


Chemicals

All chemicals and reagents were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, United States) unless otherwise indicated.



IVM

Porcine ovaries obtained from a local slaughterhouse were transported in 0.9% saline supplemented with 75 μg/mL potassium penicillin G and 50 μg/mL streptomycin sulfate and maintained at 37–38°C. COCs were aspirated from follicles (3–6 mm in diameter) through a disposable 10-mL syringe with an 18-gauge needle. The COCs were washed in 0.9% saline containing 0.1% bovine serum albumin (BSA), and 40–50 oocytes were matured in 500 μL of IVM medium in a four-well multi-dish (Nunc, Roskilde, Denmark) at 38.5°C under 5% CO2. For the first 22 h, Tissue Culture Medium 199 supplemented with 10% porcine follicular fluid, 0.57 mM cysteine, 10 ng/mL epidermal growth factor, 10 IU/mL pregnant mare serum gonadotropin (PMSG), and 10 IU/mL human chorionic gonadotropin (hCG) was used for maturation. During the second stage (22–44 h), the same medium was used without PMSG and hCG. After IVM, the cumulus cells were removed by repeated pipetting in 0.1% hyaluronidase. Denuded oocytes were classified as immature, degenerate, or at metaphase II (MII; first polar body extrusion visible) under a microscope (Nikon, Tokyo, Japan), and only MII oocytes were used for further experiments.



Chemical Treatment

A stock solution of 20 mM Lut was prepared with dimethylsulfoxide and diluted in IVM medium to final concentrations of 0 (control), 1, 5, or 10 μM Lut. To demonstrate the protective effect of Lut against oxidative stress, additional IVM experiments were performed in the absence or presence of 1 mM H2O2 (Do et al., 2015), depending on the experimental design.



Parthenogenetic Activation

Metaphase II oocytes were parthenogenetically activated in a 1-mm gab wire chamber (CUY5000P1, Nepagene, Chiba, Japan) with 10 μL of 280 mM mannitol solution containing 0.1 mM MgSO4⋅7H2O, 0.1 mM CaCl2⋅2H2O, 0.5 mM HEPES, and 1 mg/mL polyvinyl alcohol (PVA). Oocytes were activated with a 110-V direct current for 50 μs using an electro cell fusion generator (LF101, Nepagene). Activated oocytes were transferred into in vitro culture (IVC) medium (porcine zygote medium-3 containing 4 mg/mL BSA) supplemented with 5 μg/mL cytochalasin B and 2 mM 6-dimethylaminopurine for 4 h at 38.5°C under 5% CO2. After 4 h, the oocytes were transferred to IVC medium at 38.5°C under 5% CO2. Cleavage and blastocyst formation were evaluated on days 2 and 6, respectively.



IVF

In vitro fertilization was performed in modified Tris-buffered medium (mTBM) consisting of 113.1 mM NaCl, 3 mM KCl, 7.5 mM CaCl2⋅2H2O, and 20 mM Tris (crystallized free base; Fisher Scientific, Waltham, MA, United States), 11 mM glucose, 5 mM sodium pyruvate, 2.5 mM caffeine sodium benzoate, and 1 mg/mL BSA. Ejaculated fresh swine semen was washed three times by centrifugation for 3 min at 100g and room temperature with Dulbecco’s phosphate-buffered saline (DPBS; Gibco, Grand Island, NY, United States) supplemented with 1 mg/mL BSA, 100 μg/mL penicillin G, and 75 μg/mL streptomycin sulfate. Washed spermatozoa were re-suspended in mTBM for 15 min. Next, 2 μL of diluted spermatozoa was added to 48 μL of mTBM containing 10–15 oocytes, yielding a final concentration of 1.5 × 105 spermatozoa/mL. The oocytes were co-incubated with the spermatozoa for 6 h at 38.5°C under 5% CO2. After 6 h, spermatozoa covering the oocytes were stripped via gentle pipetting. Thereafter, the IVF embryos were incubated in IVC medium at 38.5°C under 5% CO2 for 6 days. Cleavage and blastocyst formation were evaluated on days 2 and 6, respectively.



Measurement of Intracellular ROS Levels

Oocytes from each treatment group were incubated for 10 min in DPBS (Welgene, Gyeongsan, South Korea) supplemented with 1 mg/mL PVA (DPBS–PVA) mixed with 10 μM CM-H2DCFDA (Invitrogen, Paisley, United Kingdom). After incubation, the oocytes were washed with DPBS–PVA, and fluorescence was observed under a fluorescence microscope (DMI 4000B; Leica, Wetzlar, Germany). The fluorescence intensities of the oocytes were analyzed using ImageJ software (version 1.47; National Institutes of Health, Bethesda, MD, United States) and normalized to those of the control oocytes.



Confocal Microscopy of Actin Filaments

Metaphase II oocytes were fixed in 10% neutral buffered formalin solution overnight at 4°C. Fixed oocytes were permeabilized in DPBS (Welgene) containing 0.5% (v/v). Triton X-100 for 30 min at room temperature and blocked in blocking solution (DPBS–PVA supplemented with 2 mg/mL BSA) for 1 h at room temperature. The oocytes were stained with 10 μg/mL phalloidin-tetramethylrhodamine B isothiocyanate for 2 h at room temperature. After washing in DPBS–PVA, the oocytes were mounted on glass slides with 1.5 μg/mL 4, 6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Inc., Burlingame, CA, United States) and observed using a laser-scanning confocal fluorescent microscope (LSM700; Zeiss, Oberkochen, Germany).



Confocal Microscopy of α-Tubulin

After 28 h of IVM, denuded oocytes were fixed in formalin solution for at least 4 h at 38.5°C and permeabilized in DPBS (Welgene) containing 0.5% (v/v) Triton X-100 for 1 h at room temperature. Then, the oocytes were blocked in blocking solution for 1 h at room temperature. Next, the oocytes were stained with 1 μg/mL anti-α-tubulin antibody (Invitrogen) overnight at 4°C. The oocytes were washed in DPBS (Welgene) containing 0.05% (v/v) Tween 20 and then blocked again under the same conditions. The oocytes were incubated for 1 h at room temperature with a conjugated secondary antibody-Alexa Fluor 488-labeled goat anti-mouse IgG (1:200 in blocking solution) and washed in DPBS (Welgene) containing 0.05% (v/v) Tween 20. Oocytes were mounted on glass slides with 1.5 μg/mL DAPI and observed using a laser-scanning confocal fluorescent microscope (LSM700; Zeiss).



Analysis of Mitochondrial Distribution, Mitochondrial Membrane Potential, and Mitochondrial ROS

Mitochondrial distribution and the mitochondrial membrane potential (MMP) were detected using MitoTracker Deep Red (Invitrogen) and JC-1 (Cayman Chemical, Ann Arbor, MI, United States), with red fluorescence indicating the aggregated form (J-aggregate) and green fluorescence indicating the monomer form (J-monomer). Additionally, mitochondrial ROS (mtROS) were detected using MitoSOX. MII oocytes were fixed in formalin solution for 1 h at 38.5°C and then washed in DPBS–PVA. The oocytes were incubated with 200 nM MitoTracker in DPBS–PVA, JC-1 (1:100), or 10 μM MitoSOX at 38.5°C for 30 min and then washed with DPBS–PVA. Fluorescence signals were detected using a fluorescence microscope (DMi8; Leica). The fluorescence intensities of the oocytes were analyzed using ImageJ software (version 1.47) and normalized to those of the control oocytes.



Analysis of ER Distribution and Cytoplasmic Calcium Concentration

Metaphase II oocytes were fixed in formalin solution for 1 h. Washed oocytes were then incubated with 1 μM ER Tracker (Invitrogen) or 10 μM Fluo-3 (Invitrogen) dissolved in DMSO plus 0.05% Pluronic F-127 for 30 min. After the oocytes were washed in DPBS–PVA, fluorescence signals were detected using a fluorescence microscope (DMi8; Leica). The fluorescence intensities of the oocytes were analyzed using ImageJ software (version 1.47) and normalized to those of the control oocytes.



Confocal Microscopy of Cortical Granules

Metaphase II oocytes were fixed in formalin solution at 38.5°C for 3 h and then washed in DPBS–PVA supplemented with 3 mg/mL BSA and 100 mM glycine. The oocytes were incubated in DPBS containing 0.1% (v/v) Triton X-100 for 5 min at room temperature and then incubated with 10 μg/mL fluorescein isothiocyanate (FITC)-labeled peanut agglutinin (Vector Laboratories, Inc.) for 30 min. Subsequently, the oocytes were washed in DPBS–PVA supplemented with 3 mg/mL BSA and 0.01% (v/v) Triton X-100. The oocytes were mounted with 1.5 μg/mL DAPI and cortical granules (CGs) are observed using a laser-scanning confocal fluorescent microscope (LSM700; Zeiss).



Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Digoxygenin Nick End-Labeling Assay

A terminal deoxynucleotidyl transferase-mediated dUTP-digoxygenin nick end-labeling (TUNEL) assay was conducted using an In Situ Cell Death Detection kit (Roche, Basel, Switzerland). On day 6, blastocysts were fixed in formalin solution for 1 h at room temperature. The fixed blastocysts were incubated in DPBS (Welgene) containing 1% (v/v) Triton X-100 for 1 h at room temperature, and stained with fluorescein-conjugated dUTP and terminal deoxynucleotidyl transferase for 1 h at 38.5°C. As a negative control for the TUNEL reaction, a group of blastocysts was incubated in fluorescein-conjugated dUTP in the absence of terminal deoxynucleotidyl transferase. Thereafter, blastocysts were mounted on slides with 1.5 μg/mL DAPI, and DAPI-labeled or TUNEL-positive nuclei were observed under a fluorescence microscope (DMi8; Leica).



Cdx2 Staining

On day 6, blastocysts were fixed in formalin solution for 1 h at room temperature. The fixed blastocysts were then washed and incubated in DPBS (Welgene) containing 1% (v/v) Triton X-100 for 1 h at room temperature, washed in DPBS–PVA, and blocked in DPBS–PVA supplemented with 1 mg/mL BSA (DPBS–PVA–BSA) at 4°C overnight. Next, the blastocysts were blocked with 10% normal goat serum for 45 min and then incubated overnight at 4°C with the primary antibody-mouse monoclonal anti-Cdx2 (undiluted solution; Biogenex Laboratories, Inc., San Ramon, CA, United States). Next, the blastocysts were washed in DPBS–PVA–BSA and incubated for 1 h at room temperature with the Alexa Fluor 488-labeled goat anti-mouse IgG conjugated secondary antibody (1:200 in DPBS–PVA–BSA). Finally, the blastocysts were washed in DPBS–PVA–BSA, and DNA was stained with 1.5 μg/mL DAPI. DAPI-labeled or Cdx2-positive nuclei were observed using a fluorescence microscope (DMi8; Leica).



Quantitative Real-Time Polymerase Chain Reaction

Poly(A) mRNAs were extracted from 10 MII oocytes or blastocysts using the Dynabeads mRNA Direct Micro kit (Invitrogen, Paisley, United Kingdom). Samples were lysed in 100 μL of lysis/binding buffer at room temperature for 5 min, and 30 μL of Dynabeads oligo (dT)25 was added to each sample. The beads were separated from the binding buffer using a Dynal magnetic bar (Invitrogen). Bound poly(A) mRNAs and beads were washed with buffers A and B and then separated by adding 7 μL of Tris buffer. Prior to reverse transcription, RNAase contamination was removed with 3 μL of cleansing solution containing genomic DNA (gDNA) Eraser and 5X gDNA Eraser buffer. The resulting poly(A) mRNAs were reverse-transcribed in 10-μL reactions containing Primescript RT Enzyme Mix, 5X Primescript buffer, and RT Primer Mix (Takara, Osaka, Japan). The secondary RNA structure was denatured at room temperature for 5 min to facilitate cDNA production. The reaction was terminated by incubation at 37°C for 15 min and 85°C for 5 s. The resulting cDNA was used as a template for polymerase chain reaction (PCR) amplification. The following PCR conditions were used: 95°C for 20 s and 60°C for 20 s. The Mx3000P QPCR system (Agilent, Santa Clara, CA, United States) and SYBR Premix Ex Taq (Takara Bio, Inc., Shiga, Japan) were used for quantitative real-time (qRT)-PCR. The threshold cycle (Ct) is defined as the fractional cycle number at which the fluorescence passes a fixed threshold above baseline. For the comparative analyses, mRNA expression levels were normalized to that of H2A and are expressed as in terms of fold-changes. The sample delta Ct (SΔCT) value was calculated as the difference between the Ct values of H2A and the target genes. The relative gene expression levels between the samples and control were determined using the formula 2–(SΔCT–CΔCT). The primers used in the current study are listed in Supplementary Table 1.



Statistical Analyses

All experiments were repeated at least three times, and data are presented as the mean and standard error of the mean. The results were compared via one-way analysis of variance, followed by Tukey’s multiple-range tests, unless Student’s t-test (Figures 1G,H) was indicated, using PASW Statistics for Windows, Version 18 (SPSS Inc., Chicago, IL, United States). p-values less than 0.05 were considered to denote statistical significance.
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FIGURE 1. Effects of luteolin (Lut) on meiotic maturation and subsequent embryonic development in porcine embryos after parthenogenetic activation. (A) Representative images of porcine oocytes with or without polar bodies. Scale bar = 50 μm. (B) Percentages of metaphase II (MII) oocytes after in vitro maturation (IVM) in the indicated groups (0 μM, n = 182; 1 μM, n = 180; 5 μM, n = 178; 10 μM, n = 182). (C) Representative images of blastocyst formation in the indicated groups. Scale bar = 100 μm. Rates of (D) cleavage and (E) blastocyst formation in the indicated groups (0 μM, n = 103; 1 μM, n = 103; 5 μM, n = 111; 10 μM, n = 106). (F) Representative fluorescent images and (G) relative intensity levels of reactive oxygen species (ROS) in the indicated groups (control [Con], n = 28; Lut, n = 28). Scale bar = 100 μm. (H) Relative expression of oxidative stress- and oocyte competence-related genes in the indicated groups. The data are from at least three independent experiments, and the different superscript letters represent the significant difference (p < 0.05).




RESULTS


Lut Enhances Porcine Oocyte Quality by Reducing Intracellular ROS Levels

To examine the effect of Lut on porcine oocyte meiotic maturation and subsequent embryonic development, we cultured the COCs in IVM medium supplemented with different concentrations of Lut (0, 1, 5, and 10 μM). The proportion of MII oocytes was significantly higher in the 1 and 5 μM Lut groups than in the other groups (Figures 1A,B and Supplementary Table 2). The blastocyst formation rate after parthenogenetic activation was significantly improved in the 5 μM Lut group (Figures 1C–E and Supplementary Table 3). Based on these results, we used 5 μM Lut for the following experiments.

We measured intracellular ROS levels to determine the antioxidant activity of Lut in oocytes. ROS levels were remarkably decreased in the Lut group compared with the control (Figures 1F,G). The expression levels of oxidative stress (SOD1, SOD2, and CAT)-, oocyte competence (BMP15 and GDF9)-, mitogen-activated protein kinase (MAPK; MOS)-, and maturation promoting factor (CDK1 and Cyclin B)-related genes in the Lut group were significantly higher than in the control (Figure 1H). Next, we cultured COCs in IVM medium supplemented with Lut and/or H2O2 and recorded intracellular ROS levels and the proportion of MII oocytes. The results showed that H2O2-expose significantly increased intracellular ROS levels, and Lut supplementation reduced this increase to control level (Supplementary Figure 1). Furthermore, the proportion of MII oocytes was lower in H2O2-exposed oocytes, but this decrease was rescued by Lut supplementation (Supplementary Table 4). These results showed that Lut supplementation during IVM improves meiotic progression by reducing oxidative stress in porcine oocytes.



