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Editorial on the Research Topic 
Intra-and extra-environment and reproduction

INTRODUCTION
Infertility is a challenging problem for people who desire to have children. Approximately 10–15% of reproductive-age couples are affected by infertility (Wasilewski et al., 2020; Saha et al., 2021). The causes of infertility are various, with approximately 30% for male factors, 30% for female factors, 30% for both partners, and 8–28% for unexplained reasons (Saha et al., 2021) (https://www.singlecare.com/blog/news/infertility-statistics/). In females, the most common causes of infertility are ovarian dysfunction (25–35%), tubal-related problems (20–25%), uterine pathology (15–30%), and unexplained reasons (20–30%) (Takasaki et al., 2018; Szamatowicz and Szamatowicz, 2020). In males, low sperm quality (35%) is the main cause of infertility (Odisho et al., 2014; Carson and Kallen, 2021). These causes of infertility can be attributed to other common health issues (Carson and Kallen, 2021). For example, metabolic disorders, such as obesity and diabetes, induce low oocyte quality, abnormal epigenetic modifications in oocytes and sperm, and impaired embryo development (Ou et al., 2019; Snider and Wood, 2019; Kusuyama et al., 2020). PCOS (polycystic ovarian syndrome), a common endocrine disease in reproductive-age women, leads to anovulation, low oocyte quality and fertilization rate, and subfertility/infertility (Risal et al., 2019; Kumariya et al., 2021). Exposure to phthalates, widely used in the manufacture of plastics, leads to premature ovarian failure by disrupting the reproductive endocrine functions (Lambrot et al., 2009; Lehraiki et al., 2009; Rajkumar et al., 2022). Pesticide residues are deleterious to ovarian function and oocytes (Biggs et al., 2008; Liu et al., 2021). Lifestyle factors such as smoking also contribute to infertility, (Esakky and Moley, 2016; Engel et al., 2021). However, the mechanisms of environmental factors underlying infertility are not yet fully understood. This Research Topic is focused on the intra- and extra-environmental factors affecting reproduction.
REGULATION OF GAMETOGENESIS
In mammals, haploid germ cells are produced from the diploid precursor cells through meiosis (Larose et al., 2019). In females, meiosis is initiated in the fetal ovary, and the primary oocytes are arrested at Meiotic Prophase I, enclosed in primordial follicles, perinatally in mice. At puberty, a cohort of the primordial follicles are recruited in the growth phase, and the oocytes resume the meiotic cell cycle to go through the first meiosis division and become mature oocytes. Accurate chromosome segregation depends on many factors including chromosomal and ooplasmic components. For example, centromeres and telomeres are two crucial regions in chromosomes and play a key role in regulating chromosome segregation during oocyte meiosis (Meerdo et al., 2005; Kazemi and Taketo, 2021). Jeon and Oh report that the deletion of TRF1, a component of the telomeric protein complex, resulted in the dysfunction of the spindle-assembly checkpoint (SAC) and an increase in the aneuploidy rate in mouse oocytes. mRNA accumulation during oocyte growth/follicular development is crucial for oocyte competency and early embryo development (Ruebel et al., 2021). At the end of the growth phase of oocytes, when they are commonly referred to as germinal vesicles (GV), the oocyte ceases transcription and the mRNA accumulated is programmatically degraded during meiotic progression (Gindi et al., 2022). The poly(A) tail length at the 3′ end is important for mRNA stability in oocytes (Yang et al., 2020). The CCR4-NOT complex regulates mRNA degradation through deadenylation (shortening) of the poly(A) tail (Reyes and Ross, 2016). Epigenetic modification is another important factor that regulates mRNA stability in oocytes. For example, N6-methyladenosine (m6A) modification plays a key role in stabilizing the mRNA of oocytes and early embryos (Kasowitz et al., 2018). Another modification, N4-acetylcytidine (ac4C), of mRNA was found to regulate translation (Arango et al., 2018). Xiang et al. report that ac4C is mediated by NAT10 (N-acetyltransferase 10), while the deletion of NAT10 decreased the oocyte maturation rate in the mouse subject.
In males, spermatogenesis occurs throughout the entire life by maintaining the spermatogonial stem cells and this process is precisely regulated (Neto et al., 2016). After the proliferation of spermatogonia, they enter meiosis to become spermatocytes, which further differentiate into round spermatids through consecutive meiotic divisions. The round spermatids then undergo transformation to become spermatozoa, which are released into the seminiferous tubule lumen. Spermatozoa undergo further maturation in the epididymis. This process is regulated by hormones, pre-mRNA alternative splicing, non-coding RNA, epigenetic modifications, micro-environment, etc. (Neto et al., 2016). Non-obstructive azoospermia (NOA) is a crucial reason for male infertility, but the causes of ∼70% of NOA are still termed idiopathic NOA (iNOA). Tang et al. find that some males were diagnosed with iNOA in the clinic, but they had been fertile. To investigate, they test the mRNA profiling in the testicular tissues of these males and find the mRNA expression was altered compared to obstructive azoospermia. Wu et al. find that the deletion of SYMPK blocked spermatogenesis and led to infertility in mice because the pre-mRNA alternative splicing was disturbed. During post-testicular sperm maturation, there is a dynamic change process of non-coding RNA (Sharma et al., 2018) and a re-methylation process of the Pgk-2, ApoA1, and Oct-3/4 loci (Ariel et al., 1994). These indicate that non-coding RNA and the re-methylation of genes are essential for sperm maturation. In this topic, Chadourne et al. report that Topaz1 is important for spermatogenesis mediated by lncRNA. Chen et al. find that the global methylation in sperm from the testis was significantly different from sperm from the caput epididymis. The microenvironment is also important for spermatogenesis. For example, in the testis, hypoxia leads to abnormal spermatogenesis and infertility (Jankovic Velickovic and Stefanovic, 2014). Li et al. review the relationship between hypoxia, induced by environmental and pathological factors, and male infertility in humans and animals and discuss the potential mechanisms.
METABOLIC DISORDERS HAVE ADVERSE EFFECTS ON REPRODUCTION AND OFFSPRING HEALTH
PCOS is a major cause of female infertility. For women with PCOS, ovarian function is reduced, resulting in anovulation and low oocyte competence. Studies in mice show that the global gene expression in ovaries and granulosa cells is altered by PCOS, including genes associated with oocyte meiosis (Palomba et al., 2017; Snider and Wood, 2019). Gao et al. demonstrate that PCOS leads to an increase in the expression of USP25 in granulosa cells, which regulates the proliferation and apoptosis by decreasing the expression of PI3K, AKT, and BCL2, and increasing the expression of Bax. Li et al. report that PCOS altered the transcriptional profiling in oocytes and cumulus cells compared with age-matched non-PCOS women.
Since the 1960s, researchers have been exploring the oocyte metabolome to identify those with the greatest potential to produce a successful pregnancy (Collado-Fernandez et al., 2012). Harris et al. find that, during folliculogenesis, glucose is utilized by intact follicles while pyruvate is the main metabolite consumed by oocytes during folliculogenesis (Harris et al., 2007; Harris et al., 2009; Collado-Fernandez et al., 2012). Amino acid is also crucial for follicular development, fertilization, and early embryo development (Hong and Lee, 2007). Liu et al. analyze the metabolome landscape during oocyte maturation and elucidate the metabolic pathway of polyunsaturated fatty acids regulating oocyte maturation (Li et al., 2020). The pivotal role of lipid metabolism during oocyte maturation is reviewed by Liu et al. PCOS may alter the metabolic profile in serum and follicular fluid, contributing to an important etiology of low oocyte competence. Liu et al. report that high levels of total cholesterol (TC), triglycerides (TG), and low density lipoprotein cholesterol (LDL-C) are associated with high oocyte retrieval, but obesity is associated with lower oocyte maturation rate, fertilization rate and good-quality embryo rate, as well as a poor live birth outcome for women with PCOS undergoing an unstimulated natural cycle. Huang et al. analyze the follicular fluid of PCOS women using Raman spectra, and find an association of these values with blastocyst rate and clinical pregnancy rates. When Raman spectra is matched with machine-learning algorithms, an accuracy of 90% and 74% in evaluating oocyte competence and clinical pregnancy of PCOS patients, respectively, can be achieved. Raman spectra are also used to predict male reproductive capacity, as reviewed by Zhang et al..
The WHO (World Health Organization) reported that diabetes mellitus and obesity are two of the most frequent metabolic diseases worldwide. (https://www.who.int/news-room/fact-sheets/detail/diabetes; https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight). Diabetes and obesity cause many complications in health and adverse effects on reproduction. For example, diabetes and obesity lead to ovarian inflammation and low oocyte quality (Snider and Wood, 2019). However, the mechanisms underlying ovarian dysfunction due to diabetes or obesity are not completely elucidated. Adamowski et a1. find that leptin signaling plays an important role in the activation of NOD-like receptor protein 3 (NLRP3) inflammasome in the ovaries of obese mice. Ge et al. report that the loss of PDK1 is a major cause of the abnormal maturation of oocytes in diabetic mice. Furthermore, the offspring of females with diabetes or obesity have a higher risk of chronic diseases in adulthood, such as cardiovascular diseases and metabolic disorders. Dong et al. report that the offspring of mothers with type 2 diabetes and gestational diabetes had a higher risk of malformations and death at birth.
EFFECTS OF EXTRA-ENVIRONMENTAL FACTORS ON REPRODUCTION
Environmental pollution is a great threat to public health, including reproductive health (Malott and Luderer, 2021; Liu et al., 2022). For example, heavy metals exposure has deleterious effects on gametogenesis, resulting in impaired development in early embryos, fetuses, and offspring (Rzymski et al., 2015; Bhardwaj et al., 2021). Exposure to air pollution, for instance, including particulate matter (PM), polychlorinated biphenyls (PCBs), sulfur dioxide (SO2), and nitrogen dioxide (NO2), leads to subfertility/infertility, low oocyte and sperm quality, and imbalanced endocrine function (Kampa and Castanas, 2008; Grippo et al., 2018). Nicotine, an important air pollutant from smoking, induces abnormal folliculogenesis and autophagy of ovarian cells at birth (Wang et al., 2018). Liu et al. report that the damage to early folliculogenesis induced by nicotine could be alleviated by high dosages of LH (luteinizing hormone) and FSH (follicle-stimulating hormone). Synthetic chemical compounds and some components of plants also have adverse effects on reproduction. The deleterious effects of Bisphenol A (BPA) and phthalates on germ cells and embryos are well known (Lehraiki et al., 2009; Rajkumar et al., 2022). Niu et al. demonstrate that hexestrol, a chemical compound used in livestock production and aquaculture, disturbs oocyte maturation and embryo development. Li et al. show that Aristolochic acid I reduces oocyte maturation, embryo development, and mitochondrial function of oocytes.
Assisted reproductive technologies (ARTs) are widely used in humans, domestic animals, and animal models. ART has become the most effective way to treat infertility/subfertility in humans, and more than 5 million ART babies have been born since 1978 when the first ART child was born in Great Britain. Thus, the safety of ARTs has to be considered. Clinical studies indicate that ART increases the risk of low birth weight, preterm, stillbirth, gestational diabetes, malformations in infants, and chronic diseases (Chen and Heilbronn, 2017; Wijs et al., 2021). The adverse effects of ART on offspring may start during the manipulations to obtain germ cells and early embryos. For example, exogenous hormones, used in ovarian stimulation reduce oocyte quality and embryo developmental potential (Marshall and Rivera, 2018). The culture medium cannot completely mimic the in vivo environment and may have adverse effects on germ cells and embryos. Oocyte freezing damages cellular organelles and reduces embryo developmental potential. Micromanipulations, such as ICSI, may also have deleterious effects on embryo development (Marshall and Rivera, 2018). Evidence from human and animal models has proved that epigenetic modifications, including DNA methylation, histone modifications, micro-RNAs, RNA modifications, and chromosome structure, are prone to be disturbed by ARTs during the maturation of germ cells and early embryo development (Menezo and Elder, 2020) that could lead to aberrant fetal development (Liang et al., 2013; Saenz-de-Juano et al., 2019). For example, Xu et al. report that cryopreservation of sperm altered the miRNA profile, which may play a role in the low blastocyst rate after fertilization in mice.
It is a great challenge to minimize the adverse effects of ARTs on germ cells, embryos, and offspring. Clinicians have used low-dosage exogenous hormones and gonadotropin-releasing hormone (GnRH) antagonist-based ovarian stimulation protocol to reduce their adverse effects (Wang et al., 2021). Chen et al. report that a tip pipette, combined with a piezoelectric-assisted manipulator, increases the survival rate of oocytes and embryos after mRNA microinjection in mice. Chu et al. show that vitamin C prevents the active DNA methylation of early mouse embryos that takes place during in vitro culture. Hou et al. show that minocycline hydrochloride alleviates the adverse effects of the medium on early embryos by inhibiting Parp1 (Poly (ADP-ribose) polymerase-1) in mice. Tang et al. present evidence that glycine and melatonin could improve the embryo development produced by vitrified oocytes of mice. Hao et al. report that making a small hole in the zona pellucida of a morula stage embryo improves the hatching rates in mice. More studies are still required to reduce the deleterious effects of ARTs on germ cells, embryos, and offspring.
UTERINE ENDOMETRIUM AND IMPLANTATION
Naturally, the incidence of successful pregnancies is no more than 30% in each menstrual cycle. Approximately 75% of the lost conceptions are caused by implantation failure (Zhang et al., 2013). For successful implantation to take place, the blastocysts have to acquire the implantation competency and the uterine stroma needs to differentiate into epithelial-like secretory decidual cells, known as decidualization, which is essential for embryonic growth and invasion. Decidualization is also important for the semi-allogenic embryo to escape from the maternal immunological responses (Zhang et al., 2013). These two events are hierarchically regulated by many factors, including estrogen and progesterone (Zhang et al., 2013). Zhu et al. report that monosodium urate enhances the transformation of uterine stromal cells into decidual cells, and Zhu et al. find that a higher expression of insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3) may induce spontaneous abortion impairing decidualization. The crosstalk between mother and fetus is also regulated by the chemokines, as reviewed by Zhang et al.
SUMMARY
In this Research Topic, a total of 31 papers were accepted by reviewers and editors. Of these papers, seven contribute to the understanding of gametogenesis; nine explore the effects and the possible mechanisms of metabolic disorders including PCOS, diabetes, obesity, and aging on germ cells and offspring; four provide new knowledge on the adverse effects of environmental pollution on germ cells and embryos, and how to alleviate the deleterious effects; seven investigate the adverse effects of ART on germ cells and embryos and explore how to reduce them; and, finally, four are focused on the maternal-fetal interface during implantation. These papers greatly contribute to our understanding of the mechanisms underlying the effect the intra- and extra-environment have on reproduction and encourage more studies on this topic in the future.
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Spermatogenesis involves coordinated processes, including meiosis, to produce functional gametes. We previously reported Topaz1 as a germ cell-specific gene highly conserved in vertebrates. Topaz1 knockout males are sterile with testes that lack haploid germ cells because of meiotic arrest after prophase I. To better characterize Topaz1–/– testes, we used RNA-sequencing analyses at two different developmental stages (P16 and P18). The absence of TOPAZ1 disturbed the expression of genes involved in microtubule and/or cilium mobility, biological processes required for spermatogenesis. Moreover, a quarter of P18 dysregulated genes are long non-coding RNAs (lncRNAs), and three of them are testis-specific and located in spermatocytes, their expression starting between P11 and P15. The suppression of one of them, 4939463O16Rik, did not alter fertility although sperm parameters were disturbed and sperm concentration fell. The transcriptome of P18-4939463O16Rik–/– testes was altered and the molecular pathways affected included microtubule-based processes, the regulation of cilium movement and spermatogenesis. The absence of TOPAZ1 protein or 4930463O16Rik produced the same enrichment clusters in mutant testes despite a contrasted phenotype on male fertility. In conclusion, although Topaz1 is essential for the meiosis in male germ cells and regulate the expression of numerous lncRNAs, these studies have identified a Topaz1 regulated lncRNA (4930463O16Rik) that is key for both sperm production and motility.
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INTRODUCTION

In mammals, an organism derives from two parental haploid gametes, a maternal oocyte and paternal sperm. Meiosis is a highly specialized event that leads to the production of these haploid germ cells (Kleckner, 1996). In females, meiosis is initiated during fetal life while male germ cells are involved in the meiosis process around puberty. In males, meiosis is essential during spermatogenesis that involves mitotic division and the multiplication of spermatogonia, the segregation of homologous chromosomes and the spermiogenesis of haploid germ cells. This complex process of spermatogenesis, which progresses through precisely timed and highly organized cycles, is primordial for male fertility. All these different events are highly regulated and associated with the controlled expression of several testis-enriched genes. A previous study had demonstrated the essential role of Topaz1 during meiosis in male mice (Luangpraseuth-Prosper et al., 2015). Topaz1 is a highly conserved gene in vertebrates (Baillet et al., 2011). Its expression is germ cell-specific in mice (Baillet et al., 2011). The suppression of Topaz1 in mice (Topaz1–/–) results in azoospermia (Luangpraseuth-Prosper et al., 2015). Male meiotic blockage occurs without a deregulation of chromosome alignment and TOPAZ1 is not involved in formation of the XY body or the maintenance of MSCI (Meiotic Sex Chromosome Inactivation). Topaz1 depletion increases the apoptosis of mouse adult male pachytene cells and triggers chromosome misalignment at the metaphase I plate in mouse testes (Luangpraseuth-Prosper et al., 2015). This misalignment leads to an arrest at the prophase to metaphase transition during the first meiosis division (Luangpraseuth-Prosper et al., 2015). Microarray-based gene expression profiling of Topaz1–/– mouse testes revealed that TOPAZ1 influences the expression of one hundred transcripts, including several long non-coding RNAs (lncRNAs) and unknown genes, at postnatal day 20 (P20) (Luangpraseuth-Prosper et al., 2015).

Since discovery of the maternal H19 lncRNA (Brannan et al., 1990) and the Xist (Brockdorff et al., 1992) genes that regulate the structure of chromosomes and mediate gene repression during X chromosome inactivation, interest in studying the role of non-coding RNAs (ncRNAs) has grown considerably. Non-coding RNAs are present in many organisms, from bacteria to humans, where only 1.2% of the human genome codes for functional proteins (Carninci et al., 2005; ENCODE Project Consortium, Birney et al., 2007; Gil and Latorre, 2012). While much remains to be discovered about the functions of ncRNAs and their molecular interactions, accumulated evidence suggests that ncRNAs participate in various biological processes such as cell differentiation, development, proliferation, apoptosis, and cancers.

They are divided into two groups: small and long non-coding RNAs (sncRNAs and lncRNAs, respectively). sncRNAs contain transcripts smaller than 200 nucleotides (nt) (Guttman et al., 2009). They include microRNAs (miRNAs, 20–25 nt), small interfering RNAs (siRNAs), PIWI-interacting RNAs (piRNAs, 26–31 nt) and circular RNAs (cricRNA). These sncRNAs are essential for several functions such as the regulation of gene expression and genome protection (Ref in Morris and Mattick, 2014) as well as during mammalian spermatogenesis (Yadav and Kotaja, 2014; Bie et al., 2018; Quan and Li, 2018). The second group, lncRNAs, contains transcripts longer than 200 nt without a significant open reading frame. Advances in high-throughput sequencing have enabled the identification of new transcripts, including lncRNAs, most of which are transcribed by RNA polymerase II and possess a 5′ cap and polyadenylated tail (ref in Jarroux et al., 2017). They are classified according to their length, location in the genome (e.g., surrounding regulatory elements) or functions.

Several studies have pointed out that testes contain a very high proportion of lncRNA compared to other organs (Necsulea and Kaessmann, 2014; Sarropoulos et al., 2019). However, this high testicular expression is only observed in the adult organ, as the level of lncRNAs in the developing testis is comparable to that seen in somatic organs (Sarropoulos et al., 2019). In mice, some testis-expressed lncRNAs were functionally characterized during spermatogenesis. Thus, the lncRNA Mrhl repressed Wnt signaling in the GC1-Spg spermatogonial cell line, suggesting a role in spermatocyte differentiation (Arun et al., 2012). Expression of the Testis-specific X-linked gene was specific to, and highly abundant in, mouse pachytene-stage spermatocytes and could regulate germ cell progression in meiosis (Anguera et al., 2011). Moreover, in male germ cells, it has been shown that the Dmrt1-related gene negatively regulates Dmrt1 (doublesex and mab-3 related transcription factor 1) and that this regulation might be involved in the switch between mitosis and meiosis in spermatogenesis (Zhang et al., 2010). Lastly, in a non-mammalian model as Drosophila, Wen et al. (2016) produced mutant fly lines by deleting 105 testis-specific lncRNAs and demonstrated the essential role of 33 of them in spermatogenesis and/or male fertility.

In a previous study, we performed comparative microarray analyses of wild-type and Topaz1–/– testis RNAs at P15 and P20 (Luangpraseuth-Prosper et al., 2015). Here, we have performed bulk RNA-sequencing (RNA-seq) of testes collected at P16 and P18 in order to refine the developmental stages that display transcriptional differences between the two mouse lines and to obtain an exhaustive list of dysregulated transcripts, especially non-coding ones. Since the proportion of deregulated lncRNAs represented about a quarter of the differentially expressed genes (DEGs), we studied the testicular localization of three of them. In order to approach the role of testicular lncRNAs, we created a mouse line in which one of them was deleted (4930463O16Rik). These knockout mice displayed normal fertility in both sexes, but the male mutants produced half as much sperm as wild-type controls.



MATERIALS AND METHODS


Ethics Statement

All animal experiments were performed in strict accordance with the guidelines of the Code for Methods and Welfare Considerations in Behavioral Research with Animals (Directive 2016/63/UE). All experiments were approved by the INRAE Ethical Committee for Animal Experimentation covering Jouy-en-Josas (COMETHEA, no. 18-12) and authorized by the French Ministry for Higher Education, Research and Innovation (No. 815-2015073014516635).



Mice

The generation and preliminary analysis of Topaz1-null transgenic mouse line has been described previously (Luangpraseuth-Prosper et al., 2015).

Generation of the 4630493O16Rik-null transgenic mouse line was achieved using CrispR-Cas9 genome editing technology. The RNA mix comprised an mRNA encoding for SpCas9-HF1 nuclease and the four sgRNA (Supplementary Table 1) targeting the 4930463o16Rik gene (NC_000076: 84324157-84333540). These sgRNAs were chosen according to CRISPOR software1 in order to remove the four exons and introns of the 4930463o16Rik gene. Cas9-encoding mRNA and the four sgRNAs were injected at a rate of 100 ng/μL each into one cell fertilized C57Bl/6N mouse eggs (Henao-Mejia et al., 2016). The surviving injected eggs were transferred into pseudo-pregnant recipient mice. Tail-DNA analysis of the resulting live pups was performed using PCR with genotyping oligonucleotides (Supplementary Table 1) and the Takara Ex Taq® DNA Polymerase kit. The PCR conditions were 94°C 30 s, 60°C 30 s, and 72°C 30 s, with 35 amplification cycles. Two transgenic founder mice were then crossed with wild-type C57Bl/6N mice to establish transgenic lines. F1 heterozygote mice were crossed together in each line to obtain F2 homozygote mice, thus establishing the 4630493O16Rik–/– mouse lines. Both mouse lines were fertile and the number of pups was equivalent, so we worked with one mouse line.

All mice were fed ad libitum and were housed at a temperature of 25°C under a 12 h/12 h light/dark cycle at the UE0907 unit (INRAE, Jouy-en-Josas, France). The animals were placed in an enriched environment in order to improve their receptiveness while respecting the 3R. All mice were then sacrificed by cervical dislocation. Tissues at different developmental stages were dissected and fixed as indicated below, or flash frozen immediately in liquid nitrogen before storage at -80°C. The frozen tissues were used for the molecular biology experiments described below.



Histological and Immunohistochemical Analyses

For histological studies, fresh tissues from 8-week-old mice were fixed in 4% paraformaldehyde (Electron Microscopy Sciences reference 50-980-495) in phosphate buffer saline (PBS) at 4°C. After rinsing the tissues in PBS, they were stored in 70% ethanol at 4°C. Paraffin inclusions were then performed using a Citadel automat (Thermo Scientific Shandon Citadel 1000) according to a standard protocol. Tissues included in paraffin blocks were sectioned at 4 μm and organized on Superfrost Plus Slides (reference J1800AMNZ). Once dry, the slides were stored at 4°C. On the day of the experiment, these slides of sectioned tissues were deparaffinized and rehydrated in successive baths of xylene and ethanol at room temperature. For histology, testes sections were stained with hematoxylin and eosin (HE) by the @Bridge platform (INRAE, Jouy-en-Josas) using an automatic Varistain Slide Stainer (Thermo Fisher Scientific). Periodic acid-Schiff staining (PAS) was used to determine seminiferous epithelium stages.

In situ hybridization experiments were performed using the RNAscope® system (ACB, Bio-Techne SAS, Rennes, France). Briefly, probes (around 1000 nt long) for Topaz1 (NM_001199736.1), 4930463o16Rik (NR_108059.1), Gm21269 (NR_102375.1), and 4921513H07Rik (NR_153846.1) were designed by ACB and referenced with the catalog numbers 402321, 431411, 549421 and 549441, respectively. Negative (dapB, Bacillus subtilis dihydrodipicolinate reductase) and positive (PPIB, Mus musculus peptidylprolyl isomerase B, and UBC, Homo sapiens ubiquitin C) controls were ordered from ACD. Hybridization was performed according to the manufacturer’s instructions using a labeling kit (RNAscope® 2.5HD assay-brown). Slides were counterstained according to a PAS staining protocol and then observed for visible signals. Hybridization was considered to be positive when at least one dot was observed in a cell. Stained sections were scanned using a 3DHISTECH panoramic scanner at the @Bridge platform (INRAE, Jouy-en-Josas) and analyzed with Case Viewer software (3DHISTECH). In situ hybridization with the control probes was performed using tissue sections of 2-month-old WT testes (Supplementary Figure 1). We also used the RNAscope® 2.5HD assay-red kit in combination with immunofluorescence in order to achieve the simultaneous visualization of RNA and protein on the same slide. The ISH protocol was thus stopped by immersion in water before hematoxylin counterstaining. Instead, the slides were washed in PBS at room temperature. The Mouse on mouse (M.O.M.) kit (BMK-2202, Vector laboratories) was used and slides were incubated for 1 h in Blocking Reagent, 5 min in Working solution and 2 h with a primary antibody: DDX4 (ab13840, Abcam) or γH2AX(Ser139) (Merck), diluted at 1:200 in Blocking Reagent. Detection was ensured using secondary antibody conjugated to DyLight 488 (green, KPL). Diluted DAPI (1:1000 in PBS) was then applied to the slides for 8 min. The slides were then mounted with Vectashield Hard Set Mounting Medium for fluorescence H-1400 and images were captured at the MIMA2 platform2,3 using an inverted ZEISS AxioObserver Z1 microscope equipped with an ApoTome slider, a Colibri light source and Axiocam MRm camera. Images were analyzed using Axiovision software 4.8.2 (Carl Zeiss, Germany).



Total RNA Extraction and Quantitative RT-PCR (RT-qPCR)

Total RNAs from post-natal mouse testes or other organs were isolated using Trizol reagent. The RNAs were purified using the RNeasy Mini kit (Qiagen) following the manufacturer’s instructions and then DNAse-treated (Qiagen). The quantification of total RNAs was achieved with a Qbit® Fluorometric Quantitation. Maxima First-Strand cDNA Synthesis Kit (Thermo Scientific) was used to reverse transcribe RNA into cDNA. The Step One system with Fast SYBRTM Green Master Mix (Applied Biosystems, ThermoFisher France) was used for qPCR, which was performed in duplicate for all tested genes and the results were normalized with qBase+ software (Biogazelle) (Hellemans et al., 2007). Gapdh, Ywhaz, and Mapk1 were used as the reference genes. For each experiment, median values were plotted using GraphPad Prism, and statistical analyses were performed with KrusKall–Wallis tests under R software [Rcmdr package (p-value < 0.05)]. The primer sequences used for RT-qPCR are shown in Supplementary Table 1.



RNA-Sequencing

Total RNA was extracted from WT, Topaz1–/– or 1630463O16Rik–/– mouse testes at P16 and P18 (n = 3 for each mouse phenotype and each developmental stage). Total RNA quality was verified on an Agilent 2100 Bioanalyser (Matriks, Norway) and samples with a RIN > 9 were made available for RNA-sequencing. This work benefited from the facilities and expertise of the I2BC High-throughput Sequencing Platform (Gif-sur-Yvette, Université Paris-Saclay, France) for oriented library preparation (Illumina Truseq RNA Sample Preparation Kit) and sequencing (Paired-end 75 bp; NextSeq). More than 38 million 75 bp paired-end reads per sample were generated. Demultiplexing was done (bcl2fastq2-2.18.12) and adapters were removed (Cutadapt1.15) at the I2BC High-throughput Sequencing Platform. Only reads longer than 10 pb were used for analysis. Quality control of raw RNA-Seq data were processed by FastQC v0.11.5.



Transcriptomic Analysis

Sequence libraries were aligned with the Ensembl 95 genome using TopHat (Trapnell et al., 2009), and gene table counts were obtained by applying featureCounts to these alignments (Liao et al., 2014). Data normalization and single-gene level analyses of differential expression were performed using DESeq2 (Love et al., 2014). Since some samples were sequenced several months apart, a batch effect after computation of hierarchical clustering was observed. In order to take this effect into account, we introduced the batch number into the DESeq2 model, as well as the study conditions. Differences were considered to be significant for Benjamini–Hochberg adjusted p-values < 0.05, and absolute fold changes > 2 (absolute Log2FC > 1) (Benjamini and Hochberg, 1995). Raw RNA-seq data were deposited via the SRA Submission portal4, BioProject ID PRJNA698440.



Biotype Determination of DEGs

Data available on the NCBI, MGI5 and Ensembl6 websites were used simultaneously to determine the DEG biotypes. For this purpose, information on the mouse genome was obtained by ftp from NCBI7; the annotation BioMart file from Ensembl8 (Ensembl genes 95, Mouse genes GRCm28.p6) and feature types from MGI9 (with the protein coding gene, non-coding RNA gene, unclassified gene and pseudogenic region). Only data corresponding to the DEGs were conserved. The files from these three databases were therefore cross-referenced to determine DEG biotypes. When the biotype of a gene differed between databases, the annotation was then listed as genes with a “biotype conflict.”



Gene Ontology Enrichment

The mouse DEGS thus identified were analyzed through Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway membership with Database performed using the DAVID Bioinformatic Database 6.810. These analyses and pathways were considered to be significant for a Benjamini-corrected enrichment p-value of less than 0.05. The Mouse Atlas Genome of differentially expressed genes extracted from this study was performed via the Enrichr website11.



Sperm Analysis

Evaluations of the concentrations and motility of sperm in WT and 4930463O16Rik–/– 8-week-old mice were performed using the IVOS II Computer Assisted Sperm Analysis (CASA) system (Hamilton Thorne, Beverly, MA, United States). The two fresh cauda epididymes from each individual were removed and plunged into 200 μL TCF buffer (Tris, citrate and fructose buffer) where they were chopped up with small scissors. For sperm release, the samples were incubated for 10 min at 37°C. A 4 μl aliquot was placed in a standardized four-chamber Leja counting slide (Leja Products B.V., Nieuw-Vennep, Netherlands). Ten microscope fields were analyzed using the predetermined starting position within each chamber with an automated stage. Statistical analyses were performed using the mean of the 10 analyzed fields containing at least 300 cells. The IVOS settings chosen were those defined for mouse sperm cell analysis (by Hamilton Thorne). The principal parameters were fixed as follows: 45 frames were captured at 60 Hz; for cell detection, the camera considered a signal as a spermatozoon when the elongation percentage was between 70 (maximum) and 2 (minimum); the minimal brightness of the head at 186, and the minimum and maximum size of the head at 7 and 100 μm2, respectively. The kinematic thresholds applied were: cell travel max at 10 μm, progressive STR at 45%, progressive VAP at 45 μm/s, slow VAP at 20 μm/s, slow VSL at 30 μm/s, static VAP at 4 μm/S and static VSL at 1 μm/s. The full settings used are listed in Supplementary Table 2. The CASA parameters thus recorded included the average path velocity (VAP in μm/s), straight line velocity (VSL in μm/s), curvilinear velocity (VCL in μm/s), amplitude of lateral head displacement (ALH in μm), motility (percentage), and sperm concentration (0.106/mL). Slow cells were recorded as static. Median and interquartile ranges were plotted with GraphPad. To compare the sperm parameters between WT and 4930463O16Rik–/– mice, statistical analyses were performed using the Kruskal–Wallis non-parametric test.



RESULTS


Topaz1 Mutant Testes Experience a Deregulated Transcriptome as Early as P16

To expand on the previous comparative microarray analyses of wild-type and mutant testes performed at P15 and P20 during the first wave of spermatogenesis (Luangpraseuth-Prosper et al., 2015), transcriptomic analyses by RNA-seq were performed on WT and Topaz1–/– mouse testes at two developmental stages: P16 and P18. The P15 stage previously chosen for microarray analyses was too early, with only one gene differentially expressed (Topaz1). At P15, seminiferous tubules contain spermatocytes that have advanced to mid and late-pachytene. Therefore, we chose a one day later, P16, development stage to perform RNA-seq analysis. At P16, seminiferous tubules contain spermatocyte cells that have progressed from the end-pachytene to early diplotene of meiosis I. The other developmental stage for the RNA-seq analysis was P18. This is just after the first meiosis I division. At P18, late-pachytene spermatocytes are abundant and the very first spermatocytes II appear (Drumond et al., 2011). The P20 stage chosen for the previous microarray analyses was, therefore, too late since the first round spermatids had already appeared (Supplementary Figure 2). Therefore, the P16 and P18 stages chosen for this study include the just before and just after the first meiosis I division of spermatogenesis. Only 10% of the differential genes found by microarray at P20 correspond to lncRNAs, which may be underrepresented on microarray. Therefore, we re-analyzed the transcriptome of Topaz1 KO testes by RNA-sequencing technology in order to obtain an exhaustive list of dysregulated transcripts, especially non-coding transcripts.

Differential analyses of RNA-seq results revealed that 205 and 2748 genes were significantly deregulated in Topaz1–/– testes compared to WT at P16 and P18, respectively [adjusted p-value (Benjamini–Hochberg) < 0.05 and absolute Log2 Fold Change > 1 (Log2FC > 1)] (Figure 1A and Supplementary Table 3). At P16, out of the 205 DEGs, 97 genes were significantly down-regulated (Log2FC < −1 or FC < 0.5) and 108 were up-regulated (Log2FC > 1 or FC > 2). However, at P18, down-regulated DEGs accounted for 91% (2491 genes) and up-regulated genes for only 9% (257 genes). Among all these DEGs, 120 were common to both P16 and P18 (Figure 1A). According to the mouse gene atlas, the 2748 DEGs at developmental stage P18 were largely testis-enriched DEGs in mouse testis-specific genes (Figure 1B).
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FIGURE 1. WT vs. Topaz1–/– deregulated gene analysis from mouse testes. (A) Venn diagram showing the overlap of differentially expressed genes between P16 and P18 Topaz1–/– mouse testes [adjusted p < 0.05 and down-regulated FC < 0.5 (log2FC < −1) or up-regulated FC > 2 (log2FC > 1)]. (B) Clustergrammer was generated by the Enrichr website. Top 10 enriched tissues are the columns, input genes (2748 DEGs of P18 Topaz1–/– compared to normal testes) are the rows, and cells in the matrix indicate whether a DEG is associated with a tissue from the Mouse Gene Atlas. (C,D) Biotype of DEGs in Topaz1–/– testes at (C) P16 and (D) P18. Around half of them are protein-coding genes whereas around one quarter is ncRNA at both developmental stages. (E,F) Biotype of DEGs in Topaz1–/– testes at (E) P16 and (F) P18, depending on whether they were up- or down-regulated.


The validation of several DEGs was achieved using RT-qPCR. Two randomly selected genes up-regulated at P16 (B3galt2 and Hp) and three at P18 (B3galt2, Afm, and Cx3cr1), four genes down-regulated at P16 and P18 (Gstt2, 4930463O16Rik, 4921513H07Rik, and Gm21269) and two non-differential genes (Cdc25c and Nop10) were analyzed (Supplementary Figure 3). The results confirmed those obtained using RNA-seq.

The biotypes of the differential transcripts (protein-coding, non-coding RNAs, etc.) were determined from the annotations of the NCBI, MGI and Ensembl databases. Two major deregulated groups were highlighted at both stages. The protein-coding gene biotype accounted for half of the deregulated genes (51.2 and 57.2% at P16 and P18, respectively) (Figures 1C,D). A quarter of Topaz1–/– DEGs; 24.9 and 27.9% at P16 and P18, respectively, was found to belong to the second ncRNA group. Among the latter, the major biotype was lncRNAs at both stages, being 23.4 and 27.1% at P16 and P18, respectively. This significant proportion of deregulated lncRNA thus raised the question of their potential involvement in spermatogenesis.



Pathway and Functional Analysis of DEGs

To further understand the biological functions and pathways involved, these DEGs were functionally annotated based on GO terms and KEGG pathway or on InterPro databases through the ontological Database for Annotation, Visualization and Integrated Discovery (DAVID v6.8, see footnote 10) using the default criteria (Huang et al., 2009a,b).

At P16, so therefore before the first meiosis division, out of 205 differentially expressed genes, 32% of down-regulated and 20% of up-regulated genes corresponded to non-coding RNAs with no GO annotation or no pathway affiliation for the vast majority (Figure 1E), leading to less powerful functional annotation clustering (Supplementary Table 4). Five clusters with an enrichment score > 1.3 were obtained (an enrichment score > 1.3 was used for a cluster to be statistically significant, as recommended by Huang et al. (2009a) but the number of genes in each cluster was small except for annotation cluster number 4. In this, an absence of TOPAZ1 appeared to affect the extracellular compartment. The others referred to the antioxidant molecular function and the biological detoxification process, suggesting stressful conditions.

At P18, corresponding to the first transitions from prophase to metaphase, and considering either all DEGs (2748 DEGs; 2404 DAVID IDs) or only down-regulated genes (2491 DEGs; 2164 DAVID IDs) in the P18 Topaz1–/– versus WT testes, 33 and 23 clusters with an enrichment score > 1.3 were obtained respectively. Some clusters had a strong enrichment score, it was possible to identify five identical clusters with an enrichment score higher than 12 (Figure 1F and Supplementary Table 5). However, the enrichment scores were higher when only down-regulated genes were considered. These clusters include the following GO terms: (i) for cellular components: motile cilium, ciliary part, sperm flagellum, axoneme, acrosomal vesicule; (ii) for biological processes: microtubule-based process, spermatogenesis, germ cell development, spermatid differentiation (Supplementary Table 5).

Finally, using the InterPro database, four clusters with enrichment scores > 1.3 were obtained based on down-regulated genes (Supplementary Table 5) and with up-regulated genes, an absence of TOPAZ1 from mouse testes highlighted the biological pathway of the response to external stimulus or the defense response in the testes. Once again, and as for P16, this suggested stressful conditions in these Topaz1–/– testes.

These results indicate that an absence of TOPAZ1 induced alterations to the murine transcriptome of the mutant testis transcriptome as early as 16 days after birth. Two days later (P18), these effects were amplified and predominantly involved a down-regulation of genes (91% of DEGs). The loss of TOPAZ1 appeared to disrupt the regulation of genes involved in microtubule and/or cilium mobility, spermatogenesis and first meiotic division during the prophase to metaphase transition. This was in agreement with the Topaz1–/– phenotype in testes.



Selection of Three Deregulated lncRNA, All Spermatocyte-Specific

The vast majority of deregulated lncRNAs in Topaz1–/– testes has an unknown function. We decided to study three of the 35 down-regulated lncRNAs that are shared at the P16 and P18 stages. The two first, 4930463O16Rik (ENSMUSG00000020033), that is the most down-regulated gene at P16 with a Log2FC of 11.85, and 4921513H07Rik (ENSMUSG00000107042), were both already highlighted by the previous microarray comparative analyses (Luangpraseuth-Prosper et al., 2015). The third one, Gm21269 (ENSMUSG00000108448), has the lowest adjusted p-value at P18.

We quantified these transcripts by qPCR in several somatic tissues (brain, heart, liver, lung, small intestine, muscle, spleen, kidney, epididymis, and placenta) and in the gonads (testes and ovary). These three lncRNAs were almost exclusively expressed in testes (Figures 2A,C,E). These results were in agreement with RNA-seq data available for 4930463O16Rik and Gm21269 on the ReproGenomics viewer12 (Supplementary Figures 4A,5A, respectively) (Darde et al., 2015, 2019). Our RNA-seq results, summarized using our read density data (bigwig) and the Integrative Genomics Viewer (IGV;13), revealed little or no expression of these three genes in Topaz1–/– testes (Supplementary Figures 6A–C).


[image: image]

FIGURE 2. Expression analysis of three lncRNAs. (A,C,E) RT-qPCR analysis of three different lncRNAs. (A) 4930463O16Rik; (C) Gm21269; (E) 4921513H07Rik in different 2-month-old tissues from WT mice. The red lines represent the median for each tissue; n = 5 for testes and n = 3 for other organs. Statistical analyses were performed using the non-parametric Kruskal–Wallis test. *p < 0.05 (B,D,F) Schematic representation of the results of (B) 4930463O16Rik, (D) Gm21269, and (F) 49215113H07Rik ISH expression in meiotic and post-meiotic cells of the WT mouse seminiferous epithelial cycle.


Quantification of these transcripts using qPCR from postnatal to adulthood in WT and Topaz1–/– testes had previously been reported, as for 4930463O16Rik and 4921513H07Rik (Figure 9 in Luangpraseuth-Prosper et al., 2015) or performed for Gm21269 (Supplementary Figure 7, also including the postnatal expression of 4930463O16Rik and 4921513H07Rik). The difference in expression between normal and Topaz1–/– testes was detected as being significant as early as P15 (detected as insignificant in the previous microarray analysis and Gm21269 was absent from the microarray employed). All showed an absence of expression, or at least an important down-regulation, in mutant testes.

To determine the testicular localization of these lncRNA, in situ hybridization (ISH) on adult WT testes sections was performed (Supplementary Figure 8) and the results summarized (Figures 2B,D,F). These lncRNAs were expressed in spermatocytes and the most intense probe labeling was observed at the pachytene stage. These results were confirmed by data on the ReproGenomics viewer for 4930463O16Rik and Gm21269 (see footnote 12) (Supplementary Figures 4B,5B; Darde et al., 2015, 2019).

To refine the subcellular localization of these transcripts in adult mouse testes, we paired ISH experiments and the IF staining of DDX4 protein (or MVH, Mouse Vasa homolog). DDX4 is a germ cell cytoplasmic marker of germ cells, especially in the testes (Toyooka et al., 2000). Our results showed that the three lncRNAs observed displayed different intensities of expression depending on seminiferous epithelium stages. 4930463O16Rik was expressed in the nucleus of spermatocytes with diffuse fluorescence, surrounded by cytoplasmic DDX4 labeling from the zygotene to the diplotene stages (Figures 3A–C). At the same spermatocyte stages (zygotene to diplotene), a diffuse labeling of Gm21269, similar to that of 4930463O16Rik, was observed but with the addition of dot-shaped labeling that co-localized with DDX4 fluorescence (Figures 3D–F). Gm21269 was therefore localized in the cytoplasm and nuclei of spermatocytes during meiosis. 4921513H07Rik appeared to be cytoplasmic, with fluorescent red dots (ISH) surrounding the nuclei, and located in close proximity to DDX4 (IF) labeling (Figures 3G–I). At other stages, identified by DDX4 staining, ISH labeling of these three lncRNA revealed single dots in a few spermatogonia and in round spermatids. The same experiment was then repeated: ISH was followed by IF staining of γH2Ax to highlight the sex body in spermatocytes (Supplementary Figure 9). No co-localization between the sex body and the three lncRNA was revealed.


[image: image]

FIGURE 3. lncRNA cellular localizations on WT 2-month-old mouse testes. In situ hybridization using (A) 4930463O16Rik, (D) Gm21269, and (G) 4921513H07Rik probes (red). (B,E,H) Immunofluorescence staining with DDX4 antibody was achieved at the same stage of seminiferous epithelium to identify male germ cells (green). (C,F,I) DAPI (blue), visualizing nuclear chromosomes, was merged with ISH (green) and IF (red) signals. Zooms in white squares show spermatocytes during the first meiotic division (zygotene to diplotene stages). Zooms in circles show spermatid cells with one spot of DDX4 staining per cell. Scale bar = 20 μm.


Taken together, these results indicate that these spermatocyte-specific lncRNAs had different subcellular localizations in spermatocytes, suggesting functions in these male germ cells.



Generation of 4930463O16Rik-Deleted Mice

In order to evaluate a potential role in spermatogenesis for the lncRNA with the highest Log2FC at P16, namely 4930463O16Rik (the nuclear expressed gene revealed by HIS), a mouse knockout model was established.

The 4930463O16Rik gene (Chr10: 84,488,293-84,497,435 – GRCm38:CM001003.2) is described in public databases as consisting of four exons spanning approximately 10 kb in an intergenic locus on mouse chromosome 10. Using PCR and sequencing, we confirmed this arrangement (data not shown). In order to understand the role of 4930463O16Rik, a new mouse line depleted of this lncRNA was created using CRISPR/Cas9 technology (Figure 4A). Briefly, multiple single guide RNAs (sgRNAs) were chosen, two sgRNAs in 5′ of exon 1 and two sgRNAs in 3′ of exon 4, so as to target the entire length of this gene (Figures 4A,C) and enhance the efficiency of gene deletion in the mouse (Han et al., 2014). Mice experiencing disruption of the target site were identified after the Sanger sequencing of PCR amplification of the genomic region surrounding the deleted locus (Figure 4D). 4930463O16Rik +/− mice were fertile and grew normally. Male and female 4930463O16Rik +/− animals were mated to obtain 4930463O16Rik–/– mice. Once the mouse line had been established, all pups were genotyped with a combination of primers (listed in Supplementary Table 1; Figure 4B).


[image: image]

FIGURE 4. Deletion of the 4930463O16Rik gene in the mouse. (A) Schematic design of CRISPR/Cas9 deletion of the 4930463O16Rik gene with the suppression of four exons and three introns. The white boxes and lines represent exons and introns, respectively. (B) PCR genotyping on DNA of WT and 4930463O161Rik–/– mice. The primer pairs used 1F/4R (located in 5′ of exon 1 and in 3′ of exon 4 of the 4930463O16Rik gene, respectively) or 2F/2R (located in the exon2 of 4930463O16Rik) to determine the genotypes of the mice. Results showed the following amplicon sizes: (*) 352 bp with the 2F/2R primers in WT (no amplification in mutant mice); (#) 935 bp with the 1F/4R primers in 4930463O161Rik–/– mice (no amplification in WT mice under the PCR conditions used). (L) DNA ladder. (C) Transcription of the forward strand of chromosome 10 around the 4930463O16Rik gene with RNA-seq coverage (BigWig format representation) in WT (top blue tracks) and 4930463O16Rik–/– (bottom tracks) mouse P18 testes. A continuous (WT) or very low transcription (4930463O16Rik–/–) was observed from 4930463O16Rik to E230014E18Rik genes. (D) Electrophoregram of 4930463O16Rik–/– mouse genomic DNA showing 9997 bp deletion and the insertion of three nucleotides (GTT, highlighted in pink).




The Absence of 4930463O16Rik Does Not Affect Mouse Fertility

Fertility was then investigated in 4930463O16Rik-deficient mice. Eight-week-old male and female 4930463O16Rik–/– mice were mated, and both sexes were fertile. Their litter sizes (7.5 ± 2.10 pups per litter, n = 28) were similar to those of their WT counterparts (6.9 ± 2.12 pups per litter, n = 20). There were no significant differences in terms of testicular size, testis morphology and histology and cauda and caput epididymis between WT and 4930463O16Rik–/– adult mice (Figures 5A,B). In addition, the different stages of seminiferous tubules divided into seven groups were quantified between 4930463O16Rik–/– and WT adult mice. No significant differences were observed between the two genotypes (Figure 5C). These results therefore demonstrated that 4930463O16Rik is not required for mouse fertility.
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FIGURE 5. Study of 4930463O16Rik–/– testicular phenotype. (A) Testis/body weight ratio of 8-week-old mice. No significant difference was observed in the two mouse lines. Median lines are in black. (B) Hematoxylin and eosin (HE) staining of testis and epididymis sections from WT and 4930463O16Rik–/– 8-week-old mice. Scale bar = 50 μm. Spermatozoa were visible in the lumen of the testes and epididymis of WT and 4930463O16Rik–/– mice. (C) Quantification of the different seminiferous epithelium stages in WT and 4930463O16Rik–/– 8-week-old mice. No significant difference was found between WT and 4930463O16Rik–/– mice.




4930463O16Rik–/– Mice Display Modified Sperm Parameters

The sperm parameters of 8-week-old 4930463O16Rik-deficient testes were compared to WT testes of the same age. Sperm concentrations obtained from the epididymis of 4930463O16Rik–/– mice were significantly reduced by 57.2% compared to WT (Figure 6A) despite an unmodified testis/body weight ratio (Figure 5A). Motility parameters such as the percentage of motile spermatozoa, the motile mean expressed as beat cross frequency (bcf) and progressive spermatozoa were significantly higher in 4930463O16Rik–/– mice compared to WT (Figures 6B–D). From a morphological point of view, however, two parameters were significantly modified in the testes of mutant mice: the distal mid-piece reflex (DMR), a defect developing in the epididymis and indicative of a sperm tail abnormality (Johnson, 1997) and the percentage of spermatozoa with coiled tail (Figures 6E,F). In addition, two kinetic parameters were also significantly reduced in mutant sperm: the motile mean vsl (related to the progressive velocity in a straight line) and the average path velocity vap; both parameters measuring sperm velocity (Figures 6G,H).
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FIGURE 6. Evaluation of sperm parameters. Comparison of sperm-specific parameters from WT (circle, n = 11) and 4930463O16Rik–/– (square, n = 20) mice. Significantly affected sperm parameters were (A) spermatozoa concentration (106/mL), (B) spermatozoa motility (%), (C) motile mean bcf (beat cross frequency), (D) progressive spermatozoa (%), (E) DMR (distal midpiece reflex, abnormality of the sperm tail (%), (F) spermatozoa with coiled tail (%), (G) motile mean VSL (μm/s), and (H) VAP (μm/s). Statistical analyses were performed using the non-parametric Kruskal–Wallis test. ∗p-val < 0.05, ∗∗p-val < 0.01.


These results obtained using computer-aided sperm analysis (CASA) thus showed that several sperm parameters; namely concentration, motility, morphology and kinetics were impacted in 4930463O16Rik lncRNA-deficient mice. Some of them might negatively impact fertility, such as the sperm concentration, the DMR, the percentage of coiled tail and sperm velocity, while others would tend to suggest increased fertility, such as the motile mean percentage and bcf, and the progressive spermatozoa. These observations might have explained the normal fertility of 4930463O16Rik lncRNA-deficient mice.



Normal Male Fertility Despite a Modified Transcriptome in 4930463O16Rik–/– Mouse Testes

Transcriptomic RNA-seq analyses were performed in WT and 4930463O16Rik–/– mouse testes at two developmental stages; i.e., at P16 and 18, as in the Topaz1–/– mouse line.

At P16, seven genes were differentially expressed (adjusted p-value < 0.05; absolute Log2FC > 1), including 4930463O16Rik, 1700092E16Rik, and E230014E18Rik (Supplementary Table 6). These latter two Riken cDNAs are in fact situated within the 3′ transcribed RNA of 4930463O16Rik (positioned in Figure 4C) and correspond to a unique locus. The transcriptional activity of this new locus stops toward the 3′ end of the cKap4 gene (cytoskeleton-associated protein 4 or Climp-63). This gene was down-regulated 1.7-fold in both knock-out lines (Topaz1 and 4930463O16Rik), which could suggest a newly discovered positive regulatory role for this lncRNA on the cKap4 gene.

At P18, 258 genes were differentially expressed (199 down-regulated and 59 up-regulated using the same statistical parameters; Supplementary Table 6). Among them, 206 were protein-coding genes accounting for 79.8% of DEGs (Figure 7A). Thus, P18 DEGs highlighted a direct or indirect relationship between the loss of the 4930463O16Rik lncRNA and protein-coding genes. In addition, loss of this lncRNA also resulted in the deregulation of 37 (14.3%) other lncRNAs.
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FIGURE 7. Deregulated genes from 4930463O16Rik–/– mouse testes. (A) Biotype of differentially expressed genes at P18 in 4930463O16Rik–/– testes. Most of the deregulated genes are coding protein genes [adjusted p < 0.05 and down-regulated FC < 2 (log2FC < –1) or up-regulated FC > 2 (log2FC > 1]. (B) Venn diagram showing the overlap of differentially expressed genes between 4930463O16Rik–/– and Topaz1–/– mouse testes at 18 dpp.


The validation of several DEGs was performed by RT-qPCR using WT and 4930463O16Rik–/– testicular RNAs at both developmental stages (P16 and P18) (Supplementary Figure 10). The qPCR results for the genes thus tested were consistent with those of RNA-seq.

The 4930463O16Rik–/– DEGs were also analyzed using the DAVID database (Supplementary Table 7). At P18, six functional clusters had an enrichment score > 1.3 (Huang et al., 2009a). As for Topaz1–/– mouse testes, they included the following GO terms: (i) for cellular components: cilium movement, ciliary part, axoneme, and (ii) for biological processes: microtubule-based process, regulation of cilium movement, spermatogenesis, male gamete generation, spermatid development and differentiation (Supplementary Table 7). An analysis that discriminated up-regulated from down-regulated genes only increased the value of the enrichment scores for the latter. The absence of TOPAZ1 protein or of 4930463O16Rik lncRNA caused the same enrichment clusters in mutant testes despite different outcomes regarding the fertility of male mice. The other clusters from the DAVID analysis referred to the GO terms: cell surface, external side of membrane, defense or immune response and response to external stimulus. These clusters were only found in the DAVID analysis with up-regulated genes.

Therefore, the 4930463O16Rik gene would appear to regulate genes related to spermatogenesis, microtubule or ciliary organization and the cytoskeleton in P18 testes. In the absence of this lncRNA, some genes involved in defense mechanisms or the immune response are also deregulated, suggesting stressful conditions. It should be noted that the majority (228/258 or 88%) of the DEGs from P18-4930463O16Rik–/– testes was in common with those deregulated in Topaz1–/– mice (Figure 7B). This led to similar results following ontological analyses of the DEGs of the two mutant lines. In the Topaz1–/– testes, these 228 genes could be a consequence of the down-regulation of 4930463O16Rik lncRNA. On the other hand, these 228 DEGs alone do not explain meiotic arrest in the Topaz1–/– testes.



DISCUSSION

Topaz1 was initially reported as a germ-cell specific factor (Baillet et al., 2011) essential for meiotic progression and male fertility in mice (Luangpraseuth-Prosper et al., 2015). The suppression of Topaz1 led to an arrest of meiosis progression at the diplotene-metaphase I transition associated with germ cell apoptosis. Moreover, an initial transcriptomic approach, based on DNA microarrays, enabled the observation of a large but not exhaustive repertoire of deregulated transcripts. Using this technology, 10% of differentially expressed probes were lncRNAs and presented deregulated expression in P20 Topaz1–/– testes compared to WT.

During this study, we were able to show that the effects of theTopaz1 gene being absent were visible on the mouse testicular transcriptome as early as 16 days post-partum, i.e., before the first meiotic division and the production of haploid germ cells. These effects were amplified at 18 days post-partum, just before or at the very start of the first haploid germ cells appearing. The molecular pathways involved in the absence of TOPAZ1 form part of spermatogenesis and the establishment of the cell cytoskeleton. At these two stages, P16 and P18, about a quarter of the deregulated genes in testes were ncRNAs (mainly lncRNAs) some of which displayed almost no expression in Topaz1–/– testes. Three of these lncRNAs were specific of spermatocytes and had different subcellular localizations in spermatocytes, suggesting functions in these male germ cells. Suppressing one of them did not prevent the production of haploid spermatids and spermatozoa, but halved the murine sperm concentration. Furthermore, by deleting ∼10 kb corresponding to this 4930463O16Rik lincRNA, we showed that the transcriptional extinction was even longer, encompassing ∼35 kb in total and two other genes [1700092E16Rik (unknown gene type according to Ensembl) and the lincRNA E230014E18Rik]. Indeed, our transcriptional data suggested that these three annotated loci belong to a unique gene. Transcription of this lincRNA ended near the 3′ region of the cKap4 gene, known to be associated with the cytoskeleton (Vedrenne and Hauri, 2006). Remarkably, cKap4 expression was down-regulated 1.7 fold in both types of knockout mouse (Topaz1–/– and 4930463O16Rik–/–), suggesting a previously unknown and positive regulatory role of 4930463O16Rik on cKap4.


Topaz1 Ablation Down-Regulates a Significant Number of Cytoskeleton-Related Genes

Meiosis is well-orchestrated sequences of events controlled by different genes. In males, meiosis is a continuous process during the post-natal period, just before puberty, and results in the formation of four male gametes from one spermatocyte. During the first reductional division of meiosis, several checkpoint mechanisms regulate and coordinate prophase I during mammalian meiosis. This has been demonstrated during the past 25 years by the use of a large number of mutant mouse models, mainly gene knockout mice (Morelli and Cohen, 2005; Handel and Schimenti, 2010; Su et al., 2011).

A major checkpoint in males is the synaptic checkpoint that controls zygotene-pachytene transition, highlighted in male mice lacking Sycp3, Dmc1, Spo11, mei1, Msh4-5 or OvoL1 genes (Pittman et al., 1998; Edelmann et al., 1999; Baudat et al., 2000; Kneitz et al., 2000; Romanienko and Camerini-Otero, 2000; Yuan et al., 2000; Li et al., 2005; Reinholdt and Schimenti, 2005). Other gene suppressions have highlighted a second meiotic checkpoint of metaphase I in males (such as those of Mlh1-3, or cyclin A1) due to a misalignment of chromosomes on the spindle (Liu et al., 1998; Eaker et al., 2002; Lipkin et al., 2002). Male mice devoid of the Topaz1 gene belong to the latter models since Topaz1 is essential for the diplotene-metaphase I transition.

Absence of the Topaz1 gene disturbs the transcriptome of murine testes as early as 16 days postnatal. Of the 205 DEGs at P16, 85 were specific to this stage of development compared to P18 (Figure 1A), such as Ptgs1 (Cox1) a marker of peritubular cells (Rey-Ares et al., 2018), and Krt18 a marker of Sertoli cell maturation (Tarulli et al., 2006). Moreover, different genes involved in the TGFβ pathway were also P16-DEGs, such as Bmpr1b, Amh, and Fstl3. The latter, for example, was demonstrated to reduce the number of Sertoli cells in mouse testes and to limit their size (Oldknow et al., 2013). Ptgds (L-Pgds), which plays a role in the PGD2 molecular pathway during mammalian testicular organogenesis, is also deregulated (Moniot et al., 2009). All these genes, specifically deregulated at P16 due to the absence of Topaz1, thus appeared to participate in regulating cell communication. Absence of germ cell-specific genes lead to deregulation of Sertoli cell genes. In mammals, Sertoli cells are the only somatic cells that directly interact with spermatogenic cells (Griswold, 1998). Sertoli cells offer nutritional, structural, and regulatory support for germ cells during their whole development (Hess and Renato de Franca, 2008; Zhang et al., 2011). Therefore, it is not surprising to find deregulated Sertoli genes in case where spermatogenesis failure occurs due to germ cell meiotic arrest. At P18, these genes were no longer differentially expressed but they could be replaced by genes belonging to the same gene families, such as the cadherin or keratin families. It is easily conceivable that, in the near future, studies will define the transcriptomic evolution of Sertoli cells during the different stages of spermatogenesis.

Many of the 205 DEGs at P16 were involved in defense response pathways. For example, Ifit3 and Gbp3 are immune response genes in spermatocyte-derived GC-2spd(ts) cells (Kurihara et al., 2017).

Two days later, at P18, just before the prophase I-metaphase 1 transition, ten times more genes were deregulated. Among the 120 DEGs common to P16 and P18, there was at least one gene that might be involved in meiosis such as Aym1, an activator of yeast meiotic promoters 1. The absence of Topaz1 led to a lack of the testicular expression of Aym1. This gene is germ cell-specific (Malcov et al., 2004). In male mice, Aym1 is expressed from 10 dpp in early meiotic spermatocytes. The small murine AYM1 protein (44 amino acids) is immunolocalized in the nucleus of primary spermatocytes, mainly late pachytene and diplotene, suggesting a nuclear role for AYM1 in germ cells during the first meiotic division (Malcov et al., 2004).

At P18, the testicular transcriptome of Topaz1–/– mice was largely disturbed when compared to WT animals, and most DEGs were down-regulated (Figure 1F), suggesting that TOPAZ1 promotes gene expression in normal mice. As TOPAZ1 is predicted to be an RNA-binding protein, it is tempting to speculate that its absence disorganized ribonucleic-protein complexes, including their instabilities and degradation. This could partly explain why 90% of DEGs were down-regulated at P18 and included a large proportion of lincRNAs. These down-regulated genes at P18 concerned microtubule-based movement and microtubule-based processes, and cellular components relative to motile cilium, ciliary part, sperm flagellum and axoneme. In addition, DAVID analysis revealed GO terms such as centriole, microtubule and spermatogenesis. All these terms relate to elements of the cytoskeleton that are indispensable for mitotic and/or meiotic divisions, motility and differentiation and are also widely involved in spermiogenesis, as might be expected because most DEGS are testis-specific. The absence of Topaz1 leads to a failure to pass the second meiotic checkpoint, namely the diplotene-metaphase I transition. One working hypothesis is that elements of the centriole, microtubules and/or centrosome are impaired in Topaz1–/– spermatocytes. Failure in diplotene-metaphase I transition occurs in different mouse knockout models. For example, aberrant prometaphase-like cells were observed in Mlh1- or Meioc-deficient testes (Meioc is down-regulated 1.51-fold in P18 in Topaz1–/– testes) (Eaker et al., 2002; Abby et al., 2016). These mutant mice have been described as displaying an arrest of male meiosis, and testes devoid of haploid germ cells leading to male sterility like mice lacking the Topaz1 gene. In Topaz1–/– testes, Mlh1 is not a DEG.

During spermatogenesis, the dysregulation of centrosome proteins may affect meiotic division and genome stability. The expression of centriolar protein-coding genes Cep126, Cep128, Cep63 were down-regulated (FC from 2.1 to 2.7 compared to WT) at P18 in Topaz1–/– testes. CEP126 is localized with γ-tubulin on the centriole during the mitosis of hTERT-RPE-1 (human telomerase-immortalized retinal pigmented epithelial cells) (Bonavita et al., 2014) but has never been studied in germ cells during meiosis. CEP128 was localized to the mother centriole and required to regulate ciliary signaling in zebrafish (Mönnich et al., 2018). Cep128 deletion decreased the stability of centriolar microtubules in F9 cells (epithelial cells from testicular teratoma of mouse embryo) (Kashihara et al., 2019). Centriole separation normally occurs at the end of prophase I or in early metaphase I, and CEP63 is associated with the mother centrioles. The mouse model devoid of Cep63 leads to male infertility (Marjanović et al., 2015), and in spermatocytes from these mice, the centriole duplication was impaired.

Finally, our ontology analysis of Topaz1–/– P18-DEGs revealed significant enrichment scores for the several clusters relative to the final structure of spermatozoa such as tetratricopeptide repeat (TPR) and dynein heavy chain (DNAH1) clusters. Dynein chains are macromolecular complexes connecting central or doublet pairs of microtubules together to form the flagellar axoneme, the motility apparatus of spermatozoa (ref in Miyata et al., 2020a). Dynein proteins have also been identified as being involved in the microtubule-based intracellular transport of vesicles, and in both mitosis and meiosis (Mountain and Compton, 2000).

The TPR or PPR (pentatricopeptide repeat) domains consist of several 34 or 36 amino acid repeats that make up αα-hairpin repeat units, respectively (D’Andrea and Regan, 2003). The functions of TPR or PPR proteins were firstly documented in plants and are involved in RNA editing (D’Andrea and Regan, 2003; Schmitz-Linneweber and Small, 2008). In the mouse, Cfap70, a tetratricopeptide repeat-containing gene, was shown to be expressed in the testes (Shamoto et al., 2018), or as Spag1 in late-pachytene spermatocytes or round spermatids (Takaishi and Huh, 1999). Moreover, Ttc21a knockout mice have displayed sperm structural defects of the flagella and the connecting piece. In humans, Ttc21a has been associated with asthenoteratospermia in the Chinese population (Liu et al., 2019). Numerous components of the intraflagellar transport (IFT) complex contain TPR. The regulatory mechanisms of these TPR domain containing proteins remain unclear. Several genes coding for such tetratricopeptide repeat-containing proteins are down-regulated in P18 testes devoid of Topaz1, such as Cfap70, Spag1, Tct21a, and Ift140. Based on TPRpred (Karpenahalli et al., 2007) that predicted TPR- or PPR-containing proteins, the TOPAZ1 protein was predicted to contain such domains; seven in mice (p-val = 7.5E-08, probability of being PPR = 46.80%) and ten in humans (p-val = 3.4E-09, probability of being PPR = 88.76%).

A recent study of single cell-RNA-seq from all types of homogeneous spermatogenetic cells identified clusters of cells at similar developmental stages (Chen et al., 2018). This study shown that most of the genes involved in spermiogenesis start being expressed from the early pachytene stage. This is consistent with our RNA-seq results. Taken together, these data indicate that the absence of Topaz1 down-regulated a significant number of cytoskeleton-related genes as early as 18 days post-natal, leading to the meiotic arrest.



Topaz1 Ablation Deregulates a High Proportion of lncRNAs

Differentially expressed genes between Topaz1–/– and WT mouse testes also revealed a high proportion of deregulated lncRNAs. We showed that three lincRNAs, whose expression was almost abolished as early as P16 in Topaz1-deficient mouse testes, were testis- and germ cell-specific. We showed that these genes are expressed in spermatocytes and round spermatids, suggesting a role in spermatogenesis. Their functions are still unknown.

Several investigations have revealed that the testis allow the expression of many lncRNAs (Necsulea et al., 2014). In mammals, the testis is the organ with the highest transcription rate (Soumillon et al., 2013). However, during the long stage of prophase I, these levels of transcription are not consistent. Indeed, transcription is markedly reduced or even abolished in the entire nucleus of spermatocytes during the early stages of prophase I. This is accompanied in particular by the nuclear processes of DNA division, the pairing of homologous chromosomes and telomeric rearrangements (Bolcun-Filas and Schimenti, 2012; Baudat et al., 2013; Shibuya and Watanabe, 2014), and also by the appearance of MSCI (meiotic sex chromosome inactivation) markers (Page et al., 2012). These processes are supported by epigenetic changes such as histone modifications and the recruitment of specific histone variants (references in Page et al., 2012). Transcription then takes up an important role in late-pachytene to diplotene spermatocytes (Monesi, 1964). The aforementioned scRNA-seq study of individual spermatogenic cells showed that almost 80% of annotated autosomal lncRNAs were expressed in spermatogenetic cells, mainly in mid-pachytene- to metaphase I-spermatocytes but also in round spermatids (Chen et al., 2018). The three lncRNAs investigated during our study (4930463O16Rik, Gm21269, and 4921513H07Rik) were also expressed at these developmental stages in mouse testes (Chen et al., 2018; Li et al., 2021). In the latter study (Li et al., 2021), the authors identified certain male germline-associated lncRNAs as being potentially important to spermatogenesis in vivo, based on several computational and experimental data sets; these lncRNAs included Gm21269 and 4921513H07Rik. The localization of lncRNAs in cells may be indicative of their potential function (Chen, 2016). 4930463O16Rik is expressed in the nucleus of spermatocytes. As mentioned above, 4930463O16Rik may play a positive role in the expression of cKap4 at the neighboring locus. Some nuclear lncRNA are involved in regulating transcription with a cis-regulatory role, such as Malat1 or Air (Sleutels et al., 2002; Zhang et al., 2012) on a nearby gene. Other nuclear lncRNAs act in trans and regulate gene transcription at another locus, such as HOTAIR (Rinn et al., 2007; Chu et al., 2011). In addition, some cytoplasmic lncRNA have been shown to play a role in miRNA competition, acting as miRNA sponges or decoys (such as linc-MD1 in human myoblasts; Cesana et al., 2011). Gm21269 is localized in the cytoplasm and nuclei of spermatocytes during meiosis. Both cytoplasmic and nuclear lncRNAs may act as a molecular scaffold for the assembly of functional protein complexes, such as HOTAIR or Dali (Tsai et al., 2010; Chalei et al., 2014), regulating protein localization and/or direct protein degradation, or acting as an miRNA precursor (Cai and Cullen, 2007). Finally, multiple other roles can be observed for lncRNAs. For example, the Dali lincRNA locally regulates its neighboring Pou3f3 gene, acts as a molecular scaffold for POU3F3 protein and interacts with DNMT1 in regulating the DNA methylation status of CpG island-associated promoters in trans during neural differentiation (Chalei et al., 2014).

Finally, TOPAZ1 possess a CCCH domain (Baillet et al., 2011). CCCH-type zinc-finger proteins are RNA binding proteins with regulatory functions at all stages of mRNA metabolism, such as mRNA transport, sub-cellular localization and stability/degradation (Brown, 2005; Hall, 2005). In addition, TOPAZ1 contains seven TPR domains. Interactions between TPR domains and RNAs have already been described. For example, some IFIT proteins (interferon-induced proteins with tetratricopeptide repeats) inhibit the infection of many viruses by recognizing viral RNAs (Johnson et al., 2018). The high proportion of deregulated testicular lncRNAs following Topaz1 ablation, and the presence of CCCH and TPR domains in the TOPAZ1 protein, thus strongly suggest a role for TOPAZ1 in RNA recognition and binding.



The Deletion of One lncRNA Alters Sperm Parameters Without Affecting Fertility

To decipher the biological function of an lncRNA affected by Topaz1 invalidation, a mouse model devoid of 4930463O16Rik was produced, with the same genetic background as Topaz1–/– mice. This knockout mouse model did not exhibit meiosis disruption and the fertility of these mutant mice remained intact under standard laboratory conditions. Using a similar approach, Sox30 is a testis-specific factor that is essential to obtain haploid germ cells during spermatogenesis (Bai et al., 2018). SOX30 regulates Dnajb8 expression, but the deletion of Dnajb8 is not essential for spermatogenesis and male fertility (Wang et al., 2020).

The fact that a gene is either testis-specific or highly testis-enriched is no indication that its deletion will impair male fertility. Some laboratories have recently generated several dozen testis-enriched knockout mouse lines and shown that all these genes are individually dispensable in terms of male fertility in mice (Iwamori et al., 2011; Miyata et al., 2016; Khan et al., 2018; Lu et al., 2019; Chotiner et al., 2020; He et al., 2020; Khan et al., 2020; Jamin et al., 2021). The same is true for lncRNAs since their abundant expression during spermatogenesis has prompted other laboratories to produce knockout mouse models of testis-specific lncRNAs. This was the case for 1700121C10Rik or lncRNA5512 lncRNAs where mutant mice were also fertile without variations in their sperm parameters (Li et al., 2020; Zhu et al., 2020). One working hypothesis might be that some lncRNAs may regulate subsets of functional spermatogenetic-gene expression, in line with their nuclear localization, by binding to their regulatory genomic region.

Nevertheless, although our 4930463O16Rik-knockout mouse model are fertile, several parameters were altered including reduction in epididymal sperm concentrations (by more than half) and sperm motility. In Tslrn1 knockout mice (testis-specific long non-coding RNA 1) the males were fertile and displayed significantly lower sperm levels (–20%) but no reduction in litter size, or major defects in testis histology or variations in sperm motility (Wichman et al., 2017). Moreover, in Kif9-mutant male mice (Kif9, a coding gene), no testes abnormalities were found (Miyata et al., 2020b) but sperm motility was impaired: the VSL and VAP velocity parameters were reduced, as in 4930463O16Rik knockout mice. The authors concluded that Kif9 mutant mice were still fertile and this was probably due to variations in the motility of individual spermatozoa; those with good motility could still fertilize oocytes. The same conclusion applies to 4930463O16Rik–/– mice.

In our study, the suppression of a gene – in this case 4930463O16Rik lincRNA – whose expression is markedly down-regulated in the testes of sterile Topaz1–/– mice (FC = 40), has no effect on spermatogenesis. Our data suggest that the expression of 4930463O16Rik is not essential for fertility and meiotic division but adds to the terminal differentiation of male germ cells. Outside the laboratory, in wild reproductive life, one might imagine that biological functions may differ under more natural conditions due to stress and reproductive competition. This has been shown in particular for Pkdrej-deficient male mice which are fertile, whereas the Pkdrej gene (polycystin family receptor for egg jelly), is important to postcopulatory reproductive selection (Sutton et al., 2008; Miyata et al., 2016).

In summary, Topaz1 is a gene that is essential for fertility in male mice. Its absence leads to meiotic arrest before the first division. Our RNA-Seq analyses highlighted that Topaz1 stabilizes the expression of numerous lncRNAs. The suppression of one of them is not essential to mouse fertility but it is necessary during the terminal differentiation of male germ cells to achieve optimal function.

The absence of a specific anti-TOPAZ1 antibody did not enable us to further advance in our understanding of its function during murine spermatogenesis. The creation of a Flag-tagged Topaz1 knockin mouse model will allow us to gain further insights, and Rip-seq experiments will enable the determination of RNA-TOPAZ1 complexes during spermatogenesis. Given the large number of lncRNAs expressed in meiotic testes, one hypothesis may be that the function of several lncRNAs – including 4930463O16Rik- is partly redundant with that of other testicular lncRNAs.
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Supplementary Figure 1 | ISH control probe expression in WT 2-month-old testes. (A) Probe targeting the bacterial gene dapB (dapB, Bacillus subtilis dihydrodipicolinate reductase) was used as a negative control; (B,C) are examples using positive control probes (PPIB, Mus musculus peptidylprolyl isomerase B and UBC, Homo sapiens ubiquitin C). Probes for housekeeping genes (PPIB and UBC, respectively weakly and highly expressed genes) were used as positive controls (brown dots).

Supplementary Figure 2 | Hematoxylin and eosin staining of wild-type testes (A) at P15; (B) P17; and (C) P20 in mice (C57/Bl6). At P15, seminiferous tubules contain spermatocytes that have advanced to early and mid-pachynema (blue arrowhead); at P17, early-mid diplotene cells (red arrowhead) appear. At P20, according to the seminiferous epithelium stages, metaphase I plate in spermatocytes are visible (yellow arrowhead) or first round spermatids (green arrowhead) resulting from the first meiotic division. Scale bar = 20 μm.

Supplementary Figure 3 | Validation of several DEGs by RT-qPCR (RNA-seq Topaz1–/– vs. WT testes). Validation of several differentially expressed up- or down-regulated genes and of non-DEGs from RNA-seq analysis by qRT-PCR from P16 (A) or P18 (B) mouse testis RNAs. The lines represent the median of each genotype (blue: WT; red: Topaz1–/–). A Kruskal–Wallis statistical test was performed (∗p < 0.05).

Supplementary Figure 4 | Reprogenomic data on the dynamic expression of 4930463O16Rik. The dynamic expression of 4930463O16Rik in five different tissues from male and female adult mice (A), and in embryonic primordial germ cells and adult male germ cells (B). 4930463O16Rik is expressed in testes in germ cells during post-natal life. The strongest dynamic expression is found in pachytene spermatocytes. The X-axes represented normalized counts.

Supplementary Figure 5 | Reprogenomic data on the dynamic expression of Gm21269. The dynamic expression of Gm21269 in five different tissues from male and female adult mice (A), in embryonic primordial germ cells and adult male germ cells (B). Gm21269 is expressed in testes in germ cells during post-natal life. The strongest dynamic expression is found in pachytene spermatocytes. The X-axes represented normalized counts.

Supplementary Figure 6 | IGV representation of P18-testis RNA-seq. Expression of 4930463O16Rik (A), Gm21269 (B), and 4921513H07Rik (C) from BigWig files of strand-specific RNA-seq data. The first four tracks represent transcripts of WT testes at P18; the next three tracks represent transcripts of Topaz1–/– testes at the same developmental stage. Representations of the genes (from mm10 or GRCm38) are shown at the bottom of each graph. A representation of the size of 4930463O16Rik (A), Gm21269 (B), and 492151H07Rik (C) transcripts (red) from Ensembl data (GRCm38) is shown at the top. 4930463O16Rik and 4921513H07Rik gene transcriptions overlap in 3′ or 5′, respectively.

Supplementary Figure 7 | Expression of Gm21269, 4930463O16Rik, and 492151H07Rik mRNAs in testes from 5 days to adulthood. Quantitative RT-PCR analysis of Gm21269, 4930463O16Rik and 492151H07Rik gene expressions at different developmental stages in WT (blue) and Topaz1–/– (red) testes. The lines represent the median of each genotype. A Kruskal–Wallis statistical test was performed (∗p < 0.05; ∗∗p < 0.01).

Supplementary Figure 8 | ISH with PAS counterstained in WT mouse testes. Visualization of 4930463O16Rik (A), Gm21269 (B), and 4921513H07Rik (C) mRNAs, respectively, by ISH (brown dots) at different seminiferous epithelium stages highlighted by PAS staining. Scale bar = 20 μm.

Supplementary Figure 9 | LncRNA cellular localizations in testes from 2-month-old WT mice. ISH using (A) 4930463O16Rik, (D) Gm21269, and (G) 4921513H07Rik probes (red). (B,E,H) Immunofluorescence staining with γH2Ax antibody was performed at the same stage of seminiferous epithelium to identify male germ cells (green). (C,F,I) DAPI (blue), visualizing nuclear chromosomes, was merged with ISH (green) and IF (red) signals. Zooms in white squares show spermatocytes during prophase I. No colocation between the sex body (γH2Ax) and lncRNAs (red) was evident. Scale bar = 20 μm.

Supplementary Figure 10 | Validation of several DEGs by RT-qPCR (RNA-seq 4930463O16Rik–/– vs. WT testes). Validation of several differentially expressed up- or down-regulated genes and of non-DEGs of RNA-seq analysis by RT-qPCR from P16 (A) or P18 (B) mouse testis RNAs. The lines represent the median of each genotype (blue: WT; red: 4930463O16Rik–/–). A Kruskal–Wallis statistical test was performed (∗p < 0.05).

Supplementary Table 1 | List of primers. List of different primers used during this study for genotyping, RT-qPCR and gRNAs.

Supplementary Table 2 | Casa system settings.

Supplementary Table 3 | List of DEGs in Topaz1–/– testes compared to WT. List of deregulated genes in Topaz1 KO testes at P16 (sheet 1) and P18 (sheet 2) (adjusted p-value < 0.05 and absolute Log2FC > 1).

Supplementary Table 4 | Functional annotation of P16 DEGs (RNA-seq Topaz1–/– vs. WT testes). DAVID functional Annotation Clustering (DAVID 6.8) analysis (based on GO terms and KEGG pathway) of all P16-differentially expressed genes (sheet 1) or only up-regulated DEGs (sheet 2) or down-regulated DEGs (sheet 3) in Topaz1–/– testes.

Supplementary Table 5 | Functional annotation of P18 DEGs (RNA-seq Topaz1–/– vs. WT testes). DAVID functional Annotation Clustering (DAVID 6.8) analysis (based on GO terms and KEGG pathway) of P18-differentially expressed genes (sheet 1) or only up-regulated DEGs (sheet 2) or down-regulated DEGs (sheet 3) in Topaz1–/– testes. Annotation clusters based on the InterPro database of P18-down-regulated DEGs are mentioned in sheet 4.

Supplementary Table 6 | List of DEGs in 4930463O16Rik–/– testes compared to WT. List of deregulated genes in 4930463O16Rik KO testes at P16 (sheet 1) and P18 (sheet 2) (adjusted p-value < 0.05 and absolute Log2FC > 1).

Supplementary Table 7 | Functional annotation of P18 DEGs (RNA-seq 4930463O16Rik–/– vs. WT testes). DAVID functional Annotation Clustering (DAVID 6.8) analysis of P18-differentially expressed genes (sheet 1) or only up-regulated (sheet 2) or down-regulated DEGs (sheet 3) in 4930463O16Rik–/– testes.
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Hexestrol Deteriorates Oocyte Quality via Perturbation of Mitochondrial Dynamics and Function
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Hexestrol (HES) is a synthetic non-steroidal estrogen that was widely used illegally to boost the growth rate in livestock production and aquaculture. HES can also be transferred to humans from treated animals and the environment. HES has been shown to have an adverse effect on ovarian function and oogenesis, but the potential mechanism has not been clearly defined. To understand the potential mechanisms regarding how HES affect female ovarian function, we assessed oocyte quality by examining the critical events during oocyte maturation. We found that HES has an adverse effect on oocyte quality, indicated by the decreased capacity of oocyte maturation and early embryo development competency. Specifically, HES-exposed oocytes exhibited aberrant microtubule nucleation and spindle assembly, resulting in meiotic arrest. In addition, HES exposure disrupted mitochondrial distribution and the balance of mitochondrial fission and fusion, leading to aberrant mitochondrial membrane potential and accumulation of reactive oxygen species. Lastly, we found that HES exposure can increase cytosolic Ca2+ levels and induce DNA damage and early apoptosis. In summary, these results demonstrate that mitochondrial dysfunction and perturbation of normal mitochondrial fission and fusion dynamics could be major causes of reduced oocyte quality after HES exposure.
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INTRODUCTION

Environmental pollution is becoming a major threat to human health. One emerging group of contaminants, endocrine-disrupting chemicals (EDCs), is exogenous substances or mixtures that cause dysfunction of the endocrine system, inducing multiple adverse health effects in humans through interaction with hormone receptors (Schug et al., 2016). EDCs can be released into the environment in various forms, including pesticides, plastic debris, retardants, industrial waste, and cosmetics (Chen et al., 2019; Canipari et al., 2020), and they can be absorbed, accumulated, and even converted to more toxic metabolites by the body (Yuan et al., 2015; Ding et al., 2020). Studies have demonstrated that EDCs affect the reproductive systems of both sexes, causing congenital abnormalities and infertility (Huang and Zeng, 2021; Walker et al., 2021; You and Song, 2021). In female mammals, EDCs usually affect hormone–receptor interactions, corpus luteum formation, sex steroid synthesis, and folliculogenesis, resulting in irreversible reproductive issues such as estrogen deficiency, dysfunctional ovulation, premature ovarian insufficiency, endometriosis, polycystic ovarian syndrome, or infertility (Craig et al., 2011; Hamid et al., 2021).

Hexestrol (HES) is a synthetic hormone belonging to a class of non-steroidal estrogens and is used in clinics for the treatment of prostate cancer, amenorrhea, uterine hypoplasia, dysfunctional uterine bleeding, and menopausal syndrome (Jan et al., 1998; Lucan et al., 2013). However, because of its adverse effects on human health and the reproductive system, HES for human use has been banned. Nevertheless, HES is still illegally used as a growth hormone in the agricultural industry to increase the weight of animals by promoting protein synthesis and inhibiting fat aggregation (Xiangqian et al., 2007; Gao et al., 2015; Feng et al., 2016), which may contribute to HES exposure in the environment. Thus, humans are not only exposed to environmental HES directly, but it can also pass through the food chain to the human body, and it interferes with normal physiological processes, resulting in severe health problems such as cancer, endometriosis, fetal malformation, and metabolic disorders (Saeed et al., 2005; Cavalieri and Rogan, 2006; Chen et al., 2015; Feng et al., 2016).

The prevailing adverse effect of HES exposure is its severe adverse effects on reproductive function. HES exposure for 4 weeks can induce degeneration of spermatocytes and cause infertility in male rabbits (Pop et al., 2011). In addition to its adverse effects on male reproduction, HES also has adverse effects on the female reproductive system. HES exposure can increase the expression of growth hormone-releasing hormone by activating P38 and cyclic AMP response element-binding protein in placental cells, which may cause the dysregulation of placental hormones and abortion (Zhu et al., 2016). The reproductive toxicity of HES has also been observed in adult female mice, which showed decreased ovary size and impaired development of primordial follicles (de Oliveira et al., 2008). A previous study demonstrated that clomiphene citrate, a non-steroidal triphenylethylene compound, has an adverse effect on gonadotropin-induced ovulation by reducing cyclic AMP and prostaglandin E2 levels in the ovary (Chaube et al., 2005, 2006). However, the mechanism by which HES affects ovary function and oocyte quality has not yet been clarified.

Oocyte maturation is involved in various developmental events and regulators that drive oocyte nuclear maturation and cytoplasmic maturation, which is critical for fertilization and embryonic development. During meiosis, precise regulation of spindle assembly and accurate chromosome segregation ensure the integrity of the genome throughout embryonic development (Clift and Schuh, 2013). Abnormal spindle assembly and chromosome segregation usually cause aneuploidy and spontaneous abortion in mammals (Webster and Schuh, 2017). The morphology and distribution of organelles, such as mitochondria, also play important roles during oocyte maturation, including the synthesis of adenosine triphosphate, maintenance of Ca2+ homeostasis, and regulation of redox. Mitochondrial dysfunction can cause excessive production of reactive oxygen species (ROS) and disrupt redox balance, inducing oxidative stress and cell apoptosis and impaired developmental competence of oocytes (Chiang et al., 2020; Richani et al., 2021).

In the present study, we used mouse oocytes as a research model to investigate the impact of HES exposure on oocyte maturation and fertilization. We observed that HES exposure caused aberrant oocyte meiotic progression by inducing abnormal spindle assembly and imbalanced mitochondrial fission and fusion. Additionally, we observed that HES exposure disrupted Ca2+ homeostasis and induced DNA damage and apoptosis in oocytes. These data will expand our knowledge of how HES affects female gamete development.



MATERIALS AND METHODS


Mouse Oocyte Preparation and Culture

Mice were treated and used according to the guidelines of the Institutional Animal Care and Use Committee at Zhejiang A&F University, China. For in vivo experiment, 30 mice were randomly divided into two groups (body weight: 20–21 g per mice) and housed at controlled condition temperature (24°C) and light (12-h light–dark cycle). The mice were continuously treated by oral gavage administration of 0 and 6 mg/kg/day of HES (dissolved in corn oil, 100 μl/day) for 1 month. For in vitro experiment, HES were dissolved in DMSO to prepare a 100-mM stock solution and then diluted in an M16 medium at different concentrations for an experiment. Based on the effect of HES on the first polar body extrusion, 100 μM was chosen for the following experiments. In all experiments, GV oocytes were collected at room temperature from 6 to 8-week-old female ICR mice after injecting with pregnant mare serum gonadotropin (5 IU). Oocytes were kept in an M2 medium containing 3-isobutyl-1-methylxanthine during collection and cultured in a 3-isobutyl-1-methylxanthine-free M16 medium (Sigma-Aldrich) under mineral oil at 37°C in a 5% carbon dioxide atmosphere.



Immunofluorescence Staining and Confocal Microscopy

Oocytes were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min and then transferred into a membrane permeabilization solution (0.5% Triton-X-100 in PBS) for 20 min at room temperature. After blocking with 1% bovine serum albumin in PBS for 1 h, the oocytes were stained with primary antibody overnight at 4°C [dynamin-related protein 1 (Drp1) 1:100; p-Drp1 1:100; targeting-protein for Xklp2 (TPX2) 1:100; pericentrin 1:200; γH2AX 1:200; α-tubulin-fluorescein isothiocyanate (FITC) 1:200], then subjected to secondary antibody staining for 1 h. Oocytes were washed three times with 0.1% Tween 20, 0.01% Triton-X-100 in PBS, stained with Hoechst 33342 (10 μg/ml in PBS) for 10 min. Then, oocytes were subjected to confocal microscopy imaging (FV3000, Olympus). Both control and HES-treated oocytes were scanned with the same parameters under confocal microscopy; the images were analyzed by Image J software (NIH, Bethesda, MD, United States).



Mitochondrial Distribution and Membrane Potential Assay in Oocytes

Mitochondrial distribution and mitochondrial membrane potential were examined using MitoTracker Red or MitoProbe JC-1. Briefly, the oocytes in each group were exposed to 500-nM MitoTracker Red or 50 μg/ml MitoProbe JC-1 for 30 min at 37°C and then washed with the M2 medium twice. After that, the oocytes were subjected to confocal microscopy imaging.



Detection of Reactive Oxygen Species Level in Oocytes

To determine intracellular ROS levels, oocytes were incubated with 10-μM dichlorofluorescein diacetate for 30 min at 37°C and washed three times with the M2 medium. Then, the fluorescent signal of oocytes was scanned with the same parameters under confocal microscopy (Jia et al., 2019).



Intracellular Calcium and Apoptosis Assay in Oocytes

Ca2+ probe Fluo 4-AM measured intracellular calcium in oocytes. Briefly, the oocytes were incubated with 2 μM Fluo 4-AM for 30 min at 37°C (Liu et al., 2019); after washing three times with PBS, the oocytes were subjected to confocal microscopy imaging. For the apoptosis assay, live oocytes were incubated with a 45 μl binding buffer containing 5 μl of annexin-V-FITC for 30 min at 37°C; after washing three times with PBS (Zhou et al., 2019), oocytes were subjected to confocal microscopy imaging.



Antibodies and Chemicals

Rabbit monoclonal anti-DRP1 (D6C7), rabbit polyclonal anti-phospho-DRP1 (Ser616), and rabbit monoclonal anti-phospho-histone H2A.X antibodies were purchased from Cell Signaling Technology (Danvers, MA, United States); mouse monoclonal anti-α-tubulin-FITC and HES were obtained from Sigma-Aldrich (St. Louis, MO, United States); rabbit polyclonal TPX2 antibody was obtained from Novus Biologicals (Colorado, United States); mouse polyclonal anti-pericentrin antibody was purchased from BD Biosciences (San Jose, CA).



Immunoblotting

Oocytes were lysed in 1 × lithium dodecyl sulfate sample buffer (Thermo Fisher, Waltham, MA, United States) and heated at 95°C for 10 min. Protein was separated on 4–20% sodium dodecyl sulfate–polyacrylamide gel electrophoresis mini gels (Thermo Fisher, Waltham, MA, United States) and blotted to polyvinylidene fluoride membranes (Millipore). The blots were incubated for 1 h with 5% non-fat milk in Tris-buffered saline, 0.05% Tween-20, and then incubated overnight with primary antibodies diluted in tyrosylprotein sulfotransferase; after incubation with secondary antibodies for 1 h, the blots were washed with Tris-buffered saline, 0.05% Tween-20 three times. Chemiluminescence signals were developed with SuperSignal West Femto Kit (Thermo Fisher Scientific, Waltham, MA, United States) and were captured by Tanon-5200 imaging system.



Hematoxylin and Eosin Staining

The ovaries were fixed in 4% paraformaldehyde in PBS for more than 24 h at room temperature. After dehydrating with graded ethanol and clearing in xylene, the ovaries were embedded in paraffin; then, the samples were sliced on 3-μm thickness by a microtome and stained with hematoxylin and eosin (H&E). The sections were examined with an optical microscope (Olympus, IX73).



Quantification of Immunofluorescence Imaging

The immunofluorescence (IF) imaging was analyzed by Fiji software. The area of the spindle was measured on maximum z-projections when the spindle was segmented by an intensity threshold. For quantification of the number of pericentrin foci, images were manually removed with the out-of-cell non-specific signal by image J. Specific method is as follows: (1) median filter, radius two pixels; (2) auto-threshold by moments, dark; (3) convert to mask; (4) run watershed; (5) analyze particles; (6) display results. The number and size of foci were statistically analyzed by GraphPad 8.



In vitro Fertilization and Embryonic Culture

Female ICR mice (6–8 weeks) were super-ovulated by intraperitoneal injection of pregnant mare’s serum gonadotropin (5 IU); then, the mice were injected with 5-IU human chorionic gonadotrophin after 48 h. Ovulated cumulus–oocytes complexes were collected from the ampulla of the fallopian tube and placed in human tubal fluid (HTF) after 13–15 h. Sperm was isolated from adult male epididymis and pre-incubated in HTF for 1 h to capacitate. Dispersed spermatozoa were added to HTF drops containing ovulated cumulus–oocytes complex for 6 h at 37°C in a 5% carbon dioxide atmosphere. Zygotes were washed and transferred to a potassium simplex optimized medium and cultured to the morular/blastocyst stage.



Statistical Analysis

The statistical analysis was performed with GraphPad Prism software 8.0.1 (La Jolla, United States). Comparisons of data were performed by one-way analysis of variance with Turkey’s multiple comparisons.



RESULTS


Hexestrol Affects Relative Ovary Weight and Morphology

To identify the effect of HES on female reproduction, the body weight and ovary morphology of adult female mice were examined after 30 days of exposure to HES. As shown in Figure 1A, body weight was continuously monitored on days 6, 12, 18, 24, and 30. The results indicate that HES exposure for 1 month slightly increased the body weight. However, ovary weight was remarkably reduced after HES treatment compared with that of the control group (Figure 1B). To better understand the effect of HES on ovary function, we performed H&E staining to determine the morphology of the ovary structure (Figure 1C). We observed that the structure of mature follicles was impaired, demonstrating that HES exposure had an adverse effect on ovary function and folliculogenesis.
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FIGURE 1. HES affects mouse ovary weight and morphology. (A) Compared with control group, body weight was slightly though not significantly increased. (B) Ovary weight was significantly reduced after exposure to HES. **P = 0.0074. Data are represented as mean ± SD from at least three independent experiments. (C) Representative H&E histochemical section images of ovaries from control and HES-exposed groups. Scale bar, 500 μm.




Hexestrol Impairs Oocyte Maturation and Early Embryonic Development

To determine the influence of HES on oocyte quality, oocyte meiotic progression was investigated by quantifying the occurrence of germinal vesicle breakdown and first polar body extrusion after exposure to different concentrations of HES in vitro. The quantitative results showed that HES exposure significantly reduced the percentage of germinal vesicle breakdown and the first polar body extrusion in a dose-dependent manner, particularly at 100 μM, suggesting that HES may inhibit the meiotic maturation of mouse oocytes (Figures 2A–D). Accordingly, we then used 100 μM of HES for the following experiments.
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FIGURE 2. HES impairs oocyte maturation and early embryonic development. (A) Representative images of germinal vesicle breakdown oocytes in control and HES-exposed oocytes. Scale bar, 100 μm. (B) Percentage of germinal vesicle breakdown was quantified in control and in oocytes exposed to different concentrations of HES (50, 80, and 100 μM). ns, P > 0.05, and *P < 0.05. (C) Representative images of first polar body extruded-oocytes from control and HES-exposed groups. Scale bar, 100 μm. (D) Rate of polar body extrusion was recorded in control and HES-exposed groups. ***P < 0.001. (E) Representative images of fertilized eggs in control and HES-exposed group. Scale bar, 100 μm. (F) Early embryonic development was recorded in control and HES-exposed group. ***P < 0.001. Data are represented as mean ± SD from at least three independent experiments.


Next, we examined the effects of HES exposure on early embryonic development. Most of the zygotes developed into two-cell embryos in the control group, but the frequency was remarkably reduced after exposure to HES. Consistently, the percentages of four-cell embryos and morula were significantly decreased compared with those of the control group (Figures 2E,F). The observations mentioned earlier suggest that HES exposure has an adverse effect on oocyte maturation and early embryonic developmental competence.



Hexestrol Disturbs Microtubule Assembly and the Coalescence of Microtubule-Organizing Centers in Metaphase I Spindle Poles

Given that cytoskeletal organization is usually associated with oocyte maturation, we considered whether HES exposure has an adverse influence on a spindle assembly. We analyzed confocal IF images of oocytes fixed and stained after HES exposure. The results showed that HES exposure significantly reduced spindle-associated tubulin and spindle size and also induced the formation of multipolar spindles, indicating an overall decrease in spindle microtubule (MT) stability. Interestingly, HES exposure resulted in the loss of more tubulin than TPX2 from the spindles, indicating that MT-bound TPX2 could stabilize the already formed spindle MTs. In addition, we noticed that HES exposure induced the formation of ectopic MT asters, indicating that HES could disrupt the coalescence of microtubule-organizing centers (MTOCs) during metaphase I (MI) spindle assembly (Figures 3A–D). To test this, we used IF staining to examine the effect of HES on pericentrin. We observed that the number of MTOCs visualized as pericentrin foci was significantly increased in oocytes. However, the average size was reduced in HES-exposed oocytes (Figures 3E–G). Therefore, our results indicate that HES exposure not only inhibits spindle MT nucleation and assembly but also regulates MI spindle pole formation by regulating the coalescence of pericentrin-containing MTOCs in MI oocytes.
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FIGURE 3. HES disturbs MT assembly and coalescence of MTOCs in MI spindle poles. P < 0.001. (A) Representative images of TPX2 localization in control and HES-exposed oocytes. Scale bar, 20 μm. (B) Spindle area was quantified in control and HES-exposed oocytes. ***P < 0.001. (C) Ratio of MT fluorescent intensity in spindle and cytoplasm was quantified in control and HES-exposed oocytes. ***P < 0.001. (D) Ratio of TPX2/spindle fluorescent intensity was recorded in control and HES-exposed oocytes. *P < 0.05 and ***P < 0.001. (E) Representative images of spindle morphologies and pericentrin localization in control and HES-exposed oocytes. Scale bar, 20 μm. (F,G) Number and area of pericentrin foci were quantified in control and HES-exposed oocytes. ***P < 0.001. Data are represented as mean ± SD from at least three independent experiments.




Hexestrol Affects Mitochondrial Function in Oocytes

Given the critical function of mitochondria during oocyte maturation, we assessed mitochondrial distribution using MitoTracker staining. As shown in Figure 4A, mitochondria mainly accumulated around the spindle in the control oocytes. Conversely, HES exposure induced the homogeneous distribution of mitochondria in the cytoplasm of oocytes, and the quantitative results indicated that the fluorescence intensity of MitoTracker was significantly reduced in HES-treated oocytes (Figure 4B), which demonstrated that HES has an adverse effect on mitochondrial biogenesis. To better understand its effect on mitochondrial function, we performed JC-1 staining to examine the mitochondrial membrane potential, which is an important criterion for evaluating mitochondrial activity and function. As shown in Figure 4C, HES exposure increased the formation of monomers in oocytes, indicating a low mitochondrial membrane potential. Consistently, the quantitative results demonstrated that the fluorescent intensity of the aggregate/monomer was remarkably reduced in HES-exposed oocytes compared with that of controls (Figure 4D). The dysfunction of mitochondria usually accompanied by the generation of ROS and induction of oxidative stress, which perturbs the normal cellular function. Accordingly, we detected ROS levels after HES exposure by 2′–7′dichlorofluorescin diacetate staining. As expected, ROS levels were prominently increased in HES-exposed oocytes compared with control oocytes (Figures 4E,F).
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FIGURE 4. HES affects mitochondrial function in oocytes. (A) Mitochondria distribution was examined in control and HES-exposed oocytes. Scale bar, 20 μm. (B) Fluorescent intensity of Mito-Tracker was quantified in control and HES-exposed oocytes. ***P < 0.001. (C) Representative images of JC-1 kit staining in control and HES-exposed oocytes. Scale bar, 20 μm. (D) Mitochondrial membrane potential was recorded after HES exposure (Aggregate/Monomer). ***P < 0.001. (E) Representative images of ROS levels in control and HES-exposed oocytes. Scale bar, 20 μm. (F) Fluorescent intensity of ROS was analyzed in control and HES-exposed oocytes. ***P < 0.001. Data are represented as mean ± SD from at least three independent experiments.




Hexestrol Perturbs Mitochondrial Fission and Fusion Processing Oocytes

The abnormal mitochondrial distribution and morphology indicated that mitochondrial fission and fusion processes are likely to be affected. To test this, we assessed the expression level and phosphorylation of Drp1, a key factor in mediating mitochondrial fission, after HES exposure by immunofluorescent staining to evaluate the balance of mitochondrial fission and fusion processes. The fluorescence images and intensity measurement results indicated that HES exposure could increase mitochondrial fission by increasing Drp1 expression and phosphorylation of Drp1 during oocyte meiosis (Figures 5A–D). Consistently, the Western blot data also verified that HES exposure disrupted normal mitochondrial fission and fusion balance. Correspondingly, the protein level of mitofusin 1, a key factor of regulating mitochondrial fusion, was significantly reduced after exposure to HES in oocytes (Figures 5E,F). Taken together, our data demonstrated that the imbalance of mitochondrial fission and fusion induced by HES exposure compromised mitochondrial function, resulting in oocyte meiotic defects and the failure of early embryonic development.
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FIGURE 5. HES perturbs mitochondrial fission and fusion process in oocytes. (A) Representative images of Drp1 localization in control and HES-exposed oocytes. Scale bar, 20 μm. (B) Fluorescent intensity of Drp1 was quantified after HES exposure. ***P < 0.001. (C) Representative images of phosphorylated-Drp1 localization in control and HES-exposed oocytes. Scale bar, 20 μm. (D) Fluorescent intensity of p-Drp1 was recorded after HES exposure. ***P < 0.001. (E) Drp1, p-Drp1, and MFN1 protein levels were examined by using Western blot. Data are represented as mean ± SD from at least three independent experiments. (F) The protein levels of Drp1, p-Drp1, and MFN1 were quantified by Image J.




Hexestrol Increases Intracellular Calcium Level and DNA Damage to Induce Oocyte Apoptosis

Because mitochondrial dysfunction can disturb calcium homeostasis, we next evaluated the intracellular Ca2+ level by staining with Fluo-4 dye. Fluorescence imaging and quantitative data indicated that the intracellular Ca2+ level was significantly increased after exposure to HES (Figures 6A,B). Dysfunction related to ROS produced by mitochondria usually leads to an accumulation of DNA damage and apoptosis. We, therefore, next examined the effect of HES on oocyte DNA damage by γH2AX staining and early apoptosis using annexin-V staining. As expected, HES exposure resulted in significantly increased fluorescent signals of γH2AX and annexin-V (Figures 6C–F). In summary, these results demonstrate that dysfunction of mitochondria caused by HES exposure can disrupt the homeostasis of calcium and induce the generation of excessive ROS, causing DNA damage and early apoptosis, thereby resulting in low oocyte quality.


[image: image]

FIGURE 6. HES increases intracellular calcium level and DNA damage to induce oocyte apoptosis. (A) Representative images of Ca2+ levels in control and HES-exposed oocytes. Scale bar, 20 μm. (B) Fluorescent intensity of Ca2+ was quantified in control and HES-exposed oocytes. ***P < 0.001. (C) Representative images of γH2AX localization in control and HES-exposed oocytes. Scale bar, 20 μm. (D) Fluorescent intensity of γH2AX was recorded in control and HES-exposed oocytes. ***P < 0.001. (E) Representative images of apoptotic oocytes in control and HES-exposed oocytes. Scale bar, 20 μm. (F) Fluorescent intensity of annexin-V was quantified in control and HES-exposed oocytes. ***P < 0.001. Data are represented as mean ± SD from at least three independent experiments.




DISCUSSION

Widely used EDCs in industrial products have attracted attention because of their adverse effects on human health, especially on the reproductive system (Green et al., 2021). A previous study showed that HES has toxic effects on adult female mice, resulting in a reduced number of ovarian follicles and disruptions to ovarian morphology (de Oliveira et al., 2008). However, it has not yet been established whether HES has an adverse effect on oocyte quality and female fertility. In this study, we investigated the effects of HES on mouse oocyte maturation and early embryonic development.

We first found that HES exposure resulted in a decrease in ovary weight and abnormal ovary structure, confirming the adverse effect of HES on the female reproductive system (Inazu and Satoh, 1994; de Oliveira et al., 2008). To better understand the toxicity to female reproductive function, we examined the capacity for oocyte maturation and early embryonic development. The results revealed that HES exposure led to oocyte meiotic arrest at the MI stage by disrupting the extrusion of the first polar body. Further results indicated that meiotic failure in HES-exposed oocytes was caused by aberrant morphology of spindles in the MI stage. The spindle assembly checkpoint monitors the attachment of spindle MTs and kinetochores to protect oocytes from chromosome missegregation and aneuploidy (Marston and Wassmann, 2017). Aberrant spindle MT dynamics could activate spindle assembly checkpoint and arrested oocytes at the MI stage. Previous studies have shown that MTOCs are essential for spindle formation in mammalian oocytes, including γ-tubulin, pericentrin, and its partner CDK5RAP2 (Carabatsos et al., 2000; Combelles and Albertini, 2001; Balboula et al., 2016; Baumann et al., 2017). More importantly, pericentrin plays a crucial role as a scaffolding protein that brings together many other MTOC constituents, which regulate meiotic spindle assembly. Therefore, aberrant coalescence of pericentrin can induce defects in spindle organization (Ma and Viveiros, 2014; Drutovic et al., 2020). Our current observations showed that HES exposure resulted in an increased number of pericentrin foci dispersed in MI oocytes and explained the reason for HES-induced aberrant spindle morphology and meiotic arrest. It has been reported that TPX2 is critical for chromatin-mediated MT nucleation under the control of Ran GTPase (Helmke and Heald, 2014). The reduction of spindle area in HES-exposed oocytes led us to speculate that HES treatment caused the defects in MT nucleation. Our results showed that HES exposure could increase MT-bound TPX2 to resist HES-induced disassembly of MTs in MI oocytes, contributing to the low sensitivity of MI spindle MTs to HES.

In mammals, mitochondria are dynamic organelles that play critical roles in cellular energy metabolism and redox homeostasis in the oocyte (Marei et al., 2019; Chiang et al., 2020; Soto-Heras and Paramio, 2020). During oocyte maturation, mitochondria constantly undergo fission and fusion processes, essential for maintaining mitochondrial distribution in MI oocytes (Duan et al., 2020). Recent studies have shown that an imbalance in mitochondrial fission and fusion processes is associated with the low quality of oocytes. Inhibition of mitochondrial fission by Drp1 depletion causes aberrant organelle distribution and the failure of spindle migration (Udagawa et al., 2014; Duan et al., 2020). Moreover, depletion of mitofusin 1 modulates mitochondrial function and oocyte developmental competence in oocytes (Hou et al., 2019). As expected, our findings revealed that HES exposure disrupted the mitochondrial distribution and the balance of mitochondrial fission and fusion process, which might lead to defects in the spindle during oocyte maturation, resulting in embryo death. The destruction of mitochondria network dynamics is usually associated with mitochondrial dysfunction, accompanied by the generation of excessive ROS and a reduction in mitochondrial membrane potential (Sabouny and Shutt, 2020). In concordance with this, our results demonstrated that HES exposure strongly reduced mitochondrial membrane potential and increased ROS generation in oocytes.

In addition to the defects in mitochondrial function, we also discovered that HES exposure led to an increase in cytosolic Ca2+ concentration in MI oocytes. It has been reported that a reduction in cytosolic Ca2+ levels can prevent mitochondrial fragmentation (Pinton et al., 2001; Tiwari et al., 2017a); this could explain why the defect in mitochondrial fission and fusion processes might be caused by the increase of cytosolic Ca2+ in oocytes; however, the detailed mechanism needs to be further explored. More evidence has demonstrated that oxidative stress can induce DNA damage and early apoptosis (Zhang et al., 2019; Kello et al., 2020; Sun et al., 2020; Shi et al., 2021), resulting in a decline in oocyte quality and fertilization. In line with previous studies (Chaube et al., 2008; Tiwari et al., 2017b), we found that oocytes exposed to HES induced the accumulation of DNA damage and the occurrence of early apoptosis, which explains HES-induced decline in mouse oocyte quality.



CONCLUSION

The present study demonstrated that HES exposure perturbs the balance of mitochondrial fission and fusion and results in dysfunction of mitochondria, thereby inducing oxidative stress and apoptosis in oocytes, contributing to aberrant meiotic progression (Figure 7).
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FIGURE 7. Potential mechanism of abnormal meiotic progress induced by HES exposure.
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Aims: Research evidence indicates that epigenetic modifications of gametes in obese or diabetic parents may contribute to metabolic disorders in offspring. In the present study, we sought to address the effect of diabetic uterine environment on the offspring metabolism.

Methods: Type 2 diabetes mouse model was induced by high-fat diet combined with streptozotocin (STZ) administration. We maintained other effect factors constant and changed uterine environment by zygote transfers, and then determined and compared the offspring numbers, symptoms, body weight trajectories, and metabolism indices from different groups.

Result: We found that maternal type 2 diabetes mice had lower fertility and a higher dystocia rate, accompanying the increased risk of offspring malformations and death. Compared to only a pre-gestational exposure to hyperglycemia, exposure to hyperglycemia both pre- and during pregnancy resulted in offspring growth restriction and impaired metabolism in adulthood. But there was no significant difference between a pre-gestational exposure group and a no exposure group. The deleterious effects, no matter bodyweight or glucose tolerance, could be rescued by transferring the embryos from diabetic mothers into normal uterine environment.

Conclusion: Our data demonstrate that uterine environment of maternal diabetes makes critical impact on the offspring health.

Keywords: diabetes, uterus, metabolism, epigenetic inheritance, obese


INTRODUCTION

Diabetes is one of the largest global health emergencies of twenty-first century (Overland et al., 2014; Karuranga et al., 2019). The prevalence rate for obesity and type 2 diabetes has increased globally over recent decades at a pace. Maternal diabetes is a pathologic state that increases the incidence of complications in both the mother and the fetus (Vrachnis et al., 2012), for example, low quality oocytes (Zhang et al., 2013), increased chances of miscarriage (Mills et al., 1988) and congenital malformations of offspring (Vitoratos et al., 2010). Moreover, diabetic persons are considered to have significant positive relation for formation of hypercholesterolemia (Chowdhury and Nessa, 2019) and high LDL cholesterol (Jayakumari et al., 2020). Previous study has demonstrated that epigenetic inheritance via gametes by itself could increase an offspring’s susceptibility to develop to obesity and type 2 diabetes (Huypens et al., 2016). Specifically, we have found that paternal prediabetes increases the susceptibility to diabetes in offspring through gametic epigenetic alterations (Wei et al., 2014). The epigenetic profiling of pancreatic islets was changed in offspring depending on paternal prediabetes (Wei et al., 2014). Another study shows that sperm tsRNAs represent a paternal epigenetic factor that may mediate intergenerational inheritance of diet-induced metabolic disorders (Chen et al., 2016). Injection of sperm tsRNA fractions from high fat diet (HFD)-fed males into normal zygotes generated metabolic disorders in the F1 offspring (Chen et al., 2016). On the other hand, other studies show that gestational diabetes may have effects on offspring (Fetita et al., 2006; Sasson et al., 2015). An exposure to HFD only during gestation resulted in fetal growth restriction and decreased placental weight (Fetita et al., 2006; Sasson et al., 2015). We still know little about the effects of maternal diabetes on the growth and metabolism of offspring and how to change this kind of susceptibility to prevent this destructive cycle of metabolic dysfunction through generations.

Although the adverse effects of diabetic mothers on offspring may be owing to the epigenetic modifications in oocytes of diabetic mothers, the poor intrauterine environment may also play important roles. Previous studies have shown that offspring of gestational obese mothers or mothers fed a high-fat diet during gestation not only exhibited metabolic disorders but also impaired skeletal muscle development (Levin and Govek, 1998; Bayol et al., 2005; Huang et al., 2017). In our previous study, we showed that although embryo development was adversely affected by maternal diabetes, no evident imprinting abnormality was observed in oocytes from female offspring derived from a diabetic mother, and methylation in offspring’s oocytes is normal (Ge et al., 2013b). We further showed that the effects of maternal diabetes on imprinted genes might primarily be caused by the adverse uterus environment (Ge et al., 2013a). We do not clearly know which reason, uterus environment or gamete epigenetic inheritance, could be more important to increase offspring’s susceptibility to obesity or type 2 diabetes. To this end, we successfully generated a severe type 2 diabetic mouse model, and by zygote transfer demonstrated that uterine environment of maternal diabetes makes more impact on the offspring compared with epigenetic inheritance via gametes.



MATERIALS AND METHODS

Male and female C57BL/6J mice provided by SPF (Beijing) Biotechnology Co. Ltd. were housed in ventilated cages on a 12-h light/12-h dark cycle at a constant temperature (23 ± 1°C) and under controlled humidity (60 ± 5%). Mice were ad libitum fed water and food. All mouse experiments were approved by the Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences.


Diabetic Mouse Model

We generated a type 2 diabetes mouse model according to previous studies, with slight changes (Wei et al., 2014). In brief, 3 weeks old C57BL/6J mice, five per cage, were randomly divided into two groups and fed with either a HFD (D12492; Research Diet, New Brunswick, NJ, United States) or a normal standard chow (NC, SPF Rodent Growth and Breeding Feed, BEIJING KEAO XIELI FEED CO., LTD) until 20 weeks of age. During 12–15 weeks old, mice fed with HFD diet received intraperitoneal injection of a sub-diabetogenic dose of STZ (100 mg/kg body weight, S0130, Sigma) once a week, a total of 4 times, and kept on the same diet until 20 weeks old. The fasting plasma glucose was measured after overnight fasting and the casual plasma glucose was measured at any point in time by a glucometer (Accu-CHEK active; Roche Diagnostic). The measurement was executed every week between 17 and 20 weeks of age after STZ injection. Mice with a casual plasma glucose ≥ 200 mg/dl (11.1 mmol/l) or a fasting plasma glucose ≥ 126 mg/dl (7.0 mmol/l) were considered as having diabetes.



Experimental Design

To test the impact of uterine environment on metabolism of offspring, female type 2 diabetes mice (hereafter called DP0) about 21 weeks old were mated with normal C57BL/6J males for generating offspring (DCF1 and DF1) from different uterine environment by transferring the zygotes into healthy mature foster ICR (Institute of Cancer Research) mothers or no transferring (Figure 1). On the other hand, to test whether the metabolism of offspring could be affected by gamete epigenetic inheritance or not, the zygotes of female normal diet control mice (hereafter called CP0) as same age as DP0 mated with normal C57BL/6J males were also transferred into healthy foster ICR mothers to generate offspring (CCF1) which were compared with DCF1 (Figure 1). Each foster mother would receive 6–12 zygotes. The number of litters per group was not less than 4. All offspring were breast fed by ICR mothers and subjected to normal standard chow after weaning. Each ICR mothers feed pups no more than 6 to ensure enough milk. We also designed an untreated group, in which the normal maternal C57BL/6J mice were mated with normal C57BL/6J males with no zygotes transfer to analyze the reproductive phenotype as control. These offspring of CP0 is named CF1.
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FIGURE 1. Experimental design. Maternal C57BL/6J mice (P0) were at random allocated to induce or not induce diabetes. The diabetic mice (DP0) and non-diabetic mice (CP0) were mated with normal C57BL/6J males (C♂) and their zygotes were collected and transferred into the oviduct of healthy mature ICR foster mother. For the other part of successfully mated DP0 mice, their zygotes were not transferred and incubated in the original diabetic uterus of DP0. Newborn offspring (F1) of these three group were all fed by ICR foster mother. All offspring were weaned at 3 weeks of age and placed on a normal diet. *All offspring were breast fed by ICR mothers.




Zygote Collection and Offspring Production

Zygote collection and transfer were conducted following standardized procedures described in the Manipulating the Mouse Embryos. In brief, C57BL/6J females (HFD and NC) in heat were mated with normal C57BL/6J males between 20 and 22 weeks of age, and zygotes were collected from a part of the successfully mated female mice. The collected zygotes of each female mouse were analyzed and subsequently used for oviduct transfer into ICR recipient mother on normal diet. Each foster mother would receive 6–17 zygotes which were divided into two parts and transferred into the bilateral oviducts. The birth rate was the ratio of birth number to the number of embryos transferred. F1 of the two groups (DCF1 and CCF1) were all fed by ICR mice during lactation. DF1 mice were generated by another part of the successfully mated female HFD mice and fed by ICR mice during lactation in an identical fashion.



Dystocia Rate and Cesarean Section

If the pregnant female mouse could not attempt the vaginal delivery at day 21 of pregnancy, it was classified as dystocia and recorded. The dystocia rate was the ratio of dystocia number to the number of all pregnancy in each group. Then cesarean section was conducted right after cervical dislocation by hysterectomy, and pups were quickly wiped clean and placed on a warming plate at 37°C. Before transferring to a foster mother, the survival number and abnormal number of each litter were recorded. For the vaginal delivery pups, the survival number and abnormal number of each litter were recorded at the first day they were born. The survival rate of each group was worked out by dividing the survival number by the total birth number. However, the abnormal rate of each group was worked out by dividing the abnormal number after weaning by the total birth number, because some malformations in eye was diagnosed until weaning. A minimum of 4 litters were used in each group.



Body Weight Measurement

The body weights of maternal mice were measured every week between 7 and 21 weeks of age. The newborns’ weights were measured at the 1 day of age. Then, we weighed the offspring every week from 3 to 15 weeks of age.



ITT and GTT

ITT (insulin tolerance test) and GTT (glucose tolerance test) were performed as previously described (Wei et al., 2014) and the offspring of each group used for the glucose tolerance were from different litters. In brief, ITT was conducted after a fasting period of 2 h. Mice received 1 unit of insulin (I-5500, Sigma) per kilogram of body weight by intraperitoneal injection. The concentration of insulin solution used for injection was 0.05 U/ml. Blood glucose levels from tail blood were determined at 0, 15, 30, 60, and 120 min after application of the insulin by a glucometer. GTT was conducted after an overnight fasting period of 13 ± 1 h. Mice received 2 g of glucose per kilogram of body weight by intraperitoneal injection. Glucose was dissolved in water to 10% (mass-to-volume) concentration and used to inject. Blood glucose levels from tail blood were determined at 0, 15, 30, 60, and 120 min after application of the glucose challenge by the same glucometer. Offspring of different litters (no less than 4 in each group) were randomly selected and analyzed for the test.



Serum Biomarkers Test

Serum was isolated from blood sampled by eyeball extirpating and stored at −80°C until detection. HuNan FengRui Biotechnology Co., Ltd. was employed for biochemical detection of serum. The tested items include the total cholesterol (TC), the triglyceride (TG), high-density lipoprotein cholesterol (HDL) and low-density lipoprotein cholesterol (LDL).



Statistical Analysis

All analyses were performed using GraphPad Prism 5 software. Results were expressed as mean ± S.E.M. For all comparisons that involved multiple time points, a two-way repeated measurement ANOVA, post hoc Bonferroni multiple-comparisons test was used to assign P-values by comparing to each other in the F1 generation. In the P0 generation, CP0 ♀served as control group. For measurements at single time points, a one way ANOVA was used. To assess differences in blood glucose of P0 generation, post hoc Bonferroni multiple-comparisons test was applied to assign P-values vs. the control group. To assess differences in body weight distribution in F1 cohorts, a Kruskal-Wallis test, using Dunn’s multiple-comparisons test, was applied as a non-parametric test to assign P-values. The D’Agostino and Pearson omnibus normality test was applied to assess the survival rate and abnormality rate of F1 in each litter. A two-tailed Student’s t test was performed to compare two different groups, and an unpaired test was performed on non-parametric data P< 0.05 was considered statistically significant.



RESULTS


Establishment of the Diabetes Mouse Model

To explore which has more effects on the offspring health of diabetes, uterine environment or oocytes, we generated type 2 diabetes mouse model by feeding high fat diet combined with STZ, a diabetagen which is especially toxic to pancreatic islet insulin-producing β-cells, injection at a low dose. The body weight of high fat diet type 2 diabetes mice (DP0) was significantly higher than that of normal diet control mice (CP0), when measured between 7 and 21 weeks of age. However, the body weight of DP0 was increased before 19 weeks of age, and subsequently decreased in 3 weeks after STZ injection (Figure 2A). According the diagnostic criteria for diabetes mentioned in the materials and methods, we picked 34 mice which successfully developed diabetes from 50 suffering treatment for the following research. Sixteen mice which did not develop diabetes were excluded from the study. The fasting plasma glucose and the casual plasma glucose during pre-gestational period, as well as the casual plasma glucose during gestational period of DP0 were all significantly higher than in CP0 mice (Figures 2B–D, 7.61 ± 0.41 vs. 4.2 ± 0.06, 17.33 ± 0.9 vs. 8.13 ± 0.2, 14.97 ± 1.25 vs. 8.29 ± 0.25, respectively, P < 0.001). Next, we analyzed insulin resistance of the female mice in both DP0 and CP0 when they were 21 weeks of age. The mice of DP0 showed decreased insulin sensitivity compared with controls (Figure 2E). On the other hand, because the plasma glucose in GTT was too high to be measured, data of GTT was not shown.
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FIGURE 2. Maternal (P0) metabolic phenotype. (A) Body weight gain from 7 to 21 weeks. (B) Fasting plasma glucose. (C) Casual plasma glucose. (D) Gestational plasma glucose. (E) ITT at 21 weeks of age. Data are expressed as mean ± S.E.M.; *P < 0.05, ***P < 0.001 vs. CP0 control. A two-way repeated measurement ANOVA in (A,E) and a one way ANOVA in (B–D), post hoc Bonferroni multiple-comparisons test was used to assign P-values. P-values for significance between groups in repeated measure analysis are shown.




Female Diabetic Mice Had Reduced Fertility, Accompanying the Increased Risk of Offspring Malformations and Death, Which Could Be Rescued by Zygote Transfer

Female mice, DP0 or CP0, were mated with normal diet control male mice in which the fasting and casual plasma glucose were both normal (Figures 2B,C). The natural ovulation of per female mouse was counted when a vaginal plug was observed next morning. The number of natural ovulation was significantly lower in the diabetic group than control group by 20 weeks of age (Figure 3A, 7 ± 0.68 vs. 11 ± 0.4, P< 0.01). Associated with the decrease in natural ovulation, DP0 female mice become significantly low reproductive, with the offspring number of DP0 female mice decreased about 1.6-fold compared with the CP0 group (Figure 3B, 5.17 ± 0.51 vs. 8.25 ± 0.41, P< 0.01). The dystocia rate of DP0 female mice also was very high compared with CP0 female mice (Figure 3C, 88 and 0%, respectively).
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FIGURE 3. Maternal reproductive phenotypes and offspring symptoms. (A) The number of zygotes per mouse. (B) The number of pups per mouse. (C) The maternal dystocia rate. (D) Survival rate of F1 in each group. (E) Birth rate of DCF1 and CCF1. (F) Abnormality rate of F1 in each group. (G) Congenital malformations of DF1 compared to CF1. Blue arrows show abnormal regions. Data are expressed as mean ± S.E.M.; **P < 0.01, ***P < 0.001 vs. CP0 or CF1 control. A two-tailed Student’s t-test was performed in (A,B,E). The D’Agostino and Pearson omnibus normality test was applied in (D,F). P-values for significance between groups in repeated measure analysis are shown.


Meanwhile, the survival rate of offspring, DF1 exposed to diabetic uterine, was decreased to only 38% compared to CF1 (Figure 3D). However, we did not observe differences in survival rate and birth rate between the two transfer groups, DCF1 and CCF1, when zygotes of DP0 mice or CP0 mice were collected and transferred into control ICR recipients (Figures 3D,E). The offspring exposed to maternal diabetes during gestation also manifested severe congenital malformation vs. offspring of control, with the abnormality rate of 18% (Figure 3F) in DF1 group. The congenital malformation includes neck hypertrophy and eye diseases (anophthalmia, microphthalmia, and white eye disease) (Figure 3G). There was also no congenital malformation being detected in the offspring when the zygotes were transferred into normal uterine environment (Figure 3F).



Diabetic Uterine Environment Caused Lower Birth Weight and Growth Restriction After Birth

To further explore the effect of diabetic uterine environment to the offspring, we analyzed the weight between DF1, DCF1, and CCF1. As shown in Figure 4A, DF1 mice had lower birth weight than DCF1 (0.90 ± 0.02 vs. 1.32 ± 0.01, P < 0.001), while there was no significant difference between DCF1 and CCF1 (1.32 ± 0.01 vs. 1.33 ± 0.01, P > 0.05). Then the pups of all three groups were fed by ICR mice until to weaning. After weaning, the three groups were all fed normal standard chow and the body weight was recorded from 3 to 15 weeks old. Female offspring from diabetic mother and diabetic uterine environment, DF1♀, demonstrated growth restriction compared with DCF1♀and CCF1♀especially at 4 and 14 weeks of age, showing significantly different (Figure 4B). However, there was no significant difference in body weight between DCF1♀and CCF1♀(Figure 4B). The distributions of body weights in male F1 cohorts of the three groups demonstrated the corresponding curve. What was different was that the growth restriction of DF1♂ was more significant compared to DCF1♂ and CCF1♂ from 3 to 15 weeks of age (Figure 4C). However, there was no significant difference in body weight between DCF1♀and CCF1♀ (Figure 4C).
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FIGURE 4. F1 body weight distributions and trajectories. (A) Scatter plots of the body weight distribution for F1 at 1 day of age. (B,C) The body weight trajectories of female F1 (B) and male F1 (C) mice between 3 and 15 weeks of age. Data are expressed as mean ± S.E.M.; *P < 0.05, **P < 0.01, ***P < 0.001 DF1 vs. DCF1. Statistical significance, DF1 vs. CCF1, is represented using [image: image] There is no statistical significance between DCF1 and CCF1. A one way ANOVA in (A) and a two-way repeated measurement ANOVA in (B,C), post hoc Bonferroni multiple-comparisons test was used to assign P-values by comparing to each other. P-values for significance between groups in repeated measure analysis are shown.




DF1 Exhibited Impaired Metabolism, While the Metabolism of DCF1 Was Normal

To investigate whether the metabolism of offspring was affected by uterine environment or oocytes of maternal diabetes, we analyzed glucose tolerance and insulin tolerance in all the three F1 cohorts when they were 16 weeks old. As shown in Figure 5A, the blood glucose levels during an intraperitoneal glucose tolerance test (GTT) were not significantly different among the female mice of the three groups. But, DF1 females showed insulin resistance in the ITT when they were 16 weeks old (Figure 5B). To the three male F1 cohorts, there was no significant difference in either GTT or ITT when they were 16 weeks old (Figures 5C,D). We continued to feed the three male F1 cohorts by normal diet until 1 year of age, which was equivalent to around 42.5 years old of human. As shown in Figure 5E, there was no significant difference in the body weight of the three groups. Then, we analyzed glucose tolerance in these middle age mice. Interestingly, DF1 males displayed an impaired glucose tolerance vs. DCF1 or CCF1 at this life phase (Figure 5F). However, DCF1 displayed a normal glucose tolerance vs. CCF1 (Figure 5F). We also analyzed the insulin tolerance when they were 45 weeks of age, but there was no significant difference among the three groups (Figure 5G).
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FIGURE 5. F1 metabolic phenotype. (A,C) Blood glucose concentrations during GTT in female (A) and male (C) F1 mice at 0, 15, 30, 60, and 120 min after intraperitoneal glucose injection when they were 16 weeks of age. (B,D) Blood glucose concentrations during ITT in female (B) and male (D) F1 mice at 0, 15, 30, 60, and 120 min after intraperitoneal insulin injection when they were 16 weeks of age. (E) Scatter plots of the body weight distribution for male F1 at 1 year of age. (F) Blood glucose concentrations during GTT in male F1 mice at 0, 15, 30, 60, and 120 min after intraperitoneal glucose injection when they were 1 year of age. (G) Blood glucose concentrations during ITT in male F1 mice at 0, 15, 30, 60, and 120 min after intraperitoneal insulin injection when they were 45 weeks of age. Data are expressed as mean ± S.E.M.; *P < 0.05, **P < 0.01 DF1 vs. DCF1. Statistical significance, DF1 vs. CCF1, is represented using [image: image] There is no statistical significance between DCF1 and CCF1. A two-way repeated measurement ANOVA in (A–D,F) and a one way ANOVA in (E), post hoc Bonferroni multiple- comparisons test was used to assign P-values by comparing to each other. P-values for significance between groups in repeated measure analysis are shown.




DISCUSSION

People with diabetes are at higher risk of developing a number of disabling and life-threatening health problems than people without diabetes (Overland et al., 2014), such as diabetic eye disease, diabetic nephropathy and diabetic foot disease (Abuaisha et al., 1998; Apelqvist et al., 2000; Calvo-Maroto et al., 2014). In particular, women with any type of diabetes are at risk of a number of complications during pregnancy, as high glucose levels can affect the development of the fetus (Overland et al., 2014). However, we did not clearly know which factor, the oocytes from diabetes or diabetic uterine environment, plays the crucial role in the development of their offspring.

Maternal diabetes may induce delayed oocyte maturation, abnormal cellular metabolism, mitochondrial dysfunction and meiotic defects (Ratchford et al., 2007; Wang et al., 2009, 2010; Cheng et al., 2011). It is well known that oocytes are deficient in their ability to use glucose as an energy substrate and require cumulus cells to provide products of glycolysis for their own development (Sugiura and Eppig, 2005). Maternal diabetes may indirectly impair oocyte competence by disrupting mitochondrial function in cumulus cells and their communications with the oocytes (Wang et al., 2010), which could have an impact on the provision of essential nutrients or information molecules. In our present study, we also demonstrated reduced natural ovulation (Figure 3A) and lower reproductive ability (Figure 3B). In addition, oocyte development and maturation are usually accompanied by the establishment of maternal imprints (Saitou et al., 2012). Some imprinted genes appear to be involved in lipid and energy metabolism (Haig, 2004), and even affect postnatal metabolism (Millership et al., 2019). Previously, we found that maternal diabetes not only causes the alterations of DNA methylation statuses of some imprinted genes in maternal oocytes (Ge et al., 2013b), but also led to the alterations of the methylation patterns and expressions of the imprinted genes in mid-gestational placental tissues (Ge et al., 2013a).

On the other hand, the adverse uterine environment of maternal diabetes could cause an increase in placenta weight and elevated glucose levels in both plasma and amniotic fluid (Laurino et al., 2019). In the diabetes, higher placental weights showed reduced placental efficiency and inability to transfer nutrients to the developing fetus (Volpato et al., 2015). In addition to the placental influence, the high rate of glucose in the amniotic fluid can prolonged the fetuses β-pancreatic cells stimulation, causing a pancreatic insulin depletion and hypoinsulinemia (Lopez-Soldado and Herrera, 2003). At the crucial period of epigenetic reprogramming, adverse uterine environment may influence the establishment and maintenance of methylation in mice. For example, Martino et al. reported that placental mRNA abundance for the folate receptor alpha (FOLR1) and DNA methyltransferases (DNMT1) were influenced with raised BMI (Martino et al., 2018). Although the mechanisms remain to be clarified, the alterations of the methylation patterns and expressions of the imprinted genes in mid-gestational placental tissues (Ge et al., 2013a) may influence the postnatal metabolism of offspring (Crespi, 2019).

In the present study, we generated the type 2 diabetes mouse model, which exhibited the symptoms of overweight, high level fasting plasma glucose and insulin resistance (Figures 2A,B,E). In addition, the casual plasma glucose and gestational plasma glucose were abnormally high as well (Figures 2C,D). To compare the effect of uterine environment and oocytes on offspring, we analyzed the symptoms of the offspring from diabetic uterine environment or not by changing the single variable factor. As shown in the results, DF1 mice, offspring from diabetic uterine environment, exhibited lower survival rate and higher malformation rate (Figures 3D,F) than DCF1 mice, under the premise of no difference in embryo transplantation (Figure 3E). The malformation included neck hypertrophy during fetus and eye disease after birth (Figure 3G), which caused by the adverse uterine environment. For the maternal diabetes, the number of natural ovulation and dystocia rate both suffered adverse effect (Figures 3A,C), just like human beings with gestational diabetes (Overland et al., 2014). It was worth mentioning that our diabetic model had a far higher level of dystocia rate than human beings, which may be related to the severity of maternal diabetes. Because the female diabetic mice in our research had caught severe diabetes when they were pregnant which could be judged by the loss of their weight and the high gestational plasma glucose (Figures 2A,D).

In addition, gestational diabetes mellitus (GDM) and obesity are both complications which occur during pregnancy and subsequently influence the development of offspring during fetal life and postnatal development (Yessoufou and Moutairou, 2011). In our analysis, DF1 showed low birth weight and growth restriction after birth (Figure 4A), yet there was no significant difference between DCF1 and CCF1 when they were subjected to a normal diet (Figure 4). However DF1 displayed catch-up growth and the difference of weight among the three groups was gone until 16 weeks old (Figures 4B,C). We also examined the total cholesterol (TC), high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), and the triglyceride (TG) of parents and offspring. For DP0, they had elevated HDL and TC compared with CP0, which may be responsible for the decreased body weight (Tan, 1986) and the hypercholesterolemia, although there were no significant difference in LDL and TG (Supplementary Figure 1). However, the hypercholesterolemia had not been passed on to the next generation, because there is no significant difference among DF1, DCF1, and CCF1 when they were 16 weeks old. It is possible that there are other metabolic abnormalities such as impaired beta-cell function, energy expenditure, physical activity or behavior changes that characterize these offspring (Sasson et al., 2015). It is clear that the risk of becoming diabetic is greater for relatives of diabetics than for individuals of the same age and sex in the general population (Simpson, 1968). Besides genetic factors, the offspring’s risk of developing NIDDM is influenced by environmental factors, especially obesity (Pierce et al., 1995). Type 2 diabetes is one form of diabetes, in which the insulin resistance of patients is mostly caused or aggravated by obesity (Alberti and Zimmet, 1998). Interestingly, no matter maternal undernutrition (Schulz, 2010; Hales and Barker, 2013) or maternal hyper-nutrition, e.g., obesity and maternal diabetes (Lowe et al., 2018; Hod et al., 2019), the offspring has a greatly increased susceptibility to the development of type 2 diabetes. For the undernutrition model, the thrifty phenotype hypothesis was proposed to explain the effects of poor nutrition in fetal stage to subsequent metabolic syndrome (Hales and Barker, 2001). However, contextually with the dramatic spread of obesity and type2 diabetes, the prevalence of GDM has significantly increased over the last few years (Zhu and Zhang, 2016; Filardi et al., 2019). The prevalence of GDM has increased by more than 30% within one or two decades in a number of countries including developing countries, forming an emerging worldwide epidemic (Guariguata et al., 2014; Zhu and Zhang, 2016).

In our present study, the offspring from diabetic uterine environment showed impaired metabolism and was recovered by transfer into normal uterus (Figure 5). In addition, the metabolic phenotypes displayed difference between sexes. As shown in Figure 5, female DF1 developed metabolic disorder earlier than male, as male DF1 displayed an impaired glucose tolerance until 1 year of age. The cause of this different phenotypes between sexes remains to be determined. However, this demonstrated that the impact of uterine environment on offspring’s metabolism is more important than gamete alone. Although more and more studies currently tend to suggest that it is the oocytes (Luzzo et al., 2012; Han et al., 2018) or spermatozoa (Wei et al., 2014; Chen et al., 2016; Huypens et al., 2016) of diabetic parents contribute to impact on offspring and emphasize the importance of epigenetic inheritance to increase an offspring’s susceptibility to developing obesity and type 2 diabetes. All these studies tried to explain the phenomenon that the prevalence rates for obesity and type 2 diabetes have increased globally over recent decades at a pace by epigenetic inheritance via gametes. As meanwhile, the concern of many researchers, during the last decade, is to explore the physiopathology of the relationship between the health conditions of offspring born from pregnancy complicated with diabetes (Yessoufou and Moutairou, 2011). Offspring developing impaired glucose tolerance or metabolic abnormalities differ according to the level of hyperglycemia during gestation and the period of life studied (Fetita et al., 2006). These studies were carried out in humans (Evers et al., 2004; Atègbo et al., 2006; Grissa et al., 2007; Mitanchez, 2010) and animal models, mostly in rats (Simmons et al., 2001; Lopez-Soldado and Herrera, 2003). As the controversy on the two viewpoints, we first experimentally tested the effect of diabetic uterine environment and gamete by inducing a severe type 2 diabetes mouse model and fertilized egg transfer. As we predicted, uterine environment may play a critical role in increased offspring’s susceptibility to obesity or type 2 diabetes. This may contribute to understanding the current obesity and diabetes pandemic.

Overall, we successfully generated a severe type 2 diabetic mouse model to demonstrate that uterine environment of maternal diabetes may make a more significant impact on the offspring health compared to epigenetic inheritance via gametes.
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N4-acetylcytidine (ac4C), a newly identified epigenetic modification within mRNA, has been characterized as a crucial regulator of mRNA stability and translation efficiency. However, the role of ac4C during oocyte maturation, the process mainly controlled via post-transcriptional mechanisms, has not been explored. N-acetyltransferase 10 (NAT10) is the only known enzyme responsible for ac4C production in mammals and ac4C-binding proteins have not been reported yet. In this study, we have documented decreasing trends of both ac4C and NAT10 expression from immature to mature mouse oocytes. With NAT10 knockdown mediated by small interfering RNA (siRNA) in germinal vesicle (GV)-stage oocytes, ac4C modification was reduced and meiotic maturation in vitro was significantly retarded. Specifically, the rate of first polar body extrusion was significantly decreased with NAT10 knockdown (34.6%) compared to control oocytes without transfection (74.6%) and oocytes transfected with negative control siRNA (72.6%) (p < 0.001), while rates of germinal vesicle breakdown (GVBD) were not significantly different (p = 0.6531). RNA immunoprecipitation and high-throughput sequencing using HEK293T cells revealed that the modulated genes were enriched in biological processes associated with nucleosome assembly, chromatin silencing, chromatin modification and cytoskeletal anchoring. In addition, we identified TBL3 as a potential ac4C-binding protein by a bioinformatics algorithm and RNA pulldown with HEK293T cells, which may mediate downstream cellular activities. Taken together, our results suggest that NAT10-mediated ac4C modification is an important regulatory factor during oocyte maturation in vitro and TBL3 is a potential ac4C-binding protein.

Keywords: IVM, NAT10, N4-acetylcytidine, post-transcriptional modulation, RNA modification, oocyte


INTRODUCTION

In vitro maturation (IVM) of oocytes is an essential technique in clinical practice of assisted reproductive technology and research of reproductive biology (Walls et al., 2015; Saenz-de-Juano et al., 2019). But the quality and developmental competence of oocytes maturated in vitro are still suboptimal (Walls et al., 2015; Li et al., 2021). Further investigation on the regulatory mechanisms of oocyte maturation is necessary.

Oocyte maturation is the physiological event that precedes, and is required for, successful fertilization and embryo development. Human and mouse oocytes enter the early stages of meiosis during fetal life and remain arrested at the diplotene stage of prophase I, also called germinal vesicle (GV)-stage, until they are committed to ovulation or atresia. Unlike somatic cells, transcription and translation are uncoupled during different stages of oocyte maturation. The maternal transcriptome is accumulated during the growth phase of oogenesis and transcription ceases in full-grown GV oocytes. When triggered by hormones, GV-stage oocytes complete meiosis I (MI) and advance to metaphase II (MII), accompanied by utilization of the assembled maternal mRNA. Also, oocyte maturation triggers a transition from mRNA stability to instability, leading to actively degradation of approximately 20% of total maternal transcriptome (Su et al., 2007; Ma et al., 2015). Therefore, post-transcriptional regulation underpinning mRNA stability and translation is a key determinant of gene expression during oocyte maturation (Ivanova et al., 2017). However, the detailed mechanism underlying the subtle regulation remains to be unraveled.

Epigenetic modifications of messenger RNA (mRNA) are emerging as an important component of post-transcriptional control over gene expression involving multiple processes including pre-mRNA splicing, mRNA localization, translation initiation, and mRNA degradation (Wang et al., 2014; Edupuganti et al., 2017; Huang et al., 2018). More than 170 types of RNA modifications have been identified and some of them have been reported to participate in various biological processes, including embryo development, tumorigenesis, and the pathogenesis of metabolic syndrome (Ivanova et al., 2017; Stricker et al., 2017; Huang et al., 2018; Tuncel and Kalkan, 2019). It is of great significance to explore the profiles of mRNA modifications during IVM and identify the critical epigenetic event, which can potentially optimize the culture conditions of IVM and achieve better clinical outcomes. Ivanova et al. (2017) found that YTHDF2, a reader of N6-methyladenosine (m6A) modification, is an intrinsic determinant of mammalian oocyte competence and early zygotic development by binding and destabilizing m6A-modified mRNA during oocyte maturation. Another m6A reader YTHDC1 regulates alternative polyadenylation and splicing during mouse oocyte development (Kasowitz et al., 2018). However, limited by inadequate samples and detection methods, the roles of other mRNA modifications in IVM remain unexplored.

Recently, N4-acetylcytidine (ac4C) has been newly identified as an mRNA modification, which is also a key determinant of post-transcriptional regulation (Arango et al., 2018). ac4C was initially detected in the bacterial transfer RNA (tRNA) anticodon (Stern and Schulman, 1978) and subsequently described in eukaryotic serine and leucine tRNAs and 18S ribosomal RNAs (rRNA) (Boccaletto and Baginski, 2021). Arango et al. (2018) utilized transcriptome-wide approaches and found that ac4C is widely distributed within the human transcriptome with many sites in coding sequences. It is also revealed that mRNA acetylation within coding sequences promotes translation and mRNA stability, while ac4C in wobble sites stimulates translation efficiency (Arango et al., 2018). Since modulation of mRNA stability and translation is the critical event during oocyte maturation, whether ac4C modification participates in the regulation of this process remains to be elucidated.

In addition, it has been known so far that ac4C modification within mRNA, tRNA and 18s rRNA of various species are catalyzed by the N-acetyltransferase 10 (NAT10) enzyme or its homologs (Chimnaronk et al., 2009; Ito et al., 2014; Sharma et al., 2015; Jin et al., 2020). In mammals, NAT10 is the only known RNA acetyltransferase (writer) and is responsible for the ac4C production within a broad range of mRNAs (Arango et al., 2018). However, the recognition of ac4C modification and mechanisms mediating downstream processes remain poorly understood. ac4C-binding proteins (readers) which preferentially bind to ac4C and elicit downstream functions have not been reported yet.