Lut Alleviates Oxidative Stress-Induced Actin and Spindle Defects in Porcine Oocytes

We examined the actin and spindle morphology in Lut and/or H2O2-treated oocytes. The percentage of oocytes with normal actin morphology, with the actin accumulating uniformly on the plasma membrane, was higher in the Lut group than in the control. Actin filament signals from the H2O2-exposed oocytes were indicative of more abnormal morphology, such as a much weaker or discontinuous distribution, but these were restored by Lut supplementation (Figures 2A,B). The quantification of actin fluorescence signals confirmed the observations. The fluorescent intensity of actin was reduced in the oocytes exposed to H2O2, but the decrease was attenuated by Lut supplementation (Figure 2C). Moreover, the proportion of oocytes with well-organized spindle and chromosome structures was significantly lower in the H2O2 group than in the other groups, with the decrease restored by Lut supplementation (Figures 2D–F). In short, Lut supplementation during IVM improves cytoskeleton dynamics-mediated nuclear maturation by reducing oxidative stress.
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FIGURE 2. Effects of Lut on actin and spindle defects induced by H2O2. (A) Representative images of normal and abnormal actin distribution in porcine oocytes. Scale bar = 50 μm. (B) Percentages of oocytes with normal actin morphology and (C) relative intensities of actin signals in the indicated groups (Con, n = 25; Lut, n = 25; H2O2, n = 25; Lut + H2O2, n = 25). (D) Representative images of a normal and abnormal spindle and chromosome structures. Scale bar = 10 μm. Percentages of oocytes with normal (E) spindle and (F) chromosome morphology in the indicated groups (Con, n = 32; Lut, n = 29; H2O2, n = 37; Lut + H2O2, n = 29). The data are from at least three independent experiments, and the different superscript letters represent the significant difference (p < 0.05).




Lut Recovers the Mitochondrial Content and MMP in Porcine Oocytes by Regulating the mtROS Level

We explored the mitochondrial content, MMP, and mtROS level in Lut- and/or H2O2-treated oocytes. MitoTracker intensity levels were higher in Lut-treated oocytes and lower in H2O2-treated oocytes compared with the control (Figures 3A,B). Consistently, the ratio of fluorescence intensity of the J-aggregate (high membrane potential) to that of the J-monomer (low membrane potential), which is an index of the MMP, was significantly increased in Lut-treated oocytes and decreased in H2O2-exposed oocytes compared with the control (Figures 3C,D). Lut restored the reduced mitochondrial content and MMP. Conversely, the fluorescence intensity of MitoSOX was markedly higher in the H2O2-exposed oocytes than in the control and Lut-treated oocytes, but this increase was reduced upon Lut treatment (Figures 3E,F). These results indicate that Lut supplementation during IVM improves mitochondrial function by alleviating oxidative stress.
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FIGURE 3. Effects of Lut on H2O2-induced mitochondrial dysfunction and superoxide production. (A) Representative images of porcine oocytes stained with MitoTracker and (B) relative fluorescence intensities in the indicated groups (Con, n = 35; Lut, n = 35; H2O2, n = 35; Lut + H2O2, n = 35). Scale bar = 100 μm. (C) Representative images of porcine oocytes stained with JC-1 and (D) the ratios of red to green fluorescence intensity in the indicated groups (Con, n = 35; Lut, n = 35; H2O2, n = 35; Lut + H2O2, n = 35). Scale bar = 100 μm. (E) Representative images of porcine oocytes stained with MitoSOX and (F) relative fluorescence intensities in the indicated groups. Scale bar = 100 μm. (Con, n = 34; Lut, n = 34; H2O2, n = 34; Lut + H2O2, n = 34). The data are from at least three independent experiments, and the different superscript letters represent the significant difference (p < 0.05).




Lut Restores Oxidative Stress-Induced ER Function Defects in Porcine Oocytes

To investigate the effects of Lut on the ER contents and function in porcine oocytes, we evaluated the ER content and intracellular calcium levels in Lut- and/or H2O2-treated oocytes. The ER Tracker fluorescence level was significantly higher in the Lut group and lower in the H2O2 group compared with the control. Lut recovered the reduction in fluorescence intensity caused by H2O2 exposure (Figures 4A,B). Additionally, the intensity level of Fluo-3 was remarkably lower in Lut-treated oocytes and higher in H2O2-exposed oocytes compared with the control, but the increased fluorescence intensity due to H2O2 exposure was altered to the control level by Lut supplementation (Figures 4C,D). These results suggest that Lut supplementation during IVM maintains ER function in the face of oxidative stress.
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FIGURE 4. Effects of Lut on endoplasmic reticulum (ER) defects induced by H2O2. (A) Representative images of porcine oocytes stained with ER Tracker and (B) relative fluorescence intensities in the indicated groups (Con, n = 40; Lut, n = 40; H2O2, n = 40; Lut + H2O2, n = 40). Scale bar = 100 μm. (C) Representative fluorescent images and (D) relative fluorescence intensities representing intracellular calcium levels in oocytes stained with Fluo-3 in the indicated groups (Con, n = 38; Lut, n = 38; H2O2, n = 38; Lut + H2O2, n = 38). Scale bar = 100 μm. The data are from at least three independent experiments, and the different superscript letters represent the significant difference (p < 0.05).




Lut Recovers the Distribution of CGs in H2O2-Exposed Porcine Oocytes

We investigated the distribution of CGs in Lut- and/or H2O2-treated oocytes using FITC-labeled peanut agglutinin staining. The percentage of oocytes with a normal CG distribution, which indicates localization in the cortex with a continuous and strong signal, was higher in the Lut group and lower in the H2O2 group compared with the control. H2O2-exposed oocytes exhibited much weaker, discontinuous, or almost completely absent subcortical localization. Interestingly, Lut supplementation remarkably restored these defects, indicating that Lut supplementation during IVM improves the dynamics of CGs (Figure 5).
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FIGURE 5. Effects of Lut on H2O2-induced abnormal distribution of cortical granules (CGs). (A) Representative images of the normal and abnormal morphologies of CGs in porcine oocytes. Scale bar = 50 μm. (B) Percentages of oocytes with a normal CG distribution in the indicated groups (Con, n = 44; Lut, n = 43; H2O2, n = 37; Lut + H2O2, n = 41). The data are from at least three independent experiments, and the different superscript letters represent the significant difference (p < 0.05).




Lut Supplementation During IVM Improves the Developmental Competence of Porcine IVF Embryos

We assessed developmental competence in Lut- and/or H2O2-treated oocytes following IVF. As shown in Figures 6A–C and Supplementary Table 5, the cleavage rate in the Lut and H2O2 co-treatment group was significantly higher than that in the H2O2 group. The blastocyst formation rate was significantly higher in the Lut group and lower in the H2O2 group compared with the control. Lut supplementation recovered the reduced blastocyst formation rate to the control level. Next, we characterized the blastocyst quality using Cdx2 and TUNEL analysis. The numbers of total blastocyst cells and trophectoderm (TE) cells increased in the Lut group and decreased in the H2O2 group, with Lut recovering the reductions in cell number (Figures 6D,E and Supplementary Table 6). The expression levels of inner cell mass (ICM)/TE differentiation-related genes were significantly increased in the Lut group and decreased in the H2O2 group. Lut supplementation restored the reductions due to H2O2 (Figure 6F). Moreover, the apoptotic cell number in the H2O2 group was remarkably higher than those in the other groups (Figures 6G–I and Supplementary Table 7). The rate of cell apoptosis was higher in the H2O2 group and lower in the Lut group, with Lut supplementation alleviating the increase in apoptosis. The ratio of BCL-XL to BAX expression was significantly higher in the Lut group and lower in the H2O2 group compared with the control. Lut supplementation recovered the reduction due to H2O2 (Figure 6J). Collectively, these results showed that Lut treatment during IVM can improve the developmental competence of porcine embryos.
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FIGURE 6. Effects of Lut during IVM on the developmental competence of in vitro fertilization (IVF) embryos. (A) Representative images of blastocyst formation at 6 days after IVF in the indicated groups. Scale bar = 100 μm. Rates of (B) cleavage and (C) blastocyst formation in the indicated groups (Con, n = 144; Lut, n = 145; H2O2, n = 134; Lut + H2O2, n = 133). (D) Representative images of Cdx2- and DAPI-stained blastocysts in the indicated groups. Scale bar = 50 μm. (E) Number of inner cell mass (ICM), trophectoderm (TE), and total cells in the indicated groups (Con, n = 20; Lut, n = 20; H2O2, n = 20; Lut + H2O2, n = 20). (F) Relative expression of ICM/TE differentiation-related genes in the indicated groups. (G) Representative images of TUNEL- and DAPI-stained blastocysts in the indicated groups. Scale bar = 50 μm. (H) Number of apoptotic cells and (I) the apoptosis rate in the indicated groups (Con, n = 20; Lut, n = 20; H2O2, n = 20; Lut + H2O2, n = 20). (J) Relative expression of apoptosis-related genes and the ratio of BCL-XL/BAX levels in the indicated groups. The data are from at least three independent experiments, and the different superscript letters represent the significant difference (p < 0.05).




DISCUSSION

In the present study, we investigated the effects of Lut on the IVM and subsequent developmental competence of porcine oocytes. ROS are byproducts of metabolism, and excessive ROS levels cause oxidative injury to cells that may result in DNA damage, lipid peroxidation, mitochondrial defects, and cell death (Kang et al., 2021). In oocytes, a disrupted ROS balance reduces developmental competence compared with in vivo oocytes, as shown by decreased rates of polar body extrusion, cleavage, and blastocyst formation in mammalian oocytes (Rizos et al., 2002; Qian et al., 2016). Thus, it is necessary to improve developmental competence by investigating the regulation of oxidative stress and the mechanisms related to the effects of various antioxidants on oocyte maturation.

Flavonoids are polyphenols that protect plant cells against microorganisms, insects, and UV irradiation. Previous studies have shown that flavonoids such as kaempferol and quercetin exert antioxidant effects on mammalian oocytes (Cao et al., 2020; Zhao et al., 2020). Lut, a flavone in the flavonoid group, also exhibits antioxidant activity. Lut can stabilize the radical group by donating hydrogen/electron of C2–C3 double bond to radical and by blocking Fenton reaction using oxo group at C4 that binds transitional metal ions including iron and copper. These two structural features of Lut inhibit pro-oxidant enzymes such as xanthine oxidase, and induce antioxidant enzymes (Gendrisch et al., 2021). In addition, Lut not only has its own antioxidant activity, but also interacts with other antioxidants such as vitamins and cellular redox system (Gendrisch et al., 2021), indicating that Lut can synergistically enhance its antioxidant properties. Furthermore, some flavonoids including quercetin, genistein, and catechin induce DNA damage by pro-oxidative effect resulting in mutagenic and carcinogenic activity (Kawanishi et al., 2005; Gendrisch et al., 2021), but Lut has no report regarding these effects, suggesting that Lut can be expected as a comparatively safe antioxidant (Yamashita et al., 1999). In the present study, we demonstrated for the first time that Lut supplementation improves oocyte maturation and subsequent embryonic development. Moreover, Lut supplementation decreased intracellular ROS levels and increased the expression levels of antioxidant-related genes. These results indicate that Lut exerts positive effects on IVM porcine oocytes by reducing oxidative stress.

The MAPK signaling pathway is crucial for the female reproduction process including the embryo development and meiotic maturation (Chen et al., 2020). The extracellular signal-regulated kinase-1/2 (ERK1/2) is a member of MAPK signaling pathway and is an important signaling molecule, which functions microfilament or microtubule dynamics, during oocyte maturation (Hatch and Capco, 2001). In addition, phosphorylation of ERK1/2 (p-ERK1/2) at MII stage is considered to parameter of cytoplasmic maturation that affect cleavage and the blastocyst formation rate after fertilization (Inoue et al., 1995). However, MAPK signaling pathway disorder is one of pathways that cause oxidative damage (Yao et al., 2019). Previous studies reported that Lut upregulated the expression of p-ERK1/2 and MAPK, suggesting Lut alleviate oxidative stress by activating the MAPK signaling pathway (Wu et al., 2015; Wang et al., 2020). In this study, Lut treatment increased the developmental competence of PA and IVF embryos. Moreover, Lut treatment increased expression of oocyte competence-, MAPK, and maturation promoting factor-related genes. These results indicate Lut improves oocyte meiotic progression and subsequent embryonic development against oxidative stress.

A proper cytoskeletal system is crucial for meiotic maturation, as the cytoskeleton controls chromosome condensation and segregation, subsequent meiosis, fertilization, and further cell cleavage (Brunet and Maro, 2005). Within the cytoskeleton, microfilaments are involved in chromosome migration, cortical spindle anchorage, and first polar body emission, whereas microtubules facilitate chromosome movement by organizing spindles (Sun and Schatten, 2006; Duan and Sun, 2019). However, previous studies showed that oxidative stress impaired cytoskeletal dynamics, with the disrupted microfilament or microtubule dynamics resulting in defective polar body extrusion (Zhang et al., 2018). Actin is a microfilament subunit, and tubulin is a microtubule subunit. We investigated the dynamics of these subunits. Consistent with previous study, our results showed that oxidative stress caused by H2O2 exposure disrupted microfilament or microtubule dynamics resulting in poor proportion of MII oocytes. Interestingly, Lut treatment completely or partially rescued these defects. Lut treatment significantly recovered the decreased proportion of MII oocytes and the disruption of actin and spindle structures caused by H2O2 exposure, although actin amounts and chromosome structure were not rescued to the control level. Thus, we suggest that Lut enhances nuclear maturation by normalizing cytoskeletal dynamics against oxidative stress.

Oocyte maturation includes a series of complex events, such as protein synthesis and the transcription of cytoplasmic RNA, which require energy. The ER functions in protein folding and degradation, and mitochondria supply energy for protein synthesis (Dumollard et al., 2007). The ER also acts as the major storage area for calcium ions (Ca2+), thus regulating intracellular Ca2+ homeostasis. Ca2+ is one of the major signal molecules that regulate oocyte physiology, including cell cycle resumption (Tiwari et al., 2017). Abnormally high concentrations of Ca2+ in the cytoplasm result in cell cycle arrest, disruption of fertilization ability, and apoptosis (Tiwari et al., 2015; Wang et al., 2017). Oxidative stress causes Ca2+ influx into the cytoplasm from the ER and subsequently increases the mitochondrial Ca2+ concentration (Ermak and Davies, 2002). Mitochondrial Ca2+ overload is a critical sensitizing signal in the apoptosis pathway that causes embryonic developmental arrest and death (Marchi et al., 2018; Kim et al., 2020). Moreover, severe oxidative stress triggers a decrease in cellular mitochondrial content through the suppression of mitochondrial biogenesis as well as in mitochondrial function (Bouchez and Devin, 2019; Jeong et al., 2020). Our results showed that Lut protects the ER and mitochondrial function against oxidative stress, with Lut supporting proper cytoplasmic maturation through regulation of the ER and mitochondrial system.

Finally, we investigated the fertilization ability and developmental competence of Lut-treated oocytes after IVF. CGs are organelles located in the subcortical region of oocytes, and the distribution of CGs is regarded as a marker of oocyte maturation. Additionally, as CGs are related to the blocking of polyspermy, proper CG dynamics are crucial for successful fertilization (Burkart et al., 2012). In the present study, Lut normalized the distribution of CGs and enhanced developmental competence in the face of oxidative stress, as shown in the cleavage and blastocyst formation rate, cell number, and apoptotic pattern, suggesting that Lut supplementation during IVM has positive effects on the developmental competence of IVF embryos.

This is the first study to demonstrate the effects of Lut on mammalian oocytes (Figure 7). Moreover, we especially focused on the dynamics of cell organelles during IVM under oxidative stress and subsequently determined the antioxidant activities of Lut. Our study suggests that Lut improves the quality of porcine oocytes and subsequent embryonic development following IVF by alleviating oxidative damage to organelles. These findings help raise awareness of the beneficial effects of Lut on IVM and elucidate how Lut supports proper oocyte maturation under oxidative stress.
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FIGURE 7. Hypothetical model of the antioxidant effect of Lut on porcine oocyte maturation. Lut improves the quality of porcine oocytes by alleviating oxidative damage. Especially, Lut recovers disrupted organelle dynamics including mislocation of actin, spindle, chromosome and CGs, and dysfunction of mitochondria and ER. These findings suggest that Lut improves porcine meiotic progression and subsequent embryonic development by protecting various organelle dynamics against oxidative stress.
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Tributyltin Oxide Exposure During in vitro Maturation Disrupts Oocyte Maturation and Subsequent Embryonic Developmental Competence in Pigs
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Tributyltin oxide (TBTO), an organotin compound, has been demonstrated to have toxic effects on several cell types. Previous research has shown that TBTO impairs mouse denuded oocyte maturation. However, limited information is available on the effects of TBTO exposure on livestock reproductive systems, especially on porcine oocytes in the presence of dense cumulus cells. In the present research, we evaluated the effects of TBTO exposure on porcine oocyte maturation and the possible underlying mechanisms. Porcine cumulus-oocyte complexes were cultured in maturation medium with or without TBTO for 42 h. We found that TBTO exposure during oocyte maturation prevented polar body extrusion, inhibited cumulus expansion and impaired subsequent blastocyst formation after parthenogenetic activation. Further analysis revealed that TBTO exposure not only induced intracellular reactive oxygen species (ROS) accumulation but also caused a loss of mitochondrial membrane potential and reduced intracellular ATP generation. In addition, TBTO exposure impaired porcine oocyte quality by disrupting cellular iron homeostasis. Taken together, these results demonstrate that TBTO exposure impairs the porcine oocyte maturation process by inducing intracellular ROS accumulation, causing mitochondrial dysfunction, and disrupting cellular iron homeostasis, thus decreasing the quality and impairing the subsequent embryonic developmental competence of porcine oocytes.

Keywords: tributyltin oxide, oxidative stress, porcine oocyte, quality, impairments


INTRODUCTION

Increasing amounts of evidence indicate that environmental pollutants may harm human health because these contaminants can gradually accumulate in the human body after consumption of tainted water and food (Carbery et al., 2018; Kuckelkorn et al., 2018). In recent years, the organotin compound tributyltin (TBT), a bioaccumulative and persistent environmental pollutant, has become a subject of great concern (Pereira et al., 2019; Jie et al., 2021). TBT is an active ingredient of marine antifouling paints and is broadly applied to boats and ships. Humans can be exposed to TBT through consumption of contaminated fish and seafood, and the ingested TBT can affect the reproductive system (Lang Podratz et al., 2012; Xiao et al., 2018) and immune system (Frouin et al., 2008; Brown and Whalen, 2015). Previous studies have reported that TBT exposure may disrupt oogenesis and serotonin synthesis (Xiao et al., 2018), decrease ovarian weight, unbalance the levels of female sex hormones, and elevate the numbers of atretic follicles and corpora lutea (Lang Podratz et al., 2012). Furthermore, TBT exposure inhibits estrogen receptor-dependent transcriptional activation and prevents the interaction between the human estrogen receptor β ligand-binding domain (LBD) and steroid receptor coactivator-1 in yeast (Cho et al., 2012).

TBT oxide (TBTO) is a TBT compound that has been widely used as an antifouling agent in marine paints, an agent in wood preservation and a stabilizer in the plastic industry (Osman and van Loveren, 2012). TBTO exposure may impair spermatogenesis in marine fish (Mochida et al., 2007), induce immunotoxicity, suppress total ATPase activity in mice and rats (Elsabbagh et al., 2002; Baken et al., 2006), and cause thymus atrophy in rodents (van Kol et al., 2012). TBTO exposure induces oxidative stress, apoptosis, and endoplasmic reticulum (ER) stress in the human T lymphocyte cell line CTLL-2 and immature rat thymocytes (Raffray and Cohen, 1991; Katika et al., 2011; Schmeits et al., 2013). Previous studies have shown that TBTO exposure also has a toxic effect on the male reproductive system: It can cause severe histological damage to the testes, including malformation of somatic cells around the seminal duct, and reduce the numbers of spermatids and spermatozoa (Mochida et al., 2007). As TBTO is a model immune poison, TBTO exposure can inhibit chemotaxis associated with the chemokine CXCL12, thereby affecting the migration of white blood cells (Shao et al., 2016). In addition, TBTO exposure can reduce the immunotoxicity of interleukin 2 by blocking the mTOR pathway (Osman and van Loveren, 2014). Research has shown that TBTO exposure affects proliferation and energy sensor pathways by downregulating MAPK, matrin-3 and the ribonucleotide reductase subunit RRM2, which are implicated in cell proliferation in mouse thymoma cells (Osman and van Loveren, 2012). An immunocytological analysis in Jurkat cells has shown that TBTO exposure induces the expression of the key oxidative stress response genes NRF2 and KEAP1 (Katika et al., 2011). Previous in vitro experiments have shown that TBTO exposure can increase the occurrence of abnormal spindle organization and chromosome misalignment and induce mitochondrial dysfunction, oxidative stress, and apoptosis, thus impairing oocyte quality in mice (Yang et al., 2019).

Oocyte maturation is a complex process, and the quality of mature oocytes plays a decisive role in preimplantation embryonic development (Sen and Caiazza, 2013; Keefe et al., 2015). However, during this process, oocytes are sensitive to exogenous toxic agents, which can disrupt oocyte maturation and interfere with preimplantation embryonic developmental competence. Compared with rodents, pigs are more similar to humans both physiologically and metabolically, and it is more practical to use porcine oocytes than to use rodent oocytes as experimental objects for reproductive toxicology analyses (Magnusson, 2005; Santos et al., 2014). Elucidation of the effects of TBTO on porcine germ cell development will provide useful information for human biomedical research. In the present research, porcine oocytes were used as a model to analyze the effects of TBTO on mammalian oocyte quality. We hypothesized that TBTO exposure during porcine oocyte maturation would decrease oocyte quality and subsequent embryonic developmental competence.



MATERIALS AND METHODS

All drugs and reagents used in the present research were obtained from Sigma-Aldrich (St. Louis, MO, United States) unless otherwise stated.


Porcine Oocyte Collection and in vitro Maturation (IVM)

Porcine ovaries were obtained from a local slaughterhouse and transported to the laboratory in sterile 0.9% saline at 30–35°C. Cumulus-oocyte complexes (COCs) were obtained by aspirating 3∼8 mm antral follicles with a syringe. COCs with three or more layers of uniformly distributed cumulus cells were collected using Tyrode’s lactate-hydroxyethyl piperazine ethane sulfonic acid (TL-HEPES) medium supplemented with 0.1% polyvinyl alcohol (PVA, w/v) and 0.05 g/L gentamycin under a stereomicroscope (S22-LGB, Nikon). The IVM medium consisted of tissue culture medium 199 (TCM-199, Invitrogen, Carlsbad, CA, United States) supplemented with 10% (v/v) porcine follicular fluid, 10 IU/mL follicle-stimulating hormone (Ningbo No. 2 Hormone Factory, China), 10 IU/mL luteinizing hormone (Ningbo No. 2 Hormone Factory, China), 0.91 mM Na pyruvate, 10 ng/mL EGF, and 75 mg/mL kanamycin. The IVM medium was overlain with mineral oil, and the oocytes were cultured in an incubator containing 5% CO2 at 100% humidity and 38.5°C for 42 h. For TBTO exposure, working solutions of 5, 25, and 50 μM TBTO were added to the medium during porcine oocyte IVM.

At the end of IVM, the extent of cumulus cell expansion was photographed by a microscope (IX73, Olympus, Tokyo, Japan). The extent of cumulus expansion was assessed by measuring the oocyte areas with cumulus cells using NIH ImageJ software (National Institutes of Health, Bethesda, MD, United States). Then, the COCs with an expanded cumulus corona cell complex were removed with 0.1% hyaluronidase. Polar body extrusion (PBE) of oocytes was examined under a stereomicroscope (S22-LGB, Nikon).



Assessment of Cumulus Cell Apoptosis

For analysis of apoptosis, porcine cumulus cells were removed from COCs with expanded cumulus cells using 0.1% hyaluronidase and collected using a 1.5 mL centrifuge tube at the end of the IVM period. Apoptosis in the porcine cumulus cells in each group was detected by flow cytometry using a FITC Annexin V Apoptosis Detection Kit (556547, BD Biosciences) and analyzed by flow cytometry (BD Biosciences) within 1 h.



Western Blotting Analysis

Total protein was extracted from porcine cumulus cells using RIPA lysis buffer (AR0102, Boster) with a broad-spectrum protease inhibitor mixture (AR1182, Boster) according to the manufacturer’s instructions. Then, the protein concentration of each group was measured by a BCA Protein Assay Kit (S7705, TIANGEN) according to the manufacturer’s instructions, and total protein was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane. Blocking buffer (WLA066a, Wanleibio) was used to block the transferred membranes, and the membranes were incubated overnight with primary antibodies against GAPDH (CST, #2118S), TUBULIN (Proteintech, 10094-1-AP), BCL-2 (Wanleibio, WL01556), BAX (Wanleibio, WL01637), COX2 (Proteintech, 12375-1-AP) and HAS2 (Bioss, bs-11290R). After washing three times with Tris-buffered saline with Tween 20 (TBST), the PVDF membranes were incubated with secondary antibodies. The immunoblots were developed using SuperSignalTM West Pico PLUS Chemiluminescent Substrate (34580, Thermo), and the signal intensities were captured by a Tanon 5200 chemiluminescence/fluorescence image analysis system. Protein levels were quantified using ImageJ software.



Parthenogenetic Activation (PA) and in vitro Culture (IVC)

Porcine oocyte PA was induced according to our previously described procedures (Qi et al., 2020). Briefly, denuded oocytes with polar bodies were subjected to electrical activation at 110 V for 60 μs twice with a 0.1 s interval. After that, the oocytes were transferred to IVC medium (bicarbonate-buffered porcine zygote medium (PZM)-5 comprising 4 mg/mL BSA) supplemented with 7.5 μg/mL cytochalasin B and cultured for 3 h to suppress extrusion of the pseudosecond polar body. Next, the oocytes were thoroughly washed and cultured in four-well plates in IVC medium covered with mineral oil for 7 days at 38.5°C under 100% humidity and an atmosphere of 5% CO2 without changing the medium. Cleavage and blastocyst formation rates were analyzed under a stereomicroscope at 2 days, 6 days, and 7 days.



Assessment of Blastocyst Diameters and Total Cell Numbers

On day 6, the blastocysts were photographed with a microscope (IX73, Olympus, Tokyo, Japan), and the blastocyst diameters in each group were analyzed with NIH ImageJ software (National Institutes of Health, Bethesda, MD, United States). To determine the total cell numbers in blastocysts, day-7 blastocysts derived from parthenogenetically activated embryos were collected and fixed in 3.7% paraformaldehyde in PBS-PVA medium for 30 min. Then, the blastocysts were stained with 10 μg/mL Hoechst 33342 to label the nuclei. After that, the stained blastocysts were gently mounted onto glass slides, examined, and photographed with a microscope under fluorescent light. The total cell numbers in blastocysts were analyzed with NIH ImageJ software.



Assessment of Oocyte Intracellular ROS Levels and Mitochondrial Membrane Potential (MitoMP)

At the end of the IVM period, intracellular ROS levels and MitoMP were measured with an ROS detection kit (Thermo Fisher Scientific, C400) and a JC-1 MitoMP detection kit (Dojindo, MT09) following the instructions of the kits. Images of the fluorescence signals were captured as TIFF files using a digital camera connected to a fluorescence microscope. The fluorescence signal intensities of the oocytes in each group were analyzed with NIH ImageJ software.



Measurement of Oocyte Intracellular ATP Levels

Intracellular ATP levels were measured using an ATP Detection Kit (Beyotime, S0027). Briefly, porcine oocytes were collected from each group and lysed with 200 μL of lysis buffer at the end of the IVM period. Next, the cell lysates were centrifuged at 12,000 rpm at 4°C for 5 min, and the supernatant was taken for subsequent analysis. Then, 100 μL of ATP working solution and 20 μL of supernatant were added to 96-well opaque plates, and the well contents were analyzed with a luminometer (Tecan, Infinite M200 Pro).



Assessment of Oocyte Intracellular Ferrous Ion Levels

Intracellular ferrous ion levels were examined at the end of the IVM period. The oocytes in each group were thoroughly washed in prewarmed PBS-PVA medium and assessed using the fluorescent probe Ferro Orange (Dojindo, F374) for 30 min. Images of the fluorescence signals were captured as TIFF files using a digital camera connected to a fluorescence microscope. The fluorescence signal intensities of the oocytes in each group were analyzed with NIH ImageJ software.



Statistical Analysis

Statistical analysis was carried out by SPSS 19.0 software. All experiments were repeated at least three times. The data were analyzed using Student’s t-test or ANOVA and are presented as the mean ± standard deviation (SD). p-values < 0.05 were considered statistically significant.




RESULTS


TBTO Exposure During the IVM Period Impairs Porcine Oocyte Maturation and Cumulus Expansion and Increases Apoptotic Cumulus Cell Proportion

To determine the potential effect of TBTO exposure on porcine oocyte maturation during the IVM period, COCs were treated with increasing concentrations of TBTO (5, 25, and 50 μM), and the percentages of oocytes with PBE were analyzed at the end of IVM. The results revealed that TBTO exposure dose-dependently decreased the percentage of oocytes with PBE (control: 71.08% ± 7.70%, 5 μM: 61.17% ± 4.37%, 25 μM: 52.06% ± 2.54%, 50 μM: 50.48% ± 1.99%; p < 0.05) (Figure 1).
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FIGURE 1. Effects of TBTO exposure on porcine oocyte maturation. Percentage of oocytes with PBE in each group. The numbers of oocytes examined from the different groups are indicated by the bars. ∗p < 0.05 compared to the control.


Cumulus expansion is necessary for oocyte maturation and is often used as an indicator of oocyte quality at the end of IVM. Therefore, we analyzed whether TBTO exposure affected cumulus expansion during porcine oocyte maturation. Representative images of cumulus expansion status are shown in Figure 2A. The results obtained at the end of IVM showed that TBTO exposure decreased the relative cumulus expansion area of COCs in a dose-dependent manner (p < 0.05, Figure 2B). Flow cytometry analysis revealed that 25 μM TBTO exposure increased the relative proportion of apoptotic cumulus cells in porcine COCs (p < 0.05, Figure 2C). Furthermore, western blotting analysis showed that the levels of the cumulus expansion-related factors COX2 and HAS2 was downregulated, and the levels of the apoptosis-related factors BAX in cumulus cells exposed to 25 μM TBTO was compared with that in cumulus cells in the control group (Figures 2D,E). These results suggest that TBTO exposure has a direct negative effect on porcine oocyte maturation in a dose-dependent manner. Given the findings, 25 μM TBTO was selected for use in all subsequent experiments.
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FIGURE 2. Effects of TBTO exposure on the cumulus expansion status of porcine oocytes. (A) Representative images of cumulus expansion status in the control and TBTO exposure groups at the end of the IVM period. Scale bar = 200 μm. (B) Relative cumulus expansion areas in the control and TBTO exposure groups. (C) Relative apoptosis levels in cumulus cells between control and TBTO exposure group by flow cytometry analysis. (D) Western blotting was used to detect the protein levels in cumulus cells between control and TBTO exposure group. (E) Histogram showing the relative levels of several proteins in TBTO exposure group compared to the reference proteins in the control group. The numbers of COCs examined from the different groups are indicated by the bars. ∗p < 0.05; ∗∗p < 0.01 compared to the control.