In this study, we sought to investigate the role of NAT10-mediated ac4C modification during oocyte maturation in vitro. We observed significantly decreasing trends of both ac4C and NAT10 expression from immature to mature oocytes. NAT10 knockdown in GV-stage mouse oocytes resulted in reduced rate of first polar body extrusion. RNA immunoprecipitation (RIP) and High-throughput sequencing using HEK293T cells revealed that the dysregulated genes were enriched in biological processes associated with oocyte maturation, including nucleosome assembly, chromatin silencing, chromatin modification and cytoskeletal anchoring. Our data further indicated that Transducin beta-like protein 3 (TBL3) is a potential ac4C-binding protein, through which ac4C modification modulates downstream cellular activities.



MATERIALS AND METHODS


Animals

All C57BL/6 mice were purchased from GemPharmatech Co., Ltd. (Nanjing, China) and subjected to an adaptation period of one week before the experiments. The mice were housed in the animal facilities with a 12 h:12 h light/dark cycle, controlled temperature (22–24°C) and humidity (50–60%), with free access to water and food. All procedures were approved by the Animal Care and Use Committee of the Sixth Affiliated Hospital, Sun Yat-sen University (Guangzhou, China) (ethical approval number: IACUC-2020120401).



Oocyte Collection

For the collection of GV-stage oocytes, 4–5 weeks old females C57BL/6 mice were injected intraperitoneally with 10U of pregnant mare serum gonadotropin (PMSG) (Ningbo Second Hormone Factory, Hangzhou, China). Forty six to forty eight hours after PMSG treatment, cumulus-enclosed oocytes were harvested from ovaries by puncturing antral follicles with a sterile needle in M2 medium (Sigma-Aldrich, MO, United States; Cat# M7167). Denuded GV oocytes were isolated with hyaluronidase (Sigma-Aldrich; Cat# 37326-33-3) and repeatedly pipetting.

For the collection of MII-stage oocytes, 4–5 weeks old females were injected with 10U of PMSG and after 46–48 h with 10U of human chorionic gonadotropin (hCG) (Ningbo Second Hormone Factory). Cumulus-enclosed oocytes were isolated from the oviduct 14 h after hCG stimulation. MII-stage oocytes with a first polar body were separated from the cumulus cells with hyaluronidase and repeatedly pipetting in M2 media.



NAT10 Knockdown by Electroporation and Oocyte in vitro Maturation

Three specific small interfering RNAs (siRNAs) specifically targeting mouse NAT10 transcripts were synthesized by GenePharma Company (Shanghai, China). The sequences were listed in Supplementary Table 1. Electroporation was employed to deliver siRNAs into GV-stage oocytes using Pulse Generator CUY21EDIT II (BEX Co., Ltd., Tokyo, Japan) according to the manufacturer’s instructions. Briefly, denuded GV-stage oocytes were incubated in prewarmed Tyrode’s solution (Leagene, Beijing, China; Cat# CZ0060) for 10s to weaken the zona pellucida. The siRNAs were diluted to 400nM in OPTI-MEM (Gibco, California, USA; Cat# 31985-062). GV-stage oocytes were transferred to the siRNA-containing Opti-MEM medium. Then oocytes and medium (total volume of 5 μl) were added into a flat electrode chamber and arranged linearly between two paralleled electrodes. The electroporation parameters were 30 volts in amplitude, 1 ms pulse width and 4 pulses at intervals of 50 ms. After electroporation, the oocytes were immediately washed three times and placed in Opti-MEM medium. Thirty minutes later, oocytes were transferred into IVM medium supplemented with 50 μM 3-isobutyl-1-methyl-xanthine (IBMX) (MCE, Shanghai, China; Cat# HY-12318). The basic IVM medium was TCM-199 (Gibco; Cat# 31100035) supplemented with 0.2 mM sodium pyruvate and 10% fetal bovine serum (FBS). The oocytes were cultured in IBMX-containing medium for 24 h in a humidified atmosphere of 5% CO2/95% air at 37°C, to keep them arrested at GV stage and facilitate the degradation of NAT10 mRNA. Oocytes were then washed and incubated in IBMX-free IVM medium for another 14 h, followed by observation of oocyte morphology under light microscope and calculation of maturation rates.



Immunofluorescence Staining of Oocytes

Denuded oocytes were fixed and permeabilized using 1% paraformaldehyde, 0.2% Triton X-100 in phosphate buffered saline (PBS) for 1 h at room temperature, and then blocked in 3% bovine serum albumin (BSA) in PBS for 1 h. Incubation with first antibodies against ac4C (1:200, abcam, Cambridge, UK; Cat# ab252215) or NAT10 (1:200, ProteinTech, Wuhan, China; Cat# 13365-1) overnight was performed at 4°C, followed by three washes (5min each time) with 0.3% BSA. Incubation with cy3-conjugated secondary antibody (1:500, Earthox, CA, United States; E031620) was performed for 1 h at room temperature out of light, also followed by three washes with 0.3% BSA. Images were taken under an inverted fluorescence microscope IX73 (Olympus, Tokyo, Japan).



Immunoblot Assay of Oocytes

A total of 200 oocytes were collected in 20 μl RIPA buffer (CWBIO, Beijing, China; Cat# CW2333S) and incubated at 95°C for 5 min in 2 × SDS loading buffer (GenStar, Beijing, China; Cat# E151-10). For dot blot, protein extracts were directly loaded to polyvinylidene fluoride membranes (Genstar; Cat# E195-201). For western blot, lysates were separated on 10% gels via SDS-PAGE and then transferred to the membranes. Thereafter, membranes were blocked with 5% skimmed milk for 1 h and incubated at 4°C overnight with the primary antibody against TBL3 (1:1,000, ABclonal, Wuhan, China; Cat# A10043). Detection of actin with antibody (Sigma-Aldrich; Cat# A2066) was used as an internal control. After three washes with PBST (0.2% Triton X-100 in PBS) and incubation with HRP-conjugated secondary anti-rabbit IgG antibody (1:2,000, Earthox; Cat# E030120-02), the membrane was scanned with a BIO-RAD ChemiDocTM Imaging System.



Cell Lines and Transfection

Human embryonic kidney HEK293T cells and mouse Leydig TM3 cells (FuHeng Biology, Shanghai, China; Cat# FH0244 and FH0337, respectively) were maintained in high-glucose DMEM medium (Gibco; Cat# C11960500BT) supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C and 5% CO2 in a humidified atmosphere. HEK293T cells were transfected with NAT10-overexpressing plasmids (GeneCopeia, Guangzhou, China; Cat# EX-I5674-M11) with LipofectamineTM 3000 Transfection Reagent (Thermo Fisher Scientific, MA, United States; Cat# L3000001) according to manufacturer’s instructions. To downregulate NAT10 expression in TM3 cells, siRNAs were introduced into cells using LipofectamineTM 3000 Transfection Reagent.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from cultured HEK293T cells using RNeasy Micro Kit (Qiagen, MD, USA; Cat# 74004) according to manufacturer’s instructions. First-strand complementary DNAs (cDNAs) were synthesized by reverse transcription using HiScript III RT SuperMix for qPCR (Vazyme, Nanjing, China, Cat# R323-01). Quantitative PCR (qPCR) was carried out using 2x RealStar Green Power Mixture (Genstar; Cat# A311-101) on a Roche LightCycler 480 II (Roche Diagnostics, Mannheim, Germany). The expression of β-actin was used as an endogenous control. The primers used in this study were listed as follows:

NAT10: forward: TTGGCTGGCAGCATTTTGGA,

reverse: GGCTGACTTGGCTACGTTCC;

-actin: forward: GTGACGTTGACATCCGTAAAGA,

reverse: GCCGGACTCATCGTACTCC.



Dot Blot of RNA ac4C Modification

Dot blots were performed using a rabbit monoclonal anti-ac4C antibody (abcam; Cat# ab252215) as previously described (Sinclair et al., 2017). Briefly, indicated amounts of extracted RNA or synthetic RNA probes were denatured at 65°C for 5 min, followed by immediately chilling on ice for 2 min and spotted onto Hybond-N + membranes (GE Healthcare, Shanghai, China; Cat# RPN303B). After UV crosslinking, the membranes were blocked with 5% skimmed milk in PBST for 1 h at room temperature, and incubated overnight with anti-ac4C antibody in 5% BSA (1:1,000) at 4°C. Membranes were next washed three times with 0.1% PBST, incubated with HRP-conjugated secondary anti-rabbit IgG antibody (1:2,000, Earthox; E030120-02) in 5% skimmed milk for 1 h at room temperature, and scanned with a ChemiDocTM Imaging System (BIO-RAD, CA, United States). Quantification of blot intensity was performed using ImageJ software (version 1.8.0, NIH, MD).



RNA-Seq and Data Analysis

Total RNA was extracted from NAT10-overexpressed or control HEK293T cells. High-throughput sequencing was performed at Magigen (Guangzhou, China). Briefly, purified RNA was first assessed for quality. After isolation and fragmentation of mRNA, cDNAs were synthesized. The fragments were then subjected to end-repair, 3′ adenylation and adaptors ligation. Suitable fragments were amplified by PCR for 13 cycles. The PCR products were cleaned up using beads, validated using an Qsep100 (Bioptic, Taiwan, China), and quantified by Qubit3.0 Fluorometer (Invitrogen, CA, United States). Then libraries with different indices were multiplexed and loaded on an Illumina HiSeq instrument according to manufacturer’s instructions (Illumina, CA, United States). Sequencing was carried out using a 2 × 150 bp paired-end (PE) configuration. All reads were mapped to human genome version hg19 by Hisat2 (v2.0.1) with default settings and reads count was converted to CPM (counts per million). Differential expression of genes was analyzed in edgeR. P-value and fold change (FC) of each gene were calculated. Genes showing altered expression with p < 0.05 and | logFC| > 1 was were considered as differentially expressed genes (DEGs). Using DAVID,1 the gene ontology (GO) enrichment including biological processes (BP), cellular components (CC) and molecular function (MF) were conducted, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed for DEGs. Bubble plots and bar plots were plotted by http://www.bioinformatics.com.cn, an online platform for data analysis and visualization.



NAT10 RNA Immunoprecipitation Sequencing (RIP-Seq) and Data Processing

NAT10-overexpressed HEK293T cells with 80% confluency in 75 cm2 culture flasks were rinsed with cold PBS, placed on ice and detached mechanically using a cell scraper. Cells were centrifuged at 2,000 rpm for 8 min at 4°C and resuspended in 1 ml lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1mM DTT, 0.005% Triton X-100) supplemented with 0.5% NP40 and 1% protease inhibitor cocktail (APExBIO, TX, United States; Cat# K1007). Lysates were treated with 2 U/ml DNase I (Thermo Fisher Scientific; Cat# 18047019) at 37° for 5 min and immediately put on ice followed by clearing at 13,000 rpm for 5 min. Hundred microliter of cell lysates was reserved as input. Per each immunoprecipitation, 2.5μg polyclonal anti-NAT10 antibody (ProteinTech; Cat#:13365-1) or 2.5μg rabbit IgG control (FineTest, Wuhan, China; Cat# FNSA-0106) was conjugated to Protein A/G Magnetic Beads (MCE; Cat# HY-K0202) by incubation for 2 h at room temperature, followed by three washes and incubation with cell lysates for 4 h at 4°, supplemented with 36 μl 0.25M EDTA and 1 μl RNase inhibitor (APExBIO; Cat# K1046). After washing with lysis buffer for three times, the conjugated beads were incubated with 150 μl proteinase K buffer (117 μl lysis buffer, 15 μl 10% SDS, 18 μl 10 mg/ml proteinase K) for 30 min at 55°, with constant rotation. RNA was next extracted by phenol-chloroform-isoamyl alcohol mixture [pH < 5.0] and ethanol precipitation using 3M sodium acetate [pH 5.5], and analyzed by RNA-seq as described above. The RIP targets were defined as genes with CPM ≥ 1, IP/input ≥ 2, and p < 0.05, as described previously in the literature (Huang et al., 2018).



In vitro Transcription and Purification of ac4C-Containing RNA Probes

RNA probes containing ac4C were synthesized as previously described (Sinclair et al., 2017). Briefly, DNA templates of the probes were in vitro transcribed using the T7 High Yield RNA Synthesis Kit (APExBIO; Cat# K1047) according to the manufacturer’s instructions. For acetylated transcripts, ac4CTP (MCE, Cat# HY-111815A) replaced CTP in the reaction mix. For both acetylated and unacetylated probes, 25% of UTP was replaced with biotin-16-UTP (Lucigen, WI, United States; Cat# BU6105H). Synthesized probes were purified by VAHTS RNA Clean Beads (Vazyme; Cat# N412) according to the manufacturer’s instructions. Specifically, the volume of RNA Clean Beads was 2.5-fold of the RNA solution considering the short length of RNA probes. The sequences of probes used in this study were listed in Supplementary Table 2.



Prediction of ac4C Binding Proteins

Potential ac4C binding proteins were predicted by the online algorithms catRAPID2 (Agostini et al., 2013). We processed a catRAPID analysis and obtained the predicated binding proteins of ac4C sites. Briefly, the motifs enriched within ac4C peaks were obtained from the literature (Arango et al., 2018). We arranged the motifs in a tandem array and subjected this sequence to catRAPID omics to investigate its interactions with RNA-binding proteins (RBPs).



Biotin-RNA Pulldown Assay

HEK293T cells were harvested at 80% confluence, washed with PBS and lysed in lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM DTT, 0.005% Triton X-100) containing 1% protease inhibitor cocktail. Lysates were separated from insoluble cell debris by centrifugation (18,000 g for 10 min at 4°C), supplemented with 1 μg/μl RNase inhibitor and incubated with 100 μg yeast tRNA (Solarbio, Beijing, China; Cat# T8630) for 1 h at 4°C. Three microgram biotinylated RNA probes were denatured at 90°C for 2 min and immediately put on ice for at least 2 min. The RNA probes were mixed with Annealing Buffer for RNA oligos (5X) (Beyotime, Shanghai, China; Cat# R0051) and incubated for 20 min at room temperature, followed by incubation with pretreated cell lysates with constant mixing for 1 h. For each reaction, 50 μl streptavidin magnetic beads (Invitrogen; Cat# 65601) were pretreated with 100 μg yeast tRNA for 20 min and incubated with the above-mentioned cell lysates containing RNA-protein complexes for 30 min. After extensive washing, magnetic beads conjugated with RNA–protein complexes were resuspended in RIPA lysis buffer (Genstar; Cat# E121-01). The proteins interacting with the RNA probes were subsequently detected by liquid chromatography-mass spectroscopy/mass spectroscopy (LC-MS/MS) or western blotting analysis. The label-free mass spectrometry analysis and data processing were performed by GeneCreate Biological Engineering Co., Ltd. (Wuhan, China).



Statistical Analysis

Statistical methods were adopted as appropriate using SPSS19.0 (SPSS Inc., IL, United States) and GraphPad Prism7 (GraphPad Software, CA, United States). Measurement data are presented as mean (SD) and Student’s t-test (two-tails) was used for comparison between two groups. Differences among more than two groups were estimated using one-way ANOVA. Counting data were expressed as n (%) and comparison was evaluated by Chi-square test. Results were considered statistically significant when p < 0.05.



RESULTS


ac4C and NAT10 Were Downregulated During Oocyte Maturation

The expression profiles of human oocytes (GSE95477) were retrieved from the Gene Expression Omnibus (GEO).3 Data of GV-stage oocytes and MII-stage oocytes maturated in vitro were included in this study. Differential expression analysis identified 2,007 and 2,382 genes that were up- and down-regulated during IVM, respectively, while 12,337 genes remained constant. To explore whether ac4C modification plays a role in oocyte maturation, transcripts with potential ac4C sites were obtained from a previous study (Arango et al., 2018), and we calculated the percentages of potentially acetylated transcripts in the up-regulated, down-regulated, and unchanged genes. Interestingly, transcripts with potential ac4C sites were enriched in down-regulated genes (Figure 1A). Next, immunostaining performed using an antibody against ac4C modification on mouse oocytes revealed a significantly decreasing trend from GV to MII oocytes (Figure 1B).
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FIGURE 1. ac4C and NAT10 levels at defined stages of oocyte meiotic progression. (A) Distribution of potential ac4C sites in differentially expressed genes between GV and MII oocytes. The numbers of genes in each category were shown above the bars. These data were obtained from GEO (GSE102113, GSE95477). (B) RNA ac4C modification during mouse oocyte maturation. Exposure time: GV, 300 ms; MII, 1.9 s. Scale bar=50 μm. (C) Transcriptional levels of NAT10 in human oocytes, logFC = –2.35. Data were obtained from GEO (GSE95477). (D) Transcriptional levels of NAT10 in mouse oocytes, logFC = –2.31. Data were obtained from GEO (GSE5668). (E) NAT10 expression during mouse oocyte maturation. Exposure time: GV, 93 ms; MII, 200 ms. Scale bar=50 μm. GV, germinal vesicle. MII, metaphase II. FC, fold change. FPKM, fragments per kilobase per million. The immunostaining was repeated in at least three independent experiments. ***Significant difference at p < 0.001.


Since NAT10 is the only known RNA acetyltransferase responsible for ac4C formation in human (Arango et al., 2018; Dominissini and Rechavi, 2018), we further investigated its expression in oocytes at different stages. Data on NAT10 expression were extracted from publicly available sequencing profiles on GEO (GSE95477, GSE5668). Markedly decreased expression of NAT10 during oocyte meiotic progression was observed in both human and murine oocytes (Figures 1C,D). Similarly, immunostaining revealed a marked decrease at protein level, consistent with the transcript level (Figure 1E). Taken together, we confirmed the down-regulated expression of both ac4C and NAT10 from GV to MII oocytes, which suggested a possible role of NAT10-mediated RNA ac4C modification in modulating oocyte maturation.



NAT10 Depletion Retarded Meiotic Progression in Mouse Oocytes

To reduce NAT10-mediated ac4C modification, three NAT10-specific siRNAs were synthesized (Supplementary Table 1). Effective knockdown of NAT10 mRNA was confirmed by RT-qPCR analysis in a murine somatic cell line TM3 (Figure 2A). Dot blot showed significant decrease of ac4C modification with NAT10 depletion (Figures 2B,C). Among three siRNAs specific to mouse NAT10, NAT10-Mus-2371 with significant reduction of both NAT10 and ac4C was selected for subsequent experiments. Fully grown GV-stage oocytes were transfected with NAT10 siRNA by electroporation and incubated in IBMX-supplemented medium for 24 h to facilitate the degradation of NAT10 mRNA. NAT10 knockdown and ac4C reduction in GV oocytes were confirmed by immunofluorescence staining (Figure 2D).
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FIGURE 2. NAT10 knockdown retarded meiotic progression in mouse oocytes. (A) Relative expression of NAT10 mRNA with NAT10 knockdown in TM3 cells. (B,C) ac4C was downregulated by NAT10 depletion in TM3 cells. (D) Representative images of NAT10 and ac4C immunostaining in NC and NAT10 KD oocytes. Scale bar=50 μm. (E) Quantitative analysis of the GVBD rates in control, NC and NAT10-knockdown oocytes. (F) Percentages of oocytes at different stages after in vitro culture. (G) Phase-contrast images of NC and NAT10 KD oocytes. Scale bar=50 μm. The data were presented as the mean ± SD from at least three independent experiments. NC, negative control siRNA. NAT10 KD, NAT10 knockdown by siRNA (NAT10-Mus-2371). Control, oocytes without transfection. GVBD, germinal vesicle breakdown. *Significant difference at p < 0.05, ** at p < 0.01, and *** at p < 0.001.


After 24 h in IBMX-supplemented medium, the oocytes transfected with siRNAs were continuously cultured in IBMX-free medium for another 14 h. The rate of germinal vesicle breakdown (GVBD) was not affected by the transfection of NAT10 siRNA. The average rates of GVBD were 89.9, 93.7, and 96.3% in control oocytes without transfection, negative control siRNA and NAT10 knockdown groups, respectively (p = 0.6531) (Figure 2E). The rate of first body extrusion (MII oocytes), however, was significantly decreased with NAT10 knockdown (74.6% of control without transfection; 72.6% of negative control siRNA; 34.6% of NAT10 knockdown; p < 0.001) (Figures 2F,G). Taken together, NAT10 depletion led to a disturbance of meiosis, possibly via reduction of RNA ac4C modification. These results indicated that NAT10-mediated ac4C modification plays a critical role in modulating oocyte meiotic progression.



Functional Enrichment Analysis of NAT10-Binding Transcripts

Our results demonstrated that NAT10 knockdown resulted in decreased rate of first polar body extrusion in mouse oocytes. To clarify the regulated genes, we performed NAT10 RIP-seq to identify NAT10-targeted transcripts. The procedure of RIP requires a large number of cells and cannot be performed with the limited amount of RNA that can be obtained from oocytes. Thus, we used HEK293T cells instead. The genes with CPM ≥ 1, IP/input ≥ 2, and p-value < 0.05 were considered as RIP targets, and a total of 1,296 genes were identified. As shown in Figures 3A,B. 87.52% of total reads from the input were mapped to exons in the genome, while 56.72% of reads from the immunoprecipitated sample were mapped to exons.
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FIGURE 3. Functional enrichment analysis of NAT10-binding transcripts in HEK293T cells. (A) Distribution of reads from input. (B) Distribution of NAT10-binding reads. (C) GO enrichment analysis of RIP-binding transcripts. (D) KEGG analysis of NAT10-RIP transcripts. RIP, RNA immunoprecipitation. GO, Gene Ontology. BP, Biological Processes. MF, Molecular Functions. CC, Cellular Components. KEGG, Kyoto Encyclopedia of Genes and Genomes.


In previous literature, proliferation kinetics was reduced in NAT10 knockout Hela cells. Functional annotation revealed that genes associated with cell adhesion, regulation of apoptosis, small GTPase, extracellular matrix and cell proliferation were dysregulated with NAT10 depletion (Arango et al., 2018). To understand the functions of the NAT10-binding transcripts identified in our study, all 1,296 identified genes were subjected to GO and KEGG enrichment analyses. The results revealed that NAT10-binding genes were significantly enriched in the biological processes associated with nucleosome assembly, chromatin silencing at rDNA, telomere organization, DNA replication-dependent nucleosome assembly, and positive epigenetic regulation of gene expression. As for cellular components, the targeted genes were enriched in components of nucleosome, nuclear chromosome, extracellular matrix, cell-cell adherents junction, and nuclear chromatin. According to molecular functions, these genes were typically enriched in protein heterodimerization activity, histone binding, DNA binding, cadherin binding involved in cell-cell adhesion, and ATP binding (Figure 3C). Analysis of KEGG pathway showed that NAT10-binding genes were enriched in cGMP-PKG signaling pathway, estrogen signaling pathway, transcriptional misregulation, and AMPK signaling pathway (Figure 3D).



Identification of Genes Modulated by NAT10-Mediated ac4C Modification

A total of 2,118 transcripts with potential ac4C modification were obtained from a previous study (Arango et al., 2018). Among the NAT10-binding genes identified in our study, there were 125 transcripts with potential ac4C sites (Figure 4A), which can potentially be modulated by NAT10-mediated ac4C modification. Since the known functions of ac4C in mRNA were to stabilize RNA and promote translation efficiency (Dominissini and Rechavi, 2018), we further investigated the transcript levels of these 125 genes with NAT10 overexpression (Figure 4B). We presumed that the stability of up-regulated genes was promoted by ac4C modification, resulting in increased transcript levels, while ac4C regulates the other genes by promoting translation efficiency without affecting transcript levels. As shown in Figure 4C and Supplementary Table 3, 24 genes were up-regulated with NAT10 overexpression, while 101 genes were down-regulated or not significantly changed. Functional annotation showed that the 101 down-regulated or not significant genes were enriched in biological functions as cell-cell adhesion, cytoskeletal anchoring at plasma membrane, and covalent chromatin modification (Figures 4D–G). Pathway analysis revealed that the up-regulated genes were associated with cadherin binding involved in cell-cell adhesion and transmembrane receptor protein tyrosine phosphatase activity (Figure 4H).
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FIGURE 4. Combined analysis of RIP-seq, transcriptome and acetylated transcripts. (A) Overlap of ac4C transcripts and NAT10-binding RNA identified by RIP-seq. ac4C transcripts were obtained from GEO database (GSE102113), and RIP-seq was performed in this study using HEK293T cells. (B) Expression of NAT10-binding genes in NAT10-overexpressed HEK293T cells. (C) Proportions of up-regulated, down-regulated and not significant genes in the 125 NAT10-binding genes with potential ac4C sites. (D–F) GO enrichment on the subset of down-regulated and not significant genes from (C), including (D) BP, (E) CC, and (F) MF. (G) KEGG pathway analysis on the down-regulated and not significant genes from (C). (H) GO enrichment and KEGG pathway analysis on the subset of up-regulated genes from (C). RIP-seq, RNA immunoprecipitation and high-through sequencing. GO, Gene Ontology. BP, Biological Processes. MF, Molecular Functions. CC, Cellular Components. KEGG, Kyoto Encyclopedia of Genes and Genomes.


A long-standing hypothesis indicates that an intracellular second messenger, cyclic adenosine monophosphate (cAMP), plays a critical role in maintaining meiotic arrest of oocytes (Pan and Li, 2019). Adenylyl cyclases (ADCYs) are well-characterized enzymes that catalyze the cyclization of adenosine triphosphate (ATP) into cAMP, thus keeping a high level of intracellular cAMP and maintaining meiotic arrest (Zhang and Xia, 2012; Khannpnavar et al., 2020). Among the nine transmembrane-bound ADCY genes (ADCY 1–9) found in human genome, the functions of ADCY1, ADCY3 and ADCY9 have been described in oocytes (Pan and Li, 2019). Our data demonstrated that ADCY3, the major ADCY in mouse oocyte (DiLuigi et al., 2008), is an NAT10-binding transcript with potential ac4C-modified sites, and its expression was up-regulated with NAT10 overexpression. Publicly available expression profiles on human oocytes (GSE95477) showed that ADCY3 was down-regulated during maturation (logFC = −2.09, P < 0.001), as included in the category of acetylated down-regulated transcripts in Figure 1A. Our team is working on single cell sequencing of oocytes (full data not shown) and the data also showed that NAT10 knockdown led to significantly decreased expression of ADCY3 (logFC = −2.36, P = 0.043). But the results reported from some previous literature showed that the effects of ADCY3 deficiency on oocyte meiosis resumption were conflicting, possibly due to the crosstalk and interaction of the signaling pathways (DiLuigi et al., 2008; Xiong et al., 2017). Still, dysregulation of ADCY3 mediated by ac4C modification could be a potential mechanism of retarded oocyte maturation in vitro with NAT10 knockdown.

In addition, we searched in PubMed4 using “oocyte” and the genes as keywords, in order to identify genes with reported functions in regulating oocyte maturation. As shown in Supplementary Table 4, among the 125 transcripts with potential ac4C sites, 28 genes were reported to play a regulatory role in oocyte meiosis. This implicates potential mechanisms via which NAT10-mediated ac4C modification influences oocyte maturation.



Identification of Potential ac4C-Binding Proteins

As a newly identified mRNA modification, the regulation of ac4C remains largely unexplored. Although a few studies have confirmed that NAT10 and its homologs are the source of ac4C production (writer) (Ito et al., 2014; Sharma et al., 2015; Dominissini and Rechavi, 2018), RBPs that specifically binds to ac4C modification and mediate downstream cellular activities (readers) have not been reported yet. To predict protein-RNA interactions, we first processed a catRAPID analysis with ac4C motifs and obtained a serial of potential ac4C-binding proteins. The predicted RBPs are ranked based on their scores from high to low (Supplementary Table 5).

Meanwhile, we synthesized acetylated and non-acetylated RNA probes by in vitro transcription (Figure 5A). The sequences of the probes were segments of FUS and 18s rRNA, which contain ac4C sites as reported in literature (Ito et al., 2014; Arango et al., 2018). A biotin-RNA pulldown assay and mass spectrometry were performed with HEK 293T cell lysates. As shown in Table 1, 1,948 peptides and 374 proteins were identified. Distribution of peptide length detected in all samples was shown in Figure 5B. Functional classification of all identified proteins was carried out using the COG (Clusters of Orthologous Groups of Proteins) database (Tatusov et al., 2003). A majority of identified RBPs were enriched in functions associated with translation, ribosomal structure and biogenesis, transcription, posttranscriptional modification, protein turnover, chaperones, RNA processing and modification (Figure 5C). As for differential expression analysis, 55 proteins were significant different between 18s and ac-18s, and 73 RBPs showed different abundance between FUS and ac-FUS (Table 2). The heatmap demonstrated several clusters of differential abundance (Figure 5D). Functional annotation revealed that the differential proteins are enriched in molecular functions associate with nucleic acid binding, nucleotide binding and RNA binding (Figures 5E,F).


TABLE 1. Number of proteins identified by mass spectrometry using HEK293T cells.
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TABLE 2. Differentially expressed proteins identified by mass spectrometry using HEK293T cells.
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FIGURE 5. Identification of potential ac4C-binding proteins using HEK293T cells. (A) ac4C dot blot of synthesized acetylated and non-acetylated RNA probes. (B) Distribution of peptide length identified by LC-MS/MS. (C) Functional classification of identified proteins according to COG classification. (D) Hierarchical clustering of differentially expressed proteins. (E) GO enrichment of molecular function, FUS vs. ac-FUS. (F) GO enrichment of molecular function, 18s vs. ac-18s. (G,H) Expression of TBL3 in input and RNA pulldown samples. The data are presented as the mean ± SD from three independent experiments. **Significant difference at p < 0.01. (I) TBL3 abundance identified by mass spectrometry analysis. (J) Immunoblot of TBL3 in mouse oocytes. LC-MS/MS, liquid chromatography-mass spectroscopy/mass spectroscopy. COG, Cluster of Orthologous Groups of proteins. GO, Gene Ontology. FUS, synthetic RNA probe consisting of the acetylated fragment of FUS gene. ac-FUS, ac4C-modified FUS probe. 18s, synthetic RNA probe consisting of the acetylated fragment of 18s rRNA. ac-18s, ac4C-modified 18s probe. GV, germinal vesicle. MII, metaphase II.




TBL3 Specifically Bound to Acetylated RNA Probes

We further combined the results of bioinformatic prediction and mass spectrometry (Table 3). Among the top 10 RBPs predicted by catRAPID, TBL3, HNRDL, and PTBP1 were detected in mass spectrometry. But only TBL3 specifically bound to ac4C probes using HEK293T cells (Figure 5I). Meanwhile, TBL3 showed the highest score, discriminative power and interaction strength as predicted by the algorithm (Supplementary Table 5). To further confirm the interaction, we performed RNA pulldown and western blotting. The results demonstrated that TBL3 specifically bound to ac-FUS, consistent with the result of mass spectrometry (Figures 5G,H). As for the expression of TBL3 in oocytes, online expression profiles (GSE95477) showed that TBL3 mRNA was detected in human oocytes and was down-regulated during meiotic maturation (logFC = −2.22, P = 0.00052). Immunoblot assays demonstrated that TBL3 was expressed in mouse oocytes, but no significant difference in expression was observed between GV and MII oocytes (Figure 5J). Collectively, our data suggest that TBL3 is a potential ac4C reader, which may mediate the downstream biological functions of ac4C modification.


TABLE 3. Top 10 RNA-binding proteins predicted by catRAPID and their abundance in mass spectrometry.
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DISCUSSION

In fully grown mammalian GV-stage oocytes, transcription ceases and maternal transcripts accumulate, which support subsequent processes including meiotic maturation, fertilization and early embryo development (Walls and Hart, 2018; Esencan et al., 2019; Toralova et al., 2020). With oocyte meiosis resuming triggered by hormones, approximately 20% of total maternal transcriptome were selectively degraded (Ivanova et al., 2017), while a large number of specific transcripts were translationally activated by MAPK pathway (Brachova et al., 2021). mRNA decay and translational regulation are fundamental events in oocyte meiotic maturation.

Accumulating evidence have shown that epigenetic modifications of mRNA are crucial for RNA biology (Yue et al., 2015; Kumar and Mohapatra, 2021), including translation (Meyer et al., 2015; Huang et al., 2018), splicing (Xiao et al., 2016), transport (Roundtree et al., 2017) and degradation (Wang et al., 2014; Huang et al., 2018). Two m6A readers, YTHDF2 and YTHDC1, have been reported to play an important role in mouse oocyte maturation. During meiotic progress, YTHDF2 binds and destabilizes m6A-modified transcripts (Ivanova et al., 2017), and YTHDC1 is required for alternative splicing in oocytes (Kasowitz et al., 2018). Another study demonstrated that deficiency of inosine RNA modification in GV-stage mouse oocytes impaired mRNA decay (Brachova et al., 2021). The newly described ac4C is the only known acetylation within mRNAs. It is widely distributed across the transcriptome and has an intrinsic role in promoting the stability and translational efficiency of mRNAs. Considering the large number of ac4C-targeted transcripts, it is believed that ac4C is an important component of epigenetic modulation (Arango et al., 2018; Dominissini and Rechavi, 2018). Although previous work has established that ac4C can impact mRNA stability and translation, the relationship of ac4C and oocyte maturation has not yet been demonstrated.

In this study, we described the down-regulated expression of ac4C during mouse oocyte maturation. We also assessed the expression of NAT10, the only known RNA acetyltransferase in mammals, and observed downward trends at both mRNA and protein levels. These results implicated that NAT10-mediated ac4C is potentially involved in the post-transcriptional modulation of oocyte maturation. We further reduced ac4C modification in GV-stage oocytes by NAT10 knockdown. The maturation rate of IVM significantly decreased, implying that NAT10-mediated ac4C is crucial for oocyte meiosis. We also performed NAT10 RIP-seq and high-throughput sequencing to determine the regulated genes. Combined analysis with acetylated transcripts showed a series of mRNAs that were potentially modulated by NAT10-mediated ac4C. The dysregulated genes were enriched in biological processes associated with oocyte maturation, including nucleosome assembly, chromatin silencing, chromatin modification and cytoskeletal anchoring. Although ac4C can promote mRNA stability and translation, we cannot clarify the exact impact that ac4C exerted on a certain transcript due to technical limitations.

Specifically, we identified ADCY3 as a transcript modulated by NAT10-mediated ac4C. ADCY3 is an important source of cAMP in GV oocytes, which maintains meiotic arrest (Khannpnavar et al., 2020). During oocyte maturation, ADCY3 is down-regulated, consistent with the trends of NAT10 and ac4C. Since ac4C promotes mRNA stability, we hypothesize that decline in NAT10 expression and ac4C modification results in degradation of ADCY3, leading to a decreased level of intracellular cAMP, ultimately contributing to stimulation of meiotic resumption. But with NAT10 knockdown, ADCY3 was abnormally reduced, resulting in retarded maturation. Previous reported data on the effects of ADCY3 deficiency were also inconsistent (DiLuigi et al., 2008; Xiong et al., 2017). Although accumulation of cAMP in oocytes is critical in maintaining meiotic arrest (Pan and Li, 2019), reduced cAMP level alone may not be sufficient to trigger meiosis. Instead, abnormally reduced ADCY3 and cAMP may even impair meiosis due to crosstalk and interaction of various signaling pathways. That explains the retarded maturation observed in our study.

Interestingly, ac4C modification is known to exist within mRNAs, but the results of NAT10 RIP-seq revealed that NAT10-binding sequences were enriched not only in exons but also in introns (Figure 3A). Results of NAT10 RIP-seq in another study (Zhang et al., 2021) also showed a peak within the intronic sequence of COL5A1 mRNA, and ac4C promoted the stability but not translation efficiency of COL5A1. Based on these results, it is established that NAT10 binds to intronic sequences, but it is not known whether NAT10 binding results in ac4C production in intronic regions of pre-mRNAs. It is possible that ac4C modification exists within pre-mRNAs and regulates gene expression by influencing stability rather than translation efficiency. Besides, non-coding RNAs like long non-coding RNA (lncRNA) can be produced by intronic and intergenic sequences. It is reported that the m6A writer METTL14 methylated and down-regulated lncRNA XIST in cancer cells (Wang et al., 2021). Similarly, ac4C may also modify and regulate non-coding RNAs, although its existence within non-coding RNAs have not been reported. At present, our knowledge of ac4C existence and functions is still limited. Further research and more data will help us get a clearer picture.

ac4C was first identified as an mRNA modification by Arango et al. (2018). As a recently identified mRNA modification, the regulation of ac4C remain largely unknown. ac4C production within mRNA, tRNA and 18s rRNA is catalyzed by NAT10 or its homologs across different species (Chimnaronk et al., 2009; Ito et al., 2014; Sharma et al., 2015; Arango et al., 2018). Although it is established that ac4C promotes mRNA stabilization and translation, the precise mechanisms by which ac4C modulates downstream cellular activities remain to be elucidated. Proteins specifically binding to ac4C modification have not been identified yet.

In the present study, we identified a series of proteins specifically binding to acetylated RNA probes by mass spectrometry and predicted a list of RBPs potentially binding to ac4C motifs by an online algorithm. Combined analysis demonstrated that TBL3 is a potential ac4C-binding protein. TBL3 is an 89-kDa protein, mainly located in the nucleus and known as an RNA-binding protein, which is involved in endonucleolytic cleavage in 5′-end of rRNA and rRNA processing (Gaudet et al., 2011; Castello et al., 2012). It is one of the core components in human small subunit processome, a 2.2MDa ribonucleoprotein complex, where rRNA precursors are processed and ribosomes are assembled and maturated (Wada et al., 2014). TBL3 contains WD40-repeats, which are conserved domains acting as structural platforms for macromolecular interactions (Wada et al., 2014). It is also reported that TBL3 affects the stem cell-associated functions, including tissue homeostasis, regeneration, and stem cell maintenance in both invertebrates and vertebrates (Labbe et al., 2012). Our results suggest that TBL3 preferentially binds to ac4C RNA. Although we confirmed their preferential binding by RNA pulldown using RNA probes of certain sequences, we cannot apply our results to other sequences. We also demonstrated TBL3 expression in oocytes by immunoblot. However, it remains to be determined whether TBL3 directly binds to ac4C sites or whether TBL3 mediates ac4C-exerted functions in oocytes. Therefore, further research is needed to clarify whether TBL3 interacts with the modification directly regardless of sequences, to determine the critical domain for binding, to explain the biological significance of TBL3 binding to ac4C RNA, and to investigate the role of TBL3 in oocytes.

As has been stated, our results suggest that NAT10-mediated ac4C modification is an important regulatory factor during oocyte maturation in vitro, by regulating genes associated with nucleosome assembly, chromatin silencing, chromatin modification and cytoskeletal anchoring. Furthermore, TBL3 is a potential ac4C-binding protein and may mediate downstream cellular activities. Still, we acknowledge some limitations to our study. First, due to technical limitations, we were unable to perform NAT10-RIP or acetylated RNA immunoprecipitation (acRIP) in oocytes. Thus, the dysregulated genes were identified in HEK293T cells, which may not reflect the conditions in oocytes. Second, since ac4C modification regulates gene expression by influencing mRNA degradation or translation, the transcript level of a certain regulated gene may remain constant. Transcriptome alone is not sufficient to illustrate the influence exerted by ac4C. We are searching for techniques revealing both transcriptome and ribosome-profiling of a single oocyte, which will enable us to illustrate the exact impact that ac4C exerts on a certain gene. Last, our data suggest that TBL3 preferentially binds to ac4C RNA probes, but cannot determine whether TBL3 binds to ac4C modification directly. More studies are required until it can be confirmed as an ac4C reader.



CONCLUSION

In this study, we have documented the down-regulated expression of ac4C and NAT10 during meiotic maturation of mouse oocytes. NAT10 knockdown resulted in ac4C reduction and impaired mouse oocyte maturation in vitro. These results indicated that NAT10-mediated ac4C modification plays a critical regulatory role in oocyte meiotic maturation. In addition, we identified TBL3 as a potential ac4C-binding protein, through which ac4C may exert its function in downstream biological activities. Still, further research is required for confirmation.
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In situ Synthesized Monosodium Urate Crystal Enhances Endometrium Decidualization via Sterile Inflammation During Pregnancy
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High level of uric acid (UA) is the major origin of gout, and is highly associated with various pregnant complications, such as preeclampsia and gestational diabetes. However, UA’s level and role in the very early stage of pregnancy has not been uncovered. This study aims to investigate the relevance of serum UA and decidualization, an essential process for the establishment and maintenance of pregnancy in women and mice during the early stage of pregnancy. In this study, we first proved that expression level of UA synthase xanthine dehydrogenase (XDH) is highly increased along with decidualization of endometrial stromal cells in both in vitro and in vivo models. Furthermore, serum and endometrial levels of UA are higher in mice with decidualized uterin horn and in vitro decidualized stromal cells. The existence of monosodium urate (MSU) crystal was also confirmed by immunostaining. Next, the roles of MSU on decidualization were explored by both in vitro and in vivo models. Our data shows MSU crystal but not UA enhances the decidualization response of endometrial stromal cells, via the upregulation of inflammatory genes such Ptgs2 and Il11. inhibiting of Cox-2 activity abolishes MSU crystal induced higher expression of decidualization marker Prl8a2. At last, in women, we observed enriched expression of XDH in decidua compare to non-decidualized endometrium, the serum level of UA is significantly increased in women in very early stage of pregnancy, and drop down after elective abortion. In summary, we observed an increased serum UA level in the early stage of women’s pregnancy, and proved that the increased level of UA results from the expressed XDH in decidualizing endometrium of both human and mouse, leading to the formation of MSU crystal. MSU crystal can enhance the decidualization response via inflammatory pathways. Our study has uncovered the association between UA, MSU, and decidualization during the early stage of pregnancy.

Keywords: uric acid, monosodium urate crystal, decidualization, in situ synthesis, pregnancy


INTRODUCTION

Uric acid (UA) is a product of the metabolic breakdown of purine nucleotides by xanthine dehydrogenase/oxidase (XDH/XOD). Upon achieving concentrations of >0.41 mmol/L (6.8 mg/dL), UA crystalizes and forms needle-like, immunostimulatory monosodium urate (MSU) crystals, a sterile inflammatory mediator, which further cause gout, the most common form of inflammatory arthritis (Kuo et al., 2015).

In humans, risk factors for gout include diet, hyperuricemia, genetics, age, and sex (Kuo et al., 2015). The prevalence of gout and serum level of UA is lower in women than in men, but increases rapidly after menopause. However, oral administration of opposed estrogen, which combines estrogen with progestins, has been reported associated with decreased odds ratios of gout and UA level in serum of menopause women (Bruderer et al., 2015). In women at reproductive age, UA levels vary across the menstrual cycle. The lowest levels observed during the luteal phase, suggesting both estrogen and progesterone, the two ovarian steroid hormones, can promote UA excretion (Mumford et al., 2013). During pregnancy, serum UA level has been reported to fall in the first and second trimester and then increase during the third trimester till term (Johnson et al., 2011). A higher serum UA level is positively associated with disordered gestational outcomes, especially preeclampsia (Powers et al., 2006).

Decidualization is a transformation process during which the fibroblastic endometrium stromal cells differentiate into epithelial-like secretory decidual cells, which is essential for the establishment and maintenance of pregnancy (Su and Fazleabas, 2015). Failure or impairment of decidualization leads to multiple pregnancy disorders, including implantation failure, miscarriage, or preterm birth (Gellersen and Brosens, 2014). Other than ovarian steroid hormones estrogen and progesterone, many inflammatory factors and immune cells have also been reported to play essential roles during embryo implantation and decidualization (Mor et al., 2011). Recently, significant advances have been made regarding non-infectious or sterile inflammatory initiators during pregnancy (Nadeau-Vallee et al., 2016). In previous studies, we and others have shown that the endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) processes are associated with decidualization and act as inducers of the sterile inflammatory response during the implantation period (Gu et al., 2016; Soczewski et al., 2020). We also reported that extracellular ATP induces decidualization of endometrial stromal cells via IL-8 in humans and mice (Gu et al., 2020a,b). However, to our knowledge, serum UA levels during the very early gestation stage have not yet been reported, and the role of MSU crystal, a well-known sterile inflammatory mediator, during the process of decidualization is still unknown.

In the present study, we observed increased UA synthetase Xdh along with decidualization in both natural pregnancy and artificial decidualization model in mice, which resulted in higher levels of UA in endometrial tissue and serum. Furthermore, our data suggested that in situ synthesis of UA led to the crystallization of MSU and further enhanced the decidualization process in both human cells and mouse models, through inflammatory pathways. At last, we observed higher expression of endometrial XDH expression, associated with higher levels of serum UA from women in approximately 6 weeks of gestation compared to that of non-pregnant women, suggesting the in situ synthesis of UA occurred in decidualized women endometrium as well.



MATERIALS AND METHODS


Patient Sample Collection

Collection of human endometrium, decidua, and serum was carried out with the approvals of the Medical Ethics Committee of Nanfang Hospital, Southern Medical University, the Scientific Research Ethics Committee of the Drum Tower Hospital, Nanjing University Medical School, and the Ethical Committee of the Women’s Hospital, Zhejiang University School of Medicine. Serums (n = 15) and endometrial biopsies (n = 9) of the non-pregnant group were collected during a regular medical examination. Serums of the pregnant patients (n = 13) were collected during the first visit of antenatal care at 5.93 ± 0.71 weeks of gestation. 6 of them were sampled the 2nd time at about 2 weeks after elective abortion. Decidual tissues (n = 9) were collected from women undergoing an elective abortion in the first trimester of pregnancy. There are no significant differences in gravidity, parity, and BMI between the two groups. Serum levels of UA were measured by Blood Uric Acid Analyzer (Roche Applied Science, Basel, Switzerland). Tissues were fixed in 4% PFA and embedded in paraffin for further use. All the patients were written noticed before sampling. Demographic information on the patients who provided samples for this study is included in Table 1.


TABLE 1. Patients information.
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Animals

All mice (ICR strain) were housed in the SPF Experiment Animal Facility with the approval of the Institutional Animal Care and Use Committee of South China Agricultural University. Mice were maintained in a temperature- and light-controlled environment (12 h light and 12 h dark cycle). Mature female mice (8–10 weeks) were mated with fertile males of the same strain to induce pregnancy; the day of the vaginal plug was marked as D1. To artificially induce decidualization, mice were ovariectomized and treated with E2 (100 ng, Sigma) for 3 days and P4 (1 mg, Sigma, United Sates) plus E2 (6.7 ng) for another 3 days, with 2 days of rest in between to mimic the hormonal environment of normal early pregnancy. 6 h after the last injection, 10 μL sesame oil (Sigma, United Sates) or 2 mg/mL MSU (Sigma, United Sates) was infused intraluminally into one or two uterine horns of mice to induce decidualization (S). The uninjected horn served as a hormonal control (Non-S). Daily injections of P4 plus E2 were continued for 4 days to maximize the decidual response, the day of injection was marked as AD1. A diagram of the artificial decidualization protocol was shown in Figure 2. For hormone treatment, mice were ovariectomized and treated with E2 (100 ng, Sigma, United Sates) for 3 days and P4 (1 mg, Sigma, United Sates) for 6 or 24 h. Mice were then sacrificed, serum UA was measured by Mouse UA ELISA Kit (Huiyan, China), and uterine tissues were collected and used for UA measurement, the rest of uterus were fixed in 4% PFA or snap-frozen for further use.
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FIGURE 1. Expression of Xdh and Uox in endometrium from mouse during early pregnancy. (A,B), mRNA expression of Xdh (A) and Uox (B) in the endometrium of mice on D1 to D8 of pregnancy. Expression of Xdh mRNA was significantly up-regulated by E2 but not P4 in the ovariectomized mice, detected by ISH (C) and qPCR (D). Bar = 100 μm; ∗p < 0.05; ∗∗p < 0.01.
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FIGURE 2. Expression of XDH protein and mRNA in the artificial decidualization mouse model. (A) A flow chart of protocol for inducing artificial decidualization in the mouse. (B) In Non-Dec mice, both horns were not stimulated by sesame oil injection. in Dec mice, one horn (S) was stimulated by sesame oil injection, and another horn (Non-S) served as the control without injection. (C,D) Expression of Xdh protein (C) and Xdh mRNA (D) in the endometrium of the non-stimulated horn (Non-S) and stimulated horn (S) of artificial decidualization mouse model, 4 days after sesame oil injection. Normal IgG and Sense-Probe were used as the negative control, respectively. Bar = 500 μm.




Cell Culture

mESCs were isolated as follow: Uteri were washed with Hanks’ balanced salt solution (HBSS, Sigma) and then digested by digest solution [1% (w/v) trypsin (Amresco, United Sates) and 6 mg/ml dispase (Roche Applied Science, Switzerland) in 3.5 ml HBSS] for 1 h at 4°C, followed by 1 h at room temperature and 10 min at 37°C. After the luminal epithelial cells were removed by HBSS washing, the remaining tissues were digested in 6 ml of HBSS containing 0.15 mg/ml collagenase I (Invitrogen, United Sates, 17100-017) at 37°C for 35 min. The stromal cells were collected and cultured in DMEM/F12 (Sigma, United Sates, # D2906) containing 2% heat-inactivated fetal bovine serum (FBS, Biological Industries, United Sates). In vitro decidualization of mESCs was induced with 10 nmol/L estrogen (E2) and 1 μmol/L progesterone (P4) in DMEM/F12 containing 2% charcoal-treated FBS (cFBS, Biological Industries, United Sates) in vitro. HESC was obtained from ATCC and cultured in DMEM/F12 supplemented with 10% FBS, and in vitro decidualization of HESC was induced by treatment of the cells with 1 mmol/L medroxyprogesterone (MPA, Sigma, United Sates), and 500 mmol/L cyclic adenosine monophosphate (cAMP, Sigma, United Sates) in DMEF/F12 supplemented with 2% cFBS. Cells and culture medium were collected, and the UA levels were measured by Mouse UA ELISA Kit (Huiyan, China).



qPCR

Total RNAs were extracted from the whole uteri or cultured cells using TRIZOL (TaKaRa, Japan) method, and cDNAs were reverse-transcribed by PrimeScript reverse transcriptase reagent kit (Vazyme, China) according to the manufacturer’s introduction. qPCR was performed using an SYBR Premix Ex Taq kit (Vazyme, China) on the CFX96 TouchTM Real-Time System (BioRad, United Sates). Data were analyzed and normalized to RPL7 for human data and Rpl7 for mouse data. The corresponding primer sequences of each gene used in this study were listed in Table 2.


TABLE 2. Primer list.
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In situ Hybridization (ISH)

Each probe’s cDNA template was amplified with the specific primers (listed in Table 2) and cloned into a pGEM-T plasmid (Promega, United Sates). Digoxigenin-labeled anti-sense or sense cRNA probes were transcribed in vitro using a digoxigenin RNA labeling kit (Roche Applied Science, Switzerland). In situ hybridization was performed as previously described (Hu et al., 2008). In brief, uteri were frozen sectioned into 10 mm, and then fixed in 4% (wt/vol) paraformaldehyde, permeabilized, and hybridized with each anti-sense cRNA probe (1:100) at 55°C overnight. A digoxigenin-labeled sense probe was used as the negative control. Following hybridization and post-hybridization washes, sections were incubated in an anti-digoxigenin antibody conjugated with alkaline phosphatase at 4°C overnight (Roche Applied Science, Switzerland). The signal was visualized as dark brown by incubating within a substrate solution containing 5-bromo-4-chloro-3-indolyl phosphate (Amresco, United Sates) and nitro blue tetrazolium (Amresco, United Sates). The activity of endogenous alkaline phosphatase was blocked by levamisole (2 mM, Sigma, United Sates). The sections were counterstained with 1% methyl green.



Immunostaining

The 10 μm frozen sections were fixed in 4% paraformaldehyde for immunofluorescence and incubated in a permeabilizing solution containing 0.01% Triton X-100 (Sigma, United Sates). Sections were then blocked and incubated overnight at 4°C in an anti-precipitated UA antibody (1: 100, AB-T168, Advanced Targeting Systems, United Sates). Next, sections were incubated in respective species-specific fluorochrome-conjugated secondary antibody and then mounted with Vectashield Antifade Mounting Medium with DAPI. For immunohistochemistry, 4% paraformaldehyde-fixed, paraffin-embedded uterine tissues were sectioned into 6 μm. Following deparaffinization and hydration, sections were subjected to antigen retrieval in citrate buffer and hydrogen peroxide treatment. They were then incubated with an anti-XDH primary antibody (1: 100, Abcam, United Sates) overnight. After incubated with secondary antibody, HRP and diaminobenzidine (Vector Laboratories, United Sates) were used to visualize antigens. Sections were counterstained with hematoxylin. Normal IgG was used as a negative control to validate the specificity of antibodies.



Western Blot

Western blot was performed as described previously (Hu et al., 2008). Briefly, proteins were extracted from cultured cells by RIPA lysis buffer, and the concentrations were calculated using the bicinchoninic acid (BCA) method (Thermo Fischer Scientific, United Sates). 10 mg protein was separated on SDS/PAGE gels and transferred onto a PVDF membrane (Millipore, United Sates). The membranes were then blocked and incubated overnight with anti-COX2 (1: 1,000, Cell Signaling Technology, United Sates) or anti-α-tubulin (1: 2,000, Cell Signaling Technology, United Sates) antibodies overnight at 4°C. After incubation with respective secondary antibodies labeled with HRP, immunocomplexes were visualized by enhanced chemiluminescence (ECL) on X-ray films.



Alkaline Phosphatase (AP) Activity Staining

Frozen uterine sections were fixed with 4% paraformaldehyde in PBS for 10 min at 4°C and washed with 1 × PBS three times for 5 min. The uterine sections were then washed in PBS, followed by incubation at room temperature in an AP substrate solution containing 5-bromo-4-chloro- 3-indolyl phosphate (Amresco, United Sates) and nitro blue tetrazolium (Amresco, United Sates).



Statistics

Data are expressed as means ± SEMs. Mann-Whitney test (unpaired) or Wilcoxon test (paired) was used for human data with two groups. Mouse data were analyzed using the Student’s t-test or one-way ANOVA, followed by Tukey’s post hoc multiple-range test. p < 0.05 was considered significant. All statistical analyses were performed by GraphPad Prism 8.0 (GraphPad Software). Power analysis was performed by using G × Power. The powers of all the human data in this study were more than 0.85.



RESULTS


High Level of Xdh Expression in the Decidua of Mouse Uterus

We first explored the expression pattern of Xdh, the key synthetase of uric acid, in the mouse uterus from early pregnancy. There was no detectable signal in the uterus during natural pregnancy in mice, from D1 to D4 (Figure 1A). However, from D5, the time point that blastocyst implantation and decidualization occur, the signal of Xdh mRNA is observed to be localized in the stromal cells surrounding the implanting embryo and further diffused to the decidua zone through D6 to D8 (Figure 1A). On the other hand, mRNA expression of Uox, the gene that encodes urate oxidase, the metabolic enzyme of uric acid, was highly expressed on D1 of early pregnancy, but not detected in mouse endometrium from D2 through D8 (Figure 1B).

The developing embryo and the decidualized endometrial stromal cells are two major contributors to the physiological changes during early pregnancy. To test if the increase of Xdh expression was caused by either decidualized stromal cells or implanting embryos, we used a mouse model named artificial decidualization. In this model, mice were ovariectomized, and serial E2 and P4 were given exogenously to mimic hormone levels of early pregnancy. Then, one horn of the endometrium was then stimulated to decidualize by injection of sesame oil without the presence of an embryo (Dec S), while another horn received no stimulation and served as control (Dec Non-S) (Su et al., 2016). Meanwhile, we have experimented with an additional group of mice named Non-Dec: the hormone primed mouse without oil stimulation in either of the two horns. A diagram of this experimental design was shown in Figures 2A,B. We then examined the expression pattern of Xdh in uterine horns of Non-Dec mice and both the stimulated (S) and non-stimulated (Non-S) horns of Dec mice. The result showed higher levels of Xdh mRNA and protein in artificial decidualized endometrium (Dec S) than those in non-stimulated control horn of the same mouse (Dec Non-S) or horns from Non-Dec mice (Figures 2C,D).

Decidualization of the endometrial stromal cell was controlled by both E2 and P4 (Griffith et al., 2017). To test whether E2 or P4 induced higher expression of Xdh, we treated ovariectomized mice with either E2 or P4. The results showed that E2 but not P4 induced Xdh expression in only 6 h, indicating a regulation of the estrogen pathway on Xdh (Figures 1C,D).

The spatiotemporal expression pattern of Xdh and Uox mRNAs suggested that in situ synthesis and accumulation of uric acid very likely occurred in the endometrial stromal cells during the decidualization process.



In situ Synthesis of UA in Decidualized Mouse Endometrium Led to the Crystallization of MSU

To test whether the higher expressed Xdh in decidua tissue could in situ synthesize UA and further increased the serum UA level, we measured serum UA level (sUA) and endometrial tissue UA level (eUA) in both Dec and Non-Dec groups of mice. Compared to Non-Dec mice, which received no stimulation, the sUA levels of decidualized mice were approximately twice higher (500.37 ± 18.97 vs. 273.78 ± 34.74 μmol/L, p < 0.01, Figure 3A). As described above, the artificial stimulation by oil injection in one uterine horn of Dec mice was the only variable between the two groups of mice. Therefore, the significant difference in serum UA levels of the two groups of mice resulted from decidualization induction, indicating the higher expression of Xdh in decidua resulted in in situ synthesis of UA. Furthermore, in Dec mice, endometrial tissue UA levels (eUA) were significantly higher in the stimulated uterine horn (Dec S) than the unstimulated horn (Dec Non-S) of the same mouse (4.81 ± 0.14 vs. 3.84 ± 1.09 μmol/g, p < 0.05, Figure 3B), further confirmed the in situ synthesis of UA by decidualization induced higher level of Xdh. In addition, we tested the Xdh expression and the levels of UA in in vitro decidualized mESCs. After 4 days of induction, we detected a significantly increased level of Xdh mRNA in the E + P treated decidualization group compares to the vehicle-treated group (Figure 3C), associated with increased UA levels in these cells (Figure 3D), as well as in the supernatant of the culture medium (Figure 3E).
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FIGURE 3. The increased level of UA and the presentation of MSU crystal in mice with decidualized endometrium. (A) Serum UA levels in artificial decidualized mice (Dec) and control mice (non-Dec) underwent the same hormone protocol without stimulating any of the two horns by sesame oil injection. (B) Endometrial tissue levels of UA in sesame oil injection stimulated decidualized horn (S) and non-stimulated horn (Non-S) of artificial decidualized mice (Dec), and Non-Dec represents uterine horns from control mice without sesame oil injection into any of the two horns. (C) Expression of Xdh in mouse endometrial stromal cells 4 days after in vitro decidualization (E + P). (D,E) UA levels in mouse endometrial stromal cells (D) and the supernatant of culture media (E) 4 days after in vitro decidualization (E + P). (F) Staining of MSU crystal in the endometrium of the non-stimulated horn (Non-S) and stimulated horn (S, stimulated by sesame oil and MSU crystal) of artificial decidualization mouse model, 1 day after sesame oil injection. (G) Staining of MSU crystal in the endometrium of mice on D3, D5, and D6 of pregnancy. Normal IgG was used as the negative control. Bar = 200 μm; ∗∗p < 0.01.


A generally agreed saturation point of MSU crystallization is sUA > 410 μmol/L (6.8 mg/dL) (Dalbeth et al., 2019). To explore the possibility that the in situ synthesized UA results in the crystallization of MSU in decidualized endometrium, we further performed immunofluorescence using an antibody that stains explicitly precipitated but not free uric acid (van de Hoef et al., 2013). Our result showed that MSU crystal existed in the endometrium 24 h after artificial decidualization (S), but no MSU signal was detected in the endometrium without decidualization (NS) (Figure 3F). During natural pregnancy, the MSU signal is presented in the stroma surrounding the embryo, where decidualization is initiated, on D5 and D6 of pregnancy (Figure 3G). In contrast, non-decidualized endometrium from D1 through D4 showed no detectable staining of MSU antibody (D3 was shown representatively in Figure 3G). These results suggested that the high level of in situ synthesized UA in the decidualized endometrium led to MSU crystallization.



MSU Crystal but Not Soluble UA Induced Decidualization of Stromal Cells in vitro and in vivo

Many inflammatory factors and immune cells have been proved to play essential roles during embryo implantation and decidualization (Mor et al., 2011). We then explored if the increased local UA level or MSU crystal, a well-known sterile inflammatory mediator, can affect the process of decidualization. To test our hypothesis, we treated mouse endometrial stromal cells (mESC) with UA or MSU crystal in vitro, together with a well-established decidualization cocktail (E + P). As shown in Figures 4A,B, only MSU crystal but not soluble UA was able to enhance the decidualization response of mESC in only 6 h, evidenced by the highly expressed decidualization marker gene Prl8a2. Furthermore, MSU crystal induced higher expression of Prl8a2 even without combining with the E + P cocktail (Figure 4C). In addition, human endometrial stromal cells (HESC) were also used to test the effects of MSU crystal on decidualization. Similar to mESC, the response of HESC to decidualization treatment (MPA + cAMP) was significantly enhanced by MSU crystal (Figure 4D).
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FIGURE 4. MSU but not UA enhances the decidualization response of endometrial stromal cells in humans and mice. (A) Expression of decidualization marker Prl8a2 in mESC 6 h after decidualization (E + P) together with different doses of UA treatment. (B) Expression of decidualization marker Prl8a2 in mESC 6 h after decidualization (E + P) together with different doses of MSU crystal treatment. (C) Expression of decidualization marker Prl8a2 in mESC 6 h after 0.5 mg/mL MSU crystal treatment without decidualization. (D) Expression of decidualization marker IGFBP1 in HESC 6 h after decidualization (MPA + cAMP) together with different doses of MSU crystal treatment. Morphology (E) and decidual weight (F), AP activity staining (G), and expression of decidualization markers Prl8a2, Bmp2, and Wnt4 (H) of mouse uterus 4 days after decidualization stimulated by sesame oil (Oil) or MSU. (I) Expression of decidualization marker Prl8a2 in mESC 12 h decidualization (E + P) together with different doses of Xdh inhibitor Allopurinol treatment. ∗p < 0.05; ∗∗p < 0.01; ns, p > 0.05.


Next, we tested the effect of MSU crystal on decidualization in vivo by replacing sesame oil, the commonly used inducer in the artificial decidualization model, with MSU crystal inartificial decidualization mouse model. A total amount of 2 mg/mL of MSU crystal can perfectly mimic sesame oil in inducing artificial decidualization of hormone primed receptive endometrium. The decidual weight, alkaline phosphatase staining, and expression of decidualization marker genes Prl8a2, Bmp2, and Wnt4 were comparable in the two groups (Figures 4E–H), indicating that MSU crystal act as an inducer for decidualization similar to sesame oil.

To further confirm that MSU is necessary for the decidualization of mESCs, we used Allopurinol, an antagonist of xanthine and hypoxanthine, to inhibit the activity of XDH, therefore which in turn reduces the level of sUA and MSU (Dalbeth et al., 2019). In our study, administration of Allopurinol could inhibit mESCs decidualization in a dose-dependent manner. When the dose reached 3 mmol/L, allopurinol treatment significantly repressed expression of Prl8a2 in in vitro decidualized mESC (Figure 4I), further proved the importance of the in situ synthesis UA and MSU to the decidualization of mESC. These results demonstrated that higher expressed Xdh during decidualization in endometrium resulted in in situ synthesis UA and MSU, which in turn promoted decidualization itself.



MSU Crystal Enhanced Decidualization Through the Up-Regulation of Inflammatory Genes

Many inflammatory factors have been shown as essential mediators of decidualization, such as Cyclooxygenase 2 (COX2, encoded by Ptgs2) and Interleukin 11 (IL-11, encoded by Il11) (Lim et al., 1997; Dimitriadis et al., 2002). Previously, MSU crystal was also reported to significantly stimulate Cox2 and IL-11 expression in other cell types such as osteocyte and macrophage (Scanu et al., 2015; Chhana et al., 2018; Liu et al., 2018). In this study, we tested the effect of MSU crystal in the expression of these pro-inflammatory genes. The results showed that expressions of both Ptgs2 and Il11 were induced by MSU treatment in mESC (Figure 5A,C,F). Mpges1, the synthetase of Prostaglandin E, was also increased by MSU crystal treatment, but without a statistical significance (Figure 5B). Moreover, the expression pattern of Ptgs2 in mouse decidua induced by MSU was comparable to decidua induced by sesame oil or implanting blastocyst (Figure 5D). Furthermore, NS398, an inhibitor to COX2 activity, was able to abolish the up-regulation of Prl8a2 expression induced by MSU crystal (Figure 5E). We also confirmed the capacity of IL-11 to induce in vitro decidualization on mESC (Figure 5G). Our results taken together suggested that MSU may induce decidualization via these inflammatory pathways.
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FIGURE 5. Higher expression of inflammatory genes in MSU crystal-treated mESC. (A) The expression level of Ptgs2 mRNA in mESC 6 h after MSU crystal treatment. (B) The expression level of Mpges1 mRNA in mESC 6 h after MSU crystal treatment. (C) The expression level of Cox-2 protein (encoded by Ptgs2) in mESC 6 h after MSU crystal treatment. (D) Expression pattern of Ptgs2 mRNA in the endometrium on D5 of pregnancy, 1 day after artificial decidualization stimulated by sesame oil [AD2 (S, Oil)] or MSU [AD2 (S, Oil)]. (E) Expression of Prl8a2 in after MSU crystal treatment, together with Cox-2 inhibitor NS398. (F) The expression level of IL11 mRNA in mESC 6 h after MSU treatment. (G) Expression of decidualization marker Prl8a2 in mESC 6 h decidualization (E + P) together with different doses of IL-11 treatment. Bar = 200 μm; ∗p < 0.05; ∗∗p < 0.01.




Serum UA Increased Along With the Process of Decidualization in Women

At last, we wondered if the in situ synthesis of UA in decidua was also the case in women. We first tested the expression level of XDH in decidual tissue obtained from elective abortion women, which showed dramatic higher XDH expression than non-decidualized endometrium from non-pregnant women, consistent with the observation in mice (Figures 6A,B). We then assessed serum UA (sUA) levels of women in their early stages of the first trimester of gestation (5.93 ± 0.71 weeks). As expected, the sUA levels in these pregnant women were significantly higher than those in women without pregnancy (308.15 ± 30.16 vs. 263.07 ± 29.21 μmol/L, p < 0.05, Figure 6C). Additionally, 6 women from the pregnant group then accepted elective abortion. About 2 weeks after the elective abortion, the sUA levels of the same set of patients went down significantly compared to the data before abortion (279.17 ± 10.69 vs. 323.67 ± 25.89 μmol/L, p < 0.05, Figure 6D), and were comparable to that of non-pregnant women. These data suggested a short-term increase of sUA level at the early stage of the first trimester. Taken together, our data from human biopsy suggested a similar in situ synthesis of UA in women decidua during early pregnancy to that in mice.
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FIGURE 6. Increased serum level of UA and endometrial expression of XDH in pregnant women at gestational 5–7 weeks. (A) Serum level of UA in non-pregnant women and pregnant women (n = 15 and n = 13, respectively). (B) Serum UA levels in pregnant women at gestational 5–7 weeks and 2 weeks after elective abortion (n = 6). (C) Expression pattern of XDH protein in the endometrium of non-pregnant women and decidualized endometrium of pregnant women (Each image represents one patient). (D) Digital Histo-Score of XDH staining in the endometrium of non-pregnant women and decidualized endometrium of pregnant women (n = 9 for each group). ∗p < 0.05; ∗∗p < 0.01; Bar = 100 μm.




DISCUSSION

In women, functional estrogen and progesterone are believed to contribute to the lower serum UA level via stimulating renal clearance of UA (Bruderer et al., 2015). During the first and second trimesters of pregnancy, decreased serum UA level is considered as a result of increased hormone levels (Johnson et al., 2011). UA relevant studies in pregnancy usually consider the whole first trimester, or first 12 weeks, of pregnancy as one period, without further divide it in detail (Johnson et al., 2011). In this study, our data obtained from the early stage of the first trimester show that the serum level of UA goes up at 5–6 weeks of pregnancy, and more importantly, drops down in a subset of patients who went elective abortion. This data has enriched our understanding of the changes in the UA level during pregnancy. The difference between our study designs with the previous studies is the time points of measurement. The previous study considers the first trimester (before 13 weeks) of pregnancy as one group, and most of the samples are collected in the later stage of the first trimester (Johnson et al., 2011). However, we assess the sUA level of pregnant women in the very early stage of the first trimester, about 5–6 weeks of pregnancy, and found an increased sUA level compared to xx non-pregnancy women. Our data suggest a dramatic change in sUA level during the early and later stages of the first trimester. A detailed study may be needed in the future.

Furthermore, the mouse artificial decidualization model in this study directly proved the induction of UA level by the decidualization process. In this model, ovaries of mice were removed, and exogenous E2 and P4 were provided via subcutaneous injection to avoid the effects of different hormone levels on UA levels. All the mice in this study were caged together to make sure they were able to reach the same food and water freely. These have been done to ensure that the decidualization stimulation acted as the only variable factor between decidualized and non-decidualized mice groups. Therefore, our mouse model proved that the increased UA level in serum during the decidualization period is a direct consequence of endometrial decidualization.

In humans, the placenta is not fully formed and functional until the end of the first trimester (Knofler and Pollheimer, 2013). Before this stage, embryo implantation and decidualization are essential events in the first trimester. Decidualization refers to the differentiation process of the fibroblastic endometrial stromal cell into large, round, epithelial-like secretory cells that provide a nutritional and immune-privileged matrix essential for the implantation and development of embryos. Failure or impairment of this process results in many disorders throughout the pregnancy, including embryo implantation failure, miscarriage, and preterm birth (Gellersen and Brosens, 2014). Evident pre-decidua presents surrounding the spiral arteries around 18 days of gestation in women and further spreads to form decidua of pregnancy upon the implantation of the embryo, which occurs on 20–24 days (Su and Fazleabas, 2015). The higher level of serum UA we observed at 5–6 weeks of gestation is temporally associated with endometrium decidualization in this period. And this has been further supported by the increased expression of XDH in decidual tissue in both humans and mice. On the other hand, as a result of the high local level of UA, MSU crystal can enhance the decidualization response of endometrial stromal cells in both human and mouse cases. Together, our study suggests a positive feedback loop between MSU and decidualization.

The higher expression level of XDH in the endometrium has been proved due to post-ovulatory intrauterine human chorionic gonadotropin (hCG) treatment (Humaidan et al., 2012). hCG is the primary embryonic signal through which the developing embryo can dialog with the endometrium. Post-ovulatory intrauterine hCG treatment also induces decidualization in both humans and baboons, evidenced by the expression of pre-decidual marker α-SMA (Fazleabas et al., 1999; Strug et al., 2016). Therefore, the in situ synthesis of UA and MSU may respond to the embryonic signal.

Evolutionarily, the establishment of pregnancy in mammals, including both placental and non-placental mammals such as opossum, is considered an inflammatory response to the embryo (Griffith et al., 2017). In humans, inflammatory processes are implicated in every step of fertility, including implantation and decidualization (Nadeau-Vallee et al., 2016). In the IVF clinic, artificial induced sterile inflammation during endometrial biopsies in the spontaneous cycle can substantially increase endometrial receptivity and doubles the rate of implantation, associated with the higher expression of XDH (Kalma et al., 2009). Herein, we proved that, as a major inducer of sterile inflammation, MSU enhances the decidualization response of endometrial stromal cells associated with increased expression of inflammatory genes Ptgs2 (encodes Cox-2) and Il11. Previously, MSU was also reported to significantly stimulated Cox2, IL-11, and other inflammation factors expression in macrophages, osteocyte cell lines, or synovial fluid cells (Scanu et al., 2015; Chhana et al., 2018; Liu et al., 2018). More importantly, these genes have been proved to play roles during decidualization by others and us (Lim et al., 1997; Dimitriadis et al., 2002). Moreover, prostaglandin E2 (PGE2), an inflammatory molecule synthesized by COX-2 and subsequent microsomal prostaglandin synthase-1 (mPges1), a well-known decidualization inducer (Pakrasi and Jain, 2008), has been shown to induce secretion of IL-11 in HESC associated with decidualization (Dimitriadis et al., 2005). On the other hand, the cytokine IL-11 is also a hemopoietic growth factor that exhibits pleiotropic biological effects, including its well-documented pro-inflammatory properties, including induction of PGE2 secretion (Morgan et al., 2004). These data suggest that the in situ synthesized MSU may enhance the decidualization via sterile inflammation by up-regulating a network of these inflammatory factors.

In summary, we proved the decidual expressed XDH in both humans and mice, which synthesizes UA in an in situ manner in decidualized endometrium, further leading to the formation of MSU crystal in the endometrium. The presence of MSU crystal then enhances the decidualization response via inflammatory pathways. Our study has uncovered the interaction between UA, MSU crystallization, and decidualization during the early stage of pregnancy.
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SYMPK is a scaffold protein that supports polyadenylation machinery assembly on nascent transcripts and is also involved in alternative splicing in some mammalian somatic cells. However, the role of SYMPK in germ cells remains unknown. Here, we report that SYMPK is highly expressed in male germ cells, and germ cell-specific knockout (cKO) of Sympk in mouse leads to male infertility. Sympk cKODdx4–cre mice showed reduced spermatogonia at P4 and almost no germ cells at P18. Sympk cKOStra8–Cre spermatocytes exhibit defects in homologous chromosome synapsis, DNA double-strand break (DSB) repair, and meiotic recombination. RNA-Seq analyses reveal that SYMPK is associated with alternative splicing, besides regulating the expressions of many genes in spermatogenic cells. Importantly, Sympk deletion results in abnormal alternative splicing and a decreased expression of Sun1. Taken together, our results demonstrate that SYMPK is pivotal for meiotic progression by regulating pre-mRNA alternative splicing in male germ cells.

Keywords: meiosis, SYMPK, alternative splicing, spermatocytes, meiotic recombination


INTRODUCTION

Mammalian spermatogenesis is a continuous, well-organized process of germ cell differentiation including mitosis in spermatogonia, meiosis in spermatocyte, and spermiogenesis (Griswold, 2016). During this process, the gene expression pattern is highly dynamic and under precise control, which owes partly to alternative splicing (AS) and the polyadenylation modification of messenger RNAs (mRNAs) (Kashiwabara et al., 2002; Kan et al., 2005; Goldstrohm and Wickens, 2008; Weill et al., 2012). Additionally, several regulators of pre-mRNA splicing are primarily or specifically expressed in the testis (Schmid et al., 2013).

Previous studies have shown that there were abundant AS variants in spermatogenic cells (Yeo et al., 2004; Schmid et al., 2013; Margolin et al., 2014). Of note is that exon–exon junction (EEJ) and intron retention (IR) are the major AS modes in male germ cells (Chen et al., 2018). Recently, increasing evidences support the idea that AS plays an important role in mouse spermatogenesis. For example, PTBP2, which is required for the AS regulation of germ cell mRNAs, is critical for male germ cell survival and fertility (Zagore et al., 2015; Hannigan et al., 2017). In addition, many other RNA-binding proteins, such as RBM5 (O’Bryan et al., 2013), RANBP9 (Bao et al., 2014), BCAS2 (Liu et al., 2017), and the m6A reader YTHDC1 (Kasowitz et al., 2018), are also involved in modulating AS during meiosis and are indispensable for germ cell survival and mouse fertility.

SYMPK was initially identified as a protein associated with the tight junctions of polarized epithelial cells (Keon et al., 1996). The interaction of SYMPK with cleavage and polyadenylation and specificity factors (CPSFs) and cleavage stimulation factor F (CSTF) suggests its function in the assembly of the polyadenylation machinery (Takagaki and Manley, 2000; Hofmann et al., 2002). Further study confirmed that SYMPK is indeed necessary for nuclear polyadenylation (Xing et al., 2004) and cytoplasmic polyadenylation element-binding protein (CPEB)-mediated cytoplasmic polyadenylation in Xenopus oocytes (Barnard et al., 2004). In tumor cells, SYMPK is required for mitotic fidelity by supporting microtubule dynamics (Cappell et al., 2010). Importantly, SYMPK has been identified as a cofactor of RBFOX2 and NOVA2 to regulate alternative mRNA splicing (Misra et al., 2015). Recently, it has been reported that SYMPK promotes the self-renewal and pluripotency of embryonic stem cells (ESCs) through interaction with OCT4 (Yu et al., 2019). Nevertheless, the function of SYMPK in male germ cells is still unclear.

Here, we report that SYMPK is highly expressed in the testes and is indispensable for meiosis progression and mouse fertility. Disruption of Sympk leads to the dysregulation of transcription and AS in spermatogenic cells. Our data reveal the essential role of SYMPK in meiosis and male fertility.



RESULTS


SYMPK Is Highly Expressed in Mouse Testes

To explore the potential function of SYMPK in mouse spermatogenesis, we firstly determined the expression level of SYMPK in different mouse tissues by immunoblotting with an anti-SYMPK antibody. SYMPK abundance was much higher in the testes compared with other tissues (Figure 1A). Immunostaining was then used to determine the subcellular localization of SYMPK in mouse testes. In newborn mouse testes (postnatal day 1, P1), SYMPK was highly expressed in the prospermatogonia located in the middle of the seminiferous tubules (Figure 1B). At P4 and P13, SYMPK expression was relatively high in a subset of cells located close to the basement membrane, which are presumably spermatogonia (Figure 1B). Co-immunostaining of SYMPK and the spermatogonia-specific transcription factor PLZF confirmed that SYMPK was highly enriched in spermatogonia in P12 testes (Figure 1C). In adult testes, SYMPK was abundantly enriched in spermatogonia, spermatocytes, round spermatids, and elongated spermatids in stages IV–VI and XII of seminiferous tubules (Figures 1D,E). These data suggest that SYMPK probably plays important roles in the entire process of spermatogenesis.
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FIGURE 1. SYMPK is abundantly expressed in mouse testes. (A) Immunoblot analysis of SYMPK expression in different tissues from adult mouse. GAPDH was used as the loading control. (B) Immunostaining of SYMPK in mouse testes at postnatal day 1 (P1), P4, and P13. Scale bar, 20 μm. (C) Frozen sections of P12 testes were co-stained with rabbit anti-SYMPK and mouse anti-PLZF antibodies. DNA was stained with DAPI. Scale bar, 50 μm. (D,E) Immunofluorescence analysis of SYMPK in adult testes. SYMPK (green) and acrosome marked by PNA (red). Scale bar, 50 μm.




SYMPK Is Essential for Male Fertility

To investigate the physiological function of SYMPK in mouse fertility, SympkFlox/+ mice were obtained and used for generating the SympkFlox/Flox (SympkF/F) mouse line, which allowed us to inactivate Sympk by deleting exons 4 and 5 in a cell- or tissue-specific manner using Cre recombinases (Figure 2A). It has been well established that Cre is active in the germ cells of Ddx4-Cre mice at embryonic day 15 (Gallardo et al., 2007) in the spermatogonia of Stra8-Cre mice at 3 days postpartum (Sadate-Ngatchou et al., 2008). The immunostaining experiments found that SYMPK was absent in germ cells from the testes of Sympk cKODdx4–Cre and Sympk cKOStra8–Cre mice at P4 and P13, respectively (Supplementary Figure 1).


[image: image]

FIGURE 2. SYMPK is essential for male fertility. (A) Schematic diagram of the targeting strategy for the generation of SympkF/F and Sympk cell-specific knockout (cKO) mice. Exons 4 and 5 were flanked by loxP and will be deleted by Cre recombinase. The positions of the primers used for genotyping are shown as arrows. (B,C) Morphological analysis (B) and testis weight (C) of adult control and Sympk cKOStra8–Cre mice (***p < 0.001, n = 3). (D) Histology of testes from wild-type control and Sympk cKOStra8–Cre mice at P10 and P16. (E) Apoptosis of wild-type control and Sympk cKOStra8–Cre seminiferous tubules at P18 was analyzed with the TUNEL assay. Scale bar, 50 μm. (F) Histology of the testes and cauda epididymides from adult wild-type control and Sympk cKOStra8–Cre mice.


Sympk cell-specific knockout (cKO) male mice were viable and grossly normal. However, both the Sympk cKODdx4–Cre and Sympk cKOStra8–Cre male mice were infertile. The testes of adult Sympk cKOStra8–Cre male mice were much smaller than those of the wild-type (wt) mice, with significantly reduced testis weight (Figures 2B,C). Similarly, testes from Sympk cKODdx4–Cre males were also much smaller than those from wt mice (Supplementary Figure 2A). Histological analysis revealed that there was no apparent difference in the germ cell numbers in the seminiferous tubules between the wt control and Sympk cKOStra8–Cre mice at P10 (Figure 2D), while the number of germ cells was sharply reduced in Sympk cKODdx4–Cre testes as early as P10 (Supplementary Figure 2B). Noticeably, the number of spermatocytes in Sympk cKOStra8–Cre tubules was significantly reduced compared with those in wt mice at P16 (Figure 2D). By TdT-mediated dUTP nick-end labeling (TUNEL) assays, increasing Sympk-deficient spermatocytes were positive for TUNEL labeling, which suggests that they were undergoing apoptosis (Figure 2E). The testes from adult Sympk cKOStra8–Cre males (Figure 2F) lacked post-meiotic spermatids, and the most advanced germ cells were spermatocytes, suggesting meiotic defects. Expectedly, no sperm was observed in the epididymis from adult Sympk cKOStra8–Cre males (Figure 2F). The testes and epididymis from adult Sympk cKODdx4–Cre males were completely devoid of germ cells and sperm, respectively (Supplementary Figure 2C). The above data demonstrate that SYMPK is required for male fertility.

To determine whether SYMPK deficiency would affect the survival of spermatogonia, testis sections were stained with an anti-PLZF antibody. We found that the number of PLZF-positive cells in Sympk cKOStra8–Cre testes was comparable to that in wt testes at P13 (Supplementary Figures 3A,B), which suggests that the deletion of Sympk after birth does not affect spermatogonial survival. However, the number of cells expressing SYCP3 in Sympk cKOStra8–Cre tubules was much less than that in wt testes at P13, and some Sympk cKOStra8–Cre tubules did not contain SYCP3-positive cells (Supplementary Figures 3C,D). DDX4 is a germ cell-specific marker. We stained the frozen sections of P4 and P18 testes with the DDX4 antibody and the numbers of DDX4-positive cells in each seminiferous tubule were counted. The results showed that the number of DDX4-positive cells sharply reduced in Sympk cKOStra8–Cre males at P18 (Supplementary Figure 3G). Interestingly, the number of DDX4-positive cells was reduced in Sympk cKODdx4–Cre males at P4 and disappeared at P18 (Supplementary Figures 3E–G), which suggest that deletion of Sympk at the embryonic stage has a negative influence on the survival of spermatogonia. Taken together, these results suggest that SYMPK was required for spermatogonial survival and meiosis in spermatocytes.



Sympk Deletion Causes Defects in Chromosome Synapsis and DSB Repair

To further determine the role of SYMPK in meiosis, we tested whether Sympk deficiency affects chromosome synapsis and DNA double-strand break (DSB) repair, which are critical for meiosis progression. Homologous chromosomal synapsis was assessed by immunostaining of spread nuclei using antibodies against SYCP1, a component of the synaptonemal complex (SC) transverse elements, and SYCP3, a component of SC axial elements (de Vries et al., 2005; Kogo et al., 2012). Chromosomes from the wt pachytene spermatocytes maintained faithful synapsis, whereas many of the Sympk cKOStra8–Cre pachytene-like spermatocytes showed defects or failure of chromosome synapsis, as characterized by the absence of full autosome synapsis and dissociation of the sex chromosome (Figure 3A). HORMAD1, associated with unsynapsed chromosome axes (Fukuda et al., 2010), was also used to evaluate the chromosome synapsis. In wild-type pachytene spermatocytes, HORMAD1 only localized in the unsynapsed sex chromosomes, but in the Sympk cKO spermatocytes, several unsynapsed autosomes are positive for HORMAD1 (Figure 3B). The result from HORMAD1 staining further confirmed the synapsis defects in Sympk cKO spermatocytes.
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FIGURE 3. Failure of chromosome synapsis and double-strand break (DSB) repair in Sympk cKOStra8–Cre spermatocytes. (A) Chromosome spreads from wild-type (wt) control and Sympk cKOStra8–Cre testes were labeled for synaptonemal complex proteins (SYCP1 and SYCP3). Purple arrow shows the incomplete synapsis in the autosome of pachytene spermatocyte; white arrow shows the separation of the sex chromosome. (B) Spermatocytes from wt control and Sympk cKOStra8–Cre testes were immunostained for HORMAD1 and SYCP3. (C) Chromosome spreads from control and Sympk cKOStra8–Cre testes were immunostained for γH2AX and SYCP3. DNA was stained with DAPI. Scale bar, 20 μm. (D) Percentages of spermatocytes at different stages (leptotene to diplotene) from the testes of wt control and Sympk cKOStra8–Cre mice at P18. wt spermatocytes, 423; Sympk cKO spermatocytes, 339.


DSB formation and its repair were assessed using the DSB marker γH2AX, which is phosphorylated by the ATM and ATR kinases (Bellani et al., 2005). The γH2AX signal was distributed similarly between Sympk cKOStra8–Cre and wt spermatocytes at the leptonema and zygonema, indicating that SYMPK is not essential for DSB formation (Figure 3C). During the pachynema and diplonema, the γH2AX signal was restricted to the XY body in wt spermatocytes, while in Sympk cKOStra8–Cre spermatocytes, γH2AX also localized in some autosomes besides the XY body (Figure 3C), indicating that DSBs were not properly repaired in Sympk cKOStra8–Cre spermatocytes at the pachytene and diplotene stages. In addition, XY body formation was impaired in some Sympk-deficient spermatocytes (Figure 3A). These results suggest that Sympk deletion leads to failure of the DSB repair. In addition, we quantified the spermatocytes at different stages from juvenile wt and Sympk cKOStra8–Cre males at P18. The results showed that fewer Sympk cKOStra8–Cre spermatocytes can progress into the pachynema and diplonema when compared with the wt males (Figure 3D), suggesting that Sympk-deficient spermatocytes were mainly arrested at the pachytene stage.

Previous studies have suggested that BRCA1 recruits the ATR kinase to phosphorylate H2AX on unsynapsed chromosomes (Turner et al., 2004) and has a role in repairing DSBs (Xu et al., 2003). Given the failure of chromosome synapsis and DSB repair, we wondered whether the localization of BRCA1 is also affected in Sympk cKO spermatocytes. Therefore, BRCA1 localization was determined and compared between the wt and Sympk cKO spermatocytes. At the zygotene stage, BRCA1 accumulated on the unsynapsed axes of chromosomes in both wt and Sympk cKO spermatocytes. At the pachytene stage, BRCA1 was restricted in the sex chromosomes in wt spermatocytes, but persisted in the unsynapsed chromosomes in Sympk cKO pachytene spermatocytes (Supplementary Figure 4). The localization of BRCA1 is consistent with the defects in DSB repair and chromosome synapsis in Sympk cKO spermatocytes.



Deficiency of Sympk Impairs Meiotic Recombination and Crossover Formation

To determine whether SYMPK deficiency affects meiotic recombination, the recombination nodules were evaluated by immunostaining with RPA2, MEIOB, RAD51, and DMC1 on spread nuclei. RPA2 is a subunit of the RPA complex that binds to single-strand NA (ssDNA) (Ribeiro et al., 2016). MEIOB, an ssDNA-binding protein, is one of the most important meiotic prophase I regulators that are required for meiotic recombination through interactions with SPATA22 and RPA2 (Luo et al., 2013; Lascarez-Lagunas et al., 2020). DMC1 and RAD51 are involved in DNA strand invasion and exchange (Brown and Bishop, 2014). Consistent with the defects of DSB repair in Sympk cKOStra8–Cre pachytene spermatocytes, the numbers of RPA2 and MEIOB foci increased in Sympk cKOStra8–Cre pachytene spermatocytes (Figures 4A,B). Meanwhile, the numbers of DMC1 and RAD51 foci decreased significantly in Sympk cKOStra8–Cre zygotene-like and pachytene-like spermatocytes (Figures 4C,D). The above aberrant recombination nodules suggest that meiotic recombination was defective in Sympk cKO spermatocytes.
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FIGURE 4. SYMPK is required for meiotic recombination. Chromosome spreads of spermatocytes from wild-type (wt) control and Sympk cKOStra8–Cre testes were labeled with RPA2, MEIOB, DMC1, RAD51, and SYCP3. Based on the staining pattern of the synaptonemal complex lateral element (SYCP3), the spermatocytes were classified into the following stages: leptotene (Le), zygotene (Zy), pachytene (Pa), zygotene-like (Zy-like), and pachytene-like (Pa-like). Each dot represents the number of DNA repair protein foci per cell. Solid lines show the average number of foci in each category of spermatocytes. Data were collected from three mice. (A) RPA2 foci. (B) MEIOB foci. (C) DMC1 foci. (D) RAD51 foci. Representative images of the spermatocytes at the zygotene, zygotene-like, pachytene, or pachytene-like stages are shown (A–D). Scale bar, 20 μm.


In order to determine the effect of Sympk deficiency on crossover formation, the MLH1 foci were visualized on pachytene chromosomes. We found that the average number of MLH1 foci was 25.1/cell in wt pachytene spermatocytes (Supplementary Figures 5A,B), which is similar to that in a previous report (Anderson et al., 1999). In contrast, the number of MLH1 foci reduced to as low as four per cell in Sympk cKOStra8–Cre pachytene-like spermatocytes (Supplementary Figures 5A,B).

Taken together, our results demonstrated that, in the absence of SYMPK, the early steps of meiotic recombination, such as DSB formation and DNA resection, progressed well, while the subsequent steps, such as strand invasion, chromosome synapsis, DSB repair, and crossover formation, were impaired, finally leading to meiotic failure.



SYMPK Interacts With DDX5 and PRPF8 in Spermatogenic Cells

SYMPK has been previously reported to regulate the AS in somatic cells (Flp-In-293 cells) (Misra et al., 2015). Considering that the testes contain high levels of AS events (Elliott and Grellscheid, 2006), we asked whether the function of SYMPK regulating AS was conserved in germ cells. Firstly, we performed an immunoprecipitation–mass spectrometry (IP-MS) assay using an antibody against SYMPK to identify the splicing factors interacting with SYMPK in spermatogenic cells. Spermatogenic cells were enriched from wt and Sympk cKOStra8–Cre testes and used to determine the protein expression. Enriched spermatogenic cells were determined by Western blotting (Supplementary Figure 6). Multiple proteins associated with pre-mRNA processing were detected in the IP-MS results of the SYMPK antibody pull-down products, including pre-mRNA processing factors, i.e., PRPF8 (pre-mRNA-processing-splicing factor 8), PRPF19, PRPF40a, WTAP (pre-mRNA-splicing regulator WTAP), and CWC22 (pre-mRNA-splicing factor CWC22 homolog), and two RNA helicases, DDX5 [DEAD (Asp-Glu-Ala-Asp) box helicase 5] and DHX15 (pre-mRNA-splicing factor ATP-dependent RNA DEAH-box helicase 15). PRPF8 and DDX5 are two enriched putative SYMPK-binding proteins based on the number of matched peptides in the wt and Sympk cKO groups (Supplementary Table 3). These two proteins were chosen for further analysis. In both P16 and adult mouse testes, PRPF8 and DDX5 localized in the nucleus of spermatogenic cells, but not in elongated spermatids (Figures 5A,B). Due to the lack of suitable antibodies, the co-localization between PRPF8, DDX5, and SYMPK was not determined. Using in vivo co-immunoprecipitation assays, we confirmed that DDX5 and PRPF8 indeed interacted with SYMPK in spermatogenic cells (Figure 5C). Collectively, these results suggest a role of SYMPK regulating pre-mRNA splicing in spermatogenic cells.
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FIGURE 5. SYMPK interacts with DDX5 and PRPF8 in spermatogenic cells. (A,B) Localization of DDX5 (A) and PRPF8 (B) in P16 and adult wild-type testes. DNA was stained with DAPI. Scale bar, 50 μm. (C) Co-immunoprecipitation using the anti-SYMPK antibody or IgG confirmed that SYMPK interacts with DDX5 and PRPF8 in spermatogenic cells.




SYMPK Modulates Pre-mRNA Splicing in Spermatogenic Cells

To investigate the molecular consequences of Sympk deficiency in germ cells, whole-transcriptome RNA sequencing (RNA-Seq) analysis was performed using total RNA extracted from wt and Sympk cKOStra8–Cre spermatogenic cells. With a padjust < 0.01, a total of 6,528 transcripts showed a more than eightfold differential expression in SYMPK-deficient spermatogenic cells: within which, 2,651 genes were upregulated and 3,877 genes were downregulated (Figure 6A). Gene Ontology (GO) analysis identified that the spermatogenesis was most significantly affected (Figure 6B). Interestingly, only 10 meiotic genes were upregulated, while 72 genes associated with meiosis were downregulated. Reverse transcription quantitative PCR (RT-qPCR) results confirmed that six genes required for spermatogenesis were downregulated (Figure 6C). The dysregulated expressions of meiosis-specific genes may have contributed to the meiotic defects in SYMPK-deficient male germ cells.
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FIGURE 6. SYMPK is involved in transcript splicing during spermatogenesis. (A) Volcano plot of the differentially expressed transcripts in Sympk cKOStra8–Cre spermatogenic cells compared with the wild-type (wt) controls. Green dots represent significantly downregulated transcripts, red dots represent significantly upregulated transcripts (Q value < 0.05, fold change of RPKM > 2), and gray dots represent unchanged transcripts. (B) Gene Ontology (GO) term enrichment analysis of the significantly affected transcripts. (C) Validation of the differentially expressed genes by real-time PCR analysis. (D) Summary of five significantly affected alternative splicing (AS) events in Sympk cKOStra8–Cre spermatogenic cells at P18. (E) RT-PCR verification of the AS of transcripts in wt and Sympk cKOStra8–Cre spermatogenic cells. RT-PCR was performed with specific primers (Supplementary Table 1). White arrow stands for unspecific band. (F) Western blotting analysis of the expressions of Sympk and Sun1 in wt and Sympk cKOStra8–Cre spermatogenic cells, with GAPDH as the loading control. The solid triangle stands for unspecific band.


To dissect the impacts of Sympk deletion on AS, the types of AS between the control and Sympk cKO spermatogenic cells were compared based on the reads on target and junction counts using the rMATS software. Compared with the control, 6,046 AS events were significantly affected (p < 0.01) in Sympk cKOStra8–Cre spermatogenic cells. Among the affected AS events, the majority of the changed splicing events were skipped exons (Figure 6D). Exon skipping is the most enriched AS form during mouse spermatogenesis (Schmid et al., 2013; Margolin et al., 2014). Moreover, the SYMPK-binding protein PRPF8 is a core component of spliceosomal complexes, which indicated that SYMPK participated in the AS regulation unbiasedly.

To validate whether AS is indeed disturbed due to SYMPK deficiency, four transcripts with alterations in the splicing pattern identified by rMATS were examined by semi-quantitative RT-PCR using specific primers (Supplementary Table 1), namely, Sun1, Brdt, Meioc, and Ranbp9. The predicted aberrant splicing patterns of these transcripts were successfully verified in the complementary DNA (cDNA) of Sympk cKOStra8–Cre spermatogenic cells (Figure 6E). These data demonstrated that SYMPK was involved in mRNA splicing during spermatogenesis.



Depletion of Sympk Results in Decreases in SUN1 Protein

SUN1 is an inner nuclear membrane protein associated with telomeres during meiotic prophase I. Disruption of Sun1 in mice impaired the efficient homolog pairing, synapsis formation, and recombination in meiosis (Ding et al., 2007). Interestingly, the AS pattern of Sun1 is dramatically changed in Sympk-deficient spermatogenic cells (Figure 6E). The similar phenotype between Sympk cKOStra8–Cre and Sun1 null mice promoted us to analyze the expression of SUN1 protein in Sympk cKOStra8–Cre spermatogenic cells. Compared with the control, the expression of Sun1 was reduced dramatically in Sympk cKOStra8–Cre spermatogenic cells (Figure 6F). Thus, these results suggest that SYMPK deletion possibly decreased Sun1 expression by changing its pre-mRNA splicing, subsequently leading to the meiotic defects.



DISCUSSION

Here, we report that SYMPK is essential for meiosis and male fertility. Although the deletion of Sympk in either embryonic or postnatal stage leads to infertility in male mice, development of the testes from mice with Sympk deletion at the embryonic and postnatal stages was different. In Sympk cKODdx4–Cre male mice, the number of germ cells was reduced at P4 and disappeared at P18 in the testes. In Sympk cKOStra8–Cre tubules, we did not observe any reduction of spermatogonia, while the spermatocyte number was sharply reduced. Furthermore, Sympk cKOStra8–Cre spermatocytes displayed defects in meiosis progress, including chromosome asynapsis, DSB repair failure, defective meiotic recombination, and reduced crossover formation. Consistently, BRCA1 was localized to the unsynapsed chromosomes of Sympk cKOStra8–Cre spermatocytes at pachytene, not restricted to the sex chromosomes, which is different from that in wt spermatocytes. Considering the role of BRCA1 in recruiting the kinase ATR to phosphorylate H2AX on unsynapsed chromosomes and in meiotic sex chromosome inactivation (MSCI) establishment (Broering et al., 2014), the abnormal BRCA1 localization and defective meiotic DSB repair may have resulted in failure of meiotic silencing, finally causing the altered transcriptional profile and apoptosis of spermatocytes.

AS is the major posttranslational modification that is prevalent in the male germ cells and is particularly active in late pachytene spermatocytes and spermatids. Any mutation affecting AS would be harmful to successful spermatogenesis (Venables, 2002). Although SYMPK is not an RNA-binding protein, SYMPK and CPSF functioned as cofactors of two splicing regulators (RBFOX2 and NOVA2) to regulate AS in somatic cells. We wondered whether SYMPK would also participate in the AS regulation of germ cells. Here, we identified two SYMPK-binding partners (DDX5 and PRPF8) in spermatogenic cells through IP-MS. Similar to the localization pattern of SYMPK in the testes, both DDX5 and PRPF8 were localized in the nucleus of spermatogenic cells. In somatic cells, DDX5 coordinated with hnRNA1 to regulate alternative pre-mRNA splicing (Lee et al., 2018). Recently, it has been reported that DDX5 is required for the splicing of critical genes for spermatogenesis in spermatogonia (Legrand et al., 2019). PRPF8 plays a critical role in pre-mRNA splicing as the core component of spliceosomal complexes. In addition, PRPF8 also mediates the assembly of several spliceosomal proteins. It is reported that PRPF8 mutation caused aberrant splicing in some human diseases, such as myeloid malignancies and autosomal-dominant retinitis pigmentosa (Kurtovic-Kozaric et al., 2015; Xiao et al., 2020). Therefore, SYMPK is implicated in pre-mRNA splicing in spermatogenic cells.

The RNA-Seq results showed that Sympk deletion affected the splicing patterns of thousands of genes in spermatogenic cells, many of which have critical functions during spermatogenesis. As one of the top 10 most changed meiotic genes for the AS pattern, Sun1 is a component of LINC complexes that mediates nuclear envelop attachment of meiotic telomeres and is also essential for driving chromosome synapsis and recombination (Scherthan et al., 1996; Ding et al., 2007; Chi et al., 2009; Koszul and Kleckner, 2009). BRDT, a testis-specific chromatin protein, specifically binds to acetylated histones and plays a key role in spermatogenesis (Pivot-Pajot et al., 2003; Manterola et al., 2018). Meioc is a conserved germ cell-specific gene expressed during male meiotic prophase I. MEIOC promotes the meiotic cell cycle program in coordination with YTHDC2 (Soh et al., 2017). The above genes were proven to be spliced alternatively in Sympk cKO spermatogenic cells. RANBP9 is a multifunctional protein in somatic cells and plays a novel role in regulating splicing in spermatogenic cells (Bao et al., 2014). Here, the splicing pattern of Ranbp9 was changed and was verified by RT-PCR, indicating that the AS defects of many critical genes for germ cell development possibly resulted from the abnormal splicing of AS regulators, such as Ranbp9. In addition, the expression of Sun1 was significantly reduced in Sympk cKO spermatogenic cells. Considering the phenotype of Sun1–/– spermatocytes and the significance of Sun1 in meiosis, we speculated that the meiotic defects of Sympk-deficient spermatocytes may be from the partial loss of SUN1. Additionally, 10 genes were upregulated and another 72 genes were downregulated in meiosis in the absence of SYMPK, but we do not know whether the phenotype was resulted by one or several of these misregulated genes.

In summary, our study demonstrates the requirement of SYMPK for meiosis and fertility in male mice and defines the role of SYMPK in the AS of numerous mRNAs required for normal spermatogenesis. However, more molecular details need to be delineated in the future, such as the role of SYMPK in the nuclear and cytoplasm polyadenylation of mRNAs in germ cells.



MATERIALS AND METHODS


Animals

All mice were maintained on a C57BL/6-ICR mixed background and housed in the pathogen-free animal facility of Wuhan University. All animal experiments were conducted in accordance with the animal protocols approved by the Institutional Animal Care and Use Committee of Wuhan University. SympkF/+ mice were purchased from Wellcome Trust Sanger Institute in London. Ddx4-Cre transgenic mice were provided by Dr. Xiaoyan Huang from Nanjing Medical University. Stra8-Cre transgenic mice were kindly provided by Dr. Minghan Tong from the State Key Laboratory of Molecular Biology in Shanghai.

All mice were genotyped by tail DNA extraction followed by gene-specific PCR using the specific primers (Supplementary Table 1).



Antibody Generation

To generate a polyclonal antibody against SYCP3, full-length SYCP3 fused with His-tag was cloned into the pET42-b vector and expressed in Escherichia coli. Recombinant SYCP3 was affinity purified with Ni-NTA resin and used to immunize rabbits and mouse. The anti-SYCP3 sera were stored at -80°C until use. Anti-SYCP1 (aa871–946), anti-DDX4 (aa541–728), anti-MLH1 (aa528–737), and anti-HORMAD1 (aa2–277) sera were produced in the same way. The primers used for the construction of recombinant expression plasmids are listed in Supplementary Table 1.



Histological Analyses, Immunostaining, and Imaging

For histological evaluation, testes from the wt control and Sympk cKO mice were isolated and fixed in Bouin’s solution overnight at room temperature, embedded with paraffin, and sectioned at 5–8 μm. After dewaxing and hydration, the sections were stained with hematoxylin and eosin.

For immunostaining, the samples were fixed in 4% paraformaldehyde (PFA) overnight at 4°C, dehydrated, embedded, and then sectioned using Cryostat Microtome (Leica CM1950, Heidelberg, Germany). TUNEL assays were performed using the In Situ Cell Death Detection Kit (Roche, Indianapolis, IN, United States). Nuclear spread analysis of the spermatocytes was performed as previously described (Luo et al., 2013). The primary antibodies used in this study are listed in Supplementary Table 2. Dylight 488- or Dylight 594-conjugated secondary antibody (Proteintech, Rosemont, Il, United States) was used at 1:100 dilutions, respectively. Histological and immunostaining images were captured with the Axio Imager 2 microscope (Zeiss, Oberchoken, Germany).



Enrichment of Spermatogenic Cells

Spermatogenic cells were enriched using a two-step enzymatic digestion process followed by a differential adhesion method as previously described, with some modifications (Liu et al., 2017). Briefly, the testes were decapsulated, then the seminiferous tubules were transferred into 10 ml Krebs buffer with 500 μl 10 mg/ml collagenase, and incubated at 37°C, 120 rpm, for 10 min with gentle shaking every 3–5 min to accelerate testis dissociation.

Then, the cell suspension was centrifuged at 600 × g for 5 min and the pellet was digested in 10 ml Krebs buffer with 30 mg trypsin and 3 μg DNase I (preventing cells from clumping) and incubated at 37°C with shaking at 120 rpm for 10 min to dissociate the seminiferous tubules into single cells. The suspension was neutralized with 5 ml Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and filtered through a 100-μm mesh cell strainer. After centrifuging at 600 × g for 5 min, the cell pellet was suspended in 10 ml of the ES medium and seeded in a 10-cm culture dish. After 4–6 h of short-term incubation at 37°C, the floating and weakly adhering cells were collected and identified using Western blotting against PLZF, SYCP1, SYCP3, and SOX9.



Co-immunoprecipitation Followed by Mass Spectrometry and Western Blotting

Co-immunoprecipitation was performed with the spermatogenetic cells of P16 testes from wt and Sympk cKOstra8–Cre mice using the anti-SYMPK antibody. Briefly, the spermatogenetic cells were homogenized in 1 ml lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 1 mM DTT) with 1 × cocktail (Roche) as a proteinase inhibitor. The lysates were treated with 0.5 mg/ml RNase A and 500 U/ml DNase at room temperature for 1 h, then pre-cleared with protein A agarose beads for 2 h at 4°C. Afterward, the anti-SYMPK antibody was added into the sample and incubated on an orbital shaker overnight at 4°C, followed by incubating with protein A agarose beads for 4 h at 4°C. The protein–beads complex was washed with lysis buffer three times.

For mass spectrometry, the purified protein–beads complex, shipped in solidified carbon dioxide, was subjected to HPLC followed by high-resolution mass spectrometry (HRMS) at the National Facility for Protein Science in Shanghai (NFPS), Zhangjiang Lab, China.

For Western blotting, the pre-cleared samples from the spermatogenetic cells of P16 testes from wt mice were divided into two parts and incubated with the anti-SYMPK antibody and immunoglobulin G (IgG) overnight at 4°C. The following steps were the same as those in the previous description. The protein–beads complex was boiled in 1 × sodium dodecyl sulfate (SDS) loading buffer for 10 min. After centrifuging at 1,2000 × g for 10min at 4°C, the supernatant was directly used for Western blotting analysis.



Western Blotting

Protein samples were prepared using RIPA lysis buffer (20mM Tris, pH8, 150mM NaCl, 1% NP-40, 0.1% sodium deoxycholate, 1mM DTT, and 2mM EDTA, 100 μg/ml) with 1 × protease inhibitor cocktail (Roche). Then, the protein samples were separated in a 10% SDS-PAGE gel and transferred onto polyvinylidene difluoride (PVDF) membranes. After blocking with 5% non-fat milk for 1 h at room temperature, the membranes were incubated with diluted primary antibodies at 4°C overnight. After three washes with TBST (Tris-buffered saline/Tween 20), the membranes were incubated with secondary antibodies conjugated with horseradish peroxidase (AS014; ABclonal, Woburn, MA, United States) at room temperature for 1 h. The signals were developed with the SuperSignalTM West Pico PLUS Chemiluminescent Substrate (#34577; ThermoFisher, Waltham, MA, United States), detected with Amersham Imager 600 (GE Healthcare Life Sciences, Marlborough, MA, United States). Information on the primary antibodies is listed in Supplementary Table 2.



RNA Extraction and RT-qPCR

Total RNA was extracted from the spermatogenic cells of wt or Sympk cKO mice using the RNAprep Pure Micro Kit (TIANGEN, Beijing, China). Then, 2.5 μg of total RNA from each sample was subjected to reverse transcription into first-strand cDNA using the RevertAid RT Reverse Transcription Kit (K1691; ThermoFisher). For qPCR reaction, 140 ng cDNA was loaded as template in every 20 μl reaction volume for each sample. Real-time RT-PCR was performed using FastStart Essential DNA Green Master (06402712001; Roche) on a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States). Relative gene expression was analyzed based on the 2–△△Ct method with Gapdh as the internal control.

The primers used to determine the number of target genes were designed in PubMed combined with the Primer Premier 5.0 software. Primer information is listed in Supplementary Table 1.



RNA Sequencing

Spermatogenic cells were prepared from 18-day-old control and Sympk cKOStra8–Cre mice. Total RNA was extracted using the RNAprep Pure Cell/Bacteria Kit (TIANGEN) according to the manufacturer’s protocol. Then, RNA quality was determined with the 2100 Bioanalyzer (Agilent, Palo Alto, CA, United States) and quantified using the ND-2000 (NanoDrop Technologies, Wilmington, DE, United States). Only high-quality RNA samples (OD260/OD280 = 1.8–2.2, OD260/OD230 ≥ 2.0, RIN ≥ 7.5, 28S:18S ≥ 1.0) were used to construct the sequencing library.

The RNA-Seq transcriptome library was prepared following the TruSeqTM RNA sample preparation kit from Illumina (San Diego, CA, United States) using 5 μg of total RNA. Shortly, the mRNA was isolated according to the polyA selection method by oligo(dT) beads and then firstly fragmented by a fragmentation buffer. Secondly, double-strand cDNA was synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, Carlsbad, CA, United States) with random hexamer primers (Illumina). Then, the synthesized cDNA was subjected to end repair, phosphorylation, and “A” base addition according to Illumina’s library construction protocol. The libraries were size selected for cDNA target fragments of 200–300 bp on 2% Low Range Ultra Agarose followed by PCR amplification using Phusion DNA polymerase (NEB, Ipswich, MA, United States) for 15 PCR cycles. After quantification by TBS380, the paired-end RNA-Seq library was sequenced with the Illumina HiSeq xten (read length, 2 × 150 bp).



Bioinformatics Analysis

The raw paired-end reads were trimmed and quality controlled using SeqPrep1 and Sickle2, with default parameters. Then, the clean reads were separately aligned to the reference genome with orientation mode using TopHat3 software.

To identify the 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. RSEM4 was used to quantify gene abundances. The R statistical package software EdgeR (Empirical analysis of Digital Gene Expression in R)5 was utilized for analysis of differential expression. GO functional enrichment analysis was carried out by Goatools6. All the alternative splice events that occurred in our sample were identified using replicate multivariate analysis of transcript splicing (rMATS)7. Analysis of differential expression splicing (DES) was also performed using rMATS software.



Statistics

Statistical analysis was performed using GraphPad Prism 5 software. The results of the statistical analyses were subjected to a Student’s t-test: ∗∗∗p < 0.001. The values were presented as the mean ± SD.
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Supplementary Figure 1 | SYMPK is absent in germ cells of Sympk cKO mice. Immunostaining of SYMPK in the testes of wt control and Sympk cKO mice at P4 (A) and P13 (B). Scale bar, 50 μm.

Supplementary Figure 2 | Phenotype of male mice with Sympk deficiency at embryonic stage by Ddx4-Cre. (A) Morphological analysis of testes from adult wt and Sympk cKODdx4–Cre mice. (B) Histology of Sympk cKODdx4–Cre testes at P10 and P16. Scale bar, 50 μm. (C) Histology of testes and cauda epididymidis from adult Sympk cKODdx4–Cre male mice. Scale bar, 100 μm.

Supplementary Figure 3 | SYMPK is required for the survival of spermatogonia and spermatocytes. (A) Immunostaining of PLZF in control and Sympk cKOStra8–Cre testes at P13. Scale bar, 50 μm. (B) Quantification of PLZF positive cells per seminiferous tubules in control and Sympk cKOStra8–Cre testes at P13 (n = 30 for control group, n = 69 for Sympk cKOStra8–Cre group). (C) Immunostaining of SYCP3 in control and Sympk cKOStra8–Cre testes at P13. Scale bar, 50 μm. (D) The number of SYCP3 positive cells in each Sympk cKOStra8–Cre tubule which containing SYCP3 positive cell and control tubule were counted, and compared between two groups. (n = 20 for both control group Sympk cKOStra8–Cre group). (E) Immunostaining of DDX4 in wt control and Sympk cKODdx4–Cre testes at P4. Scale bar, 100 μm. (F) The number of DDX4 positive cells per seminiferous tubules in control and Sympk cKODdx4–Cre tests at P4. At least 100 tubules were counted from two mice for each immunostaining assay. (G) Immunostaining of DDX4 in control, Sympk cKODdx4–Cre and Sympk cKOStra8–Cre testes at P18. Scale bar, 50 μm. All sections were stained with DAPI to label nucleus.

Supplementary Figure 4 | The localization of BRCA1 in Sympk cKOStra8–Cre spermatocytes. Immunostaining of meiotic chromosome spreads using the antibody against BRCA1. Scale bar, 20 μm.

Supplementary Figure 5 | Sympk cKOStra8–Cre spermatocytes show reduced crossover formation. (A) Immunostaining for SYCP3 (red) and MLH1 (green) in control and Sympk cKOStra8–Cre spermatocytes. (B) Quantification of average MLH1 foci per spermatocyte. Sympk-deficient spermatocytes possess significantly fewer total MLH1 foci than wild-type spermatocyte (n = 17 for wt, n = 11for Sympk cKO). Scale bar, 20 μm.

Supplementary Figure 6 | Identification of the enriched spermatogenic cells from testes by western blotting. Protein extracts from testes and enriched spermatogenic cells were analyzed by western blotting, using antibodies against PLZF, SYCP1, SYCP3, SOX9. PLZF are marker for spematogonia, SYCP1 and SYCP3 are markers for spermatocyte, SOX9 is a marker for Sertoli cell (Gao et al., 2006), and GAPDH was used as the loading control.


FOOTNOTES

1
https://github.com/jstjohn/SeqPrep

2
https://github.com/najoshi/sickle

3
http://tophat.cbcb.umd.edu/, version2.0.0.

4
http://deweylab.biostat.wisc.edu/rsem/

5
http://www.bioconductor.org/packages/2.12/bioc/html/edgeR.html

6
https://github.com/tanghaibao/Goatools

7
http://rnaseq-mats.sourceforge.net/
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Lipid Metabolism Was Associated With Oocyte in vitro Maturation in Women With Polycystic Ovarian Syndrome Undergoing Unstimulated Natural Cycle
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Objective: Hyperlipidemia are common polycystic ovarian syndrome (PCOS)-related metabolic dysfunctions and can adversely affect assisted reproductive technology (ART) outcomes in controlled ovarian hyperstimulation (COH) cycles. The objective of this study is to analyze the relationship between lipid metabolism and ART outcomes in unstimulated natural cycles without the utilization of ovarian induction drugs, which is still uncertain.

Methods: This retrospective study included infertile women with PCOS between 21 and 40 years old undergoing unstimulated natural cycles from January 01, 2006 to December 31, 2019. Lipid metabolism was measured by body mass index (BMI) and serum biochemical parameters including total cholesterol (TC), triglycerides (TG), high and low density lipoprotein cholesterol (HDL-C and LDL-C). ART outcomes were measured by number of oocytes retrieved, oocyte maturation quality and developmental potential, clinical pregnancy and live birth.

Results: A total of 586 patients were included in this study. Multivariate Poisson log-linear analysis showed that high TC (≥5.18 mmol/L), triglycerides (TG) (≥1.76 mmol/L), LDL-C (≥3.37 mmol/L) levelsand low HDL-C levels (≤1.04 mmol/L) were significantly (PTC = 0.001, PTG < 0.001, PHDL–C < 0.001, PLDL–C < 0.001) associated with increased number of oocytes retrieved. BMI was significantly negatively associated with maturation rate (P < 0.001), fertilization rate (P < 0.001) and transferrable embryo rate (P = 0.002). High TG levels and low HDL-C levels were also associated with decreased maturation rate (PTG < 0.001, PHDL–C = 0.026). Logistic regression analysis showed statistically significant association between obesity (≥28.0 kg/m2) and decreased live birth rate (P = 0.004) as well as cumulative live birth rate (P = 0.007).

Conclusion: This is the first study that focused on the relationship between basal lipid metabolism and ART outcomes in women with PCOS undergoing unstimulated natural cycles. The results showed that high levels of lipid metabolic parameters were associated with increased number of oocytes retrieved and obesity was closely associated with impaired oocyte maturation quality and developmental potential as well as poor live birth outcomes.

Keywords: unstimulated natural cycle, lipid metabolism, number of oocyte retrieved, oocyte quality, clinical outcomes, polycystic ovarian syndrome


INTRODUCTION

Polycystic ovary syndrome (PCOS) is a common endocrinal disorder in women at reproductive age and accounts for nearly 80% of women with anovulatory infertility (Thessaloniki ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group, 2008). PCOS is characterized as anovulation, hyperandrogenism and polycystic ovary and is commonly associated with high risk of metabolic syndrome including insulin resistance, obesity, hyperlipidaemia and hypertension (De Sousa and Norman, 2016) which exacerbate the infertility of these women (Qiao and Feng, 2011).

Assisted reproductive therapies for infertile women with PCOS are commonly divided into two types depending on whether or not ovarian induction drugs are applied: controlled ovarian hyperstimulation (COH) treatment and natural cycle in vitro maturation (IVM) treatment, in which COH treatment is the most recommended (Balen et al., 2016). Lipid metabolic disorders including obesity and hyperlipidaemia are common PCOS-related metabolic dysfunctions, and are proven to adversely affect assisted reproductive technology (ART) outcomes of COH and human chorionic gonadotropin (hCG)-primed natural cycles in previous studies (Shalom-Paz et al., 2011; Moragianni et al., 2012; Bailey et al., 2014; Kudesia et al., 2018; Zarezadeh et al., 2020). Maternal obesity also has some adverse pregnancy consequences for both mother and child such as gestational hypertension, spontaneous pregnancy loss, premature delivery and congenital anomalies (Catalano and Shankar, 2017). However, the association between lipid metabolism and ART outcomes in unstimulated natural cycles has never been discussed before.

The main difference between COH cycle and unstimulated natural cycle is the use of ovarian induction drugs, which may affect individual’s lipid metabolism (Dhanju et al., 2001; Wang et al., 2015). Previous studies showed that gonadotropin could increase the expressions of genes related to cholesterol and steroid synthesis, such as 3-hydroxy-3-methylglutaryl-coenzyme A reductase, low density lipoprotein receptor (Ldlr), scavenger receptor class B member 1 (Scarb1) and luteinizing hormone receptor (Lhr) in mice (Wang et al., 2015), making the lipid profile different from the basal status before gonadotropin’s application and thus probably covering up the direct effect of basal lipid metabolism on reproductive potential. Therefore, It is uncertain whether or not the adverse effect of obesity on ART outcomes is direct due to the influence of ovarian induction drugs, the external factor in COH cycles, on lipid metabolism and ART outcomes. To clarify this question, it is essential to study the possible relationship between basal lipid metabolism and ART outcomes by ruling out the influence of ovarian induction drugs in women with PCOS.

This study included women with PCOS undergoing unstimulated natural cycles without any ovarian induction drugs applied before oocyte retrieval. The aim is to explore the relationship between basal lipid metabolism and ART outcomes including number of oocytes retrieved, oocyte maturation and embryo development quality, and clinical outcomes in women with PCOS undergoing unstimulated natural cycles, thus figure out the direct effect of lipid metabolism on reproductive potential of PCOS.



MATERIALS AND METHODS


Patients

This retrospective study included 586 infertile women with PCOS between 21 and 40 years old undergoing unstimulated natural cycles at the Reproductive Medicine Center of Peking University Third Hospital from January 01, 2006 to December 31, 2019 inclusion criteria were as follows: (i) patients diagnosed with PCOS based on Rotterdam Criteria (Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group, 2004), (ii) patients undergoing natural cycle treatment. Exclusion criteria were as follows: (i) patients undergoing modified natural cycle with recombinant follicle stimulating hormone (rFSH)/human chorionic gonadotropin (hCG) triggering, (ii) one or both of the couples had chromosomal abnormality, (iii) patients with thyroid dysfunction, (iv) patients with FSH, luteinizing hormone (LH) abnormalities or hyperandrogenism caused by other factors. The study had got approval from the institutional review board of Peking University Third Hospital and was approved by the Ethics Committee of Peking University (2018S2-007).



Oocyte Retrieval and IVM Protocol

The protocol for unstimulated natural cycles was as follows. No ovulation induction treatment was used before oocyte retrieval. Oocyte retrieval was performed when antral follicles with 8–10 mm were seen in the ovary by ultrasound. Immature cumulus-oocyte complexes (COCs) were obtained through immature follicle aspiration under the transvaginal ultrasound guidance and transferred into in vitro fertilization (IVF) laboratory immediately.

Cumulus-oocyte complexes from follicular fluid were cultured in IVM media (IVM media kit, Origio, Denmark) with 0.075IU/mL FSH and LH (Menopur, Ferring, Germany) added at 37°C in 5% CO2 atmosphere for 24–48 h to maturation and then assessed for maturity according to the presence of germinal vesicle (GV) and the first polar body. The mature oocytes obtained were either frozen by vitrification for fertility preservation or fertilized by intra-cytoplasmic sperm injection (ICSI). The injected oocytes were cultured in G-1 plus media (Vitrolife, Sweden) for 3 days and sequentially in G-2 plus media (Vitrolife, Sweden) for 3–4 days. The presence of two pronuclei (2PN) and two polar bodies was checked in 16–18 h after ICSI. The embryos developmental status was assessed and graded according to previous methods (Racowsky et al., 2010) in the third, fifth and sixth day. Embryo quality was assessed according to the number, size and fragmentation of blastomeres (Zheng et al., 2012). The obtained blastula was freshly transferred or frozen for late frozen embryo transfer.

One or two best quality blastocysts were selected for fresh embryo transfer using sterile embryo transfer catheter (K-Soft 5100, Cook, Australia) and the others were cryopreserved by vitrification.



Endometrium Preparation and Embryo Transfer

Patients receiving fresh embryo transfer were given oral estradiol valerate (6 mg daily, Progynova, Bayer, Germany) from the day of oocyte retrieval and intramuscular progesterone (60 mg daily, Xianju Pharmaceutical Trading Company, China) injection for luteal phase support from the day of ICSI. The endometrium preparation and luteal phase support were continued until a negative pregnancy test or discernible heartbeats by ultrasound.

The artificial endometrium preparation was adopted for patients receiving frozen embryo transfer. Patients were given estradiol valerate (6 mg daily) from the second day of menstruation for at least 12 days. Transvaginal ultrasound was performed after 10 days of medication to monitor the endometrial thickness. When the endometrial thickness was ≥8 mm, 8% progesterone vaginal gel (90 mg daily, Crinone, Merck, America) and oral dydrogesterone was given for luteal phase support. Frozen-thawed embryos were transferred after 7 days of luteal phase support.



Study Design

This study was designed to examine the relationship between lipid metabolism and (i) the number of oocytes retrieved, (ii) oocyte maturation quality and developmental potential, and (iii) clinical outcomes of embryo transfer cycle (Figure 1). Lipid metabolic levels were measured by body mass index (BMI) and serum biochemical parameters including total cholesterol (TC), triglycerides (TG), high and low density lipoprotein cholesterol (HDL-C and LDL-C) tested within 3 months before natural cycles start date. Patients were divided into 2–3 groups according to their BMI (<24, 24–27.9, and ≥28 kg/m2) (Chen, 2008), TC (<5.18 and ≥5.18 mmol/L), TG (<1.76 and ≥1.76 mmol/L), HDL-C (≤1.04 and >1.04 mmol/L), and LDL-C (<3.37 and ≥3.37 mmol/L) (Joint committee issued Chinese guideline for the management of dyslipidemia in adults, 2016).
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FIGURE 1. Flowchart of the analysis.


Maturation rate per oocyte (MR, the number of oocyte in MII/the number of oocytes retrieved), fertilization rate per oocyte (FR, the number of zygote with 2 pronuclei/the number of oocytes retrieved) and transferrable embryos rate per oocyte (TER, the number of transferrable embryos/the number of oocytes retrieved) were calculated to measure the quality and developmental potential of oocytes retrieved in unstimulated natural cycles.

Clinical pregnancy was defined as the ultrasound visualization of at least one gestational sac on 30 days after ET. Live birth was defined as the delivery of at least one newborn, irrespective of the gestation (Song et al., 2020). Clinical outcomes of embryo transfer cycles were measured by clinical pregnancy rate per cycle (CPR, the number of cycles achieving clinical pregnancy/the number of embryo transfer cycles), cumulative clinical pregnancy rate (CCPR, the number of patients achieving clinical pregnancy/the number of patients undergoing at least one embryo transfer cycle), live birth rate per cycle (LBR, the number of cycles achieving live birth/the number of embryo transfer cycles), cumulative live birth rate (CLBR, the number of patients achieving live birth/the number of patients undergoing at least one embryo transfer cycle).

In addition, FSH, LH and testosterone (T) were tested between the second and fifth day of menstruation. Previous ovarian surgery included oophorocystectomy, ovarian drilling surgery and ovarian tumor surgery. Ovarian disorders other than PCOS included ovarian cyst, endometrial cyst and teratoma. Antral follicle count (AFC) was the number of antral follicles detected by ultrasound before oocyte retrieval.



Statistical Analysis

All results are presented as median (quartile 1 and quartile 3) or number (percentage). Chi-squared test was applied for the comparison of MR, FR and TER between BMI, TC, TG, HDL-C and LDL-C groups. Possion log-linear model was applied for number of oocytes retrieved analysis and logistic regression model for clinical pregnancy and live birth analysis. Models were constructed with BMI, TC, TG, HDL-C or LDL-C as independent variable, respectively. Unadjusted odds ratios (OR) (95% confidence intervals, 95% CIs) were calculated by univariate Poisson log-linear models and adjusted OR (95% CIs) by multivariate Poisson log-linear models after adjustment for age, infertility types, infertility duration, FSH, LH, T, ovarian surgery and ovarian disorders other than PCOS. OR (95% CIs) in logistic regression models for CPR and LBR were adjusted for age, infertility types, infertility duration, embryo types, number of embryos transferred, male factor and endometrium thickness, and OR (95% CIs) for CCPR and CLBR were adjusted for age, infertility types, infertility duration, number of embryos transferred per cycle, number of embryo transfer cycles, male factor and endometrium thickness per cycle. Statistical significance was set at a probability (P) value < 0.05. Data analysis was conducted using SPSS 22.0.



RESULTS

In this study, 230 patients did not have transferrable embryos, so embryo transfer was canceled. A total of 344 embryo transfer cycles from 282 patients including 51 with at least 2 transfer cycles, were included to analyze the relationship between lipid metabolism and clinical outcomes.

The analysis of clinical pregnancy rate and live birth rate were based on the clinical outcomes of 344 cycles, and cumulative clinical pregnancy rate and cumulative live birth rate were based on 282 patients.


Analysis of Relationship Between Lipid Metabolism and Number of Oocytes Retrieved

Baseline characteristics of 586 patients undergoing unstimulated natural oocyte retrieval were shown in Table 1. The median (Q1 and Q3) of the number of oocytes retrieved was 13 (Miller and Auchus, 2011; Shalom-Paz et al., 2011). Univariate Poisson log-linear analysis showed that overweight (24–27.9 kg/m2) was significantly associated with decreased number of oocytes retrieved (OR: 0.940, 95%CI: 0.896–0.987, P = 0.013). High TG (≥ 1.76 mmol/L) levels (OR: 1.092, 95%CI: 1.046–1.139, P < 0.001) and low HDL-C levels (≤1.04 mmol/L) (OR: 1.127, 95%CI: 1.077–1.179, P < 0.001) were significantly associated with increased number of oocytes retrieved. After adjusted for age, infertility types, infertility duration, FSH, LH, T, ovarian surgery and ovarian disorders, correlations between the number of oocytes retrieved and overweight (OR: 0.925, 95%CI: 0.876–0.977, P = 0.005), high TC (≥5.18 mmol/L) (OR: 1.103, 95%CI: 1.046–1.162, P = 0.001), TG (OR: 1.137, 95%CI: 1.083–1.193, P < 0.001), LDL-C (≥3.37 mmol/L) levels (OR: 1.162, 95%CI: 1.093–1.235, P < 0.001), low HDL-C (OR: 1.103, 95%CI: 1.048–1.160, P < 0.001) were all significant (Table 2).


TABLE 1. Baseline characteristics, oocyte maturation and embryo development index of patients.
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TABLE 2. Poisson log-linear models of BMI, TC, TG, HDL-C, and LDL-C for the number of oocytes retrieved.
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Analysis of Relationship Between Lipid Metabolism and Oocyte Maturation Quality and Developmental Potential

As shown in Table 1, 512 patients with oocytes fertilized for embryo frozen or transfer were included in this part. MR, FR, and TER were 50.2, 26.8, and 12.1%, respectively (Table 1). Comparisons among BMI groups showed that BMI was significantly negatively associated with MR (P < 0.001), FR (P < 0.001) and TER (P = 0.002) (Table 3). High TG levels (P < 0.001) and low HDL-C levels (P = 0.026) were also associated with decreased MR (Table 3). No significant difference was found in MR between TC and LDL-C groups as well as MR, FR, TER between TC, TG, HDL-C, and LDL-C groups.


TABLE 3. Oocyte maturation quality and developmental potential by BMI, TC, TG, HDL-C, and LDL-C groups.
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Analysis of Relationship Between Lipid Metabolism and Clinical Outcomes

Table 4 showed the baseline characteristics of 282 patients undergoing embryo transfer cycles as well as the characteristics of 344 embryo transfer cycles. 191 patients underwent fresh embryo transfer (55.7%) and 91 had embryos frozen for fertility preservation (44.3%). 112 in 344 cycles achieved clinical pregnancy (32.6%) and 56 achieved live birth (16.3%). After at least one embryo transfer cycle, 105 in 282 patients achieved clinical pregnancy (37.2%) and 56 (19.9%) achieved live birth (Table 4).


TABLE 4. Embryo transfer cycle characteristics and clinical outcomes.

[image: Table 4]Neonatal outcomes of 3 patients was lost to follow-up. The mean gestational age was (36.7 ± 3.6) weeks. 15 patients had preterm births with gestation less than 37 weeks (Table 4). The mean birth weight and length of the newborns was (3.27 ± 0.59) kg and 50.47 ± 2.78 cm, respectively (Table 4). All the women delivered healthy neonates with no congenital malformations or abnormal growth (Table 4).

Logistic regression analysis showed statistically significant association between obesity (≥28 kg/m2) and decreased live birth rate (OR: 0.270, 95%CI: 0.109–0.668, P = 0.005) as well as cumulative live birth rate (OR: 0.273, 95%CI: 0.106–0.704, P = 0.007) (Table 5). No significant associations were found in other Logistic regression analysis.


TABLE 5. Binary logistic regression analysis of BMI, TC, TG, HDL-C, and LDL-C for clinical outcomes in embryos transfer cycles.
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DISCUSSION

To our knowledge, this is the first study that focuses on the relationship between basal lipid metabolism and ART outcomes in patients with PCOS undergoing unstimulated natural cycles. The results showed that (i) increased number of oocytes retrieved was significantly associated with high lipid metabolic levels; (ii) decreased oocyte maturation quality and developmental potential were related with overweight and obesity categorized by BMI; (iii) poor live birth outcomes of embryo transfer cycles were associated with obesity.

PCOS is always associated with many metabolic disorders with dyslipidemia included, which is proven to affect ART outcomes (De Sousa and Norman, 2016). Unstimulated natural cycles with IVM is a valuable option for women with PCOS because of the reduced risk of ovarian hyperstimulation syndrome (OHSS) (Thessaloniki ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group, 2008). Without the effects of ovarian induction drugs, folliculogenesis in women undergoing unstimulated natural cycles are commonly affected by the physiological and pathological states like internal endocrine and metabolic environment. Exploring the relationship between basal lipid metabolism and ART outcomes of unstimulated natural cycles is crucial to reveal the direct effect of maternal lipid environment on folliculogenesis and oocyte developmental potential, and meanwhile provide information for clinicians to assess the embryonic and clinical outcomes before the start of unstimulated natural cycles. In our study, height, weight, TC, TG, HDL-C, and LDL-C were tested within 3 months of patients’ oocyte retrieval date to ensure these index able to represent the lipid metabolic status around natural cycle. Though lipid metabolism will change during pregnancy (von Versen-Hoeynck and Powers, 2007), these index still represent the basal lipid metabolic status and their association with ART outcomes is meaningful to predict the therapeutic effects of unstimulated natural cycle for infertile individuals with PCOS.

The results of Poisson log-linear models showed that the increased serum TC, TG, LDL-C, and decreased serum HDL-C were protective factors for the number of oocytes retrieved in women with PCOS undergoing unstimulated natural cycles. Cholesterol and TG are known to be the central precursor of sex hormones and main form of stored energy, respectively (Miller and Auchus, 2011), which are crucial for folliculogenesis and oocyte maturation (Van Blerkom, 2011). HDL and LDL are the major cholesterol and triglyceride carriers between liver and extrahepatic tissues in circulation, and their uptake in follicles is mainly in two ways. After the selective filtration of blood-follicle barrier (only allows molecules less than 500kD to pass through), serum HDL-C are taken by SCARB1 receptors on granulosa cells as the follicular fluid component (Fujimoto et al., 2010). Theca layer is the vascular-rich structure in follicle (Richards et al., 2018), and cholesterol ester in LDL-C and HDL-C can be taken in directly by both SCARB1 and LDLR on theca cells (Rhainds et al., 2003). Previous studies showed that maternal high fat exposure could cause irreversible and long term damages to the oocytes including meiotic chromosome abnormality, mitochondrial dysfunction and elevated levels of oxidative stress (Luzzo et al., 2012; Cardozo et al., 2016; Hou et al., 2016). Because women with severe hyperlipidemia are commonly advised to lose weight and reduce fat before starting ART in our center, biochemical lipid levels in most patients with dyslipidemia were only slightly increased and still close to normal level. Therefore, the results revealed that slightly elevated lipid metabolic levels might be beneficial to follicular activation and folliculogenesis.

Overweight and obesity were closely associated with poor oocyte maturation quality and developmental potential in unstimulated natural cycles. Numerous studies in previous on the relationship between BMI and ART outcomes mainly focused on COH cycles and found that obesity had no effect on or reduce the number of oocytes retrieved, MR and FR in COH cycles (McCormick et al., 2008; Bellver et al., 2010; Luke et al., 2011; Kudesia et al., 2018). A retrospective study focused on hCG-primed IVM outcomes found comparable oocyte quality among PCOS patients with different BMI (Shalom-Paz et al., 2011). However, only the number of oocytes retrieved, fertilized oocytes and good quality embryos per cycle were compared (Shalom-Paz et al., 2011), while the rate comparison of MR, FR which are more objective parameters was not included.

Obesity is commonly associated with increased ovarian inflammation and oxidative stress which can impair oocyte nuclear and cytoplasmic maturation, follicular steroidogenesis and ovulation (Snider and Wood, 2019). Diet-induced obese mice revealed more apoptotic follicles, smaller oocytes and impaired maturation ability (Jungheim et al., 2010) due to increased oocyte aneuploidy (Luzzo et al., 2012) and mitochondrial dysfunction (Grindler and Moley, 2013). This study concerning unstimulated natural cycles confirmed this adverse effect of obesity on oocyte maturation quality from a clinical perspective.

Obese patients’ oocytes were usually exposed to high cholesterol, triglycerides and lipoprotein environment, but our research showed no significant association between biochemical parameters and oocyte and embryo quality. This seemingly contradiction can be explained partially by the measurement method and clinical significance of BMI and serum biochemical parameters. BMI, to some extent, is the result of various metabolic disorders with more significant influence on oocyte maturation and embryo quality compared with a certain metabolite.

Our study showed that poor live birth outcomes of embryo transfer cycles were associated with obesity. Some of the previous studies showed that BMI was an important reproductive potential regulator in COH cycles (Sarais et al., 2016). However, unstimulated natural cycles are largely different from COH cycles for the absence of ovarian induction drugs. Obese patients with PCOS undergoing hCG-primed IVM cycles showed comparable pregnancy rate to those who were normal and overweight (Buyuk et al., 2011), which was similar to the uncorrelation between BMI and clinical pregnancy rate in our study. Gestation is characterized by hyperlipidemia which is the body’s metabolic adaptation to pregnancy to save glucose and energy for the fetus (von Versen-Hoeynck and Powers, 2007), which means that the basal serum lipid biochemical parameters levels before oocyte retrieval of unstimulated natural cycles may be largely different from that during pregnancy. In addition, the perinatal complications and drugs also have an impact on clinical outcomes. Therefore, it remains difficult and needs further researches to predict clinical pregnancy and live birth outcomes simply by BMI, TC, TG, HDL-C and LDL-C before unstimulated natural cycles.

The immature oocytes retrieved in unstimulated natural cycles are commonly pretty limited, thus clinicians will make effort to enlarge the number of oocytes retrieved through preoperative assessments and operative skills in the oocyte retrieval to improve ART outcomes. Our results showed that basal lipid metabolic status measured by BMI and biochemical parameters was closely associated with the number of oocytes retrieved and quality of in vitro matured oocytes. Though BMI is a canonical measure of body fatness, it can hardly completely represent body’s lipid metabolic status and reflect the influence of maternal lipid metabolism on folliculogenesis and oocyte quality. The significant association between slightly elevated biochemical levels of lipid metabolism (high TC, TG, LDL, and low HDL) and increased number of oocytes retrieved suggested that the biochemical parameters should be considered meanwhile with BMI. Lean and overweight women with slightly increased serum biochemical parameters of lipid metabolism were more likely to obtain more immature oocytes in oocyte retrieval and the management of body weight and serum lipid was pretty important.

As the important indispensable component of follicular microenvironment, lipid metabolites could be transferred across follicular cells and regulate the process of hormones secretion, folliculogenesis and oocyte meiosis. Follicle fluid is the environment that follicular somatic cells directly contact with, thus the relationship of lipid metabolites in serum and follicular fluid and the impact of them in these two places on folliculogenesis, oocyte maturation in vivo in women with PCOS remain to be further explored. Besides, the association of maternal lipid metabolism during pregnancy and clinical outcomes after oocyte retrieval of unstimulated natural cycles should be analyzed in the future.

However, there are some limitation in this study. Insulin resistance is an important characteristic of PCOS and had negatively effect on the number of oocytes retrieved in hCG-primed patients with PCOS undergoing IVM cycles in a (Vlaisavljević et al., 2009) but not in another study (Chang et al., 2013). The correlation analysis of 238 patients with fasting serum glucose and fasting insulin tested in our study showed no significant relationship between homeostatic model assessment of insulin resistance (HOMA-IR) and the number of oocytes retrieved (data were not given). Further studies with complete data on insulin resistance are needed to ensure the reliability of the results. In addition, different operators may have an impact on IVM outcomes. Therefore, oocyte retrieval operation and IVM were conducted by the experienced clinicians or embryologists in our center according to the same standard procedures to avoid this effect as much as possible.



CONCLUSION

This study clarifies the relationship between basal lipid metabolism and ART outcomes in women with PCOS undergoing unstimulated natural cycles, which has never been discussed before. And we found that there is a direct effect of maternal lipid environment on oocyte and embryo developmental potential as well as clinical outcomes in women with PCOS. The maternal lipid environment of women with PCOS can affect folliculogenesis and developmental potential of in vitro matured oocytes. BMI-measured healthy weight and slightly elevated biochemical levels of lipid metabolism were potential predictive factors for the number of oocytes retrieved and should be considered together to assess the oocyte quality and perform intervention before the start of unstimulated natural cycles in clinical practice. In all, this study is helpful to further clarify the endocrine and metabolic factors that influence the reproductive potential of patients undergoing unstimulated natural cycle, and contribute to the determination of clinical treatment schemes for PCOS patients.
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Utilizing microinjection to introduce biological molecules such as DNA, mRNA, siRNA, and proteins into the cell is well established to study oocyte maturation and early embryo development in vitro. However, microinjection is an empirical technology. The cellular survival after microinjection is mainly dependent on the operator, and an experienced operator should be trained for a long time, from several months to years. Optimizing the microinjection to be highly efficient and quickly learned should be helpful for new operators and some newly established laboratories. Here, we combined the tip pipette and piezo-assisted micromanipulator to microinject the oocyte and early embryos at different stages of mouse. The results showed that the survival rate after microinjection was more than 85% for cumulus–oocyte complex, germinal vesicle oocyte, two-cell, and four-cell embryos, and close to 100% for MII oocyte and zygotes. The high-rate survival of microinjection can save many experimental samples. Thus, it should be helpful in studying some rare animal models such as aging and conditional gene knockout mice. Furthermore, our protocol is much easier to learn for new operators, who can usually master the method proficiently after several training times. Therefore, we would like to publicly share this experience, which will help some novices master microinjection skillfully and save many laboratory animals.

Keywords: microinjection, cumulus–oocyte complex, GV oocyte, MII oocyte, zygote, two-cell embryo, piezo-assisted micromanipulator


INTRODUCTION

Delivery of desired molecules (especially nucleic acids) into living cells is a prerequisite of most biological research and treatments. According to the methods and reagents used, the delivery methods are classified into three categories: chemical, biological, and physical (Chou et al., 2011; Stewart et al., 2016, 2018). Mainly, the chemical methods include cationic lipid or cationic polymer-mediated delivery and calcium phosphate co-precipitation (Kim and Eberwine, 2010; Stewart et al., 2016). The biological method includes viral delivery (Samulski and Muzyczka, 2014). The physical methods include electroporation, laser-mediated transfection, biolistic particle delivery, and direct microinjection (Stewart et al., 2016, 2018). Benefiting from the development of biotechnology, many high-efficiency, and low-toxic transfection reagents such as liposomes, peptide-derived nanoparticles, and viral vectors have been rapidly developed in the last 20 years (Kim and Eberwine, 2010; Samulski and Muzyczka, 2014; Stewart et al., 2016). So the transfection that introduces nucleic acids such as mRNA and siRNA into cells is much easier than before. The mouse is one of the most important mammalian models to study reproduction because it has the characteristics of mammals identical to humans and a very high reproduction rate. However, since the mouse oocytes and early embryos are surrounded with a zona pellucida, and many transfection reagents are cytotoxic more or less, these chemical and biological transfection methods are not well suitable for them. Thereby, microinjection is still the most important method to deliver various biological materials into mouse oocytes and early embryos (Andras Nagy et al., 2003).

Microinjection is a technology that uses glass micropipettes to introduce nucleic acids, proteins, cytoplasm, organelles, microorganisms, and various other substances into living cells. It was invented by Dr. Marshall Barber, a bacteriologist at the University of Kansas School of Medicine. Originally, it was used to inoculate bacteria into living cells in 1911 (Barber, 1911). Since then, it has been developed for more than 100 years and used in many other cells such as nerve cells, Xenopus oocytes, and chicken embryos (Love et al., 1994; Wong et al., 2014; Aguero et al., 2018). In mice, Lin (1966) at the University of California San Francisco injected the bovine gamma globulin into the mouse pronucleus. Since then, as a commonly used technique, microinjection has been widely used in reproduction research in many laboratories. Generally speaking, the microinjection includes nuclear microinjection, cytoplasmic microinjection, and intracytoplasmic sperm injection (ICSI; Joris et al., 1998; Wall, 2001; Yuan et al., 2009; Rubino et al., 2016). The substances being introduced to a cell can be soluble or insoluble. In this study, we will, hereafter, refer to it as microinject mRNA, siRNA, proteins, and other liquid substances into the cytoplasm.

Unlike chemical and viral transfection, microinjection is a technique that relies more on experience (Joris et al., 1998; Andras Nagy et al., 2003; Jaffe et al., 2009; Kline, 2009; Stein and Schindler, 2011; Jin et al., 2016). The survival rate after microinjection largely depends on the operator and what the sample is injected. Typically, a skillful operator should be trained for a long time from several months to years. Therefore, it should be beneficial to establish a method to obtain a high survival rate for new operators after microinjection. Some monographs and papers have demonstrated the application and methods of microinjection in mouse reproduction (Andras Nagy et al., 2003; Jaffe et al., 2009; FitzHarris et al., 2018), but currently, there is no single protocol that could be used in all the samples from denuded oocyte, cumulus–oocyte complex (COC), and zygote to early embryos (Jaffe et al., 2009; Kline, 2009; Stein and Schindler, 2011). An easy-to-learn method is expected to be applicable to all the mouse oocytes and early embryos at different stages. Here, we optimized the microinjection through a combination of a tip pipette and piezo-assisted micromanipulator. The results demonstrated that the survival rate after microinjection could be about 85% for the COC, germinal vesicle oocyte, two-cell and four-cell embryos, and nearly 100% for MII oocyte and zygotes.



MATERIALS AND METHODS

This study aims to improve the method of microinjecting liquid material into mouse oocytes and early embryos. The readers may have the basic knowledge of mouse reproduction. If anyone is not familiar with mouse reproduction, we recommend a monograph (Manipulation of Mouse Embryos: Laboratory Manual) edited by Andras Nagy et al. (2003).


Mouse Oocyte and Embryo Preparation

All animal experiments in this study were carried out under the guidelines for animal experiment standards in the Guangdong Second Provincial General Hospital. 8-week-old ICR mice were purchased from Beijing HFK Biotechnology Co., Ltd. and raised during the 12/12-h light/dark period. Pregnant mare serum gonadotropin (PMSG) and human chorionic gonadotrophin (hCG) were purchased from Ningbo Animal Hormone Factory, Ningbo, China. Female mice were intraperitoneally injected with 10 IU of PMSG and 10 IU of hCG over a 48-h interval for superovulation. The mice were sacrificed by cervical dislocation 44–48 h after PMSG injection to obtain COC, or 13 and 16 h after hCG injection to obtain MII oocytes and fertilized eggs, respectively. The oocytes and fertilized eggs were collected with M2 medium, and then cultured in M16, or KSOM droplets covered with mineral oil (M5310, Sigma, St. Louis, MO, United States), respectively, and developed at 37∘C and 5% CO2.



Plasmid Construction and mRNA Preparation

GFP-labeled actin plasmid was a gift from Addgene (mEmerald-Actin-C-18, #53978). To construct a GFP plasmid that can be transcribed in vitro, the actin sequence was removed, and a T7 promotor (TAATACGACTCACTATAG) was inserted with the cloning and recombination kit (ClonExpress II One Step Cloning Kit, C112, Vazyme Biotech Co., Ltd., China). The GFP mRNA was then obtained with an RNA transcription kit [HiScribeTM T7 ARCA mRNA Kit (with tailing), E2065S, New England Biolabs, United States] and divided as 0.8 μl each tube and stored at −80∘C until use.



Microinjection Needle Preparation

Capillary glass tubes (outer diameter 1 mm, inner diameter 0.8 mm, and length 10 cm), micropipette puller (P-97, Sutter Instrument, CA, United States), and microforge (MF-900, Narishige, Tokyo, Japan) were used in this study to prepare the microinjection needles (Figure 1A). The capillary glass tube was fixed on the micropipette puller and pulled out as two needles per the instructions of the manufacturer, and then processed as a holding and microinjection pipette. In our method, the microinjection pipette is the most important factor in determining the result of the microinjection. As shown in Figure 1B, according to the parameters of the micropipette puller, three types of needles can be produced: one with a slender tail, the other with a long-tapered end, and the last with a symmetrical tail and small tip, which were subsequently used in our method to make the microinjection pipette. After the two needles were made, one of them was cut with a grinding wheel to make a holding pipette. The cut diameter should be 30∼70 μm (Figure 1C), and the other one should be lightly hit once or twice with the glass ball of the microforge to make a microinjection pipette. It should be noted that the incision of the microinjection pipette may be too small to be seen under the microforge. Finally, the microforge was used to shrink the incision of the holding pipette, and it and the microinjection pipette were bent to a certain extent. Generally, the bending position and angle will not affect the microinjection, while we wanted to bend it to about 15–20° at a position 2.5 mm away from the end of the pipette (Figure 1C).


[image: image]

FIGURE 1. Making holding and microinjection pipettes. (A) The capillary glass tube, the micropipette puller, and the microforging were used to make the holding and microinjection needles in this study. (B) Three types of the needle are produced from the micropipette puller. The needles with a symmetrical tail and small tip are ideal to make microinject pipettes. (C) The cutting diameter should be about 50 μm, which is good for making a holding pipette (the objective lens is ×10). At a position about 2.5 mm away from the end of the pipette, the holding and microinjection needle will be bent for 15–20° (the objective lens is ×5).




Microinjection Sample and Operation Dish Preparation

There are two ways to add mRNA, siRNA, and other microinjection samples into the microinjection pipette. One is to use another pipette to add the samples from the back of the microinjection pipette, and the other is to use the microinjection pipette itself to aspirate the sample from its injection tip (Figure 2A). Compared with the first one, the second one has two advantages. It requires fewer microinjection samples and does not need to change the microinjection pipette for multisample microinjection. Thereby, we used the second one in our study and included the microinjection samples in the operation dish. Before preparing the operation dish, all the liquid, including the M2 operation liquid, 7% polyvinylpyrrolidone solution (ART-4005, SAGE IVF Inc., CT, United States), and microinjection samples were centrifuged at 10,000 × g for 1 min to remove the impurities. Then, as shown in Figure 2B, 1–2 μl of PVP drop for cleaning the microinjection pipette, 0.6–2 μl of microinjection samples, and about 30 μl of M2 operation liquid were included in the operation dish covered with mineral oil. It is worth noting that we would like to use the lid instead of the 35- or 60-mm Petri dish itself and prepare the M2 operation droplet as a long strip instead of a spherical drop in our method. These operations will enable our microinjection pipette to have a longer range of motion and make the oocytes and embryos in the operating drop remain stationary when moving the operating dish. Therefore, we can simultaneously microinject multiple types of oocytes and embryos in one operation drop without mixing them.
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FIGURE 2. Schematic diagram of preparing the operation dish. (A) Two ways to add samples to the microinjection pipette. One is from the tail with another pipette injecting the sample, and the other is to use the microinjection pipette itself to aspirate the sample from its injection tip. The second one was used in our study. (B) An operation and PVP drop and one or several sample drops are included in the operation dish. A lid rather than a 35- or 60-mm Petri dish itself would be a better container for making the operation dish.




Installation of Micropipette

As shown in Figure 3A, an inverted fluorescence microscope (ECLIPSE Ti2-U, Nikon Corporation, Japan), equipped with Nikon Advanced Modulation Contrast and Differential Interference Contrast technology, a glass thermal plate (Tokai Hit, Japan), and a micromanipulator System (Narishige NT-88-V3, Japan), was used as the micromanipulation platform in our study. The microinjection pumps used to install the holding needle and microinjection needle are a pneumatic injector (IM-9C, Narishige, Japan) and oil hydraulic manual microinjector (CellTram Oil, Eppendorf AG, Hamburg, Germany), respectively. In addition, in our study, piezoelectric-assisted micromanipulation (PiezoXpert, Eppendorf AG, Hamburg, Germany) was used to provide the impulse to penetrate the zona pellucida and cell membranes. To stabilize the microinjection needle tip, we added a little mercury to it with a syringe, as shown in Figure 3B. Then, we used a lighter to bake the ends of the holder and the microinjection needles to reduce damage to the rubber ring of the microinjector, and then installed them on the pneumatic syringe and hydraulic manual microinjector for microinjection. Here, according to our experience, the volume of mercury and the roasting degree of the needle will not affect the microinjection. Finally, the holder and microinjection needle were moved to the focal plane of the inverted microscope with the micromanipulator system, and the microinjector was used to squeeze out the air in the microinjection needle (Supplementary Video 1). What needs special attention here is that mercury is toxic and volatile, so it should be handled with care and kept by someone. In our laboratory, mercury is covered with water and stored in glass bottles. Mercury-containing glass bottles and syringes are stored in an aluminum dinner bucket, and mercury-containing microinjection needles will be recycled in water-covered bottles after use (Figure 3C). In addition, the process of adding mercury to the microinjection needle should be performed on the dinner bucket, so that if some mercury leaks out, it will be confined in the dinner bucket and easy to be cleaned.
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FIGURE 3. The microinjection equipment used in this study. (A) An inverted microscope, a micromanipulator system (Narishige NT-88-V3, Japan), a pneumatic injector (IM-9C, Narishige, Japan), an oil hydraulic manual microinjector (CellTram Oil, Eppendorf AG, Hamburg, Germany), and a piezoelectric-assisted micromanipulation (PiezoXpert, Eppendorf AG, Hamburg, Germany) were the microinjection equipment used in this study. (B) The mercury covered with water is stored in a glass bottle and added to the microinjection pipette in an aluminum dinner bucket with a syringe. (C) The microinjection needles were recycled in a bottle filled with water.




Microinjection

In this study, we microinjected COC, GV, and MII oocytes, zygotes, two-, and four-cell embryos with mRNA. Except for some details, the microinjection process for a different objective is similar. First, the microinjection needle is cleaned several times with the microinjector in the PVP drop, and then some PVP is aspirate drawn to separate the mercury and mRNA samples. Finally, the mRNA samples are aspirate drawn to the needle (Supplementary Video 2). It is worth noting that a bit of air in the microinjection needle will not affect the microinjection, so mercury should not be squeezed into the PVP droplets because it is toxic. In addition, the volume of mRNA in the microinjection needle is an important factor in reducing the intensity of piezoelectric-assisted micromanipulation, so we can use it to control the intensity of piezoelectric-assisted micromanipulation in actual operations. Generally, we can aspirate draw more mRNA for microinjection of COC and GV oocytes because their cell membranes are fragile, while microinjection of MII oocytes and early fertilized eggs need to aspirate draw less mRNA because their cell membrane is more flexible. As shown in Figure 4A and Supplementary Videos 3, 4, for COC and GV oocytes, we first moved the microinjection needle close to the zona pellucida, and then a small piezoelectric pulse was used to penetrate it incompletely. Subsequently, we inserted the microinjection needle with the incomplete zona pellucida and cell membrane into the 1/3 to 2/3 of the oocyte, and then the oil pressure microinjector was turned into a state of vomiting and, at the same time, gave the oocyte a minimum amount of Piezo pulse. When we saw that the injection was completed, we quickly pulled out the microinjection needle. For MII oocytes and embryos of different stages, due to the clear perivitelline space, we used higher piezoelectric pulses to completely penetrate the zona pellucida, and then the microinjection was completed similar to GV oocytes (Figure 4B and Supplementary Videos 5–8).
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FIGURE 4. Schematic diagram of microinjection. (A) Microinjection diagram of GV oocytes [microinjection of cumulus–oocyte complex (COC) is similar]. First, the microinjection pipette should be close to, instead of pressing, the zona pellucida, and then a small piezoelectric pulse was used to incompletely penetrate the zona pellucida. Finally, the microinjection needle with the incomplete zona pellucida and the cell membrane is inserted into 1/3 to 2/3 of the oocyte, and then the oil pressure microinjector is turned into a vomiting state, and a minimum amount of piezoelectric pulse is given at the same time. (B) Microinjection diagram of fertilized eggs (microinjection of MII oocytes, two- and four-cell stage embryos are similar). First, the microinjection pipette presses the zona pellucida, and then an intermediate piezoelectric pulse is used to completely penetrate the zona pellucida. Finally, the microinjection needle is inserted into 1/3 to 2/3 of the cell, and then the oil pressure microinjector enters the vomiting state, and the smallest amount of piezoelectric pulse is given at the same time.




Fluorescence Imaging and Analysis

To confirm the success of each microinjection, we injected a GFP-encoding mRNA instead of other samples (such as siRNA) into the target oocytes and embryos, and subsequently, the GFP fluorescence was imaged with a high-speed spinning disk confocal microscopy (Andor Dragonfly 200, Andor Technology, Belfast, United Kingdom), and its fluorescence intensity was obtained by ImageJ.



Data Analysis

Each experiment was repeated more than three times in this study, with more than 10 cells in each sample. The statistical results were analyzed by Origin2019 and expressed as mean ± SEM.




RESULTS AND DISCUSSION

Microinjection is one of the most powerful technologies to study reproduction and early embryo development (Wall, 2001; Andras Nagy et al., 2003; FitzHarris et al., 2018). By utilizing it, people learned a lot of knowledge about oocyte maturation and embryo development. However, microinjection is much more empirical; its success depends mainly on the operator and the injected cells. Oocyte maturation and early embryo development are highly programmed, during which the oocytes and embryos quickly complete various biological events such as meiosis maturation, fertilization, and embryo activation. The cell membranes of oocytes and embryos at different stages are very different, which involves diverse microinjection methods (Jaffe et al., 2009; Kline, 2009; Stein and Schindler, 2011; FitzHarris et al., 2018).

For mouse oocytes, the GV stage is very fragile and can be directly microinjected with a tip needle, while in the MII stage, their membrane is very soft, so an electric-assisted microinjection or piezoelectric-assisted micromanipulator is useful (Yoshida and Perry, 2007; FitzHarris et al., 2018). Piezoelectric-assisted micromanipulators are widely used in various micromanipulations such as ICSI and enucleation/nuclear transfer to penetrate the zona pellucida and membranes with impulse (Yoshida and Perry, 2007). A blunt needle is considered necessary for these purposes because it has the best mechanical force transmission (Hirabayash et al., 2002). Here, we infer that a tip needle produced from a capillary glass tube should be similar to a blunt needle, so we can use it to penetrate the zona pellucida and cell membrane with a piezoelectric-assisted micromanipulator, and considering that the tip needle may damage the cell membrane very slightly, the survival rate after microinjection will be improved.

According to the elasticity of cell membranes, we divide mouse oocytes and embryos into three types. GV oocytes and COC are the first types. These cells are very fragile. It is easy to penetrate their membranes with a tip or even a blunt needle. However, the blunt needle will form a larger hole and rupture the cells, which cannot be healed automatically. Zygotes, two-, and four-cell embryos are the second types, the flexibility of which cell membrane is moderate. So both the tip needle and blunt needle combined with a piezoelectric-assisted micromanipulator can be used for their microinjection. MII oocytes are the third type. These cells are so soft that even a sharp needle cannot easily penetrate the cell membrane. Therefore, piezoelectric-assisted micromanipulators are usually used in their microinjection. Here, we used the optimized method to microinject all the three types of cells. As mentioned above, microinjection is a technique that relies heavily on experience so that the survival rate may vary significantly between different laboratories and operators, even with the same method. Therefore, we only showed the results obtained from our optimized method rather than comparing it with other microinjection methods. The results in Table 1 and Supplementary Videos 3–8 show that the survival rate after microinjection of GV oocytes, COC, two-, and four-cell embryos is more than 85%, and that of MII oocytes and fertilized eggs is nearly 100%. Furthermore, the blastocyst development rate of fertilized eggs, two- and four-cell embryos after microinjection was also examined. The results are shown in Table 2, which are nearly 100%.


TABLE 1. Statistics of microinjection results.

[image: Table 1]

TABLE 2. Statistics of blastocyst development results.

[image: Table 2]
Besides survival and developmental rate, the microinjection volume is another factor that should be considered for microinjection. Here, we injected the mRNA encoding GFP into the oocytes and embryos, so then we could easily evaluate the microinjection effects by the fluorescent signals. The results in Figure 5 indicate that the GFP intensity between different cells is highly similar, which means that the volume of microinjected mRNA is similar and stable.
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FIGURE 5. Representative fluorescence images of oocytes and embryos after microinjection. Different oocytes and embryos were microinjected with GFP mRNA and imaged 5 h later. The results showed that all samples were successfully injected, and except for some COC and four-cell embryos that were not on the focal plane, most of the samples had similar GFP fluorescence. Bar = 50 μm.


Unlike other samples such as cultured cells and tissues, mammalian oocytes, and embryos are relatively scarce. Therefore, the shortage of samples is one of the most important factors limiting the research progress in reproduction and early embryo development, especially for certain mouse models, such as aging, metabolic diseases, and some genome-edited mice with fewer oocytes. Thereby, improving the survival rate after microinjection is very useful for these studies. Here, the microinjection method in this study can have a high survival rate of over 85% for all tested samples, which will enable better utilization of rare oocytes and embryos. In addition, our method is applicable to all samples from fragile GV oocytes to soft MII oocytes, which means that people can use it for microinjection of different samples at the same time and significantly improve the experimental efficiency. In our method, the shape of the micropipette and the use of piezoelectric-assisted micromanipulators are the two most important factors in determining the microinjection results. Since they are relatively stable and more accessible to control, the method is less dependent on experience and more accessible to be mastered by the novice. Generally speaking, in our laboratory, the new users usually master it proficiently after several times of training. Therefore, this optimized microinjection method is very friendly to new users.



CONCLUSION

In summary, this study demonstrates that using a particular tip micropipette combined with a piezoelectric-assisted micromanipulator can significantly improve the survival rate and efficiency of mouse oocyte and embryo microinjection. Microinjection as a prevalent technique is now widely used in reproductive research. The method described here will be helpful to some new users and newly established laboratories, which can save the experimental animals and improve experimental efficiency.
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Polycystic ovary syndrome (PCOS) is typically characterized by a polycystic ovarian morphology, hyperandrogenism, ovulatory dysfunction, and infertility. Furthermore, PCOS patients undergoing ovarian stimulation have more oocytes; however, the poor quality of oocytes leads to lower fertilization and implantation rates, decreased pregnancy rates, and increased miscarriage rates. The complex molecular mechanisms underlying PCOS and the poor quality of oocytes remain to be elucidated. We obtained matched oocytes and cumulus cells (CCs) from PCOS patients, compared them with age-matched controls, and performed RNA sequencing analysis to explore the transcriptional characteristics of their oocytes and CCs. Moreover, we validated our newly confirmed candidate genes for PCOS by immunofluorescence. Unsupervised clustering analysis showed that the overall global gene expression patterns and transposable element (TE) expression profiles of PCOS patients tightly clustered together, clearly distinct from those of controls. Abnormalities in functionally important pathways are found in PCOS oocytes. Notably, genes involved in microtubule processes, TUBB8 and TUBA1C, are overexpressed in PCOS oocytes. The metabolic and oxidative phosphorylation pathways are also dysregulated in both oocytes and CCs from PCOS patients. Moreover, in oocytes, differentially expressed TEs are not uniformly dispersed in human chromosomes. Endogenous retrovirus 1 (ERV1) elements located on chromosomes 2, 3, 4, and 5 are rather highly upregulated. Interestingly, these correlate with the most highly expressed protein-coding genes, including tubulin-associated genes TUBA1C, TUBB8P8, and TUBB8, linking the ERV1 elements to the occurrence of PCOS. Our comprehensive analysis of gene expression in oocytes and CCs, including TE expression, revealed the specific molecular features of PCOS. The aberrantly elevated expression of TUBB8 and TUBA1C and ERV1 provides additional markers for PCOS and may contribute to the compromised oocyte developmental competence in PCOS patients. Our findings may also have implications for treatment strategies to improve oocyte maturation and the pregnancy outcomes for women with PCOS.
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is the most common endocrinopathy in women of reproductive age, with a prevalence of about 10% (March et al., 2010). The syndrome is typically characterized by a polycystic ovarian morphology, hyperandrogenism, and ovulatory dysfunction. Additional clinical features include insulin resistance, obesity, type 2 diabetes (T2D), and infertility (Azziz et al., 2016). Furthermore, a recent study shows that daughters of women with PCOS are more often diagnosed with PCOS. PCOS phenotype can also be transgenerationally transmitted across offspring of female mice (Risal et al., 2019). Previous genome-wide association study (GWAS) analysis identified 11 loci associated with PCOS and candidate genes at these loci, which were related to the clinical manifestations of PCOS, such as infertility, insulin resistance, T2D, and others (Chen et al., 2011; Shi et al., 2012). These studies facilitated an understanding of the etiologic factors accounting for PCOS. Microarray or RNA sequencing analysis of oocytes and/or granulosa cells or cumulus cells (CCs) in women with PCOS has provided insights into the understanding of PCOS (Wood et al., 2007; Haouzi et al., 2012; Wissing et al., 2014; Liu et al., 2016; Chen et al., 2019). In addition, studies focused on ovarian somatic cells or ovary and other tissues revealed the metabolic abnormalities in PCOS (Ma et al., 2007; Corton et al., 2008; Huang et al., 2010; Zhao et al., 2017; Sanchez-Garrido and Tena-Sempere, 2020). The status of metabolism in the oocytes of PCOS patients remains elusive.

Notably, at least 40% of the human genome derives from transposable elements (TEs), yet the transcription of TEs in PCOS patients remains to be comprehensively investigated. TEs are categorized into two features – DNA transposons accounting for 3% of TEs and retrotransposons representing 90% of TEs (Friedli and Trono, 2015), and the retrotransposons are further divided into five orders including long terminal repeat (LTR), Dictyostelium intermediate repeat sequence (DIRS), Penelope-like element (PLE), long interspersed nuclear element (LINE), and short interspersed nuclear element (SINE) (Wicker et al., 2007). Endogenous retroviruses (ERVs), as a superfamily of LTR retrotransposons, can copy and paste their own DNA into the genome (Bannert and Kurth, 2006; Cordaux and Batzer, 2009). TEs also play essential roles in transcriptional modulation, and specific ERV families are transcribed during human preimplantation development, which is stage specific (Goke et al., 2015). Interestingly, a subset of ERV1s and of ERVKs are associated with meiotic gene expression and act as enhancers to activate meiotic genes in human spermatogenesis (Sakashita et al., 2020). Somatic retrotransposons can alter the expression of protein-coding genes differentially expressed in the human brain (Baillie et al., 2011). Malki et al. (2014) proposed that high levels of L1 (LINE 1) link to enhanced oocyte elimination, and L1 activity may be involved in controlling the size and the quality of mammalian ovarian oocyte reserves, yet the L1 methylation levels are only slightly changed in CCs of oocytes from patients with PCOS (Pruksananonda et al., 2016). Dysregulated TEs are involved in gene mutation and the occurrence of a number of human diseases, including malignancies, neurological disease, and normal aging (Payer and Burns, 2019).

In this study, we systematically analyzed TE and global gene expression in oocytes and CCs from PCOS patients and compared them with controls. We identified new candidate genes and TEs underlying PCOS, which may serve as biomarkers of PCOS.



MATERIALS AND METHODS


Human Subjects

The study subjects included five women without PCOS (controls) with body mass index (BMI) between 17.70 and 23.50 kg/m2 and five PCOS patients with BMI between 19.00 and 28.10 kg/m (P = 0.114). The average age of the PCOS patients and controls was 32.40 ± 1.29 and 35.60 ± 2.23, respectively (P = 0.249). The demographic and clinical characteristics of all participants, including age, BMI, LH, and others, were collected and summarized in Supplementary Table 1.

The PCOS patients were diagnosed according to the Rotterdam criteria (Rotterdam, 2004a,b), which meets two of the following three features: oligo- or anovulation, clinical and/or biochemical signs of hyperandrogenism, and polycystic ovary by ultrasound. We excluded other etiologies, such as congenital adrenal hyperplasia, androgen-secreting tumors, and Cushing’s syndrome. Women included in the control group had regular menstrual cycles, normal sonographic appearance of ovaries, and no diabetes or clinical signs of PCOS.

Informed consents were obtained from all the participants included in the study. The study was approved by the Ethics Committee of the Tianjin Medical University General Hospital (No.: IRB2018-102-01) and conducted in accordance with approved institutional guidelines.



Ovarian Stimulation and Oocyte Retrieval

All participants underwent controlled ovarian stimulation using the GnRH antagonist protocols with the recombinant human follicle-stimulating hormone (rhFSH) and intracytoplasmic sperm injection (ICSI) for male fertility. An ultrasound scan and serum estradiol assays were performed for monitoring the follicular size. When two or more follicles were at least 12 mm in diameter, 10,000 IU human chorionic gonadotropin was administered 36 h before oocyte retrieval. The amount and duration of rhFSH treatment were similar in both PCOS patients and controls, exhibiting no statistically significant difference (Supplementary Table 1).



Isolation of Single Oocyte and CCs

Cumulus–oocyte complex was isolated via ultrasound-guided vaginal puncture and classified according to the oocyte nuclear maturation stage: germinal vesicle (GV), metaphase I (MI), and metaphase II (MII). We only collected GV-stage oocytes and the surrounding CCs for this study, whereas MII-stage oocytes were used for clinical fertilization.

The CCs were collected as previously described (Haouzi et al., 2012). Briefly, the CCs were mechanically stripped from oocytes shortly under stereomicroscopy prior to ICSI, and then isolated CCs were dispersed into a single cell with 0.03% hyaluronidase (H6254-500MG, Sigma-Aldrich) and resuspended three times using phosphate-buffered saline (PBS). The separated CCs were counted up to 500 cells and placed in lysate. Tyrode’s Acidic Solution (T1788-100ML, Sigma-Aldrich) was used to facilitate the stripping of the zona pellucida to produce naked oocytes. The oocytes were observed under a microscope to ensure the absence of contamination with CCs. The naked oocytes were carefully washed three times using PBS with 0.1% polyvinylpyrrolidone (P0930-50G, Sigma-Aldrich) to prevent sticking to handling tools or dishes and then placed in lysate.

Six oocytes were collected from five PCOS patients, and six oocytes were also collected from five controls without PCOS (detailed in Supplementary Table 2). Among them, two oocytes were collected from one PCOS patient or one control. Two CC samples were collected from two PCOS patients and two controls; thus, two biological replicates of CCs were obtained from the PCOS patient or control group. The oocytes and CCs from three PCOS patients and three controls were used for RNA-seq. The oocytes from two PCOS patients and two controls were used for subsequent immunofluorescence microscopy or in vitro maturation (Supplementary Table 2).



Library Construction From Oocytes or CCs and Sequencing

Individual oocytes or CC samples (500 cells) were transferred into a lysis buffer quickly, and Smart-seq2 protocol (Picelli et al., 2014) was used to synthesize the cDNA for single-cell RNA-seq analysis. After reverse transcription of mRNA and amplification of cDNA, real-time quantitative polymerase chain reaction (qPCR) analysis was performed to check the quality of the cDNA libraries using a housekeeping gene, GAPDH. The variation in the expression of GAPDH was minimal, and the negative control did not detect any product (Supplementary Figure 1A). The RNA-Seq libraries were constructed by TruePrep DNA Library Prep Kit V2 for Illumina® (TD503-02, Vazyme Biotech) following the instruction manual. Meanwhile, to ensure the accuracy and repeatability of the RNA-seq data, we performed a duplicate when we constructed a library for every oocyte and collected CC samples to match with the retrieval oocytes from two PCOS patients and two controls, so each donor had two CC samples for RNA-seq. We performed 14 cycles of PCR to amplify the cDNA library and simultaneously barcoded it. The final indexed libraries were pooled and sequenced on an Illumina HiSeq X10 platform with a 150-bp paired-end read length.



RNA-Seq Data Processing and Analysis

For RNA-seq raw reads with low-quality bases, adapters were trimmed by Trimmomatic (Bolger et al., 2014) to obtain clean reads (parameters: -PE -phred33 -SLIDINGWINDOW:4:15 -LEADING:10 -TRAILING:3 -MINLEN:36). Clean reads were aligned to the UCSC human hg19 reference using the Hisat2 with default settings (Kim et al., 2015). The read counts of each gene annotated in RefGene were calculated by featureCounts with default parameters (Liao et al., 2014). The RNA-seq libraries of each oocyte and each CC sample were sequenced at an average depth of approximately 4.6 million reads per oocyte and 6.8 million per CC sample (Supplementary Figure 1B), and the average ratio mapped for each oocyte and each CC sample was 72.98 and 54.88%, respectively (Supplementary Figure 1C). The read counts were loaded into RStudio (v3.6.1). For the accuracy of the gene expression levels, only genes with transcripts per million (TPM) > 1 in at least one oocyte or CC sample were analyzed. DESeq2 (Love et al., 2014) was used to obtain the statistical significance of differentially expressed genes (DEGs) between PCOS and control. Only the genes with a fold change of log2 transformed larger than log2(1.5) and adjusted P value < 0.05 from DEseq2 results were considered to be differentially expressed. The adjusted P values were computed in DESeq2 using the Wald test, adjusted for multiple testing using the procedure of Benjamini and Hochberg (Hochberg and Benjamini, 1990). Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs was performed using DAVID (v6.8) (Huang da et al., 2009), and only the enriched pathways that showed a P value < 0.05 were chosen as significant enrichment. The gene expression level in a sample was quantified as the TPM, which was calculated according to the following formula: [image: image], where Cij was the count value of gene i in sample j. Genes with expression transformed to the TPM values were used for t-SNE dimension reduction by R package “Rtsne” and t-SNE map drawn using the R package “ggplot2.” Diagrams were generated by the TPM value of each gene that were plus two then log2-transformed.



Transposable Element Analysis

Clean reads were aligned to the UCSC human hg19 reference by STAR with parameters “-winAnchorMultimapNmax 100” and “-outFilterMultimapNmax 100” (Jin et al., 2015). Based on the previous method (Ohtani et al., 2018), only the TEs mapping their distributions in intergenic regions were considered, excluding the location between the transcription start sites and transcription end sites of genes. TEs annotated in UCSC Genome Browser (RepeatMasker) were counted using featureCounts. The reads mapped to TEs of each oocyte and each CC sample were sequenced at an average depth of approximately 0.7 million reads per oocyte and 2.0 million per CC sample (Supplementary Figure 1D), and the average ratio mapped of each oocyte and each CC sample was 11.55 and 16.58%, respectively (Supplementary Figure 1E). The DESeq2 was subsequently applied to identify differentially expressed TEs, and only the TEs with a fold change of log2 transformed larger than log2(1.5) and adjusted P-value < 0.05 from DEseq2 results were considered to be differentially expressed, and the expression of TEs was normalized by DESeq2. The normalized expression of TEs was used as input for t-SNE dimension reduction.



Correlation Analysis

We screened genes with −log10 (padj) > 10 from the differential gene expression of oocytes, showing the most significantly upregulated protein-coding genes in PCOS oocytes, and then calculated the average normalized expression of these genes in each oocyte (Gi). By counting the proportion of differentially expressed TEs on each chromosome according to the classification of the classes and super-families, we found out the super-families significantly enriched and upregulated in PCOS oocytes and then calculated the average normalized expression of the super-families in each oocyte (Ti). Log2-transformed Gi values and log2-transformed Ti values were used as inputs for correlation analysis using Pearson’s correlation. The plot was drawn by the R package “pheatmap.”



Oocyte in vitro Maturation

The in vitro maturation of GV oocytes was achieved using SAGE IVM media kit (ART-1600). Briefly, GV oocytes surrounded by CCs, retrieved during IVF cycles, were washed twice with SAGE washing medium and then cultured in SAGE IVM medium with 75 IU human menopausal gonadotropin for approximately 24 h under paraffin oil at 37°C in a highly humidified atmosphere of 6% CO2 in air (Fesahat et al., 2017). Oocyte maturation was assessed by the presence of the first polar body using a stereomicroscope. For immunofluorescence microscopy of oocytes, the surrounding CCs were removed by hyaluronic acid.



Immunofluorescence and Confocal Microscopy

Immunofluorescence microscopy of oocytes for spindle imaging was performed based on the previous method (Allworth and Albertini, 1993). The oocytes were fixed in fixative (MTSB XF) at 37°C for at least 30 min and then washed four times with washing buffer (PBS, supplemented with 0.02% NaN3, 0.01% Triton X-100, 0.2% non-fat dry milk, 2% goat serum, 2% bovine serum albumin, and 0.1 M glycine). Afterward, the oocytes were left in the washing buffer for 2 h at 37°C for blocking. To determine protein expression, the oocytes were incubated with anti-TUBB8 antibody (1:500, SAB2700070, Sigma-Aldrich) or anti-TUBA1C (1:300, PA516891, Thermo Fisher Scientific) overnight at 4°C. The oocytes were washed and incubated with secondary goat anti-rabbit IgG Alexa Fluor 594 antibody (1:200, 111-585-003, Jackson) at 37°C for 2 h and Hoechst 33342 (1:200, H3570, Life Technologies) to label the DNA. The oocytes were mounted on glass slides, sealed with nail polish, and examined with a confocal laser scanning microscope (Leica). The oocytes not incubated with anti-TUBB8 or TUBA1C antibodies but only with the secondary antibody and stained DNA with Hoechst 33342 served as control for non-specific staining. The control oocytes showed only DNA staining (in blue) and no other non-specific staining.



Gene Expression Analysis by Real-Time Quantitative PCR

The mRNA of CCs was reverse-transcribed to cDNA according to the Smart-seq2, and the products were diluted at a final concentration of 0.25 ng/μl. qPCR reactions were performed in duplicate with the FS Universal SYBR Green Master (4913914001, Roche) and run on the iCycler MyiQ2 Detection System (Bio-Rad). Each sample was repeated three times and analyzed using GAPDH as the internal control. The amplification program was set up as follows: primary denaturation at 95°C for 10 min, then 40 cycles of denaturation at 95°C for 15 s, annealing and elongation at 58°C for 1 min, and last cycle for dissociation curve under 55–95°C. The primers used for qPCR are listed in Supplementary Table 3, and their specificity was confirmed with a dissociation curve.



Permutational Multivariate Analysis of Variance

Differences of global gene or TE expression between the PCOS and control groups were tested by permutational multivariate analysis of variance (PerMANOVA) as implemented by the function adonis in the R package vegan (v2.5-6) based on the Bray–Curtis distance measure (permutation:999).



Statistical Analysis

Data for gene expression levels was analyzed by Student’s t-test (paired comparison) and ANOVA (multiple comparisons) using StatView software from SAS Institute Inc. (Cary, NC, United States). The results are represented as mean ± SD, and the P values for these statistical analyses were based on three oocytes in duplicate or two CC samples in duplicate from three PCOS patients or three controls. Data for clinical characteristics and hormone levels between PCOS patients and controls was analyzed by unpaired Student’s t-test using the SPSS 26.0 software and shown as mean ± SEM (n = 5). Significant differences were defined as ∗P < 0.05, ∗∗P < 0.01, or ∗∗∗P < 0.001.



RESULTS


Global Gene Expression Profile of Oocytes Distinguishes PCOS From Control

The study included five PCOS patients and five controls, and the clinical characteristics are shown in Supplementary Table 1. The PCOS patients exhibited a significantly higher LH level (7.71 ± 1.11 mIU/ml) than controls (3.93 ± 0.65 mIU/ml). Compared to controls (FSH: 6.99 ± 0.56 mIU/ml, T: 28.80 ± 7.23 ng/ml, E2: 3,272.60 ± 603.52 pg/ml), the PCOS patients had lower FSH levels (4.91 ± 0.46 mIU/ml), elevated testosterone (52.87 ± 3.93 ng/ml), and higher E2 levels (5,813.53 ± 298.03 pg/ml). In addition, the number of antral follicles and oocytes retrieved from PCOS patients (31.40 ± 1.69 and 34 ± 7.62, respectively) was significantly more than that of controls (16.80 ± 3.40 and 15.20 ± 2.78, respectively). Next, we performed RNA sequencing of six GV oocytes and four CC samples from the same PCOS patients or controls. The sequencing depth of libraries for all oocytes was sufficient to ensure the accuracy and consistency of a subsequent analysis. After quality control and filtration of the RNA-seq data, we identified 24,251 genes expressed in oocytes and 42,725 genes in CC samples. The obtained RNA-seq normalized data were used for dimensional reduction analysis (t-SNE) (van der Maaten and Hinton, 2008) by an unsupervised approach, showing that there was a clear separation between oocytes and matched CCs with or without PCOS (Supplementary Figure 1F). Interestingly, we found distinct PCOS-specific clustering of oocytes, whereas the clustering of CCs displayed some overlap. Meanwhile, PerMANOVA further confirmed significant differences in the global gene expression of oocytes or CCs between the PCOS and control groups (Supplementary Table 4, P = 0.004, P = 0.03). Hence, oocytes and CCs had different gene expression patterns in the occurrence of PCOS.

To explore the pattern of gene expression in oocytes from PCOS, we applied t-SNE to the normalized expression data by using unsupervised clustering. The PCOS and control clusters could be noticeably differentiated (Figure 1A). Next, we examined DEGs between PCOS (1,433 genes upregulated and 1,322 genes downregulated) and control oocytes (Figure 1B and Supplementary Table 5). Although these data were only generated from three PCOS patients and three controls, such consistent gene expression patterns among them shown in the heatmap demonstrated the robustness of our RNA-seq analysis as well as minimal variations among patients. By GO analysis, crucial functions (P < 0.05) enriched by upregulated DEGs are displayed (Supplementary Figure 1G). It is noteworthy that genes associated with the function of chromatin, microtubule, cytoskeleton, and actin were upregulated in oocytes from PCOS women (Figures 1C,D). Among genes involved in the microtubule-based process, TUBB8 and TUBA1C exhibited the highest expression levels in PCOS oocytes. The immunofluorescence of oocytes confirmed TUBB8 and TUBA1C overexpression in oocytes from women with PCOS (Figure 1E). It has been found that TUBB8 plays a key role in meiotic spindle assembly and maturation in human oocytes, and mutations in TUBB8 lead to oocyte maturation arrest (Feng et al., 2016; Chen et al., 2017).
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FIGURE 1. Global gene expression profile distinguishes polycystic ovary syndrome (PCOS) from control oocytes. (A) Visualization of the gene expression of six oocytes by t-SNE, which are clustered into two subpopulations including the control group and the PCOS group; the red and blue points represent PCOS and control oocytes, respectively. (B) Heat map displaying differentially expressed genes (DEGs) in oocytes between PCOS and control. The number of up-DEGs is 1,433 and down-DEGs is 1,322. The color key from blue to red indicates the relative gene expression levels from low to high, respectively. (C) Heat map of genes involved in cytoskeleton organization that were upregulated in PCOS oocytes. (D) Six genes associated with a microtubule-based process. The red and blue bars represent PCOS and control, respectively. The gene expression levels are represented by log2 [TPM + 2], and data represents mean ± SD. n = 3 (participants). *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. (E) Bright-field and immunofluorescence images of TUBA1C and TUBB8 in normal and PCOS oocytes at the germinal vesicle (GV) stage or metaphase II (MII) stage after in vitro maturation. Upper panel, oocytes (PCOS and control) at GV stage and two PCOS oocytes or two control oocytes were obtained from the same person. Lower panel, oocytes (PCOS and control) after in vitro maturation. Hoechst (blue) was used to counterstain and visualize DNA. Scale bar represents 20 μm. The magnifications of the spindle regions are shown at the bottom, and the scale bar is 10 μm (bottom). (F) Heat map of genes associated with oocyte meiosis downregulated in PCOS oocytes.


Meanwhile, the pivotal function (P < 0.05) enriched by downregulated DEGs was also revealed (Supplementary Figure 1H). By KEGG analysis, significantly downregulated signaling pathways in PCOS oocytes included the MAPK, mTOR, and FOXO signaling pathways (Supplementary Figure 1I). The MAPK signaling pathway is important for the cell cycle of human oocytes (Pal et al., 1994; Sun et al., 1999), and the mTOR–eIF4F pathway spatiotemporally regulates the translation of mammalian oocytes in meiosis (Susor et al., 2015). Upregulated genes were also enriched for the signaling pathways (P < 0.05) of spliceosome and gap junctions (Supplementary Figure 1J). Gap junctions play an important role in the communication between oocytes and CCs, and the breakdown of the gap junction in the ovarian follicle induces a recommencement of meiosis (Sela-Abramovich et al., 2006; Gershon et al., 2008).

Based on the above-mentioned GO and KEGG analysis of oocytes from PCOS, we considered that a disordered expression of several signaling pathways and a dysfunction of the cytoskeleton, specifically microtubules, may result in meiotic abnormality in the oocytes from patients with PCOS. Indeed while control oocytes reached MII with clearly visible, barrel-shaped spindle with well-aligned chromosomes, PCOS oocytes displayed maturation arrest and no spindles as well as disrupted TUBB8 (Figure 1E). Genes involved in meiosis were also downregulated in PCOS oocytes (Figure 1F). Taken together, our data revealed that the aberrant gene expression profile, including cytoskeleton, microtubule, and meiosis, likely impairs the developmental competence of oocytes from patients with PCOS.



Gene Expression Pattern of CCs During the Occurrence of PCOS

An intimate communication between oocytes and CCs plays a crucial role in follicle development and oogenesis (Canipari, 2000). We also performed an RNA-seq analysis of CCs from the same patients who donated the oocytes. All CCs were clustered into two groups, depending on whether suffering from PCOS or not (Figure 2A). The clear separation of the t-SNE pattern indicated a pronounced difference in the transcriptome of PCOS and control CCs. We then characterized DEGs between PCOS CCs (704 upregulated genes and 1,091 downregulated genes) and control CCs (Figure 2B and Supplementary Table 6). The GO terms (biological process, BP) enriched by upregulated DEGs were found in PCOS CCs (Supplementary Figure 2A). Several genes associated with the positive regulation of the apoptotic process demonstrated an increased expression level in PCOS CCs (Figure 2C). Genes associated with a positive regulation of GTPase activity were also overexpressed in CCs from women with PCOS (Figure 2D).
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FIGURE 2. The gene expression pattern differs between PCOS and control cumulus cells (CCs). (A) Visualization of gene expression by RNA-seq from four CC samples by t-SNE, showing that CCs are clustered into two distinct subpopulations. The red and blue points represent PCOS and control CCs, respectively. (B) Heat map of DEGs in CCs between PCOS and control. The number of up-DEGs is 704 and down-DEGs is 1,091. The color key from blue to red indicates the relative gene expression levels from low to high, respectively. (C) Heatmap of genes involved in the positive regulation of apoptotic process upregulated in PCOS CCs. (D) Heat map of genes related to the positive regulation of GTPase activity upregulated in PCOS CCs. (E) Heat map of genes involved in metabolic pathways downregulated in PCOS CCs. (F) Heat map of genes involved in oxidative phosphorylation downregulated in PCOS CCs. (G) Heat map of genes related to metabolic pathways downregulated in PCOS oocytes. (H) Heat map of genes related to oxidative phosphorylation downregulated in PCOS oocytes.


Moreover, the downregulated DEGs included oxidative reduction and glycogen biosynthetic processes and response to hypoxia (Supplementary Figure 2B). The decreased expression levels of “response to estrogen”-related genes may explain why patients with PCOS are less sensitive to estrogen and have increased T levels (Supplementary Table 1), supporting the increased androgen biosynthesis in PCOS theca cells and the inhibition of aromatase in granulosa cells (Nelson et al., 1999; Magoffin, 2006).

By KEGG analysis of crucial signaling pathways, strikingly, among these signaling pathways (Supplementary Figures 2C,D), many genes involved in metabolic and oxidative phosphorylation pathways showed a decreased expression in CCs from women with PCOS (Figures 2E,F), consistent with those of oocytes from PCOS women (Figures 2G,H). However, the genes of metabolic pathways and oxidative phosphorylation were not the same in CCs and oocytes, owing to their different cell types. Some genes involved in the PI3K-Akt signaling pathway displayed high expression levels in CCs from PCOS patients (Supplementary Figure 2E). In addition, genes related to the MAPK and Ras signaling pathways were also expressed at increased levels in PCOS CCs (Supplementary Figures 2F,G). Our analysis revealed a simultaneous dysfunction of oxidative phosphorylation and metabolic pathways in both CCs and oocytes, in addition to the changes in previously known signaling pathways found in granulosa cells or CCs.



Disorder of Mitochondrial Function and Communication in PCOS Oocytes and CCs

The bidirectional communication between oocytes and their associated somatic cells plays a pivotal role in fertility and embryogenesis (Matzuk et al., 2002). To investigate whether the crosstalk is dysfunctional between oocytes and CCs in PCOS, we explored the signaling pathways that are potentially involved in the interaction between oocytes and CCs. The NOTCH signaling pathway, such as ligands DLL3 and JAG2, had no significant difference in oocytes between PCOS and controls, and only receptor NOTCH3 and target gene HES1 were differentially expressed in PCOS CCs (Supplementary Figure 3A). In terms of the gap junction, the expression of three key genes related to this pathway, including GJC1, GJA3, and GJA1, did not differ in CCs with PCOS and controls (Supplementary Figure 3B). The ligand KITLG and the receptor KIT displayed increased expression levels in CCs and oocytes from PCOS patients, respectively (Supplementary Figure 3C).

Remarkably, the ligand GDF9 in oocytes was downregulated in the TGF-β signaling pathway, whereas the ligand BMP4 was upregulated in the CCs of PCOS patients. Although the expression of receptors did not differ in CCs, the target genes correlating with cumulus–oophorus extracellular matrix and luteal function, including TNFAIP6, PTX3, ID1, ID2, and ID4, were downregulated in PCOS CCs (Figure 3A). This suggests incomplete cumulus expansion and aberrant luteinization, which presumably affects ovulation in women with PCOS. Overall, the bidirectional communication between the oocytes and CCs may be disrupted.
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FIGURE 3. Disorder of mitochondrial function and communication in CCs and oocytes with PCOS. (A) The TGF-β signaling pathway is involved in the oocyte–GC interactions. The schematic diagram at the left shows the relationship among these genes. The diagrams at the right show the relative expression levels [log2 ([TPM+2)] of ligands, receptors, and target genes between PCOS and control in oocytes (n = 3 participants) and CCs (n = 2 participants). Data represents mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. (B) Heat map of DEGs involved in the mitochondria that were downregulated in oocytes with PCOS. (C) Gene ontology (GO) enrichment analysis of downregulated mitochondria genes in PCOS oocytes. The red bars represent biological process (BP), and the blue bars represent cellular component (CC). (D) Heat map of DEGs involved in mitochondria downregulated in PCOS CCs. (E) GO enrichment analysis of downregulated mitochondria genes in PCOS CCs.


The above-mentioned functional enrichment analysis of oocytes and CCs demonstrated alterations in genes related to metabolism and oxidative phosphorylation. Furthermore, 147 of genes involved in mitochondrial function were downregulated in PCOS oocytes (Figure 3B and Supplementary Table 7). A total of 174 genes associated with mitochondrial function were also downregulated in PCOS CCs (Figure 3D and Supplementary Table 8), and the CCs and oocytes shared 18 genes related to the mitochondria. The downregulation of mitochondria-related genes such as NDRG4, UCP2, and MRPS26 by RNA-seq was further validated by real-time qPCR (Supplementary Figure 3D). We also investigated mitochondrial function and components by GO analysis, including BP and cellular component. The downregulated mitochondrial genes in oocytes and CCs were enriched for the same cellular component terms, including mitochondrial inner membrane, mitochondrial large ribosomal subunit, mitochondrial respiratory chain complex I, and mitochondrial small ribosomal subunit (Figures 3C,E). Furthermore, several BP terms were also enriched in oocytes and CCs, including mitochondrial translational elongation/termination, mitochondrial respiratory chain complex I assembly and mitochondrial electron transport, and NADH to ubiquinone. Globally, the GO analysis of mitochondria-related genes highlighted that mitochondrial dysfunction and faulty mitochondrial components simultaneously occur in oocytes and CCs in women with PCOS, which might contribute to oocytes with decreased fertilization and impaired embryonic development.



Expression Pattern of TEs in Oocytes Between PCOS and Control

In addition to alteration of gene expression in oocytes and CCs, we also investigated whether TEs are involved in the pathogenesis of PCOS. Two clusters representing PCOS or control were clearly identified (Figure 4A), and PerMANOVA also demonstrated that the expression pattern of TEs can distinguish PCOS from control oocytes (Supplementary Table 4, P = 0.004). The PCOS oocytes showed 455 upregulated and 371 downregulated TEs (Figure 4B and Supplementary Table 9). Most upregulated or downregulated TEs in PCOS oocytes belonged to LTR elements, LINEs, and SINEs (Supplementary Figure 4A). The LTR elements accounted for the largest proportion of main classes. The proportion of downregulated TEs (43.08%) classified in LTR elements was slightly higher than the upregulated TEs (39.08%). In terms of superfamily, the differentially expressed TEs in PCOS oocytes mainly pertained to ERV1, ERVL-MaLR, Alu, L1, and hAT-Charlie. The upregulated TEs belonged to ERV1 and ERVL-MaLR, in contrast to L1, Alu, and hAT-Charlie (Supplementary Figure 4B). We further analyzed LTR retrotransposons which are proportionately greater than other repeat classes. Approximately 24% of ERV1 elements were highly expressed in PCOS oocytes, including LTR1C, LTR16C, MLT1J2, MER4C, and MLT1G1, in contrast to the 11% downregulated expression of ERV1 elements, including LTR12C, MLT1H1, MER41B, and LTR7Y (Supplementary Figure 4C).
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FIGURE 4. Retrotransposons in PCOS and control oocytes. (A) Visualization of transposable element (TE) expression of oocytes by t-SNE, showing two clusters, including one for PCOS oocytes and the other for control oocytes (n = 6). Each dot corresponds to one oocyte, clustered by color. (B) Heat map of differentially expressed TEs (DETs) in oocytes between PCOS and control. The number of up-DETs is 455 and down-DETs is 371. The color key from blue to red indicates the relative gene expression levels from low to high, respectively. (C) The proportion of differentially expressed TEs in each chromosome. The red bars represent the percentage of upregulated TEs, and the blue bars represent the percentage of downregulated TEs. (D) Proportion of DETs classified by repeat classes on different chromosomes. Dots from large to small or color from dark to light represents the proportion from high to low. (E) Proportion of differentially expressed long terminal repeat (LTR) elements classified by repeat super-families on chromosomes 2, 3, 4, and 5. (F) Correlation between the expression levels of ERV1 elements on chromosomes 2, 3, 4, and 5 and of protein-coding genes in PCOS oocytes. The correlation coefficient is shown on the plot. (G) The expression levels of differentially expressed ERV1 elements on chromosomes 2, 3, 4, and 5 in PCOS oocytes, and also shown are two differentially expressed ERV1 elements on each chromosome.


To analyze the chromosomal distribution of differentially expressed TEs, we classified differentially expressed TEs according to the chromosome position (chromosome 1-22, X chromosome) (Figure 4C). The differentially expressed TEs were not uniformly dispersed in the human chromosomes. Most differentially expressed TEs were distributed on chromosomes 1–8. In contrast, TEs on chromosomes 20, 21, and 22 and X chromosome were less differentially regulated (Supplementary Figure 4D). Moreover, differentially expressed TEs were mainly enriched in LTR elements on chromosomes 2, 3, 4, and 5 (Figure 4D). The LTR elements were composed of Gypsy, Copia, Bel-Pao, retrovirus, and ERV, based on the classification system for TEs (Wicker et al., 2007). Notably, most differentially expressed LTR elements on chromosomes 2, 3, 4, and 5 were classified as ERV1 elements (Figure 4E). To confirm whether these differentially expressed ERV1 elements were involved in the occurrence of PCOS, we screened 13 most significantly upregulated genes with −log10 (padj) > 10 from the DEGs between PCOS oocytes and controls (Supplementary Table 10) and then performed a correlation analysis by Pearson’s correlation between the average normalized expression levels of 13 most significant PCOS-specific protein-coding genes and of the upregulated ERV1 elements on chromosomes 2, 3, 4, and 5 in PCOS oocytes. Strikingly, the highly upregulated ERV1 elements on chromosomes 2, 3, 4, and 5 are significantly correlated with those of 13 protein-coding genes notably including tubulin-associated genes TUBA1C, TUBB8P8, and TUBB8 (Figure 4F) and these ERV1 elements were activated in PCOS oocytes (Figure 4G), suggesting that ERV1 elements may be involved in the alterations in gene regulation observed in PCOS.



TE Expression Profile in CCs Between PCOS and Control

We wondered whether TEs are also differentially expressed in PCOS CCs. By t-SNE clusters, the transcription of TEs in PCOS CCs clearly was distinguishable from that of the control (Figure 5A). The overall alteration of TE expression profile in PCOS CCs was not as dramatic as in PCOS oocytes, and the TE expression profile in PCOS CCs did not differ from that of controls by PerMANOVA (Supplementary Table 4, P = 0.280). Compared with control CCs, 14 differentially expressed TEs displayed upregulation and seven displayed downregulation in PCOS CCs (Figure 5B and Supplementary Table 11). Most differentially expressed TEs were enriched in L1 elements (Supplementary Figure 4E and Figure 5C). L1 retrotransposons are autonomously active and can integrate into the genome, which can remodel the gene structure and further impact human evolution and disease (Sultana et al., 2019). Most differentially expressed L1 elements exhibited high expression levels in PCOS CCs, containing L1MC1, L1MB3, L1MEf, L1ME1, and L1MC4 (Figure 5D). The role of CC TEs in PCOS remains to be determined, though we cannot rule out the possibility that TEs may influence the transcription of genes implicated in PCOS.
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FIGURE 5. Retrotransposons in PCOS and control CCs. (A) Visualization of TE expression of CCs by t-SNE, showing two clusters, including one for PCOS CCs (four samples) and the other for control CCs (four samples). Each dot corresponds to CCs. (B) Heat map of all differentially expressed TEs (DETs) in CCs between PCOS and control. The number of up-DETs is 14 and down-DETs is 7. (C) Percentage of upregulated or downregulated TEs classified by repeat superfamily. (D) Expression levels of differentially expressed L1 elements in PCOS CCs. (E) Summary of molecular features in oocytes and CCs in the occurrence of PCOS.




DISCUSSION

By simultaneous transcriptome analysis of the oocytes and CCs from the same PCOS patient, compared with controls at similar age, we identified differences in global gene expression patterns and in the expression of TEs in oocytes or CCs in PCOS patients (Figure 5E). Our data revealed surprising findings of altered microtubule-related genes in addition to altered metabolisms, as reported previously. We also discovered changes in the transcription of retrotransposons, which would be likely to influence the transcriptome of PCOS oocytes. ERV1 elements particularly may be involved in the pathogenesis of PCOS. In contrast, CCs from PCOS patients contained fewer alterations in TEs. This data also supports the notion that most retrotransposon events occur in parental germ cells and only rarely in somatic cells (Kazazian, 2004; Beck et al., 2010).

Previous studies on the transcriptomic profiles of oocytes and granulosa cells or CCs from PCOS patients have shown molecular abnormalities present in PCOS patients. Wood et al. (2007) reported that several DEGs of PCOS oocytes are related to spindle dynamics and centrosome function. A similar study using single-cell RNA-seq found that some genes involved in meiosis and gap junction exhibited an abnormal expression in PCOS oocytes (Liu et al., 2016). Here we find that genes involved in microtubule-based processes, e.g., cytoskeleton organization, were differentially expressed in PCOS oocytes. Specifically, crucial genes involved in microtubule-based processes, TUBB8 and TUBA1C, are overexpressed in PCOS oocytes. These changes would be expected to negatively affect oocyte maturation and the subsequent embryonic development. Interestingly, mutations in TUBB8 contribute to the disruption of oocyte meiotic spindle assembly and maturation and lead to female infertility (Feng et al., 2016). Subsequent studies have also proved through a mutation analysis that the mutation of TUBB8 is related to female infertility, and the mutation causes abnormal phenotypes, including oocyte maturation arrest, oocytes with large polar body, failure of fertilization, and early embryonic arrest (Yuan et al., 2018; Chen et al., 2019; Jia et al., 2020; Zhao et al., 2020). Although PCOS patients have more oocyte yield from stimulation during IVF cycle, poor oocyte quality causes lower fertilization and implantation rates, poor quality of embryos, decreased pregnancy rates, and increased miscarriage rates (Dor et al., 1990; Sengoku et al., 1997; Mulders et al., 2003; Plachot et al., 2003; Heijnen et al., 2006; Weghofer et al., 2007; Sahu et al., 2008; Qiao and Feng, 2011; Rajani et al., 2012). Indeed oocytes from women with PCOS displayed maturation arrest and disrupted spindles after in vitro maturation, as shown in our study. Hence, the increased expression of TUBB8 and TUBA1C resulting in defective microtubule and spindle formation could be one major factor contributing to the decline in oocyte quality in PCOS women.

In addition, crucial signaling pathways are altered in oocytes from PCOS women – for instance, genes related to the MAPK signaling pathway show a decreased expression in oocytes from women with PCOS, and MAPK plays a pivotal role in regulating oocyte meiotic resumption (Edry et al., 2006; Liang et al., 2007). The expression of genes involved in mTOR signaling is also decreased in oocytes from PCOS women. The mTOR–eIF4F pathway spatiotemporally regulates chromosome segregation and functional spindle formation during meiosis in mammalian oocytes (Susor et al., 2015). However, it is unclear whether aberrant MAPK and mTOR are related to the overexpression of microtubule-associated genes in PCOS.

Our findings also imply the potential involvement of TEs in PCOS oocytes and CCs. The pattern of TE expression distinguishes PCOS from control oocytes. Most differentially expressed TEs are classified as LTR elements belonging to the super-families ERV1, ERVL-MaLR, Alu, L1, and hAT-Charlie. ERV1 elements differentially expressed on chromosomes 2, 3, 4, and 5 in oocytes may also be associated with PCOS. Remarkably, ERVs are highly expressed in models of reproductive defects – for instance, Setdb1 deletion early in germline development leads to gametogenesis defects in postnatal and adult mice, and ERV is reactivated in E13.5 primordial germ cells (Liu et al., 2014). ERV is upregulated in Tex19.1 knockout mice which have defects in meiotic chromosome synapsis (Ollinger et al., 2008). Future studies should determine whether ERV1 can serve as a biomarker of PCOS. In addition, fewer TEs are altered in CCs than in oocytes. It will be interesting to determine whether these L1s contribute to genome instability in women with PCOS.

Most of previous studies on PCOS focused on ovarian somatic cells, peripheral blood, or other cell types – for instance, CCs of PCOS patients display abnormal characteristics of gene expression, including dysregulated growth factors, steroid metabolism, cell cycle, steroid hormone biosynthesis, and hypomethylated genes related to the synthesis of lipid and steroid (Haouzi et al., 2012; Wissing et al., 2014; Liu et al., 2016; Pan et al., 2018). Dysregulation of inflammatory function has also been found in PCOS patients through transcriptome and DNA methylation analysis of peripheral blood and granulosa-lutein cells (Adams et al., 2016; Su et al., 2018; Hiam et al., 2019). In addition, the aberrant expression of MicroRNAs in granulosa cells, theca cells, and follicular fluid might be involved in the development of PCOS (Roth et al., 2014; Jiang et al., 2015; Lin et al., 2015). In our study, global gene expression in CCs from PCOS women also differs from controls. Furthermore, two key genes are differentially expressed in CCs from PCOS patients, including LH/choriogonadotropin receptor and insulin receptor gene (Supplementary Table 6), which were identified as susceptibility genes for PCOS in previous GWAS and strongly associated with anovulation (Chen et al., 2011; Shi et al., 2012; Cui et al., 2015). The functional annotation of genes upregulated in PCOS CCs shows alteration in the positive regulation of GTPase activity, apoptotic process, and steroid metabolic process. Alteration of gene expression related to “positive regulation of apoptotic process” may activate the apoptosis of CCs and indirectly reduce the quality and developmental competence of the oocytes (Corn et al., 2005). Conversely, genes related to the carbohydrate metabolic process and response to lipopolysaccharide show a decreased expression. The abnormal metabolism in CCs is thought to contribute to the clinical features shared among PCOS, obesity, and diabetes. In support, PCOS women have increased prevalence of metabolic syndrome, impaired glucose tolerance, and obesity (Ehrmann, 2005; Moran et al., 2010; Lim et al., 2012; Ho et al., 2019). The ovarian reserve may also be affected by obesity in women variably depending on the presence of PCOS (Kim et al., 2020). Meanwhile, some signaling pathways were also dysregulated in CCs from PCOS patients, such as the PI3K-Akt and MAPK signaling pathways, which are known to be related to PCOS, involving insulin resistance and excessive androgen production (Nelson-Degrave et al., 2005; Hojlund et al., 2008; Aydos et al., 2016; Li et al., 2017).

Our finding reveals that metabolic pathways and oxidative phosphorylation are dysregulated in both oocytes and CCs of PCOS patients, further validating and explaining the phenotype that PCOS women exhibit an increased risk of metabolic syndrome. Anovulation is a common cause of infertility in PCOS patients, and some studies have shown that anovulatory infertility is related to metabolic abnormalities (Clark et al., 1995; Cardozo et al., 2011; Balen et al., 2016). Thus, for women with anovulatory PCOS, abnormal metabolism in CCs may be related to anovulation. Moreover, disordered mitochondrial function in oocytes and CCs may contribute to declined oocyte developmental competence. The mitochondria are essential for oocyte development potential and oocyte rejuvenation (Labarta et al., 2019), and mitochondrial dysfunction in oocytes is found in women with PCOS (Ou et al., 2012; Zhang et al., 2019). Mitochondrial functions may be prematurely activated at GV-stage oocytes of PCOS (Qi et al., 2020), and the oocytes exhibit impaired mitochondrial ultrastructure and functions, including compromised inner mitochondrial membrane potential and electron transport chain (Chappell et al., 2020), consistent with our results. The crosstalk between oocytes and CCs can also be perturbed by the alteration of the ovarian microenvironment, including oxidative stress caused by mitochondrial respiratory dysfunction, which leads to enhanced ROS production (May-Panloup et al., 2016). Additionally, our analysis reveals that the communication between oocytes and CCs may be disrupted in PCOS patients, notably members of the TGF-β superfamily, including BMPs/GDFs, that are important regulators in human folliculogenesis and ovulation (Chang et al., 2016). It is likely that the abnormalities of essential signaling pathways may attribute to the disorder of CCs and further influence the quality of oocytes in PCOS patients.

Our study comprehensively elaborates the molecular features of PCOS by the transcriptomic analysis of oocytes and CCs and their interactions from the same patient. Although our sample size is small, the clinical characteristics of women with PCOS are consistent with those reported in previous articles (Qiao and Feng, 2011; Liu et al., 2016), and clinical data-related tests including normality and variance equality also further prove the consistency of our data (Supplementary Figures 5A,B). Moreover, the RNA-seq data is highly consistent among patients, demonstrating the reliability of the technology and the minimal variations in their gene expression profile. To our knowledge, this study is the first interpretation of the relationship between PCOS and retrotransposons in oocytes. Furthermore, new candidate genes and TEs in oocytes and CCs may serve as the signatures of PCOS. Increased expression levels of TUBB8 and TUBA1C and resultant spindle defects can specifically define the oocyte quality of PCOS patients. Overall, these findings may suggest future treatment strategies to improve oocyte maturation and developmental competence in PCOS women. The underlying mechanisms of aberrantly elevated TUBB8 and TUBA1C and also ERV1 in PCOS remain to be understood.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: GEO: GSE155489.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of the Tianjin Medical University General Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

JL and HC conducted the experiments. JL prepared the manuscript. MG, CT, and HW conducted part of the experiments or provided reagents. XS, DK, and XB designed and discussed the experiments and revised the manuscript. LL conceived the project and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by the China National Key R&D Program (2018YFC1003004) and the National Natural Science Foundation of China (91749129).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.735684/full#supplementary-material



REFERENCES

Adams, J., Liu, Z., Ren, Y. A., Wun, W. S., Zhou, W., Kenigsberg, S., et al. (2016). Enhanced inflammatory transcriptome in the granulosa cells of women with polycystic ovarian syndrome. J. Clin. Endocrinol. Metab. 101, 3459–3468. doi: 10.1210/jc.2015-4275

Allworth, A. E., and Albertini, D. F. (1993). Meiotic maturation in cultured bovine oocytes is accompanied by remodeling of the cumulus cell cytoskeleton. Dev. Biol. 158, 101–112. doi: 10.1006/dbio.1993.1171

Aydos, A., Gurel, A., Oztemur Islakoglu, Y., Noyan, S., Gokce, B., Ecemis, T., et al. (2016). Identification of Polycystic Ovary Syndrome (PCOS) specific genes in cumulus and mural granulosa cells. PLoS One 11:e0168875. doi: 10.1371/journal.pone.0168875

Azziz, R., Carmina, E., Chen, Z., Dunaif, A., Laven, J. S., Legro, R. S., et al. (2016). Polycystic ovary syndrome. Nat. Rev. Dis. Primers 2:16057. doi: 10.1038/nrdp.2016.57

Baillie, J. K., Barnett, M. W., Upton, K. R., Gerhardt, D. J., Richmond, T. A., De Sapio, F., et al. (2011). Somatic retrotransposition alters the genetic landscape of the human brain. Nature 479, 534–537. doi: 10.1038/nature10531

Balen, A. H., Morley, L. C., Misso, M., Franks, S., Legro, R. S., Wijeyaratne, C. N., et al. (2016). The management of anovulatory infertility in women with polycystic ovary syndrome: an analysis of the evidence to support the development of global WHO guidance. Hum. Reprod. Update 22, 687–708. doi: 10.1093/humupd/dmw025

Bannert, N., and Kurth, R. (2006). The evolutionary dynamics of human endogenous retroviral families. Annu. Rev. Genomics Hum. Genet. 7, 149–173. doi: 10.1146/annurev.genom.7.080505.115700

Beck, C. R., Collier, P., Macfarlane, C., Malig, M., Kidd, J. M., Eichler, E. E., et al. (2010). LINE-1 retrotransposition activity in human genomes. Cell 141, 1159–1170. doi: 10.1016/j.cell.2010.05.021

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

Canipari, R. (2000). Oocyte–granulosa cell interactions. Hum. Reprod. Update 6, 279–289. doi: 10.1093/humupd/6.3.279

Cardozo, E., Pavone, M. E., and Hirshfeld-Cytron, J. E. (2011). Metabolic syndrome and oocyte quality. Trends Endocrinol. Metab. 22, 103–109. doi: 10.1016/j.tem.2010.12.002

Chang, H. M., Qiao, J., and Leung, P. C. (2016). Oocyte-somatic cell interactions in the human ovary-novel role of bone morphogenetic proteins and growth differentiation factors. Hum. Reprod. Update 23, 1–18. doi: 10.1093/humupd/dmw039

Chappell, N. R., Zhou, B., Schutt, A. K., Gibbons, W. E., and Blesson, C. S. (2020). Prenatal androgen induced lean PCOS impairs mitochondria and mRNA profiles in oocytes. Endocr. Connect 9, 261–270. doi: 10.1530/EC-19-0553

Chen, B., Li, B., Li, D., Yan, Z., Mao, X., Xu, Y., et al. (2017). Novel mutations and structural deletions in TUBB8: expanding mutational and phenotypic spectrum of patients with arrest in oocyte maturation, fertilization or early embryonic development. Hum. Reprod. 32, 457–464. doi: 10.1093/humrep/dew322

Chen, B., Wang, W., Peng, X., Jiang, H., Zhang, S., Li, D., et al. (2019). The comprehensive mutational and phenotypic spectrum of TUBB8 in female infertility. Eur. J. Hum. Genet. 27, 300–307. doi: 10.1038/s41431-018-0283-3

Chen, Z. J., Zhao, H., He, L., Shi, Y., Qin, Y., Shi, Y., et al. (2011). Genome-wide association study identifies susceptibility loci for polycystic ovary syndrome on chromosome 2p16.3, 2p21 and 9q33.3. Nat. Genet. 43, 55–59. doi: 10.1038/ng.732

Clark, A. M., Ledger, W., Galletly, C., Tomlinson, L., Blaney, F., Wang, X., et al. (1995). Weight loss results in significant improvement in pregnancy and ovulation rates in anovulatory obese women. Hum. Reprod. 10, 2705–2712. doi: 10.1093/oxfordjournals.humrep.a135772

Cordaux, R., and Batzer, M. A. (2009). The impact of retrotransposons on human genome evolution. Nat. Rev. Genet. 10, 691–703. doi: 10.1038/nrg2640

Corn, C. M., Hauser-Kronberger, C., Moser, M., Tews, G., and Ebner, T. (2005). Predictive value of cumulus cell apoptosis with regard to blastocyst development of corresponding gametes. Fertil. Steril. 84, 627–633. doi: 10.1016/j.fertnstert.2005.03.061

Corton, M., Botella-Carretero, J. I., Lopez, J. A., Camafeita, E., San Millan, J. L., Escobar-Morreale, H. F., et al. (2008). Proteomic analysis of human omental adipose tissue in the polycystic ovary syndrome using two-dimensional difference gel electrophoresis and mass spectrometry. Hum. Reprod. 23, 651–661. doi: 10.1093/humrep/dem380

Cui, L., Li, G., Zhong, W., Bian, Y., Su, S., Sheng, Y., et al. (2015). Polycystic ovary syndrome susceptibility single nucleotide polymorphisms in women with a single PCOS clinical feature. Hum. Reprod. 30, 732–736. doi: 10.1093/humrep/deu361

Dor, J., Shulman, A., Levran, D., Ben-Rafael, Z., Rudak, E., and Mashiach, S. (1990). The treatment of patients with polycystic ovarian syndrome by in-vitro fertilization and embryo transfer: a comparison of results with those of patients with tubal infertility. Hum. Reprod. 5, 816–818. doi: 10.1093/oxfordjournals.humrep.a137189

Edry, I., Sela-Abramovich, S., and Dekel, N. (2006). Meiotic arrest of oocytes depends on cell-to-cell communication in the ovarian follicle. Mol. Cell Endocrinol. 252, 102–106. doi: 10.1016/j.mce.2006.03.009

Ehrmann, D. A. (2005). Polycystic ovary syndrome. N. Engl. J. Med. 352, 1223–1236. doi: 10.1056/NEJMra041536

Feng, R., Sang, Q., Kuang, Y., Sun, X., Yan, Z., Zhang, S., et al. (2016). Mutations in TUBB8 and human oocyte meiotic arrest. N. Engl. J. Med. 374, 223–232. doi: 10.1056/NEJMoa1510791

Fesahat, F., Dehghani Firouzabadi, R., Faramarzi, A., and Khalili, M. A. (2017). The effects of different types of media on in vitro maturation outcomes of human germinal vesicle oocytes retrieved in intracytoplasmic sperm injection cycles. Clin. Exp. Reprod. Med. 44, 79–84. doi: 10.5653/cerm.2017.44.2.79

Friedli, M., and Trono, D. (2015). The developmental control of transposable elements and the evolution of higher species. Annu. Rev. Cell Dev. Biol. 31, 429–451. doi: 10.1146/annurev-cellbio-100814-125514

Gershon, E., Plaks, V., and Dekel, N. (2008). Gap junctions in the ovary: expression, localization and function. Mol. Cell Endocrinol. 282, 18–25. doi: 10.1016/j.mce.2007.11.001

Goke, J., Lu, X., Chan, Y. S., Ng, H. H., Ly, L. H., Sachs, F., et al. (2015). Dynamic transcription of distinct classes of endogenous retroviral elements marks specific populations of early human embryonic cells. Cell Stem Cell 16, 135–141. doi: 10.1016/j.stem.2015.01.005

Haouzi, D., Assou, S., Monzo, C., Vincens, C., Dechaud, H., and Hamamah, S. (2012). Altered gene expression profile in cumulus cells of mature MII oocytes from patients with polycystic ovary syndrome. Hum. Reprod. 27, 3523–3530. doi: 10.1093/humrep/des325

Heijnen, E. M., Eijkemans, M. J., Hughes, E. G., Laven, J. S., Macklon, N. S., and Fauser, B. C. (2006). A meta-analysis of outcomes of conventional IVF in women with polycystic ovary syndrome. Hum. Reprod. Update 12, 13–21. doi: 10.1093/humupd/dmi036

Hiam, D., Simar, D., Laker, R., Altintas, A., Gibson-Helm, M., Fletcher, E., et al. (2019). Epigenetic reprogramming of immune cells in women with PCOS impact genes controlling reproductive function. J. Clin. Endocrinol. Metab. 104, 6155–6170. doi: 10.1210/jc.2019-01015

Ho, C. H., Chang, C. M., Li, H. Y., Shen, H. Y., Lieu, F. K., and Wang, P. S. (2019). Dysregulated immunological and metabolic functions discovered by a polygenic integrative analysis for PCOS. Reprod. Biomed. Online 40, 160–167. doi: 10.1016/j.rbmo.2019.09.011

Hochberg, Y., and Benjamini, Y. (1990). More powerful procedures for multiple significance testing. Stat. Med. 9, 811–818. doi: 10.1002/sim.4780090710

Hojlund, K., Glintborg, D., Andersen, N. R., Birk, J. B., Treebak, J. T., Frosig, C., et al. (2008). Impaired insulin-stimulated phosphorylation of Akt and AS160 in skeletal muscle of women with polycystic ovary syndrome is reversed by pioglitazone treatment. Diabetes 57, 357–366. doi: 10.2337/db07-0706

Huang, S., Qiao, J., Li, R., Wang, L., and Li, M. (2010). Can serum apolipoprotein C-I demonstrate metabolic abnormality early in women with polycystic ovary syndrome? Fertil. Steril. 94, 205–210. doi: 10.1016/j.fertnstert.2009.03.005

Huang da, W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44–57. doi: 10.1038/nprot.2008.211

Jia, Y., Li, K., Zheng, C., Tang, Y., Bai, D., Yin, J., et al. (2020). Identification and rescue of a novel TUBB8 mutation that causes the first mitotic division defects and infertility. J. Assist. Reprod. Genet. 37, 2713–2722. doi: 10.1007/s10815-020-01945-w

Jiang, L., Huang, J., Li, L., Chen, Y., Chen, X., Zhao, X., et al. (2015). MicroRNA-93 promotes ovarian granulosa cells proliferation through targeting CDKN1A in polycystic ovarian syndrome. J. Clin. Endocrinol. Metab. 100, E729–E738. doi: 10.1210/jc.2014-3827

Jin, Y., Tam, O. H., Paniagua, E., and Hammell, M. (2015). TEtranscripts: a package for including transposable elements in differential expression analysis of RNA-seq datasets. Bioinformatics 31, 3593–3599. doi: 10.1093/bioinformatics/btv422

Kazazian, H. H. Jr. (2004). Mobile elements: drivers of genome evolution. Science 303, 1626–1632. doi: 10.1126/science.1089670

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

Kim, J., Juneau, C., Patounakis, G., Morin, S., Neal, S., Seli, E., et al. (2020). The appraisal of body content (ABC) trial: obesity does not significantly impact gamete production in infertile men and women. J. Assist. Reprod. Genet. 37, 2733–2742. doi: 10.1007/s10815-020-01930-3

Labarta, E., de Los Santos, M. J., Escriba, M. J., Pellicer, A., and Herraiz, S. (2019). Mitochondria as a tool for oocyte rejuvenation. Fertil. Steril. 111, 219–226. doi: 10.1016/j.fertnstert.2018.10.036

Li, T., Mo, H., Chen, W., Li, L., Xiao, Y., Zhang, J., et al. (2017). Role of the PI3K-Akt signaling pathway in the pathogenesis of polycystic ovary syndrome. Reprod. Sci. 24, 646–655. doi: 10.1177/1933719116667606

Liang, C. G., Su, Y. Q., Fan, H. Y., Schatten, H., and Sun, Q. Y. (2007). Mechanisms regulating oocyte meiotic resumption: roles of mitogen-activated protein kinase. Mol. Endocrinol. 21, 2037–2055. doi: 10.1210/me.2006-0408

Liao, Y., Smyth, G. K., and Shi, W. (2014). featureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 30, 923–930. doi: 10.1093/bioinformatics/btt656

Lim, S. S., Davies, M. J., Norman, R. J., and Moran, L. J. (2012). Overweight, obesity and central obesity in women with polycystic ovary syndrome: a systematic review and meta-analysis. Hum. Reprod. Update 18, 618–637. doi: 10.1093/humupd/dms030

Lin, L., Du, T., Huang, J., Huang, L. L., and Yang, D. Z. (2015). Identification of differentially expressed microRNAs in the ovary of polycystic ovary syndrome with hyperandrogenism and insulin resistance. Chin. Med. J. (Engl) 128, 169–174. doi: 10.4103/0366-6999.149189

Liu, Q., Li, Y., Feng, Y., Liu, C., Ma, J., Li, Y., et al. (2016). Single-cell analysis of differences in transcriptomic profiles of oocytes and cumulus cells at GV, MI, MII stages from PCOS patients. Sci. Rep. 6:39638. doi: 10.1038/srep39638

Liu, S., Brind’Amour, J., Karimi, M. M., Shirane, K., Bogutz, A., Lefebvre, L., et al. (2014). Setdb1 is required for germline development and silencing of H3K9me3-marked endogenous retroviruses in primordial germ cells. Genes Dev. 28, 2041–2055. doi: 10.1101/gad.244848.114

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/s13059-014-0550-8

Ma, X., Fan, L., Meng, Y., Hou, Z., Mao, Y. D., Wang, W., et al. (2007). Proteomic analysis of human ovaries from normal and polycystic ovarian syndrome. Mol. Hum. Reprod. 13, 527–535. doi: 10.1093/molehr/gam036

Magoffin, D. A. (2006). Ovarian enzyme activities in women with polycystic ovary syndrome. Fertil. Steril. 86(Suppl. 1), S9–S11. doi: 10.1016/j.fertnstert.2006.03.015

Malki, S., van der Heijden, G. W., O’Donnell, K. A., Martin, S. L., and Bortvin, A. (2014). A role for retrotransposon LINE-1 in fetal oocyte attrition in mice. Dev. Cell 29, 521–533. doi: 10.1016/j.devcel.2014.04.027

March, W. A., Moore, V. M., Willson, K. J., Phillips, D. I., Norman, R. J., and Davies, M. J. (2010). The prevalence of polycystic ovary syndrome in a community sample assessed under contrasting diagnostic criteria. Hum. Reprod. 25, 544–551. doi: 10.1093/humrep/dep399

Matzuk, M. M., Burns, K. H., Viveiros, M. M., and Eppig, J. J. (2002). Intercellular communication in the mammalian ovary: oocytes carry the conversation. Science 296, 2178–2180. doi: 10.1126/science.1071965

May-Panloup, P., Boucret, L., Chao de la Barca, J. M., Desquiret-Dumas, V., Ferre-L’Hotellier, V., Moriniere, C., et al. (2016). Ovarian ageing: the role of mitochondria in oocytes and follicles. Hum. Reprod. Update 22, 725–743. doi: 10.1093/humupd/dmw028

Moran, L. J., Misso, M. L., Wild, R. A., and Norman, R. J. (2010). Impaired glucose tolerance, type 2 diabetes and metabolic syndrome in polycystic ovary syndrome: a systematic review and meta-analysis. Hum. Reprod. Update 16, 347–363. doi: 10.1093/humupd/dmq001

Mulders, A. G., Laven, J. S., Imani, B., Eijkemans, M. J., and Fauser, B. C. (2003). IVF outcome in anovulatory infertility (WHO group 2)–including polycystic ovary syndrome–following previous unsuccessful ovulation induction. Reprod. Biomed. Online 7, 50–58. doi: 10.1016/s1472-6483(10)61728-2

Nelson, V. L., Legro, R. S., Strauss, J. F. III, and McAllister, J. M. (1999). Augmented androgen production is a stable steroidogenic phenotype of propagated theca cells from polycystic ovaries. Mol. Endocrinol. 13, 946–957. doi: 10.1210/mend.13.6.0311

Nelson-Degrave, V. L., Wickenheisser, J. K., Hendricks, K. L., Asano, T., Fujishiro, M., Legro, R. S., et al. (2005). Alterations in mitogen-activated protein kinase kinase and extracellular regulated kinase signaling in theca cells contribute to excessive androgen production in polycystic ovary syndrome. Mol. Endocrinol. 19, 379–390. doi: 10.1210/me.2004-0178

Ohtani, H., Liu, M., Zhou, W., Liang, G., and Jones, P. A. (2018). Switching roles for DNA and histone methylation depend on evolutionary ages of human endogenous retroviruses. Genome Res. 28, 1147–1157. doi: 10.1101/gr.234229.118

Ollinger, R., Childs, A. J., Burgess, H. M., Speed, R. M., Lundegaard, P. R., Reynolds, N., et al. (2008). Deletion of the pluripotency-associated Tex19.1 gene causes activation of endogenous retroviruses and defective spermatogenesis in mice. PLoS Genet 4:e1000199. doi: 10.1371/journal.pgen.1000199

Ou, X. H., Li, S., Wang, Z. B., Li, M., Quan, S., Xing, F., et al. (2012). Maternal insulin resistance causes oxidative stress and mitochondrial dysfunction in mouse oocytes. Hum. Reprod. 27, 2130–2145. doi: 10.1093/humrep/des137

Pal, S. K., Torry, D., Serta, R., Crowell, R. C., Seibel, M. M., Cooper, G. M., et al. (1994). Expression and potential function of the c-mos proto-oncogene in human eggs. Fertil. Steril. 61, 496–503.

Pan, J. X., Tan, Y. J., Wang, F. F., Hou, N. N., Xiang, Y. Q., Zhang, J. Y., et al. (2018). Aberrant expression and DNA methylation of lipid metabolism genes in PCOS: a new insight into its pathogenesis. Clin. Epigenetics 10:6. doi: 10.1186/s13148-018-0442-y

Payer, L. M., and Burns, K. H. (2019). Transposable elements in human genetic disease. Nat. Rev. Genet. 20, 760–772. doi: 10.1038/s41576-019-0165-8

Picelli, S., Faridani, O. R., Bjorklund, A. K., Winberg, G., Sagasser, S., and Sandberg, R. (2014). Full-length RNA-seq from single cells using Smart-seq2. Nat. Protoc. 9, 171–181. doi: 10.1038/nprot.2014.006

Plachot, M., Belaisch-Allart, J., Mayenga, J. M., Chouraqui, A., Tesquier, A., Serkine, A. M., et al. (2003). [Oocyte and embryo quality in polycystic ovary syndrome]. Gynecol. Obstet Fertil. 31, 350–354. doi: 10.1016/s1297-9589(03)00059-6

Pruksananonda, K., Wasinarom, A., Sereepapong, W., Sirayapiwat, P., Rattanatanyong, P., and Mutirangura, A. (2016). Epigenetic modification of long interspersed elements-1 in cumulus cells of mature and immature oocytes from patients with polycystic ovary syndrome. Clin. Exp. Reprod. Med. 43, 82–89. doi: 10.5653/cerm.2016.43.2.82

Qi, L., Liu, B., Chen, X., Liu, Q., Li, W., Lv, B., et al. (2020). Single-cell transcriptomic analysis reveals mitochondrial dynamics in oocytes of patients with polycystic ovary syndrome. Front. Genet. 11:396. doi: 10.3389/fgene.2020.00396

Qiao, J., and Feng, H. L. (2011). Extra- and intra-ovarian factors in polycystic ovary syndrome: impact on oocyte maturation and embryo developmental competence. Hum. Reprod. Update 17, 17–33. doi: 10.1093/humupd/dmq032

Rajani, S., Chattopadhyay, R., Goswami, S. K., Ghosh, S., Sharma, S., and Chakravarty, B. (2012). Assessment of oocyte quality in polycystic ovarian syndrome and endometriosis by spindle imaging and reactive oxygen species levels in follicular fluid and its relationship with IVF-ET outcome. J. Hum. Reprod. Sci. 5, 187–193. doi: 10.4103/0974-1208.101020

Risal, S., Pei, Y., Lu, H., Manti, M., Fornes, R., Pui, H. P., et al. (2019). Prenatal androgen exposure and transgenerational susceptibility to polycystic ovary syndrome. Nat. Med. 25, 1894–1904. doi: 10.1038/s41591-019-0666-1

Roth, L. W., McCallie, B., Alvero, R., Schoolcraft, W. B., Minjarez, D., and Katz-Jaffe, M. G. (2014). Altered microRNA and gene expression in the follicular fluid of women with polycystic ovary syndrome. J. Assist. Reprod. Genet. 31, 355–362. doi: 10.1007/s10815-013-0161-4

Rotterdam, E. A.-S. P. C. W. G. (2004a). Revised 2003 consensus on diagnostic criteria and long-term health risks related to polycystic ovary syndrome. Fertil. Steril. 81, 19–25. doi: 10.1016/j.fertnstert.2003.10.004

Rotterdam, E. A.-S. P. C. W. G. (2004b). Revised 2003 consensus on diagnostic criteria and long-term health risks related to polycystic ovary syndrome (PCOS). Hum. Reprod. 19, 41–47. doi: 10.1093/humrep/deh098

Sahu, B., Ozturk, O., Ranierri, M., and Serhal, P. (2008). Comparison of oocyte quality and intracytoplasmic sperm injection outcome in women with isolated polycystic ovaries or polycystic ovarian syndrome. Arch. Gynecol. Obstet 277, 239–244. doi: 10.1007/s00404-007-0462-x

Sakashita, A., Maezawa, S., Takahashi, K., Alavattam, K. G., Yukawa, M., Hu, Y. C., et al. (2020). Endogenous retroviruses drive species-specific germline transcriptomes in mammals. Nat. Struct. Mol. Biol. 27, 967–977. doi: 10.1038/s41594-020-0487-4

Sanchez-Garrido, M. A., and Tena-Sempere, M. (2020). Metabolic dysfunction in polycystic ovary syndrome: Pathogenic role of androgen excess and potential therapeutic strategies. Mol. Metab. 35:100937. doi: 10.1016/j.molmet.2020.01.001

Sela-Abramovich, S., Edry, I., Galiani, D., Nevo, N., and Dekel, N. (2006). Disruption of gap junctional communication within the ovarian follicle induces oocyte maturation. Endocrinology 147, 2280–2286. doi: 10.1210/en.2005-1011

Sengoku, K., Tamate, K., Takuma, N., Yoshida, T., Goishi, K., and Ishikawa, M. (1997). The chromosomal normality of unfertilized oocytes from patients with polycystic ovarian syndrome. Hum. Reprod. 12, 474–477. doi: 10.1093/humrep/12.3.474

Shi, Y., Zhao, H., Shi, Y., Cao, Y., Yang, D., Li, Z., et al. (2012). Genome-wide association study identifies eight new risk loci for polycystic ovary syndrome. Nat. Genet. 44, 1020–1025. doi: 10.1038/ng.2384

Su, N. J., Ma, J., Feng, D. F., Zhou, S., Li, Z. T., Zhou, W. P., et al. (2018). The peripheral blood transcriptome identifies dysregulation of inflammatory response genes in polycystic ovary syndrome. Gynecol. Endocrinol. 34, 584–588. doi: 10.1080/09513590.2017.1418851

Sultana, T., van Essen, D., Siol, O., Bailly-Bechet, M., Philippe, C., Zine El Aabidine, A., et al. (2019). The landscape of l1 retrotransposons in the human genome is shaped by pre-insertion sequence biases and post-insertion selection. Mol. Cell 74, 555–570.e7. doi: 10.1016/j.molcel.2019.02.036

Sun, Q. Y., Blumenfeld, Z., Rubinstein, S., Goldman, S., Gonen, Y., and Breitbart, H. (1999). Mitogen-activated protein kinase in human eggs. Zygote 7, 181–185. doi: 10.1017/s0967199499000556

Susor, A., Jansova, D., Cerna, R., Danylevska, A., Anger, M., Toralova, T., et al. (2015). Temporal and spatial regulation of translation in the mammalian oocyte via the mTOR-eIF4F pathway. Nat. Commun. 6:6078. doi: 10.1038/ncomms7078

van der Maaten, L., and Hinton, G. (2008). Visualizing data using t-SNE. J. Mach. Learn. Res. 9, 2579–2605.

Weghofer, A., Munne, S., Chen, S., Barad, D., and Gleicher, N. (2007). Lack of association between polycystic ovary syndrome and embryonic aneuploidy. Fertil. Steril. 88, 900–905. doi: 10.1016/j.fertnstert.2006.12.018

Wicker, T., Sabot, F., Hua-Van, A., Bennetzen, J. L., Capy, P., Chalhoub, B., et al. (2007). A unified classification system for eukaryotic transposable elements. Nat. Rev. Genet. 8, 973–982. doi: 10.1038/nrg2165

Wissing, M. L., Sonne, S. B., Westergaard, D., Nguyen, K., Belling, K., Host, T., et al. (2014). The transcriptome of corona radiata cells from individual Mcapital I, Ukrainiancapital I, Ukrainian oocytes that after ICSI developed to embryos selected for transfer: PCOS women compared to healthy women. J. Ovarian Res. 7:110. doi: 10.1186/s13048-014-0110-6

Wood, J. R., Dumesic, D. A., Abbott, D. H., and Strauss, J. F. III (2007). Molecular abnormalities in oocytes from women with polycystic ovary syndrome revealed by microarray analysis. J. Clin. Endocrinol. Metab. 92, 705–713. doi: 10.1210/jc.2006-2123

Yuan, P., Zheng, L., Liang, H., Li, Y., Zhao, H., Li, R., et al. (2018). A novel mutation in the TUBB8 gene is associated with complete cleavage failure in fertilized eggs. J. Assist. Reprod. Genet. 35, 1349–1356. doi: 10.1007/s10815-018-1188-3

Zhang, J., Bao, Y., Zhou, X., and Zheng, L. (2019). Polycystic ovary syndrome and mitochondrial dysfunction. Reprod. Biol. Endocrinol. 17:67. doi: 10.1186/s12958-019-0509-4

Zhao, H., Zhao, Y., Ren, Y., Li, M., Li, T., Li, R., et al. (2017). Epigenetic regulation of an adverse metabolic phenotype in polycystic ovary syndrome: the impact of the leukocyte methylation of PPARGC1A promoter. Fertil. Steril. 107, 467–474.e5. doi: 10.1016/j.fertnstert.2016.10.039

Zhao, L., Guan, Y., Wang, W., Chen, B., Xu, S., Wu, L., et al. (2020). Identification novel mutations in TUBB8 in female infertility and a novel phenotype of large polar body in oocytes with TUBB8 mutations. J. Assist. Reprod. Genet. 37, 1837–1847. doi: 10.1007/s10815-020-01830-6


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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Li, Chen, Gou, Tian, Wang, Song, Keefe, Bai and Liu. 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.











	 
	ORIGINAL RESEARCH
published: 07 September 2021
doi: 10.3389/fcell.2021.723388





[image: image]

Protective Mechanism of Luteinizing Hormone and Follicle-Stimulating Hormone Against Nicotine-Induced Damage of Mouse Early Folliculogenesis

Wen-Xiang Liu1,2†, Yan-Jie Zhang3†, Yu-Feng Wang2, Francesca Gioia Klinger4, Shao-Jing Tan2, Donatella Farini4, Massimo De Felici4, Wei Shen2 and Shun-Feng Cheng1,2*

1College of Animal Science and Technology, Qingdao Agricultural University, Qingdao, China

2College of Life Sciences, Institute of Reproductive Sciences, Qingdao Agricultural University, Qingdao, China

3College of Veterinary Medicine, Qingdao Agricultural University, Qingdao, China

4Department of Biomedicine and Prevention, University of Rome Tor Vergata, Rome, Italy

Edited by:
Jennifer R. Wood, University of Nebraska System, United States

Reviewed by:
So-Youn Kim, University of Nebraska Medical Center, United States
A. Marie Lefrançois-Martinez, Université Clermont Auvergne, France

*Correspondence: Shun-Feng Cheng, sfcheng@qau.edu.cn

†These authors share first authorship

Specialty section: This article was submitted to Molecular and Cellular Reproduction, a section of the journal Frontiers in Cell and Developmental Biology

Received: 10 June 2021
Accepted: 09 August 2021
Published: 07 September 2021

Citation: Liu W-X, Zhang Y-J, Wang Y-F, Klinger FG, Tan S-J, Farini D, De Felici M, Shen W and Cheng S-F (2021) Protective Mechanism of Luteinizing Hormone and Follicle-Stimulating Hormone Against Nicotine-Induced Damage of Mouse Early Folliculogenesis. Front. Cell Dev. Biol. 9:723388. doi: 10.3389/fcell.2021.723388

Previous studies have shown that nicotine could impair the germ cell cyst breakdown and the primordial follicle assembly by autophagy. In this paper, we discovered that luteinizing hormone (LH) and follicle-stimulating hormone (FSH) could counteract the damage caused by nicotine of mouse germ cell cyst breakdown. The neonatal mice were separately intraperitoneally injected with nicotine, nicotine plus LH, nicotine plus FSH, and saline (control) for 4 days. Compared with the nicotine group, the quality of oocytes and the number of follicles were remarkably increased in the nicotine plus LH group or nicotine plus FSH group. LH and FSH could alleviate nicotine-induced oocyte autophagy by different pathways. LH reduced the nicotine-induced autophagy by restoring the phosphorylation level of adenosine 5′-monophosphate-activated protein kinase α-1, while FSH by downregulating the phosphorylation level of Forkhead box class O 1. In addition, in a subsequent study of 6-week mice in different treated groups, we found that LH and FSH supplementation significantly improved normal maturation rates, fertilization rates, and embryo’s developmental potential of oocytes in oocytes exposed to nicotine. Taken together, these results suggested that LH and FSH could counteract the damage caused by nicotine and finally ensure normal germ cell cyst breakdown and early embryo development.
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INTRODUCTION

Smoking has long been a well-established risk factor in human reproductive conditions, especially in women who smoke during pregnancy, which is associated with various pregnancy complications (Kharrazi et al., 2004). Despite a gradual decline in the number of smokers over the past few decades, there was about 10–30% of women still smoking during pregnancy in western countries (Reitan and Callinan, 2017). Nicotine inhaled by a pregnant woman after smoking can cross the placenta, exposing the fetus to nicotine (Slotkin, 1998). Luck et al. (1985) proved that smoking mothers have higher levels of nicotine in their amniotic fluid, and consequently, the developing fetuses were exposed to high levels of nicotine. Evidences indicated that birth malformations and intellectual impairment in later life are linked to smoking during pregnancy, with established causality (Little et al., 2004). In addition, nicotine is known to interfere with mice cyst breakdown and primordial follicle (PF) assembly (Wang Y. F. et al., 2018).

Ovarian follicles are the basic reproduction units of female reproductive system in mammals. The germ cell “cysts” are clonal germ cell groups by the incomplete cytokinesis during mitosis after primordial germ cell migration into the gonadal ridges, allowing daughter cells to connect to each other by intercellular bridges (Wang C. et al., 2017). The germ cell cyst breakdown and PF formation are pre-requisites for the establishment of the ovarian reserve (Ge et al., 2019). In humans, the germ cell cyst breakdown occurs around the beginning of the 20th week of pregnancy, and the PF pool is formed before birth (Sarraj and Drummond, 2012). However, in rodent, the germ cell cyst breakdown mainly happens after birth, although there is emerging evidence that PF start to form at 17.5 days post-coitus (Pepling and Spradling, 2001) and continue until about 5 days post-partum (dpp) after birth. Therefore, studies of early folliculogenesis in mouse model were conducted mostly after birth (Wang Y. F. et al., 2018; Zhang et al., 2018). Germline nest breakdown is associated with a massive loss of oocytes that, in mouse, has been reported to occur following programmed cell death mainly in the form of apoptosis and autophagy (Pepling, 2006; Klinger et al., 2015; Wang C. et al., 2017). The process of early folliculogenesis is very sensitive to toxic substances, and adverse conditions in this process may lead to infertility and female gametogenesis abnormalities (Mu et al., 2015).

Autophagy is an evolutionally conserved process by which damaged organelles, misfolded proteins, etc. are transported to lysosomes for degradation and reuse by lysosomes (Parzych and Klionsky, 2014). There are many ways to detect and monitor autophagosome number and autophagosomes flux, including transmission electron microscopy (TEM) and detection of autophagy-related protein such as BECLIN1 and the autophagosome membrane-associated light chain 3 (LC3; Mizushima et al., 2010). Among them, LC3 is a special autophagy protein, and LC3-I in cytoplasmic form will transform to LC3-II in membrane-bound lipidated form in the process of cell autophagy, which usually reflects the autophagy level in the form of the ratio of LC3-II and LC3-I proteins (Mizushima et al., 2010). At birth and/or puberty, autophagy formed by exposure to harmful substances during the establishment of ovarian reserves (mainly before birth) may lead to a shortage of germ cells and an insufficient PF pool (Ge et al., 2019). The research of Zhang et al. (2018) indicates that fetal–neonatal toxic exposure damages mouse ovarian development and impairs primordial folliculogenesis by inducing autophagy. Furthermore, the accumulation of autophagy in starving mice at birth has been shown to be the primary cause of damage to cyst breakdown (Wang Y. Y. et al., 2017).

A recent study suggested that luteinizing hormone (LH) could inhibit oocyte apoptosis induced by external toxin exposure and maintain normal female reproductive ability in mice (Rossi et al., 2017). A research by Shen et al. (2014) shows that follicle-stimulating hormone (FSH) downregulates Forkhead box class O 1 (FOXO1)-dependent apoptosis in mouse granulosa cells by coordinating the PI3K–AKT–FOXO1 axis. Recent studies have reported that FSH plays a protective role in ovarian damage and autophagy through its downstream signal FOXO1 (Shen et al., 2017). Nonetheless, the protective mechanism of LH and FSH on early folliculogenesis still needs long-term investigation.

Although the nicotine’s toxicity and even its reproductive toxicity to early ovarian development have been reported (Wang Y. F. et al., 2018), the related rescue solutions are rarely mentioned. In this study, we would explore the underlying mechanism of nicotine affecting the perinatal ovarian development and provide a new solution to prevent the damage, thereby preserving their future fertility in reproductive age.



MATERIALS AND METHODS


Animals and Reagents

All CD-1 mice involved in the experiments were raised in an environment with free diet, according to the regulations of the Animal Care Center of Qingdao Agricultural University, at 23°C, 50% humidity, and light and dark cycle of half day (turning lights off at 19:30 h). Male and female mice were randomly mated in the afternoon and checked for vaginal plugs the next morning. The day of mouse birth is designated as 0 dpp. All studies involving mice were approved by the ethics Committee of Qingdao Agriculture University (QAU; Agreement No. 2019-066).

Nicotine (Sigma, 613207, St. Louis, MO, United States) was dissolved in phosphate buffer solution (PBS) as described in our previous study (Wang Y. F. et al., 2018). Low-dose nicotine [1 mg/kg body weight/day (mg/kg)] was injected intraperitoneally into 0-dpp female pups before 11:00 a.m. every day, and the same volume of PBS was administered to control pups. LH (Sigma, L5269, purified LH protein from sheep pituitary) [50, 100, or 200 mIU/kg body weight/day (mIU/kg)] or FSH (Sigma, 5925-FS, recombinant human FSH protein; 50, 100, or 200 mIU/kg) were dissolved in PBS and injected into pups intraperitoneally soon after nicotine injection, respectively. The neonatal mice were continuously injected intraperitoneally for 4 days and euthanized, and their ovaries were collected for the experiment. At this point, there are still plenty of oocytes remaining in the ovarian cysts. Consistent with previous studies (Wang Y. F. et al., 2018; Liu et al., 2019; Liu W. X. et al., 2021; Tian et al., 2021; Wang et al., 2021), the effect of the drug on germ cell cyst breakdown and PF formation could be measured by counting the proportion of oocytes in cysts and follicles. In addition, newborn mice were fed normally after 4 days of intraperitoneal injection. Follicles at all levels were tested at 3 weeks of age, and in vitro maturation (IVM), spindle staining, and in vitro fertilization (IVF) experiments were performed after 6 weeks.

In this study, a total of 447 newborn female pups were used. This included the following: 287 newborn female pups were sacrificed for investigating 4-dpp mice female status; 64 newborn female mice were used for the 3- and 6-week studies; and 96 newborn female pups were used for nicotine receptor, LH receptor, and FSH receptor (FSHR) experiment. Notably, the ovaries of female pups from the same nest were evenly distributed among the groups to eliminate the differences.



Immunofluorescence

Collected ovaries were fixed in 4% paraformaldehyde (Solaibio, P1110, Beijing, China) overnight, then treated according to the standard procedure for paraffin-embedded tissues. Continuous sections every 5 μm were applied for immunofluorescence after antigen retrieval. Sections were blocked for 45 min, and then incubated overnight with primary antibodies (Supplementary Table 1). Then, the sections were incubated with secondary antibodies (Supplementary Table 1), and nucleic acid was stained with propidium iodide (PI; Solaibio, P8080-10). Oocytes were indicated by positive staining for mouse vasa homolog (MVH), a germ cell-specific protein. The aggregation of two or more germ cells was defined as cysts and others as follicles (Pepling, 2006). Oocytes in the cysts or follicles were counted every five sections in a double-blind manner with the Image-Pro Plus software 6.0 (Media Cybernetics, Rockville, MD, United States).



Immunohistochemistry

As previously described (Liu W. X. et al., 2021), the rehydrated sections were antigen retrieved with sodium citrate and treated in 3% H2O2 for 10 min. Next, sections were blocked with BDT and incubated with primary antibodies (Supplementary Table 1). Biotin-labeled secondary antibodies (Supplementary Table 1) were incubated at 25°C for 60 min on the second day, followed by staining using a DAB kit (ZSGB-BIO, ZLI-9017, Beijing, China) and hematoxylin. Vectashield (Vector, Shanghai, China, H-1000) mounting medium was used to seal the cover slips, and images were analyzed using a BX51 microscope.



Quantitative Real-Time PCR

As previously described (Wang Y. F. et al., 2018), the total RNA was isolated from six ovary tissues with the RNAprep Pure Micro Kit (Aidlab, RN07, Beijing, China). The cDNA was synthesized by TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen, AT311-03, Beijing, China). Quantitative real-time PCR (RT-qPCR) amplification with specific primers (Supplementary Table 2) was performed using LightCycler 480 (Roche, Germany). The relative transcript abundance was calculated by the 2–ΔΔCt method and normalized according to the housekeeping gene Gapdh.



Western Blot

Proteins were extracted with RIPA (Beyotime, P0013C, Nantong, China). The 5X SDS was mixed with the samples and boiled for 5 min in water for protein denaturation, and then the SDS-PAGE was used to separate proteins. The proteins were transferred onto a polyvinylidene fluoride membrane (Millipore, ISEQ00010, United States) and blocked in TBST containing 6% BSA for 4 h. The membranes were incubated with primary antibody (Supplementary Table 1) at 4°C, and then horseradish peroxidase-conjugated corresponding secondary antibody (Beyotime) was incubated at room temperature for 120 min on the second day. Ultimately, the BeyoECL Plus Kit (Beyotime, P0018) was used for chemiluminescence. The relative expression level of the target protein to GAPDH was calculated by the software AlphaView SA (ProteinSimple, CA, United States) and normalization method.



Transmission Electron Microscopy

As previously described (Wang Y. F. et al., 2018), TEM observations were processed with standard methods. Ovaries were collected and then fixed in 2.5% glutaraldehyde for 24 h. Serial sections were obtained by Leica ultramicrotome (Leica EM UC7, Wetzlar, Germany), and the samples were stained with uranyl acetate and lead citrate. Finally, HT7700 (Hitachi, Tokyo, Japan) was used to capture and observe the images. At least three replicates and at least 30 oocytes in each group were analyzed to count the number of autophagosomes.



In vitro Maturation and Spindle Staining

Briefly, after 2 days of treatment with pregnant mares serum gonadotropin (PMSG), oocytes were collected and isolated in M2 medium (Macgene, CE003, Beijing, China) supplemented with 2.5 μmol/l milrinone (Sigma, M4659) from 6-week-old mice in each group. Oocytes in germinal vesicle (GV) stage were obtained by washing with M2 medium for three times. Finally, GV stage oocytes were cultured in M16 medium under mineral oil (Sigma, M5904) and IVM at 37°C in 5% CO2 atmosphere.

MII stage oocytes were collected and fixed with 4% PFA for 0.5 h. Then, oocytes were blocked in blocking fluid, and then they were incubated with anti−α−tubulin antibody (Supplementary Table 1) for 1 h; oocytes were incubated with secondary antibodies (Supplementary Table 1) for 1 h. The chromosome was incubated with DAPI (Beyotime, C1022) for 15 min. After washing, a laser−scanning confocal microscope (Leica TCS SP5 II, Mannheim, Germany) was used to captured representative images; 30 oocytes were analyzed in each group.



In vitro Fertilization

As previously described (Zhang et al., 2020), after 2 days of treatment with PMSG and 12 h of treatment with human chorionic gonadotropin (HCG), cumulus–oocyte complexes (COCs) were collected from the ampulla of the 6-week-old mice ovary. Sperm from the caudal epididymis of fertile male mice at 8 weeks old were released into the balanced human tubal fluid to capacitate, and then 10-μl capacitated sperms were mixed with COC from each mouse for fertilization in vitro. After fertilization, every 20 to 30 oocytes were transferred to balanced 60-μl KSOM medium (EMD Millipore Corp., Billerica, MA, United States) droplet for two-cell embryos, four-cell embryos, and blastocyst culture.



Hematoxylin–Eosin Staining

Liver tissues were fixed in 4% paraformaldehyde, paraffin embedded, cut into 5-μm sections, and subsequently stained with hematoxylin–eosin (H&E) for histopathological analysis.



Statistical Analyses

GraphPad Prism 8 (GraphPad Software, San Diego, CA, United States) was applied for data analysis with one-way analysis of variance followed by Tukey’s test for multiple comparisons; Student’s t-test was used when only two pairs of data were compared; P < 0.05 means statistically significant difference (*), P < 0.01 means extremely significant difference (**) and P > 0.05 means not significant (ns). The data were expressed as mean ± standard error (S.E.), and all the experiments were repeated at least three times.



RESULTS


LH and FSH Prevents Nicotine-Induced Follicular Dysplasia in vivo

Neonatal mice were intraperitoneally injected with 1 mg/kg nicotine for four consecutive days in the presence of 50–200 mIU/kg LH or 50–200 mIU/kg FSH. The statistical results showed that 100 mIU/kg LH or 100 mIU/kg FSH were the lowest concentrations for inhibiting the effect of nicotine on the cyst breakdown of the ovary without changing the total oocyte number (Figure 1, Supplementary Figure 1, and Supplementary Table 3). Follicular counts showed that the ovaries in the nicotine-treated group, compared with the control group, had a lower proportion of oocytes in the follicles (44.77 ± 1.77% vs 59.16 ± 0.72% for the control group, Figure 1C and Supplementary Table 3); the rate of oocyte in follicles in the nicotine plus LH or FSH treatment group was significantly increased (61.28 ± 0.69% and 62.35 ± 1.44% separately, Figure 1C and Supplementary Table 3). So, in vivo studies were carried out with the dose of 100 mIU/kg LH or 100 mIU/kg FSH. Notably, there were no significant changes in body length, body weight, or ovarian diameter after intraperitoneal injection in each treatment group (Supplementary Figures 2A–D). Moreover, there was no significant difference in liver index and liver morphology among all treatment groups (Supplementary Figures 2E,F).
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FIGURE 1. LH and FSH counteract the delay of cyst breakdown in nicotine-exposed ovaries. (A) Representative image of germ cell cyst breakdown and primordial follicle assembly alignment in the control, nicotine, nicotine plus LH, and nicotine plus FSH groups. Scale bar, 100 μm. (B) The number of MVH-positive oocytes in the ovary in each group. (C) The percentage of oocytes in cysts and follicles in each group. n = 27 newborn female pups in figure and Supplementary Figure 1. The data are presented as means ± S.E. of three independent experiments (each in triplicate). **P < 0.01, ns P > 0.05. Abbreviations: LH, luteinizing hormone; FSH, follicle-stimulating hormone; MVH, mouse vasa homolog; and S.E., standard error.




LH and FSH Rescues the Impaired Oocyte-Specific Gene Expression

In fact, many previous studies have confirmed that the obstruction of germ cell cyst breakdown and PF assembly are related to insufficient oocyte-specific gene expression (Wang Y. Y. et al., 2017; Wang et al., 2021; Wang J. J. et al., 2018; Liu J. C. et al., 2021). Interestingly, LH or FSH could reduce the effects of nicotine on specific gene expressions in oocytes, such as factor in the LIM homeobox 8 (Lhx8), growth differentiation factor-9 (Gdf9), spermatogenesis and oogenesis helix-loop-helix 2 (Sohlh2), and newborn ovary homeobox (Nobox; Figure 2A). Immunohistochemistry analysis showed that LHX8 and GDF9 were expressed in the oocytes of the nicotine group, nicotine plus LH group, and nicotine plus FSH group (Figures 2B,C). Moreover, protein expression levels were confirmed by western blot analysis, and LHX8 and GDF9 protein expression levels were significantly decreased after nicotine exposure, while the nicotine plus LH group and nicotine plus FSH group achieved significant recovery (Figures 2D,E). In addition, we added the LH group and FSH group separately, we performed analyses on the ovaries of mice pups treated with LH and FSH without nicotine in the same conditions. The statistical results showed that 100 mIU/kg LH and 100 mIU/kg FSH did not affect the total number of oocytes and germ cell cyst breakdown (Supplementary Figures 3A–C), and the protein expression of oocyte-specific genes LHX8 and GDF9 treated with LH and FSH alone did not change significantly compared with the control group (Supplementary Figures 3D–G).
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FIGURE 2. LH and FSH counteract the decreased expression of oocyte-specific transcription factors in nicotine-exposed ovaries. (A) Quantitative real-time PCR (RT-qPCR) for Lhx8, Gdf9, Sohlh2, and Nobox mRNA levels in control, nicotine, and nicotine plus LH or FSH (n = 36 newborn female pups). (B) Representative images of IHC for LHX8 (black arrow) in tissue sections of the ovaries in each group. Scale bar, 50 μm. (C) Representative images of immunohistochemistry (IHC) for the GDF9 (black arrow) in tissue sections of the ovaries in each group (n = 12 newborn female pups in B,C). Scale bar, 50 μm. (D) Relative protein level of LHX8 of the ovaries in each group. (E) Relative protein level of GDF9 of the ovaries in each group (n = 36 newborn female pups in D,E). The data are presented as means ± S.E. of three independent experiments (each in triplicate). *P < 0.05, **P < 0.01.


The RT-qPCR results of the expression of nicotinic acetylcholine receptors (nAChRs) in the ovary from postnatal day 4 mouse revealed that among all of the 16 nAChRs subunits (Dani, 2015), only seven subunits, namely, a4, a5, a7, a10, β2, and β4, were specifically affected by nicotine, with a4 and a10 mRNA levels showing a significantly increased expression (Supplementary Figure 4A). The gene expressions of luteinizing hormone receptor (Lhr) was significantly activated by LH from the second day of treatment (Supplementary Figure 4B), and the increase was most significant on the 4 days (Supplementary Figures 4C–E). Similarly, follicle-stimulating hormone receptor (FSHR) is also significantly activated by FSH (Supplementary Figures 4F–H).



LH and FSH Alleviate Nicotine-Induced Autophagy in Ovarian Cells by Different Ways

Transmission electron microscopic observations revealed that compared with the nicotine exposure group, oocytes in cysts (control = 1.74 ± 0.38, nicotine = 8.46 ± 0.75, nicotine + LH = 1.68 ± 0.34, and nicotine + FSH = 2.23 ± 0.49) and follicles (control = 1.17 ± 0.20, nicotine = 7.29 ± 0.56, nicotine + LH = 1.30 ± 0.06, and nicotine + FSH = 1.51 ± 0.19) had fewer autophagosomes in the control and LH- or FSH-treated ovaries (Figures 3A–C). In addition, we also found autophagosomes in ovarian somatic cells in the nicotine-treated group, while mitochondria in the other groups were normal (Figure 3A). Further research results show that somatic cells and oocytes in cysts or follicles in the nicotine-treated group have stronger BECLIN1-positive signals and more LC3B-positive spots, contrary to the other groups (Figures 3D,E). Results of western blot analysis showed that the autophagy markers BECLIN1 protein and ratio of LC3-II/LC3-I were not up-regulated in the control group, nicotine plus LH group, and nicotine plus FSH group (Figures 3F,G). This suggested LH and FSH protect against nicotine-induced damage of mouse germ cell cyst breakdown by inhibiting autophagy.
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FIGURE 3. LH and FSH suppressed autophagy in nicotine-exposed ovarian cells. (A) Autophagosomes (black arrow) in the oocyte (cysts or follicles) and somatic cytoplasm in each group’s ovaries with transmission electron microscopy (TEM). (B) The number of autophagosome in one oocyte in cysts of each group’s ovaries (control, n = 90; nicotine, n = 90; nicotine + LH, n = 90; and nicotine + FSH, n = 90, n = total number of oocytes from three replicate experiments). (C) The number of autophagosome in one oocyte in follicles of each group’s ovaries (control, n = 90; nicotine, n = 90; nicotine + LH, n = 90; and nicotine + FSH, n = 90; n = total number of oocytes from three replicate experiments; n = 12 newborn female pups in A–C). (D) Representative images of IHC for the BECLIN1 in tissue sections of the ovaries in each group. The white arrows indicate BECLIN1-positive somatic cells and oocytes in cysts or follicles. Scale bar, 50 μm. (E) Representative image of immunofluorescence (IF) for the LC3B in tissue sections of the ovaries in each group. The white arrows indicate BECLIN1-positive somatic cells and oocytes in cysts or follicles (n = 12 newborn female pups in D,E). Scale bar, 50 μm. (F) Relative protein level of BECLIN-1 in each group. (G) Relative protein level of LC3-II/LC3-I in each group (n = 36 newborn female pups in F,G). The data are presented as means ± S.E. of three independent experiments (each in triplicate). *P < 0.05, **P < 0.01.


Further studies showed that LH and FSH can attenuate the downregulation of the phosphorylation of autophagy-related proteins AKT and mTOR by nicotine (Figures 4A,B). We found that nicotine was able to significantly increase the phosphorylation level of adenosine 5′-monophosphate (AMP)-activated protein kinase α-1 (AMPKα1), an upstream signaling of AKT and mTOR, and this increase was drastically reduced in the ovaries co-treated with LH but not in those co-treated with FSH (Figures 4C,D). This indicates that LH reduced the nicotine-induced autophagy by restoring the phosphorylation level of AMPKα1.
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FIGURE 4. LH or FSH alleviates nicotine-induced autophagy in ovarian cells in different ways. (A) p-AKT expression relative to AKT in the control, nicotine, nicotine plus LH, and nicotine plus FSH groups, respectively. (B) p-mTOR expression relative to mTOR in the control, nicotine, nicotine plus LH, and nicotine plus FSH groups, respectively. (C) p-AMPKα1 expression relative to AMPKα1 in the control, nicotine, nicotine plus LH, and nicotine plus FSH groups, respectively. (D) p-AMPKα1 expression relative to AMPKα1 in the control, nicotine, nicotine plus LH, and nicotine plus FSH groups, respectively. (E) p-PIK3C3 expression relative to PIK3C3 in the control, nicotine, nicotine plus LH, and nicotine plus FSH groups, respectively. (F) p-FOXO1 expression relative to FOXO1 in the control, nicotine, nicotine plus LH, and nicotine plus FSH groups, respectively, (n = 72 newborn female pups in figure). The data are presented as means ± S.E. of three independent experiments (each in triplicate). *P < 0.05, **P < 0.01, and ns P > 0.05.


Forkhead box class O 1 is a key downstream effector of FSH signal, and FOXO1 is also involved in the upregulation of autophagy-related genes and promoting autophagy flux (Sengupta et al., 2009). Interestingly, the protein phosphorylation levels of phosphoinositide-3-kinase class 3 (PI3KC3) were significantly decreased by nicotine, while the protein phosphorylation levels of PI3KC3 and FOXO1 were restored almost to the control in the nicotine plus FSH-treated ovaries (Figures 4E,F). This evidence suggested that FSH eliminates the nicotine-induced autophagy by downregulating the phosphorylation level of FOXO1.



LH or FSH Improves Meiotic Maturation and Spindle Assembly of Nicotine-Exposed Mouse Oocytes

To test whether early exposure to nicotine affects ovary development, we measured the different classes of follicles at 21 dpp after nicotine treatment. In this regard, we observed that exposure to nicotine resulted in a significant reduction in the total follicle number and PF number compared to the control group, while the LH and FSH supplementation groups recovered significantly (Supplementary Figure 5). These results verified that the ovaries treated with LH or FSH after nicotine exposure were able to recover normal PF pool. In order to assess the meiotic maturation of oocytes in each treatment group, the newborn mice in each group were injected intraperitoneally for 4 days and fed for 6 weeks for further experiment. We detected the rate of first polar body extrusion (PBE). As Figure 5A shows, the proportion of PBE for nicotine-treated mice was significantly reduced compared with the control group after 12-h culture, while FSH and LH restored the rate to control levels (control = 86.93 ± 2.66%, nicotine = 65.73 ± 2.23%, nicotine + LH = 84.75 ± 2.10%, and nicotine + FSH = 83.93 ± 2.05%; Figures 5A,B). The normal spindle is fusiform, and the chromosome is arranged regularly and linearly. In general, abnormalities in spindle assembly and chromosome separation are likely to cause oocyte arrest (Bennabi et al., 2016); thus, we detected the spindle assembly and the chromosome arrangement in oocytes (Figures 5C–E). The result showed that the rates of aberrant spindles and misaligned chromosomes in the nicotine-exposed group were significantly higher than those in the control, while FSH and LH restored the rate to control levels (Figures 5D,E).


[image: image]

FIGURE 5. Effects of LH or FSH on the meiotic maturation in nicotine-induced oocytes. (A) Representative images of oocytes with polar body extrusion (PBE; metaphase II of meiosis: MII) in each group. Scale bar, 100 μm. The black arrows indicate abnormal PBE. (B) The rates of PBE in each group (control, n = 90; nicotine, n = 90; nicotine + LH, n = 90; nicotine + FSH, n = 90; and n = total number of oocytes from three replicate experiments). (n = 16 newborn female pups in A,B). (C) Representative images of spindle (green) morphologies and chromosome (blue) alignment. Scale bar, 20 μm. The arrows indicate aberrant spindles (red arrows) and misaligned chromosomes (white arrows). (D) The rates of aberrant spindles (control = 19.70 ± 1.47%, n = 90; nicotine = 39.68 ± 1.73%, n = 90; nicotine + LH = 19.42 ± 2.16%, n = 90; and nicotine + FSH = 21.79 ± 2.39%, n = 90; n = total number of oocytes from three replicate experiments). (E) The rates of misaligned chromosomes (control = 22.08 ± 1.43%, n = 90; nicotine = 48.58 ± 2.78%, n = 90; nicotine + LH = 22.70 ± 1.81%, n = 90; and nicotine + FSH = 22.77 ± 2.23%, n = 90; n = total number of oocytes from three replicate experiments; n = 16 newborn female pups in C–E). The data are presented as means ± S.E. of three independent experiments (each in triplicate). **P < 0.01.




LH or FSH Improves the Potential of Fertilization and Early Embryo Development of Nicotine-Exposed Mouse Oocytes

The quality of oocyte influences fertilization and embryo’s developmental potential (Wang and Sun, 2007). In order to observe the fertility rate in each treatment group, we measured the proportion of development of two-cell embryos, four-cell embryos, and blastocyst after IVF in each treatment group. Figure 6A indicates that the ratio of the developed two−cell embryos was significantly decreased with nicotine treatment and recovered to normal levels with the administration of LH or FSH (control = 86.93 ± 2.66%, nicotine = 65.73 ± 2.23%, nicotine + LH = 84.75 ± 2.10%, and nicotine + FSH = 83.93 ± 2.05%; Figures 6A,B). Similar to the statistics of four-cell embryos and blastocyst results, the development rate of oocytes in nicotine-treated mice was significantly lower than that of the control group and recovered to normal levels with LH or FSH supplementation (four-cell embryos: control = 86.47 ± 1.88%, nicotine = 71.73 ± 2.17%, nicotine + LH = 87.40 ± 1.48%, and nicotine + FSH = 88.27 ± 1.49%; blastocyst: control = 84.51 ± 2.26%, nicotine = 59.93 ± 3.13%, nicotine + LH = 78.55 ± 1.36%, and nicotine + FSH = 78.15 ± 2.07%; Figures 6C–F).
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FIGURE 6. Effects of LH or FSH on fertilization and early embryo development in nicotine-induced oocytes. (A) Representative images of two-cell embryos in each group. Scale bar, 100 μm. The black arrows indicate two-cell embryos of developmental failure. (B) The rates of two-cell embryos in each group (control, n = 90; nicotine, n = 90; nicotine + LH, n = 90; and nicotine + FSH, n = 90; n = total number of oocytes from three replicate experiments). (C) Representative images of four-cell embryos in each group. Scale bar, 100 μm. The black arrows indicate four-cell embryos of developmental failure. (D) The rates of four-cell embryos in each group (control, n = 90; nicotine, n = 90; nicotine + LH, n = 90; and nicotine + FSH, n = 90; n = total number of oocytes from three replicate experiments). (E) Representative images of blastocyst in each group. Scale bar, 100 μm. The black arrows indicate blastocyst of developmental failure. (F) The rates of blastocyst in each group (control, n = 90; nicotine, n = 90; nicotine + LH, n = 90; and nicotine + FSH, n = 90; n = total number of oocytes from three replicate experiments; n = 16 newborn female pups in figure). The data are presented as means ± S.E. of three independent experiments (each in triplicate). *P < 0.05, **P < 0.01.




DISCUSSION

Based on our previous research, nicotine, the main component of cigarettes, is a toxic substance that could induce a high level of autophagy in ovarian cells, causing a disorder of mouse early folliculogenesis (Wang Y. F. et al., 2018). Importantly, previous studies have shown that cigarette smoke exposure in mice decreases the PF pool and induces autophagy in ovarian cells in preference to apoptosis (Gannon et al., 2012; Furlong et al., 2015). Moreover, high levels of autophagy due to nicotine exposure were responsible for the abnormal germ cell cyst breakdown in perinatal mice (Liu et al., 2020). However, in many countries, some pregnant women are still exposed to smoke, often causing irreversible damage to the fetal reproductive system (Salihu and Wilson, 2007; Ye et al., 2010; Lange et al., 2018). Since germ cell cyst breakdown and PF formation in mice mainly happens in the first 5 days after birth (Pepling and Spradling, 2001), the nicotine exposure model of neonatal mouse was used to simulate the PF formation period of human fetus in order to seek reasonable rescue measures. We show here for the first time that specific doses of LH or FSH supplementation can inhibit nicotine-induced autophagy activation, thereby maintaining normal early folliculogenesis.

In this paper, a nicotine concentration of 1 mg/kg body weight/day was given intraperitoneally as the in vivo nicotine exposure group. The experiment of Holloway et al. (2006) showed that the steady-state levels of cotinine, the main metabolite of nicotine, in serum was 135.9 ± 7.86 ng/ml after rats were injected with 1 mg/kg bw/day nicotine for 14 consecutive days. Importantly, this cotinine concentration was within the range reported by human pregnant smokers (21.5–228.1 ng/ml; George et al., 2006). In addition, Wang et al. (2012) proved that mice treated with 1.5 mg/kg bw/day nicotine for 6 weeks did not affect hemodynamic parameters or metabolic indices in the mice. In addition, experiments of Wang Y. F. et al. (2018) show that 1 mg/kg bw/day nicotine was associated with a significant reduction of germ cell cyst breakdown but did not affect the total oocyte number. The optimal dose of FSH and LH was 100 mIU/kg for 4 days in the in vivo drug treatment group. The research group of Rossi et al. (2017) reported that LH (200 mIU per mouse) can protect female ovarian reserve and fertility by inhibiting cisplatin-disrupted prepuberal mice oocytes. Furthermore, Shen et al. (2017) proved that 3-week-old mouse ovarian granulosa cells cultured in the presence of 50 mg/kg FSH can repress autophagy. Our results proved that LH and FSH can maintain the percentage of PF by reducing the level of nicotine-induced autophagy.

Autophagy is reported to maintain cellular homeostasis by eliminating misfolded proteins or defective organelles, while excess autophagy induced by stimulation can lead to extensive degradation of the required components for cell survival (Levine and Kroemer, 2008). The accumulation of autophagy at birth has been shown to be the primary cause of damage to germ cell cyst breakdown (Wang Y. Y. et al., 2017). Importantly, the timely elimination of autophagosome is an effective method to treat damage caused by toxic exposure (Shen et al., 2017; Wang Y. F. et al., 2018). This paper revealed that LH and FSH could significantly reduce the expression level of autophagy-related proteins, such as BECLIN1 and LC3-II, which is caused by nicotine. Certainly, the number of autophagosome also remained at normal levels in the LH or FSH treatment group (Figure 3).

Studies have reported the role of LH and FSH in protecting ovaries from toxins (Rossi et al., 2017; Shen et al., 2017). Our study showed that LH inhibited nicotine-induced downregulation of the phosphorylation level of AMPKα1, while FSH did not. This evidence suggested that LH and FSH alleviated nicotine-induced oocytes autophagy by different ways. Many previous studies have shown that FSH can protect ovarian cells against autophagy (Shen et al., 2016, 2017). Consistent with the results of Shen et al. (2017), our data demonstrated that FSH inhibited the phosphorylation level of FOXO1 expression via the PI3K pathway, thereby blocking the induction of downstream autophagic genes.

The meiotic maturation, fertilization, and embryo quality are important indicators of oocyte quality (Shi et al., 2014). Our results showed that nicotine exposure resulted in spindle defects and chromosome misalignment of oocytes and a significant decrease in the rate of PBE, while the nicotine plus LH group and nicotine plus FSH group achieved significant recovery (Figure 5). Moreover, we discovered that LH or FSH significantly improved the potential of fertilization and early embryo development of nicotine-exposed mouse oocytes (Figure 6). These results provide robust evidence indicating that LH and FSH could rescue reproductive toxicity of nicotine during mouse oocyte maturation. Nicotine has been widely reported to have negative effects on the function of the anterior pituitary and the secretion of LH or FSH (Moshtaghi-Kashanian et al., 2005; Chen et al., 2008). Therefore, the mechanism of LH or FSH restoring nicotine on oogenesis still needs to be further explored.

In conclusion, by investigating the inhibition of LH and FSH on the autophagy mechanism of nicotine in ovarian oocytes, we revealed two potential therapeutic agents that provide theoretical basis for clinical treatment of fetal ovarian developmental disorders associated with autophagy damage caused by smoking in pregnant women.
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Supplementary Figure 1 | Determination of the optimum concentrations of LH and FSH to delay cyst breakdown in nicotine-exposed ovaries in vivo. (A) The number of MVH-positive oocytes in mouse ovary after intraperitoneal injection of 1 mg/kg nicotine plus 0–200 mIU/kg LH at increasing dosage for 4 days. (B) The percentage of oocytes in cysts and follicles after treatment with nicotine and LH. (C) The number of MVH-positive oocytes in mouse ovary after intraperitoneal injection of 1 mg/kg nicotine plus 0–300 mIU/kg FSH at increasing dosage. (D) The percentage of oocytes in cysts and follicles after treatment with nicotine and FSH. The data are presented as means ± S.E. of three independent experiments (each in triplicate). ∗P < 0.05, ∗∗P < 0.01, and ns P > 0.05.

Supplementary Figure 2 | The development of mice in each group after treatment was detected. (A) Representative image of mice and the ovary. (B–D) The body length, body weight, and ovary diameter of fetuses in each group (n = 60 newborn female pups). (E) The liver index (liver weight/body weight) in each group. (F) Representative images of H&E in tissue sections of the liver in each group. Scale bar, 50 μm. n = 60 newborn female pups. The data are presented as means ± S.E. of three independent experiments (each in triplicate). ∗P < 0.05, ∗∗P < 0.01, and ns P > 0.05.

Supplementary Figure 3 | Treatment of LH and FSH alone did not affect the expression of cyst breakdown and oocyte-specific transcription factors. (A) Representative image of germ cell cyst breakdown and primordial follicle assembly alignment in the control, LH, and FSH groups. Scale bar, 100 μm. (B) The number of MVH-positive oocytes in the ovary in the control, LH, and FSH groups. (C) The percentage of oocytes in follicles in the control, LH, and FSH groups (n = 9 newborn female pups in A–C). (D) Representative images of IHC for the LHX8 in tissue sections of ovaries in the control, LH, and FSH groups. Scale bar, 50 μm. (E) Representative images of IHC for the GDF9 in tissue sections of ovaries in the control, LH, and FSH groups (n = 9 newborn female pups in D,E). Scale bar, 50 μm. (F) Relative protein level of LHX8 of ovaries in the control, LH, and FSH groups. (G) Relative protein level of GDF9 of ovaries in the control, LH, and FSH groups (n = 27 newborn female pups in F,G). The data are presented as means ± S.E. of three independent experiments (each in triplicate). ∗P < 0.05, ∗∗P < 0.01, and ns P > 0.05.

Supplementary Figure 4 | Detection of related receptor expression. (A) Relative changes of nAChR in the mRNA expression of mice treated with nicotine for 4 days (n = 18 newborn female pups in A,C,F). (B) Relative changes of Lhr in the mRNA expression of mice treated with LH for 0, 1, 2, and 3 days, respectively, (n = 72 newborn female pups). (C) Relative changes of Lhr in the mRNA expression of mice treated with LH for 4 days. (D) Representative image of IF for the LHR in tissue sections of ovaries in the control and LH groups. (E) Relative protein level of LHR in the control and LH groups. (F) Relative changes of Fshr in the mRNA expression of mice treated with FSH for 4 days. (G) Representative image of IF for the FSHR in tissue sections of ovaries in the control and FSH groups. (H) Relative protein level of FSHR in the control and FSH groups. The data are presented as means ± S.E. of three independent experiments (each in triplicate). ∗P < 0.05, ∗∗P < 0.01, and ns P > 0.05.

Supplementary Figure 5 | An analysis of folliculogenesis of 21-day ovaries after intraperitoneal injection for 4 days in each treatment group. (A) Representative IHC of MVH-positive oocytes (dark brown) in 21-day ovaries. (B) Representative IHC of the different classes of follicles. The primordial and primary follicle of a follicle containing an intact MVH-positive oocyte was surrounded by a single layer of flat or cuboidal granulosa cells; the secondary follicles were two or multiple layers of granulosa cells; and the antral follicle was a kind of follicle with a fluid-filled cavity adjacent to the oocyte. (C) Quantification of the number of total, primordial, primary, secondary, and antral follicles in 21-day ovaries (n = 16 newborn female pups). The data are presented as means ± S.E. of three independent experiments (each in triplicate). ∗P < 0.05, ∗∗P < 0.01, and ns P > 0.05.
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Male infertility is a widespread health problem affecting approximately 6%–8% of the male population, and hypoxia may be a causative factor. In mammals, two types of hypoxia are known, including environmental and pathological hypoxia. Studies looking at the effects of hypoxia on male infertility have linked both types of hypoxia to poor sperm quality and pregnancy outcomes. Hypoxia damages testicular seminiferous tubule directly, leading to the disorder of seminiferous epithelium and shedding of spermatogenic cells. Hypoxia can also disrupt the balance between oxidative phosphorylation and glycolysis of spermatogenic cells, resulting in impaired self-renewal and differentiation of spermatogonia, and failure of meiosis. In addition, hypoxia disrupts the secretion of reproductive hormones, causing spermatogenic arrest and erectile dysfunction. The possible mechanisms involved in hypoxia on male reproductive toxicity mainly include excessive ROS mediated oxidative stress, HIF-1α mediated germ cell apoptosis and proliferation inhibition, systematic inflammation and epigenetic changes. In this review, we discuss the correlations between hypoxia and male infertility based on epidemiological, clinical and animal studies and enumerate the hypoxic factors causing male infertility in detail. Demonstration of the causal association between hypoxia and male infertility will provide more options for the treatment of male infertility
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INTRODUCTION

The clinical definition of infertility is described as the failure of couples to conceive after more than 1 year of regular unprotected intercourse (Zegers-Hochschild et al., 2009). According to the World Health Organization statistics, infertility has become a global public health issue, affecting approximately 12%–15% of couples worldwide (Practice Committee of the American Society for Reproductive Medicine, 2015). Male factors are responsible for 50% of the cases of infertility, among which 20%–30% occur solely due to male factors, and 20%–30% are due to factors affecting both partners (Tournaye et al., 2017). Data from a global burden of disease (GBD survey suggested that the prevalence of male infertility increased by 0.291% per year from 1990 to 2017 globally (Sun et al., 2019), and may approach the 50% limit. Currently, male infertility is not just a quality-of-life problem, but a political theme with considerable social distress, and it imposes a substantial financial burden on couples and health-care systems (Agarwal et al., 2021).

The causes of male infertility are wide-ranging, including obesity, psychological stress and environmental pollutants, and hypoxia is one of the predominant reasons (Gat et al., 2006, 2005). Hypoxia is defined as a transient or sustained condition of decreased arterial oxygen partial pressure resulting in tissue oxygen deficiency, which is characterized by a decrease in arterial oxygen partial pressure and oxygen content (Reyes et al., 2012). In humans, the arterial oxygen partial pressure (PaO2) is 12–13.3Kpa (90–100 mmHg) and the arterial oxygen saturation (SaO2) is 92–96% during normal conditions at sea level. Hypoxia occurs when SaO2 drops below 90% (Bomhard and Gelbke, 2013). In mammals, two types of hypoxia are known, including environmental hypoxia and pathological hypoxia. The former mainly refers to low partial pressure of inhaled oxygen caused by high altitude, while the latter is impaired testicular oxygen delivery or utilization caused by pathological factors, including varicocele (Jensen et al., 2017), chronic lung disease (Semple et al., 1983), sleep apnea (Mesarwi et al., 2019) and sickle cell disease (Torres et al., 2014). Both environmental and pathological hypoxia have been shown to negatively affect male fertility in animals and humans, which can lead to a reduced sperm count, low sperm motility and abnormal sperm morphology on sperm output (Ata-Abadi et al., 2020; Wang J. et al., 2020). However, the adverse consequences of hypoxia on male fertility have been established in some studies, but it is difficult to make a firm conclusion without enough evidence. In this review, we summarize the effects of hypoxia on various aspects of fertility based on basic and clinical evidence in great detail, and discuss the potential mechanisms. Finally, we enumerate the environmental and pathological hypoxic factors causing male infertility. A correct understanding of the relationship between hypoxia and male infertility will provide more ideas about the etiological diagnosis of male infertility and more options for its treatment.



OVERVIEW OF HYPOXIA

Oxygen began to accumulate in the atmosphere approximately 2.5 billion years ago and reached its present level (∼21%) about 350 million years ago (Bekker et al., 2004). The crucial function of oxygen is to act as a terminal electron acceptor to participate in aerobic respiration, which converts the chemical energy in cells into the active chemical energy in ATP through oxidative phosphorylation. Energy produced by aerobic respiration is sufficient to support physicochemical reactions in living cells and is incapable being sustained by glycolysis alone under hypoxic conditions (Semenza, 2012).

The evolution of the respiratory system and cardiovascular system allowed atmospheric oxygen to be transported to tissues directly through the bloodstream in more complex metazoans, such as Homo sapiens. When environmental oxygen content is low or respiratory or cardiovascular systems are impaired, hypoxia occurs (MacIntyre, 2014). Most mammals show little tolerance to hypoxia and their response involves the activation of regulatory mechanisms at systemic, tissue and cellular levels. The key factor in oxygen adaptation is hypoxia inducible factor (HIF) (Choudhry and Harris, 2018). Structurally, HIF is a heterodimer comprised of α and β subunits, and each subunit contains basic helix-loop helix PAS domains for DNA binding (Wang et al., 1995). Under normal oxygen conditions, the proline hydroxylases (PhDs) family (also known as the Egin or HPH family) hydroxylates one or both highly conserved proline residues near NTAD, which generates a binding site for the von Hippel Lindau (pVHL) tumor suppressor protein, a component of the ubiquitin ligase complex, leading to ubiquitination degradation of HIF-α (Choudhry and Harris, 2018). The PHD is inactive when oxygen is not available, allowing HIF-α to stabilize and accumulate gradually, dimerizing with HIF-β (Semenza, 2012). Upon dimerization, HIF translocates to the nucleus and binds to hypoxia response elements (HREs) to play a transcriptional regulatory role in target genes (Figure 1) (Majmundar et al., 2010).
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FIGURE 1. Schematic overview of the pathways involved in germ cell damage caused by HIF-1α. In the presence of oxygen, prolyl hydroxylases (PHDs) hydroxylate the HIF-1α, which generates a binding site for the von Hippel Lindau (VHL) protein, a component of the ubiquitin ligase complex, leading to proteasomal degradation of HIF-α. During hypoxia, the enzymatic activity of PHDs is inhibited, leading to stabilization of HIF-1α subunits. After translocation to the nucleus, they complex with their β subunit and bind to hypoxia responsive elements (HREs). The genes activated by HIF perform the following functions in germ cells: apoptosis, which is caused by VEGF/PI3K/AKT signaling pathway, mitochondrial pathway, death receptor pathway and miR210/KLF7 pathway; Proliferation inhibition, which is caused by activating VEGF transcription. Hypoxia can also upregulate the expression of Beclin-1 and LC3II/LC3I, and downregulate the expression of P62 to promote germ cell autophagy.


HIF-1α mRNA is expressed equally in all male reproductive systems, including the testis, all segments of the epididymis, ductus deferens, accessory sex glands, and penis (Powell et al., 2002). In the testes of rats, immunoblot and immunohistochemical analysis revealed that HIF-1α protein was expressed in almost every epididymal epithelium and was significantly higher in hypoxic testes than in normoxic testes (Liang et al., 2015; Zhang et al., 2016). In humans, the expression of HIF-1α protein was 7 times higher in patients with varicocele (testicular hypoxia) than in normal volunteers (Lee et al., 2006). Widespread expression of HIF-1α is the basis of hypoxic adaptation in the male reproductive system.



REPRODUCTIVE CONSEQUENCES OF HYPOXIA


Reduced Sperm Quality

The sperm quality outcome measures are the sperm concentration, motility, morphology, semen volume, viability and DNA fragmentation, which are the parameters most frequently used in clinical settings (Schisterman et al., 2020). Growing evidence has shown that hypoxia has adverse effects on sperm quality in several species, including rodents, livestock, Drosophila, fish, and humans (Wang et al., 2016; Cofre et al., 2018; Wang J. et al., 2020). In rats and mice, acute, intermittent and chronic hypoxia reduced the total sperm concentration and sperm motility while increasing the rates of sperm DNA fragmentation and abnormal sperm morphology (Vargas et al., 2011; Torres et al., 2014; Bai et al., 2018; Wang J. et al., 2020; Ma et al., 2021). Hypoxia in rams led to a lower sperm count, sperm progressive motility and viability than in normoxic rams (Cofre et al., 2018). In humans, male soldiers exposed to hypoxia at high altitude (5380 m) for 12 months showed a poor sperm concentration, sperm motility, sperm density, and survival rate compared with those at 1 month before exposure (He et al., 2015). Similar observations were made among mountain trekkers, expeditions and specimens (Donayre et al., 1968; Okumura et al., 2003; Verratti et al., 2008). Furthermore, hypoxia mediated transgenerational impairments in sperm quality. Studies from hypoxic fish proved that exposing the Fo generation to hypoxia led to a decrease in sperm count and motility in the F1 and F2 generations that had never been previously exposed to hypoxia (Wang et al., 2016; Lai et al., 2018).

It is worth noting that patients or animals with pathological hypoxia such as sickle cell disease (Friedman et al., 1974; Nahoum et al., 1980; Osegbe et al., 1981; Agbaraji et al., 1988; Modebe and Ezeh, 1995; Berthaut et al., 2008), thalassemia (De Sanctis et al., 2008; Safarinejad, 2008a), lung diseases (Charpin et al., 1985) and obstructive sleep apnea hypopnea syndrome (Torres et al., 2014) also showed decreased sperm parameters of sperm output. Taking sickle cell disease as an example, D N Osegbe et al. measured different semen parameters including sperm motility, density, morphology, semen, viscosity, volume, pH and liquefaction time produced by 40 male patients aged 20.56 years with sick cell disease, and found that the semen parameters of all sickle cell subjects did not meet the minimum requirements for fertility (Osegbe et al., 1981). Subfertility seems to be a great problem among these patients with sickle cell disease, because they have rarely fathered children (Akinla, 1972).



Impaired Spermatogenesis

Successful fertility requires a large amount of normal sperm. In order to meet the minimum fertility standard, the sperm concentration is greater than 15 million per ml, of which at least 40% should be motility and at least 4% with a normal morphology according to the new criteria for the laboratory examination of human sperm parameters of WHO [World Health Organization (WHO), 2010]. The generation of sperm is depended on a highly dynamic cellular differentiation process in the seminiferous tubules of the testis, called spermatogenesis (Griswold, 2016). This process begins with the self-renewal and differentiation of spermatogonial stem cells (SSCs) (Yeh et al., 2011). Self-renewal and differentiation of spermatogonial stem cells must be able to self-renew to maintain stem cell populations and undergo differentiation to form sperm, and this relationship between proliferation and differentiation rates is a parameter highly influenced by oxygen availability (Yeh et al., 2011). It is well established that cells mainly undergo oxidative phosphorylation to produce ATP in the presence of sufficient oxygen supply, while in the absence of oxygen, ATP is produced by glycolysis. However, stem cells, as well as SSCs, rely more on glycolysis for ATP production to avoid DNA damage caused by excessive ROS produced by oxidative phosphorylation, but oxidative phosphorylation and oxidative phosphorylation are also essential, since ROS are also required for SSC self-renewal (Morimoto et al., 2013; Ryall et al., 2015). This is a bioenergenic balance between glycolysis and oxidative phosphorylation, which can be disrupted in the absence of oxygen. Recent research has found that the inhibition of mitochondrial respiration and glycolysis in undifferentiated spermatogonia cells results in decreased spermatogonial colony size, and reduced expression of SSC marker genes, such as Plzf, Id4, Gfrα1, Etv5, and Sall4, suggesting that hypoxia may affect spermatogonia differentiation (Chen et al., 2020).