TBTO Exposure During the IVM Period Impairs Subsequent in vitro Embryo Development of Porcine Oocytes After PA

We further assessed whether TBTO exposure during the IVM period impaired the developmental competence of parthenogenetically activated porcine embryos. The results revealed that TBTO exposure had a negative effect on the developmental competence of the embryos (Figure 3A). As shown in Figures 3B,C, the cleavage rate (93.77% ± 0.74% vs. 77.98% ± 5.24 on day 2; p < 0.05) and blastocyst formation rate (50.71% ± 11.08% vs. 32.15% ± 5.01% on day 6 and 49.38% ± 3.90% vs. 36.85% ± 5.94% on day 7; p < 0.05) of the parthenogenetically activated embryos generated from matured oocytes were significantly lower for the TBTO-exposed group than for the control group. The diameter (Figure 3D, 193.98 ± 11.05 μm vs. 176.21 ± 8.93 μm on day 6; p < 0.05) and total cell numbers (Figures 3E,F, 63.68 ± 24.03 vs. 39.27 ± 14.64; p < 0.05) of blastocysts derived from parthenogenetically activated embryos were significantly lower in the TBTO-exposed group than in the control group.
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FIGURE 3. Developmental competence of porcine oocytes after TBTO exposure. (A) Representative images of PA embryo development on day 6 (top) and day 7 (bottom) in the control and TBTO exposure group at the end of the IVM period. Scale bar = 500 μm. Percentages of cleavage (B) and blastocyst formation (C) in the control and TBTO exposure group. (D) Blastocyst diameter in the control and TBTO exposure group. (E) Representative images of Hoechst 33342 staining of blastocysts on day 7 in the control and TBTO exposure group. Scale bar = 100 μm. (F) Blastocyst total cell numbers in the control and TBTO exposure group. The numbers of embryos examined from the different groups are indicated by the bars. ∗p < 0.05; ∗∗p < 0.01 compared to the control.




TBTO Exposure During the IVM Period Induces Oxidative Stress in Porcine Oocytes

Intracellular ROS levels were measured by assessing DCFH fluorescence (Figure 4A). Quantitative analysis showed that the relative intracellular ROS levels in porcine oocytes were significantly higher in the TBTO exposure group than in the control group (Figure 4B; p < 0.05).
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FIGURE 4. Effects of TBTO exposure on intracellular ROS generation in porcine oocytes. (A) Representative fluorescence images showing intracellular ROS levels in porcine oocytes in the control and TBTO exposure group at the end of the IVM period. Scale bar = 200 μm. (B) Quantification of relative intracellular ROS levels in porcine oocytes from the control and TBTO exposure group. The numbers of oocytes examined from the different groups are indicated by the bars. ∗∗p < 0.01 compared to the control.




TBTO Exposure During the IVM Period Impairs Mitochondrial Function in Porcine Oocytes

Mitochondrial function plays a vital role in oocyte maturation. Therefore, the MitoMP and intracellular ATP levels in porcine oocytes were analyzed. The intracellular MitoMP of porcine oocytes was evaluated using the fluorescent dye JC-1 (Figure 5A). Quantitative analysis showed that there was a loss of MitoMP in porcine oocytes in the TBTO exposure group compared with the control group (Figure 5B; p < 0.05). Further analysis showed that the relative intracellular ATP levels in porcine oocytes were significantly lower in the TBTO exposure group than in the control group (Figure 5C; p < 0.05).
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FIGURE 5. Effects of TBTO exposure on mitochondrial function in porcine oocytes. (A) Representative fluorescence images of JC-1-stained porcine oocytes in the control and TBTO exposure group at the end of the IVM period. Scale bar = 200 μm. (B) Quantification of the relative JC-1 fluorescence intensity in porcine oocytes from the control and TBTO exposure group. (C) Quantification of relative intracellular ATP levels in porcine oocytes from the control and TBTO exposure group. The numbers of oocytes examined from the different groups are indicated by the bars. ∗p < 0.05; ∗∗p < 0.01 compared to the control.




TBTO Exposure During the IVM Period Disrupts Iron Homeostasis in Porcine Oocytes

Intracellular ferrous ion levels were measured by using the fluorescence probe Ferro Orange (Figure 6A). Quantitative analysis showed that the relative intracellular ferrous ion levels in porcine oocytes were significantly lower in the TBTO exposure group than in the control group (Figure 6B; p < 0.05).
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FIGURE 6. Effect of TBTO exposure on iron homeostasis in porcine oocytes. (A) Representative fluorescence images showing intracellular ferrous ion levels in porcine oocytes in the control and TBTO exposure group at the end of the IVM period. (B) Quantification of relative intracellular ferrous ion levels in porcine oocytes from the control and TBTO exposure group. The numbers of oocytes examined from the different groups are indicated by the bars. ∗p < 0.05 compared to the control.





DISCUSSION

The organotin compound TBTO has been widely used as a biocide in agriculture and as an antifouling agent in paints. In recent years, TBTO has received widespread attention because it is toxic to many cell types. In the present research, we investigated the toxic effects of TBTO exposure on mammalian oocyte quality with a pig model. Our results indicated that TBTO exposure affected porcine oocyte maturation, resulting in excessive accumulation of intracellular ROS, mitochondrial dysfunction, and iron homeostasis disruption in porcine oocytes.

Oocyte maturation is a complex process, and any errors that occur during this process can reduce oocyte quality and preimplantation embryo development potential. The production of high-quality oocytes is vital for effective animal reproduction. Several studies have shown that harmful internal and external factors can decrease oocyte quality and in turn reduce embryonic developmental competence (Liang et al., 2017b; Nie et al., 2019; Sun et al., 2020). The negative effects of TBTO exposure on different types of cells in different species, especially germ cells, have also been reported (Baken et al., 2007; Mochida et al., 2007; Osman and van Loveren, 2012, 2014). Previous research has suggested that TBTO exposure impairs mouse oocyte quality by inducing mitochondrial dysfunction, oxidative stress and apoptosis, thus causing abnormal spindle organization and chromosome alignment and eventually resulting in fertility failure (Yang et al., 2019). In the present study, we used porcine oocytes as a model to investigate the negative effects of TBTO exposure on oocyte quality in vitro. The results showed that TBTO exposure affected porcine oocyte maturation, decreasing the proportion of oocytes with PBE by the end of IVM. Further analysis demonstrated that the subsequent developmental potential of porcine oocytes was affected by TBTO exposure. Embryo quality and the proportion of embryos that reached the blastocyst stage were markedly decreased by TBTO exposure during the IVM period after PA. These results support our hypothesis that TBTO exposure during IVM impairs the quality of mature porcine oocytes, thus decreasing the subsequent embryonic developmental competence of the oocytes.

Cumulus cells surrounding oocytes and cumulus expansion play an important role during oocyte meiotic maturation (Chen et al., 1993; Van Soom et al., 2002). During cumulus expansion, cumulus cells synthesize large amounts of hyaluronan, an essential component of the microenvironment necessary for oocyte fertilization (Mlynarcíková et al., 2009). Our results showed that TBTO exposure blocked cumulus expansion in a dose-dependent manner during porcine oocyte maturation. Furthermore, TBTO exposure during IVM dramatically decreased the levels of cumulus expansion-related factors in cumulus cells (COX2 and HAS2). A previous study showed that TBTO exposure upregulates proapoptotic genes and downregulates antiapoptotic genes in mouse thymocytes (Katika et al., 2011). In addition, previous research investigating the relationship between oocyte quality and cumulus cell apoptosis has shown that apoptosis occurring in cumulus cells may be a predictor of oocyte quality and the outcome of in vitro fertilization-derived embryo transfer (Lee et al., 2001). In the current study, we found that TBTO exposure increased apoptosis in porcine CCs, as determined at the end of IVM. These findings indicate that TBTO exposure during IVM impairs porcine oocyte quality and decreases subsequent embryonic developmental competence in part by affecting cumulus expansion. However, the detailed underlying mechanism remains to be further elucidated.

Mitochondria play an essential role in oocyte maturation (Babayev and Seli, 2015). However, mitochondrial dysfunction leads to declines in oocyte quality and induces embryonic development failure (Babayev and Seli, 2015; Liang et al., 2017b; Nie et al., 2019; Sun et al., 2020). There is increasing evidence that overproduction of intracellular ROS can cause mitochondrial dysfunction, thus inducing oxidative stress in oocytes (Liang et al., 2017b; Lan et al., 2020; Xu et al., 2020). Previous studies have suggested that TBTO exposure can lead to repression of mitochondrial function in rat thymocytes (Baken et al., 2007) and rat exocrine pancreas tissues (Hara et al., 1994). Porcine oocytes have relatively high intracellular lipid levels, which makes them highly sensitive to oxidative stress-induced impairments (Gajda, 2009). Excessive intracellular ROS accumulation can induce oocyte meiotic arrest, decrease oocyte quality, and reduce subsequent embryonic developmental competence (Tripathi et al., 2009; Zhou et al., 2019). Recent research has suggested that TBTO exposure increases intracellular ROS levels, disrupts mitochondrial distribution, and affects the relative expression of certain genes in mouse oocytes (Yang et al., 2019). In addition, TBTO exposure has been found to activate the oxidative stress response proteins NRF2 and KEAP1 in a human T lymphocyte cell line (Katika et al., 2011). MitoMP is commonly used as an indicator of mitochondrial function in oocytes (Liang et al., 2018) and is the driving force behind intracellular ATP synthesis (Dimroth et al., 2000). Several studies have suggested that an elevated MitoMP in oocytes could be associated with an enhanced oxidative stress response and improved developmental potential (Liang et al., 2017a; An et al., 2019; Nie et al., 2020; Niu et al., 2020). Therefore, we analyzed intracellular ROS accumulation, MitoMP levels and ATP generation in porcine oocytes after TBTO exposure. Our results showed that TBTO exposure not only induced obvious accumulation of intracellular ROS but also caused a loss of MitoMPs and reduced ATP generation in oocytes. These changes may account for the decline in porcine oocyte quality and the reduction in oocyte developmental competence after TBTO exposure.

Iron homeostasis is important for many types of biological processes, such as DNA synthesis by ribonucleotide reductase and cellular respiration by proteins of the mitochondrial electron transport chain (Galaris et al., 2019). Maintaining iron homeostasis is vital for cell proliferation (Weber et al., 2020). Mitochondria play an important role in iron metabolism because they are the intracellular sites of iron–sulfur cluster synthesis (Stehling et al., 2013). Previous studies have suggested that increases in intracellular ROS accumulation and decreases in cellular antioxidant capacity can cause mitochondrial dysfunction, which is characterized by loss of MitoMP, an increase in mitochondrial mass, alteration of mitochondrial respiratory complexes, and an increase in mitochondrial DNA fragmentation (Rizwan et al., 2020). Mitochondrial dysfunction is also accompanied by increased intracellular ROS levels (Han et al., 2001). Elevations in intracellular ROS not only induce mitochondrial dysfunction but also disrupt iron homeostasis (Hughes et al., 2020). Free iron can generate highly reactive ROS directly through the Fenton and Haber–Weiss reactions (Kehrer, 2000). ROS are detoxified by many antioxidant enzymes, such as superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase (Valko et al., 2007). However, an imbalance between intracellular ROS accumulation and detoxification leads to oxidative stress. Under oxidative stress, excessive ROS can damage iron-sulfur cluster-containing enzymes and ferritin (Vernis et al., 2017; Nakamura et al., 2019). In the present research, we found that TBTO exposure decreased intracellular ferrous ion levels in porcine oocytes. These results suggest that TBTO exposure probably reduces the quality and developmental competence of porcine oocytes by also disrupting iron homeostasis. However, the molecular mechanism underlying this effect remains to be further explored.



CONCLUSION

In conclusion, the current study demonstrates that TBTO exposure during porcine oocyte maturation exerts detrimental effects on oocyte quality. Specifically, it causes oxidative stress-induced mitochondrial dysfunction and iron homeostasis disruption in oocytes and eventually leads to a decline in embryonic developmental competence (Figure 7). These findings provide novel insights into the mechanisms underlying TBTO exposure-induced impairments in oocytes. In the future, in vivo experiments should be carried out to confirm the toxic effects of TBTO exposure on porcine oocytes and to address the limitations of tests on in vitro-matured oocytes.
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FIGURE 7. Diagram of the negative effects of TBTO exposure on porcine oocyte maturation. TBTO exposure causes excessive ROS production and induces mitochondrial dysfunction and iron homeostasis disruption, thus impairing oocyte quality and subsequent embryonic developmental competence.
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Lipid is a crucial energy resource for mammalian oocyte. Melatonin could benefit the maturation of porcine oocyte in vitro, but the related mechanism is not elucidated yet. In the current study, methods to monitor lipid metabolism in single live oocytes were firstly established using probes (Lipi-Blue and Lipi-Green). It was observed that both lipid biogenesis and lipolysis occurred in maturing oocyte, but the general level of lipids dropped. Then maturing oocytes stained with probes were treated with melatonin or lipid metabolic-related inhibitors (triacsin C, rotenone, or etomoxir). The results showed that the lipid metabolism and maturation of porcine oocytes were all disrupted and that melatonin rescued the oocytes treated with triacsin C or rotenone, but not those treated with etomoxir. Further investigation demonstrated that cumulus cells are able to transfer lipids to oocytes via gap junctions. It was also observed that melatonin receptors exist in cumulus cells and are required for oocytes to maintain lipid metabolism. Meanwhile, the global gene expressing in cumulus cells was also modulated by melatonin, especially the genes related to antioxidants (SOD1, GPX1, GPX3, GPX4, PRDX2, and PRDX5), lipid metabolism (FABP3, FABP5, ACACB, TECR, etc.), and mitochondrial respiration (GPD1, ETFB, CYC1, and the genes of ATP synthase). Altogether the current research demonstrates that melatonin modulates lipid metabolism in maturing oocytes through its receptors in cumulus cells and benefits the developmental competence of oocytes.
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INTRODUCTION

During its growth phase, as the size of an oocyte increases obviously, a large amount of mRNAs, proteins, and lipids is accumulated in the oocyte cytoplasm. Shortly before ovulation, oocytes progress to meiotic resumption to accomplish the final nuclear and cytoplasmic maturation. These dynamic activities in oocytes consume enormous energy produced from various substrates stored in the oocyte or absorbed from the surroundings, such as glucose, pyruvate, lipids, and amino acids (Dunning et al., 2014). Oocytes that matured in the artificial medium described showed altered metabolism, resulting in lower developmental competence (Bradley and Swann, 2019). Therefore, well-balanced energy substrate provision is definitely required for oocyte maturation and further embryo development, which is critical for both assisted reproductive technology in a clinical setting and embryo production in the livestock industry.

Both glucose and pyruvate can be utilized by porcine oocytes to generate energy for the resumption of meiosis and the acquisition of developmental competence (Lowe et al., 2019). Recently, attention has been placed on the involvement of lipid metabolism in oocyte maturation and preimplantation embryo development. The amount of endogenous lipids in porcine oocytes is exceptionally high compared with that in oocytes of other domestic animals (McEvoy et al., 2000). The reason for such a large amount of intracellular lipid in porcine oocytes and its contribution to energy provision during oocyte maturation and embryo development is still poorly understood.