Following self-renewal and differentiation, SSCs transform into primary spermatocytes, which undergo two meiotic divisions to reduce the chromosome number from diploid to haploid and diversify the genetic material to form round spermatids (Lloyd and Bomblies, 2016); Considering that the seminiferous tube is thicker in diameter and lacks a vascular supply, oxygen reaches the lumen only by diffusion. Due to the limited diffusion distance and the high oxygen consumption of spermatogenesis, luminal PO2 is likely to be very low (Wenger and Katschinski, 2005). Therefore, spermatocytes appear to have less access to oxygen than SSCs (Cross and Silver, 1962; Wenger and Katschinski, 2005). Although few studies have focused on oxygen and energy metabolism in spermatocyte meiosis, it is undeniable that hypoxia is bound to increase the energy burden of meiosis, since meiosis is an extremely energy-intensive process. Thus it is not surprising that the apoptosis rate of spermatocytes is much higher than that of other germ cells under most hypoxic conditions (Liao et al., 2010).

Hypoxia affects not only germ cells but also the seminiferous tubule. Findings from hypoxic rats confirmed that exposing rats to hypoxic conditions arrested spermatogenic development, misshaped the arrays of spermatids (Bai et al., 2018), atrophied and thinned the seminiferous tubule lumen (Wang J. et al., 2020), decreased the cellularity of the seminiferous epithelium (Cikutovic et al., 2009; Liao et al., 2010), and disturbed the stages of the seminiferous epithelium (Gasco et al., 2003; Gonzales et al., 2004). Similar phenotypes pertaining to other animals such as mice (Kastelic et al., 2019) and rhesus monkeys (Saxena, 1995), have also been reported. In addition, Sertoli cells, the only type of somatic cells in the seminiferous epithelium of the testis that are essential for the maintenance of cell junctions, nutrient supply, and germ cells mitosis and meiosis (Ni et al., 2019), are also affected by hypoxia. A study using a hypobaric chamber simulating hypoxic condition at an altitude of 5000 m showed that 3 weeks of persistent hypoxic exposure resulted in a decrease in the number of Sertoli cells in rats (Bai et al., 2018). The number of Sertoli cells were also decreased under acute hypobaric hypoxia conditions (Shevantaeva and Kosyuga, 2006).



Reproductive Hormone Disorders

As part of the body’s adaptation to hypoxia, the hypothalamic–adrenal–adrenal (HPA) axis regulates the functions of the hypothalamic–adrenal–gonadal (HPG) axis, which is necessary to ensure successful reproduction of males. The HPG axis influences the function of the reproductive system through the endocrine pathway, originating from the secretion of gonadotropin-releasing hormone (GnRH) in the hypothalamus. GnRH stimulates the pituitary gland to synthesize and secrete follicle-stimulating hormone (FSH) and luteinizing hormone (LH) (Neto et al., 2016). In turn, FSH and LH act on the testes to promote androgen (main testosterone) synthesis. GnRH, FSH, LH and testosterone are the major reproductive hormones that affect male reproductive functions.

The functions of FSH, LH and testosterone are mediated by their specific receptors, FSH receptor (FSHR), LH receptor (LHR), and androgen receptor (AR) respectively (Oduwole et al., 2018). FSH receptor is mainly expressed on Sertoli cells, which affects the maturation, proliferation, and function of Sertoli cells (Griswold, 1998; Abel et al., 2008). Mutations of FSH or FSHR have been associated with a decreased Sertoli cell number and sperm count, but have no effect on fertility (Tapanainen et al., 1997). LH receptor is expressed on Leydig cells to stimulate testosterone production (Narayan, 2015). The functions of testosterone are mediated by the androgen receptor (AR). Androgen receptor is generally expressed on Sertoli cells, Leydig cells and arteriole smooth muscle in the testis, but not in germ cells (Sar et al., 1990; Bremner et al., 1994; Wang et al., 2009; Smith and Walker, 2014). Findings from cell specific AR ablation or overexpression models showed that testosterone is crucial for spermatogonia number maintenance, blood-testis barrier integrity, completion of meiosis and the adhesion of spermatids and spermiation (Wang et al., 2009; Smith and Walker, 2014; O’Hara and Smith, 2015).

Through the years, although researches on hypoxia and reproductive hormones has made great progress, many contradictory reports still exist in both hypoxic animals and humans. Most studies have suggested that both environmental and pathological hypoxia decrease the levels of FSH and LH in the blood circulation (Dada and Nduka, 1980; el-Hazmi et al., 1992; Farias et al., 2008), while few studies have shown no effect or increased FSH or LH levels (He et al., 2015; Verratti et al., 2016). In addition, studies on the effects of hypoxia on testosterone secretion were also widely divergent. Several studies in humans and animals suggested that hypoxia stimulates testosterone production (Boksa and Zhang, 2008; Ma et al., 2018; Cho et al., 2019), while others suggested the opposite (Wang et al., 2017, 2019; Bai et al., 2018; Raff et al., 2018; Kim and Cho, 2019). Interestingly, similar findings were observed in cell models. One study in mouse Leydig cell line TM3 cells in a hypoxic incubator chamber showed increased testosterone release, and these effects were mediated by increased vascular endothelial growth factor (VEGF) production (Hwang et al., 2007); Another study in which rat primary Leydig cells or TM3 cells were exposed to hypoxia (1% O2) indicated a negative regulation of testosterone synthesis under hypoxia. This decline may be related to HIF-1α mediated transcriptional suppression of steroidogenic acute regulatory protein (Star), a rate-limiting enzyme for testosterone synthesis (Wang et al., 2018).

Actually, most of these conflicting reports are to be expected since testosterone is both a hypoventilatory and an erythropoietic hormone (Molinari, 1982; Guo et al., 2014; Marques et al., 2020). In the early stage of hypoxia (or acute hypoxia exposure), an increased in serum testosterone prevents respiratory alkalosis caused by exaggerated respiratory response of the organism (Gonzales, 2013). An increase in serum testosterone may also enhance erythropoiesis, supporting acclimatization (Gonzales, 2013). With the prolongation of hypoxia, ROS gradually accumulates in testicular cells leading to the damage of Leydig cells, which causes the decrease of testosterone. Thus it is not surprising that Madrid et al. observed an increased in testosterone during the first 24 h followed by a decrease on the 5th day in normobaric hypoxic murine model (Madrid et al., 2013).



Erectile Dysfunction

Erectile dysfunction is a common male sexual dysfunction that is defined as the inability of the penis to attain or maintain a sufficient erection to achieve satisfactory sexual intercourse (Hatzimouratidis et al., 2010). Erectile dysfunction affects physical and psychosocial health, and has been identified as a common medical disorder over the past 20 years (Rathore et al., 2019). Causes of erectile dysfunction can be divided into 2 types: psychogenic disorders and an organic etiology. Current studies have suggested that psychogenic disorders contribute to only 20% of patients, and more than 80% of sufferers have an organic etiology (Yafi et al., 2016). There are two causes of organic etiology: endocrine and non-endocrine. Of the edocrinological erectile dysfunctions, testosterone plays important roles in enhancing sexual desire and erections (Shamloul and Ghanem, 2013); In terms of non-edocrinological erectile dysfunction, vasculogenic factors including arterial inflow disorders and corporeal veno-occlusion are the most common (Yafi et al., 2016). Notably, hypoxia can affect both types of ED mentioned above simultaneously. Hypoxia can lead to a disturbance (mostly reduction) of testosterone secretion, as described in the previous section “Reproductive hormone disorders,” which is the main cause of edocrinological erectile dysfunctions. Hypoxia from decreased corpora cavernosal oxygenation results in a decrease in prostaglandin E1 levels, which play a role in inhibiting pro-fibrotic cytokines, including transforming growth factor β1 (TGFβ1). These pro-fibrotic cytokines promote collagen deposition, replacing the smooth muscle and resulting in decreased elasticity of the penis. As the smooth muscle to collagen ratio decreases and collagen content increases, the ability of the cavernosa to compress the subtunical veins decreases, leading to corporal veno-occlusive dysfunction (Yafi et al., 2016).

Findings from several animal models of disease and clinical reports suggested that hypoxia impairs NO synthesis, which in turn decreases the functional integrity of penile smooth muscles (Moreland, 1998; Saenz de Tejada et al., 2004). A murine model of chronic intermittent hypoxia showed that 1 weeks of chronic intermittent hypoxia exposure resulted in a 55% decline in daily spontaneous erections. After 5 weeks of exposure, non-contact sexual activity was significantly suppressed, latencies for mounts and intromissions increased by 60- and 40-fold, respectively, and the sexual activity index decreased 6-fold (Soukhova-O’Hare et al., 2008). Another study performed in rats found that chronic intermittent hypoxia exposure significantly decreased the ratio of intracavernous pressure(ICP) to mean arterial blood pressure (MAP), an indicator of penile erectile response, at all levels (2.5, 5.0, and 7.5 volts) compared with normoxic rats. Furthermore, higher of apoptotic index and lower smooth muscle/collagen of corpus cavernosum were observed in hypoxic rats than normoxic (Moreland, 1998; Zhu et al., 2015). In humans, a study of hypoxia associated with idiopathic pulmonary fibrosis showed that the severity of hypoxia was closely associated with degree of testosterone suppression, which led to erectile dysfunction (Semple P. D. et al., 1984).




POTENTIAL MECHANISMS BY WHICH HYPOXIA CAUSES MALE INFERTILITY


Excessive ROS Mediates Oxidative Stress

Reactive oxygen species (ROS), including superoxide anions (O2•), hydrogen peroxide (H2O2), peroxyl (ROO•), and hydroxyl (OH•) radicals, participate in almost all cell physiological processes as signaling molecules (Boveris and Chance, 1973; Du Plessis et al., 2015). In the testis, the physiological level of ROS is beneficial for SSCs self-renewal, germ cell proliferation, maturation and sperm capacitation, acrosome reaction, hyperactivation, and the fusion of spermatozoa with the oocyte (Ford, 2004; Agarwal et al., 2012; Morimoto et al., 2013; Bejarano et al., 2014; Aitken, 2017). However, excessive levels of ROS can promote the cell reductive-oxidative balance to an oxidative state, leading to oxidative stress, and thereby damaging the physiological functions of proteins, lipids and DNA.

Although conventional wisdom holds that exposure of cells to excess oxygen leads to the generation of ROS, studies have shown that exposure of cells to hypoxic conditions also leads to increased excessive ROS generation (Kim et al., 2006; Yadav et al., 2019; Zhao et al., 2020). As early as 1943, John Macleod discovered that increased production of H2O2 led to a decrease in sperm motility, this was a breakthrough that opened a pathway for research on the role of ROS in sperm function. In sperm, the sources of ROS are mainly the sperm mitochondria, cytosolic L-amino acid oxidases, and plasma membrane nicotinamide adenine dinucleotide phosphate oxidases (Aitken, 2017) (Figure 2). Findings from past studies have linked excessive ROS to poor sperm quality and male infertility (Ford, 2004; Tremellen, 2008), and up to 30%–80% of the pathology of infertility is attributed to ROS-mediated sperm damage (Aitken and Fisher, 1994; Agarwal et al., 2006, 2019). Reactive oxygen species causes infertility in two principal ways. First, ROS causes membrane lipid peroxidation, that disturbs its fluidity, resulting in damage to the sperm membrane and thus affecting sperm motility and its ability to fuse with the vitelline membrane of oocytes due to the resulting damage to the sperm membrane. Second, ROS acts directly on sperm DNA, causing DNA double or single-strand breaks, which weakens the paternal genomic contribution to the embryo (Tremellen, 2008). Data from numerous studies have highlighted that ROS had significant negative effects on spermatogenesis (Liu B. et al., 2019; Sharma et al., 2019), steroidogenesis (Chen et al., 2010; Tai and Ascoli, 2011), and epididymal sperm maturation (Arenas-Rios et al., 2016; Schneider et al., 2020). Furthermore, ROS can also mediate germ cell apoptosis by activating mitochondrial and death receptor apoptotic pathways, which may be the main cause of sperm count reductions (Ghosh and Mukherjee, 2018; Liu T. et al., 2019) (Figure 2).
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FIGURE 2. Schematic diagram of the generations and functions of ROS. Hypoxic exposure stimulates the generation of excess ROS from sperm mitochondria, cytosolic L-amino acid oxidases, and plasma membrane nicotinamide adenine dinucleotide phosphate oxidases, leading to sperm lipid peroxidation, sperm DNA damage and germ cell apoptosis.




HIF-1α Mediates Germ Cell Apoptosis and Proliferation Inhibition

Programmed cell death, which we call apoptosis, is a critical biological process for regulating both the size and the quality of male germ cells and controlling the sperm output. In fact, only 25% of germ cells achieve maturity during spermatogenesis, and more than 75% of the sperm yield were lost through apoptosis in any phase of spermatogenesis (Aitken et al., 2011). Under physiological conditions, apoptosis plays an important role in the elimination of damaged germ cells, avoiding the passage of defects to future generations (Shaha et al., 2010). However, dysregulated apoptosis of germ cells was indicated in the etiology of male infertility, since increased apoptosis of cells has been observed in the testes of infertile men or animal models (Lin et al., 1997; Fouchecourt et al., 2016; Liu P. et al., 2018; Mu et al., 2018).

Previous studies have shown that hypoxia is a powerful initiator of apoptosis (Guven et al., 2014; Zhang et al., 2016), however, the mechanism by which hypoxia induces apoptosis in germ cells has yet to be defined. HIF-1α may be a key factor in mediating apoptosis. In rat models, silencing the HIF-1α gene in varicocele testes using the CRISPR/Cas9 gene editing technique significantly reduced the rate of apoptosis of spermatogenic cells and improved spermatogenic function by downregulating the VEGF/PI3K/AKT signaling pathway (Wang D. et al., 2020). Another study revealed that silencing HIF-1α significantly downregulated the expression of Bax and cleaved caspase-3 in the testes of varicocele rats (Zhao et al., 2019). In cell models, HIF-1α induced GC-2 cell apoptosis by activating the mitochondrial pathway and death receptor pathway under hypoxic conditions (Yin et al., 2018a). In addition, miR-210, a robust target of HIF-1α, also plays a crucial role in the apoptosis of germ cells (Lv et al., 2019). A study using a hypoxia workstation found that hypoxia induced miR-210 expression triggers apoptosis of mouse spermatocyte GC-2 cells by targeting Kruppel-like factor 7(KLF7), a transcription factor involved in cell proliferation (Gupta et al., 2020) (Figure 1).

Autophagy has been shown to play an important role in testicular damage under hypoxic conditions. In rats, varicocele testes cells showed increased expression of autophagy marker Beclin 1 and microtubule associated protein 1 light chain 3α (LC3) II/LC3I (Zhu et al., 2017); Exposure of GC-2 cells to hypoxia conditions reduced P62 protein expression and increased the expression of LC3 II and Beclin-1 (Yin et al., 2018b; Zhou et al., 2018). In varicocele rats, short-term hypoxia exposure promoted autophagy to stimulate testosterone secretion by degrading intracellular lipid droplets/total cholesterol. The change could be abolished by blocking autophagy (Ma et al., 2018) (Figure 1).

Notably, as a downstream target gene of HIF-1α, VEGF is upregulated under hypoxia, which is essential for endothelial growth and permeability (Apte et al., 2019). In addition to the well-known effects of VEGF, Korpelainen et al. observed that the VEGF transgene has non-endothelial target cells in the testis, leading to spermatogenic arrest and increased capillary density, which may regulate male fertility (Korpelainen et al., 1998). Another study reported that the VEGF upregulation in the testis under hypoxia suppresses the spermatogenesis by inhibiting germ cell proliferation, leading to aspermatogenesis and infertility (Nalbandian et al., 2003) (Figure 1).



Systematic Inflammation

Findings from several studies have linked increased levels of proinflammatory cytokines to spermatogenesis disorder, poor sperm quality and infertility (Zhao et al., 2017; Beigi Harchegani et al., 2020; Cao et al., 2020). Numerous studies have shown that hypoxia is a powerful cause of inflammation. In humans, exposure to intermittent hypoxia or acute hypoxia increased the serum levels of inflammatory markers, including interleukin 1 receptor antagonist (IL-1ra), interleukin 6 (IL-6) and C-reactive protein (CRP) (Hartmann et al., 2000; Gangwar et al., 2019). Other studies on obstructive sleep apnea syndrome suggested that patients with obstructive sleep apnea syndrome showed high serum levels of tumor necrosis factor-α (TNF-α), IL-6, CRP, and spontaneous production of IL-6 by monocytes compared with obese control subjects (Vgontzas et al., 2000; Yokoe et al., 2003). Hypoxia has also been shown to be positively correlated with these proinflammatory markers in animal studies (Ren and Hu, 2017; Alshanwani et al., 2020).

Hypoxic exposure was suggested to promote the activity of numerous transcription factors, including nuclear factor-κB (NF-κB), a known target gene of HIF-1α (Figure 3). NF-κB is a heterodimer consisting of p50 and p65 subunits, which acts as a central transcriptional regulator of the immune response and immune cell function (Rius et al., 2008). Activation of NF-κB requires phosphorylation-induced proteasomal degradation of inhibitory IκB proteins, which is mediated by IκB kinases (IκKs) (Rius et al., 2008). Two IκKs are known, IκKα and IκKβ, in which IκKβ plays a major role in phosphorylation of IκB inhibitors. Interestingly, the evidence showed that NF-κB was activated in hypoxia through PHD-dependent hydroxylation of IκK-β (Cummins et al., 2006) (Figure 3). Furthermore, findings in animals and humans found that hypoxia -induced inflammation is characterized by elevated levels of NF-κB and the proinflammatory biomarkers IL-6, IL-1, and TNF-α (Mazzeo, 2005; de Gonzalo-Calvo et al., 2010; S et al., 2012).
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FIGURE 3. Schematic diagram of the NF-kB activation pathways. (A) Under hypoxia, HIF-1α is stabilized and translocate to the nucleus, dimerizing with the β subunit and binds to HREs in the promoters of NF-κB to initiate its transcription. (B) Under normoxia, PHDs and factor inhibiting hypoxia-inducible factor (FIH) prevent the activation of IκBβ. During hypoxia, IκKβ phosphorylate the NF-κB inhibitor IκBα, which results in its ubiquitylation and subsequent proteasomal degradation. Dissociation of IκBα allows the nuclear translocation of the NF-κB heterodimer and the transcription of its target genes.




Epigenetic Changes

Epigenetic modifications, including histone modifications, DNA/RNA methylation and non-coding RNAs, affect the phenotype by regulating gene expression without altering the coding sequence of DNA. DNA methylation is one of the most pervasive epigenetic modification types and it remains stable during spermatogenesis (Liu Y. et al., 2019). Changing in sperm DNA methylation patterns are closely related to DNA fragmentation, reduced telomere length and male infertility (Khezri et al., 2019; Santana et al., 2019). A meta analytic study showed that the proportion of aberrant sperm DNA methylation in infertile men was 9.91 times higher than that in matched fertile men (Santi et al., 2017). Aberrant sperm DNA methylation was also found in asthenospermia or other types of male infertility (Kobayashi et al., 2007). Furthermore, reduced sperm concentration, motility and abnormal morphology were related to broad DNA hypermethylation across a number of loci (Rajender et al., 2011). Oxidative stress, an important pathological consequence of hypoxia, is a known stressor of DNA methylation (Niu et al., 2015), thus people or animals suffering from hypoxia have a higher risk of aberrant sperm DNA methylation. In this regard, Bahreinian et al. demonstrated a negative correlation between methylation and DNA fragmentation. They found that infertile men with varicocele showed lower DNA methylation as well as lower sperm parameters (sperm concentration, sperm motility, percentage abnormal morphology) and higher sperm DNA fragmentation compared with fertile men (Bahreinian et al., 2015). Interestingly, most of the differentially methylated CpG sites were hypomethylated in the varicocele group, and these regions show associations with male reproductive pathways such as semen quality, gamete generation, and meiotic and meiosis cell cycle based on gene ontology analysis (Santana et al., 2020) (Figure 4).
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FIGURE 4. Influence of hypoxia on epigenetic changes in sperm. Hypoxia causes oxidative stress, which changes DNA methylation in sperm, resulting in sperm DNA fragmentation, reduced sperm quality, sperm telomere length and affected gamate generation and affected meiotic and meiosis cell cycle; Hypoxia related lncRNAs show negative correlations with sperm count and sperm motility; Hypoxia activates miR210, leading to germ cell apoptosis, Sertoli cell damage and reduced sperm count.


Notably, more powerful evidence is reflected in animal models. Wang et al. found that hypoxic treatment of F0 generation fish resulted in sperm DNA hypermethylation in the F0 and F2 generation, which was responsible for the aberrant sperm motility (Wang et al., 2016). Specifically, the exonic region of forkheadbox P2 (FOXP2), a conserved transcription factor involved in germ-cell development and spermatogenesis, was hypomethylated after hypoxic exposure (Figure 4).

Hypoxia can also affect male reproduction by regulating non-coding RNAs expression, including miR210. Mir210, also known as hypoxamiR, is a robust target of HIF and plays instrumental roles in hypoxic cell metabolism, survival, redox balance and angiogenesis (Cicchillitti et al., 2012). A study using hypoxic GC-2 cells showed that hypoxia increased miR-210 expression triggered apoptosis of GC-2 cell via activation of the apoptosis signaling pathway (Lv et al., 2019). Another study found that miR-210 was negatively correlated with the sperm count and seminal inhibin-B expression and may be an invasive biomarker of Sertoli cell damage in varicocoele (Ma et al., 2021). In addition, findings from 25 infertile patients with varicocele and 14 fertile men found that hypoxia related lncRNAs, including MLLT4-AS1 and MIR210HG, showed significantly negative correlations with sperm count and sperm motility (Ata-Abadi et al., 2020) (Figure 4).




HYPOXIC FACTORS CAUSING MALE INFERTILITY


Environmental Factors

The Earth’s surface is surrounded by a layer of air approximately 200 km thick, called the atmosphere. The atmosphere is a mixture of various gases, of which O2 accounts for 21%, CO2 accounts for 0.027%, and N2 accounts for 78%, and these proportions remain balanced regardless of altitude. Dalton’s law establishes that in any given combination of gases, the total pressure is equal to the sum of the partial pressures of the gases in the mixture, so the partial pressure of oxygen(PO2) depends largely on the atmospheric pressure. At sea level, atmospheric pressure is about 100 Kpa. According to the Dalton’s Law, the PO2 can be calculated as follows:

[image: image]

Within the atmosphere, atmospheric pressure decreases with altitude, as does the PO2 (Figure 5). As the altitude increases, the partial pressure of inhaled oxygen decreases and hence the driving pressure of pulmonary gas exchange. Since atmospheric pressure is the sum of the partial pressure of the constituent gases, oxygen and nitrogen, and the partial pressure of water vapor (6.3 kpa at 37°C). Thus the partial pressure of inspired oxygen(PiO2) at sea level can be calculated as follows:
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FIGURE 5. Plots of oxygen partial pressure(PO2) and inspired oxygen pressure(PiO2) at different altitudes.


The partial pressure of inspired oxygen is reduced to about 13.3 kpa at 3000 m altitude, at this inspired oxygen pressure, the alveolar oxygen pressure is about 8 kPa (Peacock, 1998). At an altitude of 5500 m, the PO2 and PiO2 directly drop to 50% of the sea level, and to 30% at 8900 m (Peacock, 1998; Grocott et al., 2009) PaO2 dropped from 100 mmHg to 50 mmHg at 5300 m and to 24.6 mmHg at 8400 m (Grocott et al., 2009). SaO2 showed a decreased from 98 to 88% compared to the sea level (Bian et al., 2013).

As early as 1945, Dr. Monge found that reproduction rates among European soldiers in the Andean highlands decreased significantly, which led him to propose that hypoxia reduces fertility (Monge, 1945). In a follow-up study, He et al. found that male soldiers exposure to hypoxia at high altitude(5380 m) for 6 months causes a significantly reduction in total sperm count, sperm density, motility, survival rate and a significant prolongation of liquefaction time in young male soldiers. 12 months after hypoxic exposure, total sperm count and sperm density increased, whereas sperm motility, survival rate, and the liquefaction time further decreased. Sperm velocities, progression ratios, and lateral head displacements were also decreased (He et al., 2015). Another study of the mountain trekkers showed that 26 days of exposure at an altitude of 2000 m-5600 m resulted in lower sperm counts. Sperm motility showed no reduction immediately after returning to sea level, but decreased significantly after 1 month. Mature, normal and motile sperm in the ejaculate decreased immediately after returning to sea level and then again after 1 month (Verratti et al., 2008). Other studies involving workers, mountaineers, volunteers and border also showed significant decreases in semen quality (sperm density, motility, morphology, survival rate) after high altitude hypoxic exposure (Okumura et al., 2003; Verratti et al., 2008; He et al., 2015; Verratti et al., 2016). In addition, high altitude hypoxia also causes disorders in reproductive hormones, such as GnRH, LH, FSH, PRL and testosterone. A Finding from high altitude hypoxic male adults showed that serum levels of LH, PRL and testosterone were significantly decreased after 6 months of exposure (He et al., 2015). Another study of high altitude mountaineers revealed slightly decreased testosterone in the blood after 1 month of hypoxic exposure, which had decreased still further after 3 months (Okumura et al., 2003).

In animal models, male mice were exposed to simulated continuous or intermittent hypoxia of 4,200 m in a chamber for 33.2 days. Reproductive parameters analysis showed that there were decreased sperm count and increased teratozoospermia, sperm DNA fragmentation and the instability of DNA after hypoxic exposure (Vargas et al., 2011). Several hypoxia studies in rats exposed to high altitude have shown decreased semen parameters, reduced testis weight, degeneration of the germinal epithelium, sloughing of germ cells and Leydig cells, impairment of spermatogenesis and steroidogenesis (Gosney, 1984; Biswas et al., 1985; Gasco et al., 2003; Farias et al., 2005, 2008; Grocott et al., 2009). Similar phenotypes pertaining to other animals such as ram (Cofre et al., 2018), toad (Biswas et al., 1985) and rhesus monkeys (Saxena, 1995), have also been reported. (A summary of the studies in the last 20 years is shown in Table 1).


TABLE 1. Summary of the studies reporting the reproductive consequences of high altitude.
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Pathological Factors


Varicocele

Testicular varicocele is a kind of vascular disease that refers to the abnormal expansion, elongation and tortuousness of the variegated venous plexus within the spermatic cord. During the occurrence of varicocele, the blood flow system of the testicular spermatic vein is damaged, leading to venous blood stasis, which increases the hydrostatic pressure in the testis and exceeds the microcirculation pressure of the testicular artery, resulting in testicular hypoxia (Gat et al., 2010a). Approximately 15% of men worldwide have varicocele (Thomason and Fariss, 1979), and 19%–41% of them show primary infertility and 45%–81% show secondary infertility (Jarow et al., 1996). More than 50 years of studies have found that varicocele has a negative impact on sperm parameters, semen function, reproductive endocrine factors and testicular function in men.

Hypoxia is one of the most pathological processes of varicocele (Gat et al., 2010b). In patients with varicocele, testicular venous blood flow is blocked, resulting in a local hypoxia. This process is accompanied by the accumulation of HIF-1α (Zhang et al., 2016; Goren et al., 2017). A study involving 20 infertile men with varicocele and 20 fertile men showed that the sperm concentration, motility, morphology and sperm DNA integrity of varicocele men were significantly lower than those of fertile men, and molecular markers associated with the hypoxia pathway were significantly higher than those associated with the inflammation pathway, suggesting that hypoxia may be the main cause of infertility (Ghandehari-Alavijeh et al., 2019). Subsequent studies showed that hypoxia-related lncRNA expression is significantly elevated in semen from varicocele patients (Ata-Abadi et al., 2020). Mechanistically, oxidative and heat stress caused by hypoxia or hypoxia-ischemia and HIF-1α mediated germ cell apoptosis or sperm damage may be the main reasons (Zhang et al., 2016; Goren et al., 2017; Zhu et al., 2017; Samanta et al., 2018; Zhao et al., 2019). (A summary of the studies in the last 5 years is shown in Table 2).


TABLE 2. Summary of the studies reporting the reproductive consequence of varicocele.
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Chronic Lung Diseases

Chronic lung disease, such as chronic obstructive pulmonary disease(COPD), interstitial lung disease, asthma, emphysema, lung cancer and sleep apnea, can reduce ventilation-perfusion which may lead to clinically relevant hypoxemia. Hypoxemia can disturb the functions of the hypoventilation-pituitary-gonadal axis, resulting in sex hormone suppression and sexual dysfunction (Semple et al., 1981; Semple P. A. et al., 1984; Semple P. D. et al., 1984).

An autopsy study involving 10 men with hypoxia associated with bronchitis and emphysema lasting at least 15 years found that the total volume of Leydig cells in testis was significantly less than the volume in the matched control group. This atrophy may be a consequence of hypoxic inhibition of pituitary synthesis or the release of LH (Gosney, 1987). Another epidemiological study of 35 patients (24 males, 11 females) with primary bronchiectasis and 71 patients (54 males, 17 females) with secondary bronchiectasis showed a strong association between primary bronchiectasis and male infertility (Charpin et al., 1985). Other studies also demonstrated that testosterone deficiency is common in patients with COPD (Baillargeon et al., 2019). (A summary of the studies in the last 20 years is shown in Table 3).


TABLE 3. Summary of the studies reporting the reproductive consequences of chronic lung diseases.
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Obstructive Sleep Apnea Syndrome

Obstructive sleep apnea syndrome (OSAS) is a common clinical condition that is characterized by recurrent closure of the upper airway during sleep (Levy et al., 2015). Chronic intermittent hypoxia is a hallmark of OSAS, and is an important pathogenic factor for male infertility (Kiernan et al., 2016). One study looking at the effects of obstructive sleep apnea on male sexual function investigated 24 men referred for sleep research. Significantly reduced serum testosterone levels were documented in 15 men with obstructive sleep apnea (34.5 apneas/h) and 9 non-obstructive sleep apnea snorers(< 5 apneas/h), and this decrease was associated with lower min SaO2 but not with other demographic, respiratory or sleep parameters (Santamaria et al., 1988). In another study with 5 OSA patients and 5 healthy middle-aged controls, Luboshitzky et al. found that patients with OSA had significantly higher PaO2 < 90% values compared with the control groups. As expected, OSA patients had significantly lower testosterone values than in matched controls (Luboshitzky et al., 2005). In addition, a prospective cross-sectional analysis of 401 OSA patients showed that erectile dysfunction was found in 69% of patients with OSA. Stepwise multiple regression analysis revealed that mean SaO2 was independently associated with erectile dysfunction (Budweiser et al., 2009). Another study investigating the correlation between OSAS and erectile dysfunction showed that the prevalence of erectile dysfunction in patients with OSAS (19 of 32, 59.3%) was significantly higher than in the matched control group (8 of 27, 29.6%). Erectile dysfunction was significantly associated with the lowest oxygen saturation decreased but not apnea–hypopnea index (Shin et al., 2008).

In animal models, male mice were subjected to chronic intermittent hypoxia (20 s at 5% O2 followed by 40 s of room air, 6 h/day) in a gas controlled box with a frequency equivalent to sixty apneas per hour to simulate severe OSA. As expected, the male mice treated with OSA model experienced cyclic changes in SaO2 ranging from maxima of 95.4 ± 0.1% (similar to baseline values) to minima of 62.3 ± 3.5% (P < 0.001), After 60 days of treatment, Torres et al. found that chronic intermittent hypoxia significantly decreased progressive sperm motility, the proportion of pregnant females and the number of fetuses per mating. Testicular oxidative stress levels were also increased compared with those of normoxic controls (Torres et al., 2014). In rats, Wang et al. found that male rats treated with obstructive sleep apnea hypopnea syndrome model (20–21% O2 to 6–7% O2 for 30 s; 6–7% O2 to 20–21% O2 within 20 s; 20–21% O2 for 60s, 8h/day, 6 weeks) showed a decreased total sperm count and sperm motility and more structurally abnormal spermatogenic tubules (Wang J. et al., 2020). Thinned, arranged unevenly and atrophied spermatogenic tubules lumen, and the increased gap between the tubules was also observed in the obstructive sleep apnea hypopnea syndrome group (Wang J. et al., 2020). (A summary of the studies in the last 20 years is shown in Table 4).


TABLE 4. Summary of the studies reporting the reproductive consequence of sleep apnea.
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Hematological Diseases

In humans, oxygen is exchanged in the alveoli of the lungs. More than 95% of oxygen is delivered into the capillary vessels via the alveolar–capillary exchange system and binds to hemoglobin. The heart pumps oxygenated blood to the periphery, which is crucial for organs and cells to function and perform oxidative phosphorylation. Cardiovascular and hematological disorders can cause a decrease in blood oxygen carrying capacity or blood circulation capacity, resulting in hypoxia (Joseph et al., 2021).

Sickle cell disease (SCD) is one of the most common, inherited hematological diseases caused by a single amino acid substitution (GTG for GAG) in the gene encoding hemoglobin β (Papageorgiou et al., 2018). This substitution results in an abnormal oxygen-carrying protein, called sickle hemoglobin. Abnormal polymerization of sickle hemoglobin is responsible for vasoocclusion of testicular blood vessels, which affects oxygen delivery to the tissues and causes tissue hypoxia. A cross-sectional study of 34 male patients with sick cell disease showed that 8 men (24%) developed hypogonadal disease, characterized by decreased levels of testosterone, FSH and LH (Taddesse et al., 2012). Similar details have been found in the clinical laboratory (Dada and Nduka, 1980). Interestingly, a case report indicated that sickle cell disease caused repeat testicular infarction (Li et al., 2003). In addition, several studies have reported that hypogonadism and poor sperm parameters including low sperm counts, impaired motility of spermatozoa and increased abnormal sperm morphology occur frequently in male patients with sickle cell disease (Nahoum et al., 1980; Osegbe et al., 1981; Grigg, 2007; Berthaut et al., 2008; Joseph et al., 2021). Surprisingly, priapism and impotence occur frequently in patients with SCD, with an incidence up to 50% (Emond et al., 1980; Adeyoju et al., 2002; Nolan et al., 2005; Madu et al., 2014; Salonia et al., 2014; Chinegwundoh et al., 2017, 2020).

Beta-thalassemia is a hereditary blood disorder caused by reduced (β +) or absent (β0) synthesis of the β-globin chains of hemoglobin. The variation in hemoglobin results in a reduction in oxygen affinity and oxygen carrying capacity, resulting in tissue hypoxia (Machogu and Machado, 2018). A study involving 168 men aged 18 years or older with homozygous beta-thalassemia and 84 healthy age matched male volunteers showed that the incidence of hypogonadotropic hypogonadism was as high as 76% (128 men). Total sperm count, sperm motility, abnormal sperm morphology and serum LH, FSH, and T were lower in patients homozygous for beta-thalassemia than in normal controls (Safarinejad, 2008b). Furthermore, thalassemic patients had more sperm DNA damage than the controls (Perera et al., 2002; Elsedfy et al., 2018). (A summary of the studies in the last 20 years is shown in Table 5).


TABLE 5. Summary of the studies reporting the reproductive consequences of hematological diseases.
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CONCLUDING REMARKS

In this review, the available evidence clearly indicates that hypoxia, both environmental and pathological, has deleterious effects on sperm parameters, testicular function, reproductive hormone secretion and pregnancy outcomes for males. Excessive ROS mediated oxidative stress, HIF-1α mediated germ cell apoptosis and proliferation inhibition, systematic inflammation and epigenetic changes seemed to be the central mechanisms. Given that infertility has become a global problem affecting human development, it is necessary to further study the molecular mechanism of infertility and search for molecular targets to reduce the burden of disease. Demonstration of the causal association between hypoxia and male infertility will provide more options for the treatment of male infertility.
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In eukaryotic chromosomes, the centromere and telomere are two specialized structures that are essential for chromosome stability and segregation. Although centromeres and telomeres often are located in close proximity to form telocentric chromosomes in mice, it remained unclear whether these two structures influence each other. Here we show that TRF1 is required for inner centromere and kinetochore assembly in addition to its role in telomere protection in mouse oocytes. TRF1 depletion caused premature chromosome segregation by abrogating the spindle assembly checkpoint (SAC) and impairing kinetochore-microtubule (kMT) attachment, which increased the incidence of aneuploidy. Notably, TRF1 depletion disturbed the localization of Survivin and Ndc80/Hec1 at inner centromeres and kinetochores, respectively. Moreover, SMC3 and SMC4 levels significantly decreased after TRF1 depletion, suggesting that TRF1 is involved in chromosome cohesion and condensation. Importantly, inhibition of inner centromere or kinetochore function led to a significant decrease in TRF1 level and telomere shortening. Therefore, our results suggest that telomere integrity is required to preserve inner centromere and kinetochore architectures, and vice versa, suggesting mutual regulation between telomeres and centromeres.
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INTRODUCTION

Accurate chromosome segregation is essential for genome integrity, and successful completion of this process relies on dramatic changes in chromosome organization during the cell cycle. Unlike mitosis, meiosis consists of two rounds of chromosome segregation following a single round of DNA replication. During meiosis I, chromatin condenses into compact structures, and sister chromatids are kept together by the cohesin complex, generating sister chromatid cohesion around the centromeres and along the chromosome arms (Wood et al., 2010). As a consequence of sister chromatid cohesion on the chromosome arms and reciprocal recombination between homologous chromosomes, homologous chromosomes become linked physically. These physically connected partner chromosomes form a bivalent species and attach to the spindle microtubules through their kinetochores and centromeres. Unattached or improperly attached kinetochores activate the spindle assembly checkpoint (SAC) to delay anaphase onset (Foley and Kapoor, 2013). Furthermore, centromeric Aurora B/C kinases in complex with INCENP, Survivin, and Borealin regulate kinetochore-microtubule (kMT) attachment through phosphorylation of multiple kinetochore proteins (DeLuca et al., 2006; Ruchaud et al., 2007; Welburn et al., 2010). Once all bivalents are attached successfully to the bipolar spindle microtubules with proper tension and aligned well in the middle of the metaphase plate, they are segregated into univalents. Therefore, the dynamics of chromosome organization during the cell cycle, including condensation, cohesion, and centromere/kinetochore assembly, are crucial to ensure stable kMT attachment and reliable chromosome segregation.

Although the number and size of chromosomes can vary by species, all linear eukaryotic chromosomes contain centromeres and telomeres. These specialized structures are essential for chromosome stability and segregation. The centromere is the specialized DNA region containing histone H3 variant CENP-A (Schalch and Steiner, 2017). Although CENP-A forms specialized chromatin that is essential for kinetochore assembly, the exact composition and nature of CENP-A-containing nucleosomes in vivo remain elusive (Henikoff and Furuyama, 2010; Black and Cleveland, 2011). The constitutive centromere-associated network (CCAN) loads onto centromeric chromatin and is important for outer kinetochore assembly (Perpelescu and Fukagawa, 2011). The outer kinetochore consists of the conserved KMN network (Knl1, Mis12, Ndc80/Hec1 complexes) that serves as a core microtubule-binding module (Cheeseman et al., 2006). The centromere and kinetochore also provide structural platforms for many regulatory proteins, including SAC, motor proteins, microtubule-associated proteins (MAPs), and protein kinases and phosphatases. Inner centromeric localization of Aurora B/C kinases, which is dependent on histone H3 phosphorylation at Thr-3 (H3T3ph), is essential to maintain the connection of sister chromatids by mediating assembly of the cohesin complex for proper chromosome segregation (Dai et al., 2006; Tanaka et al., 2013). In addition, Mps1 kinase, a key component of the SAC, regulates chromosome alignment and segregation at the kinetochores (Abrieu et al., 2001). Therefore, a loss in centromere identity results in aberrant chromosome segregation caused by a misalignment of chromosomes to spindle microtubules (Tanaka et al., 2013; McKinley and Cheeseman, 2016). On the other hand, the telomere is a region of repetitive DNA sequences associated with specialized proteins at the ends of linear chromosomes (O’Sullivan and Karlseder, 2010). One of these telomeric protein complexes is known as shelterin, composed of six individual proteins identified as TRF1, TRF2, TIN2, TPP1, RAP1, and POT1 (de Lange, 2005). Telomeres protect chromosome ends from degradation and fusion, securing genome stability and integrity (O’Sullivan and Karlseder, 2010). Telomere loss or dysfunction can cause chromosomal instability, leading to malignant cancer and poor clinical outcomes (Artandi et al., 2000; Gisselsson et al., 2001).

The typical karyotype of mouse chromosomes is telocentric, having no obvious short arm at the cytogenetic level (Pialek et al., 2005). Therefore, the telomere is located in close proximity to the centromere in mouse chromosomes. However, it is unclear whether these two chromosomal structures impact each other. In the present study, we showed that disruption of telomere structure by TRF1 depletion impaired inner centromere and kinetochore function, and vice versa, suggesting mutual regulation between telomeres and centromeres to maintain chromosome integrity.



MATERIALS AND METHODS


Oocyte Collection and Culture

Female three-week-old ICR mice (Koatech, South Korea) were used in all experiments. Experiments were approved by the Institutional Animal Care and Use Committees of Sungkyunkwan University (approval ID: SKKUIACUC2020-05-01-1). Cumulus-enclosed oocytes were isolated from the ovaries of female mice primed with 5 IU pregnant mare serum gonadotropin (PMSG) at 46–48 h before sample collection. After removing cumulus cells by pipetting, oocytes were cultured in M2 medium supplemented with 200 μM 3-isobutyl-1-methylxanthine (IBMX) to prevent meiotic resumption. Regarding in vitro maturation, oocytes were cultured in IBMX-free M2 medium under mineral oil at 37°C in a 5% CO2 incubator. Oocytes at metaphase I (MI) were incubated in ice-cold M2 medium for 10 min for analysis of kMT attachment. After cold treatment, oocytes were fixed and subjected to immunostaining.

Regarding chemical treatment, MI oocytes were treated with 400 nM nocodazole, 2 μM AZ3146 (Selleck Chemicals), or 10 μM ZM447439 (Selleck Chemicals). All chemicals and culture media were purchased from Sigma-Aldrich unless stated otherwise.



Microinjection

Double-stranded RNAs (dsRNAs) were synthesized using the MEGAscript T7 Transcription Kit (Ambion). The templates used for dsRNA synthesis were PCR products amplified using the following primers: EGFP, ATTAATACGACTAACTATAGGGAGAATGGTGAGCAAGGG CGAG and ATTAATACGACTCACTATAGGGAGAGCTCGTCC ATGCCGAGAG; TRF1, ATTAATACGACTCACTATAGGGAGA CCTTGTGGCTGAGGTGGAGGC and ATTAATACGACTCACTATAGGGAGACTCGCTTTCTCATTT TCCACTACTTTTGTTGCTG. After purification, approximately 5–10 pl of dsRNA 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). After injection, oocytes were cultured for 24 h in a medium containing IBMX. The oocytes were transferred to fresh medium and cultured under mineral oil at 37°C in an atmosphere of 5% CO2.

For Hec1 Trim-away, oocytes were injected with mRNA encoding Trim21-mCherry. After 1 h of culture in IBMX-containing M2 medium, oocytes were cultured in IBMX-free medium for 5 h and microinjected with Hec1 or IgG antibodies. Trim21-mCherry mRNA was prepared as described previously (Clift et al., 2017).



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 40x/1.2 water immersion objective. For each experiment, the intensity settings were not changed between sample groups. ZEN LSM software (Zeiss, Germany) was used to measure and analyze fluorescence intensity. The fluorescence intensity was normalized to the mean intensity of DAPI signal unless stated otherwise, and data are presented as normalized fluorescence compared to control. Data were obtained from at least three independent experiments unless otherwise specified, and each experimental group included at least 15 oocytes.



Antibodies

Primary antibodies used for immunostaining were anti-TRF1 (Abcam, ab192629, 1:100), anti-BubR1 (Abcam, ab28193, 1:100), anti-Zw10 (Abcam, ab21582, 1:100), anti-acetylated-α-tubulin (Sigma Aldrich, T7451, 1:500; Abcam, ab179484, 1:500), anti-centromere (Antibodies Incorporated, 15-234, 1:100), anti-CENP-A (Cell Signaling, #2048, 1:100), anti-Survivin (Cell Signaling, #2808, 1:100), anti-Hec1 (Santa Cruz Biotechnology, sc-515550, 1:100), anti-H3T3ph (Upstate, 07-424, 1:100), anti-SMC3 (Abcam, ab128919, 1:100), anti-SMC4 (Novus Biologicals, NBP1-86635, 1:100), and anti-TRF2 (Abcam, ab13579, 1:100). Secondary antibodies were Alexa Fluor 488-conjugated anti-mouse (Jackson ImmunoResearch, 115-545-144 1:500), Alexa Fluor 594-conjugated anti-mouse (Jackson ImmunoResearch, 111-585-146, 1:500), Alexa Fluor 488-conjugated anti-rabbit (Jackson ImmunoResearch, 115-545-144 1:500), Alexa Fluor 594-conjugated anti-rabbit (Jackson ImmunoResearch, 111-585-144, 1:500), and Alexa Fluor 488-conjugated anti-sheep antibodies (Abcam, ab150177, 1:500).



Chromosome Spreading

Oocytes were exposed to acidic Tyrode’s solution (pH 2.5) for 1 min to remove the zona pellucida. After a brief recovery in fresh medium, 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 microscopy.



Telomere Quantitative-Fluorescence in situ Hybridization

Oocytes were exposed to acidic Tyrode’s solution (pH 2.5) for 1 min to remove the zona pellucida. After a brief recovery in fresh medium, oocytes were treated with hypotonic solution (1% sodium citrate) for 15 min, followed by fixation in methanol: acetic acid (3:1) for 30 min and spreading on a glass slide. Telomeres were denatured at 80°C for 5 min and hybridized with Cy3-labeled (CCCTAA)3 peptide nucleic acid (PNA) probes at 200 nM (Panagene, South Korea). After counterstaining DNA with DAPI, telomeres were examined under a confocal laser-scanning microscope (LSM 700) equipped with a C-Apochromat 63x/1.2 water immersion objective. For each experiment, the intensity settings were not changed between sample groups. The fluorescence intensity of telomeres was normalized to the mean intensity of DAPI signal. Data were obtained from at least three independent experiments unless otherwise specified, and each experimental group included at least 15 chromosome spreads.



Telomere Quantitative-Polymerase Chain Reaction

Telomere quantitative-polymerase chain reaction (Q-PCR) was performed as described previously (Wang et al., 2013). Briefly, MII oocytes were exposed to acidic Tyrode’s solution (pH 2.5) for 1 min to remove the zona pellucida. After a brief recovery in fresh medium, oocytes were separated from polar bodies by mechanical pipetting. After washing in PBS, the oocytes were isolated and lysed in a PCR tube without physical purification. Polymerase chain reaction was performed using telomere primers and reference control gene primers (mouse 36B4 single-copy gene), and the previously described PCR settings were used (Wang et al., 2013). Relative telomere length was determined by calculating the telomere to 36B4 single-copy gene ratio (T/S ratio) from at least five replicates for each group.



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


TRF1 Depletion Causes Precocious Polar Body Extrusion by Abrogating Spindle Assembly Checkpoint

We initially examined the localization of TRF1 during meiotic maturation in mouse oocytes. As described previously (Munoz et al., 2009), TRF1 signals appeared in the proximity of kinetochores at centromeric ends (Supplementary Figure 1). To investigate the effect of telomeres on centromere and kinetochore architectures, we depleted TRF1 by injecting double-stranded RNA (dsRNA) targeting TRF1 (dsTRF1). Control oocytes were injected with EGFP dsRNA (dsEGFP). Immunostaining of TRF1 revealed that the expression of TRF1 was significantly reduced following dsTRF1 injection (1.0 ± 0.10, n = 40 vs. 0.22 ± 0.02, n = 40, p < 0.0001) (Figures 1A,B). Interestingly, TRF1 depletion resulted in a partial reduction in TRF2 at chromosome ends and induced telomere shortening (TRF2 level: 1.0 ± 0.02, n = 285 vs. 0.69 ± 0.02, n = 236, p < 0.0001; relative telomere length: 1.05 ± 0.05, n = 3 vs. 0.4 ± 0.1, n = 3, p < 0.05) (Supplementary Figure 2). Therefore, these results suggest that TRF1 is required to maintain telomere length and structural integrity in mouse oocytes. We next investigated the impact of TRF1 depletion on meiotic maturation in oocytes. TRF1-depleted oocytes underwent GVBD with kinetics comparable to those of control oocytes (at 120 min: 92.97 ± 2.76, n = 60 vs. 84.72 ± 7.01, n = 60, p > 0.05) (Figure 1C). However, the timing of polar body extrusion (PBE) was accelerated after TRF1 depletion, despite similar PBE rates (at 7 h: 37.5 ± 1.44, n = 60 vs. 55.66 ± 1.2, n = 60, p < 0.001; at 9 h: 88.05 ± 1.0, n = 60 vs. 87.81 ± 3.97, n = 60, p > 0.05) (Figure 1D). This result implies that SAC activity is compromised after TRF1 depletion. Indeed, TRF1-depleted oocytes were able to override the MI arrest induced by nocodazole (9.82 ± 1.38, n = 50 vs. 28.69 ± 3.13, n = 50, p < 0.01) (Figure 1E). To further confirm defective SAC activity in TRF1-depleted oocytes, we examined BubR1 and Zw10 levels. Oocyte chromosome spread at 8 h following IBMX release showed that both BubR1 and Zw10 levels at the kinetochores significantly decreased after TRF1 depletion (for Zw10: 1.00 ± 0.02, n = 118 vs. 0.77 ± 0.02, n = 108, p < 0.0001; for BubR1: 1.00 ± 0.02, n = 118 vs. 0.55 ± 0.01, n = 108, p < 0.0001) (Figures 1F–H). Therefore, TRF1 likely regulates SAC activity and is required to prevent premature chromosome segregation in mouse oocytes.
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FIGURE 1. TRF1 depletion accelerates polar body extrusion by abrogating the SAC. After microinjection of TRF1 dsRNA (dsTRF1) or control EGFP dsRNA (dsEGFP), the oocytes were cultured in M2 medium containing IBMX for 24 h and then transferred to IBMX-free M2 medium for up to 16 h. (A,B) Oocytes at MI stage (8 h after IBMX release) were fixed and stained with anti-TRF1 antibody. DNA was counterstained with DAPI (scale bar, 10 μm). TRF1 intensity was quantified and shown as mean ± SEM from at least four independent experiments with representative images. (C,D) Rates of GVBD and polar body extrusion (PBE) were scored. (E) Oocytes at the MI stage (8 h after IBMX release) were cultured in medium containing 20 μg/ml nocodazole and were scored 6 h later for PBE. (F–H) Chromosome spreads were prepared from oocytes at the MI stage and were stained with anti-Zw10 and anti-BubR1 antibodies. DNA was counterstained with DAPI (scale bar, 20 μm). The intensity of Zw10 and BubR1 was quantified from three independent experiments and shown with representative images. **p < 0.01, ***p < 0.001.




TRF1 Depletion Compromises kMT Attachment and Increases the Incidence of Aneuploidy

To further investigate the effect of TRF1 depletion on meiotic maturation, we examined spindle and chromosome organization. While typical barrel-shaped spindles with well-aligned chromosomes on the equatorial plate were observed predominantly in control oocytes, TRF1 depletion frequently resulted in spindle assembly defects and chromosome misalignment (spindle abnormality: 12.73 ± 3.11, n = 44 vs. 27.78 ± 2.26, n = 47, p < 0.05; misaligned chromosome: 18.75 ± 3.61, n = 44 vs. 55.27 ± 6.79, n = 47, p < 0.001) (Figures 2A–C). Moreover, the metaphase chromosome plate became considerably wider after TRF1 depletion (11.71 ± 0.35, n = 44 vs. 14.84 ± 0.59, n = 47, p < 0.0001) (Figures 2A,D). This remarkable increase in spindle defects and misaligned chromosomes led us to investigate kMT attachment. In turn, oocytes were cold-treated to depolymerize unstable microtubules not attached to kinetochores. While kinetochores remained fully attached by spindle microtubules in control oocytes, TRF1-depleted oocytes displayed a higher proportion of unattached kinetochores (unattached kinetochore: 4.64 ± 0.91, n = 40 vs. 27.74 ± 6.63, n = 40, p < 0.001; oocyte with abnormal kMT attachment: 28.57 ± 8.24, n = 40 vs. 76.19 ± 9.52, n = 40, p < 0.05) (Figures 2E–G). Because chromosome misalignment and lack of kMT attachments are associated highly with aneuploidy, we performed karyotypic analysis of MII oocytes by chromosome spreading. While a large majority of control oocytes was euploid and had the correct number of univalents, the incidence of aneuploidy significantly increased in TRF1-depleted oocytes (7.45 ± 0.4, n = 50 vs. 24.93 ± 4.29, n = 50, p < 0.05) (Figures 2H,I). Therefore, our results suggest that TRF1 is required to ensure proper chromosome segregation by regulating kMT attachment and the SAC during meiotic maturation in oocytes.
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FIGURE 2. TRF1 depletion impairs kMT attachment and increases the rate of aneuploidy. Oocytes injected with dsEGFP or dsTRF1 were cultured in medium containing IBMX for 24 h and then transferred to IBMX-free medium for 8 h. (A–D) Oocytes at the MI stage were fixed and stained with anti-α-tubulin antibody and DAPI (scale bar, 10 μm). Spindle abnormality, chromosome misalignment, and metaphase plate width were quantified and are shown in representative images. Data are presented as mean ± SEM from three independent experiments. (E–G) After cold treatment, oocytes were fixed and stained with anti-centromere antibody (ACA), anti-α-tubulin antibody, and DAPI to visualize kinetochore, spindle, and DNA, respectively. The percentages of unattached kinetochores per oocyte and oocytes with abnormal kMT attachment were quantified, also shown in representative images (scale bar, 10 μm). Data are presented as mean ± SEM from three independent experiments. (H,I) Chromosome spreading of TRF1-depleted MII oocytes. Kinetochores and DNA were stained with ACA and DAPI, respectively (scale bar, 20 μm). The incidence of aneuploidy was quantified. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.




TRF1 Depletion Impairs Inner Centromere and Kinetochore Assembly but Not CENP-A Assembly at Centromeres

Because telomeres are located in close proximity to centromeres in mouse telocentric chromosomes, we investigated the effects of TRF1 depletion on centromere and kinetochore architectures. Therefore, we immunostained oocytes for CENP-A, Survivin, and Hec1 as centromere, inner centromere, and kinetochore markers, respectively. Interestingly, CENP-A level was indistinguishable between control and TRF1-depleted oocytes (CENP-A intensity normalized to DAPI: 1.0 ± 0.02, n = 213 vs. 0.95 ± 0.02, n = 172, p > 0.05; CENP-A intensity normalized to ACA: 0.98 ± 0.01, n = 213 vs. 0.96 ± 0.01, n = 172, p > 0.05) (Figures 3A,B), suggesting that CENP-A assembly at centromeres is not affected by TRF1 depletion. In stark contrast to CENP-A, Survivin localized at the inter-chromatid axis of bivalents, with strong enrichment at centromeres, significantly decreased after TRF1 depletion (1.0 ± 0.02, n = 313 vs. 0.75 ± 0.01, n = 238, p < 0.0001) (Figures 3C,D). In addition, outer kinetochore protein Ndc80/Hec1 significantly decreased after TRF1 depletion (1.0 ± 0.01, n = 334 vs. 0.88 ± 0.02, n = 233, p < 0.0001) (Figures 3E,F). Because inner centromere localization of Survivin is largely dependent on H3T3ph (Kelly et al., 2010), we asked whether the decrease in Survivin on chromosomes after TRF1 depletion was associated with H3T3ph level. Notably, TRF1 depletion decreased the overall intensity of H3T3ph on chromosomes (1.0 ± 0.02, n = 104 vs. 0.77 ± 0.02, n = 117, p < 0.0001) (Figures 3G,H). Therefore, our results suggest that TRF1 regulates the H3T3ph-dependent inner centromeric localization of Survivin as well as kinetochore assembly but not CENP-A centromere assembly.


[image: image]

FIGURE 3. TRF1 is required to maintain inner centromere and kinetochore integrity. Chromosome spreads were prepared from oocytes at the MI stage and were stained with anti-CENP-A, anti-Survivin, anti-Hec1, and anti-H3T3ph antibodies. Kinetochores and DNA were labeled with anti-centromere antibody (ACA) and DAPI, respectively (scale bar, 20 μm). (A–H) The intensities of CENP-A (normalized to DAPI or ACA), Survivin, and Hec1 were quantified, also shown in representative images. ns; not significant, ***p < 0.001.




TRF1 Depletion Decreases SMC3 and SMC4 Levels on Chromosomes

Loss of inner centromere-localized Aurora B/C kinases weakens centromeric cohesion, increasing premature chromosome segregation (Ruchaud et al., 2007). Because TRF1 depletion impairs chromosome segregation and Survivin recruitment, we next investigated sister chromatid cohesion in TRF1-depleted oocytes. As reported (Revenkova et al., 2010), the cohesin component SMC3 is located primarily on the inter-chromatid axis of bivalents in control oocytes. However, TRF1 depletion decreased the overall intensity of SMC3 on the chromosomes but did not change the inter-chromatid localization of SMC3 (1.0 ± 0.01, n = 69 vs. 0.72 ± 0.03, n = 59, p < 0.0001) (Figures 4A,B). In addition to cohesin, condensin plays primary roles in chromosome assembly and segregation. Therefore, we examined the condensin subunit SMC4 after TRF1 depletion. Interestingly, TRF1 depletion also decreased the level of SMC4 (1.0 ± 0.01, n = 66 vs. 0.88 ± 0.02, n = 59, p < 0.0001) (Figures 4C,D), suggesting that TRF1 not only regulates inner centromere and kinetochore assembly, but also influences chromosome compaction. Taken together, our results suggest that TRF1 is required to maintain chromosome structural integrity during meiotic maturation in mouse oocytes.
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FIGURE 4. TRF1 is associated with chromosome condensation and cohesion. (A–D) Chromosome spreads were prepared from oocytes at the MI stage and were stained with anti-SMC3 and anti-SMC4 antibodies. DNA was counterstained with DAPI. The normalized intensity of SMC3 and SMC4 was quantified and shown with the representative images (scale bar, 20 μm). ***p < 0.001.




Inhibition of Inner Centromere or Kinetochore Function Decreases TRF1 Localization to Proximal Chromosome Ends

Although the phenotype analysis of TRF1 depletion indicated that TRF1 was required for kinetochore assembly, it is unknown whether kinetochore function is required to maintain telomere integrity. Therefore, we sought to disrupt kinetochore function by depleting Ndc80/Hec1. Because Ndc80/Hec1 depletion severely impairs GVBD (Gui and Homer, 2013), we employed Trim-away, a newly developed method for depleting rapidly and specifically proteins in oocytes, to remove Ndc80/Hec1 after GVBD (Clift et al., 2017). Immunostaining analysis showed that Ndc80/Hec1 levels were significantly reduced following the Trim-away method (1.0 ± 0.03, n = 35 vs. 0.34 ± 0.06, n = 40, p < 0.0001) (Supplementary Figure 3). Interestingly, TRF1 level at the proximal end (p-arm) significantly decreased after Ndc80/Hec1 depletion, but that at the distal end (q-arm) was not affected by Ndc80/Hec1 depletion (TRF1 level at p-arm: 1.0 ± 0.02, n = 104 vs. 0.77 ± 0.01, n = 218, p < 0.0001; TRF1 level a q-arm: 1.08 ± 0.03, n = 208 vs. 1.01 ± 0.02, n = 214, p > 0.05) (Figures 5A–C). This result suggests that kinetochore function affects proximally adjacent telomeres. Consistent with this, inhibition of kinetochore kinase Mps1 using AZ3146 also decreased TRF1 at p-arms but not at q-arms (TRF1 level at p-arm, control: 1.01 ± 0.01, n = 279; AZ3146: 0.82 ± 0.02, n = 246, p < 0.0001; ZM447439: 0.86 ± 0.02, n = 232, p < 0.0001; TRF1 level a q-arm, control: 1.00 ± 0.02, n = 377; AZ3146: 1.06 ± 0.02, n = 380, p > 0.05; ZM447439: 0.79 ± 0.02, n = 401, p < 0.0001) (Figures 5D–F). Moreover, Mps1 inhibition led to a partial decrease in telomere length (Figures 5G,H).
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FIGURE 5. Inhibition of inner centromere or kinetochore function decreases TRF1 level at telomeres. (A–C) Ndc80/Hec1 chromosome spreads were prepared from MI oocytes depleted Hec1 using the Trim-away method, and chromosome spreads were stained with anti-TRF1 antibody. Kinetochores and DNA were labeled with anti-centromere antibody (ACA) and DAPI, respectively (scale bar, 20 μm). (A) Representative images from three independent experiments are shown. (B,C) The normalized intensity of TRF1 at p-arms and q-arms was quantified. (D–F) Chromosome spreads were prepared from MI oocytes after treatment with DMSO (Control), AZ3146, or ZM447439 and stained with anti-TRF1 antibody. Kinetochores and DNA were labeled with anti-centromere antibody (ACA) and DAPI, respectively (scale bar, 20 μm). (D) Representative images from three independent experiments are shown. (E,F) The normalized intensity of TRF1 at p-arms and q-arms was quantified. (G,H) After treating with DMSO (Control), AZ3146, or ZM447439, oocytes were cultured for 12 h and subjected to telomere Q-FISH. Relative telomere FISH intensity was quantified and shown with representative images (scale bar, 20 μm). ns; not significant, ***p < 0.001.


Because TRF1 depletion impaired inner centromere localization of Survivin, we asked whether inner centromere function was involved in telomere integrity and length. Therefore, oocytes were treated with Aurora kinase inhibitor ZM447439, and TRF1 level and telomere length were determined. Notably, TRF1 level at both p-arm and q-arm telomeres significantly decreased following ZM447439 treatment (Figures 5D–F). Consistent with the decrease in TRF1 level, ZM447439 treatment resulted in a significant decrease in telomere length (control: 1.00 ± 0.02, n = 102; AZ3146: 0.83 ± 0.02, n = 107, p < 0.0001; ZM447439: 0.76 ± 0.01, n = 101, p < 0.0001) (Figures 5G,H), suggesting that inner centromere function is required to maintain telomere integrity. Taken together, our results suggest that telomeres, kinetochores, and inner centromeres mutually regulate each other in mouse oocyte telocentric chromosomes.



DISCUSSION

Centromeres and telomeres, which are composed of highly repetitive heterochromatin, are two specialized chromosomal structures that are essential for chromosome stability and segregation. The centromeres interact with spindle microtubules to ensure the proper segregation of sister chromatids and homologous chromosomes during mitosis and meiosis. On the other hand, telomeres are the end regions of chromosomes that help maintain genomic stability by protecting chromosomal ends from erosion and end-to-end fusion. In telocentric mouse chromosomes, centromeres and telomeres are located in close proximity, raising the possibility of functional crosstalk between the two structures. In this study, we found that maintaining telomere integrity was required to preserve inner centromere and kinetochore architectures, and vice versa.

We found that TRF1 depletion caused precocious PBE, impairing the recruitment of SAC proteins at the kinetochores. Consistent with our results, TRF1 has been shown to colocalize with SAC proteins BubR1, Mad1, and Mad2 at mouse telomeres (Prime and Markie, 2005; Munoz et al., 2009). Moreover, TRF1 depletion led to a decrease in Survivin localization to the inner centromere. Given that Survivin forms complexes with Aurora B/C kinases, TRF1 depletion might abolish the inner centromeric recruitment of Aurora B/C kinases. Indeed, TRF1 is required for the centromeric function of Aurora B kinase during mitosis in HeLa cells (Ohishi et al., 2014). In this regard, we speculate that the phenotypes derived from TRF1 depletion are highly associated with impaired Aurora B/C kinase function at the inner centromere. In addition to SAC proteins and Survivin, TRF1 depletion impaired Ndc80/Hec1 recruitment at the outer kinetochore. Conversely, Ndc80/Hec1 depletion decreased TRF1 level at telomeres, suggesting mutual interaction between TRF1 and Ndc80/Hec1. Although TRF1 could directly interact with several proteins, including SAC (Prime and Markie, 2005; Munoz et al., 2009), TRF1 has not been reported to be associated with Survivin in complex with Aurora B/C kinases and the outer kinetochore KMN network. Therefore, considering that TRF1 is crucial for the maintenance of telomere integrity, it is possible that Survivin and Ndc80/Hec1 depletion is an indirect consequence of reduced telomere integrity induced by TRF1 depletion rather than by direct interaction between TRF1 and Ndc80/Hec1 or Survivin. In contrast to Survivin and Ndc80/Hec1 levels, CENP-A level did not change after TRF1 depletion. This is consistent with a previous report demonstrating the remarkable stability of CENP-A in oocytes that persisted long after its deposition at centromeres (Smoak et al., 2016). Therefore, we suggest that TRF1-mediated maintenance of telomere integrity is essential for inner centromere and kinetochore functions, and vice versa. We also found that TRF1 depletion decreased cohesin and condensin components SMC3 and SMC4, respectively, implying that telomere integrity is associated with chromosome cohesion and condensation. This is supported by the observation that condensin is enriched in the vicinity of telomeres (Viera et al., 2007; Kim et al., 2013). Moreover, the condensin component NCAPH2 colocalizes and interacts with TRF1 at the telomere (Wallace et al., 2019). In addition to condensin, cohesin SMC1β and SMC3 have been shown to localize at telomeres and prevent telomere shortening (Adelfalk et al., 2009). Thus, it is likely that telomere integrity is required not only to protect chromosome ends from fusion and erosion, but also to preserve chromosome integrity, such as proper cohesion and condensation.

It is well established that aneuploidy is the leading cause of poor reproductive outcomes, including implantation failure and miscarriage (Zona Pellucida Glycoproteins and Immunocontraception., 1996). Moreover, numerous studies have reported that aneuploidy in oocytes increases with maternal age (Merriman et al., 2012; Cheng et al., 2016; Camlin et al., 2017). Although many factors have been suggested as possible causes of aneuploidy, the deterioration of chromosome cohesion with increasing maternal age is a leading cause of age-associated aneuploidy (Lister et al., 2010; Chiang et al., 2012; Jessberger, 2012). Given that telomere shortening is one of the prominent hallmarks of aging (Hanna et al., 2009), it is possible to speculate that the age-related increase in aneuploidy is caused by a decrease in telomere integrity with age. Indeed, we found that TRF1 depletion significantly decreased cohesin SMC3 level. However, TRF1 decreased either by depleting Ndc80/Hec1 or by inhibiting Aurora B/C kinases. Therefore, we could not exclude the possibility that the age-associated cohesion loss is the initial event that triggers a reduction in the integrity of centromeres as well as kinetochores, which in turn would impair the recruitment of SAC and Aurora B/C kinases at the outer kinetochores and inner centromeres, respectively, and subsequently cause telomere shortening. Consistent with this, it has been reported that aging causes a significant kinetochore-associated loss in SAC proteins and phosphorylated Aurora C in mouse oocytes (Yun et al., 2014). Taken together, these findings indicate reciprocal regulation between components that regulate chromosome organization, which deteriorates with maternal aging.



CONCLUSION

Our data demonstrate that TRF1-mediated maintenance of telomere integrity is required to preserve centromere and kinetochore integrity as well as to maintain chromosome cohesion and condensation. Conversely, centromere and kinetochore functions were demonstrated to be necessary for the maintenance of telomere integrity, suggesting mutual regulation between chromosomal structures in telocentric mouse chromosomes.
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For in vitro produced embryos generated from in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) procedure, the intra- and extra-environmental factors during in vitro culture have significant impact on latter embryo development and fetus growth. Assisted hatching (AH), an effective approach to facilitate hatchability for in vitro generated embryos, is an essential step for successful embryo implantation in the uterus. However, regarding the different AH methods reported in clinical practice, it is still unknown whether zona pellucida (ZP) broken is based on AH applied in diverse stages of embryos affect implantation and fetal development. Here, piezo-mediated AH treatments were classified into four categories: (1) drilling one small hole (SH) with a diameter of 10 μm on ZP (SH); (2) drilling one large hole (LH) with a diameter of 40 μm on ZP (LH); (3) made a small area with diameter of 40-μm thinner on ZP [small area thinner (ST)]; (4) made a large area with a diameter of 80-μm thinner [large area thinner (LT)]. These four AH treatments were applied in different stage embryos including two-cell, four-cell, and morula. The most efficient AH approach was chosen according to the final hatch rate at 120 h after fertilization. We found that the approach of SH applied in morula-stage embryos obtained the highest hatch rate. To further investigate if this treatment has any side effect on later development after embryo transfer, we evaluated embryo implantation, gestational period, litter size, and growth. Our results showed that SH applied in morula-stage embryos could facilitate the implantation process and increase litter size. Meanwhile, this approach had no side effect on birth weight, growth, or gender ratio in the offspring. We conclude that drilling a SH on ZP in morula-stage embryos is an effective and reliable AH approach for in vitro cultured embryos in rodent. And this approach is worth further investigating in human-assisted reproductive technology.

Keywords: assisted hatching, embryo transfer, implantation, offspring, piezo


INTRODUCTION

For in vitro produced embryos, the procedures of gamete manipulation, such as in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI), and the latter in vitro embryo culture conditions, such as medium components and blastocyst hatching, determine the final outcome of embryo implantation and fetus growth. Despite great achievements in IVF and ICSI in human-assisted reproduction, the implantation rate of transferred embryos remained low leading to lower pregnancy rate (around 33.7%) and even lower birth rate (around 27.1%) (Gunby et al., 2010). A previous study showed that exposure of embryos to the in vitro culture conditions impaired the ability of early embryo development and later blastocyst hatching (Gordon and Dapunt, 1993a). Hatching, which is essential for successful embryo implantation and establishment of early pregnancy, was achieved by a series of steps wherein the inner cell mass (ICM) is squeezed out of the zona pellucida (ZP) in the blastocyst stage (Hammadeh et al., 2011). To increase the hatchability of in vitro cultured embryos, assisted hatching (AH) was first proposed by Cohen in 1988 (Cohen et al., 1990).

Assisted hatching refers to any laboratory technique that artificially breaches or thins the ZP of an embryo prior to transfer into the uterus. The methods of AH include mechanical incision in the zona (Malter and Cohen, 1989; Sun et al., 2012), chemical zona drilling with acidic medium, chemical zona thinning (Yano et al., 2007), laser-assisted zona drilling or thinning (Hiraoka et al., 2009; Debrock et al., 2011), and piezo-assisted zona drilling or thinning (Nakayama et al., 1999; Ishibashi et al., 2013). Piezo-assisted zona drilling or thinning has been widely used for rodent oocyte microsurgical procedures due to its convenient and effective operation process. This approach carved a conical hole or thinned a limited area on ZP with vibratory movements produced by a piezo-electric pulse regulated by a controller (Nakayama et al., 1998).

Previous studies suggested that drilling a hole on ZP with diameter of 80 μm, rather than 6 or 20 μm, generated the best hatching result in the marmoset embryo (Ishibashi et al., 2013). Piezo-based zona thinning or drilling technique could facilitate blastocyst hatchability in humans (Nakayama et al., 1998), and this method is more effective in good quality embryos (Nakayama et al., 1999). Despite wide application of piezo-based AH, it is still not known if the embryo hatching rate and development is correlated with the detailed operating parameters, including the diameter of the drilling hole or thinning area on ZP, as well the embryo stages subjected to AH. Therefore, it is necessary to evaluate the effectiveness and safety according to implantation and fetal developmental potential regarding piezo-mediated AH.

In our study, to evaluate the effects of drilling or thinning size on ZP, mouse embryos that developed into t-cell, four-cell, or morula were used to assess the effectiveness and safety of AH. Our study will provide fundamental data for the employment of AH-based human-assisted reproductive technology in clinical practice.



MATERIALS AND METHODS


Ethics Statement

Researches adhered to procedures consistent with the National Research Council Guide for the Care and Use of Laboratory Animals. All the experimental designs were approved by the Institutional Animal Care and Use Committee at Inner Mongolia University (Approval number: SYXK 2020-0006).



Experimental Design

Piezo-mediated ZP broken were classified into four categories: (1) drilling one small hole (SH) with diameter of 10 μm (SH), (2) drilling one large hole (LH) with a diameter of 40 μm (LH), (3) made a small area with a diameter of 40 μm thinner [small area thinner (ST)], and (4) made a large area with a diameter of 80 μm thinner [large area thinner (LT; Figure 1A)]. All these four AH treatments were applied in different stage embryos including two-cell, four-cell, and morula. Embryos without any AH treatment were used as controls (Figure 1B). Representative pictures of two-cell, four-cell, morula, blastocyst, hatching, or hatched embryos are shown in Figure 1C.


[image: image]

FIGURE 1. Piezo-mediated four kinds of assisted hatching (AH) treatments on different embryo developmental stages. (A) Different methods of AH by piezo, including zona-hole [small hole (SH): 10 μm; large hole (LH): 40 μm] and zona-thin [small area thinner (ST): 40 μm; large area thinner (LT): 80 μm] on zona pellucida (ZP). (B) Schematic of different AH treatments on different embryo developmental stages, including two-cell, four-cell, and morula. (C) Representative pictures of two-cell, four-cell, morula, blastocyst, hatching, or hatched embryos. Scale bar: 20 μm.




Animal Treatments

CD1 female mice at the age of 8 weeks and male mice at the age of 10 weeks were purchased from the Animal Research Centre at the Inner Mongolia University and housed in cages at 23°C with a photoperiod of 12-h light and 12-h darkness with free access to food and water.

Males with at least two mating records were used for vasectomy. Mice were anesthetized by intraperitoneal injection with ketamine solution (10 mg/ml) with a dosage of 0.01 ml/g and xylazine solution (2 mg/ml) with a dosage of 0.005 ml/g, followed by vasectomy surgery according to Bermejo-Alvarez et al. (2014). After recovery for 2 weeks, vasectomized mice were test-bred with 8-week-old females to ensure sterility prior to use. Vasectomy mice proved to be infertile were used for mating to prepare pseudopregnant recipients. After mating, plug-positive females were chosen for embryo transfer and recorded as 0.5-day postcoitus (dpc).



Embryo Collection and Culture

Female mice were injected with 5 IU of pregnant mare serum gonadotropin (PMSG, SanSheng, Ningbo, China), followed by 5 IU of human chorionic gonadotropin (hCG, SanSheng, Ningbo, China) after 48 h. Superovulated females were mated with fertile males. In vivo developed two-cell stage embryos were flushed from oviduct with M2 medium containing 4% bovine serum albumin (BSA, Sigma-Aldrich) at 1.5 dpc. Embryos at the two-cell stage were allowed to develop to the four-cell or morula stage in Chatot–Ziomek–Bavister (CZB) medium supplemented with 3% BSA in a humidified atmosphere of 5% CO2 at 37°C. Embryos at the two-cell, four-cell, or morula stage were subjected to AH treatments and allowed to further develop to blastocyst for hatching analysis.



Piezo-Mediated Assisted Hatching Treatments

For AH treatments, the holding pipette was prepared from a glass capillary tube with an outer diameter of 80–90 μm and an inner diameter of 10–12 μm. The piezo-driven operation pipette was prepared with a glass capillary tube to generate a blunt tip with 5 μm of the outer diameter. The parameter of piezo controller was set as speed = 3 and intensity = 3. For drilling a hole, ZP was incised by the micropipette through the continuous application of piezo pulses until the diameter of the hole achieved 10 or 40 μm. For thinning ZP, the operation pipette was subjected to continuous piezo pulse combined with movement along the ZP surface until the diameter of the thinning area achieved 40 or 80 μm. Operation on each embryo was finished within 30 s.



Non-surgical Embryo Transfer

Embryo transfer mediated by the non-surgical embryo transfer (NSET) device was performed as described (Green et al., 2009; Bin Ali et al., 2014). Morula stage embryos with or without SH treatment were allowed to develop to blastocysts followed by embryo transfer. Briefly, each NSET device was loaded with 15 embryos treated with or without SH (labeled as W/SH or W/O SH, respectively). The tip was inserted to the edge of the speculum. The embryos were released into the uterus by pushing the plunger all the way down.



Embryo Implantation Analysis

At 12.5 dpc, the recipient mice were anesthetized followed by tail vein injection with 1% Chicago Sky Blue dye. 3 min after injection, the numbers and size of implantation sites with obvious blue spots were observed and recorded after mice were sacrificed.



Pregnancy and Offspring Assessment

At 16.5 dpc, the recipient mice with abdominal prominence were determined to be pregnant. Litter size and birth weight of pups were recorded immediately after delivery. The offspring were weaned at 3 weeks of age after gender distinction. The body weight of pups from 4 to 8 weeks of age was recorded.



Statistical Analysis

Each experiment was performed at least in triplicate. At least 130 embryos were used for hatching analysis, and 120 embryos were transferred for each treatment. Two-way ANOVA with Tukey’s multiple post hoc comparison test in GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, United States) was used for statistically significant analysis in hatch rate, gestational period, body weight. One-way ANOVA with Tukey’s multiple post hoc comparison test in GraphPad Prism 7.0 was used for statistically significant analysis in pregnant rate, implantation sites per mouse, size of embryos, litter size, and survival pups. Chi-square test in the Microsoft Excel software (Microsoft Corporation, Washington, DC, United States) was used to analyze gender rate. Unpaired Student’s t-test in GraphPad Prism 7.0 was applied for the percent of implantation sites per transferred embryos, ratio of delivered pups. Results were shown as the mean ± SD. A value of ∗p < 0.05 was considered statistically significant.



RESULTS


Embryo Development and Hatchability After Different Assisted Hatching Treatments on Same Stage Embryos

When two-cell stage embryos were used, there was no statistically significant differences among the four AH treatments in terms of the percent of embryos developed at the four-cell, morula, and blastocyst (p > 0.05). Conversely, at the time of 96 h after fertilization, treatments of SH and LH have a much higher percent of hatching embryos than that of control, ST, and LT (p < 0.001). Very few embryos could complete the hatch process at 96 h after fertilization, even in the AH treatment groups (p > 0.05). However, AH treatments could significantly increase the percent of hatching embryos at 120 h after fertilization (p < 0.01). Significantly, treatment of SH could significantly increase the percent of hatched (p < 0.001) or hatching + hatched embryos (p < 0.001) (Figure 2A and Table 1).
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FIGURE 2. Embryo development and hatch rate after different AH treatments exerted on same stage embryos. (A) AH was performed on two-cell stage embryos. (B) AH was performed on four-cell stage embryos. (C) AH was performed on morula stage embryos. Embryos at two-cell stage were collected from oviduct after mating, followed by in vitro culture to allow to develop to four-cell and morula stages. The percent of hatching and hatched blastocyst at 96 and 120 h after fertilization were recorded. Data are presented as mean ± standard deviation (SD), and differences between groups were evaluated by two-way ANOVA with Tukey’s multiple post hoc comparison tests. Each experiment was performed at least in triplicate. The number of embryos assessed in each treatment is indicated in parentheses. Within the same stage embryos, percentages without a common letter were statistical different (p < 0.05).



TABLE 1. Embryo development and hatch rate after different assisted hatching (AH) treatments on 2-cell.

[image: Table 1]Similarly, when four-cell stage embryos were used, we did not observe any statistically significant differences for the percent of embryos developed at morula or blastocyst among the four AH treatments (p > 0.05). For the percent of hatching at 96 h after fertilization, treatments of SH and LH are much higher than that of control, ST, and LT (p < 0.001). In terms of hatched ratio at 96 h after fertilization, there was no statistical difference between the AH treatments and control (p > 0.05). When the embryos were checked at 120 h after fertilization, the AH treatments could significantly increase the percent of hatching embryos (p < 0.001), and the percent of hatched embryos is higher in the group of SH when compared with control (p < 0.05). When both hatching and hatched embryos were considered, treatment of SH could increase the percent when compared with other treatments (p < 0.001) (Figure 2B and Table 2).


TABLE 2. Embryo development and hatch rate after different AH treatments on 4-cell.

[image: Table 2]When morula stage embryos were used, all the embryos treated with or without AH have a similar ability to develop to blastocyst stage (p > 0.05). Embryos subjected to SH or LH have higher potential for hatching at 96 h after fertilization (p < 0.001), but very few of them could finish the hatch process (p > 0.05). AH treatments significantly increase the percent of hatching and hatched embryos at 120 h after fertilization (p < 0.001). Among the four AH treatments, SH obtained the highest percent of hatching + hatched embryos (p < 0.001) (Figure 2C and Table 3).


TABLE 3. Embryo development and hatch rate after different AH treatments on morula.

[image: Table 3]


Embryo Development and Hatchability After Same Assisted Hatching Treatment on Different Stage Embryos

To further determine if AH has stage-dependent effects during early embryo development, the hatchability was re-analyzed to compare the effect of the same AH treatment on the different stage embryos. When SH treatment was applied, morula stage embryos have a higher percent of developing into blastocysts than those of two-cell (P < 0.05) and were comparable with that of four-cell (p > 0.05). Embryos of four-cell and morula treated with SH have a higher potential of hatching at 96 h after fertilization when compared with those of two-cell (p < 0.001). Embryos at each stage could hardly hatch out from zona at 96 h after fertilization, and even they were treated by SH. However, when the hatchability was checked at 120 h after fertilization, the morula stage embryos obtained the highest percent of hatching (p < 0.05), hatched (p < 0.05), or hatching + hatched (p < 0.01) when compared with those of two-cell (Figure 3A and Table 4).
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FIGURE 3. Embryo development and hatch rate after the same AH treatment exerted on different stage embryos. (A) SH treatment on different stage embryos. (B) LH treatment on different stage embryos. (C) ST treatment on different stage embryos. (D) LT treatment on different stage embryos. Embryos at two-cell stage were collected from oviduct after mating, followed by in vitro culture to allow to develop to four-cell and morula stages. The percent of hatching and hatched blastocyst at 96 and 120 h after fertilization were recorded. Data are presented as mean ± SD, and differences between groups were evaluated by two-way ANOVA with Tukey’s multiple post hoc comparison tests. Each experiment was performed at least in triplicate. The number of embryos assessed in each stage is indicated in parentheses. Within the same stage embryos, percentages without a common letter were statistically different (p < 0.05).



TABLE 4. Embryo development and hatch rate after small hole (SH) treatment on embryos in different stages.

[image: Table 4]Similar to the results of SH, when compared with two-cell, morula stage embryos treated with LH obtained better potential for blastocyst development (p < 0.05), hatching at 96 h (p < 0.001) or 120 h (p < 0.01) after fertilization, and the final hatched or hatching + hatched (p < 0.001) at 120 h after fertilization. When compared with four-cell, morula stage embryos treated with LH obtained better potential for hatching (p < 0.01) or hatching + hatched (p < 0.001) (Figure 3B and Table 5).


TABLE 5. Embryo development and hatch rate after; large hole (LH) treatment on embryos in different stages.

[image: Table 5]When ST treatment was applied in morula stage embryos, higher percent of blastocyst development and hatch at 120 h after fertilization (including hatching or hatched or both) were obtained when compared with two-cell or four-cell stage embryos (p < 0.05, Figure 3C and Table 6). The morula stage embryos also exhibited good potential in blastocyst development and hatchability at 120 h after fertilization when the LT method was applied (p < 0.05, Figure 3D and Table 7).


TABLE 6. Embryo development and hatch rate after small area thinner (ST) treatment on embryos in different stages.
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TABLE 7. Embryo development and hatch rate after large area thinner (LT) treatment on embryos in different stages.

[image: Table 7]In sum, for mouse preimplantation embryo AH, morula stage embryos treated with SH could obtain the best results of hatch.



Small Hole Treatment in Morula Stage Embryos Improves Implantation and Pregnancy

Next, we want to know if increased hatchability induced by SH in morula stage embryos has any effects on embryo implantation and fetal development. Embryo implantation, gestational period, litter size, and growth were assessed and compared among the groups of natural conception (mating) and embryo transfer with or without AH treatment (abbreviated as W/SH and W/O SH, respectively).

Pseudopregnant mice subjected to transfer of embryos W/O SH treatment have impaired pregnant outcome and implantation sites when compared with those of the mating group (p < 0.001), illustrating a long-term in vitro culture, or the embryo transfer operation affects embryo implantation. Conversely, AH treatment in the morula stage embryos could reverse the side effect of long-term in vitro culture, and increase the rate of pregnancy and number of implantation sites, which are comparable with that of the mating group (p > 0.05) (Figures 4A–C). Typical images of embryo implantation sites are shown in Figure 4D. However, AH treatment does not affect the size of embryos at dpc 12.5 (Figure 4E). Due to the delay of embryo development in vitro, the gestational period is increased when compared with the mating group. Most pseudopregnant mice subjected to embryo transfer need 20.5 days before laboring. AH treatment in in vitro cultured embryos could not shorten the gestational period (Figure 4F).


[image: image]

FIGURE 4. Small hole treatment in morula stage embryos improves embryo implantation and pregnancy. (A) Percent of pregnancy when mice subjected to embryo transfer were counted. (B) Number of embryo implantation sites per mouse. (C) Percent of implantation when the number of transferred embryos were counted. (D) Representative images of embryo implantation sites at day postcoitus (dpc) 12.5 in the group of mating, without SH or with SH. Scale bar: 1 cm. (E) Size of embryos at dpc 12.5. (F) Percent of different gestational periods. (A,B,E) Differences between groups were evaluated by one-way ANOVA with Tukey’s multiple post hoc comparison tests. (C) Differences between groups were evaluated by Student’s t-test. (F) Differences between groups were evaluated by two-way ANOVA with Tukey’s multiple post hoc comparison tests. Each experiment was performed at least in triplicate. The number of recipient mice (A,B,F) or embryos (C,E) assessed in each group is indicated in parentheses. Data are presented as mean ± SD; ***p < 0.001; NSD, no significant difference.




Small Hole Treatment in Morula Stage Embryos Increases Litter Size Without Affection on Gender Ratio and Offspring Growth

The average litter size from the mating group is 12.75, which is significantly higher than that in the W/O SH group (9.75, p < 0.001). Increased litter size in the group of W/SH (12.13) is comparable with that of the mating group and much higher than that in the W/O SH group (p < 0.001), demonstrating that the AH approach could facilitate embryo implantation and delivery (Figure 5A). Since the litter size is also determined by the number of transferred embryos, we compared the percent of delivered pups in which the number of transferred embryos were used as denominator. As expected, when 15 embryos were transferred to each surrogate mother, SH treatment could significantly increase the percent of delivery (Figure 5B). To evaluate if AH has any side effects on the health of offspring, percent of survival pups, birth weight, and gender rate were compared among the three groups. Our results showed that AH had no effects on offspring survival, birth weight, or gender rate (Figures 5C–E). Furthermore, long-term effect of AH on the offspring was evaluated by detecting the body weight increase in males and females from 4 to 8 weeks after delivery. Our results showed that AH or embryo transfer itself does not affect the body weight increase, proving the safety of SH treatment on morula stage embryos in mice (Figures 5F,G).
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FIGURE 5. Small hole treatment in morula stage embryos increases litter size without affection on gender ratio or offspring growth. (A) Litter size. (B) The ratio of delivered pups to transferred embryos. (C) The ratio of survival pups to total delivered pups. (D) Birth weight. (E) Gender rate. (F) Body weight of male offspring from age of 4 to 8 weeks. (G) Body weight of female offspring from age of 4 to 8 weeks. (A,C,D) Differences between groups were evaluated by one-way ANOVA with Tukey’s multiple post hoc comparison tests. (B) Differences between groups were evaluated by Student’s t-test. (E) Differences between groups were evaluated using chi-square test. (F,G) Differences between groups were evaluated by two-way ANOVA with Tukey’s multiple post hoc comparison tests. Each experiment was performed at least in triplicate. The number of recipient mice (A), transferred embryos (B), or offspring (C–G) assessed in each group is indicated in parentheses. Data are presented as mean ± SD; **p < 0.01; ***p < 0.001; NSD, no significant difference.




DISCUSSION

In this study, by comparing different assisted hatch protocols in various developmental stages of preimplantation embryos, we conclude that morula stage embryos subjected to piezo-mediated SH treatment could obtain the best results in terms of hatchability, embryo implantation, and offspring development after transfer by non-surgical approach in mice. This approach has no side effects on gender determination or offspring growth.

Assisted reproductive technology has been developing to advance during recent decades. A variety of techniques have been used to assist embryo hatching, including mechanical dissection (Cohen et al., 1990) or chemical digestion (Cohen et al., 1992) on ZP. Besides, laser-AH (Alteri et al., 2018) and piezo-assisted treatments (Nakayama et al., 1998) were also reported to promote the hatching process. Although mechanical incision in ZP is a simple procedure, it may have profound consequences for embryonic development. For instance, microorganisms, viruses, and cytotoxins present in the insemination suspension could invade and infect the embryos via the artificially produced gap in ZP. In addition, blastomeres may be lost through LHs, causing embryonic death or vesiculation (Gordon et al., 1988). Moreover, immune cell invasion through gaps in the ZP may cause embryonic death, prior to the formation of tight junctions (Willadsen, 1979). In terms of chemical digestion in which acidified Tyrode’s solution was commonly used, both partial thinning and circumferential thinning on ZP were reported (Khalifa et al., 1992; Gordon and Dapunt, 1993b). Chemical digestion on ZP has been performed widely because of technical ease and relative low cost. However, this technique may have risks for adverse effects. Embryos could be damaged by acidic or enzymatic solutions. Blastomeres could separate from embryos during cleavage, and bacterial infection within the uterine cavity could occur (Nichols and Gardner, 1989). As an alternative method, laser-mediated ZP opening represents an ideal tool for microsurgical procedures, as the energy is easily focused on the targeted area, producing an ideal and precise hole (Alteri et al., 2018), but this protocol may generate potential harm to embryos by heat shock. Also, UV radiation is a potential factor that induce the mutagenic. Thus, the laser instrument designed for clinical practice must consider the potential thermal effects and should minimize pulse duration and laser intensity (Douglas-Hamilton and Conia, 2001).

Piezo-micromanipulated AH treatments have been used for microsurgical procedures due to its convenient and effective operation process. This approach carved a conical hole or thinned a limited area on ZP with vibratory movements produced by a piezo-electric pulse regulated by a controller (Nakayama et al., 1998). The ZP of embryos was easily carved by a piezo-micromanipulator without any additional treatments, such as hypertonic solution use or subsequent successive washing procedures used in the partial ZP dissection method (Nakagata et al., 1997). Previous studies suggested that the rates of hatching and hatched blastocyst were significantly higher in ZP thinning combined with the drilling group than in the control group, which demonstrate that the technique by piezo is useful for AH (Nakayama et al., 1998). The clinical rates of pregnancy and implantation were also improved by using piezo-micromanipulator-mediated AH (Nakayama et al., 1999). In our study, the best hatchability was obtained by piezo-mediated SH treatment, which was likely due to the small gap on ZP that caused little damage to the integrity of embryos. Another possible factor for the higher hatchability by piezo-mediated SH treatment may be that blastocyst was easily squeezed from the SH on ZP. Although this approach has been verified for its reliability in rodents, the efficiency of piezo-mediated SH method should be verified in primates and humans.

Besides, it was still a question in which stage embryos could the treatment by piezo generated the best hatch results. Zygotic gene activation (ZGA) occurs at the two-cell stage embryos in which a class of gene expression transiently increases (Davis et al., 1996). AH manipulating at this stage may cause adverse effects on gene expression and later embryo development. Previous findings showed that each cell in the four-cell stage embryos differ in their developmental fate and potency (Broquet et al., 1975; Piotrowska et al., 2001; Fujimori et al., 2003; Piotrowska-Nitsche et al., 2005). Minor damage induced by piezo in each cell would amplify its consequences in the latter development. Meanwhile, large-scale epigenetic modification in this developmental stage is more susceptible to mechanical manipulation (Torres-Padilla et al., 2007). Due to the volume expansion in the blastocysts, the ICM or trophoblast cells bonded tightly with ZP. Therefore, any AH process was likely to cause inner structure damage (Milki et al., 2000). Although the eight-cell stage embryos were commonly used for AH treatment in the clinic, it will be easier and safer to perform AH on the morula, a stage with better tolerance to mechanical manipulation. Morula stage embryos established extensive cell junction to form a more compact structure when compared with eight-cell stage embryos. Extensive cell junction in morula embryos excludes the possibility of losing an individual blastomere (Tao et al., 2001). Furthermore, the compact structure in the morula stage generates larger perivitelline space, which may be invulnerable to mechanical damage during AH manipulation (Li et al., 2013). Thus, morula, but not eight-cell stage, embryos were chosen for AH treatment in our study. Our study confirmed that conducting AH treatment in morula stage embryos would obtain the best outcome. This may due to a relative larger number of cells in morula stage embryos far from ZP could endure the mechanical damage on the individual cells, which could be compensated and replaced by other cells.

Embryo transfer was conducted to verify its influence on embryo implantation and offspring growth. Appropriate communication between the developing conceptus and maternal endometrium is essential for the establishment and maintenance of pregnancy (Sanchez et al., 2018). The endometrium is receptive to the embryos for a specific period of time known as the window of implantation (WOI). During this period, the endometrium shows a specific gene expression profile suitable for endometrial function evaluation (Enciso et al., 2021). Assisted hatching may enhance embryo implantation not only by mechanically facilitating the hatching process but also by allowing earlier embryo–endometrium contact. Such early contact may enhance embryonic development potential and may optimize synchronization between embryos and endometrium, resulting in improved implantation efficiency (Liu et al., 1993). Our results did not show any affection on gender ratio after AH treatment, neither on the birth weight or latter growth, illustrating that piezo-mediated SH is safe. However, the gestational period was delayed when compared with natural mating. This is probably due to the delayed embryo development in vitro, but not by the AH treatment, since embryos cultured in vitro without any AH treatment exhibited a similar extended gestational period (Uppangala et al., 2016).

In a previous study, the technique of partial ZP digestion was applied when frozen mouse spermatozoa were used for IVF. Although the fertilization rate increased upon ZP digestion, the birth rates were not improved (Fan et al., 2009). In humans, the pregnancy outcomes were not improved even AH was applied before vitrified-warmed blastocyst transfer (Ng et al., 2020), and zona drilling does not improve IVF results in cases of severe semen alterations. These findings contradict our results that AH facilitates offspring birth.

However, these controversial results can be explained by the various endogenous and exogenous factors that may determine the final birth. First, the sperm or oocyte or embryo experienced frozen–thaw treatment, which may disable the effect of AH treatment. A Systematic study in bovine demonstrated that IVF-derived embryo formation was impaired due to ZP changes after oocyte cryopreservation (Mavrides and Morroll, 2005). Damage of oocyte ZP or sperm membrane induced by cold stress is irreversible, and the final birth rate cannot be improved by simple AH treatment. Second, in most studies, AH was performed in very early developmental stages (oocyte, two-cell, or eight-cell) or in blastocyst. The narrow perivitelline space in these stages increase the potential for laser or piezo-induced cytotoxic damage during ZP broken. In our study, morula stage embryos were chosen for SH treatment. Morula compaction generates a larger perivitelline space. We proposed that the enlarged perivitelline space will minimize laser-induced thermal or piezo-induced mechanical damage in cells. Our hypothesis was proven by a previous study conducted by Li et al. (2013). They found that laser-zona drilling-assisted IVF has a significantly lower birth rate when compared with that of embryos derived by regular IVF. On the contrary, the birth rate could be significantly increased by enlarging the perivitelline space upon the addition of 0.25 M sucrose to the culture medium.

The final birth rate was determined by various intra- and extra-environmental factors including hatching method, extent of AH, embryo transfer status, conception mode, and previous failure history. Incomparable conditions or operation procedures in different labs will influence the final effect of AH treatment. Nevertheless, a systematic review and meta-analysis elucidated that AH remarkably improved clinical pregnancy as well as multiple pregnancy rates in comparison with the control. Moreover, the rates of clinical pregnancy and multiple pregnancy significantly increased among women who received ICSI or AH that the zona was completely removed. In sum, this meta-analysis proved that AH was closely related to an improved possibility of achieving clinical pregnancy or multiple pregnancy (Li et al., 2016).

Piezo-mediated SH treatment on morula stage embryos obtained the best hatchability and improved implantation, pregnancy, and litter size while without any affection on gender ratio and offspring growth. Thus, AH treatment based on piezo could be an effective and reliable approach in rodents. However, in primates, especially in humans, this AH approach still needs further investigation. We did not examine if drilling at the blastocyst stage embryos could obtain better results than other stages of development, nor did we compare the methods of laser-assisted approach with that of the piezo approach. Thus, it is worth to set up an investigation in order to find the best approach for the personalized application of AH in human-assisted reproduction.
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Obesity leads to ovarian dysfunction and the establishment of local leptin resistance. The aim of our study was to characterize the levels of NOD-like receptor protein 3 (NLRP3) inflammasome activation in ovaries and liver of mice during obesity progression. Furthermore, we tested the putative role of leptin on NLRP3 regulation in those organs. C57BL/6J female mice were treated with equine chorionic gonadotropin (eCG) or human chorionic gonadotropin (hCG) for estrous cycle synchronization and ovary collection. In diet-induced obesity (DIO) protocol, mice were fed chow diet (CD) or high-fat diet (HFD) for 4 or 16 weeks, whereas in the hyperleptinemic model (LEPT), mice were injected with leptin for 16 days (16 L) or saline (16 C). Finally, the genetic obese leptin-deficient ob/ob (+/? and −/−) mice were fed CD for 4 week. Either ovaries and liver were collected, as well as cumulus cells (CCs) after superovulation from DIO and LEPT. The estrus cycle synchronization protocol showed increased protein levels of NLRP3 and interleukin (IL)-18 in diestrus, with this stage used for further sample collections. In DIO, protein expression of NLRP3 inflammasome components was increased in 4 week HFD, but decreased in 16 week HFD. Moreover, NLRP3 and IL-1β were upregulated in 16 L and downregulated in ob/ob. Transcriptome analysis of CC showed common genes between LEPT and 4 week HFD modulating NLRP3 inflammasome. Liver analysis showed NLRP3 protein upregulation after 16 week HFD in DIO, but also its downregulation in ob/ob−/−. We showed the link between leptin signaling and NLRP3 inflammasome activation in the ovary throughout obesity progression in mice, elucidating the molecular mechanisms underpinning ovarian failure in maternal obesity.

Keywords: ovary, inflammation, obesity, NLRP3 inflammasome, leptin


INTRODUCTION

Obesity leads to chronic systemic inflammation, a process mostly promoted by the continuous expansion of adipose tissue (Hotamisligil and Erbay, 2008; Odegaard and Chawla, 2008). Importantly, obesity is strongly linked to reproductive failure and infertility in women (Chu et al., 2007). The ovaries of mice fed a high-fat diet (HFD) show increased apoptosis and fewer mature oocytes (Jungheim et al., 2010). Furthermore, we have recently identified a striking link between maternal body weight in diet-induced obese (DIO) mice and global gene expression in cumulus cells (Wołodko et al., 2020). Other readouts of ovarian failure during maternal obesity comprise lipotoxicity, endoplasmic reticulum (ER) stress, and mitochondrial dysfunction (Wu et al., 2010). Ultimately, impaired ovarian function in obese mothers determines poor oocyte quality and abnormal embryo development (Minge et al., 2008), as obesity in women has been largely associated with failure in embryo implantation and abortion (Chu et al., 2007; Robker, 2008; Penzias, 2012). Thus, ovarian failure and decreased oocyte quality contribute to infertility in obese mothers.

Maternal obesity has other implications beyond infertility. The impact of maternal of obesity in offspring health represents a greater economic and social burden. Fetal congenital abnormalities were reported in obese mothers (Samuelsson et al., 2008). Furthermore, reports suggested also increased predisposition to cardiovascular disease (Loche et al., 2018) and type 2 diabetes (Blüher, 2019) in the offspring born from obesity mothers. Therefore, maternal obesity presents major long-term implications for offspring development and health.

The white adipose tissue (WAT) is a major endocrine organ and, alongside skeletal muscle and the liver, regulates whole body insulin sensitivity and glucose homeostasis (Czech, 2020). Maternal obesity is associated with systemic hormonal imbalance, largely characterized by excessive expansion of white adipose tissue and increased circulating levels of insulin, cholesterol, and leptin (Wołodko et al., 2020), among others. We have recently demonstrated that the establishment of leptin resistance in the ovaries of mice treated with HFD (Wołodko et al., 2020) was mostly mediated by suppressor of cytokine signaling 3 (SOCS3). Hence, early increase in ovarian leptin signaling and overexpression of SOCS3 protein after 4 weeks of DIO, was followed by failure in leptin receptor (ObR) b activation and leptin resistance after 16 week DIO (Wołodko et al., 2020). Furthermore, leptin is a well-known regulator of ovarian function (Karlsson et al., 1997; Ryan et al., 2002), with the aforementioned changes in leptin signaling in the ovaries of obese mothers potentially affecting major functional events like follicular pool activation, oocyte maturation, and ovulation (Wołodko et al., 2021).

The inflammasome is a large intracellular protein complex that contains a cytosolic pattern recognition receptor. Among NOD-like receptors (NLR), the NLR protein 3 (NLRP3) inflammasome has been best characterized as a complex of proteins responsible for controlling the activity of two proinflammatory cytokines interleukin (IL)-1β and IL-18 (Martinon et al., 2002; Davis et al., 2011; De Nardo and Latz, 2011). Activation of the pattern recognition receptor NLRP3 can be accomplished through two major signals: (i) priming signal, induced by the Toll-like receptor (TLR)/nuclear factor (NF)-κB pathway, and (ii) pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) leading to assembly of inflammasome (Martinon et al., 2002; Lamkanfi and Dixit, 2014). Both mechanisms lead to the recruitment of the adapter apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain (ASC), resulting in the activation of pro-caspase-1 (CASP1) and cleavage into the active form (Davis et al., 2011). The formation and activation of the inflammasome is possible through ASC, which links NLRP3 to CASP1 by means of its pyrin and caspase recruitment domain motifs (Martinon et al., 2006). Finally, activated CASP1 is known to process the maturation of IL-1β and IL-18 into active cytokines (Lamkanfi, 2011). Importantly, obesity and insulin resistance (IR) have been associated with inflammation and subsequent activation of NLRP3 inflammasome (Traba and Sack, 2017). The onset of inflammasome activation was also shown to be mediated by factors like glucose, ceramide, uric acid, or lipopolysaccharide (LPS) (Stienstra et al., 2012; Traba and Sack, 2017). Furthermore, secondary signals like extracellular ATP inducing K+ efflux, DAMPs/PAMPS leading to reactive oxygen species (ROS) production can also activate NLRP3 inflammasome (Shao et al., 2015; Tõzsér and Benkõ, 2016). Saturated free fatty acids (FFAs) were equally linked to inflammasome activation through both signals (Wen et al., 2011), as increased levels of FFAs are a general feature of obesity, IR, or type-2 diabetes (Boden, 2002; Krebs and Roden, 2005). More recently, a link has been also established between NLRP3 inflammasome activation and levels of leptin signaling in various cellular contexts (Fu et al., 2017), substantiating leptin proinflammatory role (Cauble et al., 2018).

A recent report has shown the presence of NLRP3 inflammasome components at ovarian level during follicular development in mice, suggesting its involvement in ovulation (Z. Zhang et al., 2019). Most importantly, NLRP3 was also suggested to be involved in the pathophysiology of polycystic ovary syndrome (PCOS) (Rostamtabar et al., 2020). Therefore, we presently hypothesize that the regulation of NLRP3 in the ovary of obese mice is mediated by local leptin signaling. We first confirmed that NLRP3 inflammasome expression profile changed in the ovaries of cyclic mice. Subsequently, we revealed that NLRP3 inflammasome components were differently expressed in the ovaries of 4- and 16- week DIO mice. Furthermore, using a mouse model of pharmacological hyperleptinemia (LEPT) and a genetic obese mouse, which lacks leptin (ob/ob), we demonstrated the association between levels of leptin signaling and NLRP3 inflammasome activation in the ovary of obese mice. Moreover, we re-analyzed the transcriptome of cumulus cells (CCs) from DIO and LEPT models and concluded that leptin treatment upregulated genes associated with NLRP3 inflammasome in CCs. Finally, we studied the NLRP3 inflammasome component expression in the liver of DIO, LEPT, and ob/ob mice. We observed a consistent downregulation in NLRP3 inflammasome activity in ob/ob, which are obese and lack leptin, denoting once more the important link between NLRP3 and leptin activity.



MATERIALS AND METHODS


Animals and Protocols

Breeding pairs were purchased from Jackson Laboratories (Bar Harbor, ME, United States). Female C57BL/6J (B6) mice (8-week old) and B6.Cg-Lepob/J (ob/ob) were housed in the Animal Facility of Institute of Animal Reproduction and Food Research, Polish Academy of Sciences in Olsztyn. Mice were housed with free access to food and water for the duration of the study (humidity 50 ± 10%; 23°C; 12L:12D cycle). All procedures were approved by the Local Animal Care and Use Committee for the University of Warmia and Mazury in Olsztyn. Guidelines for animal experiments followed EU Directive 2010/63/EU. Throughout the experiments, mice were monitored for any sings of welfare or disease. At 8 week of age, mice were subjected to various protocols.

For hormonal treatment protocol, the estrous cycle was monitored after vaginal cytology analysis. Cells were collected on a glass slide and stained with Diff Quik® kit (Medion Diagnostics AG, Switzerland, DQ-ST). Estrus (E) was characterized by cornified epithelium cells, metestrus by both cornified cells and leukocytes, diestrus (D) by predominant leukocytes, and proestrus by nucleated cells, as previously described (Kyrönlahti et al., 2011). Subsequently, mice received either eCG or hCG, as previously described (Hasegawa et al., 2016). One group of female B6 mice (seven to eight mice/group) was injected in E with equine chorionic gonadotropin (eCG, G4877; 5 IU, Sigma Aldrich) followed by human chorionic gonadotropin (hCG, Chorulon, 5 IU, MSD Animal Health) 48 h after, and tissues were collected 18–20 h later in E. In the second group (seven to eight mice/group), animals were injected with hCG, and tissues were collected 16–18 h later in D. In the DIO model, mice (8–10/group) were placed on standard chow diet (CD, #5053, Picolab Rodent diet 20 with 13% of calories) or HFD (59% of calories, AIN-76A with 33% hydrogenated coconut oil; LabDiet) for 4 or 16 week. In the hyperleptinemic model (8–10 mice/group), high circulating levels of leptin were obtained through intraperitoneal administrations of leptin twice (100 μg/day injected at 09:00 and 21:00), while the control group received saline (Recombinant Mouse Leptin, GFM26, Cell Guidance Systems). Regarding the ob/ob model, mice (8–10 mice/group) were kept on CD until 12 week of age.



Immunohistochemistry and Immunofluorescence

Both immunohistochemistry (IHC) and immunofluorescence (IF) followed the protocols previously described (Wołodko et al., 2020). Briefly, mouse ovaries were collected during the D stage, fixed in 4% paraformaldehyde, and stored at 4°C. On the following day, the tissues were dehydrated in ethanol. Paraffin embedded tissues were then cut in 5-μm sections and mounted on a glass slide. After deparaffinization in xylene, samples were rehydrated in increasing ethanol concentrations. For antigen retrieval, sections were boiled in citrate buffer (10 mM, pH = 6). Next, sections were incubated with BSA (A2153; Sigma Aldrich) for 1 h at room temperature (RT), followed by incubation with rabbit polyclonal antibody against NLRP3 (1:200, ab214185; Abcam) overnight at 4°C. In order to test the specificity of the primary antibody, sections were also incubated with rabbit polyclonal anti-immunoglobulin G (IgG, ab37415; Abcam) or without primary antibody (negative controls). On the following day, sections were washed and incubated for 1 h at RT with peroxidase-conjugated goat anti-rabbit IgG polyclonal antibody (1:100, 410972; Dako). Finally, slides were incubated in 3,3-diaminobenzidine (DAB) for 15 s before visualization. The sections were then counterstained for 2 min using hematoxylin (MHS16; Sigma Aldrich). Stained sections were dehydrated and mounted under glass coverslips.

Concerning the immunofluorescence protocol, after deparaffinization in xylene, samples were in increasing ethanol concentrations. Sections were then permeabilized in 0.3% Triton X-100 (T8787; Sigma Aldrich) two times for 5 min at RT. Antigen retrieval was done after heating the sections in citrate buffer (10 mM, pH = 6). Blocking was done with BSA (A2153; Sigma Aldrich) with 0.3 M glycine (G8898; Sigma Aldrich) in phosphatase-buffered saline (PBS)–0.1% Tween 20 (P7949; Sigma Aldrich) (PBST) solution for 2 h, at RT. In order to minimize the autofluorescence, tissues were treated with 0.3% Sudan Black (199664; Sigma Aldrich) (in 70% ethanol) for 10 min at RT. Subsequently, sections were washed eight times for 5 min in PBST (0.1% Tween20). The sections were then incubated with rabbit polyclonal antibody against NLRP3 (1:100, NBP2-12446; Novus Biologicals) overnight at 4°C. The negative controls were after incubating the slides with rabbit polyclonal anti-immunoglobulin G (IgG, ab37415; Abcam) or without primary antibody (negative controls). On the following day, the sections were washed six times for 5 min in PBST at RT, followed by incubation with the secondary antibody cyanine 3 (Cy3)-AffiniPure donkey polyclonal anti-rabbit IgG (H+L) (1:400, 711-165-152; Jackson ImmunoResearch) for 2 h at RT. The sections were washed six times for 5 min in PBST at RT. In order to visualize the nucleus, DAPI (dilution 1:100 with PBS, D9542-10MG; Sigma Aldrich) was added for 30 min at RT. Finally, the slides were covered with Vectashield medium (H-1000; Vector Laboratories) and stored at −20°C. Images were captured using Zeiss Axio Observer System (Carl Zeiss, Germany) with × 20/0.4 NA, and confocal microscope (Zeiss LSM 800) with × 40/1.2 or × 63/1.4 NA oil immersion objectives. For examination of the slides, an Axio Observer Systems Z1 microscope (Carl Zeiss Microscopy GmbH, Germany) and the Zeiss ZEN 2.5 lite Microscope Software (Carl Zeiss, Germany) were used.



Protein Extraction and Western Blotting Analysis

Protein expression in mouse ovary and liver was assessed by Western blotting. Ovaries and livers were homogenized with RIPA buffer (R0278; Sigma Aldrich) after adding protease inhibitors (phenylmethylsulfonyl fluoride, PMSF and Protease Inhibitor Cocktail, P8340; Sigma-Aldrich) and phosphatase inhibitors (Pierce Phosphatase Inhibitor Mini Tablets 88667; Thermo Fisher Scientific) and incubating on ice for 1 h. After centrifugation (20,000 × g, 15 min, 4°C), the supernatants were collected, and protein concentration was determined with the Smith et al. (1985) copper/bicinchoninic assay [Copper (II) Sulfate, C2284; Sigma and Bicinchoninic Acid Solution, B9643; Sigma Aldrich]. Samples were run (40 μg of protein) on 10–18% polyacrylamide gels. After transfer, the membranes were blocked in PBS solution containing 3% powdered milk for 1 h. Immunoblotting was performed using the primary antibodies NLRP3 (AG-20B-0014-C100; Adipogen), CASP1 (ab108362; Abcam), IL-18 (ab71495; Abcam), β-actin (A2228; Sigma Aldrich) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, ab9485; Abcam) on nitrocellulose (10600009; GE Healthcare Life Science) or polyvinylidene fluoride (PVDF) membrane (IPVH00010; Merck Millipore). Primary antibodies were incubated overnight at 4°C. The following day, proteins were detected by incubating the membranes with polyclonal anti-mouse horseradish peroxidase (HRP)-conjugated secondary (1:10,000, 31430; Thermo Fisher Scientific), polyclonal anti-rabbit HRP-conjugated secondary (1:20,000, 31460; Thermo Fisher Scientific), polyclonal anti-mouse alkaline phosphatase-conjugated secondary (1:10,000, 31321; Thermo Fisher Scientific), and polyclonal anti-rabbit alkaline phosphatase-conjugated secondary (1:10,000, A3687; Sigma Aldrich) antibodies, for 1.5 h in the chemiluminescence method or 2.5 h in the colorimetric method at RT. All antibody specifications are summarized in Table 1. Immunocomplexes were visualized subsequently using chemiluminescence detection reagent (SuperSignal West Femto kit, 34095; Thermo Fisher Scientific) or chromogenic substrate NBT/BCIP diluted 1:50 (11681451001; Roche) in alkaline phosphate buffer. Band density for each of the target protein was normalized against β-actin for NLRP3 and IL-18, while GAPDH was used for CASP1 as a reference protein. Finally, bands were quantified using the ChemiDoc or VersaDoc MP 4000 imaging system (Bio-Rad). Quantitative measurements of blot intensity were performed using ImageLab software.


TABLE 1. Specification of antibodies used for Western blotting.
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Total RNA Isolation and cDNA Synthesis

Total RNA was extracted from whole ovary and 10 mg of liver, using TRI reagent (T9424; Sigma Aldrich) following the instructions of the manufacturer. RNA samples were stored at −80°C. Concentration and quality of RNA was determined spectrophotometrically, and the ratio of absorbance at 260 and 280 (A260/280) was analyzed confirming good RNA quality. Subsequently, 2 μg of RNA was reverse transcribed into cDNA using Maxima First Strand cDNA Synthesis Kit for RT-qPCR (K1642; Thermo Fisher Scientific) (Galvão et al., 2012).



Real-Time PCR

Real-time PCR assays were performed in a 7900 Real-time System (Applied Biosystems), using a default thermocycler program for all genes: a 10-min preincubation at 95°C was followed by 45 cycles of 15 s at 95°C and 1 min at 60°C. A further dissociation step (15 s at 95°C, 15 s at 60°C, and 15 s at 95°C) ensured the presence of a single product. Ribosomal protein L37 (Rpl37) was chosen as a housekeeping gene and quantified in each real-time assay together with the target gene. Based on gene sequences in GenBank (National Center for Biotechnology Information), the primers for Nlrp3, Casp1, Il-1β, Il-18, Asc, Il-10, and Tnf, which sequences are presented in Table 2, were designed using Primer Express 3.0 software (Applied Biosystems). All reactions were carried out in duplicates in 384-well plate (4309849; Applied Biosystems) in 12 μl of total solution volume (Galvão et al., 2014). The data were analyzed using the real-time PCR Miner algorithm (Zhao and Fernald, 2005).


TABLE 2. Specific primers used for quantitative real-time PCR.
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Enzyme-Linked Immunosorbent Assay Immunoassay

The concentrations of IL-1β in tissue extracts of ovaries and livers were determined using an IL-1 beta Pro-form Mouse Uncoated ELISA kit (88-8014-22; Thermo Fisher Scientific) following the instructions of the manufacturer. The standard curve concentrations ranged from 25 to 3,000 ng/m, and interassay coefficient variation (CV) was 7.27%.



RNA-Seq Data From Cumulus Cells

We used RNA-seq data from CCs previously produced by Wołodko et al. (2020). The dataset is publicly available under the GEO accession number GSE1803001. Library generation was previously described (Wołodko et al., 2020). Briefly, we collected approximately 50 CCs per animal, after superovulation, and RNA-seq libraries were generated using a Smart-seq2 oligo-dT method. Read counts were normalized by size factor and log-2 transformed. Partial correlations were used to determine coexpressing genes (cor > 0.9) using the corpcor package (Schäfer and Strimmer, 2005). Network statistics were calculated using the igraph package (Csárdi and Nepusz, 2006). Network visualization was done with Cytoscape (Shannon et al., 2003).



Statistical Analysis and Data Presentation

Statistical analyses were performed using the GraphPad Prism Software (Version 9.01, GraphPad Software, Inc.; La Jolla, CA, United States). Sample normal distribution was determined using the D’Agostino–Pearson omnibus test. Mann–Whitney test, simple t-test, or multiple unpaired t-test were used to analyze the data, and statistical significance was calculated with Bonferroni–Sidak corrections for multiple comparison, depending on the experiment (details in figure legend). Results were presented as means with standard deviation. Differences between means for all tests were considered statistically significant if p < 0.05.



RESULTS


NOD-Like Receptor Protein 3 Inflammasome Components Expression Change in the Ovary of Cyclic Mice

We first sought to characterize the expression of NLRP3-induced inflammasome components in the ovaries of mice throughout the estrous cycle. Fifteen female 8-week-old C57BL/6 (B6) mice were treated with hormones in order to synchronize the estrous cycle (Figure 1A). Ovaries were collected in the E and D stage and further processed for mRNA or protein expression analysis, respectively. Real-time PCR analysis (n = 6–7/group) revealed increased levels of Casp1, Il-1β, and Il-18 mRNA in the D stage (Figure 1B, p < 0.05). Moreover, Western blotting (n = 7–8/group) revealed increased NLRP3 protein expression in D (Figure 1C, p < 0.05), as well as the pro-peptide (p24) and mature form (p18) of IL-18 (Figures 1F,G; p < 0.01). Regarding CASP1, the long form (p45) was decreased in D (Figure 1D; p < 0.05), but no significant changes were observed for the active CASP1 (p20) (Figure 1E). These results suggest the activation of NLRP3 inflammasome in the D stage, through upregulation of NLRP3 and its downstream mediator IL-18. Next, we characterized the cellular distribution of NLRP3 protein in the ovaries collected from mice in D, using IHC and IF (n = 2–3/group). We confirmed that NLRP3 protein was visible in ovarian follicles, corpora lutea, and interstitial space (Figure 1I). On the other hand, a closer observation of IHC sections revealed staining in granulosa cells (GC) and theca cells (TC), as well as in oocytes, in all developmental follicular stages (Figures 1K–M). Negative controls stained exclusively with secondary antibodies did not reveal any brown staining (Figures 1H,J). The specificity of our IHC staining was corroborated by IF, in which a clear yellow staining was observed in GC, TC, and oocytes (Figures 1O–Q). Negative control stained with rabbit immunoglobulin type G (IgG) confirmed no staining (Figure 1N). Our results not only confirmed the presence of NLRP3 protein in GC, TC, and oocytes by IHC and IF, but also confirmed the upregulation of NLRP3 in the ovaries of eCG-treated mice. Therefore, in subsequent experiments, collections were consistently performed in D.
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FIGURE 1. Characterization of NOD-like receptor protein 3 (NLRP3) expression in the ovary of cyclic mice. (A) Experimental design: estrous cycle synchronization with equine chorionic gonadotropin (eCG) and human chorionic gonadotropin (hCG) as previously described (Hasegawa et al., 2016). Ovaries were collected from animals in the estrus (E) or diestrus (D) stage of the cycle. Quantification of mRNA levels of (B) Nlrp3, caspase-1 (Casp1), interleukin-1β (Il-1β), and interleukin-18 (Il-18) by real-time PCR. Abundance of (C) NLRP3, (D) pro CASP1 p45, (E) CASP1 p20, (F) pro IL-18 p24, and (G) IL-18 p18 protein during (E,D) measured by Western blotting analysis. Data were normalized to ribosomal protein L37 (Rpl37) mRNA expression and β-actin of or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein expression. Bars represent mean ± SEM. Statistical analysis between groups was carried out using Mann–Whitney. Number of samples: n = 6–7 for real-time PCR analysis and n = 7–8 immunoblots. Asterisks indicate significant differences (∗p < 0.05; ∗∗p < 0.01). Representative immunohistochemistry (IHC) staining (n = 2–3) of NLRP3 protein during follicular development in the mouse ovary. Positive staining in brown, counterstaining with hematoxylin. (H,J) Negative control incubated with secondary antibody. Localization of NLRP3 in (I) whole ovary of 16 weeks (wk) mice fed chow diet (CD), (K) primary follicles of 16- week CD mice, (L) secondary follicles of 16- week high-fat diet (HFD) mice, and (M) preantral follicles of 16- week CD mice. Staining was detected in granulosa (GC) and theca cells (TC). Faint staining was observed in the oocytes of all stages of folliculogenesis. Arrows denote GC, arrowheads denote TC, and asterisks denote oocytes. The IHC staining was confirmed by immunofluorescent localization of NLRP3. Positive staining in orange, nuclear counterstaining with DAPI in blue. (N) Negative control 16- week CD stained with polyclonal rabbit IgG. NLRP3 localized in (O) whole ovary, (P) secondary follicles of 16- week CD mice, (Q) preantral follicles of 16- week HFD mice. Inserts on the top left corners represent magnifications of GC. Scale bars represent 20 or 100 μm. AU, arbitrary units.




Activation of NOD-Like Receptor Protein 3-Induced Inflammasome in the Ovary of Diet-Induced Obesity Mice

In the following experiment, we tested the effects of short- (4 week) vs. long-term (16 week) HFD treatment on NLRP3-induced inflammasome activation in the ovary of mice (Figure 2A). Throughout the mouse DIO protocol, the average body weight (BW) was recorded every 4 week (Table 3). After collection, ovaries were processed for mRNA and protein expression analysis. Real-time PCR analysis (n = 6–8/group) revealed increased mRNA of Nlrp3 after 4-week HFD (Figure 2B, p = 0.06), whereas Il-1β levels were increased after both 4 and 16 week of HFD (Figure 2B, p < 0.05). Regarding Western blotting analysis (n = 7–8/group), we found that the expression of NLRP3, CASP1 p45, and pro IL-18 p24 were increased in the 4-week HFD group, compared with the control group (Figures 2C,D,F, p < 0.05, respectively). The opposite pattern was seen after 16-week HFD, with the downregulation of NLRP3 expression, the mature form of CASP1 p20 and both forms of IL-18 (p24 and p18) (Figures 2C,E–G, p < 0.05). Finally, we also confirmed that IL-1β protein level was upregulated in 16-week HFD by enzyme-linked immunosorbent assay (ELISA) (n = 4–6) (Figure 2H, p = 0.082). We presently showed that despite the upregulation of NLRP3, the pro-proteins IL-18 (p18, p24) and CASP1 (p45) after 4-week HFD treatment, the expression profile of NLRP3, CASP1 (p20), and both forms of IL-18 (p18, p24) were consistently downregulated after a 16-week HFD treatment.


[image: image]

FIGURE 2. Diet-induced obesity (DIO) changes NLRP3 expression in the ovary. (A) Experimental design: Mice were fed either chow diet (CD) or high-fat diet (HFD) for 4 or 16 weeks (wk) and ovaries were collected during the diestrus stage. Quantification of (B) Nlrp3, Casp1, Il-1β, and Il-18 mRNA by real-time PCR. Abundance of (C) NLRP3, (D) pro CASP1 p45, (E) CASP1 p20, (F) pro IL-18 p24, (G) IL-18 p18 protein measured by Western blotting and (H) IL-1β protein measured by enzyme-linked immunosorbent assay (ELISA) in ovarian extracts collected from DIO mice. mRNA level was normalized with ribosomal protein L37 (Rpl37) value and protein expression with β-actin or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) level. Bars represent mean ± SEM. Differences between control and treatment groups analyzed with Mann–Whitney in real-time PCR and ELISA and multiple t-test for Western blotting. Number of samples: n = 6–8 for real-time PCR, n = 7–8 for immunoblots, and n = 4–6 for ELISA. Asterisks indicate significant differences (*p < 0.05; **p < 0.01; +p = 0.06; +p = 0.07 or +p = 0.082—all values indicated). AU, arbitrary units.



TABLE 3. Body weight measurement of three mouse models.
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Leptin Signaling in the Ovary Drives Activation of NOD-Like Receptor Protein 3 Inflammasome During Obesity Progression

After temporally characterizing the expression profile of NLRP3-induced inflammasome components in the ovary of DIO mice, we further interrogated whether the activation of NLRP3 inflammasome was regulated by leptin signaling. Therefore, we analyzed the levels of NLRP3 inflammasome components in the ovaries of a previously validated mouse model of pharmacological hyperleptinemia, which presented increased systemic levels of leptin and increased leptin signaling in the ovary without obesity (Wołodko et al., 2020), and a genetically obese mouse ob/ob characterized by extreme obesity and lack of circulating leptin. In the pharmacological hyperleptinemic model (n = 8–10/group), B6 female mice were treated with leptin intraperitoneally 16 days (16 L), whereas controls were administered saline (16 C) (Wołodko et al., 2020). Moreover, in the ob/ob model (n = 8–10/group), control females (+/?) and homozygous mutant females (−/−) were kept on CD for 4 week (Figure 3A). Body weights of the mice were registered periodically (Table 3). Ovaries from all groups were collected and processed for mRNA and protein expression analysis. Real-time PCR analysis (n = 6–8/group) revealed an increase in Nlrp3 and Casp1 in 16 L, but a decrease in ob/ob −/− mice (Figure 3B, p < 0.05). Furthermore, the mRNA of Il-1β was upregulated in 16 L (Figure 3B, p < 0.05). Finally, the mRNA of Il-18 was significantly downregulated in the ob/ob −/− group (Figure 3B, p < 0.05). With regard to protein expression (n = 6–8/group), we found that the 16 L group presented increased levels of NLRP3 (Figure 3C, p < 0.05), whereas the opposite pattern was observed in ob/ob −/− mice, compared with control groups (Figure 3C, p < 0.05). Accordingly, both pro-peptides CASP1 (p45) and CASP1 (p20) showed increased levels in 16 L (Figures 3D,E; p = 0.07 and p < 0.05, respectively); nonetheless, no significant changes were found in the ob/ob model. Importantly, IL-1β protein levels measured by ELISA (n = 4–5/group) were increased in 16 L, but decreased in ob/ob −/− (Figure 3F, p < 0.05). In this experiment, we revealed the functional link between leptin signaling and NLRP3 inflammasome component regulation in the ovary, with leptin treatment inducing the activation of NLRP3 and CASP1 with subsequent secretion of IL-1β. Furthermore, we confirmed the downregulation of NLRP3 expression in the ovaries of ob/ob −/−.
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FIGURE 3. Leptin signaling in the ovary drive changes in NLRP3 during obesity. (A) Experimental design: (i) pharmacological hyperleptinemic model, mice were either injected with saline or 100 μg of leptin (L) for 16 days; (ii) genetic obesity model, mice lacking leptin (ob/ob −/−) or control group (ob/ob +/?). (B) Heatmap illustrating fold of change in expression of mRNA of genes Nlrp3, Casp1, Il-1β, Il-18, apoptosis-associated speck-like protein-containing A CARD (Asc), Il-10, and tumor necrosis factor alpha (Tnf) in hyperleptinemia and ob/ob models determined by real-time PCR. The scale matches colors to log 2 fold change (log2 FC) values. Abundance of (C) NLRP3, (D) pro CASP1 p45, (E) CASP1 p20 measured by Western blotting, and (F) IL-1β quantified by ELISA, in the mouse ovarian extracts. Level mRNA normalized with ribosomal protein L37 (Rpl37) value and protein expression with β-actin or glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Bars represent mean ± SEM. Statistical analysis between groups was carried out using the Mann–Whitney test. Number of samples: n = 6–8 for real-time PCR analysis, n = 6–8 for immunoblots and n = 4–5 for ELISA. Asterisks indicate significant differences (*p < 0.05; +p = 0.07). AU, arbitrary units.




Leptin Promotes Changes of NOD-Like Receptor Protein 3 Inflammasome Components Gene Expression in Cumulus Cells During Early Onset of Obesity

In this experiment, we examined whether the association between leptin signaling and NLRP3 inflammasome activation previously observed in whole ovaries holds true at the cellular level. We, therefore, analyzed particularly the somatic companions of the female gamete, the CCs. We started reanalyzing the RNA sequencing (RNA-seq) datasets from CCs from 4- and 16-week DIO and pharmacological hyperleptinemic model (Figure 4A; Wołodko et al., 2020). We confirmed the expression levels of leptin and NLRP3 pathway components for 16 L and 4-week HFD, and despite no changes in Nlrp3 in CCs after 4-week HFD, the gene was upregulated in 16 L (Figure 4B). The low coverage of the samples (an average of 5.5 million reads) and the weak expression level of Nlrp3 in CCs may account for the lack of changes in 4-week HFD. Nonetheless, the consistent upregulation of various components of the NLRP3 inflammasome, like Nlrp3, Il-18, Casp1, Il-1β, and Asc in 16 L is suggestive of the stimulatory effects of leptin on the expression level and activation of NLRP3 inflammasome genes also in CCs (Figure 4B). As previously shown, the DESeq analysis of 4-week DIO protocol revealed 997 differentially expressed genes (DEGs) in 4-week HFD, whereas for pharmacological hyperleptinemic model, a total of 2,026 DEGs were found in 16 L (Wołodko et al., 2020), in comparison with their control groups (p < 0.05; Wołodko et al., 2020). In the present analysis, we overlapped the DEGs from 4-week HFD and 16 L and identified seven genes either up- or downregulated in both conditions (Figure 4C). Subsequently, we integrated the 14 DEGs with the main components of NLRP3 and leptin signaling pathways (Wołodko et al., 2020), based on the correlation between their expression levels (p > 0.90), and obtaining five clusters (Figure 4D). Of note, one of the clusters revealed the gene interaction between Casp1, phosphatase and tensin homolog (Pten) and signal transducer and activator of transcription 5a (Stat5a), while others showed a link between Socs3 and Il-1β, known as an important axis involved in the mediation of immune response (Chaves de Souza et al., 2013). Importantly, other genes were highlighted in the network, as solute carrier family 22 member 15 (Slc22a15), a cell membrane transporter and metabolic gene (Nigam, 2018), or stress-associated endoplasmic reticulum protein 1 (Serp1) involved in protein unfolding and stress response (Yamaguchi et al., 1999). Indeed, metabolic performance in the preovulatory follicle is tightly regulated and involves the crosstalk between GC and oocyte (Figure 4D; Wołodko et al., 2021). The gene ontology analysis for the presented network revealed three main events: negative regulation of glucose transport, positive regulation of cytokine biosynthesis, and response to ATP (Figure 4E, p < 0.05). Finally, we plotted a subset of genes known to directly activate the NLRP3 inflammasome signaling pathway (Weber et al., 2020), particularly regarding the regulation of glutathione, major mediator of NLRP3 signaling (Hughes et al., 2019), as well as other genes involved in the pathway regulation (Zhou et al., 2010; Barlan et al., 2011; Iyer et al., 2013; Mitoma et al., 2013; Wang et al., 2014; Kim et al., 2015; He et al., 2016b; Jo et al., 2016; Li et al., 2016; Wolf et al., 2016; Guglielmo et al., 2017; Hughes and O’Neill, 2018; Palazón-Riquelme et al., 2018; Shuvarikov et al., 2018; Billon et al., 2019; Hughes et al., 2019; Martine et al., 2019; Zhang et al., 2021). We confirmed a similar behavior between 16 L and 4-week HFD for those genes, in opposition to 16-week HFD (Figure 4F). Thus, systemic administration of leptin-activated genes from the NLRP3 inflammasome pathway in CCs, corroborating the functional link between leptin signaling and NLRP3 inflammasome activation in CCs of DIO mice.
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FIGURE 4. Cumulus cells transcriptome analysis from DIO and pharmacologically hyperleptinemic mice. (A) Experimental design: RNA-Seq analysis of differentially expressed genes in cumulus cells collected from mice: i) with DIO fed chow diet (CD) or high-fat diet (HFD) for 4 or 16 week (ii) with pharmacologically hyperleptinemic (LEPT) injected with saline (C) or 100 μg of leptin (L) for 16 days (16 L). (B) Heatmap illustrating expression of genes from leptin signaling pathway and NLRP3 inflammasome in 16 L and 4- week HFD normalized by control group fed CD or injected with saline, respectively. Downregulated genes in blue, upregulated genes in orange. The scale on the right matches colors to log 2 fold change (log2 FC) values. (C) Heatmap showing significant changes in major constitutive genes in both conditions 16 L and 4- week HFD. (D) Five main clusters in the network representing strong interaction between selected genes described in (B) and genes presented in (C). (E) Pie chart that displays the main three gene ontology terms that were significantly enriched in cumulus cells in both conditions 16 L and 4- week HFD. Gene ontology analysis performed with Gene Ontology Enrichment Analysis and Visualization Tool. (F) Heatmaps showing conserved genes involved in NLRP3 inflammasome activation, glutathione metabolism, and other regulations. log2 FC of reads per million (RPM). Created with BioRender.com.




Activation of NOD-Like Receptor Protein 3-Induced Inflammasome in the Liver of Diet-Induced Obesity Mice

In the last experiment, we compared the temporal activation of NRLP3 inflammasome between the ovary and another metabolic organ as the liver, during obesity progression. Thus, we analyzed the expression profile of NLRP3 inflammasome genes in the liver of DIO mice. Furthermore, we tested once more the functional link between leptin signaling and activation of NLRP3 inflammasome in the liver, using pharmacological hyperleptinemic and ob/ob mouse models. Liver samples were collected from DIO, leptin treated, and ob/ob female mice, for mRNA transcription and protein expression analysis (Figure 5A). Real-time PCR analysis (n = 6–9/group) showed no significant changes in expression of all inflammasome components, except for the increase in Nlrp3 and Il-1β mRNA in 16-week HFD, but downregulation of Nlrp3 in ob/ob−/− (Figure 5B, p < 0.05). Furthermore, protein analysis determined by Western blotting (n = 4–8/group) showed an increase in protein levels of NLRP3, CASP1 (p20), and IL-18 (p18) after 16-week HFD treatment, compared with control (Figures 5C,E,G, p < 0.05, p = 0.07, p = 0.08). Regarding the pro-peptide of CASP1 (p45), its protein was upregulated in 16 L, but downregulated in ob/ob−/−, compared with controls (Figure 5D, p < 0.05 and p < 0.01, respectively). Finally, CASP1 (p20) and IL-18 (p18) proteins were decreased in ob/ob−/− (Figures 5E,G, p < 0.05 and p = 0.08, respectively). No significant changes were observed for pro IL-18 (p24) (Figure 5F). The present results of our analysis in the liver indicate a site-dependent NLRP3 inflammasome regulation throughout obesity, since overexpression of NLRP3, CASP1 (p20), and IL-18 (p18) took place only at 16 week of DIO. Thus, we observed drastic differences in NLRP3 inflammasome profile between liver and ovary (Figure 5H), which showed the upregulation of NLRP inflammasome components after 4-week DIO (Figure 2). Another important observation was the downregulation of NLRP3 and CASP1 (p20) in livers from ob/ob −/− mice, suggesting that leptin directly modulates NLRP3 inflammasome activation at hepatic level. Hence, we confirmed the latency of NLRP3 inflammasome activation in the liver of DIO female mice, which showed signs of upregulation only after 16- week HFD treatment. Furthermore, we have confirmed the functional link between leptin and NLRP3 inflammasome activation in the liver.
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FIGURE 5. NLRP3 activity in the liver of DIO, hyperleptinemic, and genetically obese mice. (A) Experimental design: (i) DIO mice were fed CD or HFD for 4 or 16 week; (ii) pharmacologically hyperleptinemic mice were treated with saline (C) or 100 μg of leptin (L) for 16 days; (iii) genetically obese mice lacking leptin (ob/ob−/−) and control group (ob/ob +/?). (B) Heatmap illustrating fold change in expression of mRNA of genes Nlrp3, Casp1, Il-1β, and Il-18, Asc, Il-10, and Tnf in DIO, hyperleptinemia, and ob/ob models in comparison with respective controls, determined by real-time PCR. The scale on the right matches colors to log2 fold change (log2 FC) values. Data normalized to mRNA expression of ribosomal protein L37 (Rpl37). Abundance of (C) NLRP3, (D) pro CASP1 p45, (E) CASP1 p20, (F) pro IL-18 p24, and (G) IL-18 p18 in mouse liver of DIO, hyperleptinemic, and ob/ob mice measured in Western blotting analysis. Protein normalized with β-actin or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) level. Bars represent mean ± SEM. Statistical analysis between groups was carried out using Mann–Whitney test. Number of samples: n = 6–9 for real-time PCR analysis and n = 4–8 for immunoblots. Asterisks indicate significant differences (*p < 0.05; **p < 0.01; +p = 0.07; +p = 0.08—all values indicated). AU, arbitrary units. (H) Diagram summarizing the profile of NLRP3 inflammasome activation in ovaries and liver of DIO mice. Figure 5H created with BioRender.com.




DISCUSSION

The present study gives the first characterization of NLRP3-induced inflammasome activation in the ovaries of DIO mice. Maternal obesity has been largely associated with increased ovarian inflammation (Robker et al., 2011; Nteeba et al., 2013, 2014; Ruebel et al., 2017; Snider and Wood, 2019). Therefore, a better knowledge of its pathogenesis will contribute to our understanding of the mechanisms underpinning ovarian failure and infertility during obesity. We first studied the effects of cyclicity on NLRP3 inflammasome activation in the ovaries of lean mice, confirming the upregulation of NLRP3 inflammasome components during D. Subsequently, we characterized the expression profile of NLRP3 inflammasome components in the ovary throughout obesity progression. Indeed, the rapid upregulation of NLRP3 protein in early obesity (after 4- week HFD treatment) was followed by a consistent downregulation of NLRP3, IL-18, and CASP1 in late obesity (after 16- week HFD). Importantly, using either a pharmacological hyperleptinemic and a genetic obese ob/ob mice, we evidenced the functional link between levels of leptin signaling and NLRP3 activation in whole ovaries. Furthermore, in CCs collected after superovulation, we confirmed also the major role of leptin on the upregulation of Nlrp3, Casp1, Asc, Il-18, and Il-1β transcription. Finally, after analyzing the NLRP3 inflammasome expression pattern in the liver, we observed NLRP3, CASP1, and IL-18 upregulation exclusively after 16- week HFD treatment, showing a delayed activation of NLRP3 inflammasome activation with regard to the ovary. Hence, these results suggest a greater vulnerability of the ovaries, in general, and the gamete, in particular, to the energetic surplus that females face under obesogenic conditions.

A recent study by Zhang and colleagues showed for the first time the expression of NLRP3 protein in various cellular components of mouse ovaries, like GC, TC, and oocytes (Zhang et al., 2019). We presently observed not only a similar pattern of cellular expression for NLRP3 but also the upregulation of NLRP3 inflammasome components during D. These findings corroborate previous results from Zhang and colleagues suggesting the involvement of NLRP3 in inflammatory events during ovulation in mice (Zhang et al., 2019). Moreover, NLRP3 was recently characterized as an important mediator of ovarian pathology during aging (Navarro-Pando et al., 2021). Finally, the involvement of NLRP3 inflammasome in ovarian inflammatory response in obese mothers is supported by previous reports showing NLRP3 inflammasome activation in proinflammatory conditions like PCOS (Wang et al., 2017; Guo et al., 2020). Thus, NLRP3 inflammasome may contribute for the regulation of key mechanisms during ovarian physiology and pathology.

The NLRP3 inflammasome is a critical component of innate immunity, frequently associated with human disease (He et al., 2016a). Our results evidencing NLRP3 inflammasome activation in the ovaries in early obesity (after 4- week HFD) are in line with previous reports showing the accumulation of proinflammatory mediators in the ovary of mice after short-term (6- week HFD) DIO (Shen et al., 2021). Indeed, we presently observed the upregulation of IL-18 protein, as well as the mRNA of Tnf (data not shown), after 4- week HFD supporting the early establishment of inflammatory response in the ovaries of DIO mice. Nonetheless, the regulation of ovarian inflammation in late obesity (16- week HFD) seems to be independent from NLRP3 inflammasome activation, as IL-18 and CASP1 mature proteins were significantly downregulated. Undeniably, increased levels of IL-1β in the ovaries of 16- week HFD mice confirmed the proinflammatory state existent in the ovaries. Of note, our results were confirmed by another study showing the upregulation of the proinflammatory mediators like Il-1β, Il-6, and Tnfα in the ovaries of mice fed HFD for 24 week (Nteeba et al., 2013). Hence, our results suggest the existence of alternative pathways to NLRP3 inflammasome mediating IL-1β upregulation in mouse ovaries at 16- week HFD (Schmidt and Lenz, 2012; Zhu and Kanneganti, 2017; Donado et al., 2020; Jain et al., 2020; Pyrillou et al., 2020).

We have recently characterized the temporal pattern of expression of proinflammatory genes in CCs from DIO mice (Wołodko et al., 2020). In early obesity, inflammatory cues in CCs were mediated by the upregulation of genes involved in cellular response to stress as DEAD-box helicase 5 (Ddx5), hypoxia inducible factor 1 subunit alpha (Hif1a), and ADAM metallopeptidase domain 9 (Adam9). Indeed, mediators of stress response like reactive oxygen species are known to prime the NLRP3 inflammasome (Gurung et al., 2014). Subsequently, in late obesity, we observed the overexpression of genes involved in anatomical structural morphogenesis, such as C–C motif chemokine ligand 7 (Ccl7), an important chemoattractant of leukocytes (Menten et al., 1999). Furthermore, Ccl7 is also known to interact with matrix metalloproteinases (MMPs) (Liu et al., 2018) or complement C3a receptor 1 (C3ar1), a component of the complement known to mediate neutrophil mobilization (Brennan et al., 2019) and lately described as a marker of PCOS progression (He et al., 2020). Therefore, these data suggest important temporal changes in the regulation of the inflammatory response in the ovary of mice throughout obesity progression. Indeed, NLRP3 inflammasome seems to play a critical role mostly in the initiation of inflammation in the ovaries in early obesity. Conversely, in late obesity, immune-mediated response in the ovary mainly comprises the infiltration of immune cells and mediation of structural reorganization, independent from the activation of NLRP3 inflammasome.

Our study also sheds light on the important crosstalk between leptin signaling and inflammasome NLRP3 activation in the ovary of DIO mice. As reviewed by Wani et al. (2021), numerous factors were shown to activate NLRP3 inflammasome during obesity, such as cellular metabolites, carbohydrates, or lipids. Nonetheless, leptin, a conserved proinflammatory cytokine (Iikuni et al., 2008; La Cava, 2017), was recently shown to upregulate NLRP3 components in vitro (Fu et al., 2017). Thus, in order to test the hypothesis whether repression of NLRP3 inflammasome activation in ovaries of 16- week HFD mice was associated with the local establishment of leptin resistance (Wołodko et al., 2020), we studied NLRP3 inflammasome activation in the ovaries of pharmacological hyperleptinemic and ob/ob mice. Strikingly, we observed a consistent upregulation of NLRP3 inflammasome components and accumulation of IL-1β protein in ovaries of leptin-treated mice. Conversely, in ob/ob −/− mice, NLRP3 and IL-1β proteins were downregulated. Furthermore, reduced levels of NLRP3 were also observed in ob/ob −/− mouse peritoneal macrophages treated with LPS and nigericin in comparison with wild-type mice (Yang et al., 2021). This certainly underlines the preponderant role of leptin on NLRP3 inflammasome regulation. Therefore, our results invite us to suggest an important link between levels of leptin signaling in the ovary of DIO mice and activation of NLRP3 inflammasome. In early obesity (4- week HFD), leptin actively signals through receptor b (ObRb) in the ovary (Wołodko et al., 2020), determining the overexpression of NLRP3 inflammasome components. Nonetheless, in late obesity (16- week HFD), and after the establishment of leptin resistance in the organ (Wołodko et al., 2020), the expression of NLRP3 inflammasome components is repressed.