Porcine oocyte contains about 161 ng lipids, which are much higher than those in mouse (4 ng), sheep (89 ng), and bovine (63 ng) oocytes (McEvoy et al., 2000). Lipids are mainly stored in lipid droplets (LDs), which make porcine oocytes very dark. About 60% of total lipids in porcine oocyte are triglycerides (Sturmey and Leese, 2003). It has been shown that the level of triglycerides decreases as bovine and porcine oocytes progress through meiotic maturation (Ferguson and Leese, 1999; Sturmey and Leese, 2003; Romek et al., 2011), and this process coincides with increased lipolysis (Cetica et al., 2002). The fatty acids (FAs) in mammalian oocytes are cleaved from triglycerides stored in LDs and can be directly transported across the mitochondrial membrane by carnitine palmitoyltransferase (CPT) to be oxidized via β-oxidation (Dunning et al., 2010). The inhibition of CPT in mammalian oocytes by etomoxir (250 μM for mouse, 100 μM for bovine, and 10 μM for porcine) compromises embryo development post fertilization (Paczkowski et al., 2013). Meanwhile, the removal of LDs from mouse metaphase II (MII) oocytes could still develop normally in the blastocyst after in vitro fertilization. But blocking the synthesis of lipids by triacsin C, inhibitor of long-chain acyl-CoA synthetases (ACSLs), leads to severe impairment of mouse early embryonic development (Aizawa et al., 2019). Recently, it has been increasingly recognized that lipogenesis and lipolysis are essential for oocyte maturation and embryo development. But the proper status of lipid metabolism in mammalian oocytes is still undetermined because there is no method to monitor and quantify the lipid level in real time.

The beneficial effects of melatonin on the oocyte, sperm, and embryo of animals have been well recognized. It has been determined that melatonin enhances porcine oocyte maturation and embryo development. Firstly, there are about 10–11 M melatonin that exist in the follicular fluid of the pig ovary (Shi et al., 2009). It was observed that melatonin appearing in the culture medium could promote oocyte quality and developmental competence (Kang et al., 2009; Shi et al., 2009). The expression of the melatonin receptor 1 (MT1) gene was identified in cumulus and granulosa cells, but not in oocytes (Kang et al., 2009). Meanwhile, numerous researches had been conducted to investigate the role of melatonin on mammalian reproductive activities. The results demonstrated that melatonin could protect porcine oocytes from defects induced by heat stress (Li et al., 2015, 2016) or chemical regents such as rotenone, malathion, aflatoxin B1, bisphenol A, benzo(a)pyrene, and MEHP during its maturation in vitro (Miao et al., 2018; Park et al., 2018; Zhang et al., 2018; Cheng et al., 2019; Chen et al., 2020; Niu et al., 2020). Melatonin can also enhance mitochondrial biogenesis and reduce endoplasmic reticulum stress during in vitro maturation (IVM). Up to now, it is still undetermined whether the beneficial effect of melatonin on porcine oocyte maturation is mediated by its receptors or its direct anti-oxidation capability.

Recently, it has been demonstrated that melatonin regulates lipid metabolism in porcine oocytes, including lipogenesis, lipolysis, and mitochondrial biogenesis. Melatonin treatment significantly elevated the number of LDs and upregulated gene expression related to lipogenesis (Jin et al., 2017). Oocytes treated with melatonin formed smaller LDs and abundantly expressed several genes associated with lipolysis (Jin et al., 2017). Moreover, melatonin significantly increased the content of FAs, mitochondrial numbers, and ATP as indicated by fluorescent staining (Jin et al., 2017). Concomitantly, melatonin treatment upregulated gene expression related to FA β-oxidation and mitochondrial biogenesis (Jin et al., 2017). These results indicated that melatonin promoted lipid metabolism and thereby provided an energy source for oocyte maturation and subsequent embryonic development. However, another study showed that melatonin added to an IVM medium enhances LD accumulation as well as triglyceride level in porcine oocytes (He et al., 2018). Melatonin supplementation decreased mitochondrial membrane potential, mitochondrial respiratory chain complex IV activity, and mitochondrial reactive oxygen species in maturing oocytes, which indicated that melatonin suppresses mitochondrial activities in porcine oocytes (He et al., 2018). Further investigation found that melatonin did not alter the copy number of mitochondrial DNA (mtDNA) but reduced the expression of mtDNA-encoded genes, which is mediated by DNMT1 (He et al., 2018). These results suggest that melatonin promotes oocyte maturation by inducing mitochondrial quiescence to reduce mROS production and enhance LD accumulation in porcine oocytes (He et al., 2018).

The evidence from the above studies demonstrated that melatonin promotes porcine oocyte maturation by regulating lipid metabolism. But it is still unrevealed whether melatonin affects lipid biogenesis or lipolysis in porcine oocytes. In the current study, the methods for monitoring lipid dynamics in maturing porcine oocytes were established using specific probes. Then the regulation of melatonin on lipid metabolism in porcine oocytes was evaluated. Meanwhile, the role of cumulus cells and their melatonin receptors in modulating lipid contents in oocyte was also evaluated by inhibiting gap junctions and melatonin receptors. The current results showed that melatonin enhances porcine oocyte maturation by regulating lipid transfer from cumulus cells to oocytes via melatonin receptors.



MATERIALS AND METHODS


Ethics Statement

All the procedures for animal manipulations were performed according to the guidelines of the Animal Care and Use Committee of China Agricultural University and approved by the Ethics Committee of the Agriculture University of China (permission number: CAU20150915-1 SYXK).



Chemicals

All chemicals used in this study were purchased from the Sigma-Aldrich Chemical Company (St. Louis, MO, United States) unless otherwise indicated.



Oocyte IVM

Ovaries collected from pre-pubertal gilts were donated by a local slaughterhouse (Beijing Food Company, Beijing, China). Follicular fluid was aspirated from follicles (3–6 mm in diameter) using a syringe and a 20-G hypodermic needle. The cumulus–oocyte complexes (COCs) were rinsed twice in HEPES-buffered Tyrode’s Lactate (TL-HEPES) medium and then three times in maturation medium without hormones. The COCs were then transferred into the maturation medium (50 oocytes per 0.5 ml of medium) consisting of TCM-199 supplemented with 0.57 mM cysteine, 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 10 ng/ml epidermal growth factor (EGF), 0.5 IU/ml ovine luteinizing hormone (LH), 0.5 IU/ml porcine follicle-stimulating hormone (FSH), 0.1% polyvinyl alcohol (PVA), 75 mg/ml penicillin, 50 mg/ml streptomycin, 20 ng/ml LIF (EMD Millipore, MA, United States), 20 ng/ml IGF1 (ProSpec, Ness Ziona, Israel), and 40 ng/ml FGF2 (PeproTech, NJ, United States) (Abeydeera et al., 1998; Yuan et al., 2017). Meanwhile, the inhibitors or dyes applied to study lipid metabolism were added to the maturation medium as described in each paragraph. Three inhibitors were used to study lipid metabolism as described in the literature. Triacsin C served as an inhibitor of ACSLs, could block the synthesis of lipids, and could induce severe impairment of mouse early embryonic development (Aizawa et al., 2019). Etomoxir could irreversibly inhibit FA oxidation (FAO) by blocking CPT-1a (Lowe et al., 2019). Rotenone could disrupt the mitochondrial electron transport chain (ETC) in maturing oocytes through the inhibition of the ETC complex I, resulting in ATP depletion, mROS production, and damage of mitochondrial membrane potential (Niu et al., 2020). Maturation was conducted at 38.5°C and 5% CO2 in air with 100% humidity. After 42–44 h of maturation, the COCs were transferred into TL-HEPES containing 1 mg/ml hyaluronidase, and the cumulus cells were removed by vortex. The oocytes and cumulus cells were rinsed with TL-HEPES and then used for subsequent experiments.



Parthenogenetic Activation of Oocytes

The denuded porcine oocytes were activated in the activation medium [0.3 m mannitol, 0.05 mm CaCl2, 0.1 mm MgCl2, and 0.1% bovine serum albumin (BSA)] by an electrical pulse of DC 130 V/mm for 80 μs using a BTX Electro-Cell Manipulator 2001 (BTX, Inc., San Diego, CA, United States). The oocytes were then rinsed in porcine zygote medium-3 (PZM-3) and cultured in the medium containing 5 μg/ml of cytochalasin B for 5–6 h, at 38.5°C and 5% CO2 in air with 100% humidity. Subsequently, oocytes were rinsed in PZM supplemented with 0.6 mg/ml of FA-free BSA for embryo culture.



In vitro Culture (IVC) of Embryos

Parthenogenetically activated oocytes, in groups of approximately 15–20, were cultured in 100 μl droplets of PZM-3 supplemented with 0.6 mg/ml of BSA. Melatonin stock dissolved in TCM-199 was added to the culture medium according to the experimental design. The oocytes were then cultured in the medium at 39°C, 5% CO2, and 5% O2. The cleavage rate and blastocyst rate were observed and recorded at 48 and 168 h of IVC, respectively.



Observation of LDs in Porcine and Mouse Oocytes

The COCs were placed in the TL-HEPES medium containing 0.1 μmol/L Lipi-Blue (Dojindo Laboratories, Kumamoto, Japan) for 30 min and then incubated in maturation medium. At 18 and 44 h of maturation, the COCs were taken out from the IVM medium to be stained by Lipi-Green (Dojindo Laboratories, Kumamoto, Japan). The cumulus cells surrounding oocytes were removed, and then the MII oocytes were placed in a glass petri dish for imaging using a confocal microscope (Nikon A1 HD25, Tokyo, Japan) with excitation wavelength λex = 405 nm for Lipi-Blue and λex = 488 nm for Lipi-Green. ImageJ (Version 1.53, National Institutes of Health, United States) was used to process the images and record the fluorescence intensities of LDs.

Mouse oocytes from melatonin receptor-knockout (Mtnr1a–/– and Mtnr1b–/–) or wild-type mice were collected as described in our previous research (Zhang et al., 2019). Briefly, at the age of 8 weeks, the mice were injected with 5 IU PMSG, 46–48 h later, followed by 5 IU hCG to induce superovulation. Thirteen to fifteen hours after hCG injection, COCs at MII stage were isolated from female mice’s ampullas. Then denuded MII oocytes were stained with 0.1 μmol/L of Lipi-Blue for 30 min, and then the mouse oocytes were placed in a glass petri dish for imaging with a confocal microscope.



Lipid Analysis by UPLC–MS/MS


Lipid Extraction

Denuded MII oocytes were washed three times with phosphate-buffered saline (PBS) solution and stored in microtubes at −80°C until analysis. The extraction was performed according to the protocol described by Mateus et al. (2016) with modifications (Sudano et al., 2016). Four hundred oocytes per sample were counted, and the metabolites were extracted using a solution of 400 μl methanol:water (4:1, v/v). The mixture was settled at −20°C and treated by a high-throughput tissue crusher Wonbio-96c (Shanghai Wanbo Biotechnology Co., Ltd.) at 50 Hz for 6 min; then the samples were placed at −20°C for 30 min to precipitate proteins. After centrifugation at 13,000 g at 4°C for 15 min, the supernatant was carefully transferred to sample vials for LC–MS/MS analysis.



UPLC–MS/MS Analysis

Chromatographic separation of the metabolites was performed on an ExionLCTM AD system (AB Sciex, United States) equipped with an ACQUITY UPLC BEH C18 column (100 mm × 2.1 mm i.d., 1.7 μm; Waters, Milford, United States). The mobile phases consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile:isopropanol (1:1, v/v) (solvent B). The solvent gradient changed according to the following conditions: from 0 to 3 min, 95% (A):5% (B) to 80% (A):20% (B); from 3 to 9 min, 80% (A):20% (B) to 5% (A):95% (B); from 9 to 13 min, 5% (A):95% (B) to 5% (A):95% (B); from 13 to 13.1 min, 5% (A):95% (B) to 95% (A):5% (B); and from 13.1 to 16 min, 95% (A):5% (B) to 95% (A):5% (B) to equilibrate the systems. The column temperature was maintained at 40°C. The sample injection volume was 20 μl, and the flow rate was set to 0.4 ml/min. The UPLC system was coupled to a quadrupole-time-of-flight mass spectrometer (Triple TOFTM 5600+, AB Sciex, United States) equipped with an electrospray ionization (ESI) source operating in positive and negative modes. Data acquisition was performed with the data-dependent acquisition (DDA) mode. The detection was carried out over a mass range of 50–1,000 m/z.



Data Preprocessing and Annotation

After UPLC--TOF/MS analyses, the raw data were processed by Progenesis QI 2.3 (Non-linear Dynamics, Waters, United States) for peak detection and alignment. Metabolic features that detected at least 80% in any set of samples were retained. Mass spectra of the metabolic features were identified by using the accurate mass, MS/MS fragments spectra, and isotope ratio difference by searching in reliable biochemical databases such as the Human Metabolome Database (HMDB)1 and METLIN database2. Concretely, the mass tolerance between the measured m/z values and the exact mass of the components of interest was ±10 ppm. For metabolites having MS/MS confirmation, only the ones with an MS/MS fragment score above 30 were considered as confidently identified. Otherwise, metabolites had only tentative assignments.




Transcriptomic Analysis of Cumulus Cells


RNA Extraction

The cumulus cells were collected from COCs (n = 300 oocytes, six replicates), and then the total RNA was extracted from the tissue using the TRIzol reagent according to the manufacturer’s instructions (Invitrogen), and genomic DNA was removed using DNase I (Takara). Then RNA quality was determined by the 2100 Bioanalyzer (Agilent) and quantified using the ND-2000 (NanoDrop Technologies). Only samples with high-quality RNA (OD260/280 = 1.8–2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, > 2 μg) were selected to construct the sequencing library.



Library Preparation and Sequencing

The RNA-seq transcriptome library was prepared following a TruSeqTM RNA sample preparation kit from Illumina (San Diego, CA) using 1 μg of total RNA. Libraries were selected for cDNA target fragments of 200–300 bp on 2% low-range ultra-agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. After being quantified by TBS380, the paired-end RNA-seq sequencing library was sequenced with the Illumina HiSeq X Ten/NovaSeq 6000 sequencer (San Diego, CA).



Differential Expression Analysis and Functional Enrichment

The raw paired-end reads were trimmed and quality controlled by SeqPrep3 and Sickle4 with default parameters. Then clean reads were separately aligned to the reference genome5 with an orientation mode using TopHat6 (version 2.0.0) software (Trapnell et al., 2009).

To identify differentially expressed genes (DEGs) between two different samples, the expression level of each transcript was calculated according to the fragments per kilobase of exon per million mapped reads (FRKM) method. RSEM7 was used to quantify gene abundances (Li and Dewey, 2011). R statistical package software EdgeR8 (Robinson et al., 2010) was utilized for differential expression analysis. In addition, functional enrichment analyses including GO and KEGG were performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways at a Bonferroni-corrected P < 0.05 compared with the whole-transcriptome background. GO functional enrichment and KEGG pathway analysis were carried out with Goatools9 and KOBAS10 (Xie et al., 2011).




Gene Expression by Quantitative Real-Time PCR (RT-PCR)

Cumulus cells were collected from COCs and then washed three times with PBS and stored at −80°C until RNA extraction. Total RNA was extracted using TRIzol (Invitrogen Inc., Carlsbad, CA, United States) and quantified by measuring absorbance at 260 nm and stored at −80°C until assay. The mRNA levels of relevant genes were evaluated by quantitative RT-PCR using the One-Step SYBR PrimeScript RT-PCR Kit (Takara Bio. Inc., Tokyo, Japan) in a LightCycler (Roche Applied Science, Mannheim, Germany). Accumulated levels of fluorescence were analyzed by the second derivative method after the melting curve analysis, and then the expression levels of target genes were normalized to the expression level of GAPDH in each sample. Primer pairs of analyzed mRNAs are described in Table 1.


TABLE 1. The primers used for real-time q-PCR.
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Statistical Analyses

Unless specifically described, the rest of the data were expressed as mean ± SEM. The significance of differences between mean values was analyzed by ANOVA, followed by Dunnett’s post hoc test using SPSS 18.0 statistical software (SPSS Inc., Chicago, IL, United States). The significant difference between treatments was set to P < 0.05.