Next, we reanalyzed our datasets on global gene expression in CCs collected from DIO and pharmacological hyperleptinemic mice in order to test the association between leptin signaling and activation of NLRP3 inflammasome in the somatic companions of the oocyte. Importantly, CCs are known as faithful indicators of intrafollicular environment (Wołodko et al., 2021), and their transcriptome has been previously used to predict oocyte and embryo quality (Uyar et al., 2013). Despite no changes in 4- week HFD, we confirmed the overexpression of NLRP3 inflammasome genes in CCs from 16 L. Consequently, we interrogated whether DEGs overlapping both 16 L and 4- week HFD treatment could interact with NLRP3 inflammasome genes. Indeed, gene ontology for associated genes revealed key terms for oocyte maturation, such as regulation of glucose transport, response to ATP, and regulation of cytokine biosynthesis. Metabolic regulation in preovulatory follicles appears to control major steps for maturation of female gamete, such as meiosis resumption, chromatin condensation, and cytoplasm maturation (Wołodko et al., 2021). For instance, glucose metabolism, which takes place mostly in CCs (Sanfins et al., 2018) was shown to be a key for oocyte competence (Wilding et al., 2009). Furthermore, reduced ATP content in oocytes was linked to failure in fertilization, arrested division, and abnormal embryonic development (Zhao and Li, 2012). Furthermore, NLRP3 inflammasome was previously reported to be involved in ovulation (Zhang et al., 2019). Given both direct and indirect roles of leptin in ovulation (Wołodko et al., 2021), the failure in leptin signaling and NLRP3 inflammasome activation in late obesity could account for increased anovulatory rates in obese mothers (Wu et al., 2010; Hou et al., 2016). Finally, the absence of changes in 4- week HFD in NLRP3 inflammasome genes can be ascribed to the low levels of coverage of our reduced-cell libraries and also the low levels of Nlrp3 mRNA expression. Indeed, the present RNA-seq protocol used as little as 50 cells per mouse, which limits the analysis of weakly expressed genes. Collectively, our results indicate that leptin and NLRP3 inflammasome crosstalk in CCs of DIO mice can interfere with key steps for oocyte maturation, ovulation, and ultimately embryo development.

In the last experiment, we confirmed that the liver, in sharp contrast to the ovary, activated NLRP3 inflammasome later in time during DIO (after 16- week HFD treatment). Temporal differences in the regulation of inflammatory response (Figure 5H) certainly rely on the contrasting exposition to exogenous pathogens both organs face. The liver is constantly exposed to proinflammatory mediators from dietary and commensal bacterial products (Robinson et al., 2016). Thus, the hepatic immune system is constantly in contact with altered metabolic activity and regular exposition to microbial products, which results in persistent and tightly regulated inflammatory response (Robinson et al., 2016). On the contrary, the ovary is not only a highly immunogenic organ constantly secreting large amounts of cytokines and immune mediators (Piccinni et al., 2021) but also more prone to rapidly mount a proinflammatory response during obesity. Indeed, the inability of the ovary to control inflammation, and the exacerbated activation of cytokine production, certainly ascribes for the great vulnerability of the female gamete to maternal obesity even at earlier stages of disease progression. Thus, our results expose the increased vulnerability of the ovaries to maternal obesity, characterized by the development of an early inflammatory response that rapidly affects the gamete and impairs fertilization.

In summary, our work evidences the major role of leptin signaling on NLRP3 inflammasome activation in the ovary of mice during early obesity. Noteworthy, failure in ovarian leptin signaling in late obesity was associated with the repression in NLRP3 activity, but with maintenance of inflammation and levels of IL-1β. Moreover, NLRP3 inflammasome activation in the ovaries after early obesity contrasted with its activation exclusively during late obesity in the liver. Hence, the present findings suggest a greater vulnerability of the ovary, in general, and the gamete, in particular, to the energetic surplus during maternal obesity.
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Background: Polycystic ovarian syndrome (PCOS) is an endocrine-related disease related to abnormal folliculogenesis and is a leading cause of infertility worldwide. Inhibition of granulosa cells (GCs) proliferation and increased GCs apoptosis have been identified as the major factors in aberrant follicle maturation.

Methods: USP25 and PTEN expression in GCs from women with and without PCOS was analyzed using Western blotting. A PCOS-like mouse model was constructed using USP25 knockout and wild-type mice to explore the role of USP25 in PCOS. The human granular cell line KGN was cultured for proliferation and apoptosis assays, and the effect of USP25 on PTEN was investigated after transfection with shRNA-USP25 lentivirus.

Results: USP25 expression was found to be elevated in patients and mice with PCOS. With mouse model, we observed a reduction in PCOS symptoms in mice after USP25 deletion. Increased proliferation, reduced apoptosis, activation of the phosphoinositide-3-kinase (PI3K)/protein kinase B (AKT) signaling pathway and decreased PTEN expression were found in KGN cells after USP25 knockdown. Finally, we verified that USP25 could deubiquitinate PTEN in KGN cells.

Conclusions: In this study, we investigated that USP25 can regulate the PI3K/AKT signaling pathway by deubiquitinating PTEN, thus affecting the proliferation and apoptosis of GCs and contributing to the pathogenesis of PCOS.

Keywords: USP25, PTEN, PCOS, PI3K/AKT, deubiquitinating


INTRODUCTION

In reproductive-aged women, polycystic ovarian syndrome (PCOS) is a prevalent and diverse endocrine condition. Its overall prevalence, based on Rotterdam criteria, is between 8 and 15% (Bozdag et al., 2016; Skiba et al., 2018). PCOS is often related to reproductive comorbidities, including female infertility, menstrual irregularity, ovulatory dysfunction, and pregnancy complications, as well as metabolic disorders involving insulin resistance, metabolic syndrome, and psychological risk factors, such as depression (Webber et al., 2003; Franks et al., 2008; Azziz, 2016). Despite the fact that women with PCOS have more follicles than women without the condition, none of them mature into dominant follicles (Hughesdon, 1982). Atresia, degeneration, and hypertrophy of the granulosa cell layers surrounding these follicles indicate aberrant proliferation and/or apoptosis (Broekmans and Fauser, 2006). Follicular granulosa cells (GCs) provide nutrients and growth regulators for the development of oocytes, which are required for follicular development and ovulation (Matsuda et al., 2012; Munakata et al., 2016). As a result, follicular growth can be delayed due to decreases in small antral follicle GCs proliferation and increases in GCs apoptosis, which are thought to play essential roles in the pathogenesis of PCOS (Zhao et al., 2018; Geng et al., 2021).

Ubiquitination is a post-translational modification (PTM) process in which a highly conserved ubiquitin polypeptide is added to proteins, either as a single molecule or as a chain of ubiquitin molecules, to control their stability, activity, cellular localization, protein–protein interactions, and proteolysis by the 26S proteasome (Hussain et al., 2009; Gallo and Dirks, 2016; Gao et al., 2019). The PTM of transcriptional coregulators appears to be a crucial mechanism for regulating fundamental biological functions, according to increasing data (Lecona et al., 2016; Grumati and Dikic, 2018). As a deubiquitinating enzyme, ubiquitin-specific peptidase 25 (USP25) has been reported to play a pleiotropic role in the immune response and tumorigenesis. USP25 was first identified as a negative regulator of interleukin-17 (IL-17)-mediated signaling and the inflammatory response (Zhong et al., 2012). Then, USP25 was found to regulate TNF receptor associated factor 3 (TRAF3) during toll-like receptor 4 (TLR4)-mediated signaling (Zhong et al., 2013). In addition, USP25 can stabilize tankyrases, which contribute to cancer development by enhancing Wnt/β-catenin signaling (Xu et al., 2017). However, PCOS is increasingly recognized as a proinflammatory condition. Early studies have established that circulating C-reactive protein (CRP) and inflammatory cytokines, such as interleukin-6 (IL-6) are elevated in the peripheral blood of individuals with PCOS (Benson et al., 2008), and new evidence reveals that chronic low-grade inflammation underlies the disorder’s development of metabolic abnormalities and ovarian dysfunction (González et al., 2006; Farrell and Antoni, 2010; Gonzalez, 2012). Based on the critical role of USP25 in the immune response, we speculated that USP25 might be implicated in the development of PCOS.

The enzyme phosphoinositide-3-kinase (PI3K) is essential for cell development and survival. This molecule converts membrane PI to PI-3,4,5-triphosphate, the second messenger lipid (PIP3). PIP3 binds to the membrane and recruits phosphatidylinositol-dependent kinase 1 (PDK1) and protein kinase B (AKT), which subsequently phosphorylates and activates AKT (Feng et al., 2014). Phosphatase and tensin homolog deleted on chromosome ten (PTEN) has been shown to dephosphorylate PIP3 into PI(4,5)P2(3), thus inhibiting the PI3K/AKT pathway and alleviating the biological process (Hao et al., 2011; Moon et al., 2013). It has been widely reported that the PI3K/AKT signaling pathway can primarily impact ovarian GCs. In ovarian GCs, the PI3K catalytic subunit p110d was discovered to be a crucial component of the PI3K pathway for both follicle-stimulating hormone (FSH)- and estradiol (E2)-stimulated follicular development (Li et al., 2013). Forkhead box O1 (FOXO1), a downstream target of PI3K/AKT, plays a critical role in upregulating the expression of downstream proapoptotic genes, which leads to GCs apoptosis via the mitochondrial pathway caused by the caspase family (Shen et al., 2012; Zhu et al., 2012; Ding et al., 2019).

For the first time, we demonstrated that USP25 expression is considerably upregulated in GCs obtained from PCOS patients. Through PCOS-like mouse models and in vitro experiments, we first validated that USP25 could deubiquitinate PTEN and then regulate the PI3K/AKT pathway, hence affecting the proliferation and apoptosis of GCs and leading to the development of PCOS.



MATERIALS AND METHODS


Ethics Statement

This study was approved by the Ethics Committee of Renmin Hospital of Wuhan University. Ovarian GCs were collected from 20 PCOS patients and 20 healthy controls who underwent in vitro fertilization (IVF) at the Reproductive Medical Center, Renmin Hospital of Wuhan University, employing the GnRH agonist long protocol or ultralong GnRH agonist protocol. Signed informed consent was received from all subjects (No. WDRY2019-K077). The Rotterdam criteria from 2003 were used to diagnose PCOS in women, and the luteinized GCs of the patients were extracted from the follicular fluid. The follicular fluid was collected and centrifuged at 1,500 rpm for 10 min, after which the pellets were resuspended in phosphate-buffered saline (PBS). Then, GCs were separated and centrifuged at 1,800 rpm for 20 min in 50% Percoll (Biosharp, Anhui, China). The procedures for animal experiments were performed following the Guide for the Care and Use of the Animal Experiment Center Renmin Hospital of Wuhan University, and the approval ID for the animal experiment was WDRM20191203.



Generation of a USP25-Deficient Mouse Line

By PCR amplification of px330 using primers specified in, the T7 promoter was introduced to the sgRNA template (Supplementary Table 3). Superovulated female C57BL/6 mice were mated to C57BL/6 males, and fertilized embryos were retrieved from the oviducts for mouse gene editing. Cas9 mRNA (100 ng/μl) and sgRNAs (50 ng/μl) were combined and injected into the cytoplasm of fertilized eggs with well-recognized pronuclei using a FemtoJet microinjector (Eppendorf, Hamburg, Germany) with MEM operating medium (50 ml of minimum essential medium + 0.005 g PVA). PCR analysis of DNA extracted from tail tissues was used to genotype mice (primers, Supplementary Table 4).



Animal Model

Female prepubertal (21-day-old) wild-type mice and USP25 KO mice were randomly divided into four groups (USP25+/+ control, USP25+/+ DHEA, USP25–/– control, USP25–/– DHEA). Animals in the DHEA groups were injected daily with dehydroepiandrosterone (DHEA, 6 mg/100 g body weight, dissolved in 0.2 mL of sesame oil) (Abisn, Beijing, China) and given a high-fat diet (Research Diets D12492, New Brunswick, NJ, United States). Mice in the control groups were injected daily with equal amounts of sesame oil and given a normal diet. All animals were treated for 21 continuous days. Vaginal smears were taken daily at 9 a.m. from the 10th to the 20th day of treatment for at least two cycles. The estrous cycle stage was determined by a microscopic examination of the major cell types in vaginal smears following hematoxylin and eosin (HE) staining. After 21 days of continuous treatment, the mice were fasted for 12 h before the glucose tolerance test (GTT). Blood glucose detection equipment (Sinocare, Sinocare, Inc., Changsha, China) was used to measure glucose levels in tail vein blood. After fasting, fasting glucose levels were first measured. Mice were then given an intraperitoneal (IP) injection of 1.5 g/kg body weight D-glucose (Sigma, St. Louis, MO, United States), with tail samples 30, 60, 90, and 120 min afterward. Three days after the GTT experiment, the mice underwent fasting for 4 h before the insulin tolerance test (ITT) experiment. The mouse glucose levels were measured after they were fasted, and then, they were injected (IP) with 1.5 IU/kg body weight insulin (Wanbang, Jiangsu, China), with tail sampling performed 15, 30, 60, 90, and 120 min later. At the conclusion of the treatment, blood was taken from the inner canthus after the mice had fasted for 8 h. The ovaries and blood samples were taken to conduct additional research.



Enzyme-Linked Immunosorbent Assay

The levels of testosterone (T), estradiol (E2), progesterone (P4), luteinizing hormone (LH), FSH, and insulin (INS) in mouse serum were determined by enzyme-linked immunosorbent assay kits (Xinfan Biotech, Shanghai, China) for mice. Each sample was measured in duplicate.



Western Blotting Assay

Protein extraction and Western blot analysis were performed as described previously (Gao et al., 2019). Tissues or cultured cells were lysed in RIPA buffer (Solarbio, Beijing, China) and a protease inhibitor cocktail and phosphatase inhibitor cocktail (MedChemExpress, NJ, United States). The samples were kept on ice for 30 min and then centrifuged at 12,000 g for 25 min at 4°C. After the protein concentration was determined, protein lysates were separated by SDS-PAGE and then transferred to PVDF membranes (Millipore, MA, United States), blocked with 5% skim milk or 5% BSA in Tris-buffered saline with 0.1% Tween 20 (TBST) for 2 h at room temperature, and incubated overnight with primary antibodies. After incubation with primary antibodies, the membranes were washed in TBST three times and then incubated with their specific HRP-linked secondary antibodies (1:5,000; Jackson ImmunoResearch, PA, United States) in TBST for at least 1 h at room temperature. Bands on the membranes were visualized by ECL Western Blotting Substrate (Solarbio) using the Bio-Rad ChemiDocTM XRS + System. The related antibody information is summarized in Supplementary Table 5.



Immunostaining

Tissues were fixed with 4% paraformaldehyde (PFA), dehydrated via graded ethanol solutions, and embedded in paraffin. The ovaries were sectioned longitudinally and serially at 5 mm intervals. The sections were prepared and stained with HE (Servicebio, Wuhan, China). For immunohistochemistry, the sections were subjected to a high-pressure antigen retrieval technique, and endogenous peroxidase activity was quenched. After blocking for 1 h with 0.5% bovine serum albumin, the slices were incubated with primary antibodies overnight at 4°C. The next day, the sections were incubated with HRP-conjugated secondary antibody (1:200; Jackson ImmunoResearch) at room temperature for 2 h. Immunofluorescence for colocalization was performed with cells on coverslips that were fixed with 4% PFA for 20 min at room temperature. After the cells were washed with PBS and incubated with Triton X-100/PBS for 10 min, they were blocked in 0.5% bovine serum albumin and then incubated with mouse anti-USP25 and rabbit anti-PTEN primary antibodies at 4°C overnight. The corresponding secondary antibodies were alternately applied (1:200; Jackson ImmunoResearch) for 2 h, and the nuclei were stained with 4′,6-diamidino-2-phenylindole the next day. The results were observed with a confocal microscope FV1200 (Olympus,Tokyo, Japan). The related antibody information is summarized in Supplementary Table 5.



Cell Culture and Treatments

The human GCs line KGN was cultured in Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 (DMEM/F12) (Gibco, Grand Island, NE, United States) containing 10% charcoal-stripped fetal bovine serum (Gibco) and 1% antibiotics (mixture of penicillin, streptomycin, and neomycin; Gibco) in a 37°C and 5% CO2 incubator (Thermo Fisher Scientific, Waltham, MA, United States). Cells were passaged every 2 days. For MG132 (100 μM, Selleck Chemicals, Houston, TX, United States) treatment, cells were harvested after 6 h of treatment. In addition, cells were treated with 100 μM cycloheximide (CHX, Selleck Chemicals, Houston, TX, United States) and collected every 12 h to assess PTEN protein stability. For inhibition of PI3K/AKT signaling, 30 μm of LY294002 (Selleck Chemicals), a specific inhibitor that blocks the PI3K/AKT pathway, was added to the cells for 12 h. Since Mg132, CHX, and LY294002 were all dissolved in DMSO, an equal volume of DMSO was added to the control cells.



Lentiviral Particle Transduction

For knockdown of USP25 expression, KGN cells were transfected using shRNA-USP25 (GV493 vector) packaged into a lentivirus purchased from GeneChem BioTECH (Shanghai, China). The shRNA against USP25 and the negative control shRNA sequences were ACTTCTCCTGTTGACGATA and TTCTCCGAACGTGTCACGT, respectively. Infections were carried out in the presence of 5–10 mg/ml polybrene. RT-qPCR and Western blotting analysis were performed to examine the transfection efficiency.



CCK-8 Assay

The CCK-8 assay was performed using a commercial kit (Biosharp, Anhui, China) according to the manufacturer’s protocol. Briefly, the cells were seeded on 96-well plates at a density of 5,000 cells/well. After 24, 48, and 72 h, 10 μl of reagent (CCK8) was added to the culture medium, and the plate was incubated for 2 h. The absorbance at 450 nm was detected using a microplate reader (Ensight, Perkin Elmer, Waltham, MA, United States). All CCK-8 tests were performed in triplicate and were repeated three times.



Cell Cycle Analysis

KGN cells expressing shGV493 and shUSP25 were plated in six-well plates and starved overnight. Trypsinization was used to harvest cells after 24 and 48 h. The cells were rinsed in precooled PBS, centrifuged, and resuspended in 70% precooled ethanol (−20°C) for cell fixation before being incubated at 4°C for 24 h. The fixed cells were centrifuged and washed with PBS twice and then resuspended in 0.5 ml of propidium iodide/RNase staining buffer (BD Pharmingen, San Diego, CA, United States). A flow cytometer (BD FACSCalibur, BD Biosciences, San Diego, CA, United States) was used to analyze the cell cycle after 30 min of incubation in the dark.



Cell Apoptosis Assay

Cells were seeded and incubated in six-well plates. A cell apoptosis assay was performed using flow cytometry. Briefly, 1 × 105 cells were resuspended in 1 × binding buffer, stained with FITC-conjugated Annexin V labeling reagent (BD Pharmingen) and PI (BD Pharmingen) at RT for 15 min in the dark, and then analyzed using a flow cytometer (BD FACSCalibur, BD Biosciences) within 1 h.



Co-Immunoprecipitation

Immunoprecipitation was performed as previously described. Proteins were extracted from the cell lysis buffer for Western blotting and IP (Beyotime, Shanghai, China). Protein extracts were subjected to centrifugation at 13,000 rpm for 10 min. Protein lysates were precleared with magnetic protein A/G beads (MedChemExpress) for 30 min before immunoprecipitation with USP25 or PTEN antibody or corresponding normal immunoglobulin G (IgG) at 4°C overnight. Then, the lysate and antibody (immunocomplex) solution were transferred to a tube containing the prewashed magnetic bead pellet. Incubate with rotation for 6 h at 4°C. The pellet was resuspended with 40 μl of 3X SDS sample buffer, briefly vortexed to mix, and briefly microcentrifuged to pellet the sample. The sample was heated to 95–100°C for 5 min and analyzed by Western blots. The related antibody information is summarized in Supplementary Figure 5.



Quantitative Real-Time RT-PCR

TRIzol reagent (Accurate Biology, Hunan, China) was used to extract total RNA from ovaries or cultured cells. The Evo M-MLV RT Mix Kit with gDNA Clean for qPCR (Accurate Biology) was used to reverse transcribe total RNA to cDNA for qPCR. Polymerase chain reaction (PCR) was performed using a SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biology) on a CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA, United States) as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 30 s, and 65°C for 5 s. The PCR system (20 μl) comprised RNase-free H2O (7.2 μl), cDNA (2 μl), forward primer (0.4 μl), reverse primer (0.4 μl) and 2 × SYBR® Green Pro Taq HS Premix (10 μl). All of the PCRs were performed in triplicate. Each experiment was repeated at least three times. All the primers for real-time PCR are listed in Supplementary Table 2. Data from qRT-PCR were analyzed using the 2–△△Ct method.



EDU Assay

The cells were seeded onto 24-well plates at 5.0 × 104 cells/well and incubated at 37°C with 5% CO2 for 24 h. The culture solution was replaced by serum-free DMEM/F12 medium containing 1:1,000 EdU for a 2 h incubation. The steps were based on the directions of the EdU kit (Beyotime, Shanghai, China). Three random fields of view were observed and imaged by an inverted fluorescence microscope. Blue fluorescence indicates all cells, and red fluorescence indicates cells penetrated by EdU. The percentage of EdU-positive cells was calculated.



Statistical Analysis

Statistical analysis was performed using the SPSS 20 program. In the figures, data from at least three independent samples are presented as the mean ± standard deviation. Student’s t-test was used to analyze differences in gene expression between groups. A value of P < 0.05 was considered significant.



RESULTS


Increased Level of USP25 in PCOS Patients and Mice

A total of 40 subjects (20 women with PCOS and 20 healthy women) were included in this study. The major anthropometric variables and endocrine parameters of the women are presented in Supplementary Table 1. The protein level of USP25 in the ovarian GCs of the women with PCOS was also higher than that of the healthy controls (Figure 1A). In conclusion, the expression of USP25 is higher in PCOS patients than in healthy controls.
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FIGURE 1. USP25 expression is upregulated in PCOS patients and mice. (A) USP25 protein was detected by Western blotting analysis in human luteinized GCs from patients in the control and PCOS groups (n = 12 per group). The protein expression level of USP25 was statistically analyzed. (B) Immunochemistry analysis of USP25 in the ovaries from the mice in the control and PCOS groups. Bar = 100 μm. NC, negative control. Some Positive staining of USP25 are indicated by red arrows. USP25 mRNA (C) and protein levels (D) were detected in mouse ovaries from the control and PCOS groups by quantitative real-time PCR and Western blots. The quantification of protein levels is presented on the right. In panels (A–D), data are expressed as the mean ± SD. The P-values were calculated by an unpaired two-tailed Student’s t-test compared with controls. *P < 0.05, **P < 0.01, ***P < 0.001.


To further explore the expression of USP25 in PCOS, we constructed a mouse PCOS model with DHEA. Mice were divided into the control and DHEA groups. We examined the localization and quantitative expression of USP25 in the mouse ovary. USP25 was mainly localized in the nucleus of GCs in mouse ovaries and was more strongly expressed in the DHEA-treated group than in the control group (Figure 1B). Similarly, both USP25 protein and mRNA levels were significantly higher in the DHEA-treated mouse ovaries than in the controls (Figures 1C,D). The above results indicated that the DHEA-treated mice have considerably higher expression of USP25 in both the ovaries and serum than the control animals.



The Symptoms of PCOS Were Relieved in the USP25–/– Mice

To examine the potential functions of USP25 in PCOS, we generated a USP25 null mutant mouse line (Supplementary Figure 1). The PCOS model was constructed with DHEA, and the mice were divided into four groups: USP25+/+ control, USP25+/+ DHEA, USP25–/– control and USP25–/– DHEA. Vaginal smear detection of the estrous cycle in mice showed that the estrous cycle was almost stalled in the diestrus or metestrus phase in the mice of the USP25+/+ DHEA group, while the USP25–/– DHEA group showed restoration of part of the cycle (Supplementary Figure 2), indicating that the estrous cycle was partially restored in the mice with PCOS after the knockout of USP25. Regarding the morphology of the ovaries, the ovaries of both the USP25+/+ and USP25–/– control mice had follicles at various stages of development with surrounding theca cells (TC), GCs, and corpus luteum (CL), and neither structural anomalies nor ovarian cysts were discovered. When comparing the two DHEA-treated groups, the ovaries of the USP25+/+ DHEA group had a cyst-like appearance, considerably thinner follicular walls, and fewer granulosa cell layers than those of the DHEA-treated USP25–/– mice (Figure 2A). Then, the expression of sex hormones in the serum of the four groups was determined to compare the endocrine conditions of these mice. These findings showed that the expression levels of LH and testosterone (Testo) were substantially lower in the USP25–/– DHEA group than in the USP25+/+ DHEA group (Figure 2B). We next analyzed glucose metabolism and insulin resistance in the four groups of mice. First, the USP25–/– DHEA group had drastically reduced fasting insulin levels compared with the USP25+/+ DHEA group (Figure 2B). Additionally, it was discovered that the areas under the curve (AUCs) of the glucose levels from the GTT and ITT analyses were substantially higher in the USP25+/+ DHEA group than in the USP25–/– DHEA group after administration of glucose or insulin (GTT or ITT) (Figures 2C,D). Similar results were found for the homeostatic model assessment of IR (HOMA-IR) levels [defined as HOMA = fasting insulin (μUI/mL) × fasting glucose (mmol/L)/22.5] (Figure 2E). In summary, the symptoms of PCOS were significantly alleviated both endocrinologically and metabolically after USP25 was knocked out.
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FIGURE 2. The symptoms of PCOS were relieved in the USP25–/– mice. (A) Representative images of H&E-stained mouse ovaries for the indicated groups. Scale bar = 100 μm. TC, theca cells; GCs, granulosa cells; CL, corpus luteum. (B) The serum levels of LH, testosterone and insulin in mice exposed to the four treatments for 20 days (n = 8 per group). *P < 0.05, **P < 0.01, ***P < 0.001. (C) Glucose tolerance tests (GTTs) and the AUCs were assessed for the four groups. *P < 0.05 vs. USP25+/+; ##P < 0.01 vs. DHEA. (D) Insulin tolerance test (ITT) and AUCs for mice in the four groups. *P < 0.05 vs. USP25+/+. (E) Homeostasis model assessment-insulin resistance (HOMA-IR) was analyzed based on fasting blood glucose and insulin levels. Data are expressed as the mean ± SD. The P-values were calculated by an unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. Four treatment groups of mice were used: USP25+/+ control (control), USP25+/+ DHEA (PCOS mice), USP25–/– control (USP25 KO control mice), and USP25–/– DHEA (USP25 KO PCOS mice).




The Loss of USP25 Improved the Proliferation and Inhibited the Apoptosis of KGN Cells

To better understand the functions of USP25 in ovarian GCs, we stably downregulated USP25 expression in KGN cells using a lentiviral system (Figure 3A). Both USP25 mRNA and protein levels were significantly reduced in the shUSP25 cells, as shown in Figures 3A,B. Experiments with the Cell Counting Kit-8 (CCK-8) and a 5-ethynyl-20-deoxyuridine (EdU) assay illustrated that the proliferation of KGN cells in the shUSP25 group was augmented compared with that in the shGV493 group (Figures 3C,D). We next explored the cell cycle distribution in the two groups of cells. Flow cytometry revealed that the shUSP25 cells had considerably fewer cells in the G0/G1 phase and more cells in the G2/M phase than the controls (Figure 3E). For the study of cell apoptosis, annexin V/propidium iodide (PI) flow cytometry indicated that the apoptotic rate was remarkably reduced after USP25 was knocked down (Figure 3F). Collectively, these data indicate that the loss of USP25 improves the proliferation and inhibits the apoptosis of KGN cells.
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FIGURE 3. Loss of USP25 improved the proliferation and inhibited the apoptosis of human ovarian GCs. (A) The expression of USP25 was detected by real-time PCR after KGN cells were infected with shUSP25 or shGV493 lentivirus. **P < 0.01. (B) The expression of USP25 at the protein level was revealed by Western blots in the shGV493 and shUSP25 cells. The quantification of protein levels is presented on the right. Values were normalized to the GAPDH expression level and are indicated as the mean ± SD. n = 3. ***P < 0.001. (C) Cell Counting Kit-8 assay of KGN cells in the shGV493- and shUAP25-treated cells. ***P < 0.001. (D) Representative images and the quantification of EdU (+) in KGN cells. Scale bar = 100 μm. *P < 0.05. (E) Effects of USP25 knockdown on KGN cell cycle distribution determined using flow cytometry. *P < 0.05 for each group. (F) Apoptosis of KGN cells in each group was detected by flow cytometry. A cartogram of apoptosis of KGN cells is shown on the right. *P < 0.05. Data are expressed as the mean ± SD. The P-values were calculated by an unpaired two-tailed Student’s t-test.




USP25 Enhanced the Proliferation and Apoptosis of KGN Cells Through the PI3K/AKT Signaling Pathway

Since the cell cycle distribution showed significant changes in G0/G1 and G2/M phase cells after USP25 knockdown, we examined the expression of some molecules that are associated with the regulation of G0/G1 and G2/M phases. As shown in Figures 4A,B, Cyclin D1 and cyclin-dependent kinases 4 (CDK4), which govern the G0/G1 phase, and Cyclin B1 and cyclin-dependent kinases 1 (CDK1), which regulate the G2/M phase, were all considerably increased in the shUSP25 cells at the mRNA and protein levels. Additionally, the antiapoptotic gene B-cell lymphoma-2 (Bcl2) was increased while the proapoptotic gene Bcl2-associated X (Bax) was decreased after USP25 was knocked down in KGN cells (Figures 4A,B).
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FIGURE 4. USP25 regulated the proliferation and apoptosis of human ovarian GCs through the PI3K/AKT signaling pathway. (A) The expression of Cyclin D1, Cyclin B1, CDK4, CDK1, Bcl2, and Bax at the mRNA level. (B) Western blotting for USP25, Cyclin B1, CDK1, Cyclin D1, CDK4, Bcl2, and Bax analysis. Relative expression levels were normalized to that of GAPDH. (C) Western blot assays were conducted to detect the PI3K/AKT pathway and related proteins (USP25, PI3K, AKT, IRS-1, and Glut4). Relative p-PI3K and p-AKT expression levels were normalized to those of PI3K and AKT. The expression of USP25 and Glut4 was normalized to that of GAPDH. (D) Expression of PI3K/AKT pathway-related proteins after treatment with the specific inhibitor LY294002. Relative expression levels were normalized to that of β-actin. Relative p-PI3K and p-AKT expression levels were normalized to those of PI3K and AKT. In panels (A–D), the data represents the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.


In view of the important role of USP25 in inflammation, we investigated the changes in some critical inflammation-associated proteins, such as IL-6, p-P65, p-P38, and p-ERK1/2, in the shGV493 and shUSP25 cells (Supplementary Figure 4). However, the results were contrary to our human and mouse phenotype, implying that USP25 might not have a role in the development of PCOS by modulating the inflammatory response. The PI3K/AKT signaling pathway is well-known for its importance in cell proliferation, apoptosis, glucose metabolism, and a variety of other physiological processes. Thus, the changes in the PI3K/AKT pathway were next investigated. In comparison to those in the control group, PI3K/AKT pathway-related proteins were significantly activated in KGN cells after USP25 knockdown (Figure 4C). Moreover, the protein levels of glucose transporter proteins glucose transporter 4 (GLUT4) and insulin receptor substrate 1 (IRS-1) were increased, indicating that the glucose transport ability of the shUSP25 group was improved (Figure 4C).

To further confirm that USP25 affected the proliferation and apoptosis of KGN cells via the PI3K/AKT pathway, we blocked the pathway using the specific inhibitor LY294002. When LY294002 was added, the protein expression levels of Cyclin B1, Cyclin D1 and Bcl2 were significantly downregulated compared to those of the DMSO control group in shGV493 cells (Figure 4D), indicating that PI3K/AKT inhibition could weaken proliferation and increase apoptosis in KGN cells. Compared to that of the shGV493 cells with LY294002, the expression of p-PI3K, Cyclin D1, Cyclin B1 and Bcl2 was significantly upregulated in the shUSP25 cells with the same inhibitor, and there was no difference in the expression in the shGV493 group with DMSO (Figure 4D). Therefore, knocking down USP25 partially reversed the effects of the specific inhibitor. In conclusion, the downregulation of USP25 expression can activate the PI3K/AKT signaling pathway, thereby promoting the proliferation and glucose transport of KGN cells while inhibiting apoptosis.



PTEN Is Involved in USP25-Mediated Regulation of Granulosa Cells in Polycystic Ovarian Syndrome

Generally, PTEN indirectly inhibits the phosphorylation of AKT, and its activation or inactivation results in decreased or increased AKT activity (Iwase et al., 2009). Given the strong relationship between PTEN and the PI3K/AKT pathway, we wondered whether PTEN was also involved in the regulation of the PI3K/AKT pathway in ovarian GCs in PCOS. The expression of PTEN in the ovaries of the PCOS patients and the healthy controls was first compared. As demonstrated in Figure 5A, PTEN expression was considerably higher in the GCs of the PCOS patients than in the healthy individuals. With the PCOS mouse model, we examined whether the PTEN protein was mainly localized in the nucleus and cytoplasm of ovarian GCs (Figure 5B). PTEN expression was significantly upregulated after DHEA treatment compared to that in the controls and was more pronounced in the GCs of cyst-like altered follicles. In contrast, when USP25 was knocked out, PTEN expression in the ovaries of the mice with PCOS was significantly diminished (Figure 5B). Furthermore, in the mouse ovaries, PTEN expression was substantially higher in the DHEA-treated WT mice than in the controls (Figure 5C). In a comparison of the two DHEA-treated groups, the expression of PTEN was considerably lower in the USP25 KO mice than in the WT mice (Figure 5D), demonstrating that USP25 may influence the pathogenesis of PCOS via PTEN.
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FIGURE 5. The expression of PTEN in women and mice with PCOS. (A) PTEN protein was detected by Western blotting analysis in human luteinized GCs from patients in the control and PCOS groups (n = 12 per group). The protein expression level of PTEN was statistically analyzed on the right. (B) Immunochemistry analysis of PTEN in the ovaries from the USP25+/+control, USP25+/+ DHEA, and USP25–/– DHEA groups. Bar = 100 μm. NC, negative control. Some Positive staining of PTEN are indicated by red arrows. PTEN protein levels (C,D) were detected in the mouse ovaries from the four groups by Western blots. The quantification of protein levels is presented on the right. Data are expressed as the mean ± SD. The P-values were calculated by an unpaired two-tailed Student’s t-test compared with the controls. *P < 0.05, **P < 0.01.




USP25 Could Deubiquitinate PTEN in KGN Cells

To further investigate the interaction between PTEN and USP25, we examined PTEN expression in the shGV493 and shUSP25 KGN cells. The results revealed that when USP25 was knocked down, the protein levels of PTEN were downregulated (Figures 6A,B). Immunofluorescence images of KGN cells illustrated that PTEN colocalized with USP25 in the nucleus (Figures 6C–E). Then, coimmunoprecipitation experiments indicated that USP25 could interact with PTEN in KGN cells (Figure 6F). Overall, these results suggest that USP25 could interact with PTEN in KGN cells.
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FIGURE 6. USP25 could deubiquitinate PTEN in KGN cells. PTEN protein (A) expression in the shGV493 and shUSP25 cells. (B) Expression of USP25 and PTEN was detected by immunocytochemical staining in shGV493 and shUSP25 KGN cells. Bar = 50 μm. (C–E) Colocalization of USP25 with PTEN was quantified. (E) Line scans of a cell costained against USP25 and PTEN at the position shown by the white line in the zoomed images in panel (C). Scale bar = 25 μm. (F) Interaction between USP25 and PTEN in KGN cells determined by coimmunoprecipitation analysis using rabbit IgG or anti-USP25 antibodies. (G) PTEN protein degradation was observed after 6 h of exposure to 100 μM proteasome inhibitor MG132. (H) Stabilization of PTEN protein expression following treatment with 100 μm cycloheximide (CHX) for the indicated times. The level of GAPDH was used as an internal control for total protein. PTEN levels were quantified and are expressed as percentages relative to the control. (I) Immunoprecipitation assay of PTEN ubiquitination in KGN cells. KGN cells were transfected with USP25 or GV493 lentiviral vectors and treated with 100 μM MG132 for 6 h. Whole-cell lysates were prepared and subjected to immunoprecipitation using anti-PTEN antibodies. Immunoprecipitates were probed to detect the polyubiquitination of PTEN using anti-ubiquitin antibodies. Approximately 5% of the cell lysates used for coimmunoprecipitation were loaded as the inputs. Immunoglobulin G (IgG) was used as a control. Data are expressed as the mean ± SD. The P-values were calculated by an unpaired two-tailed Student’s t-test compared with the controls. *P < 0.05, ***P < 0.001.


To further examine the role of USP25 in regulating PTEN, we tested whether USP25 could directly deubiquitinate PTEN and thereby increase the PTEN protein level. We treated KGN cells with MG132 to block the degradation of ubiquitinated proteins by proteasomes and found that USP25-induced downregulation of PTEN expression could be blocked by the addition of MG132 (Figure 6G). Moreover, the PTEN half-life was dramatically reduced in the cells with downregulated USP25 expression, according to protein stability analyses (Figure 6H). These findings revealed that USP25 was involved in proteasome-mediated PTEN degradation. To further verify our hypothesis, we used coimmunoprecipitation assays to examine the ubiquitination of PTEN in KGN cells, and the results showed that decreased USP25 expression resulted in increased PTEN ubiquitination (Figure 6I). Taken together, these findings indicate that PTEN protein levels are regulated by USP25-mediated deubiquitination in KGN cells.



DISCUSSION

For the first time, the importance of the deubiquitinating enzyme USP25 in the pathogenesis of PCOS was revealed in this study. We discovered that USP25, as a deubiquitinating enzyme, could deubiquitinate PTEN, thereby negatively affecting the PI3K/AKT signaling pathway, leading to decreased proliferation and increased apoptosis in KGN cells, resulting in PCOS (Figure 7).
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FIGURE 7. Proposed model of the effect of USP25 during PCOS pathogenesis. Upregulated USP25 expression in the GCs of women with PCOS inhibits the ubiquitination of PTEN. Increased expression of PTEN negatively regulates the PI3K/AKT signaling pathway, thereby inhibiting granulosa cell proliferation and promoting granulosa cell apoptosis, leading to the development of PCOS.


Using a mouse PCOS model, we found that both the endocrine and metabolic conditions of the mice with PCOS were improved when USP25 was knocked out. For the endocrine status, the KO mice showed restoration of part of their estrous cycle, and LH and T levels in the serum declined considerably. In terms of the metabolic condition, GTT and ITT results, as well as HOMA-IR levels in mice, all revealed that the deletion of USP25 alleviated the symptoms of insulin resistance in the animals with PCOS. The PI3K/AKT signaling pathway is the main pathway of insulin signal transduction and was significantly enhanced in the USP25 knockdown KGN cells. In addition, the expression of GLUT4 and IRS-1, major mediators of glucose removal from the circulation and a key regulator of whole-body glucose homeostasis (Huang and Czech, 2007), was dramatically elevated after USP25 was knocked down in KGN cells. Insulin resistance and hyperandrogenemia, major complications of PCOS, were both alleviated in the USP25-deficient mice with PCOS, indicating the promise of USP25 in the diagnosis and treatment of PCOS in the future.

As a deubiquitinating enzyme, USP25 has been associated with a multitude of signaling pathways, including the IL-17-mediated inflammatory response (Zhong et al., 2012), virus- and pathogen-induced innate immune responses (Lin et al., 2015), and Wnt signaling (Xu et al., 2017). In contrast, the relationship between the inflammatory response and the development of PCOS has also been well-documented. At first, IL-6 and tumor necrosis factor α (TNF-α) expression is low but significantly increased in circulation of women with PCOS (Ghowsi et al., 2018). Second, decreased expression of phosphorylated extracellular signal regulated kinase (ERK) 1/2 and increased expression of NF-κB p65 were found in women with PCOS (Nelson-Degrave et al., 2005; Lan et al., 2015; Gu et al., 2016). Finally, the activity of p-p38 MAPK was found to be increased in the GCs and cumulus-oocyte complexes (COCs) of the dihydrotestosterone (DHT)-treated mouse ovaries (Jin et al., 2020). To determine whether USP25 regulates the pathogenesis of PCOS by modulating the inflammatory response, we examined the expression of the relevant inflammatory pathways in the USP25 knockdown and control KGN cells. USP25 knockdown was followed by increased expression of IL-6, p-P38, and p-P65 and decreased expression of p-ERK1/2 in KGN cells, which is contrary to our human and mouse phenotype. Therefore, we reviewed the literature and performed experiments, and eventually, we revealed the role of the PI3K/AKT signaling pathway in USP25-mediated PCOS pathogenesis.

It has been widely reported that the PI3K/AKT signaling pathway plays a role in ovarian follicle development (Li et al., 2017). AKT’s activities in increasing proliferation are mediated by the cell cycle regulators Cyclin D1 and Cyclin B1 (Liu et al., 2020; Jiang et al., 2021). As downstream factors of the PI3K/AKT signaling pathway, the antiapoptotic gene Bcl2 and the proapoptotic gene Bax play crucial roles in the regulation of GCs apoptosis during follicular development (Hu et al., 2004; John et al., 2009; Gong et al., 2020). We found that after USP25 was knocked down, the PI3K/AKT signaling pathway was activated in KGN cells. The pathway-related molecules involved in cell proliferation and apoptosis also changed in response to the change in the pathway. These results indicate that USP25 can regulate the proliferation and apoptosis of KGN cells through the PI3K/AKT signaling pathway. This conclusion was further confirmed by the application of the PI3K/AKT signaling-specific inhibitor LY294002.

PTEN, a well-known negative regulator of the PI3K/AKT pathway, has been repeatedly investigated as a tumor suppressor gene. The importance of PTEN in PCOS has been increasingly revealed in recent years. PTEN levels in GCs were reported to be higher in PCOS patients and were linked to insulin concentrations in follicular fluid (Iwase et al., 2009). In the primordial follicle, PTEN has a role in initiation, development, apoptosis, and atresia (Ouyang et al., 2013). In our study, PTEN expression was considerably upregulated in the women and mice with PCOS, which is consistent with previous reports. PTEN can be ubiquitinated by a variety of ubiquitinating enzymes. Tripartite motif containing 25 (TRIM25) can polyubiquitinate PTEN and activate the AKT/mTOR pathway in non-small cell lung cancer (He et al., 2021). Smad ubiquitination regulatory factor 1 (Smurf1) can mediate PTEN ubiquitylation to promote PTEN wild-type glioblastoma growth (Xia et al., 2020). In this study, we discovered that USP25, a deubiquitinating enzyme, can deubiquitinate PTEN in ovarian GCs, thereby regulating the PI3K/AKT signaling pathway in the cells, leading to the pathogenesis of PCOS.