For lipidomics analysis of porcine oocyte, multivariate statistical analysis was performed using the ropls R package (Version 1.6.2)11. Principal component analysis (PCA) using an unsupervised method was applied to obtain an overview of the metabolic data, general clustering, trends, or outliers, which were visualized. Variable importance (VIP) was calculated in the OPLS-DA model. P values were estimated with paired Student’s t-test on single-dimensional statistical analysis. Statistical significance among groups was considered as a VIP value more than 1 and P < 0.05.




RESULTS


Dynamics of LDs in Porcine Oocyte During IVM

In order to detect the LDs in living oocytes, lipid-specific probes (Lipi-Blue and Lipi-Green) were tested in porcine oocytes at different maturation phases. As described by a previous study, both probes can be used to monitor the lipid changes in living cells for over 48 h (Tatenaka et al., 2019). It was observed that both blue and green fluorescence decreased as the oocyte grew from the GV to MII stages (Figure 1A). The oocytes were stained with Lipi-Blue at the GV stage, and then the images were acquired at the GV (210.52 ± 4.03), MI (110.06 ± 8.92), and MII (106.87 ± 7.34) stages, so the decrease of blue fluorescence intensity indicates the mobilization of lipids to generate energy for the activities of oocytes (Figure 1B). Meanwhile, the oocytes were co-incubated with Lipi-Green at the GV, MI, and MII stages; thus, the intensity of green fluorescence represents the total lipids contained in each time point, which are also reduced as oocytes grow (Figure 1C) from stages GV (244.75 ± 2.25) to MI (211.26 ± 9.85) to MII (156.80 ± 10.44). The ratio of Lipi-Green/Lipi-Blue is also lower in the MII oocytes (Figure 1D) (GV: 1.645 ± 0.25, MI: 0.67 ± 0.047, and MII: 0.64 ± 0.038). These observations provide a method to monitor the dynamics of lipid in single living oocytes.


[image: image]

FIGURE 1. The dynamics of LDs in pig oocytes during in vitro maturation. (A) Representative images of Lipi-Blue fluorescence (blue) and Lipi-Green fluorescence (green) in germinal vesicle (GV)-, MI-, and MII-stage oocytes. Scale bar: 100 μm. (B) Quantification of fluorescence intensity of Lipi-Blue in GV- (n = 31), MI- (n = 41), and MII-stage (n = 44) oocytes. (C) Quantification of fluorescence intensity of Lipi-Green in GV- (n = 30), MI- (n = 37), and MII-stage (n = 43) oocytes. (D) Ratio of fluorescence intensity of Lipi-Blue and Lipi-Green in GV- (n = 45), MI- (n = 64), and MII-stage (n = 56) oocytes. Student’s t-test and one-way ANOVA were utilized for statistical analyses. Different lowercase letters indicate significant differences. Error bars indicate SEM.




Melatonin Modulates the Lipid Metabolism in Porcine Oocyte

Agonists targeted at the pathway of lipid metabolism were applied to investigate how melatonin regulates lipid metabolism in maturing porcine oocytes (Figure 2). Compared with the control group (139.11 ± 6.58), melatonin-treated oocytes showed higher blue fluorescence intensity (158.77 ± 5.96), which indicates that less lipids stored in GV oocytes were mobilized. When the oocytes were treated with etomoxir, an irreversible inhibitor of FAO blocking CPT-1a (Lowe et al., 2019), the blue and green fluorescence intensities (241.83 ± 1.64) are all significantly higher than that in oocytes of the control group, and melatonin cannot reverse these results.
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FIGURE 2. Melatonin modulates lipid metabolism in oocytes. (A) Representative images of Lipi-Blue fluorescence (blue) and Lipi-Green fluorescence (green) in porcine oocytes stained in GV stage but pictured in MII stage. Scale bar: 100 μm. (B–E) Quantification of fluorescence intensity of Lipi-Blue and Lipi-Green and the ratio of Lipi-Blue/Lipi-Green or Lipi-Green/Lipi-Blue in porcine oocytes treated with control (n = 57), melatonin (n = 27), etomoxir (n = 21), etomoxir + melatonin (n = 25), triacsin C (n = 27), triacsin C + melatonin (n = 30), rotenone (n = 19), and rotenone + melatonin (n = 35). Student’s t-test and one-way ANOVA were utilized for statistical analyses. Different lowercase letters indicate significant differences. Error bars indicate SEM.


When the lipogenesis of oocytes was suppressed by triacsin C, an inhibitor of ACSLs which can block the de novo synthesis of triglycerides (Aizawa et al., 2019), diglycerides, and cholesterol esters, the blue fluorescence intensity (117.32 ± 6.85) is significantly lower than that in oocytes of the control group, and melatonin treatment could reverse this result (151.11 ± 6.10). Similarly, the disruption of the mitochondrial ETC in maturing oocytes through the inhibition of complex I by rotenone (Won et al., 2015) leads to reduced blue fluorescence intensity (103.85 ± 10.26), which was reversed by melatonin (137.39 ± 8.43). Altogether, these results indicate that melatonin suppressed lipolysis to generate energy and promote lipid store in maturing porcine oocytes.

To detect the changes of lipid contents induced by melatonin, 400 oocytes were collected for each sample with seven repeats for both the melatonin and control groups and were used for the UPLC–MS/MS study. In total, 298 FAs were identified. As the results showed in Table 2, the levels of 13 lipids were altered by melatonin; among them, eight FAs were upregulated, and five FAs were downregulated.


TABLE 2. The fatty acid profiles of oocytes from the control and melatonin groups.
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Lipid Metabolism Regulates the Developmental Competence of Porcine Oocytes

To determine how melatonin affects the maturation of porcine oocytes through modulating the lipid metabolism, the maturing oocytes were treated with the agonists used above (Figure 3). Firstly, the supplementation of melatonin does not alter the first polar body extrusion (71.63 ± 2.26% vs. 72.94 ± 2.475%), which represents nuclear maturation, but rescues the defects caused by triacsin C (56.19 ± 38.6% vs. 62.17 ± 3.6%) and rotenone (67.60 ± 5.9% vs. 61.05 ± 4.8%) (Figure 3A). Melatonin is unable to reverse the effect of etomoxir (50.63 ± 1.03% vs. 53.57 ± 2.4%). Those oocytes were then activated parthenogenetically and cultured for further development. As shown in Figures 3B–D, melatonin promotes the embryo development indicated by the higher rate of blastocyst formation (48.01 ± 3.6% vs. 40.42 ± 2.4). In contrast, the treatment of oocytes with etomoxir showed reduced two-cell embryo (72.90 ± 5.494%), four-cell embryo (66.47 ± 4.673%), and blastocyst (13.22 ± 0.02.2%) formation rates, and melatonin could not correct these outcomes. Triacsin C-treated oocytes showed decreased four-cell embryo (64.56 ± 2.289%) and blastocyst (19.28 ± 2.48%) formation rates, which can be rescued by melatonin (78.67 ± 1.2% and 34.12 ± 1.7%, respectively). Oocyte maturing in the medium containing rotenone showed a lower blastocyst formation rate (27.40 ± 3.1%), which can be corrected by melatonin (38.46 ± 0.3.5%). The results presented here demonstrate that lipid metabolism is essential for porcine oocytes to acquire developmental competence and that melatonin suppresses lipid lyse and promotes lipid genesis, leading to enhanced developmental competence.
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FIGURE 3. Lipid metabolism regulates the developmental competence of porcine oocytes. (A) The percentage of polar body extrusion in porcine oocytes treated with control (n = 2,386), melatonin (n = 894), etomoxir (n = 1,303), etomoxir + melatonin (n = 1,301), triacsin C (n = 931), triacsin C + melatonin (n = 1,026), rotenone (n = 710), and rotenone + melatonin (n = 706). (B) The percentage of two-cell embryos in porcine oocytes treated with control (n = 899), melatonin (n = 445), etomoxir (n = 739), etomoxir + melatonin (n = 654), triacsin C (n = 207), triacsin C + melatonin (n = 315), rotenone (n = 414), and rotenone + melatonin (n = 328). (C) The percentage of four-cell embryos in porcine oocytes treated with control (n = 899), melatonin (n = 445), etomoxir (n = 739), etomoxir + melatonin (n = 654), triacsin C (n = 207), triacsin C + melatonin (n = 315), rotenone (n = 414), and rotenone + melatonin (n = 328). (D) The percentage of blastocysts in porcine oocytes treated with control (n = 899), melatonin (n = 445), etomoxir (n = 739), etomoxir + melatonin (n = 654), triacsin C (n = 207), triacsin C + melatonin (n = 315), rotenone (n = 414), and rotenone + melatonin (n = 328). Student’s t-test and one-way ANOVA were utilized for statistical analyses. Different lowercase letters indicate significant differences. Error bars indicate SEM.




Cumulus Cells Participate in the Regulation of Lipid Metabolism in Porcine Oocytes

During the maturation process, the cumulus cells bidirectionally communicate with oocytes. Here, the transport of lipids from cumulus cells to oocytes was evaluated. Gap junction is pivotal for oocyte–cumulus cell communication. Thus, carbenoxolone (CBX), a gap junction blocker, was supplemented to the maturation medium, and the Lipi-Blue fluorescence intensity in oocytes was significantly deceased at 50 μM (165.73 ± 6.51) and 100 μM (144.30 ± 9.07). Meanwhile, the developmental competence of CBX-treated oocytes was also compromised (33.93 ± 2.7% vs. 47.70 ± 2.3%). When oocytes were co-incubated with cumulus cells which were pre-stained with Lipi-Blue, as shown in Figure 4, the fluorescence intensity (233.60 ± 1.92) was significantly increased. Meanwhile, CBX-treated oocytes showed much lower fluorescence intensity (79.90 ± 5.43). These results indicate that the lipids are transferred from cumulus cells to oocytes through the gap junctions.
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FIGURE 4. Cumulus cells participate in the regulation of lipid metabolism in porcine oocytes. (A) Representative images of Lipi-Blue fluorescence (blue) in porcine oocytes treated with 50 and 100 μM CBX. Scale bar: 100 μm. (B) Quantification of fluorescence intensity of Lipi-Blue in porcine oocytes treated with control (n = 29), 50 μM CBX (n = 28), and 100 μM CBX (n = 70). (C) The percentage of blastocysts in porcine oocytes treated with control (n = 108) and 100 μM CBX (n = 44). (D) Representative images of Lipi-Blue fluorescence (blue) in porcine oocytes treated with 100 μM CBX and granulosa cell–COC co-cultivation system. Scale bar: 100 μm. (E) Quantification of fluorescence intensity of Lipi-Blue in porcine oocytes treated with 100 μM CBX + GC (n = 44) and GC (n = 16). Student’s t-test and one-way ANOVA were utilized for statistical analyses. Different lowercase letters indicate significant differences. Error bars indicate SEM.




Melatonin Receptors in Cumulus Cells Participate in the Regulation of Lipid Metabolism

In order to investigate the mechanism underlying the beneficial effect of melatonin on oocyte maturation, the expression and function of its receptors (MT1/MT2) were evaluated. Firstly, luzindole-treated (the blocker for MT1/MT2) oocytes showed higher blue fluorescent intensity (155.25 ± 5.3), which indicates the green fluorescent intensity was not altered (163.21 ± 6.077) (Figures 5A–D). The treatment with luzindole significantly reduced the porcine oocytes’ ability to develop (29.09 ± 5.0% vs. 49.22 ± 2.9%) (Figure 5E). Meanwhile, immunofluorescence with confocal microscopy observed that both melatonin receptors (MT1/MT2) were expressed in porcine cumulus cells (Figures 6A,B).
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FIGURE 5. Melatonin receptors participate in the regulation of lipid metabolism in porcine oocytes. (A) Representative images of Lipi-Blue fluorescence (blue) in porcine oocytes treated with control, luzindole, and luzindole + melatonin. Scale bar: 100 μm. (B) Quantification of fluorescence intensity of Lipi-Blue in porcine oocytes treated with control (n = 75), luzindole (n = 107), and luzindole + melatonin (n = 53). (C) Quantification of fluorescence intensity of Lipi-Green in porcine oocytes treated with control (n = 70), luzindole (n = 94), and luzindole + melatonin (n = 57). (D) Ratio of fluorescence intensity of Lipi-Blue and Lipi-Green in porcine oocytes treated with control (n = 70), luzindole (n = 101), luzindole + melatonin (n = 52). Student’s t-test and one-way ANOVA were utilized for statistical analyses. Different lowercase letters indicate significant differences. Error bars indicate SEM. (E) The percentage of blastocysts in porcine oocytes treated with control (n = 400), Luzindole (n = 204), Luzindole + melatonin (n = 203).



[image: image]

FIGURE 6. Melatonin receptors express in porcine COCs and participate in the maintenance of lipid metabolism in mouse oocytes. (A) The percentage of blastocysts in porcine oocytes treated with control (n = 400), luzindole (n = 204), and luzindole + melatonin (n = 203). (B) Representative images of immunofluorescence staining of melatonin receptor 1 (red) and melatonin receptor 2 (green) in porcine oocytes and COC. Scale bar: 100 μm. (C) Representative images of Lipi-Blue fluorescence (blue) in C57/BL6 mice MII stage oocytes. Scale bar: 100 μm. (D) Representative images of Lipi-Blue fluorescence in WT (n = 19), Mtnr1a–/– (n = 46), and Mtnr1b–/– (n = 23) mice MII stage oocytes. Student’s t-test and one-way ANOVA were utilized for statistical analyses. Different lowercase letters indicate significant differences. Error bars indicate SEM.


As shown in Figures 6C,D, the MII oocytes from melatonin receptor-knockout mice (Mtnr1a–/– and Mtnr1b–/–) were stained with Lipi-Blue, and the fluorescent intensity in oocytes from Mtnr1b–/– (187.62 ± 3.02) mice is lower than that from Mtnr1a–/– and wild-type mice (203.17 ± 2.3 and 199.31 ± 3.27, respectively). These results indicate melatonin receptors participate in the regulation of lipid genesis and transfer in cumulus cells.



Melatonin Affects the Gene Expression in Porcine Cumulus Cells

Transcriptomics analysis of cumulus cells demonstrated that melatonin induces upregulation of 1,528 genes, while 1,193 gene expressions are downregulated (fold change >2 or <0.5) (Figure 7B). As the GO term demonstrated in Figures 7C–E, the top genes altered were related to antioxidants (SOD1, GPX1, GPX3, GPX4, PRDX2, and PRDX5), lipid metabolism (FABP3, FABP5, ACACB, TECR, etc.), and mitochondrial respiration (GPD1, ETFB, CYC1, ATP synthases, etc.). Genes related to lipid metabolism and mitochondrial biosynthesis were also evaluated by real-time q-PCR, but no differences were detected between cumulus cells from the control group and those from the melatonin group (Figure 7A).
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FIGURE 7. Melatonin affects the gene expression in cumulus cells. (A) The mRNA levels of lipid metabolism and mitochondrial biosynthesis in porcine granulosa cells. Different lowercase letters indicate significant differences. Error bars indicate SEM. (B) The volcano plot showing upregulated (red) and downregulated (green) gene cumulus cells of the control and melatonin groups. (C–E) Heatmap showing average expression for all replicates and relative expression between replicates for genes with antioxidants, lipid metabolism, and mitochondrial respiration chain (based on GO terms).