CONCLUSION

In conclusion, we have revealed the critical role of the deubiquitinating enzyme USP25 in PCOS pathogenesis. We expect to provide a theoretical basis for the diagnosis and therapy of PCOS in the future.
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Polycystic ovary syndrome (PCOS) is a common endocrine and metabolic disorder in reproductive women where abnormal folliculogenesis is considered as a common characteristic. Our aim is to evaluate the potential of follicular fluid (FF) Raman spectra to predict embryo development and pregnancy outcome, so as to prioritize the best promising embryo for implantation, reducing both physiological and economical burdens of PCOS patients. In addition, the altered metabolic profiles will be identified to explore the aetiology and pathobiology of PCOS. In this study, follicular fluid samples obtained from 150 PCOS and 150 non-PCOS women were measured with Raman spectroscopy. Individual Raman spectrum was analyzed to find biologic components contributing to the occurrence of PCOS. More importantly, the Raman spectra of follicular fluid from the 150 PCOS patients were analyzed via machine-learning algorithms to evaluate their predictive value for oocyte development potential and clinical pregnancy. Mean-centered Raman spectra and principal component analysis (PCA) showed global differences in the footprints of follicular fluid between PCOS and non-PCOS women. Two Raman zones (993–1,165 cm−1 and 1,439–1,678 cm−1) were identified for describing the largest variances between the two groups, with the former higher and the latter lower in PCOS FF. The tentative assignments of corresponding Raman bands included phenylalanine and β -carotene. Moreover, it was found that FF, in which oocytes would develop into high-quality blastocysts and obtain high clinical pregnancy rate, were detected with lower quantification of the integration at 993–1,165 cm−1 and higher quantification of the integration at 1,439–1,678 cm−1 in PCOS. In addition, based on Raman spectra of PCOS FF, the machine-learning algorithms via the fully connected artificial neural network (ANN) achieved the overall accuracies of 90 and 74% in correctly assigning oocyte developmental potential and clinical pregnancy, respectively. The study suggests that the PCOS displays unique metabolic profiles in follicular fluid which could be detected by Raman spectroscopy. Specific bands in Raman spectra have the biomarker potential to predict the embryo development and pregnancy outcome for PCOS patients. Importantly, these data may provide some valuable biochemical information and metabolic signatures that will help us to understand the abnormal follicular development in PCOS.
Keywords: polycystic ovary syndrome (PCOS), Raman spectroscopy, metabolic profiles, machine learning, biomarker, embryo development
INTRODUCTION
Polycystic ovary syndrome (PCOS) is the most common and complex endocrinopathy, which affects more than 10% of women of reproductive ages (Apridonidze et al., 2005). It is a multi-factorial and heterogeneous syndrome with variable phenotypes, including hyperandrogenism, menstrual irregularity and polycystic ovarian morphology (Rotterdam, 2004). The clinical and biochemical characteristics of PCOS have typical heterogeneity, however, abnormal follicular development to induce anovulation is still the basic important characteristic of PCOS (Fux Otta et al., 2013; Christakou and Diamanti-Kandarakis, 2014). Due to menstrual disorder or anovulation, PCOS patients often have to obtain pregnancy through assisted reproductive technology. However, in clinical practice, sufficient oocytes are usually retrieved from PCOS patients who were under controlled ovarian stimulation (COS) during in vitro fertilization (IVF), but high-quality mature oocytes or embryos are limited in number (Wood et al., 2003; Wood et al., 2007). Therefore, understanding the causes of follicle abnormalities and selecting the most promising embryos for transplantation are the prominently urgent tasks to improve the pregnancy rate of PCOS patients.
It is known that metabolomics is an attractive approach to identify and quantify small molecules and could describe both the physiological and pathological states of the organism (Yan et al., 2015). As the important microenvironment for follicular development and oocyte maturation, follicular fluid (FF) is the medium for bi-directional communication between oocyte and the surrounding cells (Matzuk et al., 2002). Accordantly, the metabolomics of follicular fluid will truly reflect the folliculogenesis. In fact, the levels of cytokines, growth factors, proteins, metabolites and non-coding RNAs in FF have been reported to be associated with oocyte quality and pregnancy outcome (O’Gorman et al., 2013; Battaglia et al., 2017; Kollmann et al., 2017). The paucity of high-quality mature oocytes of PCOS patients may due to abnormal endocrine and intra-ovarian paracrine interactions in the follicular fluid microenvironment. Therefore, metabolic profiles of follicular fluid from PCOS patients will not only monitor the smallest biochemical changes in the oocyte development, but also help to provide a specific test for the PCOS diagnosis or embryo selection (Barderas et al., 2011; McRae et al., 2013).
As a noninvasive and label-free method for metabolomics, Raman spectroscopy has started to be increasingly applied in biomedical science. It describes the inelastic scattering of light that provides the unique molecular fingerprints of relevant biological molecules (Li et al., 2012). As it should be, Raman spectroscopy shines a new light on reproductive medicine by investigating complex biochemical interactions or evaluating of living cells and tissue (Mallidis et al., 2014). The first Raman investigations of reproductive organs focused on oncology. In 1992, human cervical, uterine, endometrial and ovarian tissues were examined by Raman technology, and four specific regions of the Raman profile between normal/benign and cancerous states were identified (Liu et al., 1992). There is, nevertheless, a scarcity of studies using Raman spectroscopy to investigate the relationship between metabolic changes and embryo development or its pregnancy outcome during IVF process. In 2007, Seli et al. (2007) firstly investigated the Raman profiles of spent IVF culture media from Day 3 human embryos that implanted or not. Their results confirmed its strong association with the metabolomic profile and clinical outcome. Later, a retrospective study reported that the changes of metabolic footprints in embryo growth medium that could be detected by Raman spectroscopy was related with chromosomal abnormalities in embryos (Liang et al., 2019). Recently, Raman spectroscopy was used in detecting the metabolic changes associated with reproductive related diseases [i.e., endometriosis (Notarstefano et al., 2019), PCOS (Zhang et al., 2021)]. It was found that the vibrational Raman spectroscopy characterization of granulosa cells (GCs) from patients affected by unilateral ovarian endometriosis was abnormal. The altered GCs metabolism and biochemical composition impaired the overall ovarian functions (Notarstefano et al., 2019). For PCOS, the Raman profile of FF was found to be different from that of normal women (Zhang et al., 2021), but its predictive value for embryo development and pregnancy outcome has not been established yet.
In this study, we performed Raman spectroscopy combined with multivariate statistical methods to detect the metabolic changes in follicular fluid from women with PCOS. Based on the specific spectral bands in FF, we also investigated the possibility and accuracy of the Raman biomarkers, and implemented an artificial intelligence (AI) approach to predict the embryo development and clinical outcome for PCOS patient undergoing IVF. Besides the biomarker potential of Raman profiles, the results also suggest the changes of metabolism in FF of PCOS patients. To some extent, it will also reveal the pathogenesis of abnormal folliculogenesis and offer a new potential strategy for PCOS therapy.
MATERIALS AND METHODS
The study was approved by the Institutional Ethical Review Board of Tongji University School of Medicine (Reference: TJUSM-2017-0318). Written informed consent was obtained from all patients and the study was approved by the Ethics Review Board of Shanghai First Maternity and Infant Hospital (Reference: 2017-RM-0920).
Participants and Sample Collection
A total of 300 participants (150 non-PCOS and 150 PCOS) who underwent the conventional in vitro fertilization (IVF) in Shanghai First Maternity and Infant Hospital between October 2017 and December 2019 were recruited to obtain informed consent. Eligibility inclusion criteria were: 1) 25–35 years of age; 2) diagnosis of PCOS, according to the revised Rotterdam European Society of Human Reproduction and Embryology/American Society for Reproductive Medicine Criteria (Rotterdam, 2004), where at least two of the followings were fulfilled: chronic oligo-ovulation or anovulation, androgen excess, and polycystic ovaries. The control group had regular menstrual cycles, normal ovary sonographs and normal ovulating; 3) no history of drugs affecting glucose and lipid metabolism, and without any other diseases that affect endocrine hormones, including congenital adrenal hyperplasia, Cushing’s syndrome, endometriosis and androgen-secreting tumors; 4) undergoing the first IVF treatment with GnRH antagonist protocol; 5) males with normal sperm according to the WHO criteria to diminish the chances of failure on embryo development due to defects in the spermatozoa; 6) one blastocyst transferred in fresh cycle or freezing-thawing cycle afterwards, in order to track the pregnancy outcome. Namely, if the oocyte was abnormally fertilized or did not develop into a transferrable blastocyst, its corresponding FF was discarded and the patients was not included in this study. The clinical characteristics of the PCOS and non-PCOS controls are summarized in Table 1.
TABLE 1 | The clinical characteristics of women with PCOS and non-PCOS control.
[image: Table 1]All patients who participated in the current study underwent the same long GnRH antagonist stimulation protocol. The details of the stimulation cycle procedure were previously described (Onofriescu et al., 2013). When two or more follicles were at least 18 mm in diameter and the serum E2 levels were at least 300 pg/ml per dominant follicle, the patients received 250 μg hCG (Profasi; Serono). Follicular fluid (2–3 ml) was collected from one of the dominant follicles (>18 mm) by vaginal puncture under ultrasound echo-guidance 36 h after hCG administration. Then, the corresponding oocyte isolated from the collected FF was rinsed and inseminated individually to culture and evaluate the development potential. The collected FF samples were centrifuged at 1,000 g for 10 min at 4°C to remove the cells and debris. The supernatant was stored at −80°C for Raman spectra test.
Embryo Cultivation and Assessment of Blastocyst Quality/IVF Outcome
Approximately 2–3 h after the oocyte retrieval, insemination was performed with Percoll-prepared spermatozoa. One hundred thousand sperms per milliliter were added to each oocyte. The fertilized oocytes were cultured in sequential media of SAGE (CooperSurgical, Leisegang Medical, Berlin) in a single droplet culture (25 μL) covered by mineral oil and cultured at 37°C with 6% CO2 to the blastocyst stage on Day 5–6. The morphological characteristics of the oocytes and embryos were individually recorded. On Day 1 (at 16–18 h after insemination), zygote exhibiting two pronuclei (2 PN) was regarded as normal fertilization and continued to be cultured to the blastocyst stage (Day 5/6), while the zygote exhibiting abnormal fertilization (0 PN or 3 PN) was discarded. And, the blastocysts were scored according to the Gardner scoring system (Gardner et al., 2000). Briefly, blastocysts were evaluated mainly through three indicators: the expansion of the blastocoel cavity, the cohesiveness of the inner cell mass, and trophectodermal cells. First, according to the expansion of the blastocoel cavity, the blastocyst was given a numerical score from 1 to 6. From 1 to 6 points, the expansion of the blastocyst cavity was indicated as follows: 1, the blastocoel was less than half of the volume of the embryo; 2, the blastocoel was more than half of the volume of the embryo; 3, the blastocoel completely filled the embryo; 4, the blastocyst was expanded larger than the early embryo, with a thin zona; 5, a hatching blastocyst with the trophectoderm started to herniate though the zona; 6, a hatched blastocyst which had completely escaped from the zona. Second, the inner cell mass and trophectoderm were assessed for blastocysts with scores at least 3. The scoring criteria for inner cell groups were as follows: A (the highest score), many cells were tightly packed; B, several cells were loosely grouped; C, very few cells existed. Lastly, the trophectoderm was also scored as A (the highest score), B, or C as follows: A, a cohesive epithelium with many cells; B, a loose epithelium with few cells; C, very few large cells. In this study, blastocysts with scores ≥ 3BC (blastocoel cavity score ≥3, and inner cell score ≥ B, and trophectoderm score ≥ C) are regarded as transferrable blastocysts. And, the blastocysts with scores below 3BC were discarded. In order to analyze the relationship between the metabolic components of follicle fluid and the development of the blastocyst, the transferrable blastocysts (score ≥3BC) were divided into two subgroups: high-quality (score ≥4BB) blastocysts and low-quality (score ≥3BC and ≤4BC). The transferrable blastocysts were transferred in fresh cycles or freezing-thawing cycles. Vaginal progesterone was given for 2 weeks after the oocyte retrieval. The presence of an intrauterine gestational sac is defined as clinical pregnancy.
Raman Spectroscopy
The Renishaw inVia Raman spectrometer (Witec alpha300 R, German) connected to a Zeiss microscope (Axioscope, German) and equipped with a 532 nm laser was used for the spectra collection. The 50x dry lens objective (Zeiss EC Epiplan, German) focused the laser beam with a power of 5 mW. The size of the laser spot was 100 μm. The spectral range was from 50 to 2000 cm−1 with a spectral resolution at 1 cm−1. The accumulative times of a single point are 8 times (8 s per time). Before each scanning session, silicon wafer was used for calibration (adjusted to 520.5 ± 0.3 cm−1 for silicon peak). Briefly, the FF samples from −80°C storage were thawed at room temperature (25°C) for 30 min before analysis. A total of 7 μL of the FF sample was dropped onto a clean place on the surface of the disposable aluminum slide without touching the substrate. For each drop of FF, 5 individual spectra were collected at random spots. The background control spectrum was subtracted from each sample spectrum. The process of Raman analysis took about 10 min per sample.
Data Processing and Analysis of Raman Spectra
In this study, spectral analysis relied on machine-learning data sets and bioinformatics methods. The full-spectrum pattern recognition was drawn and the characteristic peaks of Raman spectrum which contains abundant material structure information were identified. The raw Raman spectra were preprocessed by subtracting the dark signal background from each spectrum. Spectral normalization was finished by vector normalization of the fingerprint region from 600 to 1,800 cm−1 using the Labspec 6 software (Horiba). Mean-centered Raman spectra were obtained by subtracting the means of the spectra from each sample spectrum. Data analysis, statistics and visualization were done in the R environment with the use of in-house scripts. The Raman data was analyzed by the unsupervised PCA method, which could extract key features, reduce the high dimensionality of the data and determine principal components (PCs). The specific wavenumber of Raman shift derived by PCA analysis were corresponding to the molecular bonds or metabolites. Quantification of metabolite concentration was done by integrating individual Raman bands and presented as box plots.
Machine-Learning Classification
Besides feature extraction to find biological information for PCOS, screening oocyte with high developmental potential and more promising clinical pregnancy rates are often desirable for IVF purposes. In this study, referring to the methods described in the previous report (Wang et al., 2020), the fully connected artificial neural network (ANN) was established to classify oocyte development potential and IVF outcome based on original Raman spectra of follicular fluid.
The schematic architecture of the fully connected ANN is illustrated in Figure 1. Because the Raman spectral data is not particularly complex, taking into account the speed and accuracy of the analysis, two full-connection layers were selected for constructing the ANN models in this study. The first layer was the input layer and the input data was one-dimensional intensity data after spectral standardization. The second layer was a fully connected layer of 64 neurons and the third layer was similar as the second layer. An activation function “relu” was associated with each neuron that summed up the outputs from that neuron and transferred them to the next layer in the network, while function “dropout” was used to prevent overfitting. The last layer was the output layer, and the activation function was “softmax.” During the model training process, the loss function was the “crossentropy” and the optimizer was “adam.” The code for building the ANN model was detailed in the Supplementary file. In addition, a very important pre-processing of the raw spectral data was done by using haar wavelets and db4 wavelets to reduce data noise in the process of building the ANN models.
[image: Figure 1]FIGURE 1 | The schematic architecture of the fully connected artificial neural network (ANN) for classification models using Raman spectra. Follicular fluid of PCOS patient were collected and transferred onto an aluminum slide, and tested using Raman spectroscopy. Two full-connection layers were selected for constructing the ANN models in this study. The structure of the ANN included one input layer, 2 hidden layers that contained 64 neurons and 64 neurons, as well as one output layer. The algorithm and principle of the ANN model in details can be found in the Materials and Methods section.
The relationship between input (i.e., Raman spectral pattern of follicular fluid) and output (i.e., the high-quality versus low-quality blastocyst, or pregnancy success versus pregnancy failure) could be learned from the recorded data (training data set) and used to predict the unknown sample (prediction data set). The error threshold was set as 1%. The prediction ability of fully connected ANN analysis was evaluated by “leave-one-out” cross-validation. Briefly, all the data points except one were employed to train the model and a prediction was made for that one at each time. The information of sample ID, replicate number, morphological score and the pregnancy outcome were added as features to train the fully connected ANN models. All models were constructed in a Python 3.3 environment.
For each classification model, the precision, sensitivity, F1 score as well as an overall accuracy rate were calculated. Specifically, precision is the ability of a classifier to not label a negative sample as positive. Sensitivity is the ability of a classifier to find all of the positive samples in one class. F1 score is a weighted mean of the precision and the sensitivity, where 1 is the best value and 0 the worst. And, the performance of the established model was also evaluated by the area under the receiver operating characteristic (ROC) curve (AUC) based on a five-fold cross-validation strategy, which divided the data into five parts, training four parts in turn, and the remaining was used to estimate the performance of the models.
RESULTS
Raman Spectral Analysis Unveils Metabolic Differences in Follicular Fluid of PCOS
In this study, Raman spectra of 150 PCOS and 150 non-PCOS patients were obtained by analyzing follicular fluid samples. The fingerprint region from 600 cm−1 to 1800 cm−1 was calculated for analysis, which typically contained the most essential biological information (Li et al., 2012). In accordance with the previous study (Zhang et al., 2021), the raw Raman spectra data of the FF samples from PCOS patients showed no significantly different standard deviation/variation by compared to those of non-PCOS patients (Figure 2A). Then, Raman spectra from all samples were averaged and subtracted from each sample at each wavenumber, and the mean values were assembled for each group to obtain mean-centered spectra. The results show that the mean-centered spectra are significantly different between the two groups (Figure 2B). The corresponding Raman bands and their tentative assignments are summarized in Table 2. Some signatured bands can be assigned to phenylalanine (1,003 cm−1), C-C, C-N stretching (protein) (1,156 cm−1), β -carotene accumulation (C-C stretch mode) (1,516 cm−1), and C=O (1,668 cm−1) (Tarcea et al., 2007).
[image: Figure 2]FIGURE 2 | Raman profiling of follicular fluid of PCOS and non-PCOS. (A) Averaged Raman spectra of follicular fluid of PCOS (n = 150) and non-PCOS (n = 150) patients. Shaded areas represent the standard deviations. (B) Mean-centered Raman spectra differences between PCOS and non-PCOS groups by subtracting means from all samples. (C) Principal component analysis (PCA) of all Raman Spectra to show the clustering of PCOS and non-PCOS groups. (D) Raman wavenumber loading plots of contributions along dimension 1 of the PCA, where grey boxes indicate the two Raman zones responsible for the most significant variances between the two groups by comparing the quantified spectral intensity values.
TABLE 2 | Peak assignments in the Raman spectra from follicular fluid of PCOS patients.
[image: Table 2]All of the spectra were analyzed by unsupervised PCA to reduce the high-dimensional Raman dataset and transform data into appropriate variables that conferred biologic information. A spectral range of 600–1,800 cm−1 was used to minimize the effects of uneven baseline. As shown in Figure 2C, PCOS and non-PCOS have two clusters with some overlap. The overlap may be due to the close similarity of follicular fluid between PCOS and non-PCOS patients. In order to find biomarkers which can best separate the two groups and provide diagnostic advice for PCOS, a loading plot, which is along dimension 1, was made to assign each Raman wavenumber to indicate significant Raman bands. Then, by scanning all available zones based on the bands and calculating the significance of each zone on discriminating PCOS vs. non-PCOS, two Raman zones (993–1,165 cm−1 and 1,439–1,678 cm−1) were identified as the ones with the strongest significance (Figure 2D). The quantification of metabolite concentration between PCOS and non-PCOS groups were also presented at box plots by integrating individual Raman bands at the two Raman zones (993–1,165 cm−1 and 1,439–1,678 cm−1). The results showed that the quantification of integration at 993–1,165 cm−1 was found to be higher in PCOS FF samples (0.0286 ± 0.001) compared with non-PCOS FF samples (0.0274 ± 0.001; p < 0.001). And, the quantification of the integration at 1,439–1,678 cm−1, on the other hand, showed a higher content in non-PCOS FF samples (0.0337 ± 0.001) than in PCOS FF samples (0.0319 ± 0.001; p < 0.001) (Figure 3). All the results suggest that there are real different metabolic patterns in follicular fluid of PCOS patients.
[image: Figure 3]FIGURE 3 | Boxplots of Raman band integration of PCOS and non-PCOS samples. The significant differences at 993–1,165 cm−1 (A) and 1,439–1,678 cm−1 (B) were shown between PCOS and non-PCOS groups. The rectangle in the box plots represents the second and the third quartiles, with the line inside representing the median. The lower and upper quartiles are drawn as lines outside the box. Sample means were compared by Welch 2-sample t test for unequal variances. *** indicates p < 0.001.
Special Raman Spectral as Biomarkers for Predicting Oocyte Development and IVF Outcome in PCOS Patients
As the follicular fluid is the direct environment of oocyte, the changes of metabolism in FF will affect oocyte development. In order to investigate whether the Raman spectra were related to the oocyte development, the special Raman spectra were further compared between two subgroups of the transferrable PCOS blastocysts (n = 150), according to their morphological scores: 1) high-quality blastocysts group (HQ, ≥ 4BB) (n = 75), which included 58 blastocysts formed on Day 5 and 17 ones formed on Day 6, and 2) low-quality blastocysts group (LQ, ≥3BC and ≤4BC) (n = 75), which were all formed on Day 6. The raw Raman spectra data and the mean-centered spectra of the FF samples from the two subgroups (HQ group or LQ group) of PCOS were shown in Figure 4 A and B. It indicated that the mean-centered spectra are significantly different between the two subgroups, while the raw Raman spectra data had no significant difference. Unsupervised PCA was also applied to find the significant Raman bands between the two subgroups (Figure 4C) and a loading plot was made along dimension 1 to assign each Raman wavenumber to indicate significant Raman bands. Two Raman zones (993–1,165 cm−1 and 1,439–1,678 cm−1), same as in the above section (Figure 2D), were also identified as the most significant differences between HQ and LQ subgroups (Figure 4D). As shown in Figure 5, the quantification of the integration at 993–1,165 cm−1 was lower in HQ group (0.0316 ± 0.001) compared with LQ group (0.0328 ± 0.001; p = 1.07 × 10–5). On the other hand, the quantification of the integration at 1,439–1,678 cm−1 showed a higher content in HQ group (0.0292 ± 0.001) than LQ group (0.0279 ± 0.001; p = 1.92 × 10–6).
[image: Figure 4]FIGURE 4 | Raman profiling of follicular fluid between high-quality blastocysts group (HQ group) and low-quality blastocysts group (LQ group) of PCOS. (A) Averaged Raman spectra of follicular fluid of HQ group (n = 75) and LQ group (n = 75) patients. Shaded areas represent the standard deviations. (B) Mean-centered Raman spectra differences between HQ group and LQ groups by subtracting means from all samples. (C) Principal component analysis (PCA) of all Raman Spectra to show the clustering of HQ group and LQ groups. (D) Raman wavenumber loading plots of contributions along dimension 1 of the PCA, where grey boxes indicate the two Raman zones responsible for the most significant variances between the two groups by comparing the quantified spectral intensity values.
[image: Figure 5]FIGURE 5 | Boxplots of Raman band integration of high-quality blastocysts group and low-quality blastocysts group in PCOS. The significant differences at 993–1,165 cm−1 (A) and 1,439–1,678 cm−1 (B) were shown between high-quality blastocysts and low-quality blastocysts groups in PCOS. The rectangle in the box plots represents the second and the third quartiles, with the line inside representing the median. The lower and upper quartiles are drawn as lines outside the box. Sample means were compared by Welch 2-sample t test for unequal variances. *** indicates p < 0.001.
Embryo quality is a key factor affecting pregnancy outcome. In this study, we tracked the pregnancy outcome of each transferred blastocyst. As shown in Figure 6, there are a total of 150 transferrable blastocysts from PCOS patients, including 75 high-quality blastocysts (≥4BB) and 75 low-quality blastocysts (≥3BC and ≤4BC). Of the 75 high-quality blastocysts, 62 successfully conceived, and the clinical pregnancy rate was about 83%. This indicated that even if a high-quality blastocyst was transplanted, 17% of patients failed to conceive. On the other hand, of the 75 low-quality blastocysts, 23 successfully conceived, and the clinical pregnancy rate was about 31%. In order to investigate the relationship of the special Raman spectra and IVF outcome in PCOS, the 150 Raman spectra of PCOS samples were divided into pregnancy success group (n = 85) and pregnancy failure group (n = 65). The raw Raman spectra data and the mean-centered spectra of the FF samples from the pregnancy success group and pregnancy failure group are roughly the same as those of high-quality blastocysts group and low-quality blastocysts group (data is not repeated). In order to further determine the Raman spectral difference between the two groups (pregnancy success group and pregnancy failure group), the quantified spectral intensity values were also compared. It indicated that the quantification of Raman spectra (993–1,165 cm−1 and 1,439–1,678 cm−1) showed the same significantly different between pregnancy success and pregnancy failure groups (p < 0.001) (Figure 7). In line with the trend of the same two Raman zones correlating with blastocyst development, the quantification of the integration at 993–1,165 cm−1 was lower in pregnancy success group (0.0316 ± 0.001) compared with pregnancy failure group (0.0335 ± 0.002; p = 1.36 × 10–5), and the quantification of the integration at 1,439–1,678 cm−1 was higher in pregnancy success group (0.0289 ± 0.001) than that in pregnancy failure group (0.0278 ± 0.001; p = 1.98 × 10–6).
[image: Figure 6]FIGURE 6 | The observation of a connection between blastocyst development and pregnancy outcome. A one-on-one observations of blastocyst development and pregnancy outcomes was made. There are a total of 150 transferrable blastocysts of PCOS patients, including 75 high-quality blastocysts (≥4BB) and 75 low-quality blastocysts (≥3BC and ≤4BC). Of the 75 high-quality blastocysts, 62 successfully conceived, and the clinical pregnancy rate was about 83%. That is, even if a high-quality blastocyst was transplanted, 17% of patients failed to conceive. On the other hand, of the 75 low-quality blastocysts, 23 successfully conceived, and the clinical pregnancy rate was about 31%.
[image: Figure 7]FIGURE 7 | Boxplots of Raman band integration of successful pregnancy group and failed pregnancy group in PCOS. The significant differences at 993–1,165 cm−1 (A) and 1,439–1,678 cm−1 (B) were shown between the two groups in PCOS. The rectangle in the box plots represents the second and the third quartiles, with the line inside representing the median. The lower and upper quartiles are drawn as lines outside the box. Sample means were compared by Welch 2-sample t test for unequal variances. *** indicates p < 0.001.
Machine-Learning Models Based on Raman Spectra Classify Blastocysts Development and Pregnancy Outcome With High Performance in PCOS
In this study, based on the 150 Raman spectra of PCOS follicular fluid samples, the two fully connected ANN classification models were computed to predict the blastocyst development and clinical pregnancy, respectively. The spectra of different subgroups (HQ or LQ blastocyst; pregnancy success or pregnancy failure) were randomly split into training set and the testing set in a ratio of 4:1. The training set was used to train a classification model and the testing set was used to evaluate the model performance. Specifically, for the classification model to predict blastocyst development, Raman spectra of 150 PCOS samples were divided into high-quality blastocysts (HQ) (n = 75) and low-quality blastocysts (LQ) (n = 75) groups. Of them, Raman spectra of 100 samples (50 high-quality blastocysts and 50 low-quality blastocysts) were used to train a classification model and the remaining 50 spectra (25 high-quality blastocysts and 25 low-quality blastocysts) were input as the testing set to evaluate the model performance. At the same time, to construct the classification model to predict the IVF outcome, the same Raman spectra of 150 PCOS samples were divided into pregnancy success (n = 85) and pregnancy failure (n = 65) groups. Of them, 100 spectra (50 pregnancy success and 50 pregnancy failure) were used to train a classification model and the remaining 50 spectra (35 pregnancy success and 15 pregnancy failure) were input as the testing set to evaluate the model performance.
The results of ANN models were presented in Table 3. As shown in Table 3A, 23 out of 25 high-quality blastocysts (F1 score 0.9020) and 22 out of 25 low-quality blastocysts (F1 score 0.8980) were assigned correctly. For classifying clinical pregnancy outcome (Table 3B), the ANN model was able to correctly assign 25 out of 35 pregnancy success spectra and 12 out 15 pregnancy failure spectra, with F1 scores of 0.7937 and 0.6486, respectively. Noticeably, the accuracy of the ANN model for predicting the blastocysts development is 90.00%, while 74.00% for predicting the IVF outcome. Furthermore, ROC analysis resulted in AUCs of 0.89 ± 0.039, sensitivity of 0.692 ± 0.037 and specificity of 0.948 ± 0.031 for the blastocyst developmental ANN model (Figure 8A) and ROC analysis resulted in AUCs of 0.72 ± 0.023, sensitivity of 0.738 ± 0.049 and specificity of 0.63 ± 0.043 for the ANN model predicting the IVF outcome (Figure 8B).
TABLE 3 | Confusion matrix and performance evaluation of ANN classification models for an independent testing set of 50 Raman spectra.
[image: Table 3][image: Figure 8]FIGURE 8 | Receiver operating characteristic (ROC) curves of the ANN classification models after randomizing the sample data set. The performance of the established model was evaluated by the area under the receiver operating characteristic (ROC) curve (AUC) based on a five-fold cross-validation strategy, which divided the data into five parts, training four parts in turn, and the remaining was used to estimate the performance of the models. (A) ROC analysis of the ANN model for classifying the blastocyst developmental potential. (B) ROC analysis of the ANN model for classifying the IVF outcome.
DISCUSSION
As a complex endocrine disease, the application of metabolomics gives a promising insight into the research on PCOS. There has been a growing number of studies on abnormal metabolites in follicular fluid in PCOS patients (Zhao et al., 2015; Zhang et al., 2017; Liu et al., 2019; Sun et al., 2019; Chen et al., 2020; Xu et al., 2020; Hou et al., 2021). Nevertheless, almost all of the studies on PCOS metabolomics aimed to identify metabolic alterations between PCOS and healthy controls, expecting to provide novel ways for the diagnosis and treatment of PCOS. There has been little emphasizing the clinical value of abnormal metabolites in PCOS FF on oocyte development and pregnancy outcome.
To our best knowledge, this is the first report to explore the metabolomics profiles with the use of Raman spectroscopy to perform the machine-learning models for embryo viability selection in PCOS patients. Currently in clinical practice, visual morphology assessment is routinely used for evaluating of embryo quality and selecting the “considerably good” blastocyst for transfer. However, such subjective assessment has nonnegligible inconsistency among embryologists, and as a result, the success rate remains unsatisfactory. Moreover, in the situation where multiple blastocysts have the same morphological scores, the “blind selection” will increase the chances of pregnancy failure and repeated transplants, heavying the financial and psychological burden on patients. Therefore, a more objective and accurate prediction method or model is needed for embryo selection.
Machine-learning approaches are increasingly applied to improve prediction models for clinical decision making (Deo, 2015), and are also thought to have a significant advantage to predict embryo quality reliably (Blank et al., 2019). In this study, we implemented an AI approach based on the fully connected artificial neural network (ANN), which is a state-of-the-art machine-learning architecture with higher computational efficiency, stronger fault tolerance, and better resistance to over-fitting (LeCun et al., 2015). The effectiveness and success of the machine-learning is attributed to several factors, including the sensitivity of the Raman system, the quality of the spectra, the choice of the machine-learning algorithm and the sufficient training datasets. Hereon, the accuracy of the ANN model for predicting the blastocysts development potential is as high as 90%, and the AUC is also up to 0.88. Although our research is still somewhat limited by moderate sample size (FF is more often pooled from multiple follicles of the same patient in clinical practices, and thus N = 300 individual FF is so far the largest sample size in literatures), the results indicated that the machine-learning of ANN model is highly effective and promising. It is conceivable that in the future this approach will be more sensitive and robust with higher quality of Raman spectroscopy, ever-improved and advanced algorithms, and increased training datasets. As expected, the accuracy for predicting IVF outcome is less well-performed, as more factors beyond follicles, including genomic stability of the embryo and the endometrial receptivity, are also involved to affect the pregnancy outcome.
The outstanding feature of metabolomics is that, unlike genomics and proteomics, it indicates not only a genetically determined phenotype, but also the differences induced by other factors (i.e., age, diet, or physical activity) (Lindon et al., 2004; Diamanti-Kandarakis et al., 2006; Luque-Ramirez et al., 2006; Atiomo et al., 2009). The metabolic profiles of follicle fluid from PCOS patients reflect both the pathological and physiological states of the abnormal follicle development. Consistent with previous reports (Lane and Gardner, 2005; Gardner et al., 2011), our findings proved that high-quality blastocysts development depends on nutrients in follicular fluid and a complex metabolic activity is involved. The proper metabolic activity will further affect pregnancy outcomes. It is worthy to mention that two prominent spectra (1,003 cm−1 and 1,516 cm−1) located in the two clinically relevant Raman zones (993–1,165 cm−1 and 1,439–1,678 cm−1) are assigned to phenylalanine and β -carotene, respectively (Tarcea et al., 2007). Agreeing with the previous opinion (Li et al., 2018), we suggest that the two prominent spectra (1,003 cm−1 and 1,516 cm−1) are related with the metabolic activity of embryos and considered as biomarkers for embryonic development.
Most meaningfully, the metabolomic analysis of follicle fluid not only helps us to find potential biomarkers to select the high-quality embryos and predict the IVF outcome, but also, to some extent, reveals the abnormal mechanism of follicle development of PCOS. For instance, phenylalanine is one of the amino acids that inhibit hamster 1-cell embryo development in vitro and is harmful for blastocyst formation in pigs (McKiernan et al., 1995; Booth et al., 2007). Moreover, the concentrations of phenylalanine in embryo culture media are used as biomarkers for clinical pregnancy in humans (Zhao et al., 2013). Our results also indicate that the greater vibration at 1,004 cm−1 of phenylalanine in FF is a warning sign for oocyte development in PCOS, and are in line with the previous views that blastocyst development is modulated by amino acids, and the ideal environment for embryonic development needs the supplement of suitable amino acids (Gardner, 1998). It’s worth mentioning that abnormal amino acids are associated with the occurrence of chromosome aneuploidy during human preimplantation embryo development in vitro (Picton et al., 2010). It requires further study of whether the elevated phenylalanine in PCOS FF causes chromosomal abnormalities in oocytes, which affects blastocyst development.
Another substance, β -carotene, is noticeably greater in follicular fluid for the oocytes with high developmental potential in PCOS patients. β -carotene, a precursor to vitamin A, has been postulated to contribute to follicular growth. A positive correlation has been observed between the plasma vitamin and β -carotene concentrations and the number of transferable embryos in vitro fertilization process (Sekizawa et al., 2012). And, it has been proposed that β -carotene acts as an antioxidant in lipid phases by quenching singlet oxygen and scavenging the peroxyl radical (Ikeda et al., 2005). As known, chronic low-grade inflammation along with increased oxidative stress has been suggested as a key contributor of the pathogenesis and development of PCOS (Artimani et al., 2018). Inappropriate microenvironment conditions can decrease the oxidative metabolism and further underpins the complexity in linking embryo metabolism and viability (Krisher et al., 2015). Based on the fact that high-quality blastocyst needs more β -carotene, we propose that enough extracellular β -carotene in the follicular fluid could protect oocytes from reactive oxygen species-mediated cytotoxity, thereby enhancing the developmental competence of oocytes. Besides antioxidation, β -carotene also has other unique roles in reproduction. The corpus luteum is a steroidogenic tissue that is highly rich in β -carotene, and β -carotene plays a very important role in regulating the luteal function (Arikan and Rodway, 2000). The levels of β -carotene in follicular fluid has been reported to positively correlated with plasma progesterone level as well (Haliloglu et al., 2002). Similar positive relationship also exists in the corpus luteum (Talavera and Chew, 1988). Therefore, we also propose that lower β -carotene levels of follicular fluid might be the main reason for luteal insufficiency and difficult pregnancy in PCOS patients.
CONCLUSION
To clarify the effect of abnormal follicular microenvironment on oocyte development in PCOS patients, we developed a noninvasive and label-free rapid strategy (about 10 min per sample) to use Raman spectroscopy to detect metabolic footprint of follicular fluid. Analysis based on Raman spectra showed significant differences in metabolic profiles of follicular fluid between PCOS and non-PCOS patients. Two Raman zones (993–1,165 cm−1 and 1,439–1,678 cm−1) were identified for describing the largest variances between the two groups. The tentative assignments of corresponding Raman bands 1,003 cm−1 (phenylalanine) and 1,516 cm−1 (β -carotene accumulation) were proposed to be highly promising biomarkers to evaluate blastocysts viability and predict the IVF outcome. The fully connected ANN models successfully classified blastocysts development potential with high accuracy. In summary, our data suggest that noninvasive method of Raman spectroscopy might be a useful tool to identify and predict the embryo developmental potential, and more importantly, to prioritize the best promising oocyte for IVF, reducing both physiological and economical burdens of PCOS patients by avoiding unnecessary implanting cycles.
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During preimplantation development, a wave of genome-wide DNA demethylation occurs to acquire a hypomethylated genome of the blastocyst. As an essential epigenomic event, postfertilization DNA demethylation is critical to establish full developmental potential. Despite its importance, this process is prone to be disrupted due to environmental perturbations such as manipulation and culture of embryos during in vitro fertilization (IVF), and thus leading to epigenetic errors. However, since the first case of aberrant DNA demethylation reported in IVF embryos, its underlying mechanism remains unclear and the strategy for correcting this error remains unavailable in the past decade. Thus, understanding the mechanism responsible for DNA demethylation defects, may provide a potential approach for preventing or correcting IVF-associated complications. Herein, using mouse and bovine IVF embryos as the model, we reported that ten-eleven translocation (TET)-mediated active DNA demethylation, an important contributor to the postfertilization epigenome reprogramming, was impaired throughout preimplantation development. Focusing on modulation of TET dioxygenases, we found vitamin C and α-ketoglutarate, the well-established important co-factors for stimulating TET enzymatic activity, were synthesized in both embryos and the oviduct during preimplantation development. Accordingly, impaired active DNA demethylation can be corrected by incubation of IVF embryos with vitamin C, and thus improving their lineage differentiation and developmental potential. Together, our data not only provides a promising approach for preventing or correcting IVF-associated epigenetic errors, but also highlights the critical role of small molecules or metabolites from maternal paracrine in finetuning embryonic epigenomic reprogramming during early development.
Keywords: vitamin C, active DNA demethylation, TET dioxygenases, preimplantation embryos, in vitro fertilization, lineage differentiation, epigenetic errors
INTRODUCTION
Well-orchestrated epigenomic reprogramming that extensively occurs during the early phases of mammalian development is essential for normal embryogenesis. However, epigenetic events during the critical developmental window, especially by preimplantation stage, are very susceptible to environmental perturbations such as in vitro manipulation and culture of embryos, and thus leading to epigenetic errors. Increasing evidence based on epidemiologic analyses and laboratory studies suggested that in vitro fertilization (IVF)-induced epigenetic errors were tightly linked to a series of complications, such as embryonic lethality, fetal overgrowth, postnatal disorders, and shortened life span (Halliday et al., 2004; Sutcliffe et al., 2006; Rexhaj et al., 2013; Chen et al., 2015; Tan et al., 2016a; Johnson et al., 2018). Thus, although children born after IVF have exceeded nine millions and contributed to 1–5% of all newborns in developed countries (Manipalviratn et al., 2009), and the great majority of IVF-conceived offspring are in good health, IVF-induced epigenetic risks remain a matter of great concern during the past decades.
Among IVF-associated epigenetic errors, DNA methylation defects are remarkable and extensively studied in humans (Katari et al., 2009; Vermeiden and Bernardus, 2013; Hattori et al., 2019), domestic animals (Deshmukh et al., 2011; Chen Z. et al., 2013; Chen et al., 2015), and mouse models (Li et al., 2005; Rivera et al., 2008; Li et al., 2011). However, the mechanism underlying IVF-associated DNA methylation defects, remains poorly understood. Thus, the effective strategy for preventing or correcting those defects remains lacking. Our recently published study identified IVF embryos undergo impaired de novo DNA methylation during implantation and postimplantation stages. We also demonstrated that FGF signaling repression and consistent Dnmt3b inhibition could be responsible for this defect, and identified FGF signaling as the main target for correcting IVF-associated DNA methylation defects (Fu et al., 2020). This work, together with our earlier study that identified impaired X chromosome inactivation is responsible for female-biased developmental defects and skewed sex ratio (Tan et al., 2016a), highlight the importance of understanding the mechanism of IVF-associated defects for improving current in vitro culture system.
During preimplantation development, one of the most remarkable epigenomic reprogramming events is DNA demethylation that extensively occurs in newly formed embryos following fertilization. DNA demethylation is crucial to establish a hypomethylated genome of the blastocyst, which is essential for regulating pluripotency in the naive epiblast cells (Tan and Shi, 2012; Smith and Meissner, 2013; Messerschmidt et al., 2014). Of note, comprehensive DNA demethylation from the zygote to blastocyst stage largely depends on ten-eleven translocation (TET) proteins TET1, TET2 and TET3 that can oxidize 5mC and generate 5mC derivatives, including 5-hydroxymethylcytosine (5hmC). As the Fe(II) and α-ketoglutarate (α-KG)-dependent dioxygenase, TET proteins require α-KG, oxygen and Fe(II) for their enzymatic activity. Thus, small molecules that regulates TET enzymatic activity, such as α-KG and vitamin C that can maintain reduced Fe(II) (Kohli and Zhang, 2013), are critical for fine-tuning the prosses of active DNA demethylation (Minor et al., 2013; Yin et al., 2013).
Evidences from mice embryos of genetic depletion of individual Tet or in combination give rise to increased embryonic lethality throughout pregnancy, as well as developmental defects that can be observed as early as the 2-cell stage (Ito et al., 2010; Gu et al., 2011; Kang et al., 2015) Despite the important role of TET-mediated DNA demethylation by preimplantation stage in determining embryonic survival and growth, previous results observed in rat and porcine IVF embryos (Yoshizawa et al., 2010; Deshmukh et al., 2011), as well as our analyses from mice and bovine, suggested impaired DNA demethylation in IVF preimplantation embryos. However, the underlying regulatory mechanism have yet to be functionally elucidated, and the strategy for correcting this error remains unavailable until now.
In the present study, focusing DNA hypermethylation in IVF blastocysts, we used mouse and bovine IVF embryos as the model and reported that TET-mediated active DNA demethylation is impaired throughout preimplantation development. Detections of in vivo conceived preimplantation embryos and their maternal oviductal environment indicated that the requirement for vitamin C (also known as l-ascorbic acid or l-acerbate), the important co-factors for stimulating TET enzymatic activity, during preimplantation development would be satisfied by both oviductal paracrine and embryonic autocrine. Accordingly, we identify the impaired active DNA demethylation can be corrected by incubation of IVF embryos with vitamin C, and thus improving their lineage differentiation and developmental potential. Thus, our data not only provides a promising approach for preventing or correcting IVF-associated epigenetic errors, but also highlights the critical role of maternal paracrine in finetuning embryonic epigenomic reprogramming during early development.
MATERIALS AND METHODS
Animals
ICR female mice aged 8 weeks, male mice aged 10 weeks were kept in controlled conditions of temperature (24°C) and light (12 h light:12 h dark) and had free access to food and water. All mice were approved by the Institutional Animal Care and Use Committee of China Agricultural University.
In vivo (IVO) Embryo Collection
The female mice were superovulated by intraperitoneal injection of 5 IU of pregnant mare serum gonadotropin (PMSG, Ningbo, China) and a further intraperitoneal injection 48 h of 5 IU human chorionic gonadotrophin (HCG, Ningbo, China). The female mice were cocaged individually with male mice after the hCG injection. On the next morning, the females with vaginal plug were selected as mating successfully. Zygotes, the 2-cell, 4-cell, 8-cell embryos, morulae and blastocysts (16–20 h, 44–46 h, 54–56 h, 66–68 h, 74–76 h and 94–96 h post HCG, respectively) were recovered from donors by flushing the oviduct and uterus with M2 medium.
In vitro Fertilization, Embryo Culture and Embryo Collection
The IVF procedure were performed as previously described (Ren et al., 2015; Tan et al., 2016a; Tan et al., 2016b; Ren et al., 2017). In brief, sperm were released from the cauda epididymis and capacitated for 1 h in modified Krebs-Ringer bicarbonate medium (TYH), and the cumulus-oocyte complexes were transferred into modified human tubal fluid (mHTF) for 30 min, then inseminated for 4 h. After the insemination, zygotes were washed and cultured in potassium simplex optimized medium containing amino acids (KSOM + AA; Millipore, Darmstadt, Germany) at 37°C in 5% CO2. IVF embryos at different preimplantation stages were collected based on their developmental progress and morphology.
Preparation of Bovine Blastocysts
Bovine oocytes were collected from ovaries obtained from a slaughterhouse, and matured in Tissue Culture Medium-199 (TCM-199, Thermo Fisher Scientific, Rockford, IL, United States) plus 10% (vol/vol) FBS (HyClone, Marlborough, United States), 1% antibiotic-antimycotic (Gibco BRL, Thermo Fisher Scientific), and 10 ng/ml epidermal growth factor (22–24 h). In vitro fertilization was conducted in Bracket and Oliphant’s (BO) medium. Briefly, matured oocytes with multiple layers of expanded cumulus cells were washed and then in BO fertilization medium supplemented with 6 mg/ml essential fatty acid-free (FAF)-BSA (Millipore, Billerica, MA, United States) and 10 mg/ml heparin. Fifteen to 20 cumulus-oocyte complexes (COCs) were placed in 50 μL BO medium, under mineral oil, containing frozen-thawed sperm (1–2 × 106 sperm/ml) for 24 h in 5% (vol/vol) CO2 in air at 38.5°C. Cumulus cells were removed by pipetting, and presumptive zygotes were cultured in 20-μl drops of Bovine VitroCleave (IVF Vet Solutions, North Adelaide, Australia) under mineral oil for 5 days. On day 5, embryos were transferred in groups of 5–10–20-μl drops of Bovine VitroBlast (IVF Vet Solutions) under mineral oil.
Extraction of Oviductal/Uterine Fluids and Preparetion of Oviductal/Uterine Tissue
Oviduct and uterine fluids were collected from female mouse according to the protocol of a previous study (Harris et al., 2005). Briefly, once oviduct excised, the tissue was dried and placed under mineral oil, stabbed by needle. Then we collected the fluids with mouse pipette into 1.5 ml tube. Uterine was ligatured with nylon thread, gentle pressured from the thread end to another one, the fluids were flowed into 1.5 ml tube. All fluids were centrifuged for 5 min at 12,000 revolutions per minute (rpm) to obtain the supernatants, stored into -80°C. Remained tissue was washed twice with PBS solution, then 0.1 g tissue was put into 1.5 ml tube and immediately throwed in liquid nitrogen until assay.
RNA Extraction and Quantitative Real-Time PCR
Total RNA was extracted from embryos, the oviduct and uterus with TRIzol (Thermo Fisher Scientific) following the manufacturer’s instructions. Then the reverse transcription was performed by the Hiscript[image: image]Ⅱ Q RT Supermix (Vazyme, Nanjing, China) according to the manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) was performed with SoFast EvaGreen Supermix (BioRad, Hercules, California, United States) using a CFX96 real-time PCR machine (BioRad). All primers were listed in Supplementary Table S1.
RNA–Seq of Embryos and Tissue
Total RNAs were extracted from embryos, oviducts and uterine at different stages with TRIzol Reagent (Invitrogen, Carlsbad, CA, United States). Then the RNA was delivered to BGI (BGI, Shenzhen, China) for sequencing. Gene expression levels were measured in reads per kilobase of exon model per million mapped reads (RPKM). The RPKM was listed in Supplementary Table S2–4.
The database for Annotation, Visualization and Integrated Discovery (DAVID v6.7; http://david.abcc.ncifcrf.gov) was used to annotate biological themes (gene ontology, GO). The Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/) was used to determine the associated pathways. Phenotype annotations were analyzed based on the Mouse Genome Informatics (MGI; http://www.informatics.jax.org/phenotypes.shtml) database.
Immunofluorescence Analysis
Collected embryos were washed three times with 0.1%PVA-PBS and then washed with acidic Tyrode’s solution to eliminate the zona pellucida. Then embryos were fixed in 4% paraformaldehyde in PBS overnight at 4°C. After permeabilized with 0.5% Triton X-100 in 0.1% PVA-PBS, embryos were blocked in 1% BSA (Millipore) in 0.1% PVA-PBS for 1 h, then sequentially incubated with primary antibody overnight at 4°C. Next, the embryos were washed three times with 0.1%PVA-PBS for 5 min and incubated with secondary antibodies for 1 h at room temperature. Finally, the samples were treated with DAPI for 5 min, mounted with coverslips. Images were recorded using fluorescence microscope (BX51TRF; Olympus, Tokyo, Japan) and processed using ImageJ software (Rawak Software Inc., Stuttgart, Germany).
For 5mC and 5hmC staining, nuclear DNA was denatured with 4M HCl for 10 min, neutralized with Ph8.0 Tris-HCl for 15 min, then embryos were blocked overnight, incubated with primary antibody for 2 h. Other steps were same as described above. The following antibodies used in this research were listed as follows: anti-5mC (1:200, Active motif 39,649), anti-5hmC (1:500 dilution, 39,791, Active motif, California, United States), anti-TET1 (1:200 dilution, GTX124207, GeneTex, Irvine, CA, United States), anti-TET2 (1:100 dilution, ab94580, Abcam, Cambridge, UK), anti-NANOG (1:500 dilution, ab80892), anti-CDX2 (1:500 dilution, BioGenex-MU392A-UC, BioGenex Laboratories, Fremont, CA 94538, United States).
Vitamin C Content Assay
Preimplantation embryos, the oviduct and uterus, as well as the oviductal or uterine fluid were prepared as described above. Each 50 oocytes, 50 embryos or total cumulus cells surrounding 150 oocytes as a biological replicate, CC indicates the total cumulus cells surrounding one oocyte. The ascorbic acid assay kit (ab65346, Abcam) was used for detecting the vitamin C content according to the manufacturer’s instructions.
Blastocyst Transfer and E7.5 Embryos Photographic
Pseudo-pregnant female mice (recipients) were co-caged individually with vasectomized males 3.5 days before embryo transfer. The morning after mating, the recipients were checked for the presence of a vaginal plug. The day of plugging was considered as day 0.5 of the pseudo-pregnancy. 12 well-developed blastocysts were transferred into each recipient. At embryonic day (E)7.5 (4 days of embryo transfer), the conceptuses covered with decidual mass were gently teased away from the uterus, E7.5 embryos were E7.5 embryos were separated and washed in PBS, then imaged using a stereomicroscope (SZX16; Olympus, Tokyo, Japan) equipped with a digital camera.
Statistical Analysis
Student’s t-test or one-way ANOVA were used to analyze the difference among groups by using SPSS 23.0 software (Statistical Package for the Social Sciences). Statistically significant differences were defined as p < 0.05.
RESULTS
IVF Embryos Undergo Impaired Active DNA Demethylation and Exhibit Global Hypermethylation by Blastocyst Stage
To test the impact of IVF processes on DNA demethylation during preimplantation development, we compared our previously published global MeDIP-seq data of IVO and IVF blastocysts (Ren et al., 2015; Ren et al., 2017). Focusing on promoter DNA methylation, which undergoes postfertilization demethylation (Smith et al., 2012) and participates in TET-induced transcriptional regulation (Ito et al., 2010; Gu et al., 2011; Blaschke et al., 2013), we found IVF blastocysts showed higher DNA methylation levels (Figure 1A) and a greater proportion of promoters were relatively hypermethylated in IVF blastocysts compared with their IVO counterparts (Figure 1B) Similarly, reanalysis of previously published DNA methylation array data also showed more hypermethylated regions in IVF bovine blastocysts (Supplementary Figure S1A). In addition, Gene ontology (GO) analysis and Mouse Genome Informatics (MGI)-based phenotype annotations suggested hypermethylated genes can participate in many basic molecular functions and cellular processes, and are essential for normal embryonic development and survival throughout the pregnancy (Supplementary Figure S1B, C). Venn diagram based on previously published methylome (Smith et al., 2012) showed that a substantial proportion of promoters that should be demethylated before blastocyst formation, were hypermethylated promoters in IVF blastocysts (Figure 1C). Next, we detected the chromosome-wide distribution of hypermethylated promoter in IVF blastocysts, and found hypermethylated promoters were globally distributed across all autosomes and sex chromosomes (Figure 1D). These results suggest that IVF preimplantation embryos may undergo extensive impairment in DNA demethylation.
[image: Figure 1]FIGURE 1 | IVF embryos undergo impaired active DNA demethylation and exhibit global hypermethylation by blastocyst stage (A) Distribution of differentially methylated promoters in IVF blastocysts compared with their IVO counterparts (B) Box plot of promoter methylation levels of IVO and IVF blastocysts (C) The Venn diagram of hypermethylated promoters in IVF blastocysts (Ren et al., 2015) and promoters that should be demethylated before blastocyst formation (Smith et al., 2012) (D) The chromosome-wide distribution of hypermethylated and hypomethylated promoters with different fold changes in IVF blastocysts (E) Immunofluorescent images of 5mC (green) and 5hmC (red) staining in IVO and IVF embryos from zygote to blastocyst stages. Lower panels: quantification of 5hmC/5mC ratio in IVO and IVF embryos. Circles represent the relative ratio in each embryo. The number of embryos in each group is indicated (F) Dynamics of TET-mediated active demethylation in IVO and IVF preimplantation embryos, revealed by 5hmC/5mC ratio at each stage. Data show the means ± SD of three independent experiments. *p < 0.05, **p < 0.01. Scale bar, 50 μm.
Given results of an early study suggested that impaired DNA demethylation can be initially observed in paternal genome of IVF zygotes (Yoshizawa et al., 2010), we speculated that TET-mediated active demethylation may be impaired. To confirm this hypothesis, we tested 5mC and 5hmC levels at each stage of preimplantation development. Quantitation of 5hmC/5mC ratio indicated that TET-mediated active DNA demethylation was consistently impaired in IVF preimplantation embryos (Figures 1E,F).
Expression of Tet Family Members is Inhibited in IVF Preimplantation Embryos
Having confirmed the defects of TET-mediated active DNA demethylation in IVF embryos, we next asked if the gene expression level of Tet family members was inhibited in IVF preimplantation embryos. We found Tet1 and Tet2 expression, which should be increased during cleavage stages, were significantly inhibited in IVF embryos at the two- to 8-cell stage and the morula stage respectively (Figure 2A). In addition, Tet3 expression, although showed maternal deposition, was consistently inhibited in IVF embryos from the 4-cell stage onwards (Figure 2A). The IVF-induced expression inhibition of Tet family members was further confirmed using our RNA-seq data (Figure 2B). Moreover, the inhibition of TET1 and TET2 were also validated on the protein level. In line with the result of mRNA detection, quantitation of immunofluorescence signal indicated that TET1 and TET2 proteins were significantly deficient in IVF 8-cell embryos and morulae, respectively (Figures 2C,D). Of note, we also noticed that a proportion of blastomeres exhibit cytoplasmic localization of TET2, and the mislocation in IVF embryos were more evident (Figure 2D).
[image: Figure 2]FIGURE 2 | Expression levels of Tet family members is inhibited in IVF preimplantation embryos (A) Relative expression levels of Tet1, Tet2, and Tet3 in IVO and IVF embryos detected by qRT-PCR during preimplantation development (B) Heat map illustrating expression patterns of Tet1, Tet2, and Tet3 in IVO and IVF embryos detected by RNA-seq during preimplantation development (C–D) Immunofluorescent images of TET1 (C) and TET2 (D) in IVO and IVF 8-cell embryos and morulae, respectively. Right panels in C and D: quantification of the relative protein levels of TET1 and TET2. Each circle represents the level of immunofluorescent signal of TET1 or TET2 relative to the DAPI. The number of embryos in each group is indicated. Data show the means ± SEM (A) and means ± SD (C–D) of three independent experiments. At least 50 embryos were pooled at each time point for each replicate of qRT-PCR detection. *p < 0.05, **p < 0.01. Scale bar, 50 μm.
Next, we attempted to test if the inhibited expression of Tet family members in IVF embryos could be rescued by supplementing cytokines or small molecules that have been reported to upregulate Tet expression: retinoic acid (Hore et al., 2016), FGF2 (Choi et al., 2018), LIF (Tahiliani et al., 2009; Koh et al., 2011) and insulin (Lv et al., 2017). Given Tet3 is a well-known maternally deposited transcripts, we next focused on the embryo-expressed Tet1 and Tet2. However, neither these factors alone (Supplementary Figure S2A–D) nor combinations (Supplementary Figure S2E, F) could upregulate expression levels of Tet1 and Tet2 in IVF embryos.
TET Cofactors Vitamin C and α-ketoglutarate Are Enriched in Oviductal Environment
Having failed to rescue IVF-induced Tet inhibition, we next asked if impaired active DNA demethylation can be rescued by enhancing TET activity. To this end, we focused on vitamin C and α-ketoglutarate (α-KG) because TET enzymes are Fe(II)- and α-KG-dependent dioxygenases, and vitamin C can stimulate TET activity by maintaining reduced Fe(II) (Kohli and Zhang, 2013). Time-course expression profiling of genes related to vitamin C synthesis and transport in preimplantation embryos, as well as in temporally corresponding oviduct based on our RNA-seq data (Figures 3A,B), indicated that vitamin C synthesis and transport occurred in both preimplantation embryos and the oviduct, especially in the oviduct. These findings were further supported by results of qRT-PCR (Figures 3C,D). More importantly, we detected that vitamin C was highly enriched in the oviduct and uterus throughout the preimplantation stage (Figure 3E), and thus being detectable in the oviductal and uterine fluid (Figure 3F). In addition, we also detected low-level vitamin C in preimplantation embryos and found vitamin C might be pre-deposited in oocytes, and no significant difference can be detected between IVO and IVF embryos (Figures 3G,H). These results suggest that the requirement for vitamin C during preimplantation development may be satisfied by both oviductal paracrine and embryonic autocrine.
[image: Figure 3]FIGURE 3 | Vitamin C is enriched in oviductal environment (A, B) Heat map illustrating the expression patterns of genes underlying vitamin C biosynthesis (A) and transfer (B) pathway in IVO and IVF embryos, as well as in temporally corresponding oviduct detected by RNA-seq during preimplantation development (C, D) Relative expression levels of genes underlying vitamin C biosynthesis (C) and transfer (D) pathway in IVO and IVF embryos (left axis), as well as in temporally corresponding oviduct (right axis) detected by qRT-PCR during preimplantation development (E-H) Detection of vitamin C contents in oviduct/uterus (E) and oviductal/uterine fluid (F), oocytes, zygotes and surrounding cumulus cells (G), as well as IVO and IVF preimplantation embryos (H) at different stages. CC indicates the total cumulus cells surrounding 50 oocytes. Data shows the means ± SEMs of three independent experiments. At least 50 embryos were pooled in each group for each replicate of qRT-PCR detection.
Similarly, our results also suggest that the requirement for α-KG, another cofactor for TET dioxygenases, may be also satisfied via synergistic effect of oviductal paracrine and embryonic autocrine, because α-KG synthetic and transporter genes were detectable in both embryos and the oviduct by preimplantation stage (Supplementary Figure S3A–C). Collectively, these results led us to test if supplementation of embryo culture medium with vitamin C and/or α-KG could rescue impaired active DNA demethylation in IVF embryos.
Vitamin C, but Not α-KG, Enhances TET Enzymatic Activity in IVF Preimplantation Embryos
Next, we screened effective concentration of vitamin C supplementation by evaluating its efficacy in prompting preimplantation development, because TET deficiency would impair survival and growth of preimplantation embryos (Kang et al., 2015). We found 100 μg/ml vitamin C supplementation to culture medium significantly increased cleavage rate and blastocyst rate (Supplementary Figure S4A, B). Using this concentration, we found vitamin C supplementation significantly enhanced TET enzymatic activity in IVF embryos throughout the preimplantation development to the levels comparable to those of IVO embryos, as revealed by increased 5hmC/5mC ratio in both zygotes (Figure 4A and blastocysts (Figure 4B). Moreover, the beneficial effect of vitamin C supplementation on enhancing TET enzymatic activity was also confirmed using bovine IVF embryos as the model (Figure 4C), although the expression patterns of bovine TET enzymes were largely distinct from those in mouse embryos (Jiang et al., 2014; Salilew-Wondim et al., 2015) (Supplementary Figure S4F, G).
[image: Figure 4]FIGURE 4 | Vitamin C enhances TET enzymatic activity in IVF preimplantation embryos (A, B) Effects of supplementation with vitamin C or α-KG alone, or in combination on active DNA demethylation in IVF zygotes (A) and blastocysts (B). Left panels in A and B: Immunofluorescent images of 5mC (green) and 5hmC (red) staining in embryos in each group. Right panels in A and B: quantification of 5hmC/5mC ratio in IVF embryos in the control group or treatment groups. Circles represent the relative ratio in each embryo. The number of embryos in each group is indicated (C) Effects of vitamin C supplementation on active DNA demethylation in bovine IVF preimplantation embryos. Lower panels in C: quantification of 5hmC/5mC ratio in bovine IVF embryos in the control group or treatment group. Circles represent the relative ratio in each embryo. The number of embryos in each group is indicated. Data shows the means ± SD of three independent experiments. *p < 0.05, **p < 0.01. Scale bar, 50 μm.
In contrast, however, α-KG supplementation using previously published effective concentration (Zhang et al., 2019) just tended to, but not significantly, enhance TET enzymatic activity in both IVF zygotes and blastocysts. In addition, combined supplementation of vitamin C and α-KG didn’t display synergistic effect on prompting TET enzymatic activity (Figure 4A, B), in line with their effect on preimplantation development (Supplementary Figure S4C–E).
Vitamin C Regulates Preimplantation Lineage Differentiation and Promotes Developmental Potential of IVF Blastocysts
Given previous studies have demonstrated that TET-mediated active DNA demethylation participate in inner cell mass (ICM) specification, and regulate embryonic growth and developmental potential (Ito et al., 2010; Kang et al., 2015), we next tested whether vitamin C-prompted TET enzymatic activity would affect total cell number and lineage differentiation of IVF blastocysts. In addition, we also evaluated the effect of vitamin C supplementation on embryonic developmental potential by detecting implantation rate and postimplantation survival rate following embryo transfer. Our results showed IVF blastocysts exposed to vitamin C displayed a significant increase in total cell number (Figures 5A,B), and ICM cell number (Figures 5A,C). Of note, vitamin C supplementation resulted in a changed lineage differentiation towards the ICM fate in IVF blastocysts (Figures 5A,D). Correspondingly, in comparison to their control counterparts, IVF embryos exposed to vitamin C had significantly higher implantation rate and survival rate shortly after implantation (Figures 5E,F). Similarly, the beneficial effects of vitamin C supplementation on preimplantation lineage differentiation and developmental potential, were also confirmed in bovine IVF embryos (Figures 5H,I).
[image: Figure 5]FIGURE 5 | Vitamin C regulates preimplantation lineage differentiation and promotes developmental potential of IVF blastocysts (A) Immunofluorescent images of NANOG and CDX2 in IVF blastocysts incubated with vitamin C or α-KG alone, or in combination. The embryos were counterstained with DAPI (B-D) Effects of supplementation with vitamin C or α-KG alone, or in combination on total cell numbers (B), ICM cell numbers (C), and ratios of ICM/TE (D) in IVF blastocytes. ICM and TE cell numbers were calculated by counting NANOG-positive and CDX2-positive cells. Circles represent cell numbers or ratios in each embryo. The number of embryos in each group is indicated (E) Representative images of the implantation sites (left column) at E7.5 in each group following embryo transfer, and morphological comparison of recovered E7.5 embryos among groups (right column) (F) Quantifications of implantation rates of transferred embryos in each group. Circles represent implantation rate of each female recipient (G) Number of survived embryos with normal morphologies at E7.5 in each group following embryo transfer. Circles represent survived embryo in each female recipient. The number of recipients in each group is indicated (H) Immunofluorescent images of CDX2 in IVF bovine blastocysts incubated with vitamin C (I) Effects of supplementation with vitamin C on ratios of ICM/TE in IVF bovine blastocysts. ICM and TE cell numbers was calculated by counting CDX2-negative and CDX2-positive cells. The number of embryos in each group is indicated. Data show the means ± SD of three independent experiments. *p < 0.05, **p < 0.01. Scale bar, 50 μm.
Moreover, we found α-KG alone, but not in combination with vitamin C, enhanced total cell number and ICM specification of IVF blastocysts, as well as subsequent implantation success (Figures 5A–F). These beneficial effects, were not completely in line with quantification results of 5hmc/5mC ratio (Figures 4A–D), implying that functions of α-KG in improving IVF embryo development are complicated and may be partially independent of TET enzymatic activity.
The Beneficial Effects of Vitamin C on IVF Embryos are Mediated by TET Enzymatic Activity
Having confirmed the function of vitamin C on rescuing impaired active DNA demethylation in IVF embryos, we next attempted to determine if this beneficial effect was mediated by TET proteins. To this end, we used dimethyloxallyl glycine (DMOG), an inhibitor that blocks TET enzymatic activity (Zhang et al., 2017; Duforestel et al., 2019), to assess the role of TET enzymes in mediating vitamin C-induced active DNA demethylation and developmental advantages. We found DMOG significantly attenuated the active DNA demethylation-prompting effect of vitamin C in both IVF zygotes (Figure 6A) and blastocysts (Figure 6B). In addition, the beneficial effects of vitamin C on total cell number and lineage differentiation of IVF blastocysts were also attenuated by DMOG supplementation (Figure 6C). These results suggest that the beneficial effects of vitamin C are largely mediated by TET enzymatic activity.
[image: Figure 6]FIGURE 6 | The beneficial effects of vitamin C on IVF embryos are mediated by TET enzymatic activity (A, B) Effect of supplementation with vitamin C or TET inhibitor DMOG alone, or in combination on active DNA demethylation in IVF zygotes (A) and blastocysts (B). Left panels in A and B: Immunofluorescent images of 5mC (green) and 5hmC (red) staining in embryos in each group. Right panels in A and B: quantification of 5hmC/5mC ratio in IVF embryos in the control group or treatment groups. Circles represent the relative ratio in each embryo. The number of embryos in each group is indicated (C) Immunofluorescent images of NANOG and CDX2 in IVF blastocysts incubated with vitamin C or DMOG alone, or in combination. The embryos were counterstained with DAPI (D-F) Effect of supplementation with vitamin C or DMOG alone, or in combination on total cell numbers (D), ICM cell numbers (E), and ratios of ICM/TE (F) in IVF blastocytes. Data show the means ± SD of three independent experiments. *p < 0.05, **p < 0.01. Scale bar, 50 μm.
DISCUSSION
DNA methylation in mammalians is an essential epigenetic mark to diverse processes, including transcriptional regulation, protection of genomic integrity, maintenance of gene imprinting and X-chromosome inactivation, as well as repression of transposable elements (Maher, 2005; Manipalviratn et al., 2009; Vermeiden and Bernardus, 2013). During early development, DNA methylation is highly dynamic and susceptible to environmental factors. Fine-tuned DNA methylation dynamics is critical for normal development, whereas any disruption in the dynamics may compromise embryogenesis or lead to long-term complications. Therefore, IVF-associated DNA methylation defects were thought to be linked to development disorders and postanal defects observed in both humans and animals (Manipalviratn et al., 2009; Chen Z. et al., 2013; Shechter-Maor et al., 2018).
To the best of our knowledge, the first case of IVF-associated hypermethylation in preimplantation embryos was reported in rats as early as 2010 (Yoshizawa et al., 2010). This phenomenon has been confirmed repeatedly in porcine IVF blastocysts (Deshmukh et al., 2011). Together with these findings, our results observed form mouse IVF blastocytes, as well as reanalysis of published DNA methylation array data of IVF bovine blastocysts, suggested that IVF-induced hypermethylation in IVF preimplantation embryos might be common among various species, although human embryos cannot be measured in vivo until now.
DNA demethylation is a hallmark epigenomic event during preimplantation development, and is essential for normal embryogenesis. It is generally believed that DNA demethylation contributes zygotic gene activation and is dispensable for maintaining the consistency of gene transcription during preimplantation development, which is critical for initiation of nuclear reprogramming towards pluripotency (Bhutani et al., 2010; Shen et al., 2014; Kang et al., 2015). Although it has been reported that replication-dependent DNA dilution, also known as passive demethylation, is the major contributor to DNA demethylation after fertilization (Guo et al., 2014; Shen et al., 2014), TET-mediated active DNA demethylation also plays an important role in epigenetic reprogramming. Knockout of Tet1 or Tet3 alone, or in combination, led to attenuated zygotic gene activation, increased cleavage arrest, blastomeres apoptosis or fragments, skewed lineage differentiation in preimplantation embryos, as well as smaller embryonic size and morphological abnormalities during postimplantation development (Ito et al., 2010; Gu et al., 2011; Peat et al., 2014; Kang et al., 2015). These phenotypes, are similar with those observed in IVF embryos (Nie et al., 2013; Ren et al., 2015; Tan et al., 2016a; Tan et al., 2016b), implying the possible involvement of impaired DNA demethylation in IVF-induced developmental defects. This notion is also supported by the development-prompting effect of vitamin C that depends on TET enzymatic activity.
Our results of 5mC and 5hmC staining indicated that TET-mediated active DNA demethylation was impaired in both mouse and bovine IVF embryos throughout preimplantation development. Although TET enzymes displayed evident transcriptional inhibition, our efforts to sitmulate Tet expression using cytokines or small molecules that have been reported to upregulate Tet expression in other cell types (Tahiliani et al., 2009; Koh et al., 2011; Hore et al., 2016; Lv et al., 2017; Choi et al., 2018), has failed. These results suggest that transcriptional regulation of Tet family members in preimplantation embryos, may be partially distinct form that in somatic cells, and need to be further explored in future studies.
Despite this, our study provides an alternative and efficient strategy for rescuing TET-mediated active DNA demethylation in IVF embryos. By supplementing vitamin C to culture medium, we successfully rescued 5mC to 5hmC conversion to levels comparable to those in naturally conceived embryos. In addition to its well-known function as an antioxidant, vitamin C is a well-established cofactor for many Fe(II) and a-KG-dependent dioxygenases, which include collagen prolyl hydroxylases and epigenetic enzymes of histone and DNA methylation (Lu et al., 2015). Among these, TET proteins are key epigenetic enzymes that play pivotal roles in epigenetic remodeling of stem cells and preimplantation embryos (Ito et al., 2010; Gu et al., 2011; Wu et al., 2011; Kang et al., 2015) Vitamin C, as the cofactor of dioxygenases enzymes, has been reported to directly enhance TET enzymatic activity by maintaining reduced Fe(II), and thus simulating TET-mediated active DNA demethylation (Minor et al., 2013; Yin et al., 2013). Based on this mechanism, vitamin C showed ability to induce a blastocyst-like pluripotency in ES cells (Blaschke et al., 2013) and facilitate somatic cell reprogramming (Esteban et al., 2010; Chen J. et al., 2013) via a TET-dependent mechanism.
Given TET-mediated active DNA demethylation plays critical role in regulating preimplantation lineage differentiation and acquiring developmental potential (Ito et al., 2010; Gu et al., 2011; Kang et al., 2015), we also focused developmental phenotypes of IVF embryos exposed to exogenous vitamin C supplementation. Coinciding with rescued active DNA demethylation, we found that vitamin C significantly improved blastocyst formation and ICM specification, as well as implantation success and postimplantation survival of IVF embryos. A previous study showed that vitamin C supplementation in culture medium could reduce oxidative stress–induced embryo toxicity and improve the blastocyst development rate, thus the beneficial effect was thought to depend on its ROS-scavenging function as an antioxidant (Wang et al., 2002). In contrast, however, using chemical-induced inhibition of TET enzymatic activity, our results indicated that the effect of vitamin C on reversing IVF-induced impairment in DNA demethylation is largely mediated by TET enzymes. Of note, given previous studies have demonstrated TET1 and TET3 are main demethylase responsible for preimplantation active DNA demethylation (Ito et al., 2010; Gu et al., 2011; Kang et al., 2015) it is presumable that these two enzymes, rather than TET2, is primarily responsible for impaired active DNA demethylation in IVF embryos. In addition, the low-level vitamin C detected in oocytes and cumulus cells suggest that maternal deposit of vitamin C may also participate in active DNA demethylation during the period shortly after fertilization, perhaps mainly via the maternally deposited TET3.
Compared with notable efficacy of vitamin C, exogenous α-KG supplementation is less effective in enhancing TET enzymatic activity, or synergize with vitamin C, in IVF embryos, implying that endogenously synthesized α-KG may be sufficient for developmental requirement. Of note, our results were not completely in accordance to those reported by a recent study (Zhang et al., 2019). A possible explanation is variable TCA cycle metabolism among IVF embryos, since α-KG is an important intermediate metabolite.
Our results also highlight the important role of paracrine factors from maternal oviduct in fine-tuning epigenomic reprogramming during preimplantation development. Because vitamin C are enriched in both embryos and oviductal environment, it is presumable that TET enzymatic activity is well orchestrated via the synergic effects of embryonic autocrine and maternal paracrine. In addition, since the vitamin C levels are comparable between IVO and IVF embryos, the loss of oviductal vitamin C may be may be the main contributor to impaired TET enzymatic activity of IVF embryos. This concept, is in line with results reported by P Coy et al: DNA methylation and gene expression of IVF embryos can be partially corrected via supplementation of culture medium with oviductal fluid (Barrera et al., 2017; Canovas et al., 2017). Given safety concerns of transmission of diseases have not fully been addressed after addition of oviductal fluids, this strategy is only applicable to in vitro embryo production in domestic and laboratory animals. By contrast, the chemically defined culture medium that can specifically correct epigenetic errors in IVF embryos should be a more reasonable strategy, especially in the context of clinical use of human assisted reproductive technologies. Until now, however, only very limited growth factors or cytokines that present in oviductal fluid are proven to be used in commercially available culture media (Chronopoulou and Harper, 2015). Thus, identifying the developmental role of oviductal cytokines or growth factors in supporting early embryogenesis, and thus formulating the culture media, may be a promising strategy.
In summary, focusing on hypermethylated IVF blastocysts, our study identifies that TET-mediated DNA demethylation is impaired in IVF embryos throughout preimplantation development. Exogenous vitamin C supplementation into culture medium corrects DNA demethylation in IVF embryos by enhancing TET enzymatic activity, and thus improving preimplantation lineage differentiation and promoting developmental potential of IVF blastocysts (Figure 7). Our current findings have not only suggested a potential strategy for preventing or correcting IVF-associated epigenetic errors via the use of oviductal growth factors or cytokines, but also highlighted the important role of maternal oviduct in supporting embryonic epigenomic reprogramming.
[image: Figure 7]FIGURE 7 | A model illustrating the important role of vitamin C in stimulating TET-mediated DNA demethylation in preimplantation embryos. Exogenous vitamin C supplementation into culture medium rescues impaired DNA demethylation in IVF embryos by enhancing TET enzymatic activity, and thus improving preimplantation lineage differentiation and promoting developmental potential of IVF blastocysts.
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Maternal diabetes has been shown to impair oocyte quality; however, the underlying mechanisms remain unclear. Here, using a streptozotocin (STZ)-induced diabetic mouse model, we first detected and reduced expression of pyruvate dehydrogenase kinase 1 (PDK1) in diabetic oocytes, accompanying with the lowered phosphorylation of serine residue 232 on α subunit of the pyruvate dehydrogenase (PDH) complex (Ser232-PDHE1α). Importantly, forced expression of PDK1 not only elevated the phosphorylation level of Ser232-PDHE1α, but also partly prevented the spindle disorganization and chromosome misalignment in oocytes from diabetic mice, with no beneficial effects on metabolic dysfunction. Moreover, a phospho-mimetic S232D-PDHE1α mutant is also capable of ameliorating the maternal diabetes-associated meiotic defects. In sum, our data indicate that PDK1-controlled Ser232-PDHE1α phosphorylation pathway mediates the effects of diabetic environment on oocyte competence.
Keywords: oocyte, meiosis, diabetes, spindle, PDK1
INTRODUCTION
Women with diabetes often suffer from many reproductive problems such as infertility, miscarriage, and congenital malformations (Greene 1999; Wang and Moley 2010). Meantime, preovulatory oocytes from diabetic mice experience an increased incidence of spindle disorganization and chromosome congression failure, leading to the generation of aneuploid eggs (Chang et al., 2005; Ding et al., 2012; Wong et al., 2015; Liu et al., 2017). So far, the developmental abnormalities at multiple stages induced by maternal diabetes have been reported in animal and human studies (Amaral et al., 2008; Jungheim and Moley 2008). Mammalian oocytes undergo a long and discontinuous developmental process that begins in the fetal stage until adulthood, which has profound effects on fertilization, embryonic development and even adult disease (Sirard et al., 2006; Jungheim and Moley 2008). Hence, clarification of how diabetes influences oocyte development may uncover the origin of reproductive defects in diabetic mother.
Developmental competence of an oocyte requires energy production and active synthesis. Pyruvate utilization and oxygen consumption have been found to be gradually elevated throughout the period of oocyte growth in mice (Biggers et al., 1967; Zuelke and Brackett 1992; Saito et al., 1994); instead, glucose first needs to be converted to pyruvate by granulosa cells to support oocyte maturation (Eppig 1976; Fagbohun and Downs 1992). The pyruvate dehydrogenase (PDH) is a mitochondrial matrix multienzyme complex that provides the link between glycolysis and tricarboxylic acid (TCA) cycle by catalyzing the conversion of pyruvate into acetyl coenzyme A (acetyl-CoA) (Hou et al., 2015). In mammals, pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase phosphatase (PDP) co-regulate the PDH complex activity, through a reversible phosphorylation-dephosphorylation cycle. (Sugden and Holness 2003; McFate et al., 2008). Earlier studies revealed that PDH activity is suppressed by PDK in response to site-specific phosphorylation at three sites on the E1 alpha subunit of PDH (PDHE1a; Ser232, Ser293, and Ser300) (Korotchkina and Patel 2001; Rardin et al., 2009; Hitosugi et al., 2011). To date, genetically and biochemically distinct PDK family isozymes (PDK1, 2, 3, and 4) have been identified in mammalian species (Tokmakov et al., 2009). They have diverse tissue-specific distributions and specificities. PDK1 is expressed in heart and has been reported to be closely correlated with tumorigenesis (Patel and Korotchkina 2001; Roche and Hiromasa 2007; Ratchford et al., 2008). PDK2 can be detected in many tissues, whereas PDK3 is mainly found in testis. PDK4 is substantially expressed in heart and skeletal muscle (Gudi et al., 1995; Bowker-Kinley et al., 1998; Korotchkina and Patel 2001; Kwon et al., 2006). PDK1 is a critical glucose metabolism enzyme regulating glycolysis or glucose oxidase in cells (Yang et al., 2016). Our previous data demonstrated that PDK1/2 knockdown disturbs the assembly of meiotic apparatus during mouse oocyte maturation (Hou et al., 2015).
It has been reported that oocytes derived from diabetic mice display the meiotic abnormalities and metabolic dysfunction (Cheng et al., 2011). However, to date, the potential mechanisms remain to be explored. In the present study, by employing a streptozotocin (STZ)-induced diabetic mouse model, we investigated whether PDKs are involved in the compromised oocyte quality due to the exposure of maternal diabetes.
RESULTS
Maternal Diabetes Induces the Loss of PDK1 in Mouse Oocytes
PDKs, as key regulatory points in cellular metabolism, exhibit tissue- and cell-type-specific expression pattern. PDK1, one of the four PDKs, could inhibit phosphorylation on components of PDH complex that converts glycolysis to TCA cycle and lipogenesis in multiple tissues/cell types. Our previous work found that PDK1/2 are involved in spindle formation and chromosome movement in meiotic oocytes, partly through the phosphorylation of Ser232-PDHE1α (Hou et al., 2015). To explore the potential involvement of PDKs in the control of oocyte quality from diabetic mice, we first evaluated the expression of Pdk genes in fully-grown GV oocytes from control and diabetic mice. Remarkably, analysis of quantitative real-time PCR showed that the abundance of Pdk1 mRNA was dramatically lowered in diabetic oocytes when compared to other three Pdk members (Figures 1A–D). Western blotting further confirmed that the expression of PDK1 protein was correspondingly reduced in diabetic oocytes (Figure 1E) relative to control oocytes. These observations strongly suggest that the PDK1 reduction may be associated with the poor oocyte quality derived from diabetic mice.
[image: Figure 1]FIGURE 1 | Reduced PDK1 expression in oocytes from diabetic mouse. (A–D) Quantitative RT-PCR analysis of Pdks mRNA levels in oocytes from control and diabetic mice. (E–F) Western blot analysis showed the decresed expression of PDK1 protein in oocytes from diabetic mice compared to controls. Actin served as an internal control. Band intensity was calculated using ImageJ software. Data are expressed as the mean percentage ± SD of three independent experiments.
Reduced Phosphorylation of Ser232-PDHE1α in Oocytes From Diabetic Mouse
PDKs have been demonstrated to be able to phosphorylate PDHE1α on three sites, Serine 232, Serine 293 and Serine 300 (Sugden and Holness 2003; Rardin et al., 2009). We previously revealed that each PDK isoform has specific action on these serine residues of PDHE1α in mouse oocytes. For example, PDK1/2 primarily regulates the phosphorylation state of Ser232-PDHE1α, whereas the phosphorylation state of Ser293-PDHE1α is mainly modulated by PDK3 (Figure 2A).
[image: Figure 2]FIGURE 2 | Lowered phosphorylation level of Ser232-PDHE1α in oocytes from diabetic mouse. (A) Schematic representation of the PDK paralog phosphorylation site specificity for oocyte PDHE1α. (B) Representative images of control and diabetic oocytes stained with antibodies against pSer232-PDHE1α (green) and co-stained with Propidium Iodide (PI, red) for chromosome. (C) Quantification of pSer232-PDHE1α fluorescence show in (B). (D) Representative images of control and diabetic oocytes stained with antibodies against pSer293-PDHE1α (green) and co-stained with PI (red) for chromosome. (E) Quantification of pSer293-PDHE1α fluorescence show in (D). (F) Representative images of control and diabetic mouse oocytes stained with antibodies against pSer300-PDHE1α (green) and co-stained with PI (red) for chromosome. (G) Quantification of pSer300-PDHE1α fluorescence show in (F). Yellow arrowheads point to the pSer232-PDH signal in control and diabetic oocytes. Scale bar: 20 µm. At least 30 oocytes for each group were analyzed, and the experiments were repeated three times. Error bars indicate ± SD, a Student’s t test was used for statistical analysis. n.s., not significant.
Thus, to examine the phosphorylation status of different serine residues on PDH complex, metaphase oocytes from control and diabetic mice were stained with a panel of antibodies against phosphorylated serine 232, 293 or 300 of PDHE1α subunit (hereafter indicates as pSer232-PDHE1α, pSer293-PDHE1α and pSer300-PDHE1α, respectively). As shown in Figure 2B, phosphorylated Ser232-PDHE1α exhibited a concentrated localization on the spindle region and its poles in meiotic oocytes (yellow arrowheads), consistent with our previous observation (Hou et al., 2015). It is worth noting that confocal scanning and quantitative analysis revealed a marked reduction of pSer232-PDHE1α in oocytes from diabetic mice. In contrast, maternal diabetes had little effects on the phosphorylation of Ser293-PDHE1α and Ser300-PDHE1α in oocytes (Figures 2D–F). Taking together, PDK1-mediated Ser232-PDHE1α phosphorylation is likely a critical pathway determining oocyte quality from diabetic mice.
PDK1 Overexpression Ameliorates Meiotic Defects in Oocytes From Diabetic Mouse
It has been widely reported that maternal diabetes induces a high frequency of spindle defects and chromosome misalignment in oocytes (Ratchford et al., 2008; Wang and Moley 2010; Wang et al., 2012). In PDK1/2-depleted oocytes, we consistently observed abnormal chromosome/spindle disorganization in metaphase oocytes (Hou et al., 2015). Therefore, we next asked whether elevating PDK1 expression is able to ameliorate the defective phenotypes of diabetic oocytes. To do this, overexpression experiments were carried out by injecting exogenous Myc-Pdk1 mRNA into fully-grown GV oocytes that were arrested for 20 h with milrinone to allow synthesis of new PDK protein. After in vitro-culture in milrinone-free medium, matured oocytes (MII) were obtained for the following analysis (Figure 3A). Exogenous PDK1 protein was efficiently expressed as verified by immunoblotting (Figure 3B). Meanwhile, we also checked whether increased PDKs level in diabetic oocytes influences the phosphorylation status of Ser232-PDHE1α. As shown in Figures 3C,D, we found that ectopic expression of PDK1 significantly restored pSer232-PDHE1α staining in diabetic oocytes, providing additional support that PDK1 participates in the regulation of PDH phosphorylation in diabetic oocytes.
[image: Figure 3]FIGURE 3 | PDK1 overexpression increases the phosphorylation level of Ser232-PDHE1α in diabetic oocytes. (A) Diagram showing the experimental protocol to examine the effects of PDK1 overexpression on meiotic apparatus in diabetic oocytes. PBS or exogenous Myc-Pdk1 mRNA was microinjected into GV oocytes. (B) Efficiency of PDK1 overexpression (PDK1-OE) after mRNA injection was confirmed by immunoblotting, probing with anti-MYC antibody. (C) Control, diabetic, and PDK1-overexpressing diabetic oocytes were stained with pSer232-PDHE1α antibody (green) and with PI for chromosomes (red). (D) Quantification of pSer232-PDHE1α fluorescence show in (C). Scale bar: 20 µm. Error bars indicate ± SD, a Student’s t test was used for statistical analysis.
In order to determine the effects of PDK1 overexpression on meiotic apparatus, MII oocytes were immunolabeled with anti-tubulin antibody to visualize the spindle and co-stained with propidium iodide to visualize chromosomes. Confocal microscopy revealed that most control metaphase oocytes presented a typical barrel-shaped spindle and well aligned chromosomes at the equatorial plate, while diabetic oocytes displayed a high frequency of diverse malformed spindles (p = 0.0015, Figure 4A). Quantitative analysis demonstrated that these meiotic defects in diabetic oocytes were significantly decreased when PDK1 expression was elevated (Figure 4B).
[image: Figure 4]FIGURE 4 | PDK1 overexpression alleviates meiotic defects in diabetic oocytes. (A) Control, diabetic, diabetic + PBS, and diabetic + PDK1 oocytes were labeled with α-tubulin antibody to show the spindle (green) and stained with PI to show chromosomes (red). Arrows indicate chromosome misalignment and arrowheads indicate spindle defect, respectively. Representative confocal images are shown. Scale bar: 20 µm. (B) Quantification of control, diabetic, diabetic + PBS, and diabetic + PDK1 oocytes with spindle/chromosome defects. Data are expressed as mean percentage ± SD from three independent experiments in which at least 120 oocytes were analyzed. n.s., not significant. (C) Measurement of total ATP content in control, diabetic, diabetic + PBS, and diabetic + PDK1 oocytes (n = 50 for each group). Data are expressed as mean percentage ± SD, student t test was used for statistical analysis. n.s., not significant.
Pyruvate, the end-product of glycolysis, is ultimately destined for transport into mitochondria as a master fuel input undergirding TCA cycle carbon flux (Gray et al., 2014). Pyruvate metabolism by the PDH complex, with the product of pyruvate oxidation, acetyl-CoA and ATP serves as a main route for energy production in mammalian oocytes (Kim et al., 2006). To check whether PDK1 overexpression affects metabolic dysfunction in diabetic oocytes, total intracellular ATP level was measured by conducting microanalytical assay (Combelles and Albertini 2003). Maternal diabetes resulted in the diminished ATP content in mouse oocytes compared to controls (Figure 4C). Nonetheless, forced expression of PDK1 had little effects on ATP generation in oocytes (Figure 4C). Collectively, these findings provide the crucial evidence that loss of PDK1 protein is a major factor contributing to the assembly failure of meiotic apparatus in oocytes from diabetic mice.
Phospho-Mimetic Mutant of Ser232-PDHE1α Partially Rescues Deficient Phenotypes of Oocytes From Diabetic Mice
Moreover, we tested whether the phospho-mimetic mutant of Ser232-PDHE1α can rescue at least some of the phenotypic defects in diabetic oocytes with reduced expression of PDK1. For this purpose, we generated non-phosphorylatable mutants and phospho-mimetic mutants of Ser232-PDHE1α. Serine 232 was mutated to an alanine residue (S232A), to preclude phosphorylation, or to an aspartate residue (S232D), to mimic permanent phosphorylation (Vagnoni et al., 2011). S232A and S232D mutant mRNA was injected into fully-grown oocytes for spindle/chromosome analysis and ATP measurement. Immunoblotting verified that exogenous PDHE1α mutants were efficiently overexpressed in mouse oocytes (Figure 5A). In comparison to S232A-PDHE1α mutant, S232D-PDHE1α mutant significantly lowered the incidence of meiotic defects in diabetic oocytes (Figures 5B,C), close to the frequency of normal oocytes. In contrast, ectopic expression of S232D-PDHE1α mutant had no significant effects on the metabolism of diabetic oocytes, specifically the bulk ATP levels (Figure 5D). The results suggest that phospho-mimetic mutant S232D-PDHE1α is capable of protecting diabetic oocytes against meiotic defect, not metabolic dysfunction.
[image: Figure 5]FIGURE 5 | Phospho-mimetic mutant of Ser232-PDHE1α partially rescues deficient phenotypes of oocytes from diabetic mice. (A) Western blotting analysis showing that exogenous PDHE1α mutants were efficiently overexpressed, probing with anti-MYC antibody. (B) Control, diabetic, diabetic + PBS, diabetic + S232A-PDHE1α, and diabetic + S232D-PDHE1α oocytes were labeled with α-tubulin antibody to show the spindle (green) and stained with PI to show chromosomes (red). Arrows denote chromosome misalignment and arrowheads denote spindle defect, respectively. Scale bar: 20 µm. (C) Quantification of control, diabetic, diabetic + PBS, diabetic + S232A-PDHE1α, and diabetic + S232D-PDHE1α oocytes with spindle/chromosome defects. Data are expressed as mean percentage ± SD from three independent experiments in which at least 90 oocytes were analyzed. n.s., not significant. (D) Histogram showing the ATP level in control, diabetic, diabetic + PBS, diabetic + S232A-PDHE1α, and diabetic + S232D-PDHE1α (n = 50 for each group). n.s., not significant.
DISCUSSION
Maternal diabetes has been found to negatively influence embryonic development and pregnancy outcomes. A growing body of evidence has demonstrated that these effects are, at least in part, originated from the impaired oocyte quality (Wang and Moley 2010). In particular, spindle disorganization and chromosome misalignment were readily observed in oocytes from diabetic mice (Wang et al., 2009), consequently leading to the generation of aneuploid eggs. In addition, ovulated oocytes from diabetic mice displayed the altered mitochondrial ultrastructure, increased mitochondrial DNA copy number, reduced levels of ATP and TCA cycle metabolites, suggesting a mitochondrial metabolic dysfunction. However, to date, how maternal diabetes affects meiotic events in mammalian oocytes remains to be explored.
The pyruvate dehydrogenase complex (PDC) is a gatekeeper of glucose oxidation which links glycolysis to the TCA cycle by converting pyruvate to acetyl-CoA (Patel and Korotchkina 2006; Roche and Hiromasa 2007). Four PDKs isoenzymes are different with respect to their tissue distribution, kinetic parameters and regulation in mammals. Mounting evidence has suggested that PDKs are critical modulators of PDH activity in many cell types, through the phosphorylation of the PDH subunit at three sites on the E1 alpha subunit of PDH (PDHE1a): Ser232, Ser293, and Ser300 (Korotchkina and Patel 2001; Sugden and Holness 2003; Sugden and Holness 2006; Akhmedov et al., 2012). We previously identified that the divergent roles of PDKs during oocyte maturation (Hou et al., 2015). Intriguingly, in the present study, immunoblotting analysis revealed that the expression of PDK1 in diabetic mouse oocytes is less than that in the control (Figure 1). Importantly, PDK1 overexpression could partially rescue the spindle/chromosome defects in diabetic mouse oocytes. Furthermore, the phosphorylation level of pSer232-PDHE1α was markedly reduced in diabetic oocytes, while pSer293-PDHE1α and pSer300-PDHE1α signal remained unchanged (Figure 2). We discovered that PDK1/2 promotes the assembly of meiotic structure in mouse oocytes, likely by phosphorylating Ser232-PDHE1α, and which appears not to be through inactivation of PDH (Hou et al., 2015). In support of this concept, forced expression of exogenous PDK1 in diabetic oocytes restored the phosphorylation level of pSer232-PDHE1α, not the ATP content (Figure 3). Hence, our data identified PDK1 as a critical factor determining oocyte quality, and indicate that maternal diabetes environment disrupts PDK1-controlled meiotic structure in oocytes. Nonetheless, the mechanisms responsible for metabolic dysfunction, specifically insufficient ATP, in diabetic oocytes remain to be investigated in future research.
By performing in vitro kinase analysis, Korotchkina et al. found that all PDKs could phosphorylate Ser293 and Ser300, whereas PDK1 specifically phosphorylates Ser232 (Korotchkina and Patel 2001). Based on the observations from normal (Hou et al., 2015) and diabetic oocytes (Figure 3), we conclude that PDK3 controls phosphorylation of Ser293- PDHE1α in mouse oocyte, whereas PDK1/2 modulate the phosphorylation of Ser232-PDHE1α. By employing site-directed mutagenesis, we further revealed that ectopic expression of phospho-mimetic mutant of Ser232-PDHE1α alleviates the meiotic anomalies in diabetic oocytes (Figure 5). Together these data suggest that PDK1-controlled Ser232-PDHE1α phosphorylation participates in the protection of mouse oocytes, although this pathway is probably abnormally blunted in the diabetic model. Nevertheless, the present study is unable to exclude the possibility that other substrates or pathways might be simultaneously disturbed to impact meiosis in these oocytes. In addition, SIRT3-GSK3β deacetylation pathway has also been indicated to be involved in meiosis of diabetic oocytes (Xin et al., 2021). It is necessary to dissect the potential interaction between PDKs and SIRTs in mammalian germ cells in future research.
In summary, we propose a model where diabetes induces the PDK1 reduction in oocytes, which lowers the phosphorylation level of Serine 232 on PDHE1α and disturbs its enzymatic activity, consequently disrupting the assembly of meiotic apparatus during oocyte maturation (Figure 6). The present findings may have implications for preventing reproductive complications and birth defects.
[image: Figure 6]FIGURE 6 | Diagram illustrating how PDK1 reduction affects oocyte quality from diabetic mice. Exposure of oocytes to maternal diabetes induces a significant reduction of PDK1, which results in a decreased in pSer232-PDHE1α, consequently leading to deficient spindle assembly and chromosome alignment in metaphase oocytes.
MATERIALS AND METHODS
All chemicals and reagents were obtained from Sigma (St. Louis, MO, United States) unless otherwise stated.
Animals
Female ICR mice were used in this study and maintained on a 12/12 h light/dark cycle at constant temperature (22°C) with specific pathogen-free conditions. All experiments were approved by the Animal Care and Use Committee of Nanjing Medical University. Diabetic mouse models were induced by a single intraperitoneal injection of streptozotocin (S0130; Sigma-Aldrich) at a dose of 190 mg/kg. Four days later, a tail-blood sample was measured for glucose concentrations. A diabetic model with glucose level higher than 300 mg/dl (16.7 mmol/L) was selected. Controls were injected with equal amount of sodium-citrate solution (S4641; Sigma-Aldrich).
Antibodies
Rabbit polyclonal anti-PDK1 antibody was purchased from Abcam (Cambridge, MA, United States; Cat#: ab92959); Rabbit polyclonal anti-PDHE1α (pSerine232); Rabbit polyclonal anti-PDHE1α (pSerine293) and Rabbit polyclonal anti-PDHE1α (pSerine300) antibodies were purchased from EMD Chemicals (Beverly, MA, United States; Cat#: AP1063, AP1062 and AP1064); Myc-Tag Rabbit monoclonal antibody (cell signaling technology; Cat#:2278); Mouse monoclonal anti-β-actin and anti-α-tubulin-FITC antibodies were purchased from Sigma (St. Louis, MO, United States; Cat#: F2168 and A5441); FITC-conjugated goat anti-rabbit IgG antibody was purchased from Thermo Fisher Scientific (Rockford, IL, United States).
Oocyte Collection and Culture
Control and diabetic mice were superovulated after intraperitoneal injections of 5 IU pregnant mare serum gonadotropin (PMSG). Cumulus-enclosed oocyte complexes were acquired by rupturing of antral ovarian follicles. Denuded oocytes were collected by removing cumulus cells with mouth-pipetting. Oocytes were in vitro cultured in M16 medium under mineral oil at 37°C in a 5% CO2 incubator.
Quantitative Real-Time PCR
Quantitative RT–PCR was performed as described previously (Han et al., 2018). In brief, total RNA was extracted from 50 oocytes with an Arcturus PicoPure RNA Isolation kit (Applied Biosystems). The fold change in gene expression was calculated using the Comparative CT method (ΔΔCT). The house keeping gene, glyceraldehydes-3-phosphate dehydrogenase (GAPDH), was used as the internal control. Primer sequences are listed in Supplementary Table S1.
Plasmid Construction and mRNA Synthesis
PDK1 plasmid construction was performed as we previously described (Zeng et al., 2018). Total RNA was obtained from 100 oocytes with Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, CA, United States), and the cDNA was generated using QIA quick PCR Purification Kit (Qiagen, Germany). PCR products were digested with FseI and AscI (NEB Inc., MA, United States) after purification, and then cloned into the pCS2+ vector with Myc tags. The Myc-PDHE1α substitution mutants were produced by a QuickChange site-directed mutagenesis kit (Stratagene). For mRNA synthesis, the plasmids were linearized by NotI and capped RNAs were obtained with SP6 mMESSAGE mMACHINE (Ambion, CA, United States) based on the manufacturer’s instruction. Synthesized RNA was purified by RNeasy Micro Kit (Qiagen, Germany) and stored at −80°C. The primer sequences are listed in Supplementary Table S2.
Overexpression Experiment
Microinjection was performed using an inverted microscope (Eclipse Ti-S, Nikon) equipped with a micromanipulator (Narishige) as we described previously (Zeng et al., 2018). For overexpression analysis, 10 pL mRNA solution (10 ng/µL) was injected into cytoplasm of fully-grown oocytes. The same amount of RNase-free PBS was injected in control oocytes.
Immunofluorescence
Following fixation with 4% paraformaldehyde for 30 min, oocytes were permeabilized with 0.5% Triton X-100 for 20 min. Following incubation in 1% BSA blocking buffer for 1 h at room temperature, oocytes were incubated with FITC-conjugated anti-tubulin antibody overnight at 4°C. Chromosomes of oocytes were evaluated by co-staining with propidium iodide (red) for 10 min. Samples were examined using a laser scanning confocal microscope (LSM 700; Zeiss, Oberkochen, Germany). The intensity of fluorescence was measured and quantified using ImageJ software (NIH), as we described previously (Han et al., 2018).
Western Blot Analysis
Samples (100–150 oocytes) were lysed in Laemmli sample buffer with protease inhibitor, then denatured at 100°C for 5 min. Protein extracts were separated by SDS-PAGE gel and electrically transferred to polyvinylidene fluoride (PVDF) membranes. Followed by blocking with 5% skimmed milk, membranes were incubated with anti-PDK1 antibody (1:1000) overnight at 4°C. After multiple washes, protein samples were incubated with anti-rabbit horseradish peroxidase conjugated antibody 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).
Determination of ATP Content
Pools of 15 oocytes were used for measuring ATP content with bioluminescent somatic cell assay kit (Sigma, MO, United States), according to the published protocol (Combelles and Albertini 2003). A 5-point standard curve (0, 0.1, 0.5, 1.0, 10, and 50 pmol) was generated in each assay. The formula derived from the linear regression of standard curve was employed to calculate the ATP levels in each oocyte.
STATISTICAL ANALYSIS
All experiments were repeated at least three times. Data are presented as mean ± SD, unless otherwise indicated. Statistical comparisons were made with Student’s t test and one-way ANOVA test when appropriate Prism 5.0 (GraphPad, San Diego, CA, United States). Changes were considered statistically significant when p < 0.05.
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Although sperm preservation is a common means of personal fertility preservation, its effects on embryonic development potential need further investigation. The purpose of this study was to identify key microRNA (miRNA) in cryopreserved sperm and determine the changes of these miRNAs and their target genes during embryonic development using cryopreserved sperm. Moreover, the embryonic development potential of cryopreserved sperm was estimated in assisted reproductive technology (ART), where key miRNAs and target genes were validated in sperm and subsequent embryos. Clinical data of embryonic development from cryopreserved sperm indicated a significant decrease in fertilization rate in both in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) cases, as well as a reduction in blastocyst formation rate in ICSI cases. Meanwhile there was a significant increase in blocked embryo ratio of Day1, Day2, and Day3.5 embryos when frozen-thawed mouse sperm was used, compared with fresh mouse sperm, suggesting a potential negative effect of sperm cryopreservation on embryonic development. From frozen-thawed and fresh sperm in humans and mice, respectively, 21 and 95 differentially expressed miRNAs (DEmiRs) were detected. miR-148b-3p were downregulated in both human and mouse frozen-thawed sperm and were also decreased in embryos after fertilization using cryopreserved sperm. Target genes of miR-148b-3p, Pten, was identified in mouse embryos using quantitative real-time PCR (qRT-PCR) and Western blot (WB). In addition, common characters of cryopreservation of mouse oocytes compared with sperm were also detected; downregulation of miR-148b-3p was also confirmed in cryopreserved oocytes. In summary, our study suggested that cryopreservation of sperm could change the expression of miRNAs, especially the miR-148b-3p across humans and mice, and may further affect fertilization and embryo development by increasing the expression of Pten. Moreover, downregulation of miR-148b-3p induced by cryopreservation was conserved in mouse gametes.
Keywords: gamete cryopreservation, sperm cryopreservation, miRNA expression, embryonic development, miR-148b-3p
INTRODUCTION
With the ever-increasing worldwide rates of cancer, the postponement of childbearing, and the impact of environment and epidemics on reproductive health, fertility preservation—which includes the frozen storage of sperm, oocytes, embryos, and reproductive tissues—is a meaningful option to retain fertility before damage occurs, such as chemotherapy, radiation, infection, or the decline of sperm quality with increasing age (Zambrano et al., 2020; Oktay et al., 2021). Cryopreservation of sperm is a well-used technique in reproductive medicine, but it may be harmful to sperm (Henry et al., 1993; Gandini et al., 2006; Nangia et al., 2013). A complex change including ice crystal formation, osmotic changes, and physical and chemical stress during the cryopreservation process contribute to the damage to the cell membrane, internal structures, or gene expression, especially using the rapid or slow freezing techniques (Hezavehei et al., 2018). Although vitrification reduces these effects and improves the survival rate, the cryopreservation of sperm, no matter which freezing technology, could still lead to significant changes in motility, DNA integrity, reactive oxygen species (ROS) levels, fertilizing ability, and gene expression profiles induced by these physical, chemical, and biological factors (Hezavehei et al., 2018; Valipour et al., 2021). Therefore, further investigation of this subject will be beneficial for the development of sperm cryopreservation technologies and will assist people with fertility preservation, whether for medical or social needs.
Mature spermatozoa are generally transcriptionally and translationally inert cells. Nearly all sperm RNAs are microRNA (miRNA); other RNA components include low levels of mRNAs, Piwi-interacting RNA (piRNA), and repeat-associated small RNAs (Henry et al., 1993; Hamatani, 2012). miRNAs, a class of 22 nt and single-stranded RNA molecules, have functions in post-transcriptional regulation of gene expression and mediate epigenetic inheritance (Abu-Halima et al., 2020). Most miRNAs are highly conserved across species due to their critical biological functions (Pantano et al., 2015). Increasing evidence found that many miRNAs affected by the sperm cryopreservation could associate with early embryonic development in mammals, such as miR-34c, which is decreased in sperm after being frozen-thawed and further affects the development of preimplantation embryos in humans and mice (Lee et al., 2009; Liu et al., 2012; Shi S. et al., 2020); miR-26a plays critical roles in embryo formation (Abu-Halima et al., 2020), while miR-19b-3p is a potential biomarker to predict pregnancy outcome in humans (Krawczynski et al., 2015). In addition, paternal miRNAs can contribute to the degradation of maternal mRNAs, the activation of zygotic genes, and establishment of the key pluripotency transcriptional genes, indicating that miRNAs play a critical role in developmental processes (Abu-Halima et al., 2020).
The objective of the current study was to explore the potential mechanism and effect of sperm cryopreservation in subsequent early embryo development. We evaluated the embryonic development of frozen-thawed sperm from clinical data and mouse experiments. Then, using miRNA sequencing, we identified the key conserved differentially expressed miRNAs (DEmiRs) between frozen-thawed and fresh sperm. Next, using quantitative real-time PCR (qRT-PCR), we identified key miRNAs and their target genes in embryos that developed following sperm cryopreservation. In addition, we analyzed common effects on murine gametes, both sperm and oocytes. Our data showed that differentially expressed miR-148b-3p in sperm might be associated with fertilization and embryo formation.
MANUSCRIPT FORMATTING
Materials and Methods
Ethics Statement
The animal experimental procedures were approved by the Institutional Animal Care and Use Committee of Tongji University and the Ethics Committee of the Institute of Animal Science, Tongji University (TJAA06420101). All human sperm samples were donated for research by patients who had provided informed consent at Tongji Hospital, with the approval of the Institutional Ethical Committee for Scientific Research (2019-062).
Retrospective Cohort Study
The retrospective study was conducted at Tongji University Hospital. Research protocols adhered to relevant guidelines and regulations completely. The study of sperm cryopreservation included female patients aged 25–30 years who underwent treatments of in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) with an indication of tubal abnormality, sequelae of pelvic inflammatory disease, male factor, or unexplained infertility from January 2016 to September 2020. The anti-Müllerian hormone (AMH), antral follicle count (AFC), basal follicle-stimulating hormone (FSH), and luteinizing hormone (LH) levels in eligible women were also normal. Male sperm indicators were evaluated according to the criteria of the 5th WHO laboratory manual (Cao et al., 2011). Semen with normal parameters, as defined by 1) total sperm count ≥39 * 106; 2) sperm concentration ≥15 * 106/ml; 3) PR (progressive motility) +NP (non-progressive motility) ≥40%, PR ≥ 32%; 4) sperm normal morphology ≥4%, DNA fragmentation index (DFI) < 15%; and 5) normal infectious index, were selected. In addition, informed consent was not needed, because of the retrospective nature of the study.
Human and Mouse Sperm Cryopreservation and Thawing
Mouse sperm were cryopreserved using R18S3 (Easycheck, Nanjing, China). In brief, adult male mice were sacrificed by cervical dislocation. Cauda epididymides were carefully dissected by separating fat, blood vessels, and ligaments and placed into a 120-µl drop of cryoprotectant (CPA) (Easycheck, Nanjing, China) to remove any blood and fat globules. The tissue was then transferred into a new CPA drop, where a 1-ml syringe needle was used to carefully pierce the cauda epididymides and to agitate the tissues gently to liberate the sperm. Subsequently, the sperm were moved from the dish into cryogenic vials (Corning, NY, United States), were placed in liquid nitrogen (LN) vapor (3–5 cm above the liquid level) for 10–15 min, followed by plunging into LN, and then stored for at least 1 week. Samples were thawed by incubation at 37°C for 3 min in a water bath with gentle agitation then moved into an incubator (37°C and 5% CO2) for 45 min (Khanlari et al., 2021).
Sperm Freezing Medium (Origio, Malov, Denmark) was used for human semen cryopreservation as described previously (Henry et al., 1993). Firstly, each semen sample was diluted (1:1) with freezing medium (Origio). After 10 min at 37°C for equilibration, the mixture was placed into cryogenic vials (Corning). The tubes were then frozen in LN vapor for 30 min and plunged into LN for storage (Abush et al., 2014). Human sperm samples were thawed through incubation at 37°C for 3 min in a water bath with gentle agitation.
Mouse Oocyte Cryopreservation and Thawing
Oocytes were vitrified using Vit Kit-Freeze (Easycheck, Nanjing, China). Briefly, almost 260 oocytes (from 10 ICR mice) were exposed to equilibration solution (ES) medium for 4 min, transferred to vitrification solution (VS) for 1 min, then loaded on a cryotop device (Easycheck, Nanjing, China) within 30 s, and finally plunged into LN (Yang et al., 2016).
All oocytes were thawed by Vit Kit-Thaw (Easycheck, Nanjing, China), which include four bottles of thawing solution: DM-1, DM-2, DM-3, and WM. In short, oocytes were placed in 200 µl thawing solution (DM-1) at 37°C for 1 min and transferred to two drops of thawing solution (DM-2 and DM-3) in turn, each for 3 min, then were put into another thawing solution (WM) for 3 min and cultured later in incubators (5% CO2 and 37°C) for 30 min to recover (Barberet et al., 2020).
In Vitro Fertilization
For mouse superovulation, female mice were injected with 5–10 IU of pregnant mare serum gonadotropin (PMSG), followed by an injection of 5–10 IU human chorionic gonadotropin (hCG) 48 h later. After a further 14–16 h, the cumulus–oocyte complexes (COCs) were collected from the mouse oviducts (Yao et al., 2019).
For mouse IVF, cumulus–oocyte complexes were placed in a droplet of frozen-thawed or fresh sperm capacitated in HTF for 6–8 h in the incubator (37°C, 5% CO2). Subsequently, zygotes were quickly washed three times in KOSM media and then cultured in KSOM. The mouse embryo culture continued till Day3.5 in an incubator set at 37°C and 5% CO2 (Dumollard et al., 2008; Karimi et al., 2017; Azizi et al., 2020).
RNA Extraction, Small RNA Library Construction, Sequencing, and Data Pre-Processing
In our experiment, three kinds of samples, human semen, mouse sperm, and mouse oocyte, were used for miRNA sequencing. Considering the low miRNA content in sperm and oocytes, we collected multi-samples directly for RNA extraction in order to meet the requirements for miRNA sequencing, then the RNA was used to construct the cDNA library; the same amount of cDNA samples was input for miRNA sequencing.
Each human sperm sample consisted of a combination of three human semen samples in a group, while each mouse sperm sample was a mixture of five murine semen samples, and each mouse oocyte sample consisted of 200–300 oocytes from 10 female mice. Each fresh group and frozen-thawed group included three mixed samples. Then total RNA was extracted using Trizol reagent (Invitrogen, CA, United States). The quality and integrity of RNA were evaluated using an RNA 6000 Nano LabChip Kit (Agilent, CA, United States) (Yuan et al., 2015). The miRNA libraries for samples were constructed and sequenced using the Illumina Hiseq-2000 platform. Concisely, each sample of genome RNA (gRNA) was used to construct miRNA libraries using TruSeq Small RNA Sample Prep Kits (Illumina, CA, United States). The miRNA was ligated with 3′- and 5′- end adapters, then first-strand cDNA was synthesized and subjected to PCR amplification. Afterwards, the DNA was purified by electrophoresis on a 6% Novex TBE page gel at 145 V for 60 min. The amplified DNA fragments (18–26 nt) were used to construct miRNA libraries, while library quality was assessed using a High Sensitivity DNA Chip Kit (Agilent, CA, United States) (Tsaur et al., 2007). The raw data were processed by using ACGT101-miR (LC Sciences, TX, United States). The 3′ adaptor and junk reads were removed; subsequently, high-quality reads with a length of 18–26 nt were selected. The clean data were aligned with miRBase 22.0 (human and mouse) by BLAST search (McDonald et al., 2011; Kozomara and Griffiths-Jones, 2014; Solly et al., 2017).
Identification of Differentially Expressed miRNAs
Based on normalized deep-sequencing counts, the DEmiRs of oocyte samples were selected by using Fisher's exact test and chi-squared 2 × 2 test; a p-value of <0.05 was considered as the threshold.
DEmiRs of sperm samples, both human and mouse, were identified using analysis of variance (ANOVA) for multiple comparisons. The significance threshold was set to 0.05 in each test. In addition, most novel and conserved miRNAs were lowly expressed; thus, these miRNAs were excluded (Rybak et al., 2009; Xiong et al., 2014).
The Prediction of Target Genes and Functional Enrichment Analysis
MiRwalk3.0 (https://mirwalk.umm.uni-heidelberg.de), which includes three miRNA-target prediction programs (miRDB, miRTarBase, and Targetscan), was used to predict the target genes of DEmiRs. Overlapped target genes with at least two prediction programs were considered as the potential target genes. Functional enrichment analysis of the target genes was performed using miRwalk 3.0 and DAVIAD (https://david.ncifcrf.gov/); only required categories with an adjusted value of p < 0.05 were considered significantly enriched (Mazzeo et al., 2018).
qRT-PCR for Key miRNAs and Target Genes
We set out to evaluate the expression of key miRNAs and target genes using qRT-PCR. Firstly, total sample RNA, including human sperm samples, mouse sperm, mouse oocytes, and 120–170 embryos, were isolated, then the first-stranded cDNA was synthesized using a PrimeScript ™ RT reagent kit (Takara Bio, Kusatsu, Japan); the reverse transcription reaction was performed at 37°C for 15 min, 42°C for 30 min, and 85°C for 5 s; qRT-PCR was performed with a TB Green Premix Ex Taq™ II kit (Takara Bio, CA, United States) on a Realtime PCR instrument (Roche); the PCR amplification conditions were 85°C for 10 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s (Alexandri et al., 2020).
In our study, all qRT-PCR experiments were repeated a minimum of three times; U6 (miRNA) and β-actin (target gene) were used as the reference gene. The relative expression level of miRNAs and target genes were analyzed using the 2−ΔΔCt method. Furthermore, all qPCR data were analyzed for significant differences using the independent-sample t-test in GraphPad (v.8.0.2); p < 0.05 was considered as a statistically significant difference. In addition, all miRNA primers (one RT primer and a pair of qPCR primers for each set) were designed by Vazyme (Vazyme, NanJing, China), while mRNA primers were designed by primer3plus (http://www.primer3plus.com/cgi-bin/dev/primer3plus.cgi) and PrimerSelect (Plasterer, 1997; Friedman et al., 2009).
Western Blot
About 150–250 embryos from 10 female mice at each stage were collected and treated with RIPA lysis buffer. The total protein was extracted, then the protein concentration was measured using the BCA method. Then, these proteins (5 µg/well) were boiled at 95°C for 10 min, separated by 10% w/v SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) at 110 V for 60 min and transferred to hydrophobic polyvinylidene difluoride membranes (Hybond-P) at 220 mV for 120 min. After blocking in 5% bovine serum albumin (BSA) at room temperature for 1 h, membranes were incubated with primary antibodies, anti-PTEN (abcam, ab267787) and anti-β-actin (abcam, ab8226) at 4°C overnight and incubated with secondary antibody for 1 h. Finally, the proteins were visualized by Gel DOC™ XR+ with Image Lab™ Software (Bio-Rad, HL, United States) and analyzed by ImageJ software ver. 1. 8.0 (National Institutes of Health, WI, United States) (Hammer et al., 2005).
Clinical Data and Statistical Methods
The analysis of clinical data included general demographic characteristics, sperm parameters, and clinical embryologic development outcomes. Categorical data were expressed as frequency and percentage, while differences in these variables between the fresh and frozen-thawed groups were assessed by Pearson's chi-square χ2 analysis, using Fisher's exact test for expected frequencies <5. Continuous data were represented as mean ± SD, and between-group differences were assessed by the t-test and Wilcoxon rank sum test. All clinical statistical analyses took place using SPSS (SPSS Inc., IL, United States). A two-sided p-value of <0.05 was taken to indicate statistical significance (Cihan and Esen, 2021).
Result
Effect of Sperm Cryopreservation on Embryonic Development in Clinical Assisted Reproductive Technology Cases and Mouse IVF Embryos
In this retrospective cohort study of human sperm cryopreservation in assisted reproductive technology (ART) cases, clinical data of 999 fresh oocytes with fresh sperm and 128 fresh oocytes with donor sperm (frozen-thawed sperm) in IVF cases as well as 538 fresh oocytes with fresh sperm and 836 fresh oocytes with donor sperm in ICSI cases were analyzed. There were no significant between-group differences in the general clinical indicators (Supplementary Table S1). The motility rate after being frozen-thawed significantly decreased (Supplementary Table S2). The results for embryonic development were as follows: cleavage rate and embryo rate were similar between the two groups; fertilization rate was 68.37% with fresh sperm, and this significantly decreased to 53.91% with frozen-thawed sperm in IVF cases; meanwhile in ICSI cases, the respective figures were 79% with fresh sperm and a significant decrease to 70.69% with frozen-thawed sperm. These results reflected that spermatozoa cryopreservation in humans made a notable effect of fertilization in both IVF and ICSI cases. Moreover, the blastocyst formation rates in IVF cases were similar, but were significantly decreased in ICSI cases, from 50.72% with fresh sperm to 34.31% with frozen-thawed sperm, further indicating the effect of sperm cryopreservation on blastocyte development, especially in ICSI cases (Table 1).
TABLE 1 | Reproductive outcomes for women in the frozen-thawed sperm group and fresh sperm group.
[image: Table 1]In mouse embryonic experiments, we analyzed Day1, Day2, and Day3.5 embryos between the frozen group (frozen-thawed sperm were co-cultured with fresh oocytes during IVF) and fresh group (fresh sperm were co-cultured with fresh oocytes during IVF). Compared to the fresh group, there were decreased odds of embryos formation after sperm cryopreservation [88.54% of Day1 embryo rate in the fresh group vs. 69.82% in the frozen group; 82.86% vs. 57.20% of Day2 embryo rate and 80.86% vs. 59.21% of Day3.5 embryo rate, respectively] (Table 2). These data of clinical ART cases and mouse experiments showed that frozen-thawed sperm significantly affected early embryonic development.
TABLE 2 | Reproductive outcomes for mice in the frozen-thawed sperm group and fresh sperm group.
[image: Table 2]miRNA Expression Characteristics of Cryopreservation on Sperm Across Humans and Mice
To investigate the molecular effects of sperm cryopreservation, we examined and compared the miRNA expression of frozen-thawed and fresh sperm in humans and mice. Twenty-one DEmiRs were detected in human frozen-thawed sperm compared with fresh sperm, with 18 upregulated and 3 downregulated miRNAs (Figure 1A). qRT-PCR validated that hsa-miR-140-5p, miR-19b-3p, miR-664a-3p, miR-509-3-5p, miR-106b-5p, miR-30a-5p, and miR-342-3p were significantly upregulated, while hsa-miR-328-3p, hsa-miR-590-3p and hsa-miR-210-5p were downregulated in the frozen group (Figures 1C–L). These DEmiRs were mainly involved in the following: extrinsic apoptotic signaling pathway in the absence of ligands, cellular response to DNA damage stimulus, actin cytoskeleton organization, in utero embryonic development, positive regulation of cell migration, and regulation of small GTPase mediated signal transduction (Figure 1B). In addition, up-DEmiRs were closely related to in utero embryonic development, cellular response to DNA damage stimulus, actin filament organization, cell cycle, and positive regulation of apoptotic process; (Supplementary Figure 1A) down-DEmiRs were enriched in nervous system development, negative regulation of G0 to G1 transition, negative regulation of extrinsic apoptotic signaling pathway via death domain receptors, and DNA damage checkpoint, (Supplementary Figure 1B) similar to the biological process (BP) result of up-DEmiRs.
[image: Figure 1]FIGURE 1 | Analysis of differentially expressed miRNAs (DEmiRs) in human sperm: (A) volcano plot of DEmiRs between human fresh sperm and frozen-thawed sperm; (B) biological process (BP) enrichment analysis of DEmiRs in human sperm; (C–L) the expression levels of miR-140-5p, miR-19b-3p, miR-664a-3p, miR-509-3-5p, miR-106b-5p, miR-30a-5p, miR-342-3p, miR-328-3p, miR-590-3p, and miR-210-5p in human sperm, as detected by RT-PCR (mean ± SD, ∗p < 0.05, ∗∗p < 0.01).
Meanwhile, 95 DEmiRs, including 19 upregulated and 76 downregulated miRNAs (Figure 2A), were found in mouse frozen-thawed sperm, which were enriched in: positive regulation of apoptotic process, actin cytoskeleton organization, protein localization to plasma membrane, and cell proliferation and development (Figure 2B).
[image: Figure 2]FIGURE 2 | Analysis of differentially expressed miRNAs (DEmiRs) in human sperm and mouse sperm: (A) Volcano plot of DEmiRs between mouse fresh sperm and frozen-thawed sperm; (B) biological process (BP) enrichment analysis of DEmiRs in mouse sperm; (C) Venn analysis of human sperm and mouse sperm; (D) miR-30b-5p expression levels in human sperm and mouse sperm, as detected by RT-PCR (mean ± SD, ∗p < 0.05, ∗∗p < 0.01; (E) miR-148b-3p expression levels in human sperm and mouse sperm, as detected by RT-PCR (mean ± SD, ∗p < 0.05, ∗∗p < 0.01); (F) miR-140-5p expression levels in human sperm and mouse sperm, as detected by RT-PCR (mean ± SD, ∗p < 0.05, ∗∗p < 0.01); (G) BP enrichment analysis of common miRNA in mouse sperm and human sperm.
Further detecting the common characteristics of cryopreservation across the species, we identified six homologous DEmiRs (miR-148b-3p, miR-328-3p, miR-30b-5p, miR-106b-5p, miR-140-5p, and miR-19b-3p) between humans and mice (Figure 2C). qRT-PCR confirmed that miR-30b-5p and miR-148b-3p were downregulated in human and mouse frozen-thawed sperm (p < 0.05; Figures 2D, E), while miR-140-5p was upregulated (p < 0.05; Figure 2F); these three common DEmiRs were enriched in the following: negative regulation of G0 to G1 transition, positive regulation of mitotic cell cycle and histone deacetylation, in utero embryonic development, regulation of microtubule cytoskeleton organization, and regulation of actin cytoskeleton organization (Figure 2G). These results suggested the potential influence of sperm cryopreservation on sperm miRNA profile and embryonic development across species.
Validation of Key miRNAs and Target Genes in Different Stages of Embryonic Development
We set out to further validate the influence of three key miRNAs related to sperm cryopreservation on mouse embryo development. Day1, Day2, and Day3.5 embryos after fertilization using fresh sperm and frozen-thawed sperm with fresh oocytes (fresh group and frozen group) were validated by qRT-PCR, respectively (Figure 3A). Notably, consistent with frozen-thawed sperm, miR-148b-3p expression levels were significantly lower starting from Day1 to Day3.5 in the frozen group compared with the fresh group (p < 0.01; Figure 3B); miR-140-5p expression levels were increased at Day2 (p < 0.05; Figure 3C), while miR-30b-5p expression levels were significantly upregulated at Day3.5 (p < 0.05; Figure 3D) in the frozen group. Thus, miR-148b-3p was chosen for further investigation.
[image: Figure 3]FIGURE 3 | Validation of key miRNA expression levels in different embryonic developmental stages; (A) flow diagram of the mouse experiment; (B–D) miR-148b-3p (B), miR-140-5p (C) and miR-30b-5p (D) expression levels in MII oocytes, Day1 embryos, Day2 embryos, and Day3. 5 embryos as detected by RT-PCR (mean ± SD, *p < 0.05, **p < 0.01).
Next, the interactions between miR-148b-3p and its potential target genes as well as pathways were predicted using miRwalk3.0 and DAVID. The result showed that a total of 48 targeted genes were associated with the negative regulation of cell migration, the positive regulation of sequence-specific DNA binding transcription factor activity, mitochondrial transport, and positive regulation of apoptotic process and cell division (Figure 4A). We examined the expression level of potential genes which enriched in these significant terms. Considering that miRNA negatively regulates gene expression by degrading target mRNA (Wu et al., 2020), we found that the expression level of Pten was significantly increased at all developmental stages (Figure 4B); other genes, such as Jmy, were only upregulated on Day2, while Bbc3 and Cdk19 were downregulated firstly and upregulated on Day3.5 (Figures 4C–F). We also detected some downregulated target genes of miR-148b-3p on Day1 and Day2, including Esr1, Robo1, and Ino80, and on Day3.5 including Robo1, Ino80, and Arpp19 (Figures 4G–Y). Previous articles have proved that PTEN serves as a downstream target of miR-148b-3p in mouse and human cells. Thus, we further verified the protein level of PTEN on the early embryo using Western blot. The result showed that PTEN was increased on Day2 than on Day1 but sharply decreased in Day3.5 in both fresh and frozen-thawed groups, while PTEN was significantly increased at each stage of frozen-thawed group than in the fresh group (Figure 4Z). In summary, Pten may be a critical gene regulated by miR-148b-3p since it was enriched in the PI3K/AKT and other key pathways of early embryonic development.
[image: Figure 4]FIGURE 4 | Validation of target gene expression levels in different embryonic developmental stages; (A) the interaction of miR-148b-3p, target genes, and pathways; (B–Y) the expression levels of Pten, Jmy, Bbc3, Cdk19, Esr1f, Robo1, Ino80, and Arpp19 in MII oocytes, Day1, Day2, and Day3.5 embryos after fertilization as detected by RT-PCR (mean ± SD, ∗p < 0.05, ∗∗p < 0.01). (E) The protein expression levels of Pten, in Day1, Day2, and Day3.5 embryos after fertilization as detected by Western blot (∗p < 0.05, ∗∗p < 0.01).
miRNA Expression Characteristics of Cryopreserved Mouse Gametes
To explore the common effects of cryopreservation on mouse gametes, we also performed miRNA sequencing on cryopreserved oocytes. The results identified 248 DEmiRs (72 upregulated and 176 downregulated) in frozen-thawed oocytes (Figure 5A). In addition, we combined the DEmiRs between mouse sperm and oocytes and found 4 commonly upregulated and 34 downregulated DEmiRs in frozen gametes compared with fresh gametes (Figure 5A). Functional enrichment analysis showed that these upregulated miRNAs were mainly associated with the following terms: small GTPase mediated signal transduction, regulation of microtubule cytoskeleton organization, positive regulation of NF-kappaB transcription factor activity, regulation of apoptotic process, positive regulation of mitotic cell cycle, and glucose metabolic process (Figure 5B). The downregulated miRNAs mainly affected PI5P, PP2A, and IER3 regulate PI3K/AKT signaling, PIP3 activates AKT signaling, RAB GEFs exchange GTP for GDP on RABs, Rho GTPase cycle, and RAF/MAP kinase cascade (Figure 5D). Notably, using qRT-PCR, we also validated that the expression level of miR-148b-3p was significantly downregulated in frozen-thawed oocytes (Figure 5C). The data described above hinted that the effects on miRNA expression profiles may be similar for both sperm and oocyte cryopreservation. These data in cryopreserved sperm and oocytes also indicated that downregulation of miR-148b-3p induced by cryopreservation was conserved in mouse gametes and may further affect embryonic development.
[image: Figure 5]FIGURE 5 | Analysis of miRNAs in mouse gametes: (A) Venn diagram of common DEmiRs between mouse sperm and mouse oocytes; (B) BP enrichment analysis of common upregulated DEmiRs in mouse gametes; (C) miR-148b-3p expression levels between the fresh group and frozen group in mouse oocytes, as detected by RT-PCR (mean ± SD, ∗p < 0.05, ∗∗p < 0.01). (D) BP enrichment analysis of common downregulated DEmiRs in mouse gametes.
DISCUSSION
Fertility preservation is a meaningful option to retain fertility for people with medical needs such as the damage of chemotherapy and radiation in cancer therapy, the epidemic on reproductive health, or with social needs such as the postponement of childbearing. Sperm cryopreservation is a well-used technique in reproductive medicine (Baram et al., 2019). Increasing evidence suggests that cryopreservation greatly affects sperm as well as embryo development; however, to date, the molecular mechanisms have not been completely understood (García-López and del Mazo, 2012).
Many previous studies have found that there was no difference between frozen and fresh sperm on fertilization and embryonic development (Sakamoto et al., 2005; Yu et al., 2018), but other studies, including ours, have found that cryopreservation had an impact (Loomis et al., 1983; De Croo et al., 1998; Kanto et al., 2009; Roca et al., 2013). Our clinical data of ART cases and mouse embryonic experiments indicated that sperm cryopreservation does indeed affect sperm motility and early embryonic development, especially the fertilization rate and blastocyst formation rate, but the success rate of the frozen sperm group was still high, which is an important reason for the wide application of frozen sperm. In addition, a statistically similar blastocyst rate was shown in blastocyst formation rate between the clinical data of the two IVF groups, which may be the reason that the tremendous difference (107/259 vs. 13/28; 9-fold) in sample size induced that the statistical power (1-β) was lower than 0.8 (Song and Gilbody, 1998), leading to no significant difference results. Furthermore, as a limitation of this study, we only focused on the effect of frozen sperm on human and mouse preimplantation embryo development and did not check the final clinical outcome. In view of the strong self-correction ability, the effect of frozen sperm on early embryo development may be corrected and further reduce the difference with fresh sperm (Grau et al., 2011).
miRNAs can suppress translation in gene expression during mammalian developmental transitions, including the oocyte-to-zygote (OZA) transition, ZGA transition, and the development of embryos. Increasing evidences found that many miRNAs associated with the cryopreservation of sperm in mammals are related with fertility, the development of early embryo, and pregnancy. Among the 11 DEmiRs that we identified in human frozen-thawed sperm, hsa-miR-106b-5p (Wei et al., 2017; He et al., 2020), hsa-miR-590-3p (Shi X. et al., 2020), hsa-miR-328-3p (Bai et al., 2021), and hsa-miR-140-5p (Nie et al., 2019; Jiao et al., 2020) may cause a decreased fertilization rate in IVF and ICSI cases when using cryopreserved sperm since these miRNAs are all related to cell cycle and mitosis. miR-106b-5p is a key miRNA morula and blastocyst developmental state, having potential interactions with embryo-expressed genes (Sanchez et al., 2021). Upregulated miR-328-3p is a biomarker in teratozoospermia and may decrease fertilization and embryo formation rate (Corral-Vazquez et al., 2019). Moreover, for the three common DEmiRs between human and mouse sperm, it is reported that overexpression of miR-140-5p significantly inhibits cell proliferation and promotes cell apoptosis in chronic myeloid leukemia cells (Geng et al., 2020; Jiao et al., 2020), while miR-30b-5p can promote cell proliferation and cell cycle progression in cancer (Qin et al., 2017), and miR-148b-3p is correlated with fertility rate (Chen et al., 2018; Sekulovski et al., 2021). More importantly, in our study, downregulation of miR-148b-3p, according to qRT-PCR analysis, in both human and mouse frozen-thawed sperm may still affect the expression of miR-148b-3p during subsequent embryonic development, leading to the significantly lower embryo formation rate. Then, we screened out some target genes of miR-148b-3p, including Pten, Jmy, Bbc3, and Cdk19, which may be associated with mouse embryonic development. Available evidence shows that Cdk19 (He et al., 2020) and Bbc3 (Klimovich et al., 2020) are significantly upregulated by qRT-PCR at Day3.5. These are essential factors in early embryonic development, regulating trophoblast invasion and reflecting developmental changes in the early embryo. Pten (Qi et al., 2020) and Jmy (Lin et al., 2015), which were significantly increased from Day2 to Day3.5, are key genes regulating cell apoptosis during embryo development. In accordance with previous articles, we proposed that the target genes of downregulated miR-148b-3p should be increased in the frozen group compared to the fresh group during embryonic developmental stages (Chen et al., 2018). Moreover, previous research had proved that Pten serves as a downstream target of miR-148b-3p in mouse and human cells (Shan et al., 2021; Zhang and Mao, 2021), and our result has showed that the protein level of PTEN in the early embryo was increased in the frozen group. In all, Pten, a significantly upregulated gene in the early embryo, may be the key target gene regulated by miR-148b-3p, which may be involved in early embryonic development, cell migration, epithelial morphogenesis, and cell apoptosis in sperm cryopreservation (Di Cristofano et al., 1998). Moreover, downregulated miR-148b-3p in sperm, according to recent studies, may further enhance the role of Pten in early embryonic development and mediating the EGA and implantation of embryo by phosphatidyl-inositol-3-kinase PI3K/AKT signaling pathway (Qi et al., 2020; Zhang and Mao, 2021).
Oocyte freezing, including “social egg freezing” and “medical egg freezing,” is an important technique (Kool et al., 2018; Barberet et al., 2020). As clinical human samples were difficult to obtain, mouse oocyte miRNAs were analyzed in this study. miRNA sequencing data in mouse gametes confirmed that these common DEmiRs may similarly and negatively affect apoptosis, the PI3K/AKT signaling pathway, and cell cycle pathway in gamete integrity and later embryonic development. The key miRNA to be validated in sperm, miR-148b-3p, was also found to be downregulated in mouse frozen-thawed oocytes, so it may also affect apoptosis and the ATP pathway in embryos. In addition, considering that frozen-thawed oocytes are usually fertilized by ICSI in clinical ART cases and frozen-thawed sperm were used for IVF in this study, the gene expression of embryos with frozen-thawed oocytes were not further explored.
In conclusion, the clinical effects and the miRNA profile of sperm cryopreservation were described in the present study. miR-148b-3p was found to be downregulated in both mouse sperm and oocytes and was associated with subsequent fertilization and embryonic development. Furthermore, Pten might be a direct and functional target of miR-148b-3p during early embryonic development following fertilization by cryopreserved sperm.
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If fertilization does not occur for a prolonged time after ovulation, oocytes undergo a time-dependent deterioration in quality in vivo and in vitro, referred to as postovulatory aging. The DNA damage response is thought to decline with aging, but little is known about how mammalian oocytes respond to the DNA damage during in vitro postovulatory aging. Here we show that increased WIP1 during in vitro postovulatory aging suppresses the capacity of oocytes to respond to and repair DNA damage. During in vitro aging, oocytes progressively lost their capacity to respond to DNA double-strand breaks, which corresponded with an increase in WIP1 expression. Increased WIP1 impaired the amplification of γ-H2AX signaling, which reduced the DNA repair capacity. WIP1 inhibition restored the DNA repair capacity, which prevented deterioration in oocyte quality and improved the fertilization and developmental competence of aged oocytes. Importantly, WIP1 was also found to be high in maternally aged oocytes, and WIP1 inhibition enhanced the DNA repair capacity of maternally aged oocytes. Therefore, our results demonstrate that increased WIP1 is responsible for the age-related decline in DNA repair capacity in oocytes, and WIP1 inhibition could restore DNA repair capacity in aged oocytes.
Keywords: oocyte, DNA repair, WIP1, aging, oocyte quality
INTRODUCTION
DNA double-strand breaks (DSBs) are often generated in genomic DNA during DNA replication or transcription or upon exposure to genotoxic agents such as ionizing radiation or chemicals. Because unrepaired DSBs can cause cell death, mutations, and genomic instability that can contribute to cancer, cells immediately recognize DSBs and recruit various proteins at the damaged chromatin regions to engage in the DNA repair process. This signaling cascade is initiated by the MRN (MRE11-RAD50-NBS1) complex, which senses and binds to DSB sites. The MRN complex recruits and activates ATM kinase, which then phosphorylates Ser-139 of histone H2AX (γ-H2AX) in the chromatin surrounding the DSB site. The phosphorylated tail of γ-H2AX creates a docking platform for the mediator protein MDC1, which recruits additional ATM and MRN complexes to the vicinity of the DSB, thereby amplifying ATM recruitment and activation and spreading γ-H2AX to adjacent chromatin (Stucki et al., 2005; Polo and Jackson, 2011; Panier and Boulton, 2014). This stepwise amplification of γ-H2AX signaling ensures the repair of damaged DNA by stabilizing the broken ends and recruiting repair factors (Celeste et al., 2003).
Once the DNA damage is repaired, γ-H2AX signaling is no longer required and must be reversed to return the cell to a normal state. This is mainly achieved by the type 2C protein phosphatase WIP1 (Lu et al., 2008). WIP1 dephosphorylates multiple proteins, including γ-H2AX and ATM, which terminates the DNA damage response (Lu et al., 2008; Macurek et al., 2010; Moon et al., 2010). Therefore, WIP1 is a major homeostatic regulator of the DNA damage response.
It is well documented that following ovulation, oocytes at prophase I resumes meiosis, undergoing a series of events that involves germinal vesicle (GV) breakdown (GVBD) and first polar body extrusion (PBE) to reach metaphase of the second meiosis (MII) stage. The ovulated MII oocytes await fertilization by the sperm either in the oviduct of the female reproductive tract or in vitro culture media during assisted reproductive technology (ART) procedure. If no fertilization occurs at an appropriate time, oocytes progressively undergo a time-dependent deterioration in quality, referred to as postovulatory aging (Lord and Aitken, 2013). Because DNA damage in oocytes can cause serious embryonic abnormalities that lead to birth defects, abortion, or infertility (Tease, 1983; Jacquet et al., 2005), the ability of oocytes to detect and repair DNA damage is essential in preserving reproductive capacity and the genetic fidelity of embryos. However, little is known about DNA damage response and repair in oocytes during in vitro postovulatory aging. In this work, we found that both in vitro postovulatory aging and maternal aging increase WIP1 expression in oocytes, which suppresses the capacity of the oocytes to respond to and repair DNA damage. We also show that WIP1 inhibition can enhance the DNA repair capacity of aged oocytes.
MATERIALS AND METHODS
Oocyte Collection and Culture
All procedures for mouse care and use were approved by and conducted in accordance with guidelines from the Institutional Animal Care and Use Committees of Sungkyunkwan University (approval ID: SKKUIACUC 2019-11-07-1 and SKKUIACUC 2020-01-23-1). To collect fresh MII oocytes, 3- to 4-week old CD1 female mice (Koatech, Korea) were superovulated using an injection of 5 IU of pregnant mare’s serum gonadotropin (PMSG) followed by an injection of 5 IU of human chorionic gonadotropin 46–48 h later. After another 14–15 h, oocyte-cumulus complexes were collected from the oviducts, and the cumulus cells were removed using hyaluronidase. For in vitro aging, fresh MII oocytes were cultured in M16 medium covered with mineral oil at 37°C in a 5% CO2 atmosphere for up to 24 h. To obtain young and maternally aged oocytes, 8-week-old and 12-month-old CD1 mice were used, respectively.
For GV stage oocytes, immature oocytes were collected from the follicles 46–48 h after PMSG injection and recovered in M2 medium supplemented with 100 µM of 3-isobuthly-1-methylxanthine (IBMX). For in vitro maturation, GV oocytes were cultured in IBMX-free M2 medium covered with mineral oil at 37°C in a 5% CO2 atmosphere for 16 h.
To induce DNA damage, MII oocytes were exposed to 50 μg/ml etoposide for 15 min. For recovery, the etoposide-treated oocytes were washed and cultured in fresh M2 medium for 1 h with or without 5 µM GSK2830371 (Tocris). When needed, 10 µM ATM inhibitor (KU55933, Selleckchem), 50 µM NHEJ inhibitor (NU7441, Selleckchem) or 50 µM HR inhibitor (B02, Tocris) was added to the MII oocytes with GSK2830371 during recovery. Control oocytes were treated with dimethyl sulfoxide (DMSO). All chemicals and reagents were purchased from Sigma-Aldrich unless otherwise stated.
mRNA Preparation and Microinjection
The full-length cDNA encoding human WIP1 was purchased from Korea Human Gene Bank and subcloned into the pRN3-mCherry vector. The mRNA was prepared from the T3 promoter of the vector using the mMESSAGE mMACHINE™ T3 Transcription kit (Thermo Fisher Scientific) and purified using an RNA purification kit (MACHEREY-NAGEL). GV oocytes were injected with mRNA for mCherry or WIP1-mCherry using a FemtoJet microinjector (Eppendorf) and hydraulic micromanipulator (Narishige) mounted onto a Leica inverted microscope (DMIRB). We injected 5–10 pL of mRNA (∼800 ng/μl) into the cytoplasm of the oocytes.
Immunofluorescence Analysis
Oocytes were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min and permeabilized with 0.1% Triton X-100 and 0.01% Tween-20 for 20 min at room temperature. They were then blocked with 3% bovine serum albumin (BSA)-supplemented PBS for 1 h and incubated with anti-acetylated a-tubulin (1:1,000), anti-γ-H2AX (1:250, Abcam), anti-p-ATM (1:100, Abcam), or anti-MDC1 (1:250, Abcam) antibodies overnight at 4°C. After they were washed three times, the oocytes were incubated with Alexa Fluor–conjugated 488 secondary antibodies (1:500, Jackson ImmunoResearch) at room temperature for 2 h. Finally, the oocytes were counterstained with DAPI, mounted on glass slides, and observed under an LSM 700 laser scanning confocal microscope (Zeiss) with a C-Apochromat 63×/1.2 water immersion objective. To measure the fluorescence intensity, images were captured with the same laser power, and the mean intensity of the fluorescence signals was measured. Data were analyzed using ZEN 2012 Blue (Zeiss) and ImageJ software (National Institutes of Health) under the same processing parameters.
For mitochondrial staining, oocytes were incubated with Mitochondrial Staining Reagent-Red-Cytopainter (Abcam) for 1 h at 37°C and observed under confocal microscopy.
Immunoblotting Analysis
For immunoblotting, 50 oocytes per sample were collected. The oocytes were lysed in 5 μl of 2 x reducing SDS loading buffer and heated at 95°C for 10 min. Proteins were separated by 8% SDS-PAGE and then transferred onto polyvinylidene difluoride membranes (Immobilon). The blots were blocked in 3% BSA in tris-buffered saline with Tween-20 (TBST) for 1 h at room temperature and incubated with anti-β-actin (1:5,000, Cell Signaling) or anti-WIP1 (1:1,000, Abcam) antibodies overnight at 4°C. After being washed three times in TBST, the blots were incubated with HRP-conjugated secondary antibodies (1:5,000, Jackson ImmunoResearch) for 1 h at room temperature. Immunodetected proteins were visualized on films using ECL Plus (GE Healthcare). The band intensities were quantified using ImageJ and normalized to loading controls.
TUNEL Assay
The TUNEL assay was performed using an In Situ Cell Death Detection kit (Roche) according to the manufacturer’s instructions. Briefly, MII oocytes were exposed to acidic Tyrode’s solution for 2 min to remove zona pellucida. After a brief recovery in M2 medium, the oocytes were fixed on a glass slide in 1% paraformaldehyde in distilled water (pH 9.2) containing 0.15% Triton X-100 and 3 mM dithiothreitol for chromosome spreading. After drying in a humid chamber, the paraformaldehyde-fixed oocytes were washed three times with PBS and permeabilized with 0.15% Triton X-100 and 0.1% sodium citrate for 1 h on ice. After washing, the oocytes were incubated with fluorescent-conjugated terminal deoxynucleotide transferase dUTP for 2 h at 37°C. After counterstaining with DAPI, the oocytes were mounted on glass slides and observed using an LSM 700 laser scanning confocal microscope.
Comet Assay
The comet assay was performed using an Alkaline CometAssay kit (Trevigen) according to the manufacturer’s instructions. Briefly, oocytes were mixed with melted agarose, placed on comet slides, and subjected to electrophoresis. The comet signals were visualized by staining with SYBR green (Invitrogen), and images were captured with a confocal microscope.
Apoptosis Detection
Apoptosis was detected with a FITC Annexin V Apoptosis Detection kit II (BD Pharmingen). Oocytes were stained with Annexin V-FITC and propidium iodide for 30 min in the dark. After being washed three times, the oocytes were mounted on glass slides and counterstained with DAPI for confocal imaging.
Intracytoplasmic Sperm Injection
Using BDF1 (C57BL/6×DBA/2) mice (8–10 weeks old) instead of CD1 mice, ICSI was performed as described previously (Bai et al., 2020). Briefly, sperm prepared from the cauda epididymis of 8- to 12-week-old BDF1 males was injected into MII oocytes using a micromanipulator with a Piezo impact drive (Prime Tech). After 30 min of recovery at room temperature, the sperm-injected oocytes were washed several times and cultured in KSOM (Millipore) medium at 37°C in a 5% CO2 atmosphere.
Statistical Analysis
All statistical analyses were performed with GraphPad Prism 5.0 (GraphPad Software). Data are representative of at least three independent experiments unless otherwise specified, and each experimental group included at least 15 oocytes. Differences between two groups were analyzed by the Student’s t-test, and comparisons of more than two groups were analyzed by one-way ANOVA with Tukey’s post-hoc test. p < 0.05 was considered to be statistically significant.
RESULTS
Oocytes Lose Their Capacity to Respond to DNA Damage, With a Corresponding Increase in WIP1, During in vitro Postovulatory Aging
Although an effective response to DNA damage is essential to maintain genomic integrity in all cells, including oocytes, their capacity to respond to DNA damage is thought to decline with age. To investigate whether that is the case in oocytes during in vitro postovulatory aging, MII oocytes were cultured in vitro for 0, 6, 12, and 24 h and then treated with etoposide for 15 min to induce DNA DSBs. The oocytes were then assessed for DNA damage using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay and γ-H2AX staining. The TUNEL assay showed that the degree of DNA damage following etoposide treatment was comparable between fresh and 12 h old oocytes but increased after 24 h of culture (Figure 1A). This result suggests that prolonged culture makes oocytes vulnerable to DNA damage. Unlike the TUNEL signals, γ-H2AX levels after etoposide treatment decreased gradually with increased culture time (Figure 1B). Given that γ-H2AX signaling is one of the initial responses to DSBs, that result suggests that oocytes progressively lose their capacity to respond to DNA damage during postovulatory in vitro aging.
[image: Figure 1]FIGURE 1 | Oocytes lose their capacity to respond to DNA DSBs with in vitro aging. (A,B) MII oocytes were aged in vitro for 0, 6, 12, and 24 h, exposed to 50 μg/ml etoposide (ETP) for 15 min, and then subjected to either the TUNEL assay (A) or γ-H2AX staining (B). Oocytes were treated with DMSO as a control (CTL). The intensity of the fluorescence signals was quantified, and representative images are shown. DNA was counterstained with DAPI. Scale bar, 10 μm. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test and are expressed as the mean ± SEM of three independent experiments. ***p < 0.0001.
Because WIP1 suppresses the DNA damage response in immature oocytes arrested in the G2/prophase (Leem et al., 2018), we wondered whether the reduced response to DNA damage in aged oocytes was associated with the WIP1 level. To investigate that possibility, we determined the WIP1 expression of oocytes during in vitro aging. Surprisingly, WIP1 levels were increased at 12 h of aging and markedly elevated after 24 h of aging (Figure 2A). To understand the correlation between the increased WIP1 level and the decreased DNA damage response, we ectopically overexpressed WIP1 and examined the DNA damage response in oocytes. Immature G2/prophase-arrested oocytes were injected with mRNA encoding either mCherry or WIP1-mCherry and matured to the MII stage to allow protein overexpression. Although the percentage of oocytes that matured to the MII stage decreased slightly after WIP1 overexpression, a significant portion of the oocytes overexpressing WIP1 progressed to the MII stage with the normal configuration of spindle and chromosomes (Supplementary Figure S1). Therefore, MII oocytes overexpressing WIP1 were used to investigate the effect of increased WIP1 levels on the DNA damage response. In the absence of etoposide treatment, γ-H2AX levels were barely detectable in both the control and WIP1-overexpressing oocytes. After etoposide treatment, γ-H2AX levels increased dramatically in the control oocytes, but the increase in γ-H2AX levels was diminished in the WIP1-overexpressing oocytes (Figure 2B). The TUNEL assay revealed that the degree of DNA damage following etoposide treatment was similar between the control and WIP1-overexpressing oocytes (Figure 2C). These results, along with the reduced γ-H2AX levels in response to the same degree of DNA damage in aged oocytes, suggest that increased WIP1 levels during in vitro aging suppresses the capacity of oocytes to respond to DNA damage.
[image: Figure 2]FIGURE 2 | Decreased response to DNA damage in aged oocytes is associated with increased WIP1 levels. (A) Expression levels of WIP1 during in vitro aging for 0, 12 and 24 h were examined by immunoblot analysis using the WIP1 antibody, with ß-actin as a loading control. Each lane contains 50 oocytes. WIP1 levels normalized to ß-actin were quantified and expressed as the mean ± SEM from two independent experiments. (B,C) GV oocytes injected with mRNA encoding either WIP1-mCherry or mCherry were matured to the MII stage for 16 h to allow for protein overexpression. After 15 min of exposure to etoposide (ETP) or DMSO as a control (CTL), the in vitro–matured MII oocytes were subjected to γ-H2AX staining (B) or the TUNEL assay (C). DNA was counterstained with DAPI. The fluorescence intensity normalized to the mean DAPI intensity was quantified and expressed as the means ± SEM from three independent experiments. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. Scale bar, 10 μm ***p < 0.0001; ns, not significant.
Increased WIP1 Delays Amplification of γ-H2AX signaling in response to DNA damage in postovulatory aged oocytes
To investigate how the decreased response to DSBs in aged oocytes affected DNA damage repair, MII oocytes were treated with etoposide and allowed to recover from the DNA damage (Figure 3A). In fresh oocytes, γ-H2AX levels increased immediately after etoposide treatment and decreased gradually as the cells recovered from the DNA damage (Figure 3B). However, the in vitro–aged oocytes exhibited a delayed increase in γ-H2AX levels during the recovery time (Figure 3C). To determine whether the increased γ-H2AX levels after recovery in aged oocytes were caused by a failure to repair the damaged DNA, we performed the TUNEL assay again. In fresh oocytes, TUNEL signals were significantly reduced after recovery, in agreement with the decrease in γ-H2AX levels during recovery (Figure 3D). However, in aged oocytes, despite the increasing γ-H2AX levels during recovery, the TUNEL signals did not change after recovery (Figure 3E). These results not only suggest that aged oocytes have a reduced ability to repair damaged DNA, but also imply that the γ-H2AX level did not represent the degree of DNA damage in aged oocytes. Given that the γ-H2AX signal generally spreads to adjacent areas of chromatin to amplify the DNA damage response, we wondered whether the delayed increase in γ-H2AX levels in aged oocytes was associated with the impaired amplification of the DNA damage response. To test that possibility, we compared the MDC1 levels immediately after 15 min exposure to etoposide with those after 1 h recovery from DNA damage, because MDC1 is a key player in the amplification of γ-H2AX signaling. In fresh oocytes, MDC1 levels increased rapidly after etoposide treatment and decreased after 1 h recovery (Figure 3F). In contrast, MDC1 was barely detectable immediately after etoposide treatment and increased after 1 h recovery in aged oocytes, consistent with delayed increase in γ-H2AX levels in aged oocytes (Figure 3G). In line with the MDC1 levels, p-ATM also exhibited delayed accumulation around chromosomes in aged oocytes (Supplementary Figure S2). Therefore, the diminished response to DNA damage in aged oocytes is associated with impaired amplification of the DNA damage response. To further investigate whether the delayed amplification of γ-H2AX signaling in aged oocytes is associated with increased WIP1 expression, we examined the MDC1 levels in WIP1-overexpressing oocytes. Similar to the results in aged oocytes, WIP1-overexpressing oocytes displayed a delayed increase in MDC1 levels after etoposide treatment (Supplementary Figure S3). Therefore, impaired amplification of γ-H2AX signaling is likely caused by the increased WIP1 levels in aged oocytes.
[image: Figure 3]FIGURE 3 | Increased WIP1 delays the amplification of γ-H2AX signaling in response to DSB in aged oocytes. (A) Scheme of the DSB recovery experiment. After 15 min of exposure to etoposide (ETP) or DMSO as a control (CTL), fresh oocytes and oocytes aged in vitro for 24 h were cultured in ETP-free medium for up to 1 h for recovery and then subjected to immunofluorescence staining or the TUNEL assay. (B–G) The fluorescence intensities of γ-H2AX (B,C), TUNEL (D,E), or MDC1 (F,G) signals were normalized to the mean DAPI intensity, and representative images from three independent experiments are shown. DNA was counterstained with DAPI. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. **p < 0.001; ***p < 0.0001; ns, not significant. Scale bar, 10 μm.
Inhibition of WIP1 Enhances DNA Damage Repair in Postovulatory Aged Oocytes
If the increase in WIP1 levels is the cause of an age-associated decline in DNA repair capacity in oocytes, we hypothesized that inhibiting WIP1 could improve the DNA repair capacity of aged oocytes. To investigate that possibility, MII oocytes aged for 24 h were treated with etoposide and allowed to recover from DNA damage with and without the WIP1 inhibitor GSK2830371. Unlike fresh oocytes, in which γ-H2AX signals were dramatically elevated in response to DNA damage (Figure 1), γ-H2AX levels in aged oocytes increased only marginally after etoposide treatment, consistent with an age-associated decline in the DNA damage response. However, the γ-H2AX levels did increase after 1 h of recovery, and that increase was more pronounced when WIP1 was inhibited during recovery (Figure 4A). Similar to γ-H2AX, MDC1 and p-ATM levels increased after 1 h of recovery, and that increase was more pronounced with WIP1 inhibition during recovery (Figure 4B and Supplementary Figure S2B). Importantly, in contrast to the γ-H2AX levels, the increased TUNEL signals found after etoposide treatment decreased after 1 h of recovery, and that decrease was more dramatic when WIP1 was inhibited during recovery (Figure 4C). A decrease in DNA damage after WIP1 inhibition was further confirmed by the comet assay (Supplementary Figure S4). Interestingly, ATM inhibition reversed all of the effects triggered by WIP1 inhibition during recovery (Figures 4D–F). Therefore, WIP1 inhibition could improve DNA damage repair in aged oocytes by promoting ATM-dependent amplification of γ-H2AX signaling.
[image: Figure 4]FIGURE 4 | WIP1 inhibition promotes DNA damage repair in aged oocytes. (A–C) After treatment with etoposide (ETP) or DMSO as a control (CTL), oocytes aged in vitro for 24 h were cultured in ETP-free medium for 1 h with GSK2830371 (GSK) or DMSO. The intensities of γ-H2AX (A), MDC1 (B), and TUNEL (C) signals were normalized to the mean DAPI intensity, and representative images are shown. DNA was counterstained with DAPI. Scale bar, 10 μm **p < 0.001; ***p < 0.0001, calculated using one-way ANOVA with Tukey’s post hoc test. (D–F) Oocytes aged in vitro were co-treated with an ATM inhibitor (ATMi) and GSK2830371 (GSK) during recovery from etoposide (ETP). The intensities of γ-H2AX (D), MDC1 (E) and TUNEL (F) signals were normalized to the mean DAPI intensity, and representative images are shown. DNA was counterstained with DAPI. Scale bar, 10 μm. Data are presented as the mean ± SEM of three independent experiments. ***p < 0.0001.
To gain insights into the repair mechanisms of oocytes under WIP1 inhibition, we treated MII oocytes with inhibitors targeting either NHEJ (NU7441) or HR (B02) during recovery. Although no change in γ-H2AX levels was detectable in oocytes treated with GSK2830371 and B02, γ-H2AX levels decreased in oocytes treated with GSK2830371 and NU7441 (Supplementary Figure S5). Thus, the increased repair capacity of oocytes induced by WIP1 inhibition could be abolished by inhibiting the NHEJ pathway, implying that MII oocytes repair DNA DSBs via the NHEJ pathway.
To further validate our finding that increased WIP1 is associated with an age-associated decline in DNA repair in oocytes, we compared γ-H2AX levels and TUNEL signals in WIP1-overexpressing oocytes. In line with the results obtained from in vitro–aged oocytes, the increase in γ-H2AX levels in the WIP1-overexpressing oocytes was more pronounced in the presence of GSK2830371 during recovery (Supplementary Figure S6A). In contrast, the increase in the TUNEL signal after etoposide treatment decreased after 1 h of recovery, and that decrease was more dramatic in the WIP1-overexpressing oocytes when WIP1 was inhibited during recovery (Supplementary Figure S6B). Taken together, our results suggest that the impaired DNA damage repair found in aged oocytes is a consequence of increased WIP1 levels, and therefore, WIP1 inhibition could enhance the DNA repair capacity of aged oocytes.
Inhibition of WIP1 During in vitro Postovulatory Aging Improves Fertilization and Subsequent Early Embryo Development
It is well established that DNA damage accumulates with aging due to oxidative stress over time. Therefore, we investigated whether WIP1 inhibition could prevent the accumulation of DNA damage during in vitro aging of oocytes. Consistent with the aging-associated accumulation of DNA damage, TUNEL signals, which were barely detectable in fresh oocytes, appeared in aged oocytes. However, the TUNEL signals significantly decreased when the oocytes were treated with GSK2830371 during in vitro aging (Figure 5A). In contrast to the TUNEL signals, γ-H2AX levels decreased in aged oocytes and increased after GSK2830371 treatment during in vitro aging (Figure 5B). Considering that reduced γ-H2AX levels in aged oocytes reflect low efficiency in DNA repair, these results suggest that prolonged inhibition of WIP1 during in vitro aging increases the DNA repair capacity of oocytes.
[image: Figure 5]FIGURE 5 | Prolonged inhibition of WIP1 during in vitro aging improves oocyte quality. MII oocytes were cultured in vitro for 24 h with GSK2830371 (GSK) or DMSO. (A,B) The intensities of TUNEL and γ-H2AX signals normalized to the mean DAPI intensity are shown using representative images. DNA was counterstained with DAPI. Scale bar, 10 μm. (C) Oocyte fragmentation was scored, and representative images are shown. Scale bar, 100 μm. (D) The intensity of Annexin V signals was scored, and representative images are shown. Scale bar, 20 μm. (E) The intensity of mitochondrial staining was scored, and representative images are shown. Scale bar, 20 μm. (F) The rate of 2-cell and blastocyst development is shown using representative images taken at 24 h (E2.5) and 72 h (E4.5) of culture after ICSI, respectively. Scale bar, 100 μm. Data are presented as the mean ± SEM from three independent experiments. *p < 0.05; **p < 0.001; ***p < 0.0001.
Having established that DNA damage induced by oxidative stress is one of the main causes of decline in oocyte quality during in vitro aging, our finding that WIP1 inhibition could increase the capacity of oocytes to repair DNA DSBs prompted us to investigate the effect of WIP1 inhibition on the quality of oocytes aged in vitro. To this end, MII oocytes were aged in vitro for 24 h in the presence of GSK2830371, and then oocyte quality was assessed by examining morphological abnormalities, chromosome and spindle abnormalities, the degree of apoptosis, and mitochondrial aggregation. Consistent with aging-associated quality decline, morphological abnormalities, including fragmentation, appeared in aged oocytes. However, the rate of oocytes with morphological abnormalities was decreased by WIP1 inhibition (Figure 5C). Similarly, the rate of apoptosis and mitochondrial aggregation decreased after WIP1 inhibition during in vitro aging (Figures 5D,E), as did abnormalities in chromosome and spindle organization (Supplementary Figure S7). To further investigate the effects of WIP1 inhibition on oocyte quality during in vitro aging, we performed intracytoplasmic sperm injection (ICSI) with the aged oocytes. Consistent with the improved oocyte quality observed with WIP1 inhibition, the rate of 2-cell and blastocyst development increased when oocytes were treated with GSK2830371 during in vitro aging (Figure 5F). Therefore, our results demonstrate that WIP1 inhibition during in vitro aging can prevent a decline in oocyte quality by increasing DNA repair capacity, thereby improving fertilization and embryo development.
Inhibition of WIP1 Increases the DNA Repair Capacity of Oocytes From Aged Mice
It is well known that postovulatory aging of oocytes has a similar phenotype of reproductive failure as oocyte aging caused by maternal aging (Miao et al., 2009; Lord and Aitken, 2013; Prasad et al., 2015). Therefore, we investigated whether the increase in WIP1 expression during in vitro postovulatory aging occurred in maternally aged oocytes. To this end, we collected MII oocytes from young (8 weeks) and old (12 months) mice (hereafter referred to as maternally aged oocytes) and determined their WIP1 expression. Consistent with the increased WIP1 expression found during in vitro aging of oocytes, WIP1 levels were upregulated in the maternally aged oocytes (Figure 6A). Moreover, compared with the young oocytes, the increase in γ-H2AX levels after etoposide treatment was marginal in maternally aged oocytes. However, γ-H2AX levels increased after 1 h of recovery, and that increase was more pronounced when WIP1 was inhibited during recovery, similar to the results obtained from in vitro aged oocytes (Figure 6B). In contrast to the γ-H2AX levels, the increased TUNEL signals after etoposide treatment decreased after 1 h of recovery, and that decrease was more dramatic when WIP1 was inhibited during recovery (Figure 6C). Furthermore, oocyte fragmentation was reduced by WIP1 inhibition, implying that WIP1 inhibition improved oocyte quality (Supplementary Figure S8). Our results thus demonstrate that the increased WIP1 expression that occurs with maternal aging suppresses the capacity of oocytes to respond to and repair DNA damage, and that WIP1 inhibition also enhances DNA repair capacity in maternally aged oocytes (Figure 6D).
[image: Figure 6]FIGURE 6 | WIP1 inhibition increases the DNA repair capacity of oocytes from aged mice. (A) Increased WIP1 levels in maternally aged oocytes. MII oocytes were collected from young (8-week-old) and old (12-month-old) mice and subjected to immunoblot analysis using the WIP1 antibody, with ß-actin as a loading control. Each lane contains 50 oocytes. (B,C) Oocytes from young and old mice were treated with etoposide (ETP) or DMSO as a control (CTL) for 15 min. For recovery, the aged oocytes were cultured in ETP-free medium with GSK2830371 (GSK) or DMSO for 1 h after ETP exposure. The intensities of γ-H2AX and TUNEL, normalized to the mean DAPI intensity, are shown using representative images. DNA was counterstained with DAPI. Scale bar, 10 μm. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test and are expressed as the mean ± SEM of two independent experiments. **p < 0.001; ***p < 0.0001; ns, not significant. (D) A diagram showing the relationship between the aging-associated increase in WIP1 levels and the decline in DNA repair capacity in aged oocytes.
DISCUSSION
Rapid and concerted signaling in response to DNA damage is of paramount importance in processing DNA damage and preventing adverse consequences to cellular function and survival. However, the ability of cells to process such signaling declines with age. Despite significant efforts, no one yet understands why DNA damage accumulates with age or what molecular mechanism is responsible for the age-associated decline in DNA repair capacity. In this study, we found that the decline in DNA repair capacity in aged oocytes is caused by an increase in the WIP1 level that occurs during aging. Therefore, WIP1 inhibition could reverse the decrease in DNA repair capacity in aged oocytes, which would improve oocyte quality and developmental competence.
The formation of γ-H2AX foci is the one of the earliest events in the cellular response to DNA DSBs (Rogakou et al., 1998). Because of its early appearance and essential role in the DSB response, γ-H2AX is a sensitive biomarker for DNA DSBs. However, we found that in aged oocytes, the γ-H2AX signal did not increase immediately in response to DNA DSBs. Instead, the γ-H2AX signal increased slowly during recovery from DNA damage. Furthermore, despite the slow increase in γ-H2AX signaling, the TUNEL signal did not change significantly, suggesting that aged oocytes have little capacity to repair DNA damage and that γ-H2AX signaling does not reflect the level of DNA damage in aged oocytes. Because WIP1 negatively affects DNA damage repair in immature oocytes (Leem et al., 2018), we focused on WIP1 to discover why aged oocytes have reduced capacity to respond to DNA damage. Surprisingly, we found that the WIP1 level increased significantly as oocytes aged, implying a possible association between WIP1 and the decline in DNA damage response in aged oocytes. Indeed, we observed that a forced increase in WIP1 expression in oocytes decreased their capacity to respond to DNA damage. Therefore, our results suggest that increased WIP1 is closely related to the decline in DNA damage response in aged oocytes.
After DSB formation, the MRN complex binds to the DSB site and targets ATM to initiate γ-H2AX signaling, which in turn expands the signal to adjacent chromatins by using MDC1 as a mediator (Stucki et al., 2005; Polo and Jackson, 2011; Panier and Boulton, 2014). In this study, we found that in aged oocytes, MDC1 did not immediately increase in response to DNA damage, but increased slowly during recovery, which is consistent with the delayed increase in γ-H2AX signaling during recovery in aged oocytes. Moreover, the recruitment and activation of ATM in the chromatin and the subsequent spread across chromatins were severely impaired in aged oocytes. Thus, our results suggest that the ability to propagate γ-H2AX signaling to neighboring chromatins in response to DNA damage is significantly impaired in aged oocytes. Importantly, the delayed increase in γ-H2AX and MDC1 signaling during recovery also appeared in WIP1-overexpressing oocytes, suggesting that the age-related impaired amplification of γ-H2AX signaling is closely associated with increased WIP1 levels. Given that ATM is a substrate of WIP1 (Shreeram et al., 2006), it is likely that increased WIP1 in aged oocytes directly blocks ATM activation, which hampers the amplification of γ-H2AX signaling. Therefore, WIP1 inhibition could reactivate ATM and thus γ-H2AX signaling in aged oocytes. Indeed, the effect of WIP1 inhibition was abolished by ATM inhibition, supporting the direct connection between WIP1 and ATM. However, we cannot exclude the possibility that WIP1 indirectly regulates the chromatin structure in a way that disturbs the formation of γ-H2AX foci and subsequent signal amplification. Consistent with that notion, aging is accompanied by changes in the chromatin structure, which are also likely to influence γ-H2AX signaling (Feser and Tyler, 2011). Moreover, there is evidence that DSB sensing is triggered by an alteration in the chromatin structure that promotes the recruitment of repair proteins by relaxing the chromatin fiber (Murr et al., 2006; Downs et al., 2007). Further studies are thus required to clarify the action of WIP1 in the DNA damage response in aged oocytes.
A series of morphological and cellular changes that occurs during oocyte aging could affect not only fertilization and early embryo development, but also the later life of the offspring (Miao et al., 2009). Therefore, efforts have been made to delay oocyte aging, which is particularly important to increase the rates of successful outcomes in assisted reproductive technology (ART) procedures. In this study, we found that WIP1 inhibition during in vitro culture prevented aging-associated deterioration of oocyte quality and decreased the accumulation of DNA damage, which in turn improved fertilization and early embryo development. Therefore, we propose that suppressing WIP1 is a potential way to delay aging and mitigate age-associated declines in DNA damage response and repair, which ultimately improves oocyte quality and competence. Given that the success of ART is greatly affected by oocyte quality, our results provide interesting insights for clinical settings, such as the possibility of supplementing culture media with a WIP1 inhibitor during ART procedures.
In addition to in vitro aging, oocytes experience quality decline in the ovary during maternal aging (Cimadomo et al., 2018). Our data demonstrate that WIP1 expression also increased in maternally aged oocytes, and WIP1 inhibition reversed the decline in DNA damage response and repair in oocytes from aged mice. In contrast to our data, previous studies reported that WIP1 expression decreased significantly in aged mice and that WIP1-deficient mice showed a premature aging phenotype (Choi et al., 2002; Demidov et al., 2007; Wong et al., 2009). Considering that oocytes remain arrested for a long period without proliferation in the ovary, whereas somatic cells are frequently reproduced and replaced through continuous cell division, it is possible to speculate that the increase we found in WIP1 expression during aging is confined to non-dividing cells with long lifespans, such as oocytes. However, the reason that WIP1 increases in aged oocytes needs to be determined through future studies. Also, the correlation between WIP1 levels and the age-associated decline in DNA repair capacity should be investigated in various cells and tissues.
In conclusion, our results reveal that increased WIP1 expression with aging is responsible for an age-associated decline in DNA damage response and repair in oocytes, and they also demonstrate that WIP1 inhibition is sufficient to increase DNA repair capacity in aged oocytes, which in turn improves oocyte quality. Our data advance our understanding of the age-associated decline in DNA damage response and repair in oocytes and provide ways to establish methods to reverse or delay oocyte aging.
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Raman spectroscopy is a fast-developing, unmarked, non-invasive, non-destructive technique which allows for real-time scanning and sampling of biological samples in situ, reflecting the subtle biochemical composition alterations of tissues and cells through the variations of spectra. It has great potential to identify pathological tissue and provide intraoperative assistance in clinic. Raman spectroscopy has made many exciting achievements in the study of male reproductive system. In this review, we summarized literatures about the application and progress of Raman spectroscopy in male reproductive system from PubMed and Ovid databases, using MeSH terms associated to Raman spectroscopy, prostate, testis, seminal plasma and sperm. The existing challenges and development opportunities were also discussed and prospected.
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1 INTRODUCTION
Raman scattering is a kind of inelastic scattering effect of molecules to photons, the frequency of scattered light is different from that of excited light, which was discovered by Indian physicist C.V. Raman in 1928 (Raman and Krishnan, 1928). Raman scattering is divided into two types: when the frequency of scattered light is less than the frequency of excited light, it is called Stokes Raman scattering; if the frequency of scattered light is greater than that of excited light, it is called anti-Stokes Raman scattering. Different from Raman scattering, Rayleigh scattering is a kind of elastic scattering, which means the frequency of scattered and excited light are equal (Wang et al., 2018) (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) After the electron absorbs the excited light energy (black line), the energy level transition occurs, from the ground state or vibrational state to the virtual state, and then releases the energy in the form of scattered light (red line). When the release energy is equal to the absorption energy, the electron energy level remains unchanged (Rayleigh); when the release energy is less than the absorption energy, the overall energy level of the electron increases (Stokes); on the contrary, the energy level decreases (Anti-stokes). (B) The schematic diagram of a typical Raman spectrometer, including excitation light source, optical system, spectrometer, CCD detector and computer processing system.
The Raman spectrum based on Raman scattering effect is analyzed to obtain the information of molecular vibrational energy level (lattice vibrational energy level) and rotational energy level structure, containing a lot of available information. The position and intensity of Raman shift, the shape of Raman peak and full width at half maximum (FWHM) are all important basis for the identification of chemical bonds, functional groups, crystallinity and strain (Bogliolo et al., 2020). Raman spectrometer is an instrument for measuring Raman spectral signals, usually composed of five parts: excitation light source, optical system (including filter, dichroic beam splitter, etc.), spectrometer, detector (i.e. CCD detector) and computer processing system (Mallidis et al., 2014; Cordero et al., 2018; Wang et al., 2018) (Figure 1B). The common confocal micro-Raman spectrometer used commonly in the market is the coupling of Raman spectrometer and optical microscope, which can greatly improve the horizontal and vertical spatial resolution to realize the analysis of micron-scale samples (Meister et al., 2010; Huang et al., 2014; Gomes da Costa et al., 2019).
Raman spectroscopy has the advantages of rich information, simple sample preparation, little interference with water, non-labeling, non-invasive, non-destructive and accurate discrimination, so it has been widely popular in chemistry, materials, physics, polymer, biomedicine and other fields (Cardinal et al., 2017; DePaoli et al., 2020). However, the Raman scattering intensity is very weak, only about 10–7 of the excited light intensity (Du et al., 2021). In order to overcome the shortcomings of conventional Raman spectroscopy, such as low inherent sensitivity, strong fluorescence interference and limited application, a series of Raman spectral derivation techniques have been developed, including surface enhanced Raman scattering (SERS), coherent anti-Stokes Raman spectroscopy (CARS), stimulated Raman spectroscopy (SRS), spatial offset Raman spectroscopy (SORS), resonance Raman spectroscopy (RRS), etc. (Brusatori et al., 2017; Nicolson et al., 2021; Ramya et al., 2021), which makes it has a wider application scene and play unique advantages and key roles in specific researches.
At present, Raman spectroscopy and its derivative techniques have been applied to biomedical researches in vitro and in vivo. Pathological diagnosis of tumors is the most common in vitro study, such as oral cancer (Sahu and Krishna, 2017), skin cancer (Zhao et al., 2017), bladder cancer (Liu et al., 2021), renal cell carcinoma (Jin et al., 2020), brain cancer and breast cancer (Abramczyk et al., 2020). What is exciting is that many studies have been clinically transformed to determine the surgical margins of tumors and intraoperative assistance (Santos et al., 2017; Hubbard et al., 2019; DePaoli et al., 2020). In addition, many in vitro studies on cells and body fluids have been reported (Durrant et al., 2019; Wallace and Masson, 2020). Thanks to the development of portable Raman spectrometer, it has become a new research hotspot to combine it with endoscopes such as gastroscope (Wang et al., 2015) and enteroscope (Lane et al., 2018). Raman probe was sent to the focus with the help of endoscope, and signals were excited and collected through a handheld optical fiber device, so as to realized real-time visual in vivo detection.
In this review, we gathered literatures about the application of Raman spectroscopy in andrology and other medical disciplines from PubMed and Ovid databases, using MeSH terms associated with Raman spectroscopy, prostate, testis, seminal plasma and sperm, and summarized the application progress of Raman spectroscopy and its derivative techniques in male reproductive system from the four dimensions of prostate, testis, seminal plasma and sperm (Figure 2). This review emphasized its clinical and scientific research applications in prostate and sperm analysis, and probed into the challenges and opportunities of Raman detection of single living spermatozoa. The application and development direction of Raman spectroscopy in male reproductive system were also discussed and prospected.
[image: Figure 2]FIGURE 2 | Summary of the applications of Raman spectroscopy in male reproductive system, including organ (prostate and testis), tissue, cell and body fluid levels.
2 APPLICATION IN PROSTATE DISEASES
The biochemical changes of prostate tissue caused by genetic mutations take precedence over changes in morphology and structure. While these biochemical changes can be detected by Raman spectroscopy, and spectroscopic analysis allows visualization of the local microscopic distribution of the various components. By collecting and analyzing enough specific optical data of disease tissues, a unique “optical fingerprint” database of prostate diseases can be established, which has a positive impact on the screening, diagnosis and prognostic assessment of prostate diseases.
By comparing the intensity of characteristic peaks corresponding to glycogen and nucleic acids, Crow et al. (2003) had demonstrated that Raman spectroscopy could accurately identify benign prostate hyperplasia (BPH) and three different grades of prostate adenocarcinoma in vitro. In a follow-up study, for the purpose of distinguishing benign samples (BPH and prostatitis) from malignant samples (prostate cancer), Crow et al. (2005) constructed a prostate diagnosis algorithm with an accuracy of 86% in total. It was suggested that the clinical Raman system could provide an accurate and objective method for in vitro diagnosis of prostate cancer by which so many discoveries were founded.
2.1 Body Fluid Screening for Prostate Cancer
For the aim of analyzing and differentiating prostate cells in vivo by significant spectral peak differences at 1,297 cm−1 (lipids) and 1,580 cm−1 (proteins) from PC-3 (prostate) and MGH-U1 (bladder) cancer cells, Harvey et al. (2008) developed a Raman optical tweezer system, which was also observed when examining various formalin-fixed urothelial cells using optical tweezers (Harvey et al., 2009). These two peaks were also clearly prominent in the Raman spectroscopic analysis curves of prostate cancer pathological tissue obtained by Patel and Martin (2010) and were exactly valuable in determining the presence of malignant prostate cancer cells in urine and peripheral fluid.
While examining the Raman spectra of urine from normal subjects and prostate cancer patients, Del Mistro et al. (2015) made full use of principal component analysis (PCA) and linear discriminant analysis (LDA) to reduce dimension and differentiate the spectral data, and found that the intensity of spectra assigned to creatinine and blood uric acid purine was significantly different between the two groups, as a result, a diagnostic model was constructed based on the difference spectra. It was 100% sensitivity, 89% specificity and 95% accuracy that diagnostic model could achieve, which indicated that urine specimens could also potentially be used for prostate cancer screening. Owing to these discoveries so far, there is no doubt that detecting more accurately spectral peak differences, implementing more accurate algorithms and building more accurate diagnostic models have become a new challenge. With the help of Raman spectroscopy and convolutional neural network (CNN) algorithm to study urine samples, Chen et al. (2021) established a non-invasive diagnostic method for prostate carcinoma. Obviously, the results of urine Raman spectroscopy showed that the intensity of characteristic peaks of lipids, nucleic acids and some amino acids of prostate carcinoma and BPH could be distinguished, and then these data were used to train an intelligent diagnostic model of CNN algorithm to deep study, and the idea of using urine Raman spectroscopy combined with deep learning technology to diagnose prostate carcinoma provides a reference for the application of artificial intelligence in the field of clinical medical research.
Obtaining a total of 240 SERS spectra from the sera of 40 prostate carcinoma subjects and 40 BPH subjects, Chen et al. (2017) analyzed the spectral data of patients in the control, prostate carcinoma and BPH groups by taking advantage of multivariate statistical techniques including PCA and LDA diagnostic algorithms, which demonstrated that the use of SERS combined with PCA-LDA diagnostic algorithm to analyze serum was a promising diagnostic and clinical evaluation tool for prostate carcinoma. Stefancu et al. (2018) used PCA-LDA to combine SERS spectra of serum samples with serum PSA levels and found that the accuracy of differentiating prostate cancer from non-malignant lesions could be further improved. Li S. et al. (2014) used silver colloid to detect serum SERS spectra of prostate cancer patients and normal volunteers with PSA level in the gray region and obtained significant differences between normal and cancer serum SERS spectra, suggesting that label-free diagnosis of prostate cancer using serum SERS spectra of peripheral blood samples showed great potential in characterizing the differences in the biochemical composition of prostate carcinoma and BPH patients with PSA levels in the gray area. Combined with PCA-LDA multivariate analysis, this diagnostic technique could achieve high sensitivity, specificity and accuracy. They further developed three support vector machine (SVM) classifier models, such as linear kernel function, polynomial kernel function and RBF kernel function. They evaluated them with measured serum SERS profiles and found that the diagnostic accuracy of all three SVM diagnostic models were higher than that of the PCA-LDA algorithm. Among them, the RBF kernel SVM classifier model had a diagnostic accuracy of 98.8%. These results suggested that the diagnostic performance of SVM was superior to that of the PCA algorithm. This preliminary study indicated that the combination of the serum SERS technique and the SVM algorithm had great potential for noninvasive screening of prostate cancer by peripheral blood samples.