DISCUSSION

Mammalian oocytes consume energy to achieve their final maturation such as germinal vesicle breakdown (GVBD), extrusion polar body, and redistribution of organelles. The basic pattern of energy production and utilization in mammalian oocytes has been recognized for more than half a century (Leese et al., 2016). It has been demonstrated that porcine oocytes are able to consume glucose and pyruvate to support their final maturation. However, in recent years, evidence that lipids are a pivotal nutrient for porcine or even the main energy source has accumulated (Bradley and Swann, 2019). In the current research, methods to monitor the dynamics of lipids in maturing porcine oocytes were established with Lipi-Blue and Lipi-Green probes. Together with lipid metabolism-related agonists, melatonin was found to suppress lipolysis but to increase lipid accumulation in porcine oocytes. Cumulus cells and melatonin receptors play a critical role in regulating oocyte lipid store for both pig and mouse, and melatonin targets the cumulus cells to promote oocyte maturation.

Porcine oocytes store exceptionally high amounts of endogenous lipid when compared with those in all other mammalian oocytes (McEvoy et al., 2000). In recent years, great progress had been made in elucidating the role of lipid metabolism in energy generation during oocyte maturation and early embryo development. Now, the morphological and biochemical changes in LDs can be considered important indicators of successful resumption of meiosis and maturation accomplishment. Here, we apply Lipi-Blue and Lipi-Green to detect the dynamics of LDs in live single oocytes. These probes are LD-specific fluorescent probes which allow monitoring of LDs in live cells even 48 h after staining and overcome the drawbacks of traditional dyes such as Nile Red and BODIPY 493/503 (Tatenaka et al., 2019). We successfully monitored the changes of lipids in live single porcine oocytes. The results confirmed that the lipid contents decreased as the oocytes went through the final maturation. Based on the decomposition of Nile Red spectra, researchers detected significant decreases in the level of triglycerides (17.7%), phospholipids (26.4%), and cholesterols (23.9%) in porcine oocytes from immature to mature stages (Romek et al., 2011).

Meanwhile, previous studies found that oocytes with LDs centrally located showed a significantly higher rate of blastocyst development than the oocytes with LDs localized uniformly in the whole cytoplasm (Hiraga et al., 2013). In the current study, we observed that the LDs were accumulated in the center of porcine oocytes and that the treatment of etomoxir abolished the redistribution of LDs. Melatonin cannot correct the abnormal distribution of LDs. We used UPLC–MS/MS to analyze biochemical composition changes in oocytes. Another study using DESI–MS described differences in lipid composition among immature and in vitro mature porcine oocytes (Pirro et al., 2014). The disruption of the beta-oxidation pathway in mouse and cattle oocytes was found to negatively affect nuclear maturation and subsequent developmental potential (Ferguson and Leese, 2006; Dunning et al., 2010), and stimulation of FAO in mouse oocytes enhanced nuclear maturation (Dunning et al., 2011; Paczkowski et al., 2014). But the stimulation of lipolysis leads to inconsistent outcomes of oocyte nuclear and cytoplasmic maturation (Lowe et al., 2019). It was found that that stimulation of lipid metabolism by L-carnitine is beneficial to meiotic progression for porcine oocytes (Somfai et al., 2011; Wu et al., 2011), whereas another study showed that L-carnitine does not affect nuclear maturation (You et al., 2012). With the probes, it was observed that the disruption of lipolysis, lipid genesis, or mitochondrial activity all cause defects in oocyte maturation and development. It is evidenced that lipid metabolism is active throughout oocyte maturation and that melatonin modulates lipolysis and biogenesis to balance the energy supply and protect oocytes from ROS.

The beneficial effects of melatonin on mammalian oocytes have been well recognized. Evidence that melatonin enhances porcine oocyte maturation and embryo development has been accumulated, but the detailed mechanism is still unrevealed. Here, we present evidence to distinguish whether melatonin promotes porcine oocyte maturation through its receptors or its anti-oxidation capability. We observed that melatonin slows down the mobilization of lipids stored in the oocytes, indicated by a lower fluorescence intensity at the MII stage than at the GV stage. In a previous study, it was claimed that oocytes treated with melatonin formed smaller LDs and increased the content of FAs, mitochondria number, and ATP level (Jin et al., 2017). But here, we found that melatonin suppresses lipolysis by evaluating the fluorescence intensity remaining in MII oocytes. However, another study showed that melatonin benefits porcine oocyte maturation by enhancing LD accumulation and triglyceride content in porcine oocytes (He et al., 2018). As we have observed, melatonin enhances the accumulation of lipids in oocytes. Together with the two previous researches, it can be speculated that melatonin balanced lipid biogenesis and utilization for the oocytes to generate sufficient ATP and limited ROS production to support the maturation of oocytes and subsequent embryonic development. Due to the lack of methods to observe ATP and ROS in live single cells, we are still not able to quantify the proper level of ATP/ROS for oocyte IVM.

Porcine oocytes are unable to accomplish their final maturation without the cumulus cell layer. Normally, the layers of cumulus cells surrounding ovulated oocytes directly have contact with the follicular fluid and bidirectionally transport small metabolites to regulate the growth and maturation of oocytes through gap junctions (Prates et al., 2014). In the current study, when the gap junction was disrupted by CBX, the oocytes showed lower amounts of lipids and compromised developmental competence. The cumulus cell layers play an important role in regulating lipid metabolism and transmitting the changes of free FA levels in the follicular fluid or culture medium. It had been observed that the cumulus cells functionally affect cytoplasmic mitochondria-lipid distributions in porcine oocytes that matured in vitro and determine the acquisition of developmental competence (Cui et al., 2009). The latest research found that cumulus cells may balance FA accumulation in porcine oocytes, thus securing oocyte maturation. The supplementation of stearic acid in the maturation medium significantly increases the size and number of LDs in the cumulus cells but not those in oocytes; thus, it did not significantly alter the subsequent embryo development (Pawlak et al., 2020). When bovine oocytes are exposed to unsaturated or saturated FAs, the cumulus cells can store elevated FA in either the culture medium or follicle fluid to keep the ratio of saturated and unsaturated FAs in the proper range, thus protecting maturing oocytes from lipotoxicity (Aardema et al., 2011, 2013). The evidence presented here showed that cumulus cells directly participate in the regulation of the lipid store of oocytes. Blocking the gap junction could reduce the transport of lipids from cumulus cells to oocytes.

As we previously reported, melatonin receptors were identified on cumulus cells and oocytes of sheep and bovine (Tian et al., 2014, 2017; Wang et al., 2014). But for porcine oocytes, only RT-PCR analysis revealed the expression of the MT1 gene in cumulus and granulosa cells but not in oocytes (Kang et al., 2009). The MT2 receptor mediated the stimulatory effects of melatonin on porcine cumulus expansion and subsequent embryo development (Lee et al., 2018). MT1 and MT2 were expressed in porcine granulosa cells (He et al., 2016). No research had been performed to investigate the role of melatonin on metabolism in cumulus cells. We found that the inhibitors of melatonin receptors remarkably reduced lipid mobilization and lipid biogenesis. Meanwhile, melatonin affects the expression of genes related to antioxidants, lipid metabolism, and mitochondrial respiration in cumulus cells. Altogether, melatonin receptors in cumulus cells play an essential role in conducting the regulatory signal induced by melatonin.

Our results provide a new perspective that reveals the mechanism of the beneficial effects of melatonin on porcine oocytes. With the methods to monitor lipid dynamics in maturing oocytes, it was confirmed that the lipid content decreases as maturation progresses. Melatonin may play an important role in balancing lipid biogenesis and utilization. It was observed that lipids are transferred from cumulus cells to oocytes through gap junctions and that melatonin receptors participate in this process. In summary, melatonin promotes oocyte maturation by regulating lipid metabolism through its receptors in cumulus cells. In the future, our results may be applied to clinical settings or the livestock industry where melatonin will be supplied to the diet for sows undergoing estrus or female undergoing ART treatment to help them generate high-quality oocytes.
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Groups No. of oocytes culture No. of oocytes GVBD (%, No. of cocytes PB1 (%, mean

mean & SEM) £ SEM)

KD-control 125 116 (92.67 + 2.64092)° 87 (84.6000  8.76076)°
KD-control+Ru360 128 117 (91.0600 + 1.22676)° 100 (86.0667 & 3.28346)°
KD-Micu1/2 156 114 (73.7333 + 3.64478)* 96 (59.0667 + 2.41822)°
KD-Micut/2+Ru360 140 128 (91.95 + 0.98489)° 101 (80.4333 & 4.95356)°
KD-NCLX 116 80 (69.1333 + 0.46667)" 40 (44.2000  5.20371)*
KD-NCLX+Ru360 123 112 (91.7167 + 1.28029F 98 (83.9000 + 3.25628)°

a-cgjgnificant difference in the same column (P < 0.05); SEM, standard error of the mean.
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Antibody Host spices Vendor Catalog no.  Working

dilution
IF

a-tubulin-FITC Mouse Sigma F2168 1:100
H3K9me3 Rabbit Affinity DF6938 1:100
H3K27me3 Rabbit Affinity DF6941 1:100
Estrogen Rabbit Abcam ab32063 1:100
receptor alpha
BubR1 Rabbit Abcam ab254326 1:50
Alpha tubulin Mouse Abcam ab179484 1:100
(acetyl K40)
Phospho-p44/42 Rabbit Cell Signaling 4370T 1:100
MAPK Technology
Cy3-conjugated Goat Boster BA1032 1:100

anti-rabbit IgG
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No. (%) of embryos

Group Cultured Cleaved Developed to BL Total cell number
in blastocysts

Control 96 70 (72.9 £ 1.470 25 (26.0 + 0.8 42.4 4+ 2.0°
BCB + 108 84 (77.9+ 377 33(30.6+ 1.67 46.7 +£1.32
BCB— 84 57 (67.7 £2.3° 17 (20.1 £ 1.5/ 39.4 +2.0°

Values in the same column with different superscript letters are significantly differ-
ent (p < 0.05). Percentages are shown as means + SEM (n = 4 replicates). BL,
blastocyst; COC, cumulus-oocyte complex.
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Group No. of COCs No. (%) of M-Il oocytes

No. (%) of embryos Total cell number in blastocysts
Cleaved Developed to BL
Control 160 129 (80.6 + 3.7)% 107 (82.9 £ 2.1)@ 36 (27.8 + 1.0)° 39.4 +0.7°
BCB + 160 140 (87.5 £ 2.3 124 (88.6 £ 1.1)2 48 (34.3 £ 0.99 46.9 + 1.42
BCB— 160 114 (71.3 £ 3.00° 87 (76.3 + 1.6)° 29 (25.3 + 0.6)° 3894 0.9°

Values in the same column with different superscript letters are significantly different (p < 0.05). Percentages are shown as means + SEM (n = 4 replicates). BL, blastocyst;
COC, cumulus—oocyte complex.
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Gene
B-actin
POUSF1

NDP52IL
DPPA2

Sequence (5'-3")

F: CCC TGG AGA AGA GCT ACG AG R: TCC TTC CTG ATG TCC ACG TC

F: AGT GAG AGG CAA CCT GGA GA R: TCG TTG CGA ATA GTC ACT GC

F: TGC TGA GTT ACA TGG GTC TGG R: ACC AAG GTC TGA TTT GCA GGT
F: TGA GAG AGG GGA AAA GAC CAA R: TGG CAG AAA GGT CTC AAC AGA

Product size (bp)

172
166
182
151

NCBI Accession No.

XM_003124280.5
XM_021097869.1
XM_0031315652.4
XM_003358822.4
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Conc. of milrinone (LM)

No. (%) of embryos

Total cell number in blastocysts

Cultured Cleaved Developed to BL
0 58 781.0+1.7) 12 (20.5 + 2.2)b 40.7 +£1.8
50 60 0 (83.6 + 2.4) 14 (23.6 + 2.5) 434 +£2.0
75 63 4 (85.9 &+ 3.6) 19 (30.1 £ 0.7 471 +£2.2
100 60 9(81.7 £ 2.9) 16 (26.6 + 2.4)3" 433 +2.1

Values in the same column with different superscript letters are significantly different (o < 0.05). Percentages and the total cell number in BL are shown as means + SEM

(n = 6 replicates). BL, blastocyst; COC, cumulus—oocyte complex.
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Conc. of milrinone (LM) No. of COCs No. (%) of MIl oocytes No. (%) of embryos Total cell number in blastocysts

Cleaved Developed to BL
0 100 69 (69.0 £2.5) 52 (75.9 £5.0) 16 (23.0 = 1.6)° 41.94+1.9
50 100 73 (73.0 £ 3.8) 54 (74.2 £ 3.7) 21(28.8 + 2.4)° 43.4 +1.8
75 100 78 (78.0 £2.6) 66 (84.6 +3.0) 30(38.5 £ 0.7 482 +1.6
100 100 76 (76.0 £3.7) 63 (82.7 £2.8) 23 (30.5 £ 2.3 427 +1.6

Values in the same column with different superscript letters are significantly different (o < 0.05). Percentages and the total cell number in BL are shown as means + SEM
(n =4 replicates). BL, blastocyst; COC, cumulus—oocyte complex.
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Name

SYCP1
(synaptonemal complex 1)

SYCP2 (synaptonemal
complex 2)

SYCP3

(synaptonemal complex 3)
SYCET

(synaptonemal complex
central element 1)
SYCE2

(synaptonemal complex
central element 2)
SYCE3

(synaptonemal complex
central element 3)
TEX12

(testis expressed sequence 12)

SIX60S1

Time

Zygotene-diplotene

Leptotene-diplotene

Leptotene-diplotene

Zygotene-diplotene

Zygotene-diplotene

Zygotene-diplotene

Zygotene-diplotene

Zygotene-diplotene

Region

Transverse filament

Axial element

Axial element

Central element

Central element

Central element

Central element

Central element

Characteristic

N-terminus locates within CE and C-terminus
locates within AE; recruits other CE proteins to
accomplish SC assembly

Interacts with C-terminus directly interacts with
SYCP1; a “linker” between AE and TF

Major structural component of AE

Recruited by SYCP1 to the CE region; interacts
more directly with SYCP1

Localization on the CE region depends on
SYCP1

Downstream of SYCP1 but upstream of SYCE1
and -2 and enables their loading

Depends on SYCP1 to localize on the CE;
co-localize with SYCE2

Co-localizes with SYCE1 and SYCE3

References

Costa et al., 2005; Hamer et al.,
2006; Schramm et al., 2011; ?