Shao et al. (2020) showed that the diagnostic sensitivity, specificity and accuracy of the PCA-LDA model based on Raman spectroscopy of prostatic fluid were 75, 75, and 75%, respectively, while the diagnostic sensitivity, specificity and accuracy of serum were 60, 76.5, and 68%. It can be seen obviously that both of them can distinguish well between prostate cancer and BPH, and prostate fluid has better diagnostic accuracy than serum.
Beyond all doubt, Raman spectroscopy demonstrated good accuracy in diagnosing prostate cancer on multiple biological fluids just like serum, urine, and prostate fluid. Although the sample sizes of the aforementioned studies were generally small, a large number of external population samples are required to validate these results, it provides a new idea for early in vitro low-cost screening of the prostate. Among them, the use of Raman spectroscopy to obtain the spectra of body fluids to construct a database to diagnose by manual simulation is becoming an unstoppable trend in the diagnosis of prostate disease (Pan et al., 2019).
2.2 Tissue Biopsy for Prostate Diseases
Fine-needle aspiration biopsy of the prostate tissue is considered as gold standard for the diagnosis of most prostate diseases, but there are still some missed and misdiagnosed rates, and the pathological grading of the puncture is often inconsistent with the postoperative pathological grading. In addition, all specimens require special handling and experienced pathologists to make the diagnosis, which is costly and time-consuming. Therefore, it is of great significance to explore new techniques and methods for cheap, rapid and accurate diagnosis of prostate diseases. Crow et al. (2003) found that Raman spectroscopy could effectively distinguish among normal prostate tissue, hyperplastic tissue and adenocarcinoma tissue by comparing the peak intensity of characteristic peaks corresponding to glycogen and nucleic acid. They further distinguished three pathological types of prostate adenocarcinoma with Gleason score <7, Gleason score = 7 and Gleason score >7 by constructing an algorithm. In a study by Stone et al. (2007), prostate cancer cells were found to have a higher nuclear/cytoplasmic ratio and higher DNA, choline and glyceric acid concentrations than prostate hyperplastic tissue. Based on the differences in the biochemical composition like proteins, lipids, nucleic acids and amino acids, and corresponding Raman bands in normal, BPH and prostatic adenocarcinoma, Lopes et al. (2011) developed a diagnostic algorithm combined PCA with Mahalanobis distance discriminant analysis to identify normal, BPH and adenocarcinoma tissues from in vitro prostate biopsy fragments and then developed a spectral diagnostic model for tissue classification. Prostate lesion samples were classified into three histological groups in this model with 100% sensitivity and specificity. And the Raman spectroscopy biochemical model of large samples showed that from normal to BPH and adenocarcinoma samples, the relative content of collagen decreased with the severity of the disease, while the content of cholesterol, fat cells and smooth cells increased. The number of smooth cells and collagen could be used to identify disease states with high sensitivity and specificity. Silveira et al. (2014) established Euclidean distance discrimination model by relative concentrations of phosphatidylcholine and water which had a sensitivity of 75% and specificity of 74% for prostate carcinoma diagnosis, and had a sensitivity of 69% and specificity of 89% for Gleason score >7 group, both of which opened the way for the application of Raman spectroscopy in the in vivo clinical setting. Artemyev et al. (2021) constructed analytical discriminative models of Raman spectra of prostate tissue using the projection to latent structure data analysis (PLS-DA) method, irradiating prostate tissue with different wavelengths such as 532 and 785 nm. These models could divide the Raman spectra of prostate carcinoma and the BPH into validation datasets and could detect biochemical alterations in the diseased tissue with high accuracy within a certain range.
Raman spectroscopy has been believed to have the potential to guide the determination of tumor margins for prostate radical surgery. Aubertin et al. (2018a) used a handheld Raman device to perform Raman spectroscopy on fresh prostate tissue from 32 patients after puncture and found it competent to differentiate between benign and malignant prostate with AUC (Area under curve, Roc curve) value at 0.93, and the AUC values for determining prostate tumor grading were 0.83–0.95, indicating that Raman spectroscopy could also effectively detect and analyze fresh prostate puncture specimens and might improve the surgical resection rate at radical operation. Thus, Raman spectroscopy could be used as a complement to intraoperative histopathological analysis. As a result of Raman probe suitable for endoscopic and laparoscopic or open surgery, the study work paved the way for in vivo studies.
3 APPLICATION IN TESTIS STUDY
3.1 Identification of Testicular Tumors
It is the identification of pathological tissues of tumors that the application of Raman spectroscopy in clinical medicine still focuses on nowadays. Owing to the low incidence of testicular tumors presumably, the research progress of Raman spectroscopy in testicular tumors is astonishingly slow. Originating in the study of testicular microlithia samples, the first report demonstrated effectively that glycogen surrounded by microlithiasis located in the seminiferous tubules was associated with the occurrence of germ cell tumors (De Jong et al., 2004). While its homogeneity and its representativeness in seminoma are still controversial, TCam-2 cells has been the main in vitro model for the study of seminoma. Eppelmann et al. (2013) discovered that the Raman spectrum of TCam-2s consists of three different spectral modes. What’s more, PCA, cluster analysis and local spectral angle analysis further demonstrated that TCam-2s contained two different types of cells. One of them included two subgroups, and undoubtedly there were so many differences in protein expression, which further confirmed the existence and generational differences of different subtypes of cells at the same time. It was the unique ability of Raman spectroscopy to detect the heterogeneity of TCam-2s that this study verified, which also initially demonstrated the possibility of Raman spectroscopy to identify testicular tumor cells by detecting cell biochemical characteristics.
3.2 Assisting Andrology Surgery
Raman spectroscopy has been regarded as an auxiliary diagnostic method in surgical operations in many studies recently, which also has a very good application prospect in fine surgery (Aubertin et al., 2018b; Hubbard et al., 2019; DePaoli et al., 2020). Taking the lead in constructing a Sertoli-only syndrome rat model, Osterberg et al. (2014) demonstrated that the signal intensity of the seminiferous tubules with spermatogenesis and the sertoli-only tubules at 1,000 cm−1 and 1,690 cm−1 were significantly different. Under the identification of PCA, the sensitivity and specificity were 96 and 100% respectively. The area under the receiver operating characteristic curve (ROC) of tubules with spermatogenesis predicted by Raman spectroscopy was 0.98, which proved forcefully that Raman spectroscopy could identify accurately seminiferous tubules with spermatogenesis. In the same year, using human testicular tissue as the material, another study verified the clinical application potential of this technology to identify seminiferous tubules with spermatogenic function (Liu and He, 2014). Compared with obstructive azoospermia (OA) patients who had normal spermatogenesis, non-obstructive azoospermia (NOA) patients without spermatogenesis had higher spectral intensity of certain peaks in the seminiferous tubules, such as 1,001 cm−1, 1,152 cm−1, 1,515 cm−1 and 1,658 cm−1 assigned to protein. Consistent to Raman spectra, histochemical results also demonstrated that NOA tubules had a higher protein content. Perhaps owing to the increase in extracellular matrix (ECM) and collagen deposition, it resulted in the thickening of the lamina propria of the testis. The Raman spectroscopy technique for distinguishing NOA and OA testicular tissue samples based on the spectral difference had a sensitivity and specificity of 90 and 85.71% respectively, which indicated that Raman spectroscopy could be applied as a new and potentially useful tool to guide surgeons in microscopy testicular sperm extraction (micro-TESE) to improve sperm retrieval.
3.3 Study on Reproductive Toxicity of External Adverse Factors
On account of the unique anatomical location and the fact that sperm cannot repair genetic material like other tissue cells, the testis is very sensitive to external unfavorable factors, including endocrine disruptors, heavy metals, electromagnetic radiation and other physical and chemical factors. Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR) can both identify the chemical bonds and functional groups based on the vibrational frequencies and associated energy levels in molecules. However, the former is based on the change of polarizability and is more suitable for detecting non-polar bonds, while the latter is induced by the change of dipole moment and is more competent for polar bonds. FTIR and Raman spectroscopy have their own advantages, so they are often used together to complement each other (Wang et al., 2018; Hosu et al., 2019). Combining Raman spectroscopy, attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and multivariate analysis, Duan et al. (2019) identified the organisms molecular changes of testicular tissues and cells treated with the estrogen endocrine disruptor 4-nonylphenol which herald the possibility of Raman spectroscopy in the study of testicular toxicology. Immediately afterwards, another study reported the use of Raman spectroscopy to determine the reproductive toxicity of testis caused by cadmium, suggesting that the Raman peak changes at 746 cm−1, 996 cm−1, 1,086 cm−1, 1,244 cm−1, and 1,587 cm−1 were attributed to the decrease of mitochondrial cytochrome c and the changes of ribose and nucleic acid after cadmium treatment, which indicated the decrease of cell mitochondrial content and the increase of genomic instability after cadmium treatment (Liu et al., 2020). People living in modern society often only rejoice in the convenience electromagnetic waves bring to life, without thinking about whether the invisible electromagnetic field will push an invisible threat to human health. Koziorowska et al. (2020) conducted an in vitro study on the effects of ultra-low frequency electromagnetic fields on the testicular tissue of roe deer based on Raman spectroscopy and FTIR, which suggested that the experimental group had obvious spectra alteration corresponding to proteins, DNA, phospholipids, and glycogen. Although there are currently no reports on human testes, it is believed that the impact of adverse environmental factors on male reproductive health will be a meaningful new hotspot in the near future.
4 APPLICATION IN SEMINAL PLASMA ANALYSIS
4.1 Assessment of Semen Quality
Semen is a mixture of sperm and seminal plasma, among which seminal plasma accounts for more than 95%. It is not only a necessary medium for sperm transport, but also contains substances necessary to maintain sperm life, which is also closely related to sperm function, as early evidence demonstrated that seminal plasma contains influence factors of male fertility (Diamandis et al., 1999). As a consequence, seminal plasma may contain important biochemical markers that can be measured non-invasively and reflect the quality of semen at the same time. Huang et al. (2011) found that the ratio of the Raman peak intensity at 1,449 cm−1 and 1,418 cm−1 assigned to tryptophane and lipid respectively in normal and abnormal semen samples was significantly different (p < 0.05). The sensitivity and specificity of diagnostic algorithm generated by combining PCA and LDA, were 73 and 82% respectively, and the area under the ROC curve was 0.823. Further research demonstrated that the normal and abnormal seminal plasma spectra obtained by different laser polarizations including non-polarized, linearly polarized, right-handed circular polarization and left-handed circular polarization were all different. As a result, the diagnostic algorithms developed based on this had different diagnostic capabilities when distinguishing normal and abnormal semen. Among them, the best diagnosis result was when the left-handed circularly polarized laser was used for excitation, and the sensitivity and specificity were 95.8 and 64.9% respectively. This might be due to the presence of a large number of chiral biomolecules in seminal plasma, just like phosphatase, aminopeptidase, glycosidase, hyaluronidase and mucin (Chen et al., 2012). In conclusion, the above studies demonstrated that Raman spectroscopy of seminal plasma can evaluate the quality of semen with high sensitivity and specificity.
4.2 Metabolomics Analysis of Seminal Plasma
Recent years have witnessed a spurt of progress in metabolomics, seminal plasma metabolomics research has also gradually attracted attention recently. Grounding on Raman spectroscopy, Gilany et al. (2018) constructed a seminal plasma metabolomics fingerprint for 20 patients diagnosed with NOA. Combined with the testicular biopsy results, they found that the metabolomics fingerprints of the two groups with positive sperm extraction (TESE (+)) and negative sperm extraction (TESE (−)) could be distinguished by PCA. What’s more, the signal intensity at 2,800–3,000 cm−1 assigned to the −CH group was stronger in TESE (−) patients than in TESE (+) patients, suggesting that TESE (−) patients were in a state of oxidative imbalance. In summary, the above results indicate that seminal plasma may have potential biomarkers for judging the presence of sperm in testicular tissues of NOA patients, and seminal plasma metabolomics detection based on Raman spectroscopy technology might be an ideal tool for non-invasive detection of spermatogenesis. Combining chemometric methods such as PCA and discriminant analysis, the team had further improved the classification model recently and found that although the semen analysis, medical history, and physical examination of idiopathic infertility men were normal, the classification model could still accurately distinguish the seminal plasma of idiopathic infertile men and normal fertile men which indicated that the microstructure of the seminal plasma metabolome of idiopathic infertility and fertile men was different (Pourasil and Gilany, 2021). Although it is still currently impossible to directly infer the cause of idiopathic infertility based on this, this study makes seeking the cause of the difference in seminal plasma metabolomics based on Raman spectroscopy possible.
5 APPLICATION IN SPERM ANALYSIS
Being the pioneer of the field of sperm analysis, Kubasek et al. (1986) first applied Raman spectroscopy to the study of salmon sperm DNA configuration in 1986. Unfortunately, in the following decades, the development and application of Raman spectroscopy in sperm analysis did not make significant progress. In recent years, with the update of equipment and the improvement of methodology, Raman spectroscopy to the scientific research and clinical application of sperm analysis have been applied in more and more researches.
5.1 Characterizing the Biochemical Information of Sperm
Whereas the characteristics of the chemical composition of different regions of sperm, combined with multivariate analysis methods, the three-dimensional Raman imaging of sperm cells could clearly show the nucleus located in the head, the mitochondria located in the middle and other organelles. Owing to single-point local Raman spectra could be obtained within hundreds of milliseconds, this technology may be applied for rapid fertility testing to examine the biochemical information and functional status of important organelles (such as mitochondria or nucleus) (Meister et al., 2010). Conducting a label-free imaging and biochemical characterization study on sperm cells, Amaral et al. (2018) found that different areas of sperm (head, middle and tail) could be clearly distinguished by Raman microscopy. However, there were no significant differences in the spectra of specific regions of sperm cells of four different species (humans, mice, Cynomolgus monkeys and sea urchins), which meant that the basic components of sperm were biochemically similar among species.
5.2 Identifying Normal Sperm
According to WHO reports, the infertility rate of couples of childbearing age has reached 15% globally, while half of the causes of infertility lie in men (Jungwirth et al., 2012). In this context, semen analysis is the most important auxiliary examination for men with infertility. In clinical practice, morphology and sperm motility are often seen as the main evaluation indicators to select normal sperm for assisted reproductive technology, while morphology and sperm motility alone are not enough to assess sperm fertilization ability. On account that we cannot evaluate sperm nuclear DNA integrity and chromatin function status through routine inspections that may affect sperm fertilization ability, these so-called normal sperm are not perfect. As a non-invasive, label-free, and emerging detection technology that can provide molecular biochemical fingerprint information, Raman spectroscopy has been demonstrated in more and more studies that it has great potential for identifying normal and capable sperm for fertilization.
5.2.1 Identification Based on the Integrity of Sperm Nuclear DNA
In general, the sperm nuclear DNA (nDNA) damage model was induced by ultraviolet radiation (Mallidis et al., 2011; Da Costa et al., 2018), Da Costa et al. (2018) found that the peaks at 1,094 cm−1 and 1,050 cm−1 of the symmetrical stretching vibration of the PO4- main chain of DNA could clearly distinguish the spectra of the control group and the experimental group. Sánchez et al. (2012) used Fenton reaction to induce the oxidative damage model of semen samples and obtained similar results. The study further used the intensity ratio of the Raman peak (1,050 cm−1/1,095 cm−1) to estimate the percentage of sperm with nDNA damage, and the performance was comparable to the most reliable flow cytometry in clinical practice. Both Raman spectroscopy and FTIR were used to double-verify the signal changes in the DNA backbone-related regions, which proved that the Raman signal changes in the 1,050–1,100 cm−1 region were meaningful, not accidental. Interestingly, Huang et al. (2014) found that the intensity ratio of 1,055 cm−1 to 1,095 cm−1 might be a potential biomarker for assessing sperm nDNA integrity. The above studies imply that the intensity ratio of 1,055 cm−1 or 1,050 cm−1 to 1,095 cm−1 may have practical application value in assessing the integrity of sperm nDNA. However, on account of the small sample size and the large heterogeneity of the experimental conditions, the results of other studies were also very different except for the two (Mallidis et al., 2011; Pereira et al., 2019). As a consequence, there is no sufficient evidence that the ratio of the two Raman shifts can be universally used to assess the integrity of sperm nDNA.
5.2.2 Identification Based on Chromatin Function Status
Apart from the integrity of nDNA, the packaging efficiency of chromatin DNA and the condensed state of chromatin are also significant factors affecting sperm fertilization. Huser et al. (2009) provided evidence obtained from the analysis of single sperm, demonstrating that the DNA packaging in abnormally shaped sperm was different from that of normal-shaped sperm by Raman spectroscopy, abnormally shaped sperm might contain DNA that was not properly repackaged by protamine during sperm cell development. More importantly, they found that the properties and efficiency of DNA packaging in sperm considered to have normal morphology were quite different. As a consequence, if sperm is selected only by morphological indicators, a large part of them will contain improperly packaged chromatin DNA. Recently, Jahmani et al. (2021) used chromatin A3 (CMA3) staining results as the standard for chromatin aggregation levels and found that the median intensity of Raman peaks at 670 cm−1, 731 cm−1, 785 cm−1, 1,062 cm−1, 1,098 cm−1, 1,185 cm−1, 1,372 cm−1, 1,424 cm−1, 1,450 cm−1, 1,532 cm−1, 1,618 cm−1, and 1,673 cm−1 were significantly different between two groups of CMA3 ≤ 41% and CMA3 > 41%. Among them, the first seven peaks were assigned to the vibration of the DNA structure, and the last five peaks were assigned to the protein. Non-invasive confocal Raman spectroscopy makes an epoch in evaluating the level of sperm chromatin aggregation.
5.2.3 Selection Based on the Combination of Zona Pellucida
Prophase studies have shown that the use of zona pellucida (ZP)-bound sperm for intracytoplasmic sperm injection (ICSI) urges higher embryo quality and implantation rate than conventional ICSI (Liu et al., 2011), so the research of a new method for sperm selection based on the binding of ZP is a very meaningful subject. Liu et al. (2013) used Raman microscopic spectroscopy to distinguish between ZP-bound sperm and unbound sperm. Compared with unbound sperm, in the acrosome region of ZP-bound sperm, two slightly low-intensity areas (800–900 cm−1 and 3,200–4,000 cm−1) associated with DNA and RNA backbones move to high-intensity levels. This may be related to the rupture of sperm cell membrane and outer acrosomal membrane after ZP-bound sperm acrosome reaction, leaving only a layer of acrosome outside the nucleus. In addition, this difference may also be caused by the different functional status of the nucleus (such as nDNA integrity).
5.3 Sorting of X and Y Chromosome Sperm
It’s worth mentioning that the sorting of sperm cells carrying X and Y chromosomes is very interesting, especially in animal production management systems and genetic improvement projects. Although the two types of cells contain the same amount of autosomal chromatin, the sperm with the X chromosome contains more total DNA than the sperm with the smaller Y chromosome (Li et al., 2016). Theoretically, in a certain volume, the total DNA concentration of the Y sperm cell is significantly lower than X sperm cell. Based on this, a method of Raman spectroscopy was proposed to effectively identify X- and Y-bovine sperm cells. The most obvious spectral difference between the two sperm cells appeared at the peaks at 726 cm−1, 785 cm−1, and 1,581 cm−1, and these peaks were the circular breathing patterns assigned to DNA bases (De Luca et al., 2014; Ferrara et al., 2015). Among them, the former study found that spectrum in the head and neck area could evaluate the biochemical differences between different sex chromosomes, and the accuracy of identification was as high as 90% (based on the results of flow cytometry). And the latter one used Raman spectroscopy combined with digital holography technology, making an epoch in completely unmarked sperm morphology selection and gender identification.
5.4 Other Applications
Apparently, the application of Raman spectroscopy in sperm research is far above that. Raman spectroscopy has been used as an auxiliary evaluation method in many studies to determine whether certain drugs and interventions can improve sperm quality (Li N. et al., 2014; Chen et al., 2014; Wu et al., 2015). Although these studies are in the exploratory stage, it is believed that with the advancement of technology, Raman spectroscopy may become a general auxiliary evaluation method in this field. In the past few years, many evidences have indicated that epigenetic regulation including sperm nDNA methylation may play a role in idiopathic male infertility (Gunes et al., 2016), D’Amico et al. (2020) applied resonance Raman spectroscopy to the study of genomic DNA methylation, indicating that simple and cheap Raman spectroscopy technology launched a new way for the screening of the cause of idiopathic diseases.
6 DISCUSSION AND CONCLUSION
To sum up, because of its characteristics of non-invasive, non-labeling and real-time in situ detection, the research and application of Raman spectroscopy and its derivative techniques in male reproductive system cover the molecular, cellular, tissue and organ levels, showing Raman’s unique advantages and great potential. The portable Raman spectrometer developed in recent years can be used for real-time in vivo and in vitro visual detection (Wang et al., 2015; Lane et al., 2018), compared with the Raman spectrometer for laboratory research, it is smaller and more convenient, and can realize rapid testing at bedside, during surgery, multi-scene and multi-purpose. No one doubts that these advantages will put it on the fast track of clinical transformation. If a relatively standard diagnostic algorithm is realized, this technique will have a good prospect in assisting prostate cancer surgery and micro-TESE.
Undeniably, there have been so many exciting studies that can achieve the Raman detection of the subcellular structure of single sperm. Unfortunately, the research on living sperm or sperm population is still facing many challenges, most of the existing reports are the study of semen smears, so that they can’t be further used in the treatment of ART. To make it, at least three conditions must be met: one is to maintain sperm activity, the other is to keep the sperm relatively fixed, and the third is to acquire the signal in a liquid environment. de Wagenaar et al. (2015) cleverly designed a microfluidic device to capture live sperm for single sperm analysis. However, analysis techniques relying on fluorescent labels wound damage sperm quality. On the contrary, non-invasive, label-free Raman spectroscopy technology may be a promising alternative technology, while current research has not yet demonstrated how effective it is. In order to detect the Raman signal of live sperm, Da Costa et al. (2018) used poly-lysine slides to fix the sperm in a liquid environment. However, the Raman spectrum difference of DNA damage caused by ultraviolet radiation could only be observed under dry conditions, but not in aqueous medium, the mechanism of which is not yet clear so that more experimental studies are needed to be obtained for the reason of the decreased ability of Raman spectroscopy to detect sperm DNA changes in the hydrated state. Obviously, there is still a long way to go for evaluating the quality of sperm based on Raman spectroscopy and applying it on subsequent treatment.
In addition, there are several problems worthy of our consideration in the application of Raman spectroscopy and its derivative techniques in the male reproductive system. The first is the safety of Raman spectroscopy, especially when it is used to evaluate normal sperm and for follow-up ART therapy. Although this technique is widely considered to be non-invasive, considering the damage of ultraviolet radiation to sperm nDNA (Mallidis et al., 2011; Da Costa et al., 2018), we can’t guarantee whether laser has adverse effects on sperm genetic material during Raman test. If sperm with genetic material defects caused by the Raman test are used in ART, it may lead to adverse pregnancy outcomes such as miscarriage and congenital malformations, which is ethically unacceptable. Secondly, a large number of Raman peaks can be obtained from prostate, testicular tissue and semen samples with few known peak attributions, so more research is needed to further explore and improve the Raman peak information database. Another challenge is that the results of Raman spectra are easily disturbed by external factors, which leads to the heterogeneity of different studies. No matter the room brightness, temperature, laser wavelength, intensity, exposure time and other equipment parameters of the test environment may affect the test results, resulting in poor unity between different studies, so it is difficult to establish the standard of Raman spectroscopy in practical application, which greatly limits its application in reproductive andrology and even other clinical disciplines.
In summary, Raman spectroscopy has emerged in the research and application of the male reproductive system, which can scan organs, tissues, cells and body fluids in real time without damage and labels, and expose subtle biochemical changes. It has become a potentially useful tool for disease diagnosis, searching for potential biomarkers and sorting normal sperm. And the development of portable Raman spectrometers and corresponding diagnostic algorithms will greatly accelerate the clinical transformation of Raman spectra. However, a lot of work is still needed to strengthen the standardization and safety evaluation of this technology. It is believed that Raman spectroscopy will open up a new situation in male reproductive medicine in the future.
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Numerous studies have reported how inner cell mass (ICM) and trophectoderm (TE) was determined during the process of early mouse embryonic development from zygotes into organized blastocysts, however, multiple mysteries still remain. It is noteworthy that pluripotent stem cells (PSCs), which are derived from embryos at different developmental stages, have identical developmental potential and molecular characteristics to their counterpart embryos. Advances of PSCs research may provide us a distinctive perspective of deciphering embryonic development mechanism. Minocycline hydrochloride (MiH), a critical component for maintaining medium of novel type of extended pluripotent stem cells, which possesses developmental potential similar to both ICM and TE, can be substituted with genetic disruption of Parp1 in our previous study. Though Parp1-deficient mouse ESCs are more susceptible to differentiate into trophoblast derivatives, what role of MiH plays in mouse preimplantation embryonic development is still a subject of concern. Here, by incubating mouse zygotes in a medium containing MiH till 100 h after fertilization, we found that MiH could slow down embryonic developmental kinetics during cleavage stage without impairing blastocyst formation potential. Olaparib and Talazoparib, two FDA approved PARP1 inhibitors, exhibited similar effects on mouse embryos, indicating the aforementioned effects of MiH were through inhibiting of PARP1. Besides, we showed an embryonic protective role of MiH against suboptimal environment including long term exposure to external environment and H2O2 treatment, which could mimic inevitable manipulation during embryo culture procedures in clinical IVF laboratory. To our knowledge, it is not only for the first time to study MiH in the field of embryo development, but also for the first time to propose MiH as a protective supplement for embryo culture, giving the way to more studies on exploring the multiple molecular mechanisms on embryonic development that might be useful in assisted reproductive technology.
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INTRODUCTION
During early murine embryo development, the zygote undergoes a serials of cell divisions and generates a blastocyst which consists of two distinct cell types: the inner cell mass (ICM) and the trophectoderm (TE) that surrounds the ICM (Johnson and Ziomek 1981; Fleming 1987; Morris et al., 2010). The TE gives rise to trophoblast lineages of placenta, and the ICM forms pluripotent epiblast, which following develops to the embryo proper and the primitive endoderm (Chazaud et al., 2006). Though numerous studies have reported how these lineages are determined, multiple mysteries still remain (Chazaud and Yamanaka 2016).
Studies focused on mechanical regulation of stem cells pluripotency have offered many clues for embryonic development research (Nichols and Smith 2012; Boroviak et al., 2014; Baker and Pera 2018). In our previous study, extended pluripotent stem cells (EPS) were derived from blastocyst and exhibited widespread bi-potency for both embryonic and extraembryonic lineages in vivo. This novel type of pluripotent stem cells (PSCs) was maintained with a chemical cocktail, consisting of human leukemia inhibitory factor (hLIF), CHIR 99021, (S)-(+)-dimethindene maleate (DiM) and minocycline hydrochloride (MiH), which was short for LCDM (Yang et al., 2017). Notably, Parp1-deficient mouse EPS cultured in condition without MiH could develop into both TE and ICM of the embryos as well (Yang et al., 2017), indicating MiH performed through inhibiting Poly (ADP-ribose) polymerase-1 (PARP1), which was consistent with the work of Alano et al., 2006. What role MiH plays in the embryonic development procedure and whether it works through PARP1 inhibition are subjects of concern.
PARP1 is the most abundant isoform of PARP family. To date, three functionally defined domains of PARP1 has been found: 1) N-terminal DNA binding domain; 2) C-terminal catalytic domain and 3) central automodification domain (Rolli et al., 1997). It is an important nuclear factor in modulating cell mitosis, DNA replication, transcription, metabolism and epigenetic events through PARylation of downstream proteins (Pleschke et al., 2000; Simbulan-Rosenthal et al., 2001; Hassa and Hottiger 2002; Simbulan-Rosenthal et al., 2003; Kanai et al., 2007; Nusinow et al., 2007; Caiafa et al., 2009). Moreover, PARP1 acts as a DNA damage sensor and binds to both single and double stranded DNA breaks (Virag and Szabo 2002; Gibson and Kraus 2012), promoting both base excision repair and homologous recombination (Burkle 2001; Curtin 2013). Studies in somatic cells indicate that when PARP1 activated, it attaches PAR units which were derived from NAD+ to various nuclear proteins including itself, histones and other nuclear proteins such as transcription factors (Cohen-Armon 2007; Hinz et al., 2010; Kraus and Hottiger 2013). Several works have proved that genetic and pharmaceutical disruption of PARP1 in oxidative stress played a protective role against cell death by maintaining integrity of mitochondrial membrane and activating phosphatidylinositol-3 kinase (PI3K)-AKT signal pathway (Veres et al., 2004; Tapodi et al., 2005; Bartha et al., 2009; Mester et al., 2009; Szanto et al., 2009).
Oxidative stress, a cellular condition caused by the accumulation of reactive oxygen species (ROS), have been repeatedly shown to be prevalent in defective embryo development and result in suboptimal pregnancy rates (Guerin et al., 2001; Kovacic and Vlaisavljevic 2008; Ciray et al., 2009; Waldenstrom et al., 2009). Although numerous studies have reported the effects of individual antioxidants on embryo development (Fujitani et al., 1997; Ali et al., 2003; Kitagawa et al., 2004; Choe et al., 2010; Silva et al., 2015), it seems that none of the available ones can fully mimic the physiological conditions of the female tract (Aviles et al., 2010).
Taking all this information into consideration, we sought to determine whether MiH can improve embryo quality in suboptimal culture environment.
MATERIALS AND METHODS
Animals and Ethics
ICR mice (5–6 weeks female and 10 weeks old male) were purchased from Animal Care Facility of Nanjing Medical University and were housed in ventilated cages at constant temperature (22°C) and controlled humidity and light dark cycle. All animal experiments were approved by the Animal Care and Use Committee of Nanjing Medical University and were performed in accordance with institutional guidelines.
Antibodies
Rabbit polyclonal anti-OCT4 antibody (Cat#: ab181557) was purchased from Abcam (Cambridge, MA, United States); mouse monoclonal anti-CDX2 antibody (Cat#:AM392-5M) was purchased from BioGenex (Fremont, United States); mouse monoclonal PAR/pADPr antibody (Cat#:4335-MC-100) was purchased from R&D Systems (Minnesota, United States). Donkey anti-Mouse Alexa Fluor 488, 555 and Donkey anti-Rabbit Alexa Fluor 555 antibodies (Cat#: A21202, A31570, A31572) were purchased from Thermo Fisher Scientific (Rockford, IL).
In vitro Fertilization and Embryo Culture
To promote ovulation, female mice were intraperitoneally injected with 7 IU Pregnant Mare Serum Gonadotropin (PMSG) followed by 7 IU of Human Chorionic Gonadotropin (hCG) after PMSG priming. Cumulus-oocyte complexes (COC) were isolated from oviduct ampullae 14–15 h post-hCG injection and were cultured in drops of HTF fertilization medium under mineral oil. Sperm was collected from the tail of epididymis of adult male mice and incubated in HTF fertilization medium at 37°C in a 5% CO2 incubator for 1 h before fertilization. Then capacitated spermatozoon was added to HTF drops containing COC and co-cultured together for 6 h in the incubator to allow for fertilization. Zygotes were then washed and transferred into drops of KSOM (Aibei Biotechnology, Nanjing, M1450) medium supplemented with chemical inhibitors or not. Chemical inhibitors were used at the following concentrations: 2 μM Minocycline hydrochloride (MiH, Selleck, S4226); 20, 50 or 100 nM Olaparib (Ola, APExBio, A4154); 0.2, 0.5 or 1 nM Talazoparib (Tala, APExBio, A4153). Embryos were observed and imaged with an inverted phase-contrast microscopy (Nikon Ts2R, Japan).
Immunostaining
Embryos were fixed in 4% paraformaldehyde for 15 min and then were permeabilized with PBS containing 0.2% Triton X-100 for 10 min at room temperature (RT). After being blocked for 1 h in blocking buffer, which comprised of PBS together with 0.1% BSA, 0.01% Tween-20 and 2.5% donkey serum, embryos were incubated with primary antibodies diluted in blocking buffer overnight at 4°C. Embryos were then washed for three times with PBS and labeled with secondary antibodies in the dark for 1 h at RT. Samples were then washed for three times with PBS and stained with 1 μg/ml DAPI for 5 min, and washed for three times before mounting on glass slides in small drops of antifade medium. Samples were then imaged using an inverted phase-contrast microscopy (Nikon Ts2R, Japan).
In Vitro Exposure of Mouse Zygotes and Developmental Potential Tests Beyond Preimplantation
Zygotes were collected in drops of HTF medium after fertilization and place them on the warmed microscope stage for 1 h at 37°C. Zygotes were then transferred to the KSOM medium with or without MiH to culture.
After 100 h, the blastocysts of the above three groups were randomly selected and surgically transferred into the uteri of pseudopregnant female mice. 9 days after transferring, mice were euthanized to see whether they were pregnant.
An IVC assay was also carried out to observe the developmental potential in vitro by culturing the rest of blastocysts in the afore mentioned experiments according to a protocol we used before (Zhao et al., 2021). All the blastocysts were embedded in Matrigel drops and culture for further 120 h to see whether they could form egg cylinder structures.
Mouse Zygotes Model for Oxidative Damage
Zygotes were incubated in HTF fertilization medium containing 0.1 mM H2O2 for 1 h at 37°C, then washed with fresh HTF fertilization medium three times to remove H2O2 and transferred into KSOM medium for further culture. NAC group of ROS measurement experiment were performed as control by addition of N-Acetyl-l-cysteine (Sigma-Aldrich, A9165) to a working concentration of 5 mM.
TUNEL Assay
TUNEL assay was carried out to analyze apoptosis of embryos using One Step TUNEL Apoptosis Assay Kit (Beyotime, C1086) in accordance with the instruction manual. Embryos were fixed in 4% paraformaldehyde for 30 min and permeabilized in PBS containing 0.5% Triton X-100 for 5 min. Then embryos were incubated in the TUNEL reaction mixture (containing FITC-conjugated dUTP and terminal deoxynucleotidyl transferase) at 37°C in the dark for 1 h. The reaction was terminated by washing in washing buffer (containing 0.1% Tween-20 and 0.1% BSA in PBS) for three times. Finally, the embryos were stained with DAPI for 5 min at RT and washed before mounting on glass slides. The TUNEL labeling was observed using a fluorescence microscope (Nikon Ts2R, Japan).
Detection of ROS Content in Embryos
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) was used to evaluate the intracellular ROS level in embryos. Embryos were incubated in KSOM medium supplemented with 10 μM DCFH-DA for 30 min at 37°C in a 5% CO2 incubator and stained with Hoechst 33342 for 10 min. Fluorescence was observed under a Laser Scanning Confocal Microscope (LSM 710, Zeiss, Germany) at a 488 nm excitation wavelength and analyzed with the Image J software.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7 software and all results were presented as means ± standard deviation from three independent experiments. Data were analyzed with the Student’s t-test. ∗0.01<p < 0.05; ∗∗p < 0.01; no labeling indicates no statistical significance.
RESULTS
MiH-Treated Embryos Developed Slower During Cleavage Stage but Formed Blastocyst Normally
Firstly, to decipher the effect of MiH on preimplantation mouse embryos, in vitro fertilization (IVF) was employed to obtain zygotes, which were randomized into two groups and cultured with KSOM medium in the absence (control group) or presence of 2 μM MiH (MiH group) till most of them developed into blastocysts at 100 h after fertilization (Figure 1A). We found that almost all embryos in MiH group progressed normally at 2-cell and 4-cell stages (Supplementary Figure S1A) and there were no statistical differences in the rates of 2-cell or 4-cell embryos to total zygotes at 16 h or 40 h, respectively (Supplementary Figures S1B,C).
[image: Figure 1]FIGURE 1 | MiH-treated embryos developed slower during cleavage stage but formed blastocyst normally. (A) Time scheme of in vitro fertilization (IVF) and main procedure of MiH treatment assay of mouse embryos. (B–D) Representative images and frequencies of embryos observed at 53 h (B), 70 h (C) and 100 h (D) after fertilization in control (n = 65) and MiH-treated (n = 60) groups. Bar = 100 μm. (E) Quantitative analysis of cavitied, expanded and hatching blastocysts at 100 h. Dotted arrow, arrowheads and arrows indicated the cavitied, expanded and hatching blastocysts respectively. (F) Cell number of each expanded or hatching blastocyst at 100 h. Data are presented as mean ± SD in three independent experiments and student’s t tests are used for statistical analysis. ∗0.01<p < 0.05; ∗∗p < 0.01; no labeling indicates no statistical significance.
However, MiH-treated embryos showed slower progression of development since 53 h, with only 50% of embryos being consisted of 7–8 cells while that of control group was nearly 65% (Figure 1B). Then nearly 90% of embryos in both groups would undergo compaction and continue to form morula at 70 h (Figure 1C). In order to count the cell number of each embryo, we stained nuclei with DAPI and found that the count of each morula in MiH group was significantly fewer than that in control group (Supplementary Figures S1C,D), indicating a slower developmental kinetics as well. The difference became more evident at 85 h, with only 45% of zygotes formed blastocysts, whereas the efficiency of control group was about 70% (Supplementary Figures S1A,C). Notably, the blastocyst formation efficiencies of the two groups were comparable at 100 h (Figure 1D).
In order to further determine whether there was any other difference in the blastocysts, we classified blastocysts into three types depending on their expansion level as cavitated, expanded and hatching. The cavitated blastocyst is one whose blastocele has already formed, but it later continues to fill with fluid so that the blastocyst can expand. When it is expanded, the blastocyst is larger and the zona pellucida is thinner, so hatching can begin (Figure 1D). We analyzed the frequencies of these three types of blastocysts in the two groups and found a higher ratio of cavitated blastocyst in the company with lower ratios of expanded and hatching blastocyst in MiH group without statical significance (Figures 1D,E), which could be attributed to the slower developmental rate. However, the total cell number per blastocyst was comparable between the ones in control and MiH group at 100 h (Figure 1F). Here, cavitated blastocysts in the two groups were excluded for statistics because of the great individual variation. Combined these data, we could not exclude the possibility that the above phenomenon was caused by slower pumping of fluid into the blastocyst cavity.
In brief, MiH would develop slower during cleavage stage but formed blastocyst with similar efficiency at last. These were not consistent with findings of T. Osadaet al. and Imamura T et al., who used 3-ABA, PJ-34 and 5-AIQ. The inconsistency perhaps was related with inappropriate does and different side effects among inhibitors.
MiH Affected Embryo Development Through Inhibiting PARP1
For the maintenance of EPS self-renewal, MiH can be replaced by other PARP1 inhibitors and Parp1-deficient mouse EPS could contribute to both TE and ICM in the absence of MiH (Yang et al., 2017). We further examined whether the influence of MiH on embryonic development was through inhibiting PARP1 as well. Olaparib (Ola) and Talazoparib (Tala) were two Food and Drug Administration (FDA) approved canonical PARP1 inhibitors that recommended for the treatment of various cancers (Robson et al., 2017; Litton et al., 2018). Then we treated zygotes with 20, 50 and 100 nM Ola and 0.2, 0.5 and 1 nM Tala. Nearly half of the zygotes were impaired in higher concentrations groups while embryos in 20 nM Ola and 0.2 nM Tala-treated groups progressed normally (Supplementary Figure S2). To further evaluate effects of PARP1 inhibitors at lower concentrations on embryonic development, we traced embryos in the four groups at multiple timepoints during blastocysts formation. We noticed that embryos treated with 20 nM Ola or 0.2 nM Tala showed no difference in the formation efficiencies of 2-cell nor 4-cell at 16 and 40 h respectively (Supplementary Figure S3), similar to those in MiH group (Supplementary Figure S1). However, embryos treated with PARP1 inhibitors turned to develop slower at 53 h, with only 40% of zygotes in Ola group contained 7–8 blastomeres. The ratio of Tala group was about 35%, comparable to that of MiH group but significantly less than that of control group (Figures 2A,B). The delay turned to be obvious at 85 h that the blastocyst formation rates were significantly decreased in Ola- and Tala-treated groups (Figures 2A,C), whereas the final outcome was not impaired (Figures 2A,D). Moreover, embryos treated with Tala developed most slowly among those in four groups, which might be ascribed to the most potent effects of inhibition on PARP1 (Murai et al., 2012; Murai et al., 2014).
[image: Figure 2]FIGURE 2 | Canonical PARP1 inhibitors showed similar effects on preimplantation embryos. (A) Brightfield images of embryos in control, MiH-, Olaparib (Ola)- and Talazoparib (Tala)-treated groups at 53, 85 and 100 h after fertilization. Bar = 100 μm. (B–D) Frequencies of embryos observed at 53 h (B) and blastocyst formation efficiencies at 85 h (C) and 100 h (D). n (Control) = 46, n (MiH) = 44, n (Ola) = 45, n (Tala) = 43. (E,F) Staining and fluorescence intensity of expanded blastocysts in the four groups for PAR. Bar = 50 μm. Data are presented as mean ± SD in three independent experiments and student’s t tests are used for statistical analysis. ∗, 0.01<p < 0.05; ∗∗, p < 0.01; no labeling indicates no statistical significance.
To further address whether PARP1 was inhibited in embryos treated with MiH, Ola and Tala, PAR (poly ADP-ribose polymer), a product of PARP1 activity, was detected with an anti-PAR antibody to assess inhibition. It was previously reported that distribution of PAR remained diffused and cytosolic during preimplantation development (Imamura et al., 2004). As shown in Figures 2E,F, the distribution of PAR was diffuse and cytosolic in some cells of blastocysts in control group. On the contrary, embryos cultured in KSOM supplemented with MiH, Ola and Tala showed no signal. These results suggest that PARP1 was inhibited by MiH and two other well-known PARP1 inhibitors as previous reports.
MiH is a critical chemical compound for EPS cells maintenance (Yang et al., 2017). We hypothesized that MiH played similar roles in first cell fate decision that generated populations of outside cells and inside cells, respectively. This is a critical developmental stage because the embryo must allocate its blastomeres into either TE or ICM. To determine whether supplementation of MiH, Ola or Tala would affect the specification of TE and ICM, immunostaining for CDX2 and OCT4 was applied (Palmieri et al., 1994; Niwa et al., 2005; Strumpf et al., 2005). As shown in Supplementary Figure S4A, OCT4 was almost expressed in each blastomere, while CDX2 was only expressed in the cells which lately develop into TE at 70 h. All of the PARP1 inhibitors-treated embryos contained much more CDX2+/OCT4+ cells than untreated ones but significantly fewer CDX2-/OCT4+ cells. When blastocyst forms, OCT4 and CDX2 is restricted to ICM and TE cells separately, with several CDX2+/OCT4+ cells exist. In PARP1 inhibitors-treated blastocysts, more CDX2+ cells emerged with fewer CDX2-/OCT4+ cells remaining (Supplementary Figure S4B), indicating that PARP1 inhibition might promote specification of TE identity, similar to the effect of MiH on EPS cells.
Thus, we supposed that MiH affected embryo development through inhibiting PARP1 and boosted a trophoblast bias.
MiH Protected Zygotes From Long-Term Exposure to External Environment
In vitro fertilization (IVF) is an effective clinical strategy for the couple who fail to conceive. While the percentage of successes is much higher nowadays, one of the most plausible causes of the failure of IVF procedures is the poor quality of gametes leading to aberrant embryonic development. Previous Studies have shown that psychological stress can exert detrimental effects on reproduction in women. In vitro fertilization techniques, in particular, gametes collection, manipulation, and culture may generate stress environment which would cause oxidative stress. Furthermore, some studies suggested that inhibited PARP activity could protect against the loss of cell viability, preserve NAD + levels and improve cellular bioenergetics in in vitro experiments in U937 cells subjected to oxidative stress (Ahmad et al., 2019). Thus, we wonder whether MiH could restore the outcome of the embryos under stressful environment. To verify this hypothesis, we placed zygotes on the warmed microscope stage for 1 h, then cultured them in medium in the absence (in vitro exposure, IVE) or presence of MiH (IVE+MiH). The ratios of 2-cell and 4-cell embryos were strikingly resembling in all groups (Figures 3A,B, Supplementary Figures S5A,B). Since 53 h, zygotes in IVE and IVE+MiH groups developed slowly, with no more than 50% of them reaching 8-cell stage while the ratio of control group was 80% (Supplementary Figures S5A,C). Later, nearly 90% of zygotes in IVE+MiH group developed into morula, which was much higher than that of IVE group and was comparable to control group (91 vs. 96% control; 83 vs. 96% control) (Supplementary Figures S5A,D). Though long-term exposure to external environment significantly reduced blastocyst formation efficiencies of embryos in both IVE and IVE+MiH groups at 85 h (Supplementary Figures S5A,E), the supplement of MiH rescued the final blastocyst formation potential of embryos in IVE+MiH group, with equivalent ratio (93%) to that of control group, but significantly higher than that of IVE group (77%) at 100 h (Figures 3A,B). Additionally, the average cell number of blastocysts in IVE group was markedly less than that in control and IVE+MiH groups (Figure 3C). Analogously, the frequency of hatching blastocyst in IVE group decreased dramatically than that of control and IVE+MiH groups, while the ratio of cavitated blastocyst exhibited much higher in IVE group (Figure 3D). All these data above suggested that MiH played a protective role for preimplantation embryos in the process of suffering long-term exposure to environment.
[image: Figure 3]FIGURE 3 | PARP1 inhibitors could protect preimplantation mouse embryos from exposure to external environment. (A,B) Representative images and frequencies of 2-cell embryo observed at 16 h and blastocyst at 100 h after fertilization. Control, zygotes were transferred into incubators soon after washing and cultured in KSOM condition till 100 h; IVE and IVE+MiH, zygotes were exposed to external environment for 1 h and then were transferred into incubator and cultured in KSOM without (IVE) or with MiH supplemented (IVE+MiH). Bar = 100 μm. (C) Comparison of cell numbers of blastocyst at 100 h. (D) Ratios of cavitated, expanded and hatching blastocysts at 100 h. 46, 49, 47 embryos were totally counted in Control, IVE and IVE+MiH groups. (E–G) Immunofluorescent images of blastocysts and cell numbers in each blastocyst at 100 h. CDX2 (green) and OCT4 (red) were used as markers for TE and ICM separately. Bar = 50 μm. N (Control) = 12, n (IVE) = 11, n (IVE+MiH) = 18. (H) Staining images of expanded blastocysts in the three groups for PAR. Bar = 50 μm. (I) Fluorescent images of ROS for expanded blastocysts. Bar = 100 μm. (J,K) Quantification intensity levels for PAR (J) and ROS (K) in in Control, IVE and IVE+MiH groups. Data are presented as mean ± SD in three independent experiments and student’s t tests are used for statistical analysis. ∗0.01<p < 0.05; ∗∗p < 0.01; no labeling indicates no statistical significance.
In order to further address whether these recovered blastocysts possessed normal developmental potential beyond preimplantation stage, they were randomly selected from the three groups and surgically transferred into the uteri of pseudopregnant female mice. 9 days after transferring, only one which had been transferred with blastocysts in IVE+MiH group was pregnant, indicating that MiH may partly rescue the embryo developmental potential from long time exposure to the external environment (Supplementary Figure S6). However, we could not make a very solid conclusion that embryos in this group possessed better developmental potential beyond preimplantation stage, due to the limited sample size and failure of control group. Actually, a satisfyingly pregnant rate of embryo transplantation experiment will be inevitably affected by the uncertainty of embryo implantation even in the presence of what appears to be a receptive endometrium. It is well known that late blastocyst development is delayed in embryos in in vitro culture relative to their in vivo counterparts. However, we had to culture all of the embryos for 100 h to ensure the restoration of the suboptimal environmental exposure, perhaps resulting in the miss of appropriate transplanting time, especially for those unexposed ones. This perhaps in turn led to embryo-endometrial desynchronization of control group.
We also performed an IVC assay to observe the developmental potential in vitro by culturing the rest of blastocysts in the afore mentioned experiments according to a protocol we used before (Zhao et al., 2021). However, the egg cylinder formation efficiencies of all the three groups were as low as less than 10%, hardly to say whether IVE+MiH blastocysts obtained better further developmental potential. When the natural fertilized and in vivo developed E3.5 embryos were used, in the previous studies, the efficiencies were only 30–40% as well (Bedzhov et al., 2014; Zhao et al., 2021), which could partly explain the low efficiency in our experiments. Though both the transplantation and IVC assays were statistically not conclusive, they provide some hints of what to expect if the experiments were performed many times.
Clinical data collected in recent years proved that embryo culture impaired embryonic developmental potential including delaying cell cycle kinetics and reducing TE cells in blastocysts (Giritharan et al., 2007). We then asked whether IVE affected the specification of TE and ICM and observed significant reduction of CDX2 positive cell numbers of blastocysts in both IVE and IVE+MiH groups comparing with those in control and MiH groups. However, blastocysts in IVE+MiH group contained much more CDX2 positive cells than those in IVE group, implying that MiH might protect TE cells from environmental stress (Figure 3F). Meanwhile, blastocysts in all three groups had much less OCT4 positive cells when they were compared with ones in control group, with great variations between individuals in IVE group (Figure 3G). Hence, we supposed the protective effect of MiH might be partly attributed to its boost of cells into a TE fate.
Long term exposure to external environment may lead to unexpected pH and temperature shifts in the embryo culture medium. Alternation in pH has been shown to influence intracellular homeostasis, with particular effects, including protein synthesis, mitochondrial function, cellular metabolism, and cytoskeletal remodeling (Will et al., 2011). Temperature is another important factor for embryonic development, which will influence integrity of spindles and DNA fragmentation. It has been reported that over-activation of PARP1 led to apoptotic and necrotic cell death during Myocardial ischemia-reperfusion injury (Raedschelders et al., 2012). To confirm whether long term exposure to external environment would cause PARP1 over-activation, we performed immunodetection of PAR and found a significant stronger signal in embryos of IVE group, which exhibited weaker in embryos of both control and IVE+MiH groups (Figures 3H,J).
Besides, unavoidable environmental factors, such as light exposure, excess temperature and pH fluctuation of culture medium, which increase ROS production, have been recognized to negatively affect embryo developmental potential and result in suboptimal pregnancy rates (Agarwal et al., 2005a). For this reason, we wondered whether long term exposure to external environment induced the production of ROS. To verify this problem, we explored the intracellular ROS level at 100 h. Fluorescent analysis showed robust signal in the embryos of IVE group while supplementing culture medium with MiH could restore it to normal level (Figures 3I,K). Thus, MiH might reduce the adverse effects of long-term exposure to external environment on embryos through inhibiting the generation of ROS.
PARP1 Inhibitors Might Improve Embryo Viability Against Oxidative Injury
Having shown that MiH could partly reduce ROS level in embryos that exposed to external environment, we assessed whether PARP1 inhibitors would improve embryo viability against oxidative damage. Hydrogen peroxide (H2O2) is one of the strongest oxidants and will lead to overproduction of ROS. However, increased ROS production induces multiple cellular damages and mitochondrial alternation, which consequently disturbs embryonic development of preimplantation embryos in vitro (Liu et al., 2000; Kitagawa et al., 2004; Zhang et al., 2010). Accordingly, zygotes were randomly divided into untreated and treated groups. In the treated group, zygotes were exposed to 100 μM H2O2 for 1 h, washed extensively, and then cultured in medium with (H2O2+MiH) or without MiH (H2O2) while untreated zygotes were incubated in HTF for 1 h and then cultured in KSOM medium (Control) (Figure 4A). Since 40 h, H2O2-treated zygotes in both two groups (H2O2+MiH and H2O2) exhibited lower rates of 4-cell and 8-cell stages embryos (Supplementary Figure S7). Only zygotes in H2O2 group showed decreased rates of morula at 70 h (Figures 4B,C). Furthermore, though blastocyst formation efficiencies of H2O2+MiH, H2O2-treated zygotes were both much lower than those of non-treated ones at 85 h (Figure 4D), rate of H2O2+MiH group was restored to the equivalent level of control group at 100 h (Figure 4E). Morphologic analysis also revealed that treatment of zygotes with H2O2 induced fragmentation and developmental retardation during this process, while embryos in H2O2+MiH and control group exhibited less (Figure 4B). Moreover, the average cell numbers of blastocysts at 100 h significantly decreased in the H2O2 and H2O2+MiH groups than that of control group (Figure 4F). To further address the influence of H2O2 on cell fate decision, embryos were immunostained with CDX2 and OCT4 antibodies. We found that though CDX2 positive cell numbers decreased both in H2O2 and H2O2+MiH treated ones, blastocysts in H2O2+MiH group had much more CDX2 positive cells than those in H2O2 group. By contrast, no restoration of OCT4 positive cells were found in H2O2+MiH treated ones (Figures 4G–I), implying that the protective effect of MiH was associated with protection for TE cells.
[image: Figure 4]FIGURE 4 | MiH improved mouse preimplantation embryos viability against oxidative stress. (A) Main procedure of oxidative embryo model and MiH treatment assay. (B) Representative images of embryos in control and H2O2-treated groups with or without MiH at 70, 85, 100 h after fertilization. Bar = 100 μm. Control referred to embryos who had not suffered from H2O2 treatment and cultured under KSOM; H2O2 and H2O2+MiH referred to zygotes who were treated with 0.1 mM H2O2 for 1 h and then cultured under KSOM in the absence (H2O2) or presence of MiH (H2O2+MiH), respectively. (C–E) Morula or blastocyst formation efficiencies at 70 h (C), 85 h (D) and 100 h (E) after fertilization. 44, 47, 45 embryos were totally counted in control, H2O2- and H2O2+MiH-treated groups, respectively. (F) Comparison of cell numbers of blastocyst at 100 h (G–I) Immunofluorescent images of blastocysts at 100 h. CDX2 (green) and OCT4 (red) were used as markers for TE and ICM separately. Bar = 50 μm. N (Control) = 26, n (H2O2) = 34, n (H2O2+MiH) = 31. Data are presented as mean ± SD in three independent experiments and student’s t tests are used for statistical analysis. ∗0.01<p < 0.05; ∗∗p < 0.01; no labeling indicates no statistical significance.
Additionally, to confirm whether the antioxidative effect of MiH was through inhibition of PARP1, we firstly explored the level of PAR in the expanded blastocysts. As shown in Figures 5A,B, we found that H2O2 exposure induced nucleic localization signal of PAR. But in H2O2+MiH and H2O2+Ola groups, almost no signal was found in blastocysts, which was consistent with that in all non-treated groups. Combined with the data that no PAR signal emerged in H2O2-untreated groups, we indicated that MiH and Ola would inhibit PARP1 overactivation which was induced by H2O2 treatment. Then, we used N-acetyle-cysteine (NAC), a conventional antioxidant for ROS inhibition, as a positive control to investigate whether MiH could decrease ROS level in H2O2-treated embryos like NAC did. These results showed that H2O2 treatment increased ROS signal in embryos, but both PARP1 inhibitors and NAC supplementation could recover the ROS level (Figures 5C,D).
[image: Figure 5]FIGURE 5 | PARP1 inhibitors could protect mouse embryos from ROS and reduced cell apoptosis. (A,B) Staining and intensity levels for PAR of expanded blastocysts in untreated and H2O2-treated groups supplemented MiH, Ola or not. (C,D) Fluorescent images and intensity levels of ROS in expanded blastocysts. (E,F) Representative fluorescent images of apoptotic cells (E) and quantitative analysis of TUNEL-positive blastocysts (F). Data are presented as mean ± SD in three independent experiments and student’s t tests are used for statistical analysis. ∗0.01<p < 0.05; ∗∗p < 0.01; no labeling indicates no statistical significance. Bars = 50 μm.
A TUNEL assay was also performed to establish whether MiH reduced apoptosis rate in blastocysts developed from H2O2-treated zygotes. As expected, H2O2 caused severe apoptosis in embryos in comparison with those in non-treated ones, however, blastocysts in H2O2+MiH and H2O2+Ola groups possessed much fewer apoptotic cells than those in H2O2 group, suggesting a protective role of MiH against apoptosis in embryonic development (Figures 5E,F).
DISCUSSION
It is well-established that though lots of technical advances have been achieved in the administration of in vitro fertilization (IVF) to infertile couples, embryo quality is still a major contributing factor to the outcomes of IVF cycles (Moragianni et al., 2019). During IVF, the development of human preimplantation embryos progresses in an artificial environment and is tightly controlled by extrinsic factors during inevitable processes of handling, manipulation and culture of gametes and embryos. Clinical data collected in recent years suggested that embryo culture impaired embryonic developmental potential including delaying cell cycle kinetics and reducing trophectoderm cells (TE) in blastocysts (Giritharan et al., 2007). As the trophoblastic cells develop into placenta, decrease of trophectoderm cell number may partly explain why in vitro cultured animals’ embryos exhibit impaired placental development and function, and thus fetal growth (Bloise et al., 2012; Chen et al., 2015; Tan et al., 2016). Chen et al. (2019) also showed that mouse blastocysts which were cultured in vitro after fertilization had fewer numbers of total cells, TE cells and ICM cells than those developed in vivo. In order to mimic the evitable and frequent removal from the incubator for assessment in clinical IVF laboratories, we placed zygotes on a hot-stage microscope for 1 h and cultured them in traditional KSOM embryonic culture medium in incubator (IVE) till 100 h. This would induce a lot of external factors such as light, temperature, reduced oxygen tension and pH fluctuation of culture medium that contributed to the outcome of embryonic development. Consistently with these aforementioned reports, no more than 80% of IVE embryos formed blastocyst and none implanted in the transplantation assay (Supplementary Figure S6), with reduction in total cells, TE cells and ICM cells as well (Supplementary Figures S3A–C, Supplementary Figures S3E–G, Supplementary Figures S5C–E). Though average OCT4 positive cell numbers of IVE embryos did not decrease when being compared with those of MiH-treated ones, they varied a lot among each blastocyst (Figure 3G). In this procedure, the accumulation of ROS was trigged (Figures 3I,K) in IVE embryos, suggested that this long-term exposure to external environment might impair embryonic developmental potential through oxidative stress.
Among numerous external factors contributing to embryonic development, O2 concentration is important to human embryonic development (Gardner 2008). Previous studies have shown that oxygen tension is found to range from 2 to 8% in the oviduct and uterus of most mammalian species (Yedwab et al., 1976; Fischer and Bavister 1993). In addition, numerous studies suggest that embryo development can be improved by culturing embryos under low O2 tension. However, only around 25% of IVF cycles worldwide are performed exclusively under 5% oxygen, with 34% of clinics reporting using 5% oxygen for specific embryonic culture stages. A significant percentage of clinical laboratories are still using atmospheric oxygen concentrations (20%) for the culture of human embryos (Christianson et al., 2014). Besides, unavoidable environmental factors which elevate ROS level are recognized to impair embryonic developmental potential and result in suboptimal pregnancy rates (Agarwal et al., 2005a). In this study, zygotes were exposed to H2O2, which would result in overproduction of ROS (Figure 4A). In agreement with multiple reports, zygotes in H2O2 group exhibited impaired developmental potential, including developmental delay (Figures 4B,C and Supplementary Figure S7), blastocyst formation efficiency (Figures 4D,E) and cell number decrease (Figure 4F), whereas the number of apoptotic cells increased (Figure 5E). Meanwhile, an intracellular accumulation of ROS and PAR was observed (Figures 5A–D), reminding a relationship between oxidative stress and PAR.
Indeed, in response to high glucose exposure in vitro or diabetes and hyperglycemia in vivo, ROS generation occurs and promotes the formation of large amount of DNA single-strand breakages which trigger rapid over-activation of PARP1 and lead to inflammation, apoptotic and necrotic cell death (Ansley D M et al., 2012). PARP1 in turn depletes the intracellular concentration of its substrate, NAD+, slowing the rate of glycolysis, electron transport, and ATP formation. In addition to the direct cytotoxic pathway regulated by DNA injury and PARP1 activation, PARP1 also appears to modulate the course of inflammation by regulating the activation of NF-κB (Du et al., 2003). PARP1 overexpression was also shown to be involved in heart failure (Xiao et al., 2005).It had been reported that heart dysfunction was associated with an increase in poly (ADP-ribosyl)ation in mouse and rat models of diabetes (Pacher et al., 2002). Genetic deletion or pharmacological PARP1 inhibition was shown to protect diabetic heart and ameliorates metabolic dysfunction (Pacher et al., 2002; Qin et al., 2016; Zakaria et al., 2016). For example, INO1001, a highly potent PARP1 inhibitor, could prevent oxidative stress and improve nephropathy in diabetic mice (Szabo et al., 2006) and relieve aging-associated cardiac and vascular dysfunction (Radovits et al., 2007). In current study, H2O2 treatment boosted super activation of PARP1 with robust accumulation of ROS while that in PARP1 inhibitors-treated embryos (MiH+H2O2) recovered to normal level (Figure 5D). Moreover, blastocyst formation efficiencies of H2O2-treated zygotes were all much lower than those of non-treated groups (Figures 4B,D) at 85 h, while that of H2O2+MiH group recovered to the similar level of control group at 100 h (Figures 4B,E). These were in line with the aforementioned reports (Szabo et al., 2006; Radovits et al., 2007), indicating that PARP1 inhibitors could protect preimplantation embryos from oxidative stress through preventing PARP1 overexpression. Studies have shown that high level of ROS has adverse effects on the quality of oocyte and embryo growth. Besides, embryos are highly sensitive to environmental variables or oxidant levels. As mentioned in a number of reports, under different stress conditions, massive DNA damage can lead to excessive activation of PARP1 (Rodriguez-Vargas et al., 2012; Cieslik et al., 2013), which has been previously proposed being crucial to neuronal death through mechanisms linked to NAD depletion and release of apoptosis inducing factor from the mitochondria (Alano et al., 2006). PARP1 activity rapidly increases, thus leading to the formation of long-chain poly (ADP-ribose) (PAR) (Schreiber et al., 2006). In our experiments, we found that both MiH and Ola could significantly reduce the fluorescence intensity of PAR in H2O2 treated blastocysts (Figures 5A,B). Furthermore, TUNEL results showed that MiH, as well as Ola, could reduce apoptosis of blastocysts after H2O2 exposure (Figure 5E). All the results suggested PARP1 inhibitors, including MiH and Ola, which might act as an antioxidant property, attenuates oxidative damage by directly inhibiting PARP1 activity. These results suggest a mechanism by which MiH might improve efficiency of IVF techniques.
Several works have proven that supplementation of various antioxidants in culture medium can release ROS accumulation. Enzymatic and synthetic antioxidants are the main defense factors against ROS (Sikka et al., 1995). The former includes catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GSR), superoxide dismutase (SOD) and peroxiredoxins, while the latter, which is also known as natural dietary supplements and widely distributed in food, consisting of vitamins and minerals (Agarwal et al., 2005b; Xu et al., 2017; Lu et al., 2018). Although numerous studies have reported the effects of individual antioxidants on embryo development (Fujitani et al., 1997; Ali et al., 2003; Kitagawa et al., 2004; Choe et al., 2010; Silva et al., 2015), it seems that none of the available ones can fully mimic the physiological conditions of the female tract (Aviles et al., 2010). This study was the first to propose PARP1 inhibitors as novel anti-oxidative supplementations for culture of preimplantation embryos.
In mouse embryos cultured under normal physical condition, PARP1 is transiently upregulated by fertilization. Though decreases at late 1-cell stage, it maintains until blastocyst stage. Meanwhile, PAR polymer is present in all stages of pre-implantation development (Imamura et al., 2004). Previous reports have shown that PJ-34 and 5-AIQ, two PARP inhibitors, could block first cell cycle of mouse embryos while the dose were as high as 30 uM and 20 uM separately (Osada et al., 2010). However, these were inconsistent with a study using 3-ABA, another commonly used enzymatic inhibitor, in which 5 mM 3-ABA accelerated pronuclear formation but arrested embryonic development before compaction, meanwhile only 64% of untreated ones reached blastocyst stage (Imamura et al., 2004). In current study, all of the three inhibitors we used here were much specific against PARP1 and did not impair the final blastocyst formation potential (Figure 1D, Figure 2D), which was inconsistent with former reports. This perhaps could be attributed to inappropriate does and different side effects among inhibitors. The data that mice carrying a double Parp-1/Parp-2 mutation die at the onset of gastrulation (Menissier de Murcia et al., 2003) supports that specific inhibitor of PARP1 would not disrupt development of mouse preimplantation embryos.
Collectively, the supplementation of low concentrations of PARP1 inhibitors plays dual roles in mouse embryonic development process. When embryos were cultured in normal physical condition, they only slowed down developmental kinetics of embryos during cleavage stage without disturbing their final ending. Noteworthy, PARP1 inhibitors would improve mouse zygotes developmental potential against suboptimal environment, paving the way for more in-depth studies on deciphering the multiple molecular mechanisms behind embryonic development that could be useful in assisted reproductive technology.
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Cell division consists of nuclear division (mitosis for somatic cells and meiosis for germ cells) and cytoplasmic division (cytokinesis). Embryonic developments are highly programmed, and thus, each cellular event during early embryo development is stable. For mouse embryos, the first time of mitosis is completed about 22 h after fertilization. However, it remains unclear when the embryo completes its first cytokinesis. Here, we microinjected only one cell in the 2-cell stage mouse embryos with mRNA, which encodes green fluorescence protein (GFP). By monitoring the GFP protein transport dynamics between the two cells, we demonstrated that the first time of cytokinesis in mouse embryos is completed about 15 h after mitosis, namely 37 h after fertilization. In addition, our results indicate that the cytoplasmic protein transport between daughter cells is very effective, which relies on microtubules instead of microfilaments in 2-cell mouse embryos. These results should enrich people’s understanding of the first cell division and cytoskeleton in mouse embryos and then learn more about the mechanisms of early embryo development in mammals.
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INTRODUCTION
Cell division is the foundation of life. Unicellular life directly utilizes it to produce offspring, and multicellular life utilizes it to generate new cells to grow bigger. In eukaryotic cells, cell division usually consists of two steps. One is genome separation, which is called mitosis or meiosis, depending on somatic or germ cells. The other one is cytokinesis, which includes the separation of cytoplasm and other organelles, such as mitochondria, endoplasmic reticulum (ER), ribosomes, etc. (Glotzer 2001; Eggert et al., 2006; Green et al., 2012). People usually indicate mitosis or meiosis as the cell division, including nuclear and cytoplastic separation. However, mitosis or meiosis only is the nuclear separation at first (Glotzer 2001; Eggert et al., 2006; Ruchaud et al., 2007), so we insist on this statement and thus distinguish them from cytokinesis in this study. Indeed, nuclear and cytoplastic separation is not strictly distinguished. Cytokinesis is also involved in genome division, and the absence of cytokinesis may lead the cells to be syncytial or death (Li 2007; Haglund et al., 2011). Therefore, cytokinesis plays a vital role in cell proliferation and differentiation as the final step of cell division.
Embryo development is highly programmed, and each cellular event occurs step by step. The first mitosis is completed about 22–24 h after fertilization, dependent on the mouse strain, and the zygote morphologically divides into a 2-cell embryo simultaneously (Nagy et al., 2003; Gray et al., 2004). However, it is still unclear when the first cytokinesis of cell division is completed.
Cytokinesis usually begins from anaphase and continues through telophase. Therefore, it occurs concurrently with mitosis or meiosis (Pollard 2010). Briefly, the cell cortex senses the spindle formation during early anaphase and produces an actomyosin ring at the equatorial position. Then the actomyosin ring contracts and turns into a cleavage furrow, which finally partitions the cytoplasm into the two daughter cells (Barr and Gruneberg 2007; Pollard 2010; Green et al., 2012). Notably, before the last step of cytokinesis that abscission occurs, the cytoplasm in the two daughter cells often transfers to each other by an intercellular bridge (Greenbaum et al., 2011; Haglund et al., 2011). So, monitoring the cytoplasmic protein transfer between the two daughter cells can determine the time point of completion of cytokinesis.
In this study, after the zygote morphologically divides into a 2-cell embryo, we microinjected only one cell with two types of mRNA. One expressed green fluorescence proteins (GFP), and the other expressed mitochondrial localized red fluorescence proteins (RFP). Thus, we could determine the time point of completion of the first cytokinesis in mouse embryos by monitoring the protein transfer dynamics in the two daughter cells. Furthermore, we artificially divided the two daughter cells at different time points through micromanipulation, thereby investigating the possible function of cytoplasmic communication that relies on the intercellular bridge. The results showed that the embryonic development and cell synchronization of the 2-cell separated embryos were similar to the control groups.
MATERIALS AND METHODS
Plasmids Construction and mRNA Preparation
Two types of mRNA were used in this study. One is GFP, and the other is mitochondrial localized RFP. The GFP plasmid was constructed from a GFP-labeled actin plasmid by removing the actin sequence utilizing a cloning recombination kit (ClonExpress II One Step Cloning Kit, C112, Vazyme Biotech Co. Ltd., Nanjing, China). The mitochondrial localized RFP was constructed by replacing the lysosome sequence with a mitochondrial transmembrane peptide in a lysosome-localized RFP plasmid. The mitochondrial transmembrane peptide sequence was from a human CDGSH iron-sulfur domain-containing protein (9–36 amino acids, MVRVEWIAAVTIAAGTAAIGYLAYKRFYV) and was synthesized by Suzhou Genewiz Biotechnology Co., Ltd. Furthermore, we inserted a T7 promotor (TAA​TAC​GAC​TCA​CTA​TAG) to the GFP and mitochondrial localized RFP plasmids. We obtained the mRNA by utilizing an RNA transcription kit (HiScribeTM T7 ARCA mRNA Kit (with tailing), E2065S, New England Biolabs, United States). The GFP-labeled actin and RFP-labeled lysosome plasmids were gifts from Addgene (mEmerald-Actin-C-18, #53978; mApple-Lysosomes-20, #54921).
Mouse Embryo Preparation and Culture
All the animal experiments in this study were carried out following the guidelines of the Animal Experiment Standard of Guangdong Second Provincial General Hospital. Briefly, 8 weeks old ICR mice were purchased from Beijing HFK Bioscience Co., Ltd and bred in a 12/12 h light/dark period. One week later, female mice were intraperitoneally injected with 10 IU of pregnant horse serum gonadotropin (PMSG) and 10 IU of human chorionic gonadotropin (hCG) at an interval of 48 h (Ningbo Animal Hormone Factory, Ningbo, China) for superovulation. After being mated with male mice, the copulatory plug was checked on the following day to confirm the successful mating. Then, the mated female mice were sacrificed by cervical dislocation, and the zygotes were collected with M2 medium and cultured in KSOM droplets covered by paraffin oil at 37 °C in a 5% CO2 atmosphere for development.
Microinjection and Manipulation
The development of zygotes was monitored with a time-lapse microscope (Cyto-MINI, Guangzhou Sipu Photoelectric Technology Co. LTD, China). With piezo-assisted micromanipulation (Eppendorf PiezoXpert, Eppendorf AG, Hamburg, Germany) equipped with a straight microneedle (∼0.5 μm inner diameter), the collected 2-cell embryos were microinjected with mRNA in one random daughter cell at various time points after the formation of morphological 2-cell (Chen et al., 2021). In order to study the role of microtubules and microfilaments in the cytoplasmic communication, embryos cultured in the KSOM with 5 μg/ml cytochalasin B (Sangon Biotech (Shanghai) Co., Ltd., A606580-0005) or 10 μg/ml nocodazole (Sangon Biotech (Shanghai) Co., Ltd., A606391-0010) after mRNA injection, respectively. The possible function of cytoplasmic communication was studied by destroying the intercellular bridge artificially at various times after the zygotes were divided into 2-cell embryos. Briefly, the 2-cell stage embryos were cut a small opening in the zona pellucida with a laser system (Hamilton Thorne Instruments Biosciences, Beverly, Mass, United States), and then the two daughter cells were completely separated firstly and reaggregated immediately by an NT-88-V3 micromanipulator System equipped with a holding pipette and a straight tip pipette (20–25 μm inner diameter).
Fluorescence Imaging
To dynamically monitor the cytoplasmic communication between the two daughter cells, the 2-cell embryos were first microinjected with mRNA expressing GFP and mitochondria localized RFP and then were imaged with a high-speed spinning disk confocal microscopy (Andor Dragonfly 200, Andor Technology, Belfast, United Kingdom) per hour. The GFP fluorescence intensity was obtained and calculated by ImageJ. The ratio of GFP intensity in the two daughter cells was used as the indicator to analyze the dynamics of cytoplasmic communication. Briefly, images selected from the GFP fluorescence channel were first turned to gray-white style, and the fluorescence intensity from each daughter cell and the areas outside the embryos as background were obtained. Then, after subtracting the background fluorescence intensity, the ratio of GFP fluorescence intensity in each pair of daughter cells was calculated.
Data Analysis
Each experiment was repeated more than three times, and the samples were more than ten embryos in this study. Statistical results were analyzed by Origin2019 and expressed as mean ± SEM. and analyzed by two-tailed Student’s t-test. Statistically significant values of p > 0.05 and p < 0.05 are indicated as n.s. and asterisks∗, respectively.
RESULTS
Cytoplasmic Green Fluorescence Protein Transmitted Between the Two Daughter Cells in 2-Cell Mouse Embryos
The last step of cytokinesis is to abscise an intercellular bridge between the two daughter cells, and thus, the two daughter cells are physically and utterly separate from each other (Mierzwa and Gerlich 2014). Before the abscission occurs, cytoplasm in the daughter cells may communicate by the intercellular bridge (Greenbaum, Iwamori, Buchold and Matzuk 2011; Green et al., 2012). So the closure of the intercellular communication between daughter cells could indicate the completion of cytokinesis. Whether cytoplasmic communication exists in the 2-cell mouse embryos is not clear. To clarify this issue, after 4 h of the mouse embryos divided into 2-cell stage, mRNA expressing GFP and mitochondrial localized RFP were microinjected into any one of the daughter cells (Figure 1A). Subsequently, the distribution of GFP and RFP were imaged under a fluorescence microscope at 15 h after microinjection. As shown in Figure 1B, the cytoplasmic GFP is evenly distributed in the two daughter cells, while the mitochondrial localized RFP only appeared in the daughter cell, which was injected with the mRNA. These results indicate that the intercellular bridge can transport the cytoplasmic localized proteins while not the organelles between the two daughter cells. Thus, it is possible to clarify the completion time of cytokinesis by monitoring the GFP transportation in 2-cell mouse embryos.
[image: Figure 1]FIGURE 1 | The cytoplasmic GFP but not the RFP-labeled mitochondria can be transported between the daughter cells in 2-cell mouse embryos. (A) A schematic of mRNA microinjection. The 2-cell embryo is held vertically by a holding pipette so that the microinjection pipette can completely avoid another daughter cell. Only one random daughter cell was microinjected with mRNA; (B) Representative images of the cytoplasmic communication. The cytoplasmic GFP but not the RFP-labeled mitochondria were transported from one daughter cell to another daughter cell. After 4 h of the mouse embryo, which morphologically divided into two cells, the mRNA expressing GFP and mitochondrial localized RFP was microinjected into it and images were captured 15 h later. The arrowhead indicates the control embryo, which was added in the samples to eliminate autofluorescence leading to false-positive results with weak fluorescence. Scale bar = 50 μm.
The Dynamics of Green Fluorescence Protein Transportation Between the Two Daughter Cells and the Completion Time of Cytokinesis in 2-cell Mouse Embryos
To determine the completion time of the first cytokinesis in mouse embryos, we monitored the dynamics of GFP transportation between the two daughter cells in 2-cell mouse embryos. Briefly, 1 h after the zygotes were morphologically divided as 2-cell embryos, GFP mRNA was microinjected into any one of the two daughter cells every 3 h, namely 1, 4, 7, 10, 13 and 16 h. Subsequently, the GFP was imaged every hour until 20 h. The GFP fluorescence intensity was examined, and its ratio between the two daughter cells was calculated (non-injected one/injected one). Results shown in Figure 2 indicate that based on the time points that the GFP mRNA was injected into the daughter cell (1, 4, 7, 10, 13 and 16 h after the zygotes morphologically divided as 2-cell embryos), the cytoplasmic GFP could transfer to the other daughter cell for about 11, 8, 5, 2 and 0 h, respectively. After 16 h, no cytoplasmic GFP transportation is found. Therefore, the cytoplasmic GFP transportation could continue about 15 h (4 + 11, 7 + 8, 10 + 5, 13 + 2 h) after the formation of morphological 2-cell. Hence, the cytokinesis is completed about 15 h after the zygotes morphologically enter the 2-cell stage. Furthermore, in the 1-, 4- and 7-h groups, the GFP linearly transferred to the other daughter cell for about 8 h and subsequently entered into a steady-state. In these groups, the GFP fluorescence ratio between the two daughter cells finally reached nearly 0.8. This result indicates that the intercellular communication is highly effective and non-directional in the early 2-cell mouse embryos (If the cytoplasmic transportation is direction-dependent, it should be that half of the embryos cannot transport GFP, while all the more than 100 embryos examined in our study transported the GFP to the other daughter cell). Moreover, the cytoplasmic protein transportation is concentration-dependent (If the cytoplasmic transportation is not concentration-dependent, it should be in some embryos the GFP fluorescence ratio between the two daughter cells more than 1:1.).
[image: Figure 2]FIGURE 2 | The analysis of GFP transport dynamics between the two daughter cells in 2-cell mouse embryos. (A) Representative images of 2-cell embryos injected with mRNA at different times and imaged 4 h later. (B) The ratio of GFP intensity between the GFP mRNA non-injected daughter cell and the GFP mRNA-injected daughter cell. One daughter cell from the 2-cell embryo at different time points was microinjected with GFP-expressing mRNA and imaged every hour later. The time points include 1, 4, 7, 10, 13 and 16 h after the fertilized egg morphologically divided into two cells. Each experiment was replicated three times, and n = 13–15 for each group. The data are expressed as mean ± SEM.
The Role of Cytoplasmic Communication in Development and Cell Synchronization
It is well known that intercellular communication plays essential roles in the cellular synchronization and differentiation in the female and male germline formation in metazoans, from insects to humans, and other syncytial cells such as early Drosophila embryos (Haglund et al., 2011). Therefore, we supposed the cytoplasmic communication in 2-cell mouse embryos might also play essential roles in cellular synchronization and embryo development. As shown in Figure 3A, 5 h or 15 h after the morphological division of the fertilized egg, the two daughter cells were separated by micromanipulation, and then immediately, they were put back into the same place. The cytoplasmic GFP transportation was examined to exclude the possibility that the cytoplasmic communication may be re-established after the two daughter cells reaggregated. The results indicated the GFP fluorescence was only observed in the daughter cell injected with mRNA (Figure 3B). This study selected the time interval (T4-T3) between the 3-cell stage and the 4-cell stage to represent the synchronization. Results shown in Figures 3C–E indicate that terminating the cytoplasmic communication beforehand has little effect on the blastula development, birth rate and cell synchronization.
[image: Figure 3]FIGURE 3 | The effects of the intercellular bridge on embryo development and cell synchronization. (A) The schematic diagram separates and re-aggregates daughter cells in a 2-cell embryo. The two daughter cells were first completely separated by micromanipulation, and then they were immediately put back to reaggregate the embryos. (B) Representative fluorescence images of the re-aggregated embryos. Arrows indicate embryos that have not been separated and re-aggregated as a control. Scale bar = 50 μm. (C) Representative images and statistics of blastocysts developed from 2-cell embryos which were separated and reassembled at five and 15 h after the formation of 2-cell embryos. Scale bar = 100 μm. (D) Statistical analysis of the birth rate generated from 2-cell embryos which were separated and reassembled at five and 15 h after the formation of 2-cell embryos. (E) The time interval (T4-T3) between the 3-cell stage and the 4-cell stage of the embryos which were conducted with a separation and reaggregation at five and 15 h after the formation of 2-cell embryos. Each experiment was replicated three times, n = 30–34 for (C), 36–40 for (D), and 46–52 for (E). The data are expressed as mean ± SEM and analyzed by two-tailed Student’s t-test. Statistically significant values of p > 0.05 indicate as no significance (n.s).
The Role of Microtubules and Microfilaments in the Cytoplasmic Communication
As shown in Figure 4A, microtubules and microfilaments are the two most important components of the intercellular bridge (Chen et al., 2012). If cytoplasmic GFP transport depends on the intercellular bridge, then microtubules or microfilaments may play an essential role in it. Nocodazole and cytochalasin B were used to depolymerize the microtubules and microfilaments, respectively. Results shown in Figure 4B indicate that nocodazole, while not cytochalasin B, can stop the GFP transportation. Therefore, the microtubules rather than the microfilaments are responsible for intercellular transportation (Figure 4A).
[image: Figure 4]FIGURE 4 | Nocodazole, but not cytochalasin B, inhibits cytoplasmic GFP transport between the two daughter cells. (A) A schematic of an intercellular bridge (modified from Chen, C. T. et al. Nature reviews. Molecular cell biology 2012, 13, 483–488). Microtubules and actomyosin rings are two of the most important components of the intercellular bridge. The microtubule is parallel, and the actomyosin ring is perpendicular to the intercellular bridge. (B) After 1 h of mouse embryo morphologically divided into two cells, the mRNA expressing GFP and mitochondrial localized RFP was microinjected into one daughter cell. Then the embryos were cultured with nocodazole or cytochalasin B for 7 h and then imaged. Scale bar = 50 μm.
DISCUSSION
Cytokinesis is the last step of cell division. It determines how much cytoplasm and organelles distribute into the daughter cells, which plays a vital role in cell differentiation and function (Li 2007). Thereby, understanding the first completion time of cytokinesis in mouse embryos should be helpful for people to study early embryo development.
After about 22 h of fertilization, the mouse zygotes morphologically divide as two daughter cells (Nagy et al., 2003). However, whether the cytokinesis is completed at the same time is unclear. By definition, the last step of cytokinesis is to abscise the intercellular bridge between the two daughter cells completely. Therefore, checking for the presence of intercellular bridges should be the gold standard for determining the completion time of cytokinesis. Microtubules are the essential components of an intercellular bridge. So the intercellular bridge could be observed by labelling the microtubules (Johnson and Maro 1985; Kidder et al., 1988; Chatzimeletiou et al., 2005). However, our results indicated that the intercellular bridges appeared only in a few 2-cell embryos but not in most of them (data not shown). The undetectable intercellular bridge may be from the fact that the diameter of 2-cell embryos is about 80 μm, which is beyond the depth scope of the fluorescence microscope. Moreover, in some 2-cell embryos, the intercellular bridge is too short to be observed. Therefore, we studied the possibility of determining the completion time of cytokinesis by monitoring the transportation of cytoplasmic proteins. Our results indicate that the cytoplasmic GFP, but not the mitochondria, could be transported from the mRNA-microinjected daughter cell to the other un-injected daughter cell. The first cytokinesis is completed about 15 h after the zygotes morphologically divide into two daughter cells. Moreover, this transportation is dependent on the microtubules while not microfilaments.
It is well known that intercellular bridges are stable and play a vital role in gametogenesis in multicellular animals. They connect the cytoplasm of adjacent germ cells to form syncytia and are large enough (0.5–3 μm) to allow most cytoplasm and even the organelles such as mitochondria to communicate with each other (Haglund et al., 2011). Unlike gametogenesis, the intercellular bridges in 2-cell mouse embryos allow only the cytoplasmic proteins, not mitochondria, to be passed through. The ratio of the GFP intensity between the two daughter cells in almost all of the embryos reached about 80%, which means that cytoplasmic protein transportation is highly effective and may play some important roles in embryo development.
Deep single-cell RNA-seq showed that some protein-coding genes showed uneven distribution in the two blastomeres of 2-cell mouse embryos, and thus, studies indicated that the two blastomeres might begin to differentiate as early as this time (Biase et al., 2014; Casser et al., 2019). However, it is well known that the two daughter cells of the 2-cell embryos are equally totipotent, and the cells during early embryos are highly synchronized (Casser et al., 2017; Wu et al., 2017). These results seem to be somewhat inconsistent. We supposed that the intercellular bridge might reverse the mRNA differences between the two daughter cells through cytoplasmic transportation in the 2-cell embryo, thus playing an essential role in these early developmental events. Therefore, 5 or 15 h after the embryos divided morphologically into 2-cells, they were bisected and reassembled, and the developmental potential and synchronization were examined. It seems that cytoplasmic protein communication has no significant effect on embryonic development and synchronization. We cannot rule out the possibility that the blastomeres may change their gene expression models, thereby responding to the termination of cytoplasmic protein transport.
In summary, in this study, we studied the dynamics of cytoplasmic protein transportation, which relies on microtubules, and demonstrated that the first completion time of cytokinesis is 15 h after the fertilized egg morphologically divides into a 2-cell embryo. Furthermore, our results indicate that the cytoplasmic protein transportation between the two blastomeres is highly effective without a significant effect on embryonic development and synchronization. This study may help people understand early embryo development. More studies should be conducted, such as whether an intercellular bridge is involved in the transportation of endogenous proteins between blastomeres, which can be helpful to rescue the low-quality blastomeres.
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Lipid-rich porcine oocytes are extremely sensitive to cryopreservation compared to other low-lipid oocytes. Vitrification has outperformed slowing freezing in oocyte cryopreservation and is expected to improve further by minimizing cellular osmotic and/or oxidative stresses. In this study, we compared the effects of loading porcine cumulus-oocyte complexes with glycine (an organic osmolyte) or glycine plus melatonin (an endogenous antioxidant) during vitrification, thawing and subsequent maturation to mitigate osmotic injuries or osmotic and oxidative damages on the developmental potential of porcine oocytes. Our data demonstrated that glycine treatment significantly increased the vitrification efficiency of porcine oocytes to levels comparable to those observed with glycine plus melatonin treatment. It was manifested as the thawed oocyte viability, oocyte nuclear maturation, contents of reactive oxygen species, translocation of cortical granules and apoptotic occurrence in mature oocytes, levels of ATP and transcripts of glycolytic genes in cumulus cells (markers of oocyte quality), oocyte fertilization and blastocyst development. However, the latter was more likely than the former to increase ATP contents and normal mitochondrial distribution in mature oocytes. Taken together, our results suggest that mitigating osmotic and oxidative stresses induced by vitrification and thawing can further enhance the developmental competency of vitrified porcine oocytes at the germinal vesicle stage.
Keywords: porcine oocyte, vitrification and thawing, in vitro maturation and fertilization, embryonic development, osmotic stress, oxidative stress, glycine, melatonin
INTRODUCTION
Cryopreservation is widely used to preserve structurally intact living oocytes of mammals for the widespread and long-term storage of animal genetic resources in very low temperatures, typically in liquid nitrogen at −196°C. The great differences in sensitivity to chilling and freezing injuries depend on different lipid contents in oocytes (Arav, 2014; Quan et al., 2017). In comparison with oocytes of mouse, bovine, or sheep, porcine oocytes have the highest lipid content and are most sensitive to chilling and cryopreservation (Loewenstein and Cohen, 1964; Isachenko et al., 1998; McEvoy et al., 2000). Porcine oocytes cryopreserved at the germinal vesicle (GV) stage have the potential to undergo nuclear maturation, fertilization, and thus produce viable piglets following embryo transfer (Somfai et al., 2014). However, cryopreserved oocytes still yield very low blastocysts compared to fresh oocytes (Casillas et al., 2018). This implies that cryopreservation may cause a certain degree of sublethal damage to porcine or other lipid-rich oocytes, thus further optimization is needed to enhance the cryopreservation efficiency of lipid-rich oocytes.
Cryodamage that compromises oocyte quality can be the result of multiple factors, including ice nucleation, osmotic stress, and oxidative injury. Although either slow freezing or vitrification techniques for oocyte cryopreservation are widely used, there is growing evidence that vitrification is more efficient for mammalian oocytes preservation than slow freezing (Rho et al., 2002; Chen et al., 2003; Sanchez-Partida et al., 2011). Compared to slowing freezing cryopreservation, vitrification requires much greater concentrations of cryoprotectants to eliminate mechanical damage caused by ice, bypass the steps of finding the optimal cooling and warming rates, transcend the need for specialized equipment to regulate the cooling rate, and render cooling/warming to be fast enough to outpace chilling damage, but it introduces greater cryoprotectant toxicity and risk of osmotic stress during the addition and removal of cryoprotectants, which are detrimental to cell viability (Kuleshova and Lopata, 2002; Mullen et al., 2004). Moreover, accumulating evidence demonstrates that oxidative stress is another adverse factor jeopardizing the developmental potential of cryopreserved gametes (Somfai et al., 2007; Gupta et al., 2010; Tatone et al., 2010; Gualtieri et al., 2021). Vitrification seriously affects the morphological and functional integrity of oocytes’ mitochondria and endogenous antioxidant system, resulting in elevated levels of reactive oxygen species (ROS) (Gupta et al., 2010; Zhao et al., 2011). Excessive ROS, in turn, can cause mitochondrial damage, ATP depletion, meiotic spindle disassembly, apoptosis and compromised developmental capacity in oocytes and early embryos (Choi et al., 2007; Liang et al., 2016; Maldonado et al., 2016).
Osmolarity is intimately connected with cell volume regulation, which is implicated as a key factor affecting oocyte and embryo development. The in vitro culture of mammalian preimplantation embryos has had over 100 years history, but it was not until the late 1980s and early 1990s that a critical breakthrough was achieved with the medium that allowed fertilized oocytes from female mice to develop in vitro to the blastocyst stage (Biggers, 1998). The major difference is that the osmolarity of the successful embryo culture media is significantly lower than previous culture media. The osmolarities of successful media, such as KSOM and CZB, are in the range of 250–275 mOsM, which is much lower than that of the physiological oviduct fluid (300–310 mOsM) (Baltz and Tartia, 2010). On the other hand, preimplantation embryos would develop at higher osmolarities in vitro if any of several compounds such as glycine, betaine or glutamine were present in the culture media (Dawson and Baltz, 1997). This is because these compounds in the embryo act as organic osmolytes, a class of diverse, small, neutral organic compounds accumulated by cells to provide intracellular osmotic support in place of ions that can interrupt cellular physiology at higher concentrations (Yancey et al., 1982; Zhou and Baltz, 2013). Among them, glycine appears to have the highest level of protection against hypertonic media (Van Winkle et al., 1990; Hadi et al., 2005). Moreover, the fully grown GV oocytes of the mouse can accumulate glycine via the GLYT1 transporter to control the cell volume when ovulation is triggered in vivo or oocytes are removed from follicles and cultured in vitro (Tartia et al., 2009). Parallelly, our previous study suggests that reducing osmotic stress induced by vitrification/thawing using glycine supplementation could improve the development of vitrified mouse oocytes (Cao et al., 2016). However, whether the mechanism of cell volume regulation with glycine is shared between porcine and mouse oocytes and preimplantation embryos remains unclear. Therefore, it is necessary to clarify the impacts of adding glycine to reduce osmotic damage due to drastic changes in cell volume or intracellular osmolytes’ concentration and species during the vitrification/thawing of porcine oocytes.
There is increasing evidence that oxidative and osmotic injuries are closely interrelated. Osmotic stress stimulates the generation of superoxide anion in mammalian somatic and gametic cells (Lambert, 2003; Ortenblad et al., 2003; Lambert et al., 2006; Burnaugh et al., 2010), and vice versa, at least in part (Schliess et al., 2006; Rosas-Rodriguez and Valenzuela-Soto, 2010). However, the pathways that regulate the cellular response to oxidative and osmotic stress in mammalian oocytes, especially during vitrification, are not well understood. We hypothesize that osmotic stress and oxidative stress interact in a mutually amplifying loop during vitrification/thawing of oocytes, reducing osmotic stress with organic osmolytes or mitigating osmotic and oxidative stresses with physiological antioxidant and organic osmolytes together could enhance the developmental competency of vitrified porcine oocytes comparably. Melatonin (MT), an indoleamine synthesized and secreted by the pineal gland, acts as a potent free radical scavenger and a natural broad-spectrum antioxidant (Barlow-Walden et al., 1995; Reiter et al., 2002). Melatonin addition has been demonstrated to promote the efficiency of vitrified oocytes and embryos in various species (Mehaisen et al., 2015; Zhang et al., 2016; Zhao et al., 2016). To our knowledge, no prospective study has been reported on the supplementation of glycine and melatonin during porcine oocyte vitrification. The present study was aimed to compare the effects between lessening osmotic stress with glycine supplementation and cutting down osmotic and oxidative stresses with glycine and melatonin supplementation on the developmental competency of porcine oocytes vitrified at the germinal vesicle (GV) stage during vitrification, thawing and followed maturation, as determined by (1). Survivability of oocytes undergone vitrification, thawing and in vitro maturation and the ability of the vitrified oocyte to progress to the blastocyst stage following in vitro oocyte maturation and fertilization, (2). ROS levels in oocytes at the second metaphase stage (MII oocytes), (3). Translocation of cortical granules during oocyte meiosis, (4). Rate of apoptosis in MII oocytes, (5). Fluorescent intensity and distribution pattern of functional mitochondria, (6). Levels of ATP and transcripts of glycolytic genes in cumulus cells attached to MII oocytes, and (7). ATP contents in MII oocytes.
MATERIALS AND METHODS
Reagents and Antibodies
All reagents and chemicals used in this study were from Sigma Chemical Company (St. Louis, MO, United States) unless otherwise stated. MitoTracker Red CMXRos was purchased from Thermo Fisher (Catalog# M7512); Annexin-V staining kit was obtained from Vazyme (Catalog# A211-01); Lens Culinaris Agglutinin (LCA)-FITC was purchased from Thermo Fisher (Catalog# l32475); Reactive Oxygen Species Assay Kit was produced by Beyotime (China, Catlog# SOO33S).
Collection of Porcine Oocytes
Porcine ovaries obtained from prepubertal gilts at a local slaughterhouse were preserved in saline supplemented with 100 units/ml penicillin G and 0.1 mg/ml streptomycin sulfate and delivered to the laboratory within 2 h at 35°C. Fully-grown oocytes wrapped by cumulus cells at the germinal vesicle (GV) stage, called cumulus-oocyte complexes (COCs), were aspirated from antral follicles (3–7 mm in diameter) using an 18-gauge needle attached to a 20 ml disposable syringe. Oocytes with three or more intact cumulus cell layers and uniform granulated cytoplasm, without apparent signs of lysis, were used for experiments.
Vitrification and Warming of Porcine Oocytes at the GV Stage
Porcine COCs were vitrified by the cryoleaf (Cooper Surgical Company, Origio, USA) method as previously described (Somfai et al., 2014) with minor changes. Briefly, the COCs were initially incubated in the basic medium (BM), which was composed of modified NCSU-37 (Ocampo et al., 1993) without glucose, 20 mM HEPES, 50 mM β-mercaptoethanol, 0.17 mM sodium pyruvate, 2.73 mM sodium lactate, 4 mg/ml bovine serum albumin (BSA) and 7.5 mg/ml cytochalasin B, for 30 min. The COCs were transferred into an equilibration medium (EM) for 13–15 min. The EM was BM supplemented with 2% (v/v) ethylene glycol (EG) + 2% (v/v) propylene glycol (PG). The abovementioned incubation in the BM and EM was completed at 38.5°C in an atmosphere of 5% CO 2 and saturated humidity. After equilibration, a group of 25–30 COCs were loaded into the Rapid-i hole (arc carrier) with 2–3 µl of vitrification solution (BM supplemented with 50 mg/ml polyvinylpyrrolidone (PVP), 0.3 M sucrose, 17.5% (v/v) EG, and 17.5% (v/v) PG) following three washes in 20 µl vitrification solution. The Rapid-i was placed in liquid nitrogen (LN) vapor for 30 s and inserted into a pre-cooled RapidStraw (a hollow cylindrical tube). The RapidStraw was sealed at the top and then submerged into LN. Efficient vitrification could be achieved if the process can be completed in 30–40 s or less from the time the oocytes were transferred to the vitrification medium until the completion of vitrification. For the warming of vitrified COCs, the Rapid-i with COCs was moved from LN and plunged into 1,000 µl pre-warmed warming solution (0.4 M sucrose in BM) for 1–2 min. The warmed COCs were sequentially incubated in 500 µl BM supplemented with 0.2, 0.1, 0.05, and 0 M sucrose for 1 min each, and then thoroughly washed in the BM. The whole thawing procedure was performed at 38.5°C.
In Vitro Maturation, Fertilization and Preimplantation Embryo Culture
For in vitro maturation (IVM) of oocytes, every 50 thawed COCs was sequentially cultured in 500 μl MI- and MII-medium in four-well culture plates (Nunc, Roskilde, Denmark) at 38.5°C in an atmosphere with 5% CO 2 and saturated humidity for 22 h each. MI medium was improved TCM-199 (Gibco, Grand Island, NY, United States) containing 50 ug/ml streptomycin sulfate, 75 ug/ml potassium penicillin G, 10% porcine follicular fluid (PFF), 10 IU/ml Luteinizing Hormone (LH), 10 ng/ml epidermal growth factor (EGF), 10 IU/ml Follicle Stimulating Hormone (FSH), and 100 IU/ml Insulin Transferrin Selenium (ITS). While MII-medium was MI-medium without LH and FSH supplementations.
For oocyte fertilization in vitro (IVF), oocytes were denuded by repeated pipetting in the maturation medium supplemented with 300 IU/ml hyaluronidase at the end of IVM. A group of 15 cumulus-free oocytes with visible first polar bodies (MII oocytes) were washed three times in modified Tris Buffered Medium (mTBM, the fertilization medium) and transferred into a 60 µl mTBM droplet covered with paraffin oil at 38.5°C in an atmosphere of 5% CO2 for IVF. The mTBM was consist of (in mM) 113.1 NaCl, 7.5 CaCl2·2H2O, 3.0 KCl, 11.0 glucose, 20.0 Tris Base, 5.0 Na-pyruvate, and 1.0 caffeine and 0.2% BSA. The frozen porcine sperms stored in a sperm capillary were thawed in a 37°C water bath for 1 min, then washed twice in mTBM by centrifugation at 700 g for 3 min. These centrifugated sperms were resuspended with 1 ml pre-warmed mTBM and incubated at 38.5°Cfor 15 min. MII oocytes were inseminated in mTBM medium for 6 h with 1 × 105 swim-up sperms/ml covered with paraffin oil at 38.5°C in an atmosphere of 5% CO2 and saturated humidity. After removing sperms from the surface of the zona pellucida by repeated pipetting in porcine zygote medium-3 (PZM-3) (Yoshioka et al., 2002), a group of 10 presumable zygotes was cultured in 30 µl drops of PZM-3 in 35-mm plastic dishes under paraffin oil at 38.5°C in an atmosphere of 5% CO2 and saturated humidity. The percentages of embryonic cleavage and blastocyst were recorded on day 2 and 7, respectively.
Oocyte Viability Assay After Maturation Culture
The post-maturation viability of oocytes was judged by their morphological characteristics. Oocytes were considered as the living oocytes if their shape was spherical, their cytoplasm was uniformly granulated with refraction, and there was an obvious perivitelline space between the zona pellucida and the cytoplasmic membrane. Oocytes were judged as the dying or dead oocytes if their shape is abnormal, their cytoplasm is dim and non-refracted, or there was no obvious gap between the zona pellucida and the cytoplasmic membrane.
Evaluation of Oocyte Nuclear Maturation
The denuded oocytes were fixed with 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature (fixation). Then, oocytes were transferred into permeabilizing solution (PBS supplemented with 2% Triton X-100) at 37°C overnight (permeabilization). After incubation in the blocking buffer (3% BSA in PBS) for 1 h at room temperature (blocking), oocytes were incubated with Rhodamine phalloidin (Invitrogen, Cat# R415) diluted 1:50 in the blocking buffer for 40 min at room temperature. After washing thoroughly in the washing buffer (PBS supplemented with 0.1% Tween-20, 0.01% Triton X-100), the oocytes were transferred to a small drop of Prolong Antifade mounting medium containing 4, 6-diamidino-2-phenylindole (DAPI) (Invitrogen, Cat# P36962) and mounted on microscope slides. Observed under a Nikon laser scanning confocal microscope (Nikon C2 plus Si), only if the oocyte contained two clusters of chromosomes within the zona pellucida, one of which was surrounded by one or two small rings of microfilaments and the other was surrounded by a large ring of microfilament, such oocyte was considered as the MII oocyte.
ROS Detection and Quantitation
ROS production in oocytes was determined using the Reactive Oxygen Species Assay Kit (ROS Assay Kit; Beyotime, China, Cat# SOO33S) according to the manufacturer’s instructions. Briefly, denuded oocytes were incubated in TCM-199 medium supplemented with 0.1% PVA and 10 μM DCFH diacetate (DCFHDA) at 38.5°C in a 5% CO2 incubator for 30 min. These oocytes were washed 3 times in DPBS containing 0.1% PVA, then placed on a glass slide and imaged with a confocal laser scanning microscope (Nikon C2, Japan) within 5 min under the same parameters. The fluorescence intensity of ROS was quantified using ImageJ 1.4 (National Institutes of Health, Bethesda, MD) and expressed in arbitrary fluorescence intensity units (A.U.).
Distribution of Cortical Granules
The zona pellucida of oocytes was removed by treatment with 1% HCl in PBS at room temperature for 20 s. After fixation, permeabilization and blocking as mentioned above, the zona pellucida-free oocytes were incubated with FITC-Lens Culinaris Agglutinin (LCA) (100 μg/ml; ThermoFisher) in a blocking buffer for 30 min in dark. After three washes for 5 min each, oocytes were mounted on glass slides with Prolong Antifade mounting medium containing DAPI and examined with a Nikon laser scanning confocal microscope (Nikon C2 plus Si).
Assessment of Early Apoptosis
Early apoptosis of oocytes was evaluated using Annexin V FLUOS Staining Kit (Roche, Germany) as previously described (Cao et al., 2016). Briefly, the cumulus-free oocytes were incubated in a liquid mixture containing Annexin-V fluos, Annexin-V buffer and PI for 30 min at room temperature in a dark box. After thorough washing with the washing buffer, oocytes were mounted on glass slides with their nuclear status evaluated by staining with the Prolong Antifade mounting medium with DAPI and imaged with a confocal laser scanning microscope (Nikon C2, Japan) under the same parameters within 1 week. The fluorescence intensity of each dye was quantitated using ImageJ 1.4 (National Institutes of Health, Bethesda, MD) and expressed in arbitrary fluorescence intensity units (A.U.). The oocytes were divided into three categories based on the results of immunofluorescence staining as previously described (Anguita et al., 2009): 1) Non-apoptotic oocyte: oocyte without Annexin-V staining in its cytoplasmic membrane; 2) Early apoptotic oocyte: The cytoplasmic membrane of oocyte specifically bound to Annexin-V, making the cytoplasmic membrane green; and 3) Necrotic oocyte: PI passed through the cytoplasmic membrane of the oocyte to stain the oocyte nucleus red.
Mitochondrial Labeling and Measurement of Fluorescence Intensity
Mitotracker Red (Mitotracker Red FM; Molecular Probes, Eugene, OR, United States) was used to label the functional mitochondria according to the manufacturer’s instructions. Briefly, cumulus-free oocytes were incubated in M199 containing 0.1% PVA and 500 nM Mitotracker Red for 30 min at 38.5°C in an atmosphere of 5% CO2 and saturated humidity. After three washes of 5 min each in M199 containing 0.1% PVA, oocytes were mounted on glass slides with their nuclear status evaluated by staining with the Prolong Antifade mounting medium with DAPI following oocyte fixation. Oocytes were imaged with a confocal laser scanning microscope (Nikon C2, Japan) under the same parameters within 1 week. The fluorescence intensity of mitochondrion was quantitated using ImageJ 1.4 (National Institutes of Health, Bethesda, MD) to draw a perimeter enclosing each oocyte and determining the average intensity within the enclosed area, expressed in arbitrary fluorescence intensity units (A.U.).
Quantitative Real-Time PCR
Relative transcript levels of genes involved in glycolysis in cumulus cells (CCs) were determined as we previously described (Fan et al., 2021). Briefly, RNA was extracted from an independent set of CCs derived from 30 COCs using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA concentrations were determined using a Denovix DS-11 + spectrophotometer (DeNovix Inc., Wilmington, Delaware, USA). RNA (1 μg) from each sample was reverse-transcribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) and random hexamers. The amount of cDNA in each sample after reverse transcription was quantified by quantitative PCR following the standard protocol of the Light Cycler 480 SYBR Green I Master (Roche Applied Science, Penzberg, Germany) kit, which started with at 95°C for 10 min, followed by 40 cycles (denaturation for 30 s at 95°C, annealing and extension at 60°C for 30 s). The primer pairs used in this study are listed in Table 1. The specificity of each qRT-PCR amplicon was verified by melting curve analysis and DNA sequencing at Sangon Biotech Company (Shanghai, China). In each qRT-PCR run, a “template-free control” was applied to explore the presence of primer-dimers or contamination. The GAPDH gene was used as a housekeeping gene. Relative changes in the abundance of mRNA transcripts in different samples were determined using the 2−ΔΔCT method (Livak and Schmittgen, 2001).
TABLE 1 | Primers used for RT-PCR analyses.
[image: Table 1]Measurement of ATP Contents
ATP levels in porcine oocytes or their companion cumulus cells (CCs) were assayed using a luciferin–luciferase reaction-based assay kit (Bioluminescent Somatic Cell Assay Kit, Catalog #FL-ASC, St Louis, MO) as previously described (Van Blerkom et al., 1995; Combelles and Albertini, 2003; Xu et al., 2014) with minor changes. Briefly, 20 cumulus-free oocytes or CCs derived from 20 to 30 COCs were placed in microfuge tubes containing 160 and 180 μl water, respectively, and then snap-frozen in liquid nitrogen and stored at −80°C. To determine ATP levels in samples, add 50 μl of each thawed sample or a standard solution of known ATP content to 100 μl ice-cold Cell ATP-Releasing Reagent and incubate for 5 min on ice, then add 100 μl of ice-cold ATP Assay Mix (1:25 dilution in assay mix buffer). The above reaction mixture was then incubated for 10 min at room temperature in the dark for an initial chemiluminescence flash period. Bioluminescence of each sample and ten different standards of known ATP content (0–90 pmol ATP) was measured by a high-sensitivity luminometer. In each measurement, the samples and standards were assayed in three replicates each, and the average value was used to represent the test results. Finally, the ATP content in each sample was calculated according to the 10-point standard curve for each assay. The DNA concentration in the remaining lysed CCs sample was measured and used to normalize the ATP content in each sample. The ATP content in oocytes was presented in pmol/oocyte, while the ATP level in CCs was expressed in pmol/mg DNA.
Statistical Analysis
Statistical analyses and graphing were performed using GraphPad Prism 7 (GraphPad Software, Inc., San Diego, CA, United States). Each experiment was repeated at least three times, and the specific number of oocytes tested in the experiment is stated in the text. The data are presented as the mean ± standard error of the mean (SEM) of independent experiments and analyzed by one-way ANOVA followed by Tukey multiple comparisons test. Differences at p < 0.05 were considered significant.
RESULTS
Glycine or Glycine Plus Melatonin Supplementation Significantly Improved the Oocyte Maturation and Subsequent Preimplantation Embryo Development Following COCs Vitrification
Porcine oocytes are extremely sensitive to chilling and easy to die after cryopreservation. To test whether glycine or melatonin increases the viability of porcine oocytes vitrified at the germinal vesicle (GV) stage, the different concentrations of glycine (0, 1, 6, and 10 mM) or melatonin (0, 10−9, and 10−7 M) were supplemented to the vitrification, thawing and maturation medium, respectively. Oocyte viability and cumulus expansion index assay after maturation culture demonstrated that 6 mM glycine and 10−9 M melatonin were the best concentration with the least side effects under our experimental conditions (unpublished data) and were used in the following experiments. To investigate whether the addition of glycine plus melatonin to the vitrification, thawing and maturation media is more effective in enhancing vitrified oocyte survival than glycine alone, porcine COCs were sequentially vitrified, thawed and cultured without any supplementation or supplemented with either 6 mM glycine or 6 mM glycine plus 10−9 M melatonin, respectively. In addition, the fresh porcine COCs without vitrification and thawing were used as the control group. As shown in Figure 1A, the viable oocytes in each group had a spherical shape, smooth surface, and evenly granulated cytoplasm with apparent perivitelline space, whereas nonviable oocytes pointed at by an arrow in each group had abnormal shape, degenerated cytoplasm without perivitelline space. Moreover, statistical analysis (Figure 1B) indicated that the survival percentages were dramatically lower in the vitrified/thawed oocytes without any supplementation (Vitrified group, 66.3 ± 1.9%, n = 148) compared to those of fresh oocytes without vitrification (control group, 97.0 ± 1.0%, n = 158), vitrified/thawed oocytes with 6 mM glycine supplementation (Vitrified + Gly group, 78.3 ± 2.0%, n = 138) and vitrified/thawed oocytes with 6 mM glycine plus 10−9 M melatonin supplementation (Vitrified + Gly + MT group, 83.4 ± 2.2%, n = 138) (N = 3, p < 0.05). On the other hand, the survival rates were significantly reduced in the Vitrified + Gly group compared to those of the control group (N = 3, p < 0.05), while there was no obvious difference in the survival rates when the Vitrified + Gly + MT group was compared with either the Vitrified + Gly group or the control group (N = 3, p > 0.05).
[image: Figure 1]FIGURE 1 | Effects of glycine or glycine plus melatonin supplementation during vitrification, thawing and in vitro maturation on oocyte survival, maturation and subsequent preimplantation development. (A): Representative images of oocytes were collected 44 h after maturation in vitro to determine whether they were alive or not morphologically in each examined group. The arrows indicate dead cells. Scale bar: 200 μm. (B): The survival rates of oocytes collected from each group. (C): The percentages of oocytes with the first polar body (number of MII oocytes/number of survival oocytes) in each experimental group. (D): The rates of alive oocytes (number of morphologically alive oocytes after IVF/total number of oocytes used for fertilization), cleavage (number of cleaved embryos/number of morphologically viable oocytes after IVF) and blastocyst (number of blastocysts/number of viable oocytes) in each examined group. Control: oocytes were neither vitrified/thawed nor supplemented with glycine or melatonin to assist their maturation; Vitrified: oocytes were sequentially vitrified, thawed and cultured for maturation without glycine or melatonin supplementation; Vitrified + Gly: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine supplementation; Vitrified + Gly + MT: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine plus melatonin supplementation. All experiments were performed in triplicate. Data are shown as mean ± SEM. Different lowercase letters above columns denote statistical difference at p < 0.05. The same lowercase letters above columns denote that the data are not significantly different at p > 0.05.
To further examine whether glycine or glycine plus melatonin supplementation promotes the porcine oocyte maturation following vitrification, thawing and maturation of COCs, we compared the percentages of nuclear maturation, manifested by the emission of the first polar body, among the examined groups. Figure 1C demonstrates that the nuclear maturation percentages were dramatically lower in the vitrified group (53.5 ± 1.2%, n = 117) compared to those of control group (81.4 ± 1.7%, n = 93), Vitrified + Gly group (64.5 ± 0.8%, n = 98) and Vitrified + Gly + MT group (65.1 ± 2.1%, n = 87) (N = 3, p < 0.05). Furthermore, the nuclear maturation rates were significantly reduced in both Vitrified + Gly and Vitrified + Gly + MT groups compared to those of control group (N = 3, p < 0.05), while there was no significant difference between the Vitrified + Gly and the Vitrified + Gly + MT group (N = 3, p > 0.05).
Removal of excess spermatozoa from the surface of the zona pellucida of porcine oocytes by repeated pipetting after in vitro fertilization prevents polyspermy occurrence to some extent. However, it may cause damage to the cytoplasm membrane and cell death. We next compared the effects of glycine or glycine plus melatonin supplementation on the cell death induced by the removal of excess sperms attached to the zona pellucida of oocyte after fertilization and preimplantation embryo development following vitrification, thawing, maturation, and fertilization of porcine oocytes. Our results demonstrated that there was no obvious difference in cell death among the four examined groups (Figure 1D). Moreover, the embryo cleavage rates were significantly decreased in the vitrified group (36.4 ± 2.3%, n = 112) compared to those of control group (66.0 ± 2.1%, n = 120), Vitrified + Gly group (55.0 ± 3.2%, n = 102) and Vitrified + Gly + MT group (55.3 ± 2.8%, n = 121) (N = 3, p < 0.05). While there was no difference in the embryo cleavage rates of the latter three groups (N = 3, p > 0.05). Furthermore, the blastocyst percentages were dramatically lower in the vitrified group (2.5 ± 1.2%, n = 112) compared to those of control group (15.9 ± 1.7%, n = 120) and Vitrified + Gly + MT group (14.2 ± 1.9%, n = 121) (N = 3, p < 0.05). Whereas there was no significant difference in blastocyst percentage between the Vitrified + Gly group (11.0 ± 1.6%, n = 102) and the other three groups (N = 3, p > 0.05).
The Addition of Glycine or Glycine Plus Melatonin Alleviated the ROS Levels Induced by Freezing and Thawing
Oxidative stress during vitrification compromises the developmental competency of vitrified oocytes. To explore whether the supplementation of glycine or glycine plus melatonin in the vitrification, thawing and maturation media mitigates oxidative stress induced by vitrification and thawing, we compared the ROS contents in each group after 44 h maturation culture. As shown in Figure 2, the relative fluorescence intensity of the oocytes in the non-vitrified control group (1.0, n = 78) was significantly lower than that in both the vitrified group without any supplementation (2.7 ± 0.1, n = 58) and the vitrified group supplemented with glycine (2.1 ± 0.1, n = 98) (N = 3, p < 0.05). Whereas, there was no significant difference in ROS intensity between the non-vitrified control group and the vitrified group supplemented with both glycine and melatonin supplementation (1.7 ± 0.2, n = 80) (N = 3, p > 0.05). In addition, the ROS signal in the vitrified oocytes without any supplementation was stronger than that of either glycine-added vitrification group or vitrification group supplemented with glycine plus melatonin (N = 3, p < 0.05). However, the ROS content of the Vitrified + Gly group was comparable to that of the Vitrified + Gly + MT group (N = 3, p > 0.05).
[image: Figure 2]FIGURE 2 | Effects of loading GV oocytes with glycine or glycine plus melatonin during vitrification, thawing and in vitro maturation on the intracellular ROS levels of the resultant oocytes. (A): Representative images of ROS staining (green) in oocytes of each experimental group. DIC, differential interference contrast image; Merge, overlapping of green and DIC. Scale bar: 200 μm. (B): The relative fluorescence intensity of ROS staining in oocytes with various treatments. All experiments were performed in triplicate. In each set of experiments, the fluorescence intensity of ROS staining was normalized to the value of oocytes in the control group. Each column presents the mean ± SEM. Different lowercase letters above columns indicate statistical difference at p < 0.05. The same lowercase letters above columns denote that the data are not significantly different at p > 0.05. Control: oocytes were neither vitrified/thawed nor supplemented with glycine or melatonin to assist their maturation; Vitrified: oocytes were sequentially vitrified, thawed and cultured for maturation without glycine or melatonin supplementation; Vitrified + Gly: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine supplementation; Vitrified + Gly + MT: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine plus melatonin supplementation.
Glycine or Glycine Plus Melatonin Supplementation Attenuated the Damage of COCs Vitrification on the Translocating of Cortical Granules From the Center of the Egg to the Periphery
The impaired oocyte quality and embryonic development of vitrified oocytes can be attributed in part to defective cortical granule distribution and premature cortical granule exocytosis (Liu, 2011). To investigate whether the supplementation of glycine or glycine plus melatonin in the vitrification, thawing and maturation media mitigates damage to the migration and localization of cortical granules induced by vitrification, we compared the subcellular distribution of cortical granules in each group after 44 h maturation culture. As shown in Figure 3, the vast majority of oocytes (77.3 ± 1.5%, n = 89) in the control group had a uniform layer of CGs accumulated in the egg cortex except for the area above the chromosomes known as the “CGs-free zone,” which was recognized as the normal distribution of CGs. Only about a third (31.0 ± 2.1%, n = 93) oocytes displayed the normal distribution of CGs, while other oocytes demonstrated either obvious CGs signal in the center of the oocyte or weak, discontinuous layer of CGs in the periphery of the oocyte in the vitrified group. Loading oocytes with either glycine (48.7 ± 0.7%, n = 102) or glycine plus melatonin (50.3 ± 1.5%, n = 92) during vitrification, thawing and in vitro maturation significantly improved CGs transport from the center to the cortex and accumulation in the cortex, and a higher proportion of oocytes with the normal distribution of CGs were found compared with the vitrified group (N = 3, p < 0.05). However, the ratio of oocytes with the normal distribution of CGs in either Vitrified + Gly or Vitrified + Gly + MT group was dramatically lower than that of the control group (N = 3, p < 0.05). There was no obvious difference between Vitrified + Gly and Vitrified + Gly + MT groups (N = 3, p > 0.05).
[image: Figure 3]FIGURE 3 | Effects of glycine or glycine plus melatonin addition during vitrification, thawing and in vitro maturation on the migration of cortical granules (CGs) in the resultant oocytes. (A): Representative images of the distribution of CGs in oocytes that were collected 44 h after maturation in each examined group. Green, cortical granules (CGs); Blue, chromatin; Merge, overlapping of green and blue. Scale bar: 40 μm. (B): The percentages of oocytes with the normal distribution of GCs in each experimental group. All experiments were performed in triplicate. Data are presented as mean ± SEM of three independent experiments. Different lowercase letters above columns indicate statistical difference at p < 0.05. The absence of letters denotes that the data are not significantly different at p > 0.05. Control: oocytes were neither vitrified/thawed nor supplemented with glycine or melatonin to assist their maturation; Vitrified: oocytes were sequentially vitrified, thawed and cultured for maturation without glycine or melatonin supplementation; Vitrified + Gly: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine supplementation; Vitrified + Gly + MT: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine plus melatonin supplementation.
Glycine or Glycine Plus Melatonin Treatment Mitigated the Occurrence of Early Oocyte Apoptosis Induced by Vitrification
Accumulating evidence indicates that vitrification/thawing destroys the membrane of oocytes, induces apoptosis, and impairs the developmental potential of oocytes. To investigate the protective effect of glycine or glycine plus melatonin on oocyte apoptosis during vitrification/thawing and in vitro maturation, we detected the Annexin-V staining, a marker of early apoptosis, in oocytes after different treatments. As shown in Figure 4, the Annexin-V signal was rarely observed in oocytes of the control group (1.0, n = 89), while the Annexin-V staining was dramatically enhanced in oocytes of the vitrified group (7.3 ± 0.3, n = 120) (N = 3, p < 0.05). On the other hand, the addition of glycine (4.4 ± 0.1, n = 102) or glycine plus melatonin (3.7 ± 0.2, n = 92) during vitrification, thawing and oocyte maturation significantly attenuated the incidence of apoptosis compared with that of the vitrified group but was still higher than the control group (N = 3, p < 0.05). There was no obvious difference between glycine and glycine plus melatonin treatments (N = 3, p > 0.05).
[image: Figure 4]FIGURE 4 | Glycine or glycine plus melatonin supplementation during vitrification, thawing and in vitro maturation protected against apoptosis in the subsequent oocytes. (A): Representative images of early apoptosis labeled with Annexin-V in each examined group. Green, Annexin-V staining; PI (propidium iodide), DNA; DIC, differential interference contrast image; Merge, overlapping of green, DNA and DIC. Scale bar: 40 μm. (B): The relative fluorescent intensity of Annexin-V staining in oocytes of each experimental group. In each set of experiments, the fluorescence intensity of Annexin-V staining was normalized to the value of oocytes in the control group. All experiments were performed in triplicate. Data are shown as mean ± SEM. Different lowercase letters above columns indicate statistical difference at p < 0.05. The same lowercase letters above columns denote that the data are not significantly different at p > 0.05. Control: oocytes were neither vitrified/thawed nor supplemented with glycine or melatonin to assist their maturation; Vitrified: oocytes were sequentially vitrified, thawed and cultured for maturation without glycine or melatonin supplementation; Vitrified + Gly: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine supplementation; Vitrified + Gly + MT: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine plus melatonin supplementation.
The Addition of Glycine or Glycine Plus Melatonin Alleviated the Damage of COCs Vitrification on the Distribution of Mitochondria
Mitochondria are the main places where ATP is produced to provide energy to cells. Vitrification normally interrupts the subcellular localization and function of mitochondria in oocytes, which is associated with the developmental competence of oocytes. To verify the effects of glycine or glycine plus melatonin supplementation on the mitochondrial function and distribution during vitrification, thawing and oocyte maturation, we examined the distribution pattern and activity of functional mitochondria in oocytes after various treatments. As shown in Figures 5A,B the majority of oocytes in the control group (81.3 ± 2.6%, n = 108) possessed clustered homogeneous mitochondria distribution. In the vitrified group, only part of the oocytes (38.5 ± 2.0%, n = 95) had clustered homogeneous mitochondria distribution, while most of the other oocytes presented either fine homogeneous or granulated heterogeneous mitochondria distribution. There were significant differences in mitochondrial distribution patterns between the control group and the vitrified group (N = 3, p < 0.05). Interestingly, loading oocytes with glycine (50.7 ± 2.8%, n = 98) significantly increased the percentages of oocytes with clustered homogeneous mitochondria distribution compared with the vitrified group. Moreover, loading oocytes with both glycine and melatonin (70.0 ± 1.6%, n = 102) could further improve the rates of oocytes with clustered homogeneous mitochondria distribution compared with either the vitrified group or the Vitrified + Gly group (N = 3, p < 0.05). There was no significant difference in the mitochondrial distribution pattern between the Vitrified + Gly + MT group and the control group (N = 3, p > 0.05). Additionally, mitochondrial activity as measured by fluorescence intensity was closely related to the type of mitochondrial distribution. The lowest fluorescence intensity/oocyte (38.6 ± 4.3, n = 20) was found in the vitrified group. The intensity of fluorescence increased in vitrified oocytes with either glycine (71.5 ± 4.3, n = 20) or glycine plus melatonin (93.7 ± 6.2, n = 20) treatment, and reached the top level in the control oocytes (97.8 ± 4.4, n = 20) (Figure 5C). Statistical analysis showed that the differences in the mitochondrial activity of oocytes in different experimental groups were consistent with the type of mitochondrial distribution type, except that there was no significant difference in mitochondrial activity between the Vitrified + Gly group and the Vitrified + Gly + MT group (N = 3, p > 0.05) (Figures 5B,C).
[image: Figure 5]FIGURE 5 | Effects of loading GV oocytes with glycine or glycine plus melatonin during vitrification, thawing and in vitro maturation on mitochondrial distribution and activity in the resultant oocytes. (A): Fluorescent staining of functional mitochondrial (red) counterstained with DAPI (blue) in oocytes. Merge, overlapping of red and blue. Scale bar: 20 μm. (B): Percentages of oocytes with the normal mitochondrial distribution. (C): Mitochondrial activity of oocytes with different experimental treatments. Control: oocytes were neither vitrified/thawed nor supplemented with glycine or melatonin to assist their maturation; Vitrified: oocytes were sequentially vitrified, thawed and cultured for maturation without glycine or melatonin supplementation; Vitrified + Gly: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine supplementation; Vitrified + Gly + MT: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine plus melatonin supplementation. All experiments were performed in triplicate. Each column presents the mean ± SEM. Different lowercase letters above columns indicate statistical difference at p < 0.05. The same lowercase letters above columns denote that the data are not significantly different at p > 0.05.
Glycine or Glycine Plus Melatonin Addition Promoted Glycolytic Gene Expression in CCs
ATP levels in oocytes are closely related to glycolytic gene expression levels in their companion CCs both in vivo and in vitro. To evaluate whether the supplementation of glycine or glycine plus melatonin in the vitrification, thawing and maturation media protect the bi-directional communication between porcine oocytes and their companion CCs, thereby maintaining the levels of glycolytic gene expression in CCs from cryoinjury, we compared the glycolytic gene transcript levels of Ldh1, Pkm2, and Pfkp in the CCs isolated from each experimental group. Ldh1 encodes lactate dehydrogenase, which mediates bidirectional conversion between pyruvate and lactate, thereby regulating their homeostasis, while Pkm2 (pyruvate kinase) is required for the conversion of phosphoenolpyruvate to pyruvate. Pfkp (phosphofructokinase) is the rate-limiting enzyme of the pentose phosphate pathway that regulates glucose metabolism. Our data demonstrated that the transcript levels of Pfkp and Pkm2 were dramatically decreased in the CCs of the vitrified group compared with the control group (N = 3, p < 0.05), whereas those of the Ldh1 were comparable between the vitrified group and control group (N = 3, p > 0.05) (Figure 6). Glycine treatment dramatically improved the transcript levels of Pkm2 and Ldh1 in CCs in the Vitrified + Gly group compared with either control or vitrified group (N = 3, p < 0.05). Whereas glycine plus melatonin treatment significantly increased the transcript levels of Pkm2 in CCs compared to those in the vitrified group (N = 3, p < 0.05). However, there was no obvious difference between the Vitrified + Gly + MT group and the control group or between the Vitrified + Gly + MT group and the Vitrified + Gly group in the transcript levels of Pkm2 and Ldh1 in CCs (N = 3, p > 0.05). On the other hand, glycine or glycine plus melatonin treatment significantly boosted the transcript levels of Pfkp in the CCs (N = 3, p < 0.05) to comparable levels in the control group (N = 3, p > 0.05) (Figure 6).
[image: Figure 6]FIGURE 6 | Glycine or glycine plus melatonin supplementation during vitrification/thawing and in vitro maturation increased the relative transcript levels of glycolytic genes in the CCs. In each set of experiments, the transcript levels of the glycolytic genes of each group were normalized to the value of CCs in the control group. Control: oocytes were neither vitrified/thawed nor supplemented with glycine or melatonin to assist their maturation; Vitrified: oocytes were sequentially vitrified, thawed and cultured for maturation without glycine or melatonin supplementation; Vitrified + Gly: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine supplementation; Vitrified + Gly + MT: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine plus melatonin supplementation. Each column indicates the mean ± SEM. Different lowercase letters above columns indicate statistical difference at p < 0.05. The same lowercase letters above columns denote that the data are not significantly different at p > 0.05.
Glycine or Glycine Plus Melatonin Treatment Increased ATP Contents in Vitrified MII Oocyte and Its Companion Cumulus Cells
Dysfunction of oocyte mitochondrial and deficiency of glycolytic gene expression in CCs are negatively related to the ATP contents of oocytes. To further test whether the addition of glycine or glycine plus melatonin in the vitrification, thawing and maturation media alleviates damage to the ATP production in oocytes and CCs induced by vitrification of COCs, we detected the ATP levels of oocyte and CCs from each experimental group. Our data demonstrated that the vitrification of COCs with or without glycine or glycine plus melatonin supplementation dramatically lessened the ATP contents in both oocytes and CCs compared to those in the control group (N = 3, p < 0.05). However, glycine or glycine plus melatonin treatment significantly increased the ATP levels in both oocytes and CCs compared with the vitrified group (N = 3, p < 0.05). In addition, ATP production in CCs was not significantly different between the Vitrified + Gly group and the Vitrified + Gly + MT group (N = 3, p > 0.05), while ATP levels in oocytes of the Vitrified + Gly + MT group were higher than these of the Vitrified + Gly group (N = 3, p < 0.05) (Figure 7).
[image: Figure 7]FIGURE 7 | Effects of loading GV oocytes with glycine or glycine plus melatonin during vitrification, thawing and in vitro maturation on the relative ATP levels in oocytes and CCs. In each set of experiments, the ATP contents of differently treated oocytes or CCs were normalized against the value of oocytes or CCs in the control group, respectively. Control: oocytes were neither vitrified/thawed nor supplemented with glycine or melatonin to assist their maturation; Vitrified: oocytes were sequentially vitrified, thawed and cultured for maturation without glycine or melatonin supplementation; Vitrified + Gly: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine supplementation; Vitrified + Gly + MT: oocytes were sequentially vitrified, thawed and cultured for maturation with glycine plus melatonin supplementation. All experiments were performed in triplicate. Each column indicates the mean ± SEM. Different lowercase letters above columns indicate statistical difference at p < 0.05. The same lowercase letters above columns denote that the data are not significantly different at p > 0.05.
DISCUSSION
Our current results demonstrate that glycine or glycine plus melatonin supplementation during vitrification, thawing, and oocyte maturation improves the quality of oocyte meiotic maturation and subsequent embryonic development after vitrification of porcine COCs. We predicted that reducing the detrimental osmotic injury during dehydration and rehydration of the vitrification process by optimizing intracellular osmotic support with organic osmolytes can improve the developmental competency of vitrified porcine oocytes through protecting organelles and bi-directional communication between oocyte and its companion CCs from irreversible damage and lowering the oxidative stress. We found that glycine treatment of vitrified oocytes restored the ROS levels, the mitochondrial physiology, the migration of cortical granules from the center of the cell to the periphery, ATP contents and glycolytic gene expression in its companion CCs, inhibited apoptotic occurrence, thus resuming blastocyst development. Moreover, we also evaluated the effects of glycine plus melatonin treatment of vitrified oocytes, which is supposed to alleviate the osmotic and oxidative stresses simultaneously, on organelle physiology, communication between oocyte and its neighboring CCs, and developmental competency of the blastocyst. Our data indicated that the beneficial effects of loading oocytes with either glycine or glycine plus melatonin were comparable, but the latter was more likely to increase ATP contents in oocytes and normal mitochondrial distribution in oocytes than the former. Taken together, the osmotic stress and oxidative stress during vitrification and thawing of mammalian oocytes may cause cellular damage mainly through similar molecular mechanisms, at least to some extent, and reducing the damage of one can also alleviate the damage of the other. On the other hand, oxidative stress also exerts mild biological function independently from osmotic stress because amelioration of both osmotic and oxidative stresses during vitrification, thawing and maturation systems has a further ability to minimize the cryodamage in the porcine oocytes compared with lowering osmotic stress alone.
Glycine is the smallest amino acid and consists of a single carbon molecule linked to an amino acid and a carboxyl group (Roth, 2007). It has been reported that glycine is the highest abundant amino acid in the sow oviduct and uterine fluids (Iritani et al., 1974), which suggest that glycine might play important roles in porcine oocyte meiosis and early embryo development in vivo and may be an important factor to be considered for the improvement of oocyte maturation and preimplantation embryo culture in vitro. Although the role of glycine in mammalian oocyte meiosis and preimplantation embryo development has not been elucidated, there is increasing evidence that it can act as an organic osmolyte in mouse (Dawson et al., 1998; Tartia et al., 2009) and bovine (Elhassan et al., 2001) embryo. While other studies suggest that besides glutamate and cysteine, glycine is another tripeptide component of glutathione (GSH) (Dringen, 2000) and plays an important role in protection from oxidative stress during meiotic division and early embryo development of porcine oocytes (Li et al., 2018). GSH is the most abundant intracellular antioxidant thiol and is central to redox defense during oxidative stress (Biswas and Rahman, 2009). However, the intracellular level of cysteine is much lower than those of the other two substrates, glutamate and glycine, and cysteine is the rate-limiting substrate for GSH synthesis (Iritani et al., 1974; Dringen et al., 1999a; Dringen et al., 1999b). Therefore, we suppose that glycine treatment enhances the developmental potential of porcine oocytes and preimplantation embryos not through GSH production. Our previous (Cao et al., 2016) and current studies demonstrate that glycine is also an efficient organic cryoprotectant for improving the vitrification efficiency of mouse and porcine oocytes, respectively. Whether glycine or other organic osmolytes can be used as a cryoprotectant for oocytes or preimplantation embryos of other animals remains to be elucidated.
Melatonin is another endogenous antioxidant and metabolic regulator found in porcine follicular fluid (Shi et al., 2009; Jin et al., 2017; He et al., 2018; Liu et al., 2018). Its concentration in porcine follicular fluid is approximately 10−11 M, which is negatively correlated with follicle size, with a trend of smaller follicles and higher melatonin content (Shi et al., 2009). Melatonin promotes in vitro maturation and parthenogenetic development of porcine oocytes in a dose-dependent manner, but high concentrations have negative effects (Shi et al., 2009; Jin et al., 2017), in two ways (Jiang et al., 2021). It either directly chelates oxygen and nitrogen reactive species as well as mobilizes the antioxidant enzyme in cells (Amaral and Cipolla-Neto, 2018) or binds to its receptors (Reiter et al., 2014) to decrease downstream molecules, such as cAMP and cGMP, as well as increase PLC (Jockers et al., 2016), to mitigate oxidative stress in the female reproductive system. In the present study, 10−9 M melatonin was used to explore its impacts on the vitrification efficiency of porcine COCs according to the results of three different concentrations tested. Although this concentration is also the optimal concentration for improving the in vitro maturation quality of porcine oocytes in previous studies, more studies related to the concentration gradient of melatonin are needed to screen the optimal concentration for improving the vitrification efficiency of porcine oocytes. In addition, RT-PCR analysis indicates that the transcripts of melatonin receptor 1 (MT1) are present in porcine cumulus and granulosa cells but not in porcine oocytes (Kang et al., 2009). Whereas, immunofluorescence assay of porcine COCs demonstrates that melatonin receptor 2 (MT2) is expressed in both oocytes and CCs. The effect of melatonin on enhancing blastocyst formation rate and total blastocyst cell number after parthenogenesis can be eliminated by specific MT2 inhibitors (Lee et al., 2018). Another study also proves that melatonin can boost the synthesis of estradiol in porcine granulosa cells (Liu et al., 2018). These results suggest that melatonin may promote porcine oocyte meiotic maturation and subsequent embryonic development through its receptor and communication with its companion somatic cells to exert its biological functions. Consistent with these findings, the addition of glycine plus melatonin was more potent in increasing the ATP content of vitrified porcine CCs than glycine addition alone, although there was no statistical difference between them in the present results. Moreover, melatonin treatment during porcine oocyte maturation in vitro increases the lipid droplets (LDs) accumulation (Jin et al., 2017; He et al., 2018) and the transcript levels of genes involved in lipogenesis, lipolysis and fatty acid beta-oxidation (Jin et al., 2017). This may explain why the supplementation of glycine plus melatonin was more effective in increasing the ATP contents in the vitrified porcine oocytes than the glycine supplementation alone. Due to the limitations of experimental technology and manpower, the effects of the melatonin addition on vitrification of porcine COCs were not separately examined in this study, so it is impossible to compare the effects of glycine or melatonin addition on the developmental competency of vitrified porcine COCs. More detailed and in-depth experiments are required to investigate the role of melatonin supplementation or the combination of melatonin with oocyte- or preimplantation-embryo-specific osmolyte(s), including glycine, in modulating vitrification of porcine COCs and other lipid-rich oocytes and their regulatory mechanisms.
In conclusion, either glycine or glycine plus melatonin supplementation in the systems of vitrification/thawing and subsequent oocyte maturation of porcine COCs can improve the developmental competency of vitrified porcine oocytes. While loading vitrified porcine oocytes with both glycine and melatonin can further reduce the cryoinjury of oocytes compared with loading oocytes with glycine alone.
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Oogenesis is a highly orchestrated process that depends on regulation by autocrine/paracrine hormones and growth factors. However, many details of the molecular mechanisms that regulate fish oogenesis remain elusive. Here, we performed a single-cell RNA sequencing (scRNA-seq) analysis of the molecular signatures of distinct ovarian cell categories in adult Chinese tongue sole (Cynoglossus semilaevis). We characterized the successive stepwise development of three germ cell subtypes. Notably, we identified the cellular composition of fish follicle walls, including four granulosa cell types and one theca cell type, and we proposed important transcription factors (TFs) showing high activity in the regulation of cell identity. Moreover, we found that the extensive niche–germline bidirectional communications regulate fish oogenesis, whereas ovulation in fish is accompanied by the coordination of simultaneous and tightly sequential processes across different granulosa cells. Additionally, a systems biology analysis of the homologous genes shared by Chinese tongue sole and macaques revealed remarkably conserved biological processes in germ cells and granulosa cells across vertebrates. Our results provide key insights into the cell-type-specific mechanisms underlying fish oogenesis at a single-cell resolution, which offers important clues for exploring fish breeding mechanisms and the evolution of vertebrate reproductive systems.
Keywords: scRNA-seq, oogenesis, Chinese tongue sole, germ cell, granulosa cell
INTRODUCTION
Oogenesis is a markedly complex, dynamic process, from self-renewal and differentiation of oogonia, development of follicle cells, maturation of oocytes and ovulation (Gershon and Dekel, 2020). Natural selection ensures that the structure and function of each organism provides, under the environment that organism has adapted to, the best conditions for the survival of its germ cells. The transition from oviparity to viviparity is a crucial evolutionary change in the life history of vertebrates. The main reproductive mode of teleosts is oviparity with lecithotrophy, i.e., zebrafish, sea bass and tongue sole, while most mammals show viviparity with matrotrophy, i.e., human, monkey and mouse (Lodé, 2012). However. it is barely known whether vertebrates with different reproductive modes retain the essential transcription characteristics of oogenesis in evolution. At least within mammals, previous research showed that human oogenesis appears to be more complex than oogenesis in other mammals (Sylvestre et al., 2013; Biase, 2017); however, shared gene expression patterns between human and mouse oocytes suggest some evolutionarily conserved mechanisms of mammalian oogenesis (Zhang et al., 2018).
During oogenesis, the development of germ cells is accompanied by the transition from mitosis to meiosis and the expression of stage-specific genes (Zhao et al., 2020b). The dynamic translation of the germ cell state is regulated by stage-specific transcription factors (TFs). In humans, TFs such as GTF2l, CSDE1, SOHLH2, SMARCE1, and TUB are considered to play a crucial role in the transition from the primordial to the primary stage (Zhang et al., 2018). In addition, several TFs, such as Msx1, Msx2, Gata4, Cdx2, and Sox4, have strong effects on the transition from mitosis to meiosis in mouse oogenesis (Zhao et al., 2020b). Nevertheless, the TFs that participate in fish oogenesis have rarely been explored or identified, despite the enormous implications of the proper regulation of fish oogenesis for both fisheries and aquaculture production.
Each follicle is composed of a germ cell surrounded by follicle cells (Sánchez and Smitz, 2012). Follicle cells regulate the maturation and ovulation of oocytes through complex interactions and endocrine processes (Li and Albertini, 2013). In female mammals, follicle cells are anatomically divided into mural granulosa cells and cumulus cells (Wigglesworth et al., 2015). Additionally, some investigators have identified the transcription characteristics of mural granulosa cells and cumulus cells as well as associated signals regulating oogenesis at the single-celllevel (Fan et al., 2019; Zhao et al., 2020a). The BMP15/GDF9 and NOTCH signaling pathways are thought to be two key pathways that regulate oogenesis (Eppig et al., 1997; Zhang et al., 2011). In fish, light and electron microscopy analyses have revealed a follicular complex consisting of a mature oocyte, zona radiata, follicle cells, basement membrane and theca (Viana et al., 2018). However, the subtypes of fish follicle cells and the regulation in oogenesis are not systematically understood.
Another key developmental event in oogenesis is ovulation, which is the process whereby mature oocytes break away from the surrounding somatic cells (granulosa cells and theca cells) under a luteinizing hormone (LH) surge (Curry, 2010). Many investigations of human oogenesis have demonstrated that proteinases such as plasminogen activators, matrix metallopeptidase and a disintegrin and metalloproteinase with thrombospondin type 1 motif (ADAMTS) mediate cumulus oocyte complex (COC) expansion and oocyte release by hydrolysing extracellular matrix (ECM) proteins in the follicular layer (Curry, 2010). Notably, prostaglandins (PGs) are an important signaling molecule involved in ovulation in mammals and teleosts (Takahashi et al., 2018). However, the ovulation mechanism of other vertebrates is still lack of in-depth research, especially in fish.
Chinese tongue sole (Cynoglossus semilaevis) is a flatfish with asynchronous oocyte development and batch spawning since oocytes of diverse developmental stages are found in the ovary in the same growth phase (Chen et al., 2010; Wen et al., 2015), which lends itself to the investigation of fish oogenesis. The whole-genome sequence of Chinese tongue sole was completed in 2014 (Chen et al., 2014), which provides a foundation for the transcriptomic researches. In the present study, we performed single-cell RNA sequencing (scRNA-seq) to analyse the key events throughout oogenesis in Chinese tongue sole. We described the progression of germ cells and transcriptional characteristics of somatic niche cells. Importantly, we identified diverse granulosa cell subtypes and inferred the key highly active TFs involved in follicle cell fate decisions. Moreover, we found that the niche–germline bidirectional communications regulate fish oogenesis, whereas the interaction between different granulosa cells contributes to the ovulation of fish. Furthermore, by cross-species comparison of ovarian cells from Chinese tongue sole and macaques, we revealed the conserved gene expression features in oogenesis across mammals and fish. Our results provide a solid reference dataset for research on fish propagation-related biology and sheds light on the adaptability of reproductive strategies in lower vertebrates.
MATERIALS AND METHODS
Hematoxylin-Eosin Staining of Chinese Tongue Sole Ovary
To make paraffin sections, the ovary tissue was fixed in the fixing agent for at least 24 h. For dehydration and paraffin embedding, samples were placed in 75% ethanol for 4 h, 85% ethanol for 2 h, 90% alcohol for 2 h, 95% ethanol for 1 h, 100% ethanol I for 30 min, 100% ethanol II for 30 min, ethanol benzene for 5–10 min, xylene II for 5–10 min, 65°C melting paraffin I for 1 h, 65°C melting paraffin II for 1 h, and 65°C melting paraffin III for 1 h. The wax-soaked tissue was embedded in an embedding machine. Samples were cooled at −20°C on a freezing table. After the wax solidified, the wax block was removed from the embedding frame and repaired. The trimmed wax block was sectioned on a microtome paraffin slicer with a thickness of 4 μm. For Hematoxylin-eosin staining, dewaxing was performed by rinsing in xylene I for 20 min, xylene II for 20 min, 100% ethanol I for 5 min, 100% ethanol II for 5 min, and 75% ethanol for 5 min. Sections were then rinsed with tap water, stained with hematoxylin solution for 3–5 min, and rinsed with tap water. Then, the sections were treated with Hematoxylin Differentiation solution and rinsed with tap water. The sections were treated with Hematoxylin Scott Tap Bluing and rinsed with tap water. They were then treated with 85% ethanol for 5 min and 95% ethanol for 5 min. Finally, sections were stained with Eosin dye for 5 min. For dehydration, sections were treated with 100% ethanol I for 5 min, 100% ethanol II for 5 min, 100% ethanol III for 5 min, xylene I for 5 min, and xylene II for 5 min, followed by sealing with neutral gum. Sections were observed by microscopy and images were obtained for analysis.
Dissociation of Ovarian Cells in Female Chinese Tongue Sole
To obtain a high-quality cell suspension, we strictly controlled the preparation time. First, six adult female Chinese tongue sole were dissected and their ovaries were removed. The ovaries of Chinese tongue sole were dissected on ice and washed twice with DMEM-NaCl solution, and other tissues that adhered to the ovaries were removed with tweezers. Then, the combined enzyme digestion solution was prepared. Add 1 ml of trypsin with a concentration of 0.25% and 200 μL of collagenase with a concentration of 1 mg/ml to 3.8 ml of DMEM-NaCl solution. The ovarian tissue was cut with a blade to produce a tissue homogenate, which was then transferred to a combined enzyme digestion solution. After heating in a 30°C water bath for 7 min, digestion was rapidly terminated with 10 ml DMEM-NaCl solution. The digested cell suspension was filtered with a 40 μm cell strainer to collect approximately 7 ml of the filtered cell suspension in a 15 ml tube. Centrifugation was performed with a horizontal rotor in a cryogenic centrifuge at 300 × g for 3 min. After removing the supernatant, 5 ml of PBS-NaCl solution was added, centrifugation was conducted at 300 × g for 3 min, and washing was performed twice. Finally, 0.05% BSA in PBS was added to resuspend the cells. Finally, 10 μL single-cell suspensions was mixed with 1 μL 0.4% dye trypan blue solution to measure the total cell concentration (1,000–2000 cells per 1 μL) as well as the ratio of live cells (greater than 80 percent) using a hemocytometer.
scRNA-Seq Library Preparation and Sequencing
We used the DNBelab C Series Single Cell RNA Library Preparation Kit (MGI Tech Co., Ltd.) based on droplet microfluidics technology for library construction. In detail, we pooled 110,000 cells per library with an average concentration of 1,000 cells/μL and activity greater than 80%. Cells were prepared as droplets, in which cell lysis and mRNA capture were performed using the DNBelab C4 portable single-cell system. Single-cell microdroplets were recovered by using the emulsion breaking recovery system, after which magnetic bead-captured mRNA was transcribed into cDNA and subjected to reverse transcription (42°C for 90 min; 14 cycles of 50°C for 2 min and 42°C for 2 min; holding at 4°C) for cDNA enrichment. Finally, the cDNA products were used to prepare single-stranded DNA libraries via steps including shearing, end repair, ligation, PCR (95°C for 3 min; 11 cycles of 98°C for 20 s, 58°C for 30 s and 72°C for 30 s; 72°C for 10 min; holding at 4°C), denaturation, circularization, and digestion. Then, 10 ng of the digested products was collected for sequencing on the MGISEQ 2000 platform.
scRNA-Seq Data Processing
The raw data obtained by scRNA-seq on the MGISEQ2000 platform were filtered and demultiplexed using PISA (version 1.10.2) (https://github.com/shiquan/PISA). Reads were aligned to the reference genome from NCBI using STAR (version 2.7.9a) (https://github.com/alexdobin/STAR) and were sorted using Sambamba (version 0.7.0) (https://github.com/biod/sambamba/releases/tag/v0.7.0). The cell versus gene UMI count matrix was generated using PISA.
Cell Clustering and Identification of Cell Types
For each library, we used the count matrix and followed the Seurat vignette (https://satijalab.org/seurat/pbmc3k_tutorial.html) to create the Seurat object. In brief, cells were first prefiltered according to the expression of at least 200 genes in each cell and the expression of each gene expressed in at least 3 cells. Thereafter, cells with less than 5% mitochondrial genes and UniQ gene counts between 200 and 3500 were retained. For the remaining cells, the gene expression count data for each sample were normalized, 3,000 highly variable genes were selected, and scaling was conducted with the “SCTransform” function. After normalization, principal component analysis (PCA) was used to reduce the number of dimensions of the gene expression matrix. The number of components used was determined with the “ElbowPlot” function. The first 30 PCs were selected as the input for the “FindNeighbors” and “RunUMAP” functions (default parameters), and a parameter of resolution of 0.5 was chosen for the “FindClusters” function. Subsequently, “DoubletFinder” was employed to identify doublets using the same PCs of the above PCA, assuming a 4% or 10% doublet formation rate for the loaded cells of each sample in a droplet channel. The optimal pK values were determined for each organ based on the mean-variance normalized bimodality coefficient. After doublet removal of all library, we merge the six matrices and use the “selectintegrationfeatures” function to select the top 3,000 genes with the greatest variation for integration, after which we used the “prepsctintegration” function to aggregate SCT objects, and then the “findintegrationanchors” function with the normalization. method parameter as “SCT”, the top 3,000 genes as the anchor. features and k. filter parameter as 200 to identify the sources of common variation between conditions via canonical correlation analysis (CCA). This procedure was conducted find the anchor or nearest neighbour (MNN) for cross-dataset identification, after which the anchor points were filtered, incorrect anchor points were removed, and the data were finally integrated by using the “integration data” function with the normalization. method parameter as “SCT”. After integrating and removing batch effects, we ran the PCA (30PCs) and UMAP (default parameters) analyses again, and we finally used the “findallmarker” function (with only. pos equal to TRUE, min. pct and logfc. threshold equal to 0.25 and test. use equal to “wilcox”)to calculate the DEGs between different clusters.
Gene Function Enrichment Analysis
Gene function enrichment analysis was performed using Metascape (https://metascape.org/gp/index.html). The Chinese tongue sole genes used for the enrichment analysis were homologous to zebrafish genes.
Cell Trajectory Analysis
Single-cell pseudotime trajectories were constructed with the Monocle 2 package (version 2.14.0) (http://cole-trapnell-lab.github.io/monocle-release/docs/). In describing the process of oogenesis, we transformed the Seurat dataset into the cell_data_set of Monocle2. Then, we chose the ordered genes to define cell progress, we used DDRTree to reduce the space to two dimensions, and all cells were ordered with the orderCells function with the default parameters.
Identification of DEGs Between Two Different Clusters
The DESeq2 (v1.30.1) R package was used to find additional DEGs. The package uses non-normalized counts as an input. The data from each sample were aggregated, and the DESeqDataSetFromMatrix function was used to construct the count matrix. DESeq and the results function were used for the differential expression analysis and to generate results tables.
Transcriptional Regulation Analysis of Follicle Cell Subtypes
The SCENIC analysis was run as described on the follicle cell subclusters, using the 10-thousand motifs database for RcisTarget and GENIE3. The input matrix was the normalized expressional matrix, oriented from the one-to-one homologous genes of human and Chinese tongue sole.
Cytokine/Receptor Interaction Analysis
ITALK was used to analyse the cell-cell communication between three germ cell subtypes and five granulosa cells subtypes. Firstly, we transformed the matrix of tongue sole into the matrix of human. The one-to-one homologous genes of human and Chinese tongue sole were obtained by blast. Then we set the matrix and cell types as the input data, and the ligand-receptor pairs were detected from top 50% highly expressed genes. We set growth factors, cytokines, checkpoint and other as the communication types. Finally, we using LRPlot function to visualize the network plot.
Conservation of Marker Gene Expression
Macaque UMI matrices were obtained from the NCBI Gene Expression Omnibus (GEO) database (GSE149629). Germ and somatic cells were extracted from the matrix according to the barcode of the cell type reported previously (Zhao et al., 2020a).
RESULTS
The Global Transcriptome Profile Identifies Eight Cell Types in Chinese Tongue Sole Ovaries
To capture all the cellular information in the ovary of Chinese tongue sole, we collected the ovaries of six sexually mature females in October. At this time, the ovary was in stage IV and contained oocytes in all stages of development, and the follicles exhibited a double-layer membrane structure. Using the iDrop system, six libraries were constructed and sequenced (Figure 1A). After quality control, we obtained the transcriptional spectrum of 7,185 cells. Using mutual nearest neighbour methodology, we identified 15 clusters, which were visualized via Uniform Manifold Approximation and Projection (UMAP) (Supplementary Figure S1A). Our data showed no apparent batch effect, and each sample contained all clusters (Supplementary Figures S1B, S1C).
[image: Figure 1]FIGURE 1 | Overview of germ and somatic ovarian cell types determined by scRNA sequencing in Chinese tongue sole. (A) Schematic representation of the scRNA-seq analysis of Chinese tongue sole ovarian cells. (B) Visualization of major ovarian cell types among 7,185 cells in UMAP (unknown is undefined). Different cell types are shown in distinct colours. (C) Heatmap showing the expression of the top 20 DEGs of the main cell types. The colours from blue to red indicate low to high gene expression levels, respectively. Z-scores were calculated by subtracting the average value for the set of data from the value for each cell and dividing by the standard deviation. (D) Violin plots of the normalized expression of marker genes in the three germ cell types. (E) Violin plots of the normalized expression of marker genes in the five somatic cell types. (F) Enriched terms of DEGs are shown for ovarian cell types (p-values are shown). The proportion of each cell type is shown on the left.
Three germ cell populations and five somatic cell populations were identified by gene expression pattern analysis (Figures 1B,C). Typical marker genes of oogenesis, such as gdf9 and dnd1 (Liu and Ge, 2007; Yang et al., 2012), were widely expressed in the three identified germ cell types. Dazl (Bachvarova et al., 2004; Li et al., 2016; Bertho et al., 2021) was highly expressed in early oogonia, while the mitotic marker rad50 (Kostyrko et al., 2015; Völkening et al., 2020; Liu et al., 2021) was mainly expressed in mitotic oogonia (Figure 1D). In addition, we identified somatic cells based on the following markers: follicle cells (foxl2, amh and hsd17b1) (Pisarska et al., 2011; Luo et al., 2020; Moolhuijsen and Visser, 2020; Li et al., 2021), endothelial cells (fli1 and fn1a) (Nagai et al., 2018; Wu et al., 2021), T cells (cd2, cd247 and cd28) (Hurley et al., 1994; Lundholm et al., 2010), macrophages (cd68, epx and mmp9) (Hunyady et al., 1996; Sendler et al., 2018) and erythrocytes (alas2) (Munday et al., 2000; Tsang et al., 2017) (Figure 1E). The top 20 differentially expressed genes (DEGs) in each cell were shown in Supplementary Figure S1D. Furthermore, an enrichment analysis of the DEGs of each cell type was performed based on the Metascape resource. The results showed that “RNA processing” and “cell cycle, mitotic” were enriched in early oogonia and mitotic oogonia, respectively, while “peptide biosynthetic process” was enriched in oocytes. In contrast, follicle cells were enriched in the terms “mesenchyme development”, and endothelial cells were enriched in “focal adhesion” and “ECM-receptor interaction”. In addition, “T cell receptor signaling pathway”, “innate immune system” and “erythrocyte homeostasis” were enriched terms in T cells, macrophages and erythrocytes, respectively (Figure 1F).
Dynamics of Gene Expression Across Germ Cells Revealed by a Pseudotime Trajectory
To explore the development of female germ cells in fish, Monocle2 was employed for cell trajectory analysis of the three identified germ cell types to recapitulate the temporal progression of oogenesis. Notably, in the unsupervised pseudotime analysis, early oogonia, mitotic oogonia and oocytes followed a continuous trajectory. Early oogonia were observed at the beginning of the pseudotime, followed by mitotic oogonia and, finally, oocytes at the end point (Figure 2A). Furthermore, hierarchical clustering analysis of the ordered genes showed three groups with different expression patterns. Many markers of oogonia, such as dazl, dnmt1, sox2, sox4, sall4 and lin28a, were enriched in the first group. Moreover, the second group contained many mitosis-related genes, such as cdk2, cdk4, hsp90b1, bub1b, bub3, smc1 and smc5. The third group showed striking meiotic features, such as meiob, tex30 and rad51 expression (Figure 2B). This suggests that the cells arranged in pseudotime order undergo a transition from non-division to mitosis and then meiosis. Additionally, we analysed the differential expression of these genes in three germ cell types. As expected, two markers of germ stem cells, dazl and sox4, were significantly overexpressed in early oogonia. Subsequently, the expression levels of the mitotic markers mcm3 and cenpn significantly decreased during the transition from mitotic oogonia to oocytes, while the expression of meiotic markers, such as meiob and tex30, increased strikingly (Figure 2C). This was consistent with observations in mice (Zhao et al., 2020b). Taken together, these findings suggest that fish oogenesis is a biological process similar to mammalian oogenesis, in which proliferation via mitosis is followed by meiosis.
[image: Figure 2]FIGURE 2 | Gene expression dynamics and transcriptional characteristics of ovarian germ cells. (A) Developmental pseudotime trajectory of germ cells. Different colours in the figure on the left side represent different cell types. The figure on the right represents the degree of differentiation of the cell types in the pseudotime trajectory (where darker colours indicate a lower degree of differentiation). (B) Gene expression heatmap over pseudotime. After clustering analysis, genes were divided into three groups (Groups 1–3) (representative genes are shown on the left). Colours from blue to red indicate low to high gene expression levels, respectively. (C) Boxplot showing the mean expression levels of oogenesis-associated genes in each germ cell subtype. Two-tailed t test p-values are indicated. (D) Volcano plot showing the DEGs of germ cells, setting a fold change >2 as the threshold (dotted line). In the upper figure, upregulated genes in mitotic oogonia relative to early oogonia are indicated in red, and downregulated genes are indicated in blue. In the lower figure, upregulated genes in oocytes relative to mitotic oogonia are indicated in red, and downregulated genes are indicated in blue. Upregulated transcription factors (TFs) are labelled. (E) DEGs and associated enriched terms (identified using Metascape) characteristic of germ cell developmental transitions, based on Figure 2D. Upregulated terms are annotated in pink boxes, and downregulated terms are annotated in blue boxes.
The molecular mechanism promoting the state transition of fish germ cells is unclear. Therefore, we conducted a differential analysis of the transcripts of different germ cells. Compared with early oogonia, there were 135 significantly upregulated genes in mitotic oogonia (| log2FC | > 1), including seven TFs (arid3a, znf407, zeb1, pou2f2, ikzf2, tcf21 and zhx1). In addition, there were 62 significantly upregulated genes in oocytes (| log2FC | > 1) compared with mitotic oogonia, including two TFs (gtf3ab and znf706) (Figure 2D). We hypothesized that these TFs might play a critical role in the transition of germ cells. Simultaneously, we found that “RNA processing” in early oogonia was replaced by “nuclear division” in mitotic oogonia, and “cell cycle process” in mitotic oogonia was replaced by “peptide biological process” in oocytes according to the enrichment analysis of DEGs (Figure 2E). These results indicated that the dynamic transcriptome regulates fish oogenesis in a stage-specific manner.
Identification of Follicle Cell Subtypes in Fish Ovaries
Ovarian follicle cells play an important role in oocyte maturation and ovulation. Mature fish oocytes are surrounded by two major cell layers, an outer thecal cell layer and an inner granulosa cell layer (Nagahama and Yamashita, 2008; Nagahama et al., 1995; Viana et al., 2018). To explore whether fish follicle cells have different subtypes, similar to those of mammals, we performed a re-clustering analysis of the follicle cells and revealed the existence of four distinct granulosa cell subclusters (GC1, GC2, GC3 and GC4) and one theca cell type (Tc) (Figure 3A). To systematically investigate the similarities and differences between subclusters, we performed a correlation analysis together with the hierarchical clustering of subclusters. This approach highlighted that GC1, GC2, GC3, and GC4 were more closely grouped together, while Tc was different from the other four clusters (Supplementary Figure S2A). To examine the features of the subclusters, we detected the DEGs in each cluster, and the genes with highly variable expression were identified. The results showed that there were significant differences in gene expression among different subclusters (Figure 3B). We found that marker genes of mammalian cumulus cells, such as foxl2, inha and inhbb, were highly expressed in GC1, while marker genes of mammalian mural granulosa cells, such as krt8 and krt18, exhibited peak expression specifically in GC3. Other granulosa cell marker genes such as adamts1, fgfr4, sox9, and tnfaip6 were specific expressed in GC4. Additionally, we observed that ribosomal protein coding genes were highly expressed in GC2 (Figure 3B). Notably, cell-cycle phase prediction showed that GC2 were more proliferative than other clusters, suggesting that GC2 was a proliferating granulosa cell type (Supplementary Figure S2B). Androgen synthesis related genes such as nr5a1 and hsd3b1 were highly expressed in Tc (Figure 3B). It is well established that the theca cells of fish are the source of androgens, which are transferred to granulosa cells where they are converted to oestrogens by the activity of aromatase (Nagahama and Yamashita, 2008).
[image: Figure 3]FIGURE 3 | Identification of five discrete transcriptional states of follicle cells. (A) UMAP of follicle cell re-clustering. (B) Heatmap of the top 20 DEGs in different subclusters of follicle cells. The colours from dark blue to yellow indicate low to high gene expression levels, respectively. Representative marker genes are shown in right. (C) Venn diagram showing the intersection of DEGs of the five subclusters. Representative enriched terms for DEGs are shown. (D) Left: SCENIC binary regulon activity heatmap depicting follicle cell-enriched regulons. “On” indicates active, while “Off” indicates inactive; Right: Heatmap of the AUC scores of follicle cell subtype-specific regulons. The regulons correspond to the graph on the left.
Subsequently, we analysed the overlap of subclusters of DEGs. Venn diagrams showed that only a small number of DEGs overlapped between each subcluster. To further ascertain the features of the subclusters, we performed gene enrichment analysis of each cluster of specific DEGs. According to the gene enrichment scoring results, the genes expressed in GC1 were enriched in “cell migration” and the “Delta-Notch signaling pathway,” and GC2 was enriched in “cytoplasmic ribosomal proteins”. In addition, “response to steroid hormone” and “cell adhesion” were observed in GC3, while “inactivation of MAPK activity” and “cell adhesion” were enriched in GC4 (Figure 3C). Notably, theca cells were enriched in the terms “steroid metabolic process” and “female gamete generation” (Figure 3C). Collectively, these results indicated that subpopulations of follicle cells play distinct roles in fish oogenesis.
After the recapitulation of the follicle cell subtype transcriptome landscape, we used single-cell regulatory network inference and clustering (SCENIC) to deduce the key highly active TFs involved in follicle cell fate decisions. Distinct follicle cell subtypes were enriched in diverse regulons. For example, GC1 was enriched in regulons such as ubp1, traf4, bcl11a, and sox11; GC2 was enriched in regulons such as nr2f2, myc, cpeb1, and tfdp1; GC3 was enriched in regulons such as ar, lhx9, wt1, and irx3; GC4 was enriched in regulons such as nkx3-2, etv4 and lef1; and theca cells were enriched in regulons such as klf11, osr2 and pbx1 (Figure 3D). These TFs may be the driving genes for the differentiation of different follicle cell subtypes.
The Multilineage Interactome Network in Fish Oogenesis
To investigate the complex interactions involved in fish oogenesis, we performed an unbiased ligand–receptor interaction analysis between the germ and somatic cell subclusters by using iTALK (Wang et al., 2019). We found that bidirectional communication occurred between germ cells and granulosa cells, while germ cells and theca cells only showed unidirectional regulation from theca cells to germ cells. Additionally, we noted that extensive interactions occurred in distinct somatic cells but no interactions were found between germ cells (Figure 4A). These findings indicate the niche–germline bidirectional communication is mandatory for the development of germ cells and granulosa cells in fish ovaries. The development of theca cells is more dependent on granulosa cells than on germ cells.
[image: Figure 4]FIGURE 4 | Cell–cell communication networks and signaling pathways involved in fish oogenesis. (A) The multilineage interactome network among different cell clusters. Associated interaction pairs are shown. (B) Heatmap showing the expression pattern of ligands and receptors of the TGF-β signaling pathway. (C) Heatmap shows the expression pattern of ligands and receptors of the NOTCH signaling pathway. (D) Left: H&E staining of ovary sections from female Chinese tongue sole. Scale bars represent 10 μm. The blue arrow shows double cell layers of follicle. Right: Schematic summary of interactions involved in fish oogenesis.
Furthermore, we analysed the expression of ligands and receptors of key cell signaling pathways, including the TGF-β and NOTCH signaling pathways. Interestingly, the results showed that the expression of gdf9 and bmp15 exhibited peak expression in germ cells (Figure 4B), whereas their receptor bmpr2 was expressed in both germ cells and granulosa cells. This is consistent with the results observed in human ovaries (Zhang et al., 2018). In contrast, the inha and inhbb ligands were highly expressed in GC1, whereas their receptor, acvr1b, exhibited peak expression specifically in oogonia, highlighting the role of TGF-β signaling in the control of granulosa cell-mediated oogonial proliferation (Figure 4B). These findings suggest that fish oogenesis is regulated by TGF-β signaling, which could be initiated by either germ cells or somatic cells.
Subsequently, we analysed the expression of key components of the NOTCH signaling pathway in germ cells and somatic cells. We found that the dlk1, dll4, and jag2 ligands of the NOTCH signaling pathway were predominantly expressed in germ cells. Their receptors, notch1 and notch2, were highly expressed in GC1 (Figure 4C). These results indicate that NOTCH signaling is an important signal that mediates the regulation of granulosa cell proliferation and differentiation by germ cells during fish oogenesis (Figure 4D).
Ovulation in Fish Is Accompanied by the Synergistic Actions of Different Follicle Cells
To investigate the functions of different follicle cell subtypes in fish ovulation, we analysed the expression of pivotal genes in ovulation. Our data showed that lhcgr, the LH receptor, was specifically expressed in theca cells, indicating that theca cells receive and transmit LH stimulation during ovulation (Figure 5A). This is consistent with previous studies in mammals and fish (Curry, 2010; Takahashi et al., 2018). Additionally, pgr and ptger4b, the receptors of progesterone and prostaglandin E2, were highly expressed in GC3, suggesting that progesterone and prostaglandin mainly affect fish ovulation through GC3 (Figure 5A). Adamts1 and adamts9 have been reported to be associated with follicle rupture in mammals, especially adamts1, which is a protein lyase proven to play an important role in ovulation in a gene knockout experiment (Shozu et al., 2005; Brown et al., 2006). We found that adamts1 was predominantly expressed in GC4, whereas adamts9 was expressed in only a few cells (Figure 5A). This suggests that adamts1 secreted by GC4 might promote follicular rupture during fish ovulation. Notably, ecm1 was expressed in all subtypes, indicating that adamts1 acts on the extracellular matrix proteins of distinct granulosa cells to induce different biological changes in the follicle wall (Figure 5A). Taken together, our results suggest that fish ovulation is based on the synergistic action of diverse granulosa cells and theca cells (Figure 5B).
[image: Figure 5]FIGURE 5 | Analysis of specific expression patterns of ovulation-associated genes. (A) Feature plot of ovulation-associated genes in different follicle cells. The darker the colour, the higher the expression. Black dashed lines indicate the boundaries of the main clusters of interest. (B) Schematic diagram showing the regulatory mechanism of ovulation, involving the synergistic action of different follicle cells in fish.
Comparison of Germ Cell and Granulosa Cell Transcriptomic Profiles Across Species
To better understand the interspecies complexity of germ cell and granulosa cell transcriptomes in fish and mammals, we compared our data with the reported scRNA-seq datasets in macaques (Zhao et al., 2020a). To exclude the effects of abiotic factors, the raw data of the macaques and Chinese tongue sole were analysed via the same procedure. First, utilizing BLASTP, we identified 19,493 homologous genes shared by Chinese tongue sole and macaques. Focusing on germ cells, we identified 1,987 DEGs in Chinese tongue sole. Our results showed that there were 1738 genes with homologs in Chinese tongue sole and macaques (Figure 6A). Subsequently, 965 DEGs of Chinese tongue sole granulosa cells were analysed, 836 of which were homologous. Moreover, the homologous DEGs of the germ cells were enriched in the “metabolism of RNA”, “peptide biosynthetic process” and “cell cycle” terms, while the homologous DEGs of the granulosa cells were enriched in the “Wnt signaling pathway,” “VEGFA-VEGFR2 pathway,” “EGFR1 signaling pathway” and “focal adhesion” and “Delta-Notch signaling pathway” terms (Figure 6A). Notably, these terms are intimately associated with oogenesis. Additionally, several homologous DEGs that have been implicated in oogenesis, such as zar1, sall4, ybx2, dnd1, meiob, gdf9, foxl2, fshr, wt1, hsd17b1, cdh1 and bmpr2, showed similar expression patterns in Chinese tongue sole and macaque ovarian cells, suggesting the possibility that they have homologous functions in oogenesis (Figures 6B,C). Thus, these results demonstrate the evolutionarily conserved mechanisms involved in oogenesis across fish and mammals.
[image: Figure 6]FIGURE 6 | Comparison of germ cells and granulosa cells based on Chinese tongue sole and macaque transcriptomic profiles. (A) Venn diagram of DEGs in the germ cells and granulosa cells of Chinese tongue sole showing overlap with the Chinese tongue sole-macaque homologous genes (light red). The enriched terms of the homologous DEGs in germ cells and granulosa cells are shown. (B) Histogram of the normalized expression of the shared homologous genes between Chinese tongue sole and macaques related to oogenesis in germ cells relative to the average expression of the same genes in all other cell types. (C) Histogram of the normalized expression of the shared homologous genes between Chinese tongue sole and macaques related to oogenesis in granulosa cells relative to the average expression of the same genes in all other cell types.
DISCUSSION
Studies on fish reproduction assist the conservation of germplasm resources and the investigation of animal reproductive regulation mechanism in fish model. Most studies on fish oogenesis focus on the structural changes during oocyte maturation observed by light and electron micrograph sections and the regulation of endocrine factors (Selman et al., 1993; Tyler and Sumpter, 1996; Patiño et al., 2005; Kaviani et al., 2013). Conventional genome analysis approaches have been used to capture global gene expression patterns and chromatin conformation of fish ovaries or oocytes (Shao et al., 2014; Can et al., 2020; Dong et al., 2021). However, the bulk sequencing method does not account for cell-to-cell heterogeneity. The development of scRNA-seq technology in recent years can separate cells with different gene expression characteristics through principal component analysis rather than artificial definition, which can overcome these limitations (Tang et al., 2009; Kobak and Berens, 2019). Several studies have revealed unique transcriptional features and gene signatures of oogenesis across vertebrate and invertebrates with single-cell technology (Fan et al., 2019; Rust et al., 2020; Wang et al., 2020; Zhao et al., 2020b). The single-cell transcriptomic atlas of Asian sea bass has identified the specific gene signatures of granulosa cells and oocytes in the fish ovary, that is the first comprehensive analysis of fish ovary at single-cell resolution (Liu et al., 2021). Still, we are far from understanding the dynamic molecular regulation of germ cell development in fish oogenesis, the complex interactions between germ cells and somatic cells, and the transcriptional characteristics of specific cell populations. Thus, herein, we performed a single-cell survey of oogenesis in Chinese tongue sole. We identified eight ovarian cell types by using the known landmark genes and uncovered that pluripotency-related genes, mitosis-related genes and meiosis-related genes were dynamically expressed from oogonia to oocytes. When evaluating the different populations of somatic cells, we defined four granulosa cell subtypes and one theca cell type with diverse signature genes and TFs, which broke through the previous observations of the bilayer follicle cells of fish follicles. Moreover, we explored the bidirectional communication between germ cells and granulosa cells during fish oogenesis, and revealed the interaction of distinct granulosa cell subtypes in fish ovulation through the expression pattern of ovulation-associated genes. Besides, elucidating the conservation and divergence of oogenesis across vertebrates will help us to understand the advantages and disadvantages of various reproductive strategies from different angles and conduct the choice of infertility therapeutic strategies. In terms of ovarian cell types, we found that oogonia, oocytes, granulosa cells, endothelial cells and immune cells identified in mammalian ovaries were also present in fish. The signature genes of these cell types were similar to those of other vertebrates (Fan et al., 2019). Additionally, we found that most of the DEGs of ovarian germ cells and granulosa cells identified in Chinese tongue sole are homologous to macaques, and these homologous genes are significantly enriched in biological processes or pathways related to their functions. These results suggest that although fish and mammals represent different reproduction models, the process of gamete production is conserved between these taxa.
TFs are crucial for the differentiation of oocytes. Differentially expressed TFs such as arid3a, znf407, zeb1, pou2f2, ikzf2, tcf21, zhx1, gtf3ab, and znf706 were detected during early oogenesis, suggesting their possible roles in the development of germ cells. Two gtf3a gene paralogues (gtf3aa and gtf3ab) are present in teleost genomes due to the teleost-specific genome duplication event. Gtf3ab has been proved to be a marker of zebrafish oocyte differentiation, which facilitates massive oocyte stockpiling of 5S rRNAs. Notably, 5S rRNAs play essential roles in the developmental processes of newly formed embryos (Rojo-Bartolomé et al., 2020). Our data showed that gtf3ab was significantly upregulated from oogonia to oocytes, which suggests gtf3ab has the potential to serve as a broad marker of oocyte differentiation in diverse teleost species.