Costa et al., 2005; Hamer
et al., 2006

Costa et al., 2005

Schramm et al., 2011

Hamer et al., 2006

Gomez et al., 2016
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Protein name

SUN1

KASH5

TREB1

TREB2

MAJIN

Speedy A

Characteristic

An inner nuclear membrane protein associated with
telomeres

A dynein-dynactin binding protein locating at the
outer nuclear membrane; exclusively localizes to
telomeres and associates with SUN1

A telomere repeat-binding bouquet formation
protein, meiosis-specific

A telomere repeat-binding bouquet formation
protein, meiosis-specific
Inner nuclear membrane-anchored junction protein

A non-canonical activator of cyclin-dependent
kinases; localizes to telomeres;
telomere-localization domain contains distal
N-terminus and Cdk2-binding Ringo domain

Functions

Required for telomere-NE attachment, homologous
pairing, and synapsis in spermatocytes and oocytes
Essential for homologous pairing and DSB repair in
spermatocytes; similar functions are assumed in
oogenesis

Required for telomere-NE attachment and synapsis in
male and female mice; homologous pairing and
chromosome movement are defective in TREB1 null
spermatocytes

Regulate homologous synapsis in spermatocytes and
oocytes

Essential for efficient synapsis in both male and female
mice

Mediates telomere-NE attachment, homologous pairing
and synapsis in male and female mice

References

Ding et al., 2007

Morimoto et al., 2012;
Horn et al., 2013

Shibuya et al., 2014

Shibuya et al., 2015

Shibuya et al., 2015

Tuetal., 2017
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Patient Mutation  Genomic cDNA Protein  Mutationtype  Genotype  SIFT Polyphen2 EXAC_EAS gnomAD_EAS

gene position (bp)  change change

Familyt -2 PATL2  Ohr15: 44961740 c.C898T pQ300  Stopgain Heterozygous  NA NA NA NA

Family2 ll-4 Chr15: 44960560 ©.A1345G  pT449A  Missense Mutation Heterozygous Tolerated  Benign NA NA

Family3 Il-1 Ohr15: 44959391 .C1376A  p.S459Y  Missense Mutation Heterozygous Damaging Damaging NA NA
Ohr15: 44961611 c.A931G  pM311V  Missense Mutation Heterozygous Tolerated  Benign NA NA

Familyd Il-1 Chr15: 44961718 ©.G920A  pRIO7TQ  Missense Mutation Heterozygous Tolerated  Benign NA NA
Chr15: 44964221 ¢.T649A PY217N  Missense Mutation Heterozygous Damaging Damaging NA NA

Family5 I1-2/4 Chr15: 44960569 ©.C1336T ~ pRA46W  Missense Mutation Heterozygous Damaging Damaging NA NA

*Means the mutant sequence corresponds to stop codon sequence.
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phosphorylation

ubiquitination

NEDDylation (ubiquitin-like
PTM)
SUMOylation

PAPylation

Protein name
Histone H3
MAPK

cofillin

cycling

SLBP

Histone H2A

histone H2B

securin
SUV39H1
Emit

Ubc9

PLK1

PIASY

Hpla

PARPs

Main function

Chromosome condensation,
homologous chromosome segregation
Spindle formation, kinetochore and
microtubules

Spindle orgznization, actin assembly
embryo development

Chromosome condensation,
chromosome segregation

Transcriptional repression regulation in
early embryonic development

regulation of meiosis and
preimplantation development

Sister chromatid segregation
Zygotic genome reprogramming
spindle assemby checkpoint

seindle organization, extrusion of first
polar body

Centrosome matuation, spindle
assemby

Chromosome segregation; zygotic
transcription

Polar body exclusion

Oocyte chromosome condensation,
asymmetric division, embryo
development, autophagy

Related factors

MEK1/2, ERK1/2
Toxines(bisphenol AF, HT-2,
zearalenone)

Protein kinase D subfamily

SCFBY7 comples
SCFFBOXO30 somplex,

histone H3
RING1B E3 ligse
RNF20, Brelp

APC/C complex, CDC20
CDAF13, CRL4
CUL1, APC/C complex

SUMO1
SUMO1/2/3
SUV39H1

y-tubulin, SUMO2/3

MAPK pathway, mTOR
pathway
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Protein Biochemical activity Phenotype of Phenotype of cKO in Phenotype of maternal KO References
(Gene) KO oocyte in zygote
SETD1A H3K4 Lysine methyl- Fail to gastrulate No phenotype No phenotype Bledau et al., 2014
(Setd1a) transferase (H3K4me3) and die at E7.5
SETD1B H3K4 Lysine methyl- Growth Follicular loss with age; Setd1b-null oocytes can be Bledau et al., 2014;
(Setd1b) transferase (H3K4me3) retardation from Ovulated MIl oocytes fertilized, but none of these Brici et al., 2017
E7.5; dieat E11.5 exhibited abnormalities of zygotes develop beyond the
the zona pellucida and 4-cell stage.
meiotic spindle.
CXXCA DNA/histone-binding Die between E6.5 Compromised histone Maternal Cxxc1 KO impairs Carlone and Skalnik, 2001;
(CxxcT) subunit of SETD1 complex and E12.5 exchanges, DNA the MZT after fertilization and Yu et al., 2017;
(H3K4me3) methylation, transcription of de novo histone deposition. Sha et al., 2018a
the oocytic genome, and Embryos arrest at the 1- or
spindle assembly. 2-cell stage.
KMT2B' H3K4 Lysine Embryonic failure Kmt2b knockout in oocytes ZGA is compromised, and Glaser et al., 2006;
methyl-transferase before E11.5 results in anovulation and embryos arrest between the Andreu-Vieyra et al., 2010;
non-canonical (nc) oocyte death. 1-cell and 2-cell stages. Hanna et al., 2018
H3K4me3
KDM1A H3K4 Lysine demethylase Early lethality Arrest at prophase | due to Impairs the MZT and arrests Kim et al., 2015;
(Kdm1a) (H3K4me2) prior to the upregulation of the at the 2-cell stage. Ancelin et al., 2016
gastrulation. CDK1 phosphatase
CDC25B.
KDM1B H3K4 Lysine demethylase Viable Fail to establish maternal No MZT defects. Embryos Ciccone et al., 2009
(Kdm1b) (H3K4me2) DNA methylation imprints. from Kdm1b-null oocytes die
before mid-gestation.
KDM5B H3K4 Lysine demethylase Early embryonic Overexpression of KDM5B Phenotype of cKO was no Catchpole et al., 2011;
(Kdm5b) (H3K4me3) lethality before reactivates transcription in reported. Knockdown of Dahl et al., 2016

1Also known as MLL2.

E7.5

surrounded nucleolus
oocytes.

KDMB5A/B in zygotes impairs
ZGA at the 2-cell stage.





OPS/images/fcell-08-601972/cross.jpg
3,

i





OPS/images/fcell-08-601972/fcell-08-601972-g001.jpg
b id

/ \ / /
/ \ ! \ / / \
\ { / \
/ 1Y B I W { y
! N B I H |
i h ih ! ]
i N N B { !
A [ IR ' B \ i
A / A / \ \ /
/
/ 4 ",
! 1 \
\ { 7 \ / \
\ i ! \ / \
\ {
Y i . \
1N i H i
1 1 H + i
il { ! H
/ \ \ ! /
! \ \ /
(4
d
\
\
\
\
H
i
d /
O
| d
<
1
H
an /
<
- ) o <
- O /
i
) ) ) o Q i
|
\
Q \ /
© V Vel /
<






OPS/images/fcell-08-582715/fcell-08-582715-t001.jpg
Gene

ASH1L
NSD1
MLL2
SETD2
KDM5B
KDMA4A
GAPDH

Forward primer

GCCTCTGACACGGACCC
GCTAGCTGCTTTCTACCCTGA
TGGAAGTGCAAGTGGTGTGT
CAGTCCGTCAGTGTACAGCA
GACGTGTGCCAGTTTTGGAC
TGGAAAAGCAGTGGGATCGG
GATGGTGAAGGTCGGAGTG

Reverse primer

TCCCGGCTACCAACAAGAGT
GCCAGCATCAACCGTGC
GTACGGGGCGTGACAGATAG
GTCACAACCATTTCAGGTGGC
TCGAGGACACAGCACCTCTA
CTTTGGAGGAACAACCTTGGC
CGAAGTTGTCATGGATGACC
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Metabolites

Cer(d18:1/16:0)
MG(20:1p)
PC(34:0)

PC(34:3)

PC(38:5)

PE(20:0p)
TG(8:0/8:0/8:0)
TG(16:0/18:1/18:1)
LPE(22:3)
LPE(22:4)
LPI(18:0)
SM(d36:1)
PC(37:4)

Mz

538.5194
386.3629
762.6007
756.5538
808.5851
530.3217
488.3946
876.8015
530.3252
528.3096
599.3202
775.5971
796.5851

Type

Cer(d18:1/16:0) + H
MG(20:1p) + NH4
PC(34:0) + H

PC(34:3) + H

PC(38:5) + H

PE(20:0p) + Na
TG(8:0/8:0/8:0) -+ NH4
TG(16:0/18:1/18:1) + NH4
LPE(2:3)-H

LPE(22:4)-H

LPI(18:0)-H

SM(d36:1) + HCOO
PC(37:4) + H

lonFormula

C34 HB68 O3 N1
C23 H48 O3 N1
C42 H85 08 N1 P1
C42 H79 08 N1 P1
C46 H83 08 N1 P1
C25 H50 O7 N1 P1 Nat
C27 H54 O6 N1
C55 H106 O6 N1
C27 H49 O7 N1 P1
C27 H47 O7 N1 P1
C27 H52 012 NO P1
C42 H84 08 N2 P1
C45 H83 08 N1 P1

Class

SP
GL
GP
GP
GP
GP
GL
GL
GP
GP
GP
SP
GP

Subclass

Cer
MG
PC
PC
PC
PE
TG
TG
LPE
LPE
LPI
SM
PC

FC(MT/CON)

0.713011332
4.056503024
0.613003343
1.7938854
0.555480605
1.32368186
1.814711539
5.550013905
1.456611091
1.356583578
1.859655426
0.616533814
0.195726296

P-value

0.020166
0.020551
0.035028
0.041914
0.018347
0.019753
0.047532
0.036007
0.012236
0.009065
0.038688
0.025273
0.022136
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Target genes

GAPDH
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FASN

PLIN2

CGI-58

PPARY

CPT2

CPT1a

PGC-1a

TFAM

PRDX2

Accession number

NM_001206359.1

NM_001114269.1

NM_001099930.1

NM_214200.2

NM_001012407.1

NM_214379.1

NM_001246243.1

NM_001129805.1

NM_213963.2

NM_001130211.1

NM_001244474.1

Primer sequences (5'-3')

E
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R
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R
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R
F
R
F
R
F
R
F
R

GTCGGTTGTGGATCTGACCT
GTCCTCAGTGTAGCCCAGGA
TTTGTTACTCGTTTTGGTGGGA
AGCGTTGGCTTTCAGGTCTT
TGTCCTGGGAAGAGTGTAAGCA
GCAGGAACTCGGACATAGCG
ATGGCTGGCGACATCTACTCA
TGCCCCTTGCTGGAACTG
AGGAGGTCTCGGACTTTGGG
GGTCTGGTCGCTCAGGAAAA
GCATCTTTCAGGGGTGTCAGTT
CGTGGACGCCATACTTTAGGA
TGTCCCAGTATTTTCGGCTTTT
GTCTCCTCGTTGCCACCCT
TAAACGGATGACGGCTCTGG
TGTGGGTCGGGGTGATGT
AATCGCAGTCGCAACATTTACA
TGGGTCCCCGAAGACTCAC
GGACCTCTGTGCGGTTTGTG
CACCTGCCAGTCTGCCCTA
TGGGACGCTCTGTGGATGA
GGGGCAGGTCTGGCTTTT
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Factor

Temperature

Time interval between animal euthanasia
and oocyte collection

Oocyte postovulatory age
Initial MPF level

Timing of MAPK decline

Spindle assembly checkpoint (SAC)

Ca?* and calmodulin-dependent protein
kinase Il (CaMKIl)

Cyclin-B degradation during OSA

Rat strains

Other factors

Effect and how to control

Avoid temperature change during oocyte collection from
oviduct to medium

Shorten the time interval and do animal sacrifice and oocyte
collection one by one instead of a batch

Avoid oocyte postovulatory aging in vivo

Rat oocytes carry only 40% MPF kinase activity of that in
mouse oocytes

Rat OSA exhibits a quick decrease in both Mos and MAPK
kinase (MEK)/MAPK

Premature MAPK decline disintegrates microtubules and
activates the SAC proteins, which then mobilize cyclin-B protein
and bring oocytes to M-IIl

Ca* and CaMKII cascade contribute to MPF inactivation and
premature MAPK decline. Ca2*-free medium, Ca2* chelator,
Ca?* channel blockers, NCX1 activator, and CaMKIl inhibitors
have been applied, but these methods cannot fully block OSA
or can cause obvious side effects

To inhibit cyclin-B degradation and MPF inactivation,
proteasome inhibitor MG 132 was widely applied, but caution
should be exercised due to its profound side effects

Different rat strains exhibit different MPF activities and distinct
susceptibility to OSA

Nitric oxide, cyclin-dependent kinase 1, ubiquitin-proteasome
pathway, and reactive oxygen species.

References

Zernicka-Goetz, 1991; Kito et al., 2010

Keefer and Schuetz, 1982; Kito et al., 2010
Ben-Yosef et al., 1995; Sun et al., 2002; Santos
et al., 2003

Ito et al., 2005

Ito et al., 2007

Cuietal., 2012

Hayes et al., 2001; Sun et al., 2002; Ito et al., 2006;
Chaube et al., 2007; Ito et al., 2007; Yoo and
Smith, 2007; Cui et al., 2013

Zhou et al., 2003; Ito et al., 2007; Popova et al.,
2009; Mizumoto et al., 2010; Cui et al., 2013

Hirabayashi et al., 2003; Ross et al., 2006;
Sterthaus et al., 2009

Tan et al., 2005; Premkumar and Chaube, 2015;
Prasad and Chaube, 2016; Prasad et al., 2016a,b;
Premkumar and Chaube, 2016
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Gene

AR
SHBG
FSHR

AMH
CYPATA

CYP11A1
CYP11B2
CYP17A1
CYP1A1
CYP21A2
CYP3A7
CYP19A1
FTO
CAPN10
INS

INSR
SRD5A2
SRD5A1

Chr. location Type of mutations

X
17
2

19
15

15
8
10
15
6
d
15
16
2
11
19
2
5

X inactivation
Polymorphism rs727428(C:T)
Polymorphism rs6165(997 A/G)

Polymorphism rs149082963(254T/G)
Polymorphism rs4646903(6235 T/C)

repeat polymorphism (tttta)n
Polymorphism rs1799998(-344C/T)

Function

Involved in AR signaling pathway
Control the level of sex hormones
Endocrine reproductive system

Marker of ovarian reserve
Metabolization of estrogen

Steroid synthesis
Aldosterone synthetases

Polymorphism in promoter rs743572(-34 T/C) Steroidogenesis enzyme

Polymorphism rs1048943(A > G)
Polymorphism (V281L and P30L)
CYP3A7*1C (promoter region)
Polymorphism rs2414096(A/G)
Polymorphism rs9939609(A/T)
Polymorphism rs2975760(4841 T/C)
VNTR /1, /1ll, and lI/1ll linkage analysis
Polymorphism rs1799817(3364 T/C)
Polymorphism rs523349(c.265C/T)
Polymorphism rs3822430(c.309A/G)

Transport pathways of estrogens
Steroid 21-hydroxylase,
Metabolism of DHEAS
Biosynthesis of cholesterol

Lipid Metabolism

Insulin action

Production of androgen

Insulin receptor

Androgen biosynthesis

PCOS association References

Associated
Associated
Associated

Associated
Associated

Associated
Associated
Associated
Associated
Associated
Associated
Associated
Associated
Associated
Controversial
Debatable
Associated

Reduction of testosterone into androgen Debatable

Gottlieb et al., 2004
Wickham et al., 2011
Esinler et al., 2008

and Unsal et al., 2009
Gorsic et al., 2017

Esinler et al., 2008

and Unsal et al., 2009
Reddy et al., 2014

Zhao et al., 2003

Unsal et al., 2009

Unsal et al., 2009

Zhao et al., 2003

Unsal et al., 2009
Mykhalchenko et al., 2017
Caietal., 2014

Unsal et al., 2009
Baillargeon and Carpentier, 2007
Unsal et al., 2009
Goodarzi et al., 2006
Goodarzi et al., 2006
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Name Carbon Formula Saturation
number

Myristic acid 14 C14H2802 Saturated

Palmitic acid 16 C1H3z202 Saturated

Stearic acid 18 C1gHz602 Saturated

Oleic acid 18 C1gH3405 (C-9) Monounsaturated

Linoleic acid 18 C1gHz202 (C-9, 12) Polyunsaturated

a-linoleic acid 18 C1gHz002 (C-9, 12, 15) Polyunsaturated

Arachidonic acid 20 CooHz202 (C-5, 8, 11,14)  Polyunsaturated

Adrenic acid 22 CooHzs02 (C7, 10, 13,16)  Polyunsaturated
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