The granulosa cells of human follicles can be sorted into two functionally distinct subtypes: mural granulosa cells, which participate in cell differentiation and signal transduction; and cumulus cells, which participate in cell proliferation and metabolism (Harris et al., 2009; Roberts et al., 2002; Wigglesworth et al., 2015). In this study, we achieved the novel identification of five subtypes of follicle cells in Chinese tongue sole. Interestingly, we found that foxl2 and inhbb, which have been proved to be expressed in human cumulus cells, were specifically expressed in GC1 (Pisarska et al., 2004; Fan et al., 2019; Sadat Tahajjodi et al., 2019). Therefore, we speculate that GC1 is a differentiated granulosa cell type in mature follicles and its function is similar to that of mammalian cumulus cells. Gene expression correlation analysis argued that GC2 is a proliferating granulosa cell subtype of GC1, as GC1 showed a strong correlation with GC2, and cell-cycle phase prediction analysis indicated that most of cells in GC2 were in G2/M phase (Supplementary Figures S2A, S2B). Interestingly, GC4 uniquely expressed tnfaip6 whose orthologous gene in mammals is a signature gene in periovulatory cumulus cells playing a key role in the formation of the cumulus extracellular matrix (Fülöp et al., 2003). Notably, GC4 also specifically expressed adamts1, a gene required for the degradation of ECM in the cumulus oocyte complex to induce cumulus expansion and ovulation (Russell et al., 2003; Yang et al., 2021). These argues that GC4 is a differentiated granulosa cell type in preovulatory follicles and plays a key role in ovulation. In contrast, krt18, a marker gene of pre-granulosa cells and mural granulosa cells in human ovary (Fan et al., 2019), was expressed in GC3. Additionally, GC3 showed specific high activity of TFs related to pre-granulosa cells, such as lhx9, wt1, and irx3 (Fu et al., 2020; Knarston et al., 2020). Accordingly, GC3 might be pre-granulosa cells surrounding early follicles. Nevertheless, we also observed the expression of ovulation associated genes pgr and ptger4b showed high specificity in GC3, and pgr showed high regulatory activity synchronously. Pgr and ptger4b have been proved to be highly expressed in the preovulatory follicles of medaka to regulate the ovulation process (Hagiwara et al., 2014). Therefore, we speculate that GC3 may be the source of other granulosa cells; however, it is not only a granulosa cell subtype in primordial follicles, but has a broader function at any stage of oocytes, which is inconsistent with that observed in mammals. One problem is whether these different states of follicle cells are assigned to different cell types or different developmental stages. Our results are more inclined to the former. First, the DEGs of these subtypes hardly overlap and showed differential functional enrichment. Second, we observed that the signature genes of mammalian cumulus cells and mural granulosa cells were differentially expressed in the subtypes. Third, ovulation associated genes are assigned to different subtypes, which indicates that ovulation requires the combined action of different granulosa cell subtypes. For theca cells, we only observed a single cell type, but distinct populations of theca cells exist in different follicles in humans (Fan et al., 2019); however, the function of theca cells (i.e., steroidogenesis) is conserved across vertebrates. From an evolutionary perspective, inconsistent follicular structures indicate the different investment strategies of parents in the reproductive process. These structures undergo diversification during evolution; however, the core function of the follicle cell population remains similar.
Niche–germline bidirectional communication coordinately regulates oogenesis, but the knowledge of the relevant signaling pathway interactions in fish remains limited. In this study, by conducting an unbiased ligand–receptor interaction analysis between the germ and somatic cell subclusters, we have identified many bidirectional communications between germ cells and granulosa cells, but less in theca cells, which may be ascribed to the spatial distribution of germ cells, granulosa cells and theca cells.
Additionally, we analysed the expression patterns of two common oogenesis-associated signaling pathways. We noted that, in Chinese tongue sole, gdf9, and bmp15, the ligand of the TGF-β signaling pathway involved in follicular development, were specifically expressed in germ cells. Moreover, bmpr2, the receptor of bmp15/gdf9, was expressed in germ cells and granulosa cells. These findings are consistent with observations in other vertebrates, i.e., human (Zhang et al., 2018), short finned eel and European sea bass (Halm et al., 2008; Falahati et al., 2021), suggesting that the function of bmp15/gdf9-bmpr2 signaling in oogenesis is conserved across vertebrates. Moreover, our data revealed that the expression pattern of NOTCH signaling pathway components in fish was similar to that in human. This is consistent with the existing view that the NOTCH signaling pathway is highly conserved in vertebrates (Kopan and Ilagan, 2009).
Previous research demonstrated the ovulation mechanism of female mice, in which LH induces the expression of PGR and further stimulates granulosa cells to produce adamts1. Likewise, our study showed that pgr was specifically expressed in GC3, while adamts1 was mainly expressed in GC4. Moreover, ecm1, encoding the target protein of adamts1, was expressed in all granulosa cell subtypes. Therefore, we speculate that the ovulation mechanism mediated by adamts1 is conserved across vertebrates. Notably, ptger4b, a pge2 receptor isoform of ptger4, has been proven to be crucial for ovulation in medaka (Fujimori et al., 2012; Hagiwara et al., 2014) and is expressed in pgr-dependent cells of zebrafish (Tang et al., 2016; Takahashi et al., 2018). Of particular interest was the finding that the expression patterns of ptger4b and pgr were consistent. The observations led to the proposal that pge2/ptger4 signaling may have wide regulatory effects on ovulation across teleosts.
Based on the scRNA-seq method, this work provides several noteworthy contributions, as summarized below. We succeeded in identifying three germ cell types and five somatic cell types from fish ovary samples and revealed the gene expression signatures of each of these cell types. Especially, we identified four granulosa cell subtypes and one theca cell type in fish follicle, accompanied by different signature genes and transcriptional regulatory activities. Moreover, we found that the extensive niche–germline bidirectional communications regulate fish oogenesis, whereas ovulation in fish is accompanied by the coordination of simultaneous and tightly sequential processes across different granulosa cells. Altogether, these observations provide a global perspective on fish oogenesis, which may offer a valuable reference for future studies on fish resource propagation and contribute to the long-standing topics about the adaptability of reproductive strategies in lower vertebrates and common regularity of gametogenesis across vertebrates.
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Following their production in the testis, spermatozoa enter the epididymis where they gain their motility and fertilizing abilities. This post-testicular maturation coincides with sperm epigenetic profile changes that influence progeny outcome. While recent studies highlighted the dynamics of small non-coding RNAs in maturing spermatozoa, little is known regarding sperm methylation changes and their impact at the post-fertilization level. Fluorescence-activated cell sorting (FACS) was used to purify spermatozoa from the testis and different epididymal segments (i.e., caput, corpus and cauda) of CAG/su9-DsRed2; Acr3-EGFP transgenic mice in order to map out sperm methylome dynamics. Reduced representation bisulfite sequencing (RRBS-Seq) performed on DNA from these respective sperm populations indicated that high methylation changes were observed between spermatozoa from the caput vs. testis with 5,546 entries meeting our threshold values (q value <0.01, methylation difference above 25%). Most of these changes were transitory during epididymal sperm maturation according to the low number of entries identified between spermatozoa from cauda vs. testis. According to enzymatic and sperm/epididymal fluid co-incubation assays, (de)methylases were not found responsible for these sperm methylation changes. Instead, we identified that a subpopulation of caput spermatozoa displayed distinct methylation marks that were susceptible to sperm DNAse treatment and accounted for the DNA methylation profile changes observed in the proximal epididymis. Our results support the paradigm that a fraction of caput spermatozoa has a higher propensity to bind extracellular DNA, a phenomenon responsible for the sperm methylome variations observed at the post-testicular level. Further investigating the degree of conservation of this sperm heterogeneity in human will eventually provide new considerations regarding sperm selection procedures used in fertility clinics.
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INTRODUCTION
During sperm differentiation and post-testicular maturation in the epididymis, the paternal genome is subjected to epigenetic changes that influence proper embryo development and may have consequences on progeny health (Review Chen et al., 2021) (Champroux et al., 2018; Sharma, 2019; Chen et al., 2021). While sperm epigenetic changes, particularly DNA methylation programming, have been exhaustively investigated during spermatogenesis, the epigenetic dynamics and mechanisms occuring at the post-testicular level remain poorly explored (Ariel et al., 1994; Ben Maamar et al., 2019; Galan et al., 2021).
DNA methylation is a widespread epigenetic mark targeting CpG dinucleotides (5-methylcytosine, 5mC) along the mammalian genome. While these chemical tags control chromatin structure and gene expression during development, they are dynamic and undergo two large-scale demethylation waves: one in the male germline and the second after fertilization. As a consequence, most methylation marks inherited from the mature male gamete will be erased in the developing embryo, with the exception of differentially methylated regions (DMRs) of imprinted genes, repetitive elements such as transposons, and some escape genes (Law and Jacobsen, 2010; Smith et al., 2012; Smith and Meissner, 2013; Tang et al., 2015). Thus, while most DNA methylation changes occuring in the sperm genome before fertilization may have no or little consequences after fertilization, some are retained and may be instrumental to proper embryo development.
Due to the importance of methylation marks in the control of developmental gene expression, addition and removal of a methyl group to the 5-position of cytosine (5mC) is tightly controlled by DNA methyltransferases (DNMTs) and ten-eleven translocation (TET) methylcytosine dioxygenases, respectively (Li and Zhang, 2014; Rasmussen and Helin, 2016; Edwards et al., 2017). In mammals, the DNA methylation machinery comprises DNMT1, DNMT3a, DNMT3b, DNMT3c and DNMT3L (Kaneda et al., 2004; Li and Zhang, 2014; Barau et al., 2016). Conversely, replacement of 5mC with unmodified cytosine occurs under the control of TET1, TET2, and TET3, which share similar structures and catalytic activities (Rasmussen and Helin, 2016). While the presence of DNMT1/3a/3b and TET1/2/3 has been described in mature/ejaculated spermatozoa (Marques et al., 2011; Ni et al., 2016), their activity level and potential contribution to de novo sperm DNA methylation profiling remains to be determined.
After spermatogenesis and prior to entering the epididymis where motility and fertilizing abilities are acquired, spermatozoa carry an ultra condensed genome due to the replacement of most histones by protamine. Until recently, the study of the epididymis has focussed on its contribution to sperm quality control (i.e., its ability to protect against pathogens and to potentially eliminate defective spermatozoa), and sperm maturation through the regulation of physiological, biochemical and functional sperm features (Sutovsky, 2003; Axner, 2006; Cornwall et al., 2007; Ramos-Ibeas et al., 2013; Domeniconi et al., 2016; Sullivan and Mieusset, 2016; Zhou et al., 2018; James et al., 2020). Adding to these important contributions are recent studies that shed light on the role played by the epididymis in the composition of the sperm epigenome in response to diverse environmental cues (e.g., stress, alcohol consumption, diet, chemicals) (Sharma, 2019; James et al., 2020; Chen et al., 2021). While these epigenetic sperm modifications mostly refer to the transfer of small non-coding RNA (microRNA and tRNA-derived fragments) via epididymis-derived extracellular vesicles, a limited number of studies have investigated the dynamics of sperm DNA methylation occuring during post-testicular sperm maturation (Ariel et al., 1994; Ben Maamar et al., 2019; Galan et al., 2021). Years before the advancement of genome-wide DNA methylation profiling methods, Ariel et al. showed that Pgk-2, ApoA1, and Oct-3/4 loci were subjected to remethylation in the different segments of the epididymis, suggesting that a wave of sperm DNA reprogramming might occur at the post-testicular level through DNA methylation (Ariel et al., 1994; McCarrey et al., 2005). Moreover, Ben Maamar et al. showed that exposure to DDT and vinclozolin triggered sperm DNA methylation changes in the caput and cauda epididymidis, suggesting that the post-testicular sperm methylome is regulated by environmental conditions (Ben Maamar et al., 2019). While these seminal studies raised questions regarding the mechanisms by which enzymes can access the highly compacted sperm genome to catalyze its (de)methylation, a recent genome-wide study from Galan et al. suggested that the transient DNA methylation changes observed in the proximal region of the epididymis was due to the release of cell-free DNA by somatic cells (Galan et al., 2021).
In the present study we took advantage of the CAG/su9-DsRed2, Acr3-EGFP double transgenic mouse model developed by Hasuwa et al. to isolate a pure population of fluorescent spermatozoa devoid of somatic cell (Hasuwa et al., 2010). Genome-wide reduced representation bisulfite sequencing (RRBS) performed on fluorescence-activated sorted spermatozoa (FACS) from the testis and different segments of the epididymis, i.e., caput, corpus and cauda, supported the existence of a variable methylation profiling at the post-testicular level, with a major and transient change observed in the proximal segment of the epididymis. Subsequent in vitro assays and pyrosequencing on spermatozoa were performed to assess the possible contributions of DNMT/TET enzymes and sperm heterogeneity to these changes.
METHODS
Mice
Testes and epididymis were collected from 10 to 12-week-old CAG/su9-DsRed2, Acr3-EGFP transgenic mice (MTA to EB), and C57BL/6 wildtype mice. Colonies were reproduced and maintained in the elite animal facility of CHU de Quebec Research Center. This study was approved by the ethical committee of the Institutional Review Board of the Centre Hospitalier Universitaire de Québec (CHUQ; CPAC licenses 16-050-4 and 16-051-4, C. Belleannée) and was conducted in accordance with the requirements defined by the Guide for the Care and Use of Laboratory Animals.
Harvest of Spermatids and Epididymal Spermatozoa
CAG/su9-DsRed2, Acr3-EGFP transgenic mice were anesthetized by ketamine-xylazine and subjected to transcardiac perfusion with phosphate-buffered saline (PBS; 137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, and 1.5 mM KH2PO4) to prevent blood contamination in the samples. After complete PBS replacement, the testis and three principal epididymal segments (i.e., caput, corpus, and cauda) were dissected for sperm collection and analysis, as described in the experimental design (Figure 1). A syringe was inserted into the proximal portion of the vas deferens for collection of spermatozoa and fluid from the cauda epididymidis by retrograde intraluminal perfusion with PBS at a rate of 10 μl/min under the control of a syringe pump. Spermatozoa were then isolated from the epididymal fluid by centrifugation at 2000 g for 10 min at 4°C. Epididymal fluid was stored at −80°C for later use. To isolate spermatozoa from the upstream segments, testicular and epididymal tissues (caput and corpus, separately) were cut into 2 mm3 pieces. Tissues were placed in a Medimachine System (BD Biosciences, San Jose, Canada) with 1 ml PBS containing 0.2% 2-naphthol-6,8-disulfonic acid to obtain a single-cell suspension. The cellular suspension was filtered twice through a 50 μm CellTrics filter (Sysmex, United States) and spermatozoa were isolated from somatic cells by flow cytometry at the Flow Cytometry Core Facility of the CHU de Quebec Research Center.
[image: Figure 1]FIGURE 1 | Experimental design followed in this study. (A) Male reproductive system was collected from CAG/su9-DsRed2, Acr3-EGFP transgenic mice and dissected into regions corresponding to the testis, caput, corpus, and cauda epididymidis. (B) Spermatozoa were isolated from each region by fluorescence-activated cell sorting (FACS) based on their endogenous fluorescence. (C) Following DNA extraction, methylation profiling was performed by reduced representation bisulfite sequencing (RRBS)—Illumina next-generation sequencing and validated by pyrosequencing. (D) The detection and activity levels of methyltransferases (DNMTs) and demethylases (TETs) were performed by immunodetection (western blot and immunofluorescence staining) and enzyme assays from spermatozoa and epididymal fluid samples. (E) The effect of epididymal fluid on sperm methylome dynamics was assessed by in vitro co-incubation assays. (F) DNA methylation profile was analyzed on sperm population with low vs. high DsRed intensity level.
Fluorescence-Activated Cell Sorting of Spermatozoa
Cells were sorted with a 70 µm nozzle on a BD Aria Fusion cell sorter (BD Biosciences, San Jose, Canada). Spermatozoa were purified based on their endogenous fluorescence, i.e., double-positive for GFP and DsRed (GFP+ DsRed+). A first gate was settled on GFP-positive events to facilitate the selection of our cells of interest. From those cells, doublets were gated out and DsRed-positive spermatozoa were isolated and sorted into 15 ml Falcon tubes containing PBS. Cauda spermatozoa from C57BL/6 wild-type mice and CAG/su9-DsRed2, Acr3-EGFP transgenic mice were used as negative and positive controls, respectively. The purity of spermatozoa isolated by FACS was assessed under fluorescence microscope by counting more than 100 cells per sample. Alternatively, Caput spermatozoa were further discriminated by FACS according to their endogenous DsRed intensity (High DsRed vs. Low Ds Red). Prior to sperm DNA extraction and pyrosequencing, half of each subpopulation (0.5 million of spermatozoa) were treated with DNAse I (Qiagen, United States) following the manufacturer’s instructions.
Spermatic Genome Isolation
Spermatozoa were incubated overnight at 55°C in DNA lysis buffer (100 mM Tris HCl (pH 8.5), 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 100 mM DTT, 300 μg/ml proteinase K) to ensure the dissociation of protamines. Spermatic genome extraction was performed following the standard phenol:chloroform protocol. In brief, a 1:1 volume of phenol:chloroform: isoamyl alcohol (25:24:1, Invitrogen) was added to each sperm suspension. The aqueous fraction was collected and precipitated with 250 mM NaCl, a 2.5:1 ratio of ethanol, and 1 µl 20 μg/μl glycogen (Invitrogen, United States) after vortexing and a 5-min centrifugation at maximum speed. Spermatic DNA was precipitated overnight at −20°C, and washed twice with 70% ethanol. Finally, DNA was resuspended in 30 µl DNAse-free water. The quantity and quality of our samples were assessed by Qubit kit (ThermoFisher, Canada) and the Agilent 2100 Bioanalyzer Systems (Agilent, United States).
Reduced Representation Bisulfite Sequencing
Diagenode Premium RRBS kit (Diagenode, Belgium) was used following the manufacturer’s instructions. Digested DNA was purified using AMPure XP Beads and bisulfite was converted with the BS conversion reagent supplied in the kit. The library was generated by large-scale PCR amplification and purified with AMPure XP Beads. Library quality control was performed on a bioanalyzer system (Agilent, United States) and compared with the expected results for mouse libraries obtained following the manufacturer’s instructions. Libraries were sequenced on an Illumina 2500 Rapid Run apparatus at the Genomic Core Facility of the CHU de Quebec Research Center. Quality control was performed with fastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Low-quality reads and adapters were removed with Trim Galore (version 0.4.1) (Bolger et al., 2014). The remaining reads were aligned to the Mus musculus reference genome (mouse genome GRcm38) with Bismark (version 0.16.1) (Krueger and Andrews, 2011). Paired methylation profile comparisons were performed between caput spermatozoa, corpus spermatozoa, and cauda spermatozoa vs. testicular spermatozoa, respectively. Differential methylation sites (DMS) and differential methylation regions (DMR) were identified with the R package methylKit, which used logistic regression to calculate p-values (Akalin et al., 2012). The p-values were adjusted to q-values using Sliding Linear Model (SLIM) method. DMS and DMR were identified by using methylKit with a q-values threshold of 0.01 and a methylation difference above 25%. In addition, the RepeatMasker annotation downloaded from the UCSC website was used to analyze repetitive DNA (http://www.repeatmasker.org). The raw data used in this study are publicly available through the Gene Expression Omnibus repository website (https://www.ncbi.nlm.nih.gov/geo/) GSE191051.
Functional Enrichment Analysis
Genes presenting with differentially methylated regions in their promoter regions were analyzed using the Database for Annotation, Visualization and Integrated Discovery database (DAVID bioinformatics resources 6.8, NIAID/NIH) to determine their biological functions and pathways. The GO and pathway enrichment were performed in GO enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis program. The promoter was defined ±2 kb from the transcription start site (TSS) of the gene using the mouse genome GRcm38 as a reference and a p value <0.05.
Pyrosequencing
Primers were designed for genes of interest using PyroMark Assay Design software (Qiagen, United States) (Supplementary Table S1). Bisulfite conversion of 40 ng of spermatic DNA was prepared by EZ DNA Methylation-Gold kit (Zymo Research, United States). Twenty ng of bisulfite converted DNA were amplified for pyrosequencing using Pyromark Q24 kit (Qiagen, United States) and Pyromark Q24 Vacuum workstation (Qiagen, United States) according to the manufacturer’s instructions.
Immunohistochemistry
Testis and epididymis were collected from C57BL/6 mice, fixed in 4% PFA and embedded in paraffin. Five-μm paraffin sections were deparaffinized in xylene and antigen was unmasked using citrate buffer (10 mM, pH 6.0) for 10 min at 110°C. Protein binding sites were blocked with 0.5% bovine serum albumin (BSA) (Sigma, Canada) for 1 h. Primary antibodies diluted in DAKO solution (Agilent, United States) were incubated overnight at 4°C (Supplementary Table S2). After washing twice with PBS, the secondary biotinylated antibodies were incubated for 1 h at room temperature (Supplementary Table S2). ABC elite reagent (Vector Laboratories, Inc. Burlingame, Canada) was applied to the slides following staining with 3-amino-9-ethylcarbazole (AEC) (Sigma, United States) and hematoxylin (Fisher Chemical, Canada). After addition of aqueous mounting medium (Sigma, Canada), tissue sections were observed under a Zeiss Axioskop 2 Plus microscope linked to a digital camera from Qimaging. Images were captured using the QCapture Pro (Qimaging Instruments).
Immunofluorescence
Spermatozoa from the caput, corpus, and cauda were spread and air dried on fibronectin-coated slides for 30 min. After treatment with 2 mM DTT and 0.5% Triton X-100 for 45 min, cells were fixed with 4% PFA. After treatment with citrate buffer (10 mM, pH 6.0) for 10 min at 110°C, protein binding sites were blocked with 1% BSA for 30 min. Primary antibodies diluted in DAKO solution were incubated overnight at 4°C (Supplementary Table S2), followed by the incubation with the secondary antibody diluted in PBS for 1 h at room temperature (Supplementary Table S2). After mounting in an aqueous medium (Sigma), images were obtained using an Olympus IX80 confocal microscope.
Protein Extraction
Testis, epididymis tissues and spermatozoa were disrupted in RIPA lysis buffer (150 mM NaCl, 50 mM Tris, 0.1% SDS, 1% Triton, 0.5% deoxycholate, 1 mM EDTA, pH 7.4) in the presence of a proteinase inhibitor cocktail (cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail, Roche, CANADA) using FastPrep-24 system (MP Biomedical, Inc., DE). Tissues underwent two 30-s rounds of homogenization. The debris were discarded after centrifugation at 12,000 g for 15 min at 4°C.
Nuclear Protein Extraction
The nuclear protein fraction was extracted from spermatozoa using the Nuclear Extraction Kit following the manufacturer’s recommendations (Abcam, United States). In brief, 2 × 106 testicular, caput, corpus, and cauda spermatozoa were suspended in 100 µl of 1× Pre-Extraction Buffer supplied with the kit. After a 10-min incubation on ice, the cell suspension was vortexed vigorously for 10 s and centrifuged at 10,000 g for 1 min. The cytoplasmic fraction was carefully removed from the nuclear pellet and stored at −20°C for later use. Twenty μl of Extraction Buffer containing DTT and Protease Inhibitor Cocktail were added to the nuclear pellet and incubated on ice for 15 min with a 5-s vortex step every 3 min. The suspension was collected after centrifugation at 14,000 g for 15 min at 4°C. Protein concentration was determined using the Bradford reagent (Biorad, CANADA) following the standard protocol.
Isolation of Extracellular Vesicles From the Epididymal Fluid
Epididymal fluid was isolated from the cauda epididymis by retrograde intraluminal perfusion and centrifugation, as described above. Epididymal fluid from the caput and corpus epididymidis was collected following excision of the tissues and incubation in 100 μl PBS under agitation, as previously described (Nixon et al., 2019). Fluid suspension was centrifuged at 12,000 g for 20 min to eliminate cellular debris. Finally, epididymal fluids collected from the different segments were subjected to ultracentrifugation at 100,000 g for 2 h at 4°C to isolate extracellular vesicles.
Western Blot
Proteins extracts were boiled in Laemmli sample buffer containing 2% β-mercaptoethanol at 95°C for 5 min. Denatured proteins were loaded onto a 5–15% gradient SDS-polyacrylamide gel, followed by transfer onto nitrocellulose membranes (0.45 µm, Bio-Rad) using the Trans-Blot Turbo system (Bio-Rad). Membranes were blocked in 5% milk diluted in PBS with Tween 20 (PBST, PBS with 0.05% Tween 20) at room temperature for 1 h and incubated overnight at 4°C with primary antibody diluted in 5% BSA (Supplementary Table S2). After three washes in PBS, membranes were incubated with the appropriate secondary antibody conjugated to horseradish peroxidase at room temperature for 1 h (Supplementary Table S2). Detection was performed with the Clarity or Clarity Max Western ECL substrate (BioRad, Canada) on a ChemiDoc MP Imaging System (BioRad, Canada). Quantification was performed on target signal intensity normalized to controls, β-actin and HDAC I, using the ImageLab system (BioRad, Canada).
Enzymatic Activity Assay
DNMT and TET activities were assayed on 5–10 ng of testicular, caput, corpus and cauda spermatic nuclear extractions, in addition to epididymal fluids from caput, corpus, and cauda. The negative control was prepared by boiling a fraction of epididymal fluid at 95°C for 10 min to inactivate enzymatic activity. Purified DNMT and TET enzymes were used as positive controls. The assay was performed using the DNMT and TET colorimetric activity assays (Abcam, Canada) following the manufacturer’s instructions. Signal was quantified on a Spark™ 10M system (TECAN, Switzerland) at 450 nm with a reference wavelength at 655 nm.
Epididymal Fluid–Spermatozoa Co-Incubation Assays
For each co-incubation assay, caput spermatozoa and epididymal fluid from the cauda epididymidis were pooled from 4 mice. Caput spermatozoa (5 × 105) were incubated for 2 h at 37°C in 100 μl cauda epididymal fluid at a protein concentration of 1 ng/μl. The negative control comprised 5 × 105 caput spermatozoa incubated with 100 μl enzyme-inactivated epididymal fluid (described above). After co-incubation, cells were collected by centrifugation at 2000 g for 10 min at room temperature prior to DNA extraction. Methylation of genes of interest was assessed by pyrosequencing, as described above. This experiment was repeated four times.
Statistical Analyses
Statistical t-test analyses were performed by using Graphpad Prism 7 software. All results are presented as mean ± SEM or percentages (%) from at least three independent experiments.
RESULTS
Sorting of Spermatozoa From CAG/su9-DsRed2, Acr3-EGFP Transgenic Mice Prevents Contamination From Somatic Cells
Spermatozoa were isolated from the different anatomical regions (i.e., testis, caput, corpus, and cauda) of 10–12-week-old CAG/su9-DsRed2, Acr3-EGFP transgenic mice by FACS. Sorting parameters were determined from the dual endogenous fluorescence of CAG/su9-DsRed2 and Acr3-EGFP cauda spermatozoa, which were isolated by intraluminal perfusion to minimize somatic cell contaminations. Only the events presenting the strongest GFP and DsRed signals where selected (Figure 2A), representing 9.2, 5.9 and 22.9% of total events in the testis, caput and corpus epididymis, respectively (not shown). According to DsRed signal intensity, two populations of spermatozoa could be distinguished in the caput epididymidis and, to a lower extent, in the corpus epididymidis (Figure 2A). As observed by fluorescence microscopy (Figure 2B), the purification yield was 90 ± 5%, 95 ± 5%, and 98 ± 2% in these segments, and no somatic cell contamination was observed in the cauda epididymidis (Figure 2C). Approximately 1 million spermatozoa were retrieved from the distinct anatomical segments isolated from a pool of four mice. Since the H19 promoter region is hypermethylated in male germinal cells (Bartolomei et al., 1991; Zhang and Tycko, 1992), this specific site was pyrosequenced to assess the purity level of sorted germinal cells (Figure 2D). While methylation of the H19 promoter was 42 ± 3% in control somatic cell DNA extracts, it was twice as high 87 ± 1%, 82 ± 4%, 82 ± 2%, and 80 ± 2% in DNA extracts from sorted testicular, caput, corpus, and cauda spermatozoa, respectively. This supports the purity of the sperm DNA extracts used for subsequent reduced representation bisulfite sequencing (RRBS) methylation profiling.
[image: Figure 2]FIGURE 2 | Isolation of testicular, caput, corpus and cauda spermatozoa by fluorescence-activated cell sorting (FACS). (A) Spermatozoa were isolated by FACS based on their endogenous EGFP and dsRed fluorescence. Spermatozoa from wild-type mice and spermatozoa collected by intraluminal perfusion from the cauda epididymidis were used as a negative control and positive control, respectively. Purification levels of spermatozoa were assessed by cell counting under a fluorescence microscope (B,C) and by H19-IGF2 methylation pyrosequencing (D). Somatic cells isolated from the tail of transgenic mice were used as a reference. Spz: spermatozoa sample.
Distinct DNA Methylation Profiles are Found in the Discrete Segments of the Epididymis
Genome-wide RRBS was used to investigate the methylation profile of spermatozoa from different post-testicular regions. This analysis featured approximately 1% of the sequenced mouse genome, covering approximately 35% of cytosine methylation rate in the CpG context. An inter-sample correlation coefficient of 0.96 was observed among sample triplicates. Comparison of the methylation profile of spermatozoa from different epididymal segments (i.e., caput, corpus, and cauda spermatozoa) with testicular spermatids/spermatozoa, indicated that the sperm cytosine methylation profile was variable at the post-testicular level (Figure 3A), with an equal proportion of hypermethylated and hypomethylated sites in autosomal chromosomes. The highest changes were identified between the caput epididymis vs. testis with the detection of 5,546 differentially methylated CpG sites (DMS) (q value <0.01, methylation difference above 25%). The number of differentially methylated CpG sites (DMS) reduced gradually to 2228 in the corpus vs. testis, and to 228 in the cauda vs. testis. Among imprinting genes whose epimutations are associated with embryonic disorders, H19, IGF2, MEST, KCNQ1, SNRPN displayed consistent methylation levels in spermatozoa from the different segments of the epididymis (not shown). Furthermore, half of the methylation changes between testicular and caput spermatozoa where observed in the intergenic regions and around 25, 13, and 9% in the intron, exon, and promoter regions, respectively (Figure 3B). This proportion was maintained in the other epididymal segments. While these methylation variations were evenly distributed in chromosome 1 to 19, and X chromosome, we identified four main genes on the Y chromosome including RNA-binding motif on Y chromosome (RMBY), Gm20854, G530011O06Rik and spermiogenesis-specific transcript on the Y 2 (ssty2) that present a significant change during the post-testicular maturation (Supplementary Figure S1). Furthermore, 653 DMS, 263 DMS, and 51 DMS from caput, corpus, and cauda spermatozoa were found in repetitive regions, representing 11.7, 11.8, and 22.6% of total DMS, respectively. This includes DMS from long interspersed nuclear elements (LINEs) [Caput vs. testis: 149 (22.5%), Corpus vs. testis: 75 (28.7%), Cauda vs. testis: 19 (37.3%)], long terminal repeats (LTRs) [Caput vs. testis: 263 (39.7%), Corpus vs. testis: 105 (40.2%), Cauda vs. testis: 23 (45.1%)] short interspersed nuclear elements (SINEs) [Caput vs. testis: 233 (35.2%), Corpus vs. testis: 75 (28.7%), Cauda vs. testis: 9 (17.6%)], and in satellites [Caput vs. testis: 17 (2.6%), Corpus vs. testis: 8 (2.3%), Cauda vs. testis: 0 (0%)] (Supplementary Figure S2).
[image: Figure 3]FIGURE 3 | Global changes in sperm DNA methylation profiles at the post testicular level. (A) Distribution of CpG hypermethylated (purple) and hypomethylated sites (green) within each chromosome. (B) Pie charts illustrating the proportions of CpGs covered by RRBS in regions annotated as introns (green), promoter regions (black), exons (purple), or intergenic regions (blue). (C) Pie chart illustrating the proportions of CpGs covered by RRBS in regions annotated as CpG islands (blue), CpG shores (gray) and other regions (white). Results are representative of three independent experiments.
Validation of RRBS Data by Pyrosequencing
According to RRBS methylation profiling, 79% of methylation changes were identified in spermatozoa from the caput epididymis (Supplementary Figure S3), with the top 10 listed in Table 1. Among these genes, D1Pas1, Capn2, Ldb3, Cald1, and Zbtb45 were selected for validation of methylation changes by pyrosequencing (Figure 4). ApoA1 was included in the analysis as a gene previously shown to be methylated during epididymal sperm maturation (Ariel et al., 1994). Pyrosequencing analysis validated the changes in sperm methylation during the post-testicular maturation observed by RRBS, with major methylation changes detected in caput spermatozoa compared with other segments (Figure 4). No significant changes were observed between testicular and cauda spermatozoa for any of the selected genes. Whereas D1Pas1, Cald1, and Zbtb45 methylation sites all followed a transitory hypermethylation in the caput segment of the epidiymidis, only Ldb3 presented transitory hypomethylation. Furthermore, no significant methylation changes were detected by pyrosequencing or RRBS for ApoA1 at the post-testicular level (Figure 4).
TABLE 1 | The top 10 most differentially methylated regions (DMRs) identified from caput vs. testicular spermatozoa.
[image: Table 1][image: Figure 4]FIGURE 4 | Pyrosequencing validation of RRBS data. Six spermatic DNA loci that exhibited significant methylation changes during post-testicular maturation were validated by pyrosequencing. For each locus, 3 samples of testicular, caput, corpus, and cauda spermatozoa were used. For comparison, differential methylation profiles obtained by RRBS are shown. Green, yellow, and red colors represent methylation changes of <25%, 25–50%, and >50%, respectively. *, **, and ** represent significant differences p < 0.05, <0.005, and <0.001 respectively.
Differentially Methylated Sites From Promoter Regions are Associated With Developmental Processes
Annotated genes associated with differentially methylated sites in promoter regions according to RRBS data were subjected to gene ontology (GO) analysis using the DAVID program. In silico analysis revealed the top ten GO terms associated with genes methylated during sperm post-testicular maturation (p < 0.05) (Figure 5). From both caput and corpus epididymal segments, the top-ranked biological function was “multicellular organism development”. For instance, GO terms including “microtubule cytoskeleton organization”, “cartilage development”, and “embryonic skeletal development” were among the most significant GO terms found associated with caput methylation changes. Among functions associated with methylation changes from the corpus spermatozoa were “fertilization”, “germ cell development” and “DNA methylation involved in gamete generation”. While a limited number of changes were detected in spermatozoa from the cauda epididymidis, these methylation marks were mainly predicted to be associated with “regulation of cell proliferation”.
[image: Figure 5]FIGURE 5 | Gene Ontology (GO) enrichment analysis of sperm methylation changes identified during post-testicular maturation. CpG methylation sites from promoter regions that presented the highest significant changes among spermatozoa from different segments (% change >25, Q value <0.05) were submitted to GO analysis. The top ten most significant enriched biological process GO terms are presented (p < 0.05). The color and size of each point represents the -log10 (FDR) values and enrichment scores, respectively. A higher -log10 (FDR) value and enrichment score represents a greater degree of enrichment.
DNA Methyltransferases and Ten-Eleven Translocation Enzymes are Detected in the Epididymis and Maturing Spermatozoa
DNA methyltransferases (DNMTs) and ten-eleven translocation (TET) enzymes control the dynamics of DNA epigenetic marks through CpG dinucleotide methylation and demethylation, respectively (Rasmussen and Helin, 2016; Edwards et al., 2017). In order to determine the origin of methylation changes observed in the maturing spermatozoa genome, we explored the expression of these enzymes in the epididymis. Both enzyme types, including DNMT1, DNMT3a, TET1, and TET3, were detected by immunofluorescence staining and immunohistochemistry in the post-testicular environment (Figures 6, 7). Consistent with their close interaction with DNA moieties during spermatogenesis, most of these enzymes were found in the nuclear compartments of germ cells at different developmental stages (Figure 6). For instance, while DNMT1 was detected in the nucleus of spermatogonia, TET1 was detected in the nucleus of round and elongated spermatids. Moreover, the expression of TET3 was observed in the nucleus of all testicular germ cells (Figure 6). In contrast, DNMT3a was the only enzyme detected in the cytoplasmic fraction of germ cells during spermatogenesis. While these enzymes could not be detected in epididymal spermatozoa by immunohistochemistry (Figure 6), further investigations were performed by immunofluorescence on spermatozoa from different epididymal segments (Figure 7). TET 1 was found in the peri-nuclear fraction and connecting piece of caput, corpus, and cauda spermatozoa as well as in the sperm flagellum, whereas TET3 detection was restricted to the sperm midpiece in all epididymal segments. Furthermore, DNMT3a displayed a strong signal in spermatozoa from the cauda epididymidis, and DNMT1 was weakly observed along the flagellum. Therefore, despite the successful detection of Histone H3 that confirmed the accessibility of nucleic antigens under our treatment conditions, none of the DNMT or TET enzymes were detected in the sperm nucleus compartment (Figure 7). However, TET1 and DNMT3a were successfully detected by western blot in positive control testis extracts, as well as in epididymal fluid (DNMT3a) and spermatozoa extracts (TET1) (Supplementary Figure S4), suggesting a potential role for these enzymes in the dynamics of sperm methylation profiling along the epididymis.
[image: Figure 6]FIGURE 6 | Immunohistochemical detection of TET1, TET3, DNMT1, and DNMT3a in the testis, caput, corpus, and cauda epididymis. Omission of primary antibodies were used as a negative control. Results are representative of three independent experiments. Insets (yellow square) represent ×3 magnification. Scale bar: 30 μm.
[image: Figure 7]FIGURE 7 | Immunofluorescence detection of TET1, TET3, DNMT1, and DNMT3a in caput, corpus and cauda spermatozoa. Detection of Histone H3 was used as a positive control for the detection of sperm nucleic proteins (arrow). Omission of primary antibodies was used as a negative control. Insets (yellow squares) represent ×2 magnification of spermatic heads. Results are representative of three independent experiments. Scale bar: 10 μm.
Different DNMT and TET Enzyme Activity Profiles were Found in the Epididymal Fluid and Spermatozoa
The activity levels of DNMT and TET enzymes were determined by enzyme assay to further determine their roles in spermatozoa and sperm-surrounding fluid in the post-testicular environment (Figure 8). Since epididymal fluid contains a fraction of extracellular vesicles (EVs) that allows the transfer of enzymes to maturing spermatozoa (Krapf et al., 2012), EV-free epididymal fluid was separated from EV-containing fractions in this study. While DNMT and TET activities were detected at slightly above threshold values in sperm nuclei extracts (4–8 ± 4 U/mg for DNMTs and 2 to 5 ± 3 U/mg for TETs), stronger DNMT activities ranging from 80 to 120 ± 30 U/mg and 10 to 30 ± 20 U/mg for TET activities were detected in epididymal fluid fractions devoid of EVs. DNMT and TET activities were significantly higher in fluid from the different epididymal segments compared with the heat-inactivated negative control, confirming the presence of methylation and demethylation activities in the sperm-surrounding fluid in these segments. No enzyme activity was detected in the EV fractions, which was comparable to observations for the enzyme-inactivated negative control (Figure 8), demonstrating that active DNMT and TET enzymes are not delivered to maturing spermatozoa by EVs.
[image: Figure 8]FIGURE 8 | TET and DNMT enzyme assays performed on spermatozoa, epididymal fluid, and extracellular vesicle samples. Nuclear protein extracts from caput, corpus, and cauda spermatozoa, and epididymal fluid from different segments were used for TET and DNMT enzyme assays. Results are representative of three independent experiments. Total enzyme activities were detected in each sample (mean ± SEM). Pure enzymes and cauda epididymal fluid denatured by heat shock were used as positive and negative controls, respectively. Spz: spermatozoa. * and ** represent significant differences p < 0.05 and <0.005, respectively.
Sperm DNA Methylation Changes Observed in the Epididymis are not Controlled by DNMT and TET Enzymes
In order to investigate whether the sperm methlylation profile can be modified following contact with sperm microenvironmental conditions, i.e., the epididymal fluid, we conducted caput spermatozoa/cauda epididymal fluid co-incubation assays for 2 hours at 37°C (Figure 9). Various DNA loci displayed significant methylation changes during post-testicular sperm maturation (Figure 4); however, no significant methylation variation was detected for Cald1 or Zbtb45 in the presence of cauda epididymal fluid (Figure 9). Although a slight modification of D1Pas1 methylation level was detected by pyrosequencing following incubation with cauda epididymal fluid (15%), this was also present when proteins were denatured prior to co-incubation with spermatozoa (Figure 9). Overall, this shows that enzymes from the sperm-surrounding fluid do not account for sperm DNA methylation changes observed at the post-testicular level.
[image: Figure 9]FIGURE 9 | Effect of epididymal fluid on sperm methylation profiling. Following incubation of caput spermatozoa with cauda epididymal fluid or enzyme-inactivated fluid (heat shock), DNA loci that exhibited significant methylation changes during post-testicular maturation were analyzed by pyrosequencing. For each locus, four samples of testicular, caput, corpus, and cauda spermatozoa were used. H19-IGF2 served to validate the absence of somatic cell contamination. *p-value < 0.05.
Sperm Heterogeneity Accounts for Sperm DNA Methylation Changes Observed in the Caput Epididymidis
According to their DsRed endogenous intensity, two subpopulations of spermatozoa were detected in the caput epididymidis and, to a lower extent in the corpus epididymidis: low intensity DsRed (S1) vs. high intensity DsRed (S2) (Figures 2A, 10A), the proportion of S1 and S2 populations being variable between mice (Supplementary Figure S6). In comparison, spermatozoa isolated from the cauda epididymidis display a strong homogeneity in terms of DsRed intensity level (Figure 10A). Considering that intra-individual changes in spermatozoa DNA methylation profiles have been reported between sperm sub-populations (Barzideh et al., 2013; Capra et al., 2019; Jenkins et al., 2015), we examined whether spermatozoa with low vs. high DsRed endogenous intensity harbored different DNA methylation profiles that could account for epigenetic changes observed in the caput epididymidis (Figure 10). While S1 and S2 populations isolated by FACS indeed displayed differences in terms of DsRed fluorescence intensity, they shared a similar morphology (Figure 10B). Furthermore, the exclusive detection of spermatozoa by fluorescent microscopy (Figure 10B) and the hypermethylation level of sperm DNA on H19-IGF2 locus (>80%) (Figure 10C) confirmed the absence (or the negligible presence) of somatic cells from FACS-sorted sperm populations. While significant methylation changes were detected on D1Pas1 (11.4 ± 1.2%), Cald1 (11.0 ± 0.6%), and Zbtb45 (11.5 ± 0.9%) loci between S1 and S2 sperm populations, no significant changes were observed between S1 caput sperm population and cauda spermatozoa, suggesting that the presence of S2 sperm population is accountable for the major methylation changes observed at the post-testicular level (Figure 10C). Considering that the presence of extracellular DNA was shown to affect sperm methylation profiling analysis (Galan et al., 2021), caput S1, S2 and cauda sperm populations were treated with DNase I prior to DNA extraction and pyrosequencing. Methylation levels detected on D1Pas1, Cald1, and Zbtb45 loci from S2 sperm population, was significantly reduced to a level equivalent to S1 sperm population after DNAse treatment, suggesting that caput S2 subpopulation was associated with epididymal extracellular DNA. At the contrary, the methylation levels of S1 and cauda sperm populations remained unchanged after treatment (Figure 10C). While we hypothesized that sperm populations associated with extracellular DNA might correspond to defective/apoptotic spermatozoa, annexin-V assay showed no correlation between sperm apoptosis and DsRed intensity level (data not shown). Furthermore, no significant changes were detected between annexin-V negative and annexin-V positive caput spermatozoa (<10%) (Supplementary Figure S5), indicating that the different methylation patterns observed between S1 and S2 were not associated with annexin-V positive defective/apoptotic spermatozoa.
[image: Figure 10]FIGURE 10 | Methylation profiles of D1Pas1, Cald1 and Zbtb45 in caput epididymal sperm with low and high DsRed intensity levels. (A) Sperm subpopulations were analyzed by FACS according to their endogenous DsRed intensity levels (S1: subpopulation with low DsRed intensity, S2: subpopulation with high DsRed intensity) and (B) observed under a fluorescent microscope. Insets (yellow squares) represent ×2 magnifications of spermatic heads. Scale bar: 20 μm (C) Prior to sperm DNA extraction and pyrosequencing on H19-IGF2, D1Pas1, Cald1 and Zbtb45 loci, sperm subpopulations were treated or not with DNase I (+DNAse). H19-IGF2 served to assess the presence of somatic cell contamination. Spz: spermatozoa; *, **, and **** indicate p-values of p < 0.05, <0.005, and <0.0001 respectively.
DISCUSSION
In addition to their role of transporting the paternal genome to the site of fertilization, spermatozoa transfer epigenetic information to the oocyte that influences embryo development and progeny outcome (Sharma, 2019; Ben Maamar et al., 2021; Yin et al., 2021). While sperm DNA methylation occurrence has primarily been described during spermatogenesis, a limited number of studies have addressed the cytosine methylation changes that may affect spermatozoa during their maturation in the epididymis (Ariel et al., 1994; Ben Maamar et al., 2019; Galan et al., 2021). To overcome potential somatic cell and extracellular DNA contamination that may have previously impeded the specificity of sperm methylome profiling, we determined the sperm methylome from FACS-isolated fluorescent spermatozoa purified at different stages of development/maturation. Combined with a genome-wide RRBS approach, we observed a transitory change in sperm DNA methylation profile in the proximal region of the epididymis and investigated the mechanisms by which such epigenetic modifications could occur.
Inspired by the study from Ariel et al. (Ariel et al., 1994) that substantiated the remethylation of three spermatogenesis-specific genes, i.e., Pgk–2, ApoA1 and Oct–3/4 at the post-testicular level, we determined the genome-wide methylation profile of four sperm populations isolated from the testis, caput, corpus, and cauda epididymidis. Although our sequencing results (RRBS and pyrosequencing) did not show any methylation changes to these specific genes, we detected a transitory wave of hyper-/hypomethylation in the proximal segment of the epididymidis, which is consistent with the recent whole-genome bisulfite sequencing (WGBS) study from Galan et al. (Galan et al., 2021). Comparably to the latter study we found a similar methylation variation rate, with 1835 hypomethylated DMRs (45%) and 2238 hypermethylated DMRs (55%) in the sperm population isolated from the caput epididymis compared with testicular spermatozoa (100 bp, methylation difference >25%). In addition, 55% of hypomethylated genes (824 genes) implicated in the regulation of transcription from RNA polymerase II promoter, multicellular organism development, regulation of cell proliferation and migration, and 52% of hypermethylated genes (924 genes) associated with multicellular organism development, regulation of transcription, cell adhesion and differentiation were found susceptible to methylation changes in both studies. However, none of these common changes were detected on the same loci. According to previous studies, the use of diverse mouse strains [FVB vs. B6D2F1- Tg (CAG/su9-DsRed2, Acr3-EGFP)] (Grimm et al., 2019), and methylation analysis approaches (WGBS vs. RRBS and pyrosequencing) (Bonora et al., 2019) could account for these differences. In addition, the different methods used to isolate sperm populations (discontinuous Percoll gradient on squeezed tissues vs. FACS and intraluminal perfusion) may influence the purity of the samples and their potential association with extracellular DNA and/or somatic cells (Galan et al., 2021). Herein the isolation of spermatozoa from the CAG/su9-DsRed2, Acr3-EGFP transgenic mouse model was optimized through the selection of spermatids and spermatozoa presenting an intact acrosome.
Given that sperm DNA is highly compacted due to the replacement of histones by protamines and the formation of disulfide bridges between their thiol groups (Conrad et al., 2005; Hutchison et al., 2017), cytosine accessibility and the mechanisms by which its methylation occur remain to be established. While the majority of histones are replaced by the end of spermatogenesis, protamine thiol oxidation and molecular cross-links occur sequentially as spermatozoa mature in the epididymis, with the highest proportion of decondensed DNA being found in the proximal epididymidis (Conrad et al., 2005). Therefore, the window of hypo- and hypermethylation we observe in the caput epididymidis coincides with highest cytosine accessibility in this segment compared with the more distal regions. This suggests the presence of a higher susceptibility of spermatozoa to methylation changes in the proximal vs. distal epididymidis, which is consistent with the study from Ben Maamar et al., 2019 who showed the greatest proportion of DMR localized to caput spermatozoa following DDT exposure (Ben Maamar et al., 2019). However, the absence of correlation between sperm DNA methylation changes and the activity of DNMT and TET enzymes detected in epididymal spermatozoa and their surrounding fluid suggests that (de)methylase activity does not account for these transitory modifications. This is further supported by the absence of DNMTs and TET enzymes in sperm nucleus. In accordance with (Marques et al., 2011; Ni et al., 2016), while we detected TET1, TET3 and DNMT3a enzymes in sperm extra-nuclear compartments, it is possible that an active mechanism is in place in spermatozoa to retain these enzymes outside the nucleus to prevent binding and modification of DNA substrate, as observed in early embryo (Cardoso and Leonhardt, 1999).
The epididymis has been proposed to be a site where heterogeneous populations of spermatozoa are subjected to a quality control through the removal of defective/apoptotic spermatozoa (Sutovsky et al., 2001; Sutovsky, 2003; Ramos-Ibeas et al., 2013), possibly under the surveillance of monocyte macrophages that populate the proximal epididymidis (Battistone et al., 2020; D'Amours et al., 2012a; D'Amours et al., 2012b; Da Silva et al., 2011; Wang et al., 2021). Here, we detected two sperm populations from CAG/su9-DsRed2, Acr3-EGFP transgenic mice displaying distinct methylation profiles in the caput epididymidis, where a mechanism for recognizing defective spermatozoa takes place (Axner, 2006; D'Amours et al., 2012b; Ramos-Ibeas et al., 2013; Sutovsky, 2003; Sutovsky et al., 2001). These two populations can be discriminated based on their level of DsRed2 endogenous fluorescence, which is ubiquitously expressed under the CAG promoter and detected in mitochondria under the control of an import signal sequence (Atp5g1). Considering that the ATP synthase component Atp5g1 participates in the control of oxidative phosphorylation and that sperm methylation is susceptible to the presence of reactive oxygen species (ROS) (Agarwal et al., 2006; Tunc and Tremellen, 2009), it is possible that a subpopulation of spermatozoa possessing a higher ATP synthase activity would increase the production of ROS and, therefore, methylation changes. Furthermore, our results show that the sperm population displaying the highest intensity of DsRed corresponds to a sperm population whose methylation profile is susceptible to DNAse treatment, suggesting its association with extracellular DNA. Whether this subpopulation corresponds to apoptotic/defective spermatozoa entrapped in immune cells derived DNA (e.g., Neutrophil extracellular traps (NETs) or Macrophage Extracellular Traps (METs) remains to determine. In line with the study from (Galan et al.) it is possible that extracellular DNA binds to defective spermatozoa as a process of epididymal sperm quality control and accounts for some differences observed at the epigenetic level in the proximal epididymidis.
In conclusion, the isolation of endogenously labeled spermatozoa enabled us to confirm that a transitory window of sperm-associated epigenetic mark changes is predominantly observed in the proximal epididymis, in part due to the presence of extracellular DNA in this segment. A better understanding of the origin of sperm heterogeneity in the epididymis and its degree of conservation in human will eventually provide new considerations regarding sperm selection procedures used in fertility clinics.
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Oocyte maturation is a complex and dynamic process regulated by the coordination of ovarian cells and numerous extraovarian signals. From mammal studies, it is learnt that lipid metabolism provides sufficient energy for morphological and cellular events during folliculogenesis, and numerous lipid metabolites, including cholesterol, lipoproteins, and 14-demethyl-14-dehydrolanosterol, act as steroid hormone precursors and meiotic resumption regulators. Endogenous and exogenous signals, such as gonadotropins, insulin, and cortisol, are the upstream regulators in follicular lipid metabolic homeostasis, forming a complex and dynamic network in which the key factor or pathway that plays the central role is still a mystery. Though lipid metabolites are indispensable, long-term exposure to a high-fat environment will induce irreversible damage to follicular cells and oocyte meiosis. This review specifically describes the transcriptional expression patterns of several lipid metabolism–related genes in human oocytes and granulosa cells during folliculogenesis, illustrating the spatiotemporal lipid metabolic changes in follicles and the role of lipid metabolism in female reproductive capacity. This study aims to elaborate the impact of lipid metabolism on folliculogenesis, thus providing guidance for improving the fertility of obese women and the clinical outcome of assisted reproduction.
Keywords: lipid metabolism, meiotic resumption, folliculogenesis, β-oxidation, lipoprotein, cholesterol
INTRODUCTION
An ovarian follicle is the basic reproductive unit of the mammalian ovary and consists of oocyte and follicular somatic cells, including pre-granulosa cells, granulosa cells, theca cells, vascular endothelial cells, and immune cells. With the development and maturation of the hypothalamic–pituitary–ovarian (HPO) axis after puberty, primordial follicles develop sequentially through primary, secondary, and antral stages before ovulation under the control of growth factors, hormones, and other ovarian internal and external factors (Dong et al., 1996; Durlinger et al., 2002; Sekulovski et al., 2020). Ovulation occurs only in less than 1% of follicles, whereas the remaining 99% undergo atretic degeneration.
The follicle microenvironment is a multidimensional biological system of complex components including oocytes, granulosa cells, theca cells, and immune cells and signaling molecules, such as steroid hormones, growth factors, and extracellular matrix constituents, which are necessary for folliculogenesis and oocyte maturation (Shea et al., 2014; Dumesic et al., 2015). The maintenance of the follicular microenvironment homeostasis depends on normal metabolism and accurate communication in and between cells (Dumesic et al., 2015).
Lipid metabolites are important in cell signaling and metabolic processes. For example, fatty acids are the energy providers in oocytes (Dunning et al., 2014), and cholesterol is the precursor of steroid hormones synthesized in granulosa cells and theca cells. Some lipid metabolites are also important regulators of oocyte meiosis and maturation (Marín Bivens et al., 2004a; Ben-Ami et al., 2006). On the other hand, excessive lipid accumulation will cause serious damage to ovarian reproductive function by inducing ovarian oxidative stress and inflammation (Gu et al., 2015; Cardozo et al., 2016). Based on mammal studies, this review will summarize the role of lipid metabolism in folliculogenesis and oocyte maturation and discuss the potential application of lipids in improving the oocyte in vitro maturation (IVM) systems.
TRIGLYCERIDE BREAKDOWN
Triglycerides are an important storage form of energy, which mainly exist in the form of lipid droplets. Though the content of lipid droplets varies greatly among different species and developmental stages, mammalian oocytes are generally rich in lipids to ensure sufficient energy supply for meiosis (Genicot et al., 2005; Ariu et al., 2016; Abazarikia et al., 2020).
Triglyceride catabolism requires several lipolysis-related proteins, including perilipin (PLIN), comparative gene identification 58 (CGI-58), hormone sensitive lipase (HSL), and adipose triglyceride lipase (ATGL), in which PLIN plays a central role in lipid homeostasis by coating on the surface of lipid droplets (MacPherson and Peters, 2015). In the presence of hormones or fatty acids, PLIN and HSL are phosphorylated through the G protein–cyclic adenosine monophosphate (cAMP)-protein kinase A (PKA) signaling pathway. Losing the barrier protection of PLIN, triglycerides are decomposed to fatty acids by phosphorylated HSL that accumulate around lipid droplets (MacPherson and Peters, 2015) (Figure 1). Nonphosphorylated PLIN can bind directly with CGI-58, while the binding capacity of phosphorylated PLIN is largely reduced, making CGI-58 translocate to the cytoplasm and activate ATGL to promote lipolysis (MacPherson and Peters, 2015) (Figure 1).
[image: Figure 1]FIGURE 1 | Triglyceride breakdown and fatty acid oxidation in oocyte and cumulus cells. Triglyceride breakdown: In the presence of hormones or fatty acids, phosphorylated PLIN loses the protection on triglycerides and the binding capacity on CGI-58, thus activating HSL and ATGL and promoting lipolysis. Fatty acid oxidation: In the presence of LH or hCG, 11β-HSD1 in the cumulus cells of preovulatory follicles catalyzes corticosterone into active cortisol. Activated PDE promotes the decomposition of cAMP, thereby promoting cumulus expansion. PRKA is activated by the AMP phosphorylate and inactive ACAC, which then downregulate the conversion of acetyl CoA to malonyl CoA and promote β-oxidation. cAMP and AMP can also be transported into oocytes via gap-junction, thus promoting meiotic maturation together with the ATP from cumulus cells and β-oxidation in oocytes. The pathway in the dotted line box showed the process of β-oxidation.
The expression levels of lipolysis-related factors in oocytes at different stages have been reported by oocyte IVM experiments in many species (bovine, porcine, and mice) (Yang et al., 2010; Sastre et al., 2014; Zhang et al., 2014; Xu et al., 2018). Though PLIN plays a bidirectional role in regulating triglyceride metabolism, PLIN2 inhibits lipolysis and promotes lipid synthesis, and PLIN3 contributes to lipid droplet formation on the whole (Sztalryd and Kimmel, 2014). The expression level of PLIN2 in the in vitro matured oocytes was comparable or lower than that of oocytes at the GV stage, and the expression of PLIN3 was significantly decreased (Sastre et al., 2014; Zhang et al., 2014; Xu et al., 2018). Different from the expression in oocytes, PLIN2 and PLIN3 were expressed less in cumulus cells from mature oocytes compared to those from immature oocytes (Xu et al., 2018; Feuerstein et al., 2012; Sanchez-Lazo et al., 2014)). Although studies on the gene expression of in vivo matured oocytes are limited, the in vitro studies suggest that lipolysis was increasingly active as oocytes mature.
Hormones in granulosa cells or blood circulation can also regulate lipid metabolism in follicles. 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) in preovulatory follicular cumulus cells catalyzes corticosterone into active cortisol in the presence of luteinizing hormone (LH) or human chorionic gonadotropin (hCG) (Yong et al., 2000). Cortisol in follicular fluid is negatively correlated with the quantity of lipid droplets in cumulus cells, while it is positively correlated with the number of mature oocytes (Simerman et al., 2015). In addition, better in vitro fertilization (IVF) outcomes, including successful oocyte fertilization, embryo implantation, and clinical pregnancy, were associated with higher concentration of cortisol and cortisol: corticosterone ratio in follicular fluid (Keay et al., 2002; Lewicka et al., 2003). Follicular cortisol may interact with or increase the expression of HSL in cumulus cells and oocytes (Stimson et al., 2017), promoting the breakdown of triglycerides into free fatty acids (Simerman et al., 2015). Therefore, lipolysis controlled by the transformation of corticosterone into cortisol may be an important mechanism regulating oocyte meiotic resumption (Figure 1).
FATTY ACID OXIDATION
Fatty acids obtained from the breakdown of triglycerides are activated to acyl coenzyme A (CoA) in the endoplasmic reticulum and mitochondrial outer membrane (Figure 1). Acyl CoA is transported into the mitochondria by carnitine palmitoyltransferase (CPT1 and CPT2). It is then oxidized to produce one acetyl CoA, one acyl CoA, and one NADH+, H+, and FADH2 after four steps of dehydrogenation, hydration, oxidation, and thiolysis (Figure 1). Acetyl CoA is converted into ATP after entering the tricarboxylic acid cycle (TCA cycle) (Figure 1). Comprising a long hydrocarbon chain, fatty acids can produce multiple acetyl CoAs in β-oxidation, thus yielding more energy than glucose with the same weight or number of carbons.
β-oxidation and meiotic resumption are closely related and mutually reinforced, in which adenosine monophosphate (AMP) and adenosine monophosphate–activated protein kinase (PRKA) play critical roles. cAMP is a recognized meiotic inhibitor. It can activate protein kinase A (PKA), the activator of various intranuclear kinases and inhibitor of cyclin-dependent kinases, thus keeping the maturation promoting factor (MPF) inactive. Induced by physiological or pharmacological gonadotrophins (e.g., LH or hCG), phosphodiesterase (PDE) in cumulus cells is activated and stimulates the decomposition of cAMP, thereby relieving its negative effect on MPF activity and promoting meiotic resumption (Gilchrist et al., 2016) (Figure 1). Malonyl CoA, the precursor for fatty acid synthesis, can inhibit the synthesis and promote oxidative decomposition of fatty acids by inactivating CPT1. Acetyl CoA carboxylase (ACAC) mediates the conversion of acetyl CoA to malonyl CoA (Hardie and Pan, 2002) (Table 1). cAMP decomposition is accompanied by the synthesis of AMP, an activator of PRKA (Hardie, 2011; Valsangkar and Downs, 2013) which phosphorylates and inactivates ACAC in the presence of LH or hCG (Yong et al., 2000; Simerman et al., 2015). This may be the main mechanism of PRKA-mediated upregulation of β-oxidation during meiotic resumption (Simerman et al., 2015). cAMP, AMP, and ATP in cumulus cells can also be transported into oocytes via gap junction (Gilchrist et al., 2004; Richani et al., 2019). cAMP and ATP function through signal transduction and energy supply, respectively, promoting cumulus expansion and oocyte meiotic maturation. In addition, as a synthetic substrate of ADP and decomposition product of ATP, an increase in the AMP level can also direct the nucleoside phosphate conversion process to generate more ATP so that oocytes can release a large amount of energy in a short time.
TABLE 1 | Summary of the association between lipid metabolism pathways and oocyte maturation or fertility.
[image: Table 1]FATTY ACID SYNTHESIS
The liver is the major site for fatty acid synthesis, of which the first step is the conversion of acetyl CoA to malonyl CoA (de Carvalho and Caramujo, 2018). In the presence of NADPH and fatty acid synthase, the carbon chain is elongated to 16 (palmitic acid) after seven cycles of condensation, reduction, dehydration, and reduction. Palmitic acid is processed and elongated in the hepatocellular endoplasmic reticulum and mitochondria to produce fatty acids with longer carbon chains (>16) (Kawano and Cohen, 2013).
Fatty acid synthesis is important in storing excess energy for later use. However, the role of this process in meiotic resumption and oocyte maturation is very limited. Additional cerulenin, a natural inhibitor of fatty acid synthase (FASN), in the in vitro maturation (IVM) medium can promote meiotic resumption in COCs but not in denuded oocytes (Downs et al., 2009) (Table1). These results indicate that the inhibition of fatty acid synthesis in granulosa cells can promote oocyte maturation, while the inhibition of fatty acid synthesis in oocytes cannot promote oocyte maturation, which implies the absence or limited fatty acid synthesis activity in oocytes. C75, a promoter of fatty acid oxidation and inhibitor of fatty acid synthesis, has a stronger enhancing effect on meiotic resumption than cerulenin and can promote meiotic resumption in both COCs and denuded oocytes. Etomoxir, an inhibitor of fatty acid oxidation that acts through inhibiting CPT1, can block the effects of C75 on meiotic resumption (Downs et al., 2009). These in vitro experiments indicate that the role of fatty acid oxidation is more crucial than that of fatty acid synthesis in oocyte meiotic resumption.
LIPOPROTEIN TRANSPORT
Human lipoproteins are classified into four types according to their density: chylomicrons (CMs), very low density lipoprotein (VLDL), low-density lipoprotein (LDL), high-density lipoprotein (HDL), and lipoprotein (a) [Lp (a)], each having its specific protein and cholesterol composition, synthesis, transport and metabolic pathways, and biological functions. Intestinal mucosa–produced CMs transport exogenous triglycerides and cholesterol digested from food. VLDL is produced by hepatocytes and transports endogenous triglycerides and cholesterol. VLDL is converted into LDL by the catalysis of lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL), transporting endogenous cholesterol in the body. Neonatal HDL is synthesized both in the liver and intestine, which absorbs excess cholesterol from extrahepatic tissues and transports them to the liver, thus removing cholesterol from the body. Previous studies discussed how lipoproteins affect female reproductive function by interfering with the expression and activity of lipoprotein receptors and determined whether or not a lipoprotein is involved in tissue-specific lipid transport.
Scavenger receptor class B type I (SCARB1) mediates the selective uptake of cholesteryl esters from HDL, and its critical effects on female reproduction have been confirmed in several studies. Though having normal ovarian morphology and ovulation rate, Scarb1-deficient mice were infertile with accumulated cholesterol in oocytes (Miettinen et al., 2001; Trigatti et al., 1999) (Table 1). Lipid metabolism disorders including a high plasma cholesterol level and high nonesterified cholesterol level in the extraovarian environment account for the infertility phenotype of Scarb1-deficient (Scarb1−/−) mice. When altering the structure or quantity of abnormal HDL by silencing the ApoA1 gene or lowering cholesterol levels in blood by feeding probucol, the fertility of Scarb1-deficient mice was partially or completely restored (Miettinen et al., 2001; Quiroz et al., 2020). Human plasma cholesteryl ester transfer protein (CETP) transfers cholesteryl esters from HDL and LDL to VLDL, which in turn binds hepatic LDL receptor (LDLR) or VLDL receptor (VLDLR) to transport cholesterol from peripheral tissues to the liver (reverse cholesterol transport). Wild-type mice express no CETP. CETP transgenic Scarb1-deficient mice showed partially restored HDL particle size. However, the plasma cholesterol level was not restored, and symptoms of several disorders, including reticulocytosis, impaired platelet aggregation, and female infertility, could not be relieved (Hildebrand et al., 2010).
Abnormal oocyte meiosis and activation induced by excess cholesterol directly cause infertility of Scarb1-deficient mice. Oocytes of Scarb1-deficient mice arrested at the metaphase II stage were spontaneously activated without the sperm in vivo and further progressed to pronuclear, MIII, and anaphase/telophase III stages (Yesilaltay et al., 2014). When loaded with excess cholesterol in vitro, oocytes from healthy wild-type mice could be spontaneously activated with MPF reduction, mitogen-activated protein kinase (MAPK) activity, and Ca2+ concentration oscillations (Yesilaltay et al., 2014). Therefore, excess cholesterol may be the underlying cause of how hypercholesterolemia causes impaired fertility in Scarb1-deficient mice.
Based on the association between infertility and excess cholesterol in blood and oocytes, another question was raised: How does hypercholesterolemia cause cholesterol overload in oocytes? Some potential hypotheses of the problem are discussed as follows:
1) ATP binding cassette transporter A1 (ABCA1) mediates the efflux of intracellular free cholesterol to lipid-poor apolipoprotein A–I (apoA–I) and is expressed in mouse oocytes (Quiroz et al., 2020). Scarb1 knockout–induced hypercholesterolemia may increase cholesterol levels in follicular fluid, which inhibit ABCA1 activity and result in overloaded cholesterol in oocytes (Quiroz et al., 2020; Chang et al., 2017).
2) High cholesterol in follicular fluid enlarges the cholesterol concentration gap among internal and external oocytes and granulosa cells, thus enhancing cholesterol influx and increasing cholesterol levels (Yesilaltay et al., 2014). This hypothesis is supported by the finding that cholesterol in red blood cells and platelets was transported from extracellular HDL into cells of Scarb1-deficient mice by simple diffusion of nonesterified cholesterol (Holm et al., 2002).
3) SCARB1 mediates not only the selective uptake of cholesterol but also the partial efflux of cholesterol to immature HDL particles (Fujimoto et al., 2010). Therefore, the cholesterol level in oocytes of SCARB1 knockout mice may also be affected by this abnormal process.
The association between circulating high cholesterol and excess cholesterol in oocytes remains a mystery. Further investigation on this issue is needed to help clarify the mechanism of follicular cholesterol homeostasis maintenance.
The uptake of LDL is dependent on the LDLR-mediated endocytosis (Go and Mani, 2012). Coated pits can form when ApoB-100, a protein component of LDL, binds to the ligand binding domain of LDLR. As a result, coated vesicles can bud inward and eventually dissociate from the membrane (Go and Mani, 2012). After the fusion of the endosome and endocytic vesicles with the LDL–LDLR complex, LDLR will return to the plasma membrane for recycling and LDL will be sent to the lysosome for hydrolysis by lysosomal acid lipase type A, providing cholesterol, fatty acids, and other phospholipids (Go and Mani, 2012). Ldlr-deficient mice had lower ovarian lipid, progesterone, and estrogen levels; decreased follicle count; and increased atretic follicles (Table 1). The litter frequency was not changed, while the litter size was reduced significantly (Chang et al., 2017; Guo et al., 2015). Ldlr-deficient mice were fertile, indicating that Ldlr has limited effect on female fertility than Scarb1. In addition to HDL, SCARB1 also mediates the selective uptake of cholesterol esters in LDL, VLDL, phospholipids, and others, making the loss of function of Scarb1 significantly impact lipid concentration and reproductive function (Huang et al., 2019).
LIPOPROTEIN SYNTHESIS AND REMODELING
Though HDL particles in follicular fluid mainly come from blood circulation, large differences are found between follicular fluid and plasma HDL components. HDL in human follicular fluid contains less cholesterol, more phospholipids, and increased ApoA-4/ApoA-1 levels when compared to plasma (Jaspard et al., 1997). Lipoprotein remodeling and selective filtration by the blood follicle barrier are thought to be the main causes for the differences (Fujimoto et al., 2010). The blood follicle barrier contains vascular endothelial cells, subendothelial basement membrane, theca interna, follicular basement membrane, and mural granulosa cells, providing a physical and biological selective filtration for molecules (Shalgi et al., 1973). Previous studies showed that molecules with a weight under 500 kD are allowed to pass through this barrier, while molecules larger than 1000 kD cannot (Shalgi et al., 1973). As the densest and smallest lipoprotein, HDL is the only type of lipoprotein that is able to cross this barrier.
HDL remodeling is the structural re-arrangement of HDL mediated by cell receptors (Martinez et al., 2004), enzymes, and plasma proteins: ABCA1, ATP binding cassette subfamily G member 1 (ABCG1), and SCARB1 mediate the cholesterol efflux to extracellular acceptors; plasma CETP and phospholipid transfer protein (PLTP) mediate the transport of cholesterol and phospholipid among HDL, LDL, and VLDL; plasma lecithin, a cholesterol acyl transferase (LCAT), mediates the conversion of nonesterified cholesterol into esterified cholesterol (Fujimoto et al., 2010). These enzymes and protein transporters are also found in the follicular microenvironment. ApoA-1 content in follicular fluid can affect LCAT activity (Balestrieri et al., 2001). ABCA1 is expressed in mouse oocytes and mediates oocyte cholesterol efflux (Quiroz et al., 2020). Activated liver X receptors (LXRs) in human luteinized granulosa cells increase the cholesterol efflux by inducing the expression of the LXR target gene, ABCA1, ABCG1, ApoE, and PLTP, thus mediating cellular cholesterol homeostasis and hormone secretion (Drouineaud et al., 2007). Though follicles have been shown to affect lipoprotein synthesis and remodeling, studies from genetically modified mouse models showed that only Scarb1 knockout mice had impaired fertility, while Lcat, Abca1, and Apoa1 knockout mice procreate offsprings normally (Fujimoto et al., 2010), indicating that Scarb1 plays a key role in maintaining female fertility via HDL remodeling (Table 1).
Recent studies have indicated the presence of other lipoprotein classes such as LDL and VLDL in follicular fluid, though their biosynthetic pathways remain unknown. Apart from ApoB, microsomal triglyceride transfer protein (MTTP), and ApoE, Apo-B100 was also found in the endoplasmic reticulum of granulosa cells from patients undergoing controlled ovarian hyperstimulation treatment (Gautier et al., 2010). The supplementary oleic acid in the IVM medium increased the production of ApoB100-containing lipoproteins (Gautier et al., 2010), while gonadotropin inhibited ApoB gene expression (Scalici et al., 2016). These findings indicate that LDL and VLDL in follicular fluid may come from granulosa cells. However, considering that ovulation induction drugs can affect lipid metabolic gene expression (Wang et al., 2015), whether or not granulosa cells in physiological conditions can produce and secrete lipoproteins remains to be further studied.
TRANSCRIPTIONAL PATTERN OF LIPID METABOLISM GENES IN OOCYTES AND GRANULOSA CELLS DURING FOLLICULOGENESIS
Based on the transcriptome database of follicular cells during folliculogenesis (Zhang et al., 2018), we generated expression maps of lipid metabolism factors in oocytes and granulosa cells at different stages (Figure 2), which partially reflect the cell- and stage-specific activity of lipid metabolism pathways in follicles. By comparing gene expression in antral and preovulatory follicles, potential lipid metabolism pathway functions in oocyte meiotic resumption and maturation can be hypothesized since the completion of MI occurs at preovulatory follicles.
[image: Figure 2]FIGURE 2 | Transcriptional pattern of lipid metabolism genes in oocytes and granulosa cells during folliculogenesis [image sourced from (Martinez et al., 2004)]. (A) Triglyceride breakdown; (B) fatty acid oxidation; (C) fatty acid synthesis; (D) lipoprotein transport and cholesterol uptake; (E) lipoprotein synthesis and remodeling.
The gene expression related to triglyceride breakdown is decreased in oocytes (e.g., CGI-58, HSL, and ATGL) and increased in granulosa cells (e.g., PLIN2, HSL, and ATGL) (Figure 2). PLIN3 is highly expressed in both oocytes and granulosa cells among the three PLIN subtypes. PLIN2 was highly expressed in granulosa cells of preovulatory follicles (Figure 2A), suggesting the potential role of PLIN2 in oocyte meiotic resumption.
Fatty acid degradation process includes the activation of fatty acids mediated by acyl-CoA synthetase (ACS), the entry of acyl-CoA into mitochondria mediated by CPT1 and CPT2, and β-oxidation mediated by acyl-CoA dehydrogenase (ACAD), enoyl-CoA hydratase (ECH), hydroxyacyl-CoA dehydrogenase (HADH), and ketoacyl-CoA thiolase (KAT). CPT1 is the rate-limiting enzyme for this process. According to the substrates and distribution sites, each enzyme is divided into several subtypes with different expression levels in oocytes and granulosa cells at different stages. Acyl-CoA synthetase long chain family member 1 (ACSL), ASL3, carnitine palmitoyltransferase 1B (CPT1B), and CPT1C are highly expressed in oocytes, and ACSL3, ACSL4, acyl-CoA synthetase medium chain family member 3 (ACSM3), and CPT1A are highly expressed in granulosa cells (Figure 2B). The expression of CPT2, ACAD, ECH, HADH, and KAT is not cell- or stage-specific (Figure 2B). During the transition from antral to preovulatory follicle, the expression of fatty acid activation–related genes is increased (ACSL1, ACSL3, ACSL4) or decreased (ACSL3, ACSL4, ACSM3) in oocytes and granulosa cells, while the expression of β-oxidation–related genes (oocytes: CPT1B, CPT1C; granulosa cells: CPT1A) was all decreased (Figure 2B). This decreased expression level of β-oxidation–related genes is inconsistent with the upregulated β-oxidation process as shown in previous studies (6). Metabolic enzymes synthesized during folliculogenesis after primordial follicle activation are inactive and stored in the oocytes, waiting for LH/hCG signals to be activated by covalent modification or zymogen activation, which may explain the contradiction.
Though whether oocytes can synthesize fatty acids is still controversial, ACAC (rate-limiting enzyme of fatty acid synthesis, including two subtypes ACACA and ACACB) and FASN, two enzymes required for fatty acid synthesis, are expressed at low levels in oocytes (Figure 2C), implying limited fatty acid synthesis in human oocytes.
LDLR and SCARB1 are expressed in human oocyte and granulosa cells, especially in granulosa cells from secondary and preovulatory follicles (Figure 2D), providing sufficient substrates for energy supply and hormone synthesis. ApoB is neither expressed in oocytes nor in granulosa cells (Figure 2E). In addition to the weakly expressed gene ABCA1, genes related to HDL remodeling are not expressed in oocytes; however, these genes are all expressed in granulosa cells, and the expressions are especially high in antral follicles (Figure 2E), implying the crucial role of granulosa cells in HDL remodeling in the follicular microenvironment. Caveolin-1 (CAV1) is involved in SCARB1-mediated intracellular cholesterol efflux and is also expressed in granulosa cells (Figure 2E), suggesting that SCARB1 in granulosa cells may mediate the selective uptake and efflux of intracellular cholesterol and participate in the cholesterol homeostasis maintenance in the follicular microenvironment.
In conclusion, all lipid metabolic pathways can be carried out in oocytes and granulosa cells except for fatty acid synthesis, and the integrated effects of these pathways, including triglyceride breakdown, fatty acid oxidation, and cholesterol uptake in granulosa cells during meiotic resumption, are to provide energy supply and promote hormone synthesis. The expression of most genes related to lipid metabolism in oocytes is reduced during the transition from antral to preovulatory follicle, which may be induced by the general transcription inhibition in meiotic resumption. Further proteomic analysis of folliculogenesis will help understand the important role of lipid metabolism in meiosis and female reproduction, as the regulation of gene expression in meiotic resumption is mainly through translation and posttranslational modification rather than transcription (Susor et al., 2016; Luong et al., 2020).
EFFECTS OF LIPID METABOLISM ON OOCYTE MATURATION
Lipid metabolism has a bidirectional effect on folliculogenesis and oocyte maturation. On the one hand, increased levels of some lipids are a protective factor for folliculogenesis due to the requirement of fatty acids in oocytes in energy-consuming events such as meiotic resumption and fertilization. For example, the number of oocytes retrieved and embryo formation are positively correlated with oleic acid levels in follicular fluid (Zarezadeh et al., 2020). Added melatonin in the IVM medium can improve the maturation rate, fertilization rate, and embryo formation rate (Jin et al., 2017; Li et al., 2019); furthermore, it can increase the lipid droplet content in porcine oocytes after maturation and upregulate the expression of genes related to lipogenesis, lipolysis, β-oxidation, and mitochondria biogenesis (ACACA, FASN, PPARγ, SREBF1, ATGL, HSL, and PLIN2) (Jin et al., 2017). Carnitine facilitates the transport of lipoyl CoA from the cytoplasm to mitochondria in fatty acid oxidation. L-carnitine added in the IVM medium increases follicular β-oxidation levels, thus improving the fertilization rate and blastocyst formation rate (Dunning et al., 2011). On the other hand, long-term exposure to a high-fat environment increases lipid levels in oocytes of women with obesity or polycystic ovary syndrome (PCOS) and induces lipotoxicity in oocytes, including the increase in oxidative stress and inflammation levels and disruption of spindles and chromosome structure, thus seriously interfering oocyte meiosis (Hou et al., 2016; Yun et al., 2019; Rao et al., 2020). Previous studies showed that the developmental potential of oocytes growing in follicular fluid with high content of stearic acid, palmitic acid, or oleic acid has decreased significantly (Valckx et al., 2014). Mouse COCs cultured in lipid-rich follicular fluid are found to have significantly decreased maturation rate and increased endoplasmic reticulum stress (Yang et al., 2012). The maturation rate, cleavage rate, and blastocyst rate of COCs treated with 50 μM linolenic acid are increased with upregulated levels of PGE2, cAMP, and MAPKs in oocytes. However, treatment of COCs with high linolenic acid (>100 μM) inhibited cumulus expansion and decreased oocyte maturation rate (Marei et al., 2009). The combination of multiple fatty acids in the IVM medium also affects oocyte quality. High oleic acid (425 μM) reduced the mitochondrial membrane potential in cumulus cells and oocytes, increased the reactive oxygen species (ROS) levels, and inhibited cumulus expansion, thus inducing apoptosis of cumulus cells, forming poor quality embryos with more fragmentation and lowering good quality embryo rate and blastocyst formation rate (Marei et al., 2017). 50 μM of linoleic acid could reverse the negative effects of high oleic acid content on cumulus cells and embryos, restore cumulus expansion, and increase the blastocyst formation rate to the level of the control group (Marei et al., 2017). The structure of fatty acids also affects oocyte quality. For example, linoleic acid (18:2 n-6) inhibited cumulus expansion, hindered oocyte maturation, and reduced the cleavage rate and blastocyst formation rate (Marei et al., 2010), whereas trans-10 and cis-12 conjugated linoleic acid (t10c12 CLA), a conjugated linoleic acid isomer that regulates blood lipids, increased oocyte maturation rate, cleavage rate, and blastocyst formation rate by upregulating the expression levels of phosphorylated MAPK3/1 and COX2 in COCs (Jia et al., 2014). Oocyte in vitro maturation conditions are controlled by the simulation of the microenvironment to regulate oocyte maturation. Therefore, previous in vitro experiments show that changes of lipids and related metabolic enzymes in the maternal environment and follicular cells have an impact on oocyte maturation and subsequent embryonic development, and the underlying mechanisms may include regulating the activity of factors of meiosis and oocyte maturation (PGE2, cAMP, and MAPKs), oxidative stress levels, and organelle structures and functions. However, the key regulatory factors involved in this process remain to be further studied.
FF-MAS (follicular fluid–meiosis-activating sterols) is derived from lanosterol by catalyst CYP51A1. As an intermediate in cholesterol biosynthesis, FF-MAS in follicular fluid is found to promote oocyte meiotic resumption (Byskov et al., 2002). FF-MAS added in the IVM medium of mouse COCs significantly increased oocyte maturation and embryo developmental potential (Marín Bivens et al., 2004a; Marín Bivens et al., 2004b; Guo et al., 2020). FSH (follicle stimulating hormone) stimulated FF-MAS secretion (Byskov et al., 1997) by increasing the expression of CYP15A1 (Nakamura et al., 2015). FF-MAS promoted meiotic resumption by the LXR receptor and MAPK/ERK signals in oocytes, but not the cAMP common in this process (Dallel et al., 2018; Guo et al., 2020). In addition, FF-MAS reduced the proportion of premature sister chromatid separation and aneuploidy rate in oocytes (Cukurcam et al., 2007). Though it is proven that FF-MAS can promote meiosis, whether it is necessary in meiotic resumption remains controversial. CYP51A1 inhibitors showed no inhibition on both in vivo and in vitro meiotic resumption (Tsafriri et al., 2002). The increase of FF-MAS in ovaries of mice treated with hCG occurred after germinal vesicle breakdown, which contradicted the hypothesis that FF-MAS could promote oocyte meiosis (Tsafriri et al., 2002; Tsafriri and Motola, 2007). Therefore, FF-MAS has the function of promoting oocyte meiosis through the MAPK/ERK signaling pathway, but it is not a key modulator in this process.
CONCLUSION
Follicles are complex aggregations comprising germ cells and various somatic cells, and the regulation of folliculogenesis not only relies on the complex signal communication within follicles but also on the systemic functioning of the body. Lipid metabolism is one of the important biological events in the follicle microenvironment during folliculogenesis. In this review, we summarized the current research findings of the relationship between lipid metabolic pathways and meiosis in mammals. Fatty acid oxidation provides sufficient energy for meiotic resumption and lipid metabolites that participate in the regulation process. Lipoproteins, the main carriers of cholesterol and triglycerides in blood circulation, are involved in follicular cholesterol homeostasis and oocyte meiosis. Endogenous and exogenous signals such as gonadotropins, insulin, and cortisol act as upstream regulators to regulate follicular lipid metabolic homeostasis, thereby maintaining oocyte meiosis and folliculogenesis. These signal molecules are intertwined to form a complex regulatory network, but the key factors and main regulatory pathways that play a central role in this network still need to be further explored.
An important feature of folliculogenesis is that it is also the process of oocyte maturation. The quality of mature oocytes is closely associated with embryo development and the health of the offspring. Exploring the influence of lipid metabolism on folliculogenesis is helpful in understanding the mechanisms of how a maternal high-fat environment causes irreversible damage to the oocytes. The collective information summarized from the current and future studies will provide guidance for finding novel methods to protect ovarian reserves and improve ART outcomes in obese women, especially those with PCOS.
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Recurrent spontaneous abortion (RSA) is defined as the loss of two or more consecutive intrauterine pregnancies that are clinically established early in pregnancy. To date, the etiology and underlying mechanisms of RSA remain unclear. It is widely thought that the impairment of decidualization is inclined to induce subsequent pregnancy failure and leads to the dysregulation of extra-villous trophoblast invasion and proliferation through maternal–fetal cross talk. However, the mechanism of decidualization in RSA has yet to be understood. In our study, we demonstrate that decidual samples from RSA patients have significantly higher insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3) and lower TGF-β1 levels compared to healthy controls. In addition, the overexpression of IGF2BP3 in human endometrial stromal cells (hESCs) can lead to the impairment of decidualization in vitro-induced model and the abnormal cell cycle regulation. Furthermore, TGF-β1 and MMP9 levels were greatly increased after decidualization, whereas IGF2BP3 overexpression inhibited endometrial mesenchymal decidualization by downregulating TGF-β1, impeding maternal–fetal interface cytokine cross talk, and limiting the ability of trophoblast invasion. In conclusion, our investigation first demonstrates that abnormal elevation of IGF2BP3 in the pregnant endometrium leads to the impairment of decidualization and abnormal trophoblast invasion, thereby predisposing individuals to RSA.
Keywords: recurrent spontaneous abortion, decidualization, IGF2BP3, TGF-β1, maternal–fetal interface cross talk
INTRODUCTION
Recurrent spontaneous abortion (RSA) is defined as two or more consecutive pregnancy losses within 20–24 weeks of gestation with the same partner (Dimitriadis et al., 2020). RSA is a complex complication of pregnancy, and repeated embryo loss may lead to endometrial damage, endometritis, pelvic inflammatory disease, and infertility, posing a serious threaten to female reproductive health (Alves and Rapp, 2021). The etiology of RSA is complex, and mounting studies have shown that it is closely related to genetic abnormalities, anatomical abnormalities, endocrine disorders, metabolic dysfunction, autoimmune disorders, thrombotic tendencies, and reproductive tract infections (Schreiber et al., 2018; Carp, 2019; Colley et al., 2019).
Decidualization is stimulated by progesterone and cyclic adenosine monophosphate (c-AMP). In this process, the blastocyst adheres to the endometrial epithelium, the human endometrial stromal cells (hESCs) around the blastocyst are differentiated into round epithelial-like cells, that is, specialized secretory decidual cells (Gellersen and Brosens, 2014). Meanwhile, the orderly proliferation and apoptosis of hESCs are proceeded, accompanied by the formation of polyploid cells and neovascularization (Ng et al., 2020). This morphological differentiation and high-metabolic state make hESCs ready for subsequent embryo implantation. The highly expressed insulin-like growth factor binding protein-1 (IGFBP1) and prolactin (PRL) by decidualized hESCs can be used as marker molecules for the progression of decidualization (Kautz et al., 2015). More importantly, the decidualization provides important nutrients and immune environment for the maintenance of early pregnancy and placenta formation. The estrogen and progesterone, prostaglandins, transcription factors, cell cycle, signaling pathways, and many genes all play a role in the induction, growth, and degeneration of the decidua (Xiang et al., 2015; Shukla et al., 2019; Diniz-da-Costa et al., 2021). The establishment and maintenance of decidualization are critical for embryo implantation and pregnancy establishment and maintenance. The impairment of hESCs decidualization leads to dysfunction decidual maturation, which is closely associated with abnormal tolerance at the maternal–fetal interface and RSA. In-depth investigation of the factors affecting this biological behavior of endometrial interstitial cell metaplasia can help to elucidate the pathogenesis of RSA and provide an important basis for finding more effective and precise treatments.
Insulin-like growth factor 2 (IGF2), a multifunctional cell proliferation regulator, has an important role in promoting the differentiation and proliferation of embryonic and tumor cells (Chao and D’Amore, 2008; Masunaga et al., 2020). rRNA-binding protein (RBP) is an important checkpoint for gene expression at the RNA level and mediates posttranscriptional regulation of gene expression by interacting with mRNA (Köster et al., 2017). Insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3), namely, IMP3, as an RBP oncoprotein, can bind to the 5-untranslated region of IGF2-expressing mRNAs and activates transcriptional targets (Schneider et al., 2019), subsequently maintaining mRNA stability and regulating their transcriptional expression (Ren et al., 2020). Studies have reported that IGF2BP3 has different targets of action in tumor growth, stem cell proliferation, and other systems, and mainly function in promoting cell differentiation, proliferation, and invasion (Ennajdaoui et al., 2016; Yin et al., 2020). At present, it is unclear that whether IGF2BP3 involves in the impairment of hESCs decidualization in RSA. An experiment showed that IGF2BP3 is localized in the decidual endometrium during early gestation (Zheng et al., 2008).
The transforming growth factor β (TGF-β)-signaling pathway plays an important role in cell differentiation, and IGF2 regulates the transcription of TGF-β-related pathway molecules in the epigenetic of tumor cells (Chen and Gingold, 2020). Evidence showed that the dysfunction of TGF-β1 can lead to adverse pregnancy complications, such as RSA, pre-eclampsia, fetal growth restriction, and reduced fertility (Hadinedoushan et al., 2015; Alkhuriji et al., 2020). On the one hand, the dysfunction of TGF-β1 is associated with the dysfunction of hESCs decidualization (Ni and Li, 2017); on the other hand, as we previously reviewed, TGF-β1 can promote biological behaviors such as trophoblast invasion and proliferation by regulating epithelial–mesenchymal transition (EMT) (Li et al., 2021a).
Here, we found that decidual samples from RSA patients have significantly higher insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3) and lower TGF-β1 levels compared to healthy controls. Moreover, the overexpression of IGF2BP3 in human endometrial stromal cells (hESCs) can lead to the impairment of decidualization in vitro-induced model and the abnormal cell cycle regulation. Furthermore, TGF-β1 and MMP9 levels were greatly increased after decidualization, whereas IGF2BP3 overexpression-inhibited endometrial mesenchymal decidualization by downregulating TGF-β1, impeding maternal–fetal interface cytokine cross talk, and limiting the ability of trophoblast invasion. Finally, we successfully established the RSA animal model and found that the TGF-β1 level in serum of RSA is lower than that of the normal pregnant mouse. Our investigation may contribute to reveal the special mechanism of the impairment of decidualization and maternal–fetal interface cross talk dysfunction in RSA.
MATERIALS AND METHODS
Decidual Tissue Collection
This study included 12 patients with recurrent spontaneous abortion (RSA) between the ages of 20 and 35 (mean age 28.2 ± 3.4 years) who were treated at Wuhan University’s Renmin Hospital between 2020 and 2021. Healthy controls were 12 women aged 20–35 (mean age 27.7 ± 2.1 years) who had healthy early pregnancies that were intentionally terminated for non-medical reasons (HC). The gestational ages of the HC and RSA groups when the pregnancy was terminated were 9.2 ± 1.3 weeks and 8.5 ± 2.5 weeks, respectively. The following were the exclusion criteria (Dimitriadis et al., 2020): uterine deformity discovered by a pelvic exam and ultrasound (Alves and Rapp, 2021), chromosome abnormalities (Colley et al., 2019), endocrine or metabolic diseases (Carp, 2019), infection (Schreiber et al., 2018), and other recognized reasons. The Renmin Hospital Research and Ethics Committee approved the form and use of the decidual tissues (WDRY2020-K218). Before collecting decidual tissues, all subjects gave their written agreement. After suction and curettage, the decidual tissues were collected and washed with PBS to eliminate blood. Before being used, the tissues were immediately frozen in liquid nitrogen and then preserved at −80°C.
Cell Culture and Treatment
The human choriocarcinoma cell lines HTR8/SVneo and the immortalized human endometrial stromal cells (hESCs) were donated by Reproductive Center of Sun Yat-sen University. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Meilunbio, China) supplemented with 10% fetal bovine serum (FBS) (Gibco, Life Technologies, Grand Island, NY), 100 units/mL of penicillin and streptomycin (Invitrogen, Waltham, MA, United States). hESCs were cultured in phenol red-free Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Meilunbio, China) plus 10% FBS at 37°C in a 5% CO2 atmosphere. hESCs were treated with 1 mol/L medroxyprogesterone-17-acetate (MPA) (MedChemExpress, China) and 0.5 mmol/L N6,20-O-dibutyryladenosine cAMP sodium salt (db-cAMP) (MedChemExpress, China) to promote decidualization in vitro. The medium was replaced every 2 days. Extrinsic TGF-β1 was obtained from recombinant proteins (MCE, United States) and added at a concentration of 10 ng/ml.
Lentivirus Infection
Overexpression plasmid and small RNA interference (siRNA) encapsulated by stable knockdown (shRNA) lentivirus were used in this study. Double-stranded human IGF2BP3 gene shRNAs and overexpression plasmid were purchased from Hanheng biology (Shanghai, China). The optimal amount of virus infection was performed according to the manufacturer’s instructions. The MOI = 30 was chosen to conduct the subsequent experiments. The transfected cells were cultured in DMEM/F12 containing 10% FBS. After 48 h of first infection, the stable infected cells were selected with 5 μg/ml of puromycin (Invitrogen, United States). Overexpression and knockdown efficiency were verified by qPCR or Western blotting.
Real-Quantitative Polymerase Chain Reaction Analysis
Total RNA was extracted from cells or tissues by TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. A spectrophotometer (NanoDrop 2000c; Thermo Fisher Scientific, Waltham, MA, United States) was used to determine the concentration and purity of RNA. Total RNA (1 μg) was reverse transcribed using a Reverse Transcription kit (Yeasen Biotechnology Co. Ltd.), and the resultant cDNA was utilized as the qPCR template. Gene expression quantification was carried out in triplicate on a Bio-Rad PCR system in an Applied Biosystems CFX96TM Real-Time PCR system using SYBR GREEN PCR Master Mix according to the real-time PCR manufacturer’s instructions (Shanghai Yisheng Co., Ltd.). To standardize gene expression levels, the PCR products were measured using the 2−ΔΔCt technique relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Supplementary Table lists the primers that are utilized.
Western Blot Analysis
Total protein extracts were produced using RIPA buffer including PMSF protease inhibitors (Beyotime Biotechnology, China) and a phosphatase inhibitor (Beyotime Biotechnology, China) from homogenized tissues or cultured cells. An Enhanced BCA Protein Assay Kit was used to measure protein (Beyotime Biotechnology, China). SDS-PAGE was used to separate equal quantities of protein before wet transfer onto 0.45 mm/0.22 mm polyvinylidene difluoride (Merck Millipore, Billerica, MA). The membranes were blocked for 2 h at room temperature with 5% non-fat milk. After blocking, the membranes were incubated with primary antibodies against IGF2BP3 (1:1000; ABclonal, China, Cat: #A6099), PRL (1:1,000; ABclonal, China, Cat: #A1618), IGFBP1 (1:1,000; cst, Cat: #31025S), TGFb1 (1:1,000; ABclonal, China, Cat: #A15103), or GAPDH (ABclonal, China, Cat: #AC036) overnight at 4°C. Then, the secondary antibodies were used (1:5,000; ABclonal, China, Cat: #ASO14) to incubate the membranes for 1 h at room temperature.
The protein expression was detected by the chemiluminescent detection system (Bio-Rad, United States) once adding the ECL Enhanced Plus Kits (RM0021P, ABclonal, China). Protein expression was analyzed using Image Lab Analyzer software.
Immunohistochemistry
Immunohistochemical staining was performed on paraffin-embedded tissue sections using mouse and rabbit specific HRP/DAB (ABC) detection IHC kits (ab64264; Abcam, Cambridge, United Kingdom). Briefly, tissue sections were deparaffinized and rehydrated. Ethylenediaminetetraacetic acid (EDTA) was used for epitope retrieval. Sections were blocked with BSA and incubated with primary antibodies overnight at 4°C (the antibody against IGF2BP3 used for immunohistochemistry was the same as that used for Western blotting) was followed by HRP-conjugated secondary antibodies. Tissues were subsequently counterstained with hematoxylin and diaminobenzidine and hydrated. PBS was substituted for the primary antibody as a negative control. The positive staining intensity and relative protein expression were evaluated by ImageJ Pro Plus version 6.0 software (Media Cybernetics Inc.,).
Flow Cytometrical Determination of Cell Cycle
For the flow cytometrical analysis of cell cycle, cells were trypsinizated, collected by centrifugation, fixed by 70% ethanol at 4°C overnight, centrifuged again, and incubated at 37°C in a buffer containing 0.5 μg/mL RNase A and 0.1 mg/mL propidium iodide for 30 min. Samples were analyzed by BD FACSCaliburTM, and data were analyzed using FlowJo10.0 software.
Transforming Growth Factor Beta 1 Cytokine Assay
With human TGF-β1 ELISA kits (ELK1185, Wuhan, China), concentrations in the conditioned medium of infected hESCs were measured, and the level of TGF-β1 in animal serum were detected by the mouse TGF-β1 ELISA kits (ELK1186, Wuhan, China). Analyses were performed according to the manufacturers’ instruction for ELISA kit. On a microplate reader (Thermo Fisher Scientific Inc., United States), the optical density of each well at 450 nm was measured, and concentrations were calculated using standard curves. The concentration (pg/mL) of the results is compared to the control.
Transwell Assays
The invasion of trophoblast cells across Matrigel (40 μL; dilution 1:8; Sigma, St Louis, MO) was evaluated using Matrigel pre-coated Transwell inserts with 8.0‐nm diameter (Corning, Cambridge, MA), and the migration of trophoblasts was assessed using Matrigel-free pre-coated Transwell inserts. hESCs that had been transfected with OV-NC, OV-IGF2BP3 ,or sh-IGF2BP3 were seeded into the lower chamber. MPa and dbcAMP were used the following day to induce decidualization, and experimental groups started other drug treatments after 48 h of induction. After 3 days, HTR8/SVneo trophoblast cells were planted into the top chamber of 24-well plates that had been pre-coated with 40 μl 1:8 diluted Matrigel. HTR8/SVneo cells were cultured in basal medium, whereas hESCs induced by decidualization were placed in 20% FBS media in the lower chamber. Co-cultured cells studied for migration and invasion were incubated for 24 or 48 h, respectively. The inserts were then removed and rinsed in PBS, and the non-invading cells and Matrigel were wiped off the filter’s top surface using a cotton bud. The inserts were then dyed with crystalline iodine after being fixed in methanol for 10 min at room temperature. Under a fluorescent microscope (Olympus, Japan), the cells that migrated to the lower surface were viewed and counted in five randomized areas at a magnification of ×200. Each experiment was conducted out in triplicate and repeated three times.
Scratch Wound-Healing Assay
HTR8/SVneo cells/well (2 × 105) (three replicates per group) were seeded into a 12-well plate for the scratch wound assay and incubated until confluent. The monolayer was scraped with a tip and washed with serum-free medium to remove detached cells. Then, the cells were cultured in the pre-collected hESCs cell culture supernatant or in the complete medium supplemented with TGF-β1 (10 nM) or without special treatment.
With the fluorescence microscope, photographs of the wound area were taken at 0, 24, and 48 h. ImageJ software version 1.51 was used to quantify the data by assessing the portions of the scratch that were not covered by cells. The closure rate was measured as a percentage of the area at 0 h. Migration area (%) = (initial wound area—remaining area of the wound at the point of measurement)/initial wound area × 100.
Spontaneous Abortion Animal Model Construction
Twenty CBA/J female mice and five BALB/c male mice and five DBA/2 male mice (6-week-old) were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd., China. They were in adaptive culture for 5 days in specific pathogen-free (SPF) in Renmin Hospital of Wuhan University. Ten CBA/J female mice and five BALB/c male micee were mated to construct the control model, ten CBA/J female micee and five BALB/c male micee were mated to construct the normal pregnancy control model, and ten CBA/J female mice and five DBA/2 male mice were mated to construct the spontaneous abortion model (Clark, 2020). Detection of a vaginal plug was chosen to indicate day 0.5 of gestation. All mice were killed at day 12.5 to examine and calculate the embryo resorption rate. All animal studies were approved by the ethics committee for laboratory animal welfare (IACUC) of Renmin Hospital of Wuhan University [No. WDRM animal (f) No. 20201207].
Statistical Analysis
Each experiment was independently repeated at least three times. All data were analyzed using GraphPad Prism statistical software (Version 6.0). Differences between two groups were analyzed by Student’s t-test. All data are presented as the mean ± SEM. At p < 0.05, differences were judged statistically significant.
RESULTS
IGF2BP3 Expression is Increased in the Decidual Tissues of Recurrent Spontaneous Abortion Patients
We used qPCR and Western blot analyses of first trimester decidual tissues from RSA and healthy control (HC) women to see if IGF2BP3 plays a role in the etiology of RSA. The results show that IGF2BP3 expression was considerably higher in the decidual tissues of RSA patients than that of HCs at both the mRNA and protein levels (Figures 1A,B), thus indicating its possible role in the development and functional regulation of decidua. The immunohistochemical results further confirmed these findings. We prepared paraffin sections of decidual tissues of HC and RSA and performed immunohistochemical analysis using an antibody against IGF2BP3. IGF2BP3 was mainly localized within decidual cells in RSA decidual tissue compared to HCS, with elevated expression (Figure 1C), consistent with a role for this protein in RSA-influencing decidual function.
[image: Figure 1]FIGURE 1 | IGF2BP3 in decidual tissues and constructing cell models (A) IGF2BP3 mRNA levels in the decidual tissues of RSA patients and HCs (n = 12 for each group) were measured by qPCR. The relative RNA amount was calculated using the 2−ΔΔCt method and normalized to internal control GAPDH, (B) IGF2BP3 protein levels relative to GAPDH were determined by Western blot (n = 6 for each group), (C) immunohistochemical staining showed the localization and relative quantification of IGF2BP3 in recurrent spontaneous abortion (RSA) and normal pregnancy (HC) decidual tissues. Brown staining represents the target protein. Inserts show a higher magnification of the square area. Scale bar = 100 μm, (D) fluorescence expression of hESC cells infected with lentivirus. Scale bars = 50 μm, (E) qRT-PCR assays of relative IGF2BP3 mRNA expression showing its overexpression and knockdown in hESC cells, and (F,G) Western blot assays of relative levels of IGF2BP3 protein showing its overexpression and knockdown in hESC cells. Each experiment was independently performed three times. ***p < 0.001 and ****p < 0.0001 vs. control. HC, healthy control pregnancy; RSA, recurrent spontaneous abortion.
Confirmation of IGF2BP3 Overexpression and Knockdown
To investigate the role of IGF2BP3 in decidualization in vitro, we infected hESC cells with lentiviruses-encoding overexpression or the knockdown IGF2BP3 gene (Figure 1D). IGF2BP3 overexpression and silencing were confirmed in whole cell lysates at the mRNA and protein levels (Figures 1E–G). The level of IGF2BP3 mRNA was 21.8-fold greater than that of control after infection with the overexpression vector (p < 0.001), but 12.4 percent of that in the control group following infection with the knockdown vector (p < 0.05). Protein levels were also 2.3-fold greater (p < 0.01) and 9.7% of control levels (p < 0.001) in cells from the overexpression and knockdown groups (Figures 1E–G).
IGF2BP3 had No Special Changes During Decidualization In Vitro
To investigate the involvement of IGF2BP3 in the pathogenesis of RSA, we used in vitro experiments of hESCs to confirm the functional role of IGF2BP3 during decidualization. In vitro experiments with hESCs were performed to establish that IGF2BP3 plays a functional role in the decidualization process. Therefore, we used db-cAMP and MPA to induce decidualization in hESCs for 6 days and found no significant differences in IGF2BP3 mRNA and protein expression compared to uninduced control cells. (Figures 2A,B).
[image: Figure 2]FIGURE 2 | Role of IGF2BP3 in decidualization (A,B) Levels of IGF2BP3 mRNA and protein in hESCs were not significantly different with control cells after induction of decidualization (MPA and db-cAMP added for 6 days), (C,D) IGF2BP3 overexpress caused impaired decidualization of hESCs. The decidualization markers (IGFBP1 and PRL) reduced in HESCs upon induction of decidualization in vitro after infected with ov-IGF2BP3, (E,F) IGF2BP3 knockdown did not affect the decidualization of hESCs. After in vitro induction of decidualization and after infection with IGF2BP3-1, the decidualization markers (IGFBP1 and PRL) in hESCs were not significantly different compared with NC, (G) influence of IGF2BP3 knockdown or overexpress on the cell morphology of HESCs after decidualization. Decidualization was induced on hESCs infected with the respective NC, sh-IGF2BP3-1, or ov-IGF2BP3. Arrows point to the morphology of the four groups of hESCs at day 6. Scale bars = 50 μm, and (H,I) cell cycle distribution of ov-IGF2BP3 or ov-NC-infected hESC during decidualization in vitro. Cell cycle distribution in the process of the cells was analyzed after being cultured in DMEM/F12 containing 2% FBS (control group) or decidualization medium for 0 day and 6 days, respectively. Data represent mean ± SEM from three separate experiments, and were shown as the mean ± SEM. ns p ≥ 0.05 *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. control.
Overexpression of IGF2BP3 Attenuates Decidualization
To examine how IGF2BP3 impacts endometrial decidualization, we infected hESCs with sh-IGF2BP3 and ov-IGF2BP3 to induce decidualization with db-cAMP and MPA.
The results showed the mRNA levels of endometrial decidualization biomarkers (IGFBP1 and PRL) were significantly increased in the induced cells. In ov-IGF2BP3 cells, the levels of the decidualization markers IGFBP1 and PRL were greatly decreased (Figure 2C,D). Notably, IGF2BP3 knockdown had no effect on the levels of IGFBP1 and PRL (Figures 2E,F), which was consistent with the fact that normal induction of decidualization had no effect on the expression of IGF2BP3 (Figures 2A,B). We also noted that the overexpression of IGF2BP3 during decidualization resulted in differences in the morphogenesis of db-cAMP and MPA-induced hESCs, whereas on day 6 of induction control, cells were enlarged and spherical, the morphology of ov-IGF2BP3-transfected cells remained fibroblast-like (Figure 2G), clearly showing that the overexpression of IGF2BP3 inhibits the widely characterized morphological reprogramming of cells that happens during decidualization.
Overexpression of IGF2BP3-Affected Cell Cycle Distribution During Human Endometrial Stromal Cells Decidualization
To investigate how IGF2BP3 inhibits cell decidualization, we performed cell cycle assays. hESCs-overexpressing IGF2BP3 or a scramble control was induced to be decidualized by progesterone and db-cAMP for 6 days, and differences in cell cycle distribution were detected by flow cytometry. A decrease in the percentage of cells in S-phase during decidualization was shown by comparing uninduced and decidualized day 6 hESCs (scramble control) (17.6 ± 0.91% in D0 and 12.2 ± 1.13% in D6). However, there was no significant difference in the proliferation rate (S + G2/M) during decidualization (43.23 ± 8.13% in d0 and 42.1 ± 2.28% in D6). The same trend was also obtained in the overexpression IGF2BP3 group including S-phase (20.7 ± 0.74% in D0 and 15.1 ± 0.81% in D6) and proliferation rate (39.13 ± 2.26% in D0 and 39.43 ± 8.45% in D6). (Figures 2H,I). It was shown that ESCs could not enter the S-phase during decidualization, resulting in cell cycle exit and differentiation into decidual cells that control embryo implantation. In addition, we also found that the upregulation of IGF2BP3 led to an accumulation in the S-phase cell phase. Interestingly, the overexpression of IGF2BP3 similarly led to an accumulation of S-phase cells in both cell groups at day 6 of induction, with a significant increase compared with controls (Figures 2H,I). The earlier results suggest that the overexpression of IGF2BP3 may lead to enhanced hESCs proliferative activity, failure to normally exit the cell cycle, and differentiate into decidual cells under induced decidualization conditions.
IGF2BP3 Overexpression Mediates Transforming Growth Factor Beta 1-Signaling Pathway Inhibition Leads to Impaired Decidualization
A previous study provided evidence showing that the downregulation of IGF2BP3 activates the TGF-β1/Smads axis (Chen et al., 2013). Subsequently, the downregulation of TGF-β1 can inhibit endometrial stromal cell decidualization (23). Because IGF2BP3 plays a critical role in decidualization, we investigated whether IGF2BP3 regulates the TGF-β1-signaling pathway during decidualization. We found that the mRNA expression levels of TGF-β1 and MMP9 in hESCs increase dramatically during decidualization. However, IGF2BP3 overexpression decreased TGF-β1 and MMP9 mRNA levels (Figure 3A), inhibited the increase of TGF-β1 in time-dependent decidualization (Figure 3B). In addition, the expression of TGF-β1 and MMP9 in the uterine decidua of RSA patients was significantly reduced compared to HC women (Figures 3C,D), which further confirmed the results of the in vitro cell experiments. The results are also in keeping with other reports (Toth et al., 2020; Lu et al., 2021).
[image: Figure 3]FIGURE 3 | IGF2BP3 and TGF-β1 in decidualization (A) mRNA expression of decidualization-related transcriptional factors including TGF-β1 and MMP9 decreased in HESCs upon the induction of decidualization in vitro after infected with ov-IGF2BP3 (B) IGF2BP3 overexpression inhibits TGF-β1 time-dependent increase during the decidualization of hESCs, (C,D) TGF-β1 and MMP9 mRNA levels were reduced in decidua of RSA compared with HCs patients (n = 4 per group), (E,F) addition of exogenous TGF significantly increased the decidualization of hESCs and restored the RNA and protein expression levels of decidualization marker molecules (IGFBP1 and PRL) in the IGF2BP3 overexpression group, and (G,H) cell cycle distribution of ov-IGF2BP3 or ov-NC-infected hESC during decidualization in vitro. Addition of TGF-β1 to ov-IGF2BP3 or ov-NC-infected hESCs, comparison of cell cycle distribution during day 6 in vitro decidualization. TGF can reverse the S-phase accumulation caused by IGF2BP3 overexpression. Data represent mean ± SEM from three separate experiments, and are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. control.
Furthermore, we investigated whether IGF2BP3 overexpression-impaired decidualization in a TGF-β1-dependent manner. Extrinsic TGF-β1 was added to the induction decidualization medium to agonize its downstream pathways. TGF-β1 significantly promoted the decidualization of hESCs and restored the RNA and protein expression levels of decidualization marker molecules (IGFBP1 and PRL) in the IGF2BP3-overexpressing group compared with their respective controls (Figures 3E,F). Moreover, we further found that IGF2BP3 overexpression affects cell cycle distribution during hESCs decidualization, possibly through TGF-β1-signaling pathways (Figures 3G,H). By comparing cell cycle distribution in the TGF-β1-added group and the control group during the addition of metaphase, it showed that S-phase accumulation caused by IGF2BP3 overexpression can be reversed to promote stromal cell differentiation into metaphase cells, which control embryo implantation by inducing cell cycle exit.
IGF2BP3 Overexpression Disrupts Cross Talk Between Decidual Stromal Cells and Trophoblast Cells
Finely tuned management of human trophoblast invasion at the maternal–fetal interface is critical for a successful pregnancy outcome. Specifically, impaired decidualization prevents endometrial stromal cells from developing into normal decidual cells, leads to abnormalities in trophoblast invasive capacity, and limits further trophoblast proliferation and differentiation (Sharma et al., 2016; Abbas et al., 2020). We first evaluate whether IGF2BP3 is engaged in the communication between decidual stromal cells and trophoblast cells in order to better understand any possible involvement for IGF2BP3 in the molecular mechanism underpinning the regulation of trophoblast invasion by decidua.
HESCs transfected with sh-IGF2BP3 and ov-IGF2BP3 and their scrambled controls were seeded in the bottom chamber. Conditioned medium was cleared 6 days after decidualization induction with db-cAMP and MPA. Subsequently, HTR8/SVneo trophoblast cells were implanted in the upper inserts and co-cultured with the IGF2BP3-infected decidual cell for 24–48 h (Figure 4A). These experiments revealed that co-culture with IGF2BP3 knockdown cells could effectively enhance trophoblast cell invasion and migration ability of trophoblast cells compared with normal decidual cells (Figures 4B–E). Conversely, co-culture with IGF2BP3 overexpression cells greatly inhibited the invasion and migration ability of trophoblast cells (Figures 4B–E).
[image: Figure 4]FIGURE 4 | IGF2BP3 in maternal–fetal interface cells cross talk (A) schematic diagram of the process of co-culture experiments, (B) transwell migration of HTR8/SVneo cells in co-culture with IGF2BP3-transfected HESCs, (C) quantification statistics of the results of cell migration, (D) transwell invasion of HTR8/SVneo cells in co-culture with IGF2BP3-transfected HESCs (E) Quantification statistics of the results of cell invasion, (F) scratch wound-healing by different decidual cell culture supernatants for culturing trophoblasts, (G) HTR8/SVneo cells migration quantified by wound-healing index. Migration area (%) = (A0—An)/A0 × 100, and (H) ELISA measurement of the expression levels of TGF-β1 in decidual cell culture supernatants of sh-IGF2BP3, ov-IGF2BP3, and their respective control groups. Each experiment was independently performed three times. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. control.
To investigate in isolation, the effects of IGF2BP3-transfected cells on HTR8/SVneo cell migration via exocrine secretion, we collected different decidual cell culture supernatants for culturing trophoblasts for wound scratch assays. The results showed that all experimental groups exhibited better wound-healing ability compared with the blank control (Figures 4F,G). Among them, HTR8/SVneo cells cultured with the supernatant of sh-IGF2BP3 cells showed an increased ability to migrate compared with the scrambled control, whereas the supernatant of IGF2BP3-overexpressing cells inhibited HTR-8/Svneo cell migration (Figures 4F,G).
To investigate which cytokine production was specifically secreted by IGF2BP3-transfected cells and affected migration of HTR8/SVneo cells, we collected decidual cell culture supernatants of sh-IGF2BP3 and ov-IGF2BP3 and measured TGF-β1 expression levels in them using an ELISA kit. It displayed that the higher TGF-β1 in the supernatant of sh-IGF2BP3 cells compared with their respective scrambled controls (Figure 4H). However, TGF-β1 levels were significantly reduced in the supernatant of IGF2BP3-overexpressing cells (Figure 4H). We also found that the relative expression of TGF in the culture supernatant of uninduced hESCs was significantly lower than that of hESCs that had been induced to decidualize and was not statistically different from the blank control (Supplementary Figure S1A). This result further proved the conclusion of the earlier study.
IGF2BP3 Utilizes Transforming Growth Factor Beta 1 Regulation of Cross talk Between Decidual Stromal Cells and Trophoblast Cells
To explore whether ov-IGF2BP3-transfected decidual cells regulate trophoblast migration and invasion through TGF-β1 exocrine secretion, we collected different decidual cell culture supernatants and selectively added TGF-β1 activators for culturing trophoblast cells for the wound scratch assay (Figure 5A). The results showed that the exogenous addition of TGF-β enhanced the migration ability of cultured TR8/SVneo cells for all the supernatant experimental groups compared with the blank group. Relative inhibition of HTR8/SVneo cell migration by supernatants from IGF2BP3-overexpressing cells relative to scrambled controls remained, but could be partially reversed by TGF-β1 (Figures 5B,C).
[image: Figure 5]FIGURE 5 | IGF2BP3 and TGF-β1 in the maternal–fetal interface cells cross talk (A) schematic diagram of the process of scratch wound-healing, (B) trophoblast cells were cultured for wound scratch assays using ov-IGF2BP3 and control decidual cells culture supernatants with selective TGF-β1 addition, (C) HTR8/SVneo cells migration quantified by wound-healing index. Migration area (%) = (A0—An)/A0 × 100, (D) schematic diagram of the process of co-culture and rescue experiments, (E,F) transwell migration and invasion of HTR8/SVneo cells co-cultured with IGF2BP3-transfected hESCs supplemented with TGF-β1, and (G,H) quantification statistics of the results of cell migration and invasion. Each experiment was independently performed three times. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control.
In the co-culture group, we further verified that the overexpression of IGF2BP3 could inhibit trophoblast cell migration and invasion by regulating the TGF-β1 axis. TGF-β1 was added during the induction of decidualization of IGF2BP3 transfected hESCs in the lower chamber for 4 days, after the removal of conditioned medium, HTR8/SVneo trophoblast cells were seeded in the upper insert and co-cultured with decidual cells for 24–48 h (Figure 5D). These experiments showed that, in combination with TGF-β1-activated decidual cells in co-culture can significantly enhance trophoblast invasion and migration, and the activation of this TGF-β1 can reverse the suppression of decidual cells by IGF2BP3 overexpression on the invasion and migration of their co-cultured trophoblast cells (Figures 5F–H).
IGF2BP3 Increase the Resorption of the Abortion-Prone Mouse Model via Transforming Growth Factor Beta 1
To validate the results of the aforementioned tissue and cell experiments, we investigated the effects of IGF2BP3 in a well-established mouse model for studying RSA (Figure 6A). We confirmed the success of the animal model by statistically analyzing the embryo resorption rate on day 12.5 of gestation between mice in the control and RSA model groups (Figures 6B,C).
[image: Figure 6]FIGURE 6 | IGF2BP3 and TGF-β1 in the mouse abortion model (A) construction process of the mouse abortion model, (B,C) confirmed the success of the animal model by statistically analyzing the embryo resorption rate, (D) IGF2BP3, TGF-β1, and Dtprp mRNA levels in the decidual tissues of RSA mouse, and controls were measured by qPCR, (E) immunohistochemical staining showed the localization and relative quantification of IGF2BP3 in the decidual tissues of recurrent spontaneous abortion (RSA) and normal pregnancy (HC) model mice. Brown staining represents the target protein. Inserts show a higher magnification of the square area. Scale bar = 100 μm, and (F) expression levels of TGF-β1 in the serum of mice in RSA and control groups were determined by ELISA. n = 3 for each group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control.
We used qPCR analysis of first trimester decidual tissues from RSA and control mice to determine whether IGF2BP3 involve in the abortion-prone animal model. IGF2BP3 expression was considerably higher in the decidual tissues of RSA mice compared to controls at the mRNA level. (Figure 6D), thus indicating a possible damaging role of its excessive accumulation in the development and functional regulation of decidua. In contrast, the expression levels of TGF-β1 and the murine decidualization marker molecule Dtprp were significantly downregulated (Figure 6D). The immunohistochemistry results further validated the same decidual cell localization and expression levels of IGF2BP3 in RSA or control mice (Figure 6E). Meanwhile, we could observe fewer bulky discoid decidual cells and more spindle type endometrial stromal cells in the decidua of RSA mice, which was the same as described in Figure 2G (Figure 6E). These indicate that RSA model mice do present with impaired decidualization and that there is a syntenic correlation with TGF-β1.
To verify that IGF2BP3 is regulated by TGF-β1 regulation of the maternal–fetal interface cross talk also has effects in murine abortion models, we collected serum from RSA and control mice and measured TGF-β1 expression levels in them using an ELISA kit. It displayed that TGF-β1 levels were significantly reduced in the serum from RSA compared to the control group (Figure 6F). This suggests that IGF2BP3 may also regulate trophoblast invasion and migration by modulating cytokine communication (including TGF-β1) at the maternal–fetal interface in mouse models of miscarriage.
In summary, IGF2BP3 overexpression regulates the TGF-β1-signaling pathway, impairing the cytokine cross talk between decidual cells and trophoblasts, which in turn inhibits trophoblast migration and invasion (Figure 7).
[image: Figure 7]FIGURE 7 | Schematic diagram of IGF2BP3 playing a regulatory role in decidualization and maternal–fetal interface cross talk. Our study elucidates that in recurrent pregnancy loss, the overexpression of IGF2BP3 in endometrial stromal cells leads to an impairment of decidualization through the inhibition of TGF-β1/Smad-signaling pathway. In addition, this mutation interferes with the cytokine cross talk between decidual cells and trophoblast cells, which in turn inhibits trophoblast migration and invasion.
DISCUSSION
The risk of RSA has been demonstrated to be influenced by genetic anomalies, immunological dysfunction, structural abnormalities, endocrine abnormalities, infection, and environmental variables. However, the mechanisms underlying RSA occurrence remain elusive. Deficiency in decidualization has been widely recognized as one of the major cause of spontaneous abortion (Larsen et al., 2013). Decidualized HESCs can be used as the sensors of embryo quality upon implantation. Normal decidualization rejects poor-quality embryo implantation and causes rapid demise through menstruation-like shedding, which represents a natural embryo selection mechanism that restricts maternal investment in developmentally deficient pregnancies (Gellersen and Brosens, 2014). Abnormal decidualization reduces decidual receptivity, including limiting embryo implantation and failure to maintain pregnancy.
As an RNA binding protein, IGF2BP3 maintains mRNA stability and regulates its transcriptional expression by binding to the 5-untranslated region of mRNA-expressing IGF2 and activating transcriptional targets. IGF2BP3 has different targets in cell differentiation, proliferation, and other systems. It may regulate the biological behavior of decidualization and further proliferation and re-differentiation of HESCs to form decidual tissue through binding with other transcription factors or downstream pathways, and further affecting the occurrence and development of RSA (Haouzi et al., 2011).
In this study, we investigated the role of IGF2BP3 in the decidualization process and described its relationship with RSA. The expression of IGF2BP3 at both the mRNA and protein levels was significantly higher in the decidua of RSA patients than that of HC patients. Experiments in HESC in vitro showed that IGF2BP3-overexpressing cells had reduced the expression of IGFBP1 and PRL after decidualization induction and led to deficient morphological redifferentiation of human embryonic stem cells after decidualization. This may indicate that high IGF2BP3 expression reduces the decidualization capacity of HESCs and induces RSA. Interestingly, IGF2BP3 levels were not significantly downregulated during decidualization, and silencing IGF2BP3 did not result in increased decidualization. This may be related to the alternative functions of IGF2BP1 and IGF2BP2 and homologous molecules of IGF2BP3 (Huang et al., 2018). In the future, the roles of IGF2BP1 and IGF2BP2 in RSA deserve further study, which may contribute to deeply clarify the comprehensive mechanism of RSA development.
In addition, we also found that IGF2BP3 overexpression was accompanied by the decreased expression of TGF-β and MMP9. Meanwhile, the expression of TGF-β and MMP9 was also significantly elevated during decidualization. It has been shown that TGF-β is an important cytokine in decidualization, and silencing its expression can lead to impaired decidualization and induce the occurrence of RSA. In our study, we demonstrate that TGF-β1 and MMP9 are expressed at reduced levels in the decidua of RSA patients. Moreover, IGF2BP3 inhibits TGF-β1 activation and expression to impaired decidualization of HESCs, which may be mediated by the TGF-β/Smad pathway as our previous article (Chen et al., 2013). More importantly, the TGF-β1 supplementation can increase their expression levels of IGFBP1 and PRL and improve their impaired decidualization levels in HESC cells with IGF2BP3 overexpression, which further demonstrate the pivotal role of IGF2BP3 indcued the impairment of decidualization.
Emerging evidence indicate that endometrial stromal cells undergo cell cycle exit after embryo implantation, differentiating into decidual cells with secretory functions. Arresting cell cycle exit leads to abnormal decidualization. Cell cycle exit and differentiation are required for proper decidualization (Wang et al., 2018). At the G1 to S and G2 to m checkpoints, the cell cycle is precisely controlled. Most differentiated cells are arrested at the G1-to-S checkpoint, that is, at the G0/G1 phase, unable to enter S-phase and hence inhibit proliferation. Our Study showed that after 2–4 days of camp plus MPa treatment, the percentage of ESC cells in G0/G1 phase increased, and the percentage of cells in S-phase decreased, indicating that the cell cycle was stopped in the G0/G1 phase.
The present experiment used HESC cells with knockdown or overexpression of IGF2BP3, which were examined by flow cytometry for cell cycle changes during decidualization differentiation. We imprinted the induced shortening of S-phase of cells in vitro, which was the same as most findings (Logan et al., 2012). In turn, we demonstrated that HESC cells-overexpressing IGF2BP3 induced S-phase accumulation, an inability to programmed exit from the cell cycle and differentiation into decidual cells during decidualization. However, knockdown of IGF2BP3 decreased S-phase accumulation and inhibited cell proliferation. This suggests that IGF2BP3 may play an important role in G1/G0 cell arrest, an important link, in the mechanism of the endometrial cell decidualization process.
One question naturally arises: how does IGF2BP3 inhibits ESCs from exiting the cell cycle and entering differentiation? Several studies have shown that TGF-β1 as TGF-β superfamily members, which mainly regulate cell differentiation and proliferation, negatively regulate CDK activity and play a crucial role in G0/G1 cell cycle arrest (Zhang et al., 2017). Therefore, we further examined the activation of TGF-β pathway effects on the cell cycle of IGF2BP3-overexpressing cells. The results showed that TGF-β supplementation may enable promotion of its exit from the cell cycle during decidualization, reducing the accumulation of cells in S-phase, that is, it is possible that the impaired decidualization resulting from IGF2BP3 overexpression is through mediating TGF-β1 arrests cell cycle exit, unable to differentiate into decidual cells, which in turn causes RSA.
Furthermore, cross talk via numerous paracrine and autocrine factors at the maternal–fetal interface with decidual cells, which produce a vast variety of cytokines and express proteins such as TGF-β1 and MMP9 that alter trophoblast invasiveness, delicately regulates trophoblast invasion in normal pregnancy. The present study found that TR8/SVneo cells, an extravillous trophoblast cell line treated with IGF2BP3-overexpressing cell culture supernatant, had worse scratch-healing ability, and IGF2BP3 knockout cell culture supernatant promoted the migration of TR8/SVneo cells. The same results were confirmed in the co-culture system, in which both the migration and invasion abilities of TR8/SVneo co-cultured with IGF2BP3-overexpressing cells were reduced compared to their respective controls, whereas the migration and invasion abilities of the knockdown group were significantly increased.
Since earlier experiments has demonstrated that the TGF-β1 expression level is regulated by IGF2BP3, we sought to explore whether this regulation occurs similarly for exocrine TGF-β message interactions and trophoblast invasion at the maternal–fetal interface cross talk. Subsequently, we found that IGF2BP3 knockout cells secreted more TGF-β1 in the culture supernatant of HESC cells decidualization, whereas the overexpression of IGF2BP3-suppressed TGF-β1 secretion. The adding of exogenous TGF-β1 supplementation, the co-culture system, and wound healing assay also supported the conclusion that the overexpression of IGF2BP3 in decidual cells may inhibit the invasion-related molecule TGF-β at the maternal–fetal interface through aberrant blockade of the TGF-β1 expression, thereby hindering trophoblast invasion and leading to adverse pregnancy outcomes. SGN reports have shown that IGF2BP3 acts as an m6A methylation reader and negatively regulates TGF-β, possibly by regulating the promoter methylation of the TGF-β/R1-Smad2 pathway (Li et al., 2021b). But whether this pathway is regulated and bound specifically by which transcription factors and is associated with the mRNA structure stabilizing ability of IGF2BP3 awaits further investigation. Finally, we successfully established the RSA animal model, and found that the TGF-β1 level in the serum of RSA is lower than that of normal pregnant mouse.
CONCLUSION
In conclusion, our investigation found the elevated IGF2BP3 expression in decidual tissue of RSA patients. According to the in vitro experiments and animal experiments, we demonstrated that IGF2BP3 plays a key regulatory role in decidualization of the human endometrium, and the overexpression of IGF2BP3 mediates the dysfunction of TGF-β1 resulted in impaired decidualization and decreased function of trophoblast invasion due to abnormal cross talk at the maternal–fetal interface, predisposing women to RSA. Our demonstration of a functional link among IGF2BP3, human decidualization, and RSA sheds new light on the mechanistic role of IGF2BP3 in the pathogenesis of RSA, and the underlying study of cytokine information communication at the maternal–fetal interface in pregnancy. In addition, our work suggests a potential IGF2BP3-based therapeutic strategy for the management of RSA. Additional studies are warranted to evaluate additional functions disrupted by IGF2BP3 dysregulation.
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Background: Non-obstructive azoospermia (NOA) is the most severe form of male infertility. Currently, known causative factors, including congenital and several acquired causes only account for approximately 30% of NOA cases. The causes for NOA remain unclear for most patients, which is known as idiopathic (iNOA). However, whether iNOA is due to congenital defects or acquired abnormalities is a confusing problem due to the delayed diagnosis of this frustrating condition until the childbearing age. Therefore, we collected several cases with “secondary idiopathic NOA” and detected the altered mRNAs profiles in the testicular tissues to explore the possible molecular basis.
Materials and Methods: In this study, several patients with a previous history of natural pregnancy with their partners before, who were diagnosed as iNOA based on the outcomes of routine semen analysis and multiple testis biopsies now, were enrolled. Some known risk factors and genetic factors were excluded. Therefore, we defined this phenotype as “secondary idiopathic NOA.” To explore the possible molecular basis of this disease, we performed mRNA expression analysis through next-generation sequencing on three cases and other three patients with obstructive azoospermia as controls. Bioinformatics analyses were conducted to assess differentially expressed genes and possible biological mechanisms involved in the disease. Quantitative real-time reverse transcription polymerase chain reaction assays were applied to confirm the results in several selected mRNAs involved in stages and metabolism of Sertoli cells.
Results: A series of mRNAs were found to be altered in testicular tissues between patients with “secondary idiopathic NOA” and controls, including 6,028 downregulated and 3,402 upregulated mRNAs. Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genome (KEGG) analyses revealed a range of GO and KEGG terms, such as cellular process involved in reproduction, protein degradation, and absorption.
Conclusion: The present study introduces a novel classification called “secondary idiopathic NOA.” We provide a global view of the altered mRNAs involved in spermatogenetic failure in these cases. Regarding the limited samples, further studies should be taken to understand this new classification.
Keywords: non-obstructive azoospermia, idiopathic, secondary, mRNA, profile
INTRODUCTION
As the most severe form of male infertility, non-obstructive azoospermia (NOA), is a devastating global health problem accounting for 10–15% of male infertility (Tuttelmann et al., 2011; Dabaja and Schlegel, 2013; Tournaye et al., 2017). Several known causative factors, including several congenital causes (e.g., chromosomal abnormalities, Y chromosome microdeletion, cryptorchidism, and monogenetic disease-causing mutations) and some acquired causes (e.g., radiotherapy/chemotherapy, orchitis, prior testicular torsion, and application of drugs inducing spermatogenic disorder), only account for approximately 30% of NOA cases. The causes for NOA in most patients remain unclear, which were also known as idiopathic NOA (iNOA) (Jungwirth et al., 2012; Practice Committee of the American Society for Reproductive Medicine, 2015; Wu et al., 2021). However, whether iNOA is due to congenital defects or acquired abnormalities is a confusing problem due to the delayed diagnosis of this frustrating condition until the childbearing age. In other words, we do not really understand whether the lack of sperm in testis in iNOA patients is a primary problem, or a secondary process. A few specialized cases diagnosed as iNOA who have a previous history of natural pregnancy have drawn our attention. Whether a series of internal or external environmental factors can lead to this serious fertile problem remains unknown.
Along with the development of microdissection testicular sperm extraction, some sperm can be retrieved from patients with iNOA and results in biological offspring through intracytoplasmic sperm injection (Caroppo et al., 2019; Ichioka et al., 2020; Li et al., 2020). Nonetheless, only approximately 10% of iNOA patients can benefit from these approaches, whereas no sperm can be found in the testis in the majority of iNOA cases (Dabaja and Schlegel, 2013). Therefore, the early identification, diagnostic assessment, and early intervention are very significant for patients with iNOA who once had sperm. Unnecessary surgical interventions and application of assisted reproductive techniques with a low success rate can be avoided. Fertility preservation with a simpler procedure and higher success rate of fertility can provide a better option for these patients. Accordingly, effective understanding and classification of iNOA is therefore indispensable.
To improve the understanding of “secondary iNOA” and characterization of transcriptomic profiles of testicular tissues in these cases, frozen testicular tissue samples from three patients with “secondary iNOA” and three patients with “obstructive azoospermia (OA)” used as controls were sent to perform mRNA expression profiling by next-generation sequencing (NGS). A series of altered mRNAs in testicular tissues were identified between these two groups. This study mainly introduces a novel classification of iNOA called “secondary iNOA” and provides a global view of the altered mRNAs of testicular tissues in these cases.
MATERIALS AND METHODS
Study Design
Three patients with “secondary iNOA” and infertility were recruited as the case group, and three patients with OA as controls from the First Affiliated Hospital of Anhui Medical University. All the six patients underwent testicular biopsy. A small piece of testicular tissue was fixed and stained to assess the spermatogenic function. Another piece of tissue was frozen immediately and then mRNA sequencing was performed. Further bioinformatic analyses were performed to select differentially expressed genes (DEGs), and conduct Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. The expression of some important DEGs selected were determined through quantitative reverse transcription polymerase chain reaction (qRT-PCR) to indicate the potential molecular basis of this disease. The experimental design flowchart of this study is summarized in Figure 1.
[image: Figure 1]FIGURE 1 | The flowchart of the experimental design.
Participants
Three patients with “secondary iNOA” were recruited as the case group, in which cases had to meet the following criteria: 1) at least two semen analysis after centrifugation suggest azoospermia; 2) without the risk factors, including radiotherapy, chemotherapy, orchitis, hypogonadism, varicocele, and genetic factors, such as chromosomal abnormalities, Y chromosome microdeletion, and gene mutations 3) with normal spermatogenic function or history of natural pregnancy before, however, without sperm in testis by testicular biopsy. The flowchart for the three patients with OA (control) was the same as the one previously described, except for (3) that, in this case, corresponded to normal spermatogenic function and with normal sperm in testis by testicular biopsy.
Ethical Approval
All participants signed a written informed consent to participate in the study. The study was approved by the review board committee of the First Affiliated Hospital of Anhui Medical University (20160106, 1 March 2016), and it was conducted in accordance with the Declaration of Helsinki.
Specimen Collection and Hematoxylin and Eosin Staining
Testicular biopsy was conducted to assess the spermatogenic function in the testis of the six patients. A small piece of testicular tissue was fixed in Bouin’s solution, and subsequent H&E staining was performed according to routine protocols to assess the histopathological features of testicular tissues as previously described (Zuo et al., 2017; Tang et al., 2021). In brief, the fixed testicular tissues were embedded in paraffin and 5-µm thick sections were dewaxed, rehydrated, and stained with H&E subsequently. Another piece of testicular tissue was frozen at −80°C in a cryopreservation tube with RNA later tissue storage reagent immediately after dissection.
Construction of the mRNA Library, Next-Generation Sequencing, and Bioinformatic Analyses
TRIzol (Life Technologies, Carlsbad, CA, United States) was used to extract total RNA from the six testicular tissues, respectively. Subsequently, the NEBNext® Multi-plex mRNA Library Prep Set (Illumina®) was used to construct a mRNA library. The sequencing analysis was performed on a Hiseq X (Illumina) using the HiSeq X Reagent Kit v2. FastQC and the fastp software were used to estimate the quality of the sequencing and removed primers with low quality (quality below 15 and length of reads below 40 bp). HISAT2 was used for mapping sequencing to human reference genome and estimate the fraction of sequencing mapping to exon, intron, and intergenic sequences.
Quantitative Realtime PCR (QRT-PCR) Analysis
In order to confirm the data generated from sequencing efforts were correct, QRT-PCR validation of specific mRNA was performed. Total RNA was extracted from the six testicular tissues by TRIzol (Life Technologies, Carlsbad, CA, United States) previously described and transcribed into cDNA using the PrimeScript RT Reagent Kit (Takara, Shiga, Japan) according to the manufacturer’s protocol. The obtained cDNAs were used as templates for subsequent quantitative real-time PCR conducted using the Light Cycler 480 SYBR Green I Master (Roche, Switzerland, Germany). The expression of mRNAs was quantified according to the 2-ΔΔCt method. β-actin was used as an internal control. The primers used were listed in Supplementary Table S1.
Statistical Analyses
StringTie was used to quantify gene expression (Pertea et al., 2015). The Deseq2 was used to perform differential expression analysis between NOA cases and unaffected individuals using the Wilcox rank sum test method (Love et al., 2014). A statistical p value <0.05 and |log2 (fold change)| > 1 were defined as significant differential expression. The R prcomp function was used to perform principal component analysis (PCA) to cluster samples based on gene expression. In addition, we performed gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for DEGs between cases and controls using Fisher’s exact test based tools clusterProfiler and ToppGene (Chen et al., 2009; Yu et al., 2012). The p value was adjusted using the Benjamin–Hochberg method and the adjusted p < 0.05 was considered significant enrichment. The rMATS was used to perform alternative splicing analysis and p < 0.05 was defined as significantly alternative splicing. QRT-PCR results are presented as mean ± standard deviation (SD) of triplicates. Student’s t-tests were used for comparing mRNA levels between two groups, with p < 0.05 as the threshold of significance.
RESULTS
Clinical Features of the Three Patients With Secondary iNOA
The age of the three patients (named as case1, case2, and case3) was 38, 28, and 33 years at the time of diagnosis, respectively. The three cases presented self-reported normal or nearly normal results of semen analysis, and had a history of natural pregnancies with their partners before, which indicated prior normal fertility. Cases 2 had his own first child and the partners of cases 1 and 3 had a history of induced abortions. The medical history indicated no prior history of surgery or no reproduction-related diseases. Preoperative examinations presented normal somatic karyotypes and normal results of the Y-chromosome microdeletions. Abnormally increased levels of follicle stimulating hormone were detected in Case 1 and Case 2 and normal testosterone were detected in all the three cases. The detailed clinical features of these three cases are showed in Table 1.
TABLE 1 | Clinical features of cases with secondary iNOA and controls.
[image: Table 1]Altered mRNAs Expression Profiles in Testicular Tissues Between Patients With Secondary iNOA and Controls
As shown in Figure 2A, the absence of germ cells was observed in the testicular tissues of patients with secondary iNOA, compared to that of the normal control. To explore the potential molecular basis of this phenotype, we performed RNA-seq of six testicular tissues to decode the gene expression patterns in secondary iNOA cases and controls. The quality of RNA-seq was satisfied based on the quality value, mapping distribution, and FPKM density (Supplementary Figure 1, Supplementary Tables S2, S3). We performed PCA analysis based on expressed genes in the two groups. Three secondary iNOA cases clustered together, which indicated the functional similarity. For the controls, we found a relatively high distance of control 3 compared to that of controls 1 and 2, which might indicate heterogeneity of testicular tissue (Figure 2B). Although slight differences among controls, the two different phenotype groups show clear boundaries, which indicate their suitability for further analysis (Figure 2B).
[image: Figure 2]FIGURE 2 | Differentially expressed genes and their related functions. (A) H&E staining of testicular tissue; (B) principal component analysis of expressed genes distinguish cases and controls; (C) heatmap and phylogenetic tree of differentially expressed genes; (D) the differentially expressed genes. Red dots indicate significantly upregulated genes in cases. Green dots indicate significantly downregulated genes in cases and that the genes were not significantly differentially expressed in cases were indicated by blue dots; (E) gene ontology functional enrichment of significantly differentially expressed genes; (F), KEGG functional enrichment of significantly differentially expressed genes.
Bioinformatics Analyses of Differentially Expressed Genes in Testicular Tissues in Patients With Secondary iNOA and Controls
Based on bioinformatics analyses, a range of differentially expressed mRNAs were found in testicular tissues in patients with secondary iNOA and controls, including 6,028 downregulated and 3,402 upregulated mRNAs, which allowed us to generate an expression heatmap (Figure 2C, Supplementary Table S4). In this heatmap, the rows represent mRNAs and columns represent samples, with cluster analyses grouping samples based on their similar expression profiles. This successful hierarchical clustering supported the reliability of the mRNA sequencing data.
A scatter plot of sample log2-fold changes was generated, offering a visualization of differential mRNA expression (Figure 2D). In this plot, the central blue plot indicates no difference, while those mRNAs above the upper (red) and below the lower plots (green) were at least 2-fold changed between the secondary iNOA cases and controls.
To estimate the functional difference between cases and controls, we performed GO enrichment and KEGG pathway analysis (Supplementary Tables S5, S6). We found that the most significant enrichment cellular component and biological process terms were related to reproduction biology, whereas the molecular function terms were related to the channel activity. The 10 most enriched GO terms for the three GO categories (cellular component, biological process, and molecular function) are presented in Table 2 and Figure 2E, including the cellular process involved in reproduction, biological process domain, extracellular matrix, cellular component domain, extracellular matrix structural constituent, and molecular function domain. For the KEGG pathway, we found that genes were enriched in protein digestion and absorption, cAMP signaling pathway, and PI3K-Akt signaling pathway. The top 30 most enriched KEGG pathways are presented in Table 3 and Figure 2F. To decode more detailed functional differences between cases and controls, we selected the 30 most significantly downregulated (Table 4) and the 30 most significantly upregulated genes (Table 5). For the DEGs, the downregulated genes in patients show a higher significance in fold change expression and statistical value, compared to upregulated genes. These results were consistent with the phenotype of testicular tissue carrying only Sertoli cells in patients with secondary iNOA. We also performed functional analysis for these two kinds of gene groups (Supplementary Tables S7, S8). The top 30 most significant downregulated genes were enriched in reproduction-related functions, which was consistent with 6,028 downregulated functional enrichments (Supplementary Tables S5, S7). However, the top 30 most significantly upregulated genes were enriched in secretion by cell, positive regulation of receptor recycling, leukocyte mediated immunity, lysosome, and cytoplasmic vesicle membrane, which indicate the potential functional differences between cases and controls.
TABLE 2 | Top 10 most enriched gene ontology terms.
[image: Table 2]TABLE 3 | Top 30 most enriched KEGG pathway.
[image: Table 3]TABLE 4 | Top 30 most significantly downregulated genes in patients.
[image: Table 4]TABLE 5 | Top 30 most significantly upregulated genes in patients.
[image: Table 5]The hard filtering DEG threshold between cases and controls can result in random errors in functional enrichment. To better decode the functional differences of expressed genes between cases and controls, we performed GSEA functional analysis (Supplementary Table S9). We found that the spermatogenesis-related functions were also downregulated in the cases, which was consistent with DEGs related to function (Supplementary Tables S5, S7).
In addition, we performed alternative splicing analysis for five aspects including alternative 3′ splicing site, alternative 5′ splicing site, mutually exclusive exons, retained intron, and skipped exon, and found 346, 358, 583, 110, and 3,135 significant alternative splicing, respectively (Supplementary Table S10).
Validation of mRNAs Expression Through qRT-PCR
Regarding the common cell type shared by the two groups and the important role of Sertoli cells, of the 9,430 differentially expressed mRNAs, we selected eight upregulated and two downregulated mRNAs involved in the important function of Sertoli cells for further investigation. Four out of eight upregulated mRNAs were DEGs in Sertoli cells in different ages (a, b, and c), and the others were metabolism-related genes and the top candidate gene expression regulators. We further used qRT-PCR to validate the expression of these selected mRNAs and the results confirmed the expression detected during mRNA sequencing. As shown in Figure 3, the expressions of JUN, the marker of Stage_a Sertoli cell, and S100A13/BEX1, the markers of Stage_b Sertoli cell, were increased significantly. Moreover, ZFP36L2 and KMT2C, which might be the master regulators or transcription factors in Stage_b Sertoli cells, were also upregulated in the cases group. However, the expression of HOPX, the top candidate gene expression regulator in Stage_c Sertoli cells, was of no significant difference compared with the control. In addition, the cardiac differentiation gene TNNI3 and the energy metabolism-related gene PPP1R1A were decreased dramatically in the case group, which was consistent with the RNA sequencing results. These findings indicated that secondary iNOA testicular tissues were mainly composed of immature Sertoli cells (including Stage_a and Stage_b Sertoli cells).
[image: Figure 3]FIGURE 3 | Expression validation for 10 differentially expressed mRNAs between the control and cases group. (A–J). Relative mRNA levels of JUN, S100A13, and BEX1 et al. as indicated by qRT-PCR. Data are mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
The treatment for iNOA is a Gordian knot. Considering the occurrence of secondary iNOA, a deeper understanding of these special cases is gaining importance. To the best of our knowledge, because of the extreme difficulties in secondary iNOA identification, little attention has been paid to this condition. This study describes a novel type of iNOA called secondary iNOA for the first time and shows the altered mRNA profiles in the testicular tissues of patients with this condition.
The definition of secondary iNOA is ostensibly straightforward. According to the analogies used for other secondary diseases, a person with secondary iNOA is someone who presented sperm in the testis tissues before, but currently suffers from NOA without any known related etiologies. Nevertheless, several factors prevent the identification and understanding of these secondary iNOA cases. First, most of the patients with iNOA were not diagnosed until the childbearing age. Therefore, we do not have information related to their fertile function before. In other words, we cannot identify whether iNOA is a primary situation or a secondary disorder. Second, although clinicians can encounter occasionally cases of iNOA whose partners had a natural pregnancy before, the first issue requiring consideration is the biological parent–offspring relation. However, it is an ethically questionable approach to investigate the parent–offspring relationship. Therefore, we enrolled only three patients with secondary iNOA in nearly 5 years due to the strict inclusion criteria. The three patients not only had a history of natural pregnancies, but also had self-reported normal or nearly normal results of semen analysis before.
Somatic and germ cells collectively constitute adult testicular tissues and act synergistically in spermatogenesis. It is beyond doubt that germ cells play indispensable roles in the process of spermatogenesis (Chen et al., 2018; Wang et al., 2018). In fact, Sertoli cells, which are located around and are in direct contact with germ cells, function as scaffolds and “nurse” cells in the spermatogenic microenvironment (Zhao et al., 2020). Therefore, further research into Sertoli cells may help understand the defects of the somatic microenvironment in iNOA. Moreover, some studies have reported the association between the testicular somatic microenvironment and male infertility (Ma et al., 2013; Zhao et al., 2020). Ma et al. (2013) found that ultrastructural features of Sertoli cells from testicular tissues in NOA patients were abnormal and the expression levels of some genes decreased. With the development of single-cell RNA sequencing analysis, intensive and high resolutive investigation of different cell populations and function analysis of diverse cells in testicular tissues are becoming a reality. Zhao et al. (2020) found the central role of Sertoli cells in the testicular somatic microenvironment and severely impaired Sertoli cells in testicular tissues from iNOA patients by single-cell RNA sequencing analysis. In our study, although only routine mRNA sequencing by NGS in testicular tissues was used, we still obtained several meaningful findings. Through bioinformatics analyses of GO enrichment and KEGG pathway analysis, a series of reproduction-related terms were enriched, such as cellular process involved in reproduction, fertilization, extracellular structure organization in biological process domain, extracellular matrix, collagen-containing extracellular matrix, receptor complex, membrane microdomain in cellular component domain, and ion channel activity in the molecular function domain. Similar results of bioinformatics analysis were found by Zhang et al. (2020), who conducted research in the microRNA profiles of patients with NOA. Some terms enriched in the bioinformatics analyses may be accounted for the different cell populations in the two groups. For example, cilium organization, cilium assembly, germ cell development, and sperm part were enriched due to the lack of germ cells and sperm in the case group.
Furthermore, we selected 10 DEGs to verify the reliability of the mRNA sequence. Eight out of 10 mRNAs were consistent with the NGS results. It was found that four genes differentially expressed in Sertoli cells in different stages (Stage_a, Stage_b, and Stage_c) indicated by Zhao et al. (2020), and four genes involved in Sertoli cell metabolism. The significantly increased expressions of JUN (marker of Stage_a Sertoli cell), and S100A13/BEX1 (markers of Stage_b Sertoli cell) indicated that secondary iNOA testicular tissues were mainly composed of immature Sertoli cells (including Stage_a and Stage_b Sertoli cells). These findings suggested that the changes of the somatic microenvironment patients with secondary iNOA are mainly manifested in Sertoli cells, which was consistent with the results of Zhao et al. (2020). Compared with similar studies, the background of the three patients in our study were relatively clear that they were all previously fertile males with secondary infertility. This prompted us to investigate the probable process of infertility caused by changes of Sertoli cells and to provide fertility preservation that could potentially serve as therapeutic targets for secondary iNOA treatment.
Although the findings of this study are interesting, they have some limitations. Particularly because of the factors mentioned above, the number of samples in the study is relatively small. Therefore, larger number of patients is needed to give definitive answers in our future work. Second, despite the single-cell RNA sequencing analysis having great advantages to identify different cell populations and differential mRNAs expressions in diverse cells in testicular tissues (Li et al., 2017; Shami et al., 2020; Guo et al., 2021; Mahyari et al., 2021), giving the limited conditions to obtain the patients’ testicular tissues again, the routine mRNA sequencing using the frozen testicular samples was conducted in this study instead of the single-cell RNA sequencing analysis which must use the fresh samples. Third, the cellular experiment was necessary to further verify these results, whereas it is hard to perform this experiment due to limited testicular tissue of patients.
CONCLUSION
In summary, this present study introduces a novel classification of iNOA- the “secondary idiopathic NOA”, which should be given enough attention to provide fertility preservation for patients with this condition. Additionally, we provide a global view of the altered mRNAs in testicular tissues of patients with this disease. However, the differential mRNAs expression in diverse cell populations of testicular tissues remains unclear. Therefore, determining the specified genes and regulatory networks in the special cells is essential in future investigations.
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Successful pregnancy requires the maternal immune system to tolerate the semi-allogeneic embryo. A good trophoblast function is also essential for successful embryo implantation and subsequent placental development. Chemokines are initially described in recruiting leukocytes. There are rich chemokines and chemokine receptor system at the maternal–fetal interface. Numerous studies have reported that they not only regulate trophoblast biological behaviors but also participate in the decidual immune response. At the same time, the chemokine system builds an important communication network between fetally derived trophoblast cells and maternally derived decidual cells. However, abnormal functions of chemokines or chemokine receptors are involved in a series of pregnancy complications. As growing evidence points to the roles of chemokines in pregnancy, there is a great need to summarize the available data on this topic. This review aimed to describe the recent research progress on the regulation and function of the main chemokines in pregnancy at the maternal–fetal interface. In addition, we also discussed the potential relationship between chemokines and pregnancy complications.
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1 INTRODUCTION
Pregnancy is a complex and highly coordinated physiological process. Successful pregnancy involves the cooperation of multi-step crucial events at the maternal–fetal interface. First, at the early stages of pregnancy, the proper invasion, proliferation, and differentiation function of trophoblast cells are particularly important for achieving placental formation and embryonic development (Burrows et al., 1996; Anin et al., 2004; Staun-Ram and Shalev, 2005). In addition, the maternal immune system should also be modulated to tolerate the semi-allogeneic embryo (Finn, 1975; Trowsdale and Betz, 2006). However, the mechanisms responsible for maternal tolerance remain incompletely elucidated. Chemokines are a superfamily of small-molecule cytokines, widely expressed in trophoblast cells, decidual stromal cells (DSCs), and decidual immune cells (DICs) at the maternal–fetal interface. Emerging evidence has identified chemokines and chemokine receptors as essential contributors in pregnancy, participating in trophoblast invasion, decidualization, and immune cell recruitment (Hannan and Salamonsen, 2007; Ramhorst et al., 2016; Ashley et al., 2021). Moreover, the aforementioned functional abnormalities of chemokines have been reported in several pregnancy complications, including preeclampsia (PE), recurrent spontaneous abortion (RSA), and preterm birth (PTB) (Whitcomb et al., 2007; Kwak et al., 2014; Ali et al., 2021; Wang et al., 2021; Zheng et al., 2021). In this review, we summarized the crucial regulatory roles of chemokines in pregnancy in detail and highlighted their importance on specific cellular processes at the maternal–fetal interface. We also investigated the main chemokines and chemokine receptors related to pregnancy complications, hoping to provide a better understanding of these diseases.
2 OVERVIEW OF CHEMOKINES AND CHEMOKINE RECEPTORS
Chemokines are a group of small secretory proteins of 8–10 kDa, well known for their chemotactic abilities (Zlotnik et al., 2006). Structurally, they are divided into the C chemokine ligand (XCL1-2), the CC chemokine ligand (CCL1-28), the CXC chemokine ligand (CXCL1-17), and the CX3C chemokine ligand (CX3CL). More than 50 chemokines have been identified since the late 1980s (Rollins, 1997; Zlotnik and Yoshie, 2000; Yoshie et al., 2001). They are widely expressed in humans (Sarkar et al., 2012), pigs (Hu et al., 2016), murine (Sarkar et al., 2012), and sheep (Ashley et al., 2011). Certain viruses also express molecules similar to chemokines (Penfold et al., 1999; Pontejo and Murphy, 2017; Pontejo et al., 2018). Correspondingly, there are about 20 chemokine receptors, including the CC chemokine receptor (CCR), the CXC chemokine receptor (CXCR), the C chemokine receptor (XCR), and the CX3CR chemokine receptor (CX3CR) (Zlotnik et al., 2006). In addition, there is a limited set of atypical chemokine receptors (ACKR1-4), which act as chemokine scavengers without eliciting chemotaxis (Stone et al., 2017). Together, chemokines and chemokine receptors constitute a rich chemokine system. It is generally accepted that there is a redundancy characteristic in the chemokine system. In other words, most chemokine receptors tend to bind to more than one ligand, and at the same time, a single ligand can also interact with different receptors. However, a recent study questions this general and oversimplified point of view (Ellwanger et al., 2020). Functionally, chemokines have been widely reported to be involved in inflammation, tumor, or metabolic diseases (Charo and Ransohoff, 2006; Nagarsheth et al., 2017; Chen et al., 2018).
3 REGULATION AND FUNCTION OF CHEMOKINES AT THE MATERNAL–FETAL INTERFACE
In recent years, many studies have highlighted the importance of chemokines in pregnancy. Compared to non-pregnant endometrium, the decidual tissue shows increased chemokine levels (Engert et al., 2007; Segerer et al., 2009). During labor, some inflammatory chemokines are also upregulated in the uterus myometrium (Huang et al., 2021). At the maternal–fetal interface, the trophoblast cells, DSCs, and DICs establish rich chemokines and chemokine receptor network (Du et al., 2014). This chemokine network not only regulates specific recruitment and activation of appropriate leucocytes but also coordinates precisely orchestrated invasion of trophoblast through the decidua and maternal vasculature (Jones et al., 2004; Red-Horse et al., 2004; Hannan and Salamonsen, 2007; Fraccaroli et al., 2009). In this section, we will provide a detailed overview of the regulation and function of crucial chemokines at the maternal–fetal interface, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Regulation of main chemokines and chemokine receptors at the maternal–fetal interface. CXCL16 binding to CXCR6 promotes trophoblast invasion and proliferation, as well as endometrium decidualization in an autocrine and paracrine manner, respectively. CXCL16 is also involved in recruiting γδT cells and monocytes. Moreover, CXCL16/CXCR6 can induce M2 phenotype macrophages and decrease their IL-15 levels, which in turn induce the inactivation of NK cells. Trophoblast-derived CXCL12 with CXCR4 not only promotes trophoblast cell migration, invasion, and apoptosis via an autocrine manner but also enhances DSC invasion by upregulating the CXCR4 expression in a paracrine manner. Additionally, the trophoblast-derived CXCL12 also participates in NK cell recruitment and enhances the adhesive abilities of dNK cells to DSCs. CCL2/CCR2 enhances DSC invasion, proliferation, and growth in an autocrine manner. Moreover, CCL2/CCR2 also shows roles in M1/M2 phenotype polarization, monocyte recruitment, Treg recruitment, and Th1/Th2 immune response. CCL3/CCL5/CCR1 plays an essential function in trophoblast invasion.
3.1 CCL3/CCL5/CCR1
Trophoblasts, which form at the early stages of pregnancy, subsequently differentiate along the villous or extravillous trophoblast (EVT) pathway. In detail, at the tip of the anchoring villi, the trophoblasts proliferate and differentiate into EVTs while on the border layer of the floating villi, they differentiate into syncytiotrophoblasts. The former participates in endometrium decidualization and spiral artery remodeling, while the latter is responsible for nutrition transport, waste elimination, and placental endocrine functions. All of these aforementioned processes are related to the trophoblast biological function of invasion, migration, proliferation, and apoptosis. Chemokines and chemokine receptors have shown crucial regulatory roles in these aspects (Fujiwara et al., 2005a). It has been found that trophoblasts can acquire chemokine receptors CCR1 as they differentiate into invasive EVTs. Sato et al. (2003) collected the human placental tissue at 9–10 weeks of gestation for immunohistochemical detection. They found that the EVTs highly expressed CCR1 while the syncytiotrophoblasts and cytotrophoblasts hardly expressed CCR1 (Sato et al., 2003). They further demonstrated that CCR1 combined with its ligand CCL5 or CCL3 promoted the migration of the EVTs, which were isolated from the explant cultures in vitro (Sato et al., 2003). The primary EVTs can also trap CCL5 from maternal platelets, thereby enhancing their invasion abilities (Sato et al., 2005; Sato et al., 2010; Sato, 2020). Consistently, in the first trimester of pregnancy, CCL3 also showed a rapid increase during trophoblast differentiation toward EVTs (Drake et al., 2001). In contrast, the expression of CCR1 showed a significant decrease after EVTs migrated to the decidua. Interestingly, Fujiwara et al. (2005b) found that the EVTs also expressed dipeptidyl peptidase IV to metabolize CCL5, therefore inhibiting the excessive cell invasion. This regulation of trophoblast invasion and differentiation function by the chemokine-CCR1 system is considered a key molecular mechanism of maternal vascular remodeling during human early pregnancy (Sato et al., 2012).
3.2 CXCL12/CXCR4/CXCR7
CXCL12, also known as stromal cell-derived factor 1, is initially discovered in the bone marrow–derived stromal cells (Balabanian et al., 2005). According to reports, CXCL12 is widely expressed in cytotrophoblasts, syncytiotrophoblasts, and EVTs (Douglas et al., 2001; Red-Horse et al., 2001; Wu et al., 2004). Its receptors CXCR4 and CXCR7 are detected in DSCs (Zhou et al., 2008), trophoblast cells (Wu et al., 2004), and decidual natural killer (dNK) cells (Tao et al., 2015). Studies have shown that the CXCL12/CXCR4/CXCR7 axis is the critical signaling component of pregnancy through participating in multiple processes at the maternal–fetal interface.
3.2.1 Regulation and Function in Trophoblast Cells and Decidual Stromal Cells
The CXCL12/CXCR4/CXCR7 axis shows multiple roles in trophoblast cells during pregnancy. Wu et al. (2004) first isolated human placental trophoblast cells at 5–10 weeks of gestation, and they found that CXCL12/CXCR4 increased the trophoblast viability in an autocrine manner in vitro. Tripathi et al. (2014) reported that CXCL12/CXCR7 can promote JAR cell survival in vitro. Lu et al. (2016) observed that with decreased CXCR4 and CXCL12 levels, term human placental trophoblasts isolated from PE patients showed a significant apoptosis tendency, suggesting their roles in trophoblast apoptosis. Specific knockdown of CXCR4 in mouse trophectoderm cells of blastocysts significantly decreased the implantation rate of embryos (Bao et al., 2016). Further analysis indicated that CXCR4 is required upstream of trophectoderm cell apoptosis and migration (Bao et al., 2016). CXCL12/CXCR4 also shows regulation in trophoblast invasion. Both CXCR4 and CXCR7 showed increased expression during the cytotrophoblast differentiation toward the invasive phenotype (Schanz et al., 2011a). In vitro experiments showed that CXCR4 favored JEG-3 cell migration and invasion (Zhang et al., 2018). Correspondingly, downregulated CXCL12 showed direct suppression in HTR-8 cell invasion (Tamaru et al., 2015). In these aforementioned methods, CXCL12/CXCR4/CXCR7 widely regulates the trophoblast cell biological function.
The migratory and invasive capacities of human endometrial stromal cells (ESCs) are increasingly recognized as important features in the reproductive function (Weimar et al., 2013). Decidualized ESCs even perform enhanced motility and invasive capacity (Gellersen et al., 2010). By using an embryo coculture model, Grewal et al. (2008) reported this motility of decidualized ESCs. Interestingly, CXCL12 shows a functional role in DSC invasion. Ren et al. (2012) found that primary trophoblast-derived CXCL12 promoted the invasion of human first-trimester DSCs in a paracrine manner (Ren et al., 2012). Further investigation showed that this effect was mediated via CXCR4 but not CXCR7 (Zheng et al., 2018). CXCR7 may play the role of decoy in trophoblast invasion. At the same time, the invasiveness activity of trophoblast cells in coculture with DSCs also increased significantly and could be inhibited by an anti-CXCR4 neutralizing antibody (Zhou et al., 2008). These studies altogether suggest that CXCL12/CXCR4/CXCR7 not only participates in regulating trophoblast cells and the DSC biological function but also constructs a cross-talk between trophoblast cells and DSCs during pregnancy.
3.2.2 Regulation and Function in Decidual Immune Cells
3.2.2.1 Natural Killer Cells
Up to 70% of DICs are NK cells (King et al., 1989; Verma et al., 2000). In contrast to CD56dimCD16+ peripheral NK (pNK) cells, dNK cells are mainly CD56brightCD16− cells (Jabrane-Ferrat, 2019). DNK cells have poor cytotoxic activity and are believed to be critical in maintaining maternal–fetal tolerance and placental vascular remodeling. CXCR4 is essential for the composition of dNK cells. Hanna et al. (2003) found that CXCR4 was preferentially expressed on CD16− dNK subsets. Wu et al. (2005) also revealed that CD56brightCD16−dNK cells highly transcribed CXCR4. Moreover, CXCL12/CXCR4 shows crucial roles in regulating NK cell recruitment and differentiation during pregnancy. According to a previous report, the CXCL12/CXCR4 axis promoted the recruitment of CD25+ NK cells and the accumulation of CD3− CD56brightCD25+ dNK cells at the maternal–fetal interface (Tao et al., 2015). Subsequently, Piao et al. (2015) found that it is the first-trimester human trophoblast-derived CXCL12 that induced pNK cell recruitment and differentiation toward dNK cells. A recent study also reported that trophoblast-derived CXCL12 enhanced the adhesive abilities of CD56brightCD82−CD29+ NK cells to DSCs via the CXCL12/CD82/CD29 signaling pathway and thus contributed to CD56bright NK cell enrichment in decidua (Lu et al., 2020a). In particular, decidual CXCR4+CD56bright NK cells have been identified as a novel NK subset, which plays vital immune-modulatory roles in the Th1/Th2 response. It has long been established that dynamic deviations in Th1 and Th2 profiles are closely associated with pregnancy maintenance (Raghupathy, 2001). In the initial stages of pregnancy, there is a clear need for an active Th1 inflammatory response to achieve embryo implantation (Granot et al., 2012). Subsequently, a continuous prevalence of anti-inflammatory Th2 bias helps the mother to accommodate the semi-allogeneic embryo until a progressive shift toward Th1 predominance for labor (Challis et al., 2009). According to the report, CXCR4+CD56bright dNK cells can promote the Th2 shift in an IL-4-dependent manner (Tao et al., 2021). Diminished CXCR4+ dNK cells and their impaired ability to induce Th2 differentiation were already found in RSA patients and mouse models (Tao et al., 2021). Moreover, the adoptive transfer of CXCR4+ dNK cells to NK-deficient mice showed their great therapeutic potential in recovering the Th2/Th1 bias and reducing embryo resorption rates (Tao et al., 2021). Collectively, these studies suggest a crucial role of CXCL12/CXCR4 in NK cell recruitment and the Th1/Th2 response, providing the foundation for understanding the regulation of NK cells in maternal–fetal immune tolerance.
3.2.2.2 T Cells
A previous study investigated the role of CXCL12 in T-cell recruitment and differentiation. According to this report, the percentage of embryo loss was markedly decreased in the pregnant non-obese diabetic mice by exogenous regulatory T (Treg) cell transfer along with a CXCL12 injection (Lin et al., 2009). Subsequent in vitro cell migratory experiments showed that T-cell migration cannot be detected when no CXCL12 was added beforehand. In contrast, a considerable percentage of T cells were attracted after CXCL12 addition (Lin et al., 2009). These results indicate that CXCL12 may regulate the migration of T cells into the pregnant uterus and differentiation toward Treg, therefore establishing a beneficial environment for allogeneic pregnant nonobese diabetic mice. The CXCL12/CXCR4 axis is also involved in the Th1/Th2 balance at the maternal–fetal interface in early human pregnancy. By the bioplex assay, Piao et al. (2012) found that human recombinant CXCL12 alone increased Th2-type IL-4 and IL-10 production while decreasing the Th1-type TNF-α expression in primary DICs isolated from the first-trimester decidua. Further anti-CXCR4 antibody re-treatment eliminated the effect of CXCL12 on cytokine production in DICs, suggesting that the CXCL12/CXCR4 axis is involved in the development of the Th2 bias at the maternal–fetal interface (Piao et al., 2012).
3.2.2.3 Dendritic Cells
Dendritic cells (DCs) are a heterogeneous population and have a dual immune regulatory role. They not only initiate primary immune response but also induce immunological tolerance (Banchereau and Steinman, 1998). The immune-suppressive phenotype and function of DCs are critical for pregnancy (Blois et al., 2004; Bizargity and Bonney, 2009). However, research on human decidual DCs is quite sparse since the difficulty of small cell proportion and no single specific marker for DCs. Limited research reported the function of CXCL12/CXCR4 in DCs. Human monocyte-derived DCs can express CXCR4, responsible for chemotaxis to CXCL12. A subsequent study showed that CXCL12/CXCR4 can enhance DC maturation and survival to initiate acquired immune response in non-pregnant mice (Kabashima et al., 2007). Remarkably, impaired homing of CXCR4+ DCs during early gestation provoked a disorganized decidual vasculature with impaired spiral artery remodeling later (Barrientos et al., 2013). Conversely, the adoptive transfer of CXCR4+ DCs rescued early pregnancy (Barrientos et al., 2013).
3.3 CXCL16/CXCR6
3.3.1 Regulation and Function in Trophoblast Cells and Decidualization
Huang et al. (2006a) detected that CXCL16 and CXCR6 are widely expressed in syncytiotrophoblasts, EVTs, and cytotrophoblasts of placentas at 7–9 weeks of gestation by immunohistochemistry. Moreover, they found that CXCR6/CXCL16 stimulated the first-trimester human trophoblast proliferation and invasion in an autocrine manner (Huang et al., 2006a). Moreover, CXCL16 can also upregulate the expression of antiapoptotic markers in trophoblast cells, suggesting its potential for trophoblast apoptosis (Fan et al., 2019). It has reported the role of CXCL16/CXCR6 in decidualization. Compared to ESCs, the primary human DSCs secreted and expressed higher CXCL16 and CXCR6 (Mei et al., 2019). Meanwhile, the decidualized ESCs showed a significant decidual response after being treated with exogenous recombinant human CXCL16 or trophoblast-secreted CXLC16 in vitro. These results indicated that the CXCL16/CXCR6 axis contributed to the progression of ESC decidualization (Mei et al., 2019).
3.3.2 Regulation and Function in Decidual Immune Cells
3.3.2.1 Macrophages
Macrophages are heterogeneous and are generally divided into two categories: classically activated macrophages (M1) and alternatively activated macrophages (M2) (Mills et al., 2000). Decidual macrophages perform a mixed immune status of M1 and M2 phenotypes according to reports. Successful pregnancy depends on the spatial and temporal balance of M1 and M2 polarization (Brown et al., 2014). This regulation of macrophages is susceptible to changes in the maternal–fetal microenvironment. It has been found that CXCL16/CXCR6 can regulate macrophage polarization (Mantovani et al., 2004; Yao et al., 2019). Wang et al. revealed that first-trimester human trophoblast-derived CXCL16 induced the M2 phenotype of macrophages in vitro. Moreover, the polarized M2 macrophages can downregulate IL-15 levels, thereby facilitating the inactivation of NK cells and contributing to the immunotolerance at the maternal–fetal interface (Wang et al., 2019). In addition, CXCL16 also exhibits its action in monocytes. By using an enzyme-linked immunosorbent assay (ELISA), Huang et al. (2008) first detected CXCL16 secretion in the conditioned medium of primary cytotrophoblasts isolated from villi at 7–9 weeks of gestation (Huang et al., 2008). Next, by flow cytometry, they demonstrated that both exogenous and cytotrophoblast-conditioned medium-derived CXCL16 can direct the migration and recruitment of the monocyte subtype in peripheral blood mononuclear cell or decidua leukocytes (Huang et al., 2008). This chemotactic response of monocyte subtypes to CXCL16 was largely parallel to their receptor CXCR6 expression (Huang et al., 2008). These findings suggest that the fetus-derived trophoblasts can attract monocytes by CXCL16/CXCR6 in the first-trimester pregnancy, forming a specialized immune milieu at the maternofetal interface.
3.3.2.2 T Cells
CXCL16/CXCR6 can recruit and migrate T cells toward decidua, participating in the immune regulation of pregnancy. Using multiple-color flow cytometry, Huang et al. (2008) demonstrated that the CXCL16 sole receptor CXCR6 is preferentially expressed on decidual γδT cells (Huang et al., 2008). Furthermore, they confirmed that fetal trophoblast-produced CXCL16 directed the migration and recruitment of peripheral and decidual T lymphocytes into decidua at 7–9 weeks of gestation, thereby leading to a specialized immune milieu formation at the maternal–fetal interface (Huang et al., 2008). Fan et al. (2019) reported that by reducing the secretion of the cytotoxic factor granzyme B of decidual γδ T cells, the CXCL16/CXCR6 axis may contribute to maintaining normal pregnancy.
3.4 CCL2/CCR2
Previous research has showed that the primary trophoblasts did not express CCR2, while the primary isolated human DSCs highly transcribed CCR2 (Wu et al., 2004). He et al. (2007) found the co-expressions of CCR2 and CCL2 in human first-trimester DSCs and the decidual tissue. They detected high levels of CCL2 secretion in the supernatant of primary DSCs with an ELISA (He et al., 2007). Subsequently, Meng et al. (2013) reported that elevated CCL2/CCR2 promoted primary human DSC proliferation and growth. Hu et al. (2014) found that upregulated CCL2/CCR2 enhanced primary human DSC invasion. These two studies together emphasized the function of CCL2/CCR2 on DSC invasion, proliferation, and growth. In addition, CCL2/CCR2 also shows key functions in DICs. Wei et al. (2021) found that CCL2/CCR2 determined the polarization phenotype of decidual macrophages in a monocyte-DSC coculture system in a paracrine manner during early pregnancy. They detected changes both in decidual macrophages’ percentage and the M1 and M2 marker expressions after treatment with the CCR2 inhibitor by the flow cytometry assay in vivo (Wei et al., 2021). Another report exhibited that the first trimester decidual cell-derived CCL2 promoted monocyte migration and thus mediated excessive macrophage infiltration of the decidua (Huang et al., 2006b). CCL2 also shows an indirect role in the T-cell response. Huang et al. (2020)reported that human chorionic gonadotropin promoted the recruitment of regulatory T cells in the endometrium through increasing CCL2 levels in human ESCs. Yu et al. (2021) revealed that Toll-like receptors induced Th1/Th2 responses by affecting the CCL2 secretion of DSCs at the maternal–fetal interface.
4 CHEMOKINES AND PREGNANCY COMPLICATIONS
The abnormal expression of chemokines and chemokine receptors can interrupt the trophoblast function, uterus angiogenesis, and maternal–fetal immune tolerance, thereby participating in pregnancy complications (Hannan and Salamonsen, 2007). In this part, we will focus on the relationship between chemokines and pregnancy-associated diseases, including PE, RSA, and PTB.
4.1 Preeclampsia
PE is defined as hypertension after 20 weeks of gestation and proteinuria with maternal multisystem dysfunction or fetal growth restriction (Chappell et al., 2021). PE is a major cause of maternal and perinatal mortality and morbidity, affecting approximately 5% of pregnancies (Bibbins-Domingo et al., 2017). However, the pathological mechanism of PE remains unclear. A prevailing view holds that PE is related to inadequate trophoblast invasion and placental malperfusion with releasing of soluble factors into the circulation, which causes maternal vascular endothelial injury and further leads to hypertension and multi-organ dysfunction (Chappell et al., 2021). CXC chemokines have unique abilities in angiogenesis and trophoblast function and are believed to play a potential role in the pathogenesis of PE. Decreased placental CXCL3 damaged the invasion and angiogenesis of trophoblast, thus leading to shallow implantation, which may be the main cause of severe PE (Gui et al., 2014; Wang et al., 2018). Reports are conflicting about the role of CXC12/CXCR4/CXCR7 in PE. Previous research has reported higher CXCL12 levels in the placenta of PE patients compared to the normal control group (Schanz et al., 2011b; Hwang et al., 2012). However, recent research has showed that CXCL12 and its receptors CXCR4 and CXCR7 levels were downregulated in the placenta of severe PE patients (Lu et al., 2016). Further studies have found that CXCL12 was able to decrease term trophoblast cells’ apoptosis rate (Lu et al., 2016; Lu et al., 2020b). Therefore, downregulation of CXC12/CXCR4/CXCR7 may disturb trophoblast apoptosis, participating in the occurrence of severe PE. Remarkably, CXCL12 levels were elevated in the mid-trimester amniotic fluid of pregnant women with PE, while the mechanism remains unknown (Tseng et al., 2009). In summary, these findings suggest that the CXCL12/CXCR7/CXCR4 axis may be a crucial molecular clue of PE that is worth to be further studied. Interestingly, the chemokines also show their effects on DICs in PE (Valencia ‐ Ortega et al., 2020). Excess CXCL10 and CXCL11 in decidua blunted pNK cell recruitment, contributing to the genesis of shallow placentation in PE (Lockwood et al., 2013). The increased CCL2 in first-trimester decidual cells showed association with the accumulation of decidual macrophages in the preeclamptic decidua (Lockwood et al., 2006).
4.2 Recurrent Spontaneous Abortion
RSA is defined as two or more times consecutive miscarriages before 20 weeks of gestation and impacts approximately 5% of childbearing-age women (Pereza et al., 2017; Practice Committee of the American Society for Reproductive Medicine, 2020). A recent transcriptomic analysis proposed chemokines as a common pathogenic mechanism in pregnancy loss (Wang et al., 2021). Abnormal secretion of CXCL5 was reported as an early indicator of miscarriage risk (Whitcomb et al., 2007). Recent research also showed that CXCL5 levels were downregulated in villous tissue of RSA patients than those of the controls (Zhang et al., 2021). Upregulation of CXCL5 can lead to poor trophoblast invasion and thus may be correlated with RSA (Zhang et al., 2021). CCR7 levels showed a decrease in the villous of RSA women (Luan et al., 2020). Knockdown of CCR7 caused an obvious reduction of migration and invasion in JAR and JEG-3 cells (Luan et al., 2020). These studies suggest that the chemokine system-induced trophoblast invasion dysfunction may be a potential pathological mechanism of RSA. CXCL12/CXCR4 also showed important roles in pregnancy loss. Das et al. found significantly reduced CXCR4 levels in chorionic villi of women with a number of previous miscarriages (Zangmo et al., 2021). This may induce insufficient trophoblast invasion, defective decidualization, or an imbalance of maternal–fetal immune tolerance and thus act on miscarriages (Ren et al., 2012; Piao et al., 2015; Ao et al., 2020). Women who exhibited recurrent implantation failure also performed lower levels of CXCR4 in the endometrium compared with fertile women (Tapia et al., 2008). Interestingly, CXCL12 from bone marrow-derived cells or the stem cells can improve the thin endometrium in a mouse model (Yi et al., 2019). Intrauterine CXCL12 administration in C57BL/6 mice also promoted embryo implantation rates and induced endometrial angiogenesis in vitro (Koo et al., 2021). These studies suggested that CXC12/CXCR4 may act on the endometria and angiogenesis, mediating its role in pregnancy loss (Wang et al., 2015). Some studies have also reported decreased CXCL16 protein levels in the villus of RSA patients compared with normal pregnant women (Fan et al., 2019; Mei et al., 2019). However, the fact whether the abnormal expression of CXCL16 at the maternal–fetal interface is the cause of miscarriage remains unclear. Kuroda et al. (2021) reported the relationship between the increasing number of pregnancy losses and the elevated ratio of Th1/Th2 in blood samples. Moreover, the ratio of Th1 and Th2-related chemokine receptors seems to have a crucial association with RSA. By flow cytometry, Kheshtchin et al. (2010) analyzed the expression of Th1-related (CCR5 and CXCR3) and Th2-related (CCR3 and CCR4) chemokine receptors on peripheral CD4+ or CD8+ T cells from RSA and control group women before 20 weeks of gestation. They reported a higher ratio of Th1/Th2 chemokine receptors in RSA women, indicating the Th1 dominant immune responses in the circulation of RSA women (Kheshtchin et al., 2010). Compared with fertile women, chemokine CCL5 performed decreased serum levels in patients with RSA while increased after immunization with paternal leukocytes. CCL5 can inhibit the mixed lymphocyte reaction in a dose-dependent manner in vitro (Ramhorst et al., 2004). These studies emphasized that the chemokines may exert immunological effects and thus take part in RSA. However, these aforementioned studies are only based on peripheral blood data, and further studies on the maternal–fetal interface are necessary.
4.3 Preterm Birth
PTB is defined as giving birth to babies before 37 weeks of gestation and is the leading cause of perinatal morbidity and mortality in developed countries (Goldenberg et al., 2008). Multiple factors attribute to the occurrence of PTB, such as inflammation, stress, and hormonal disorders (Romero et al., 2006; Goldenberg et al., 2008). Aberrant levels of chemokines have been reported in women with PTB. By ELISA, Laudanski et al. (2014) detected unusually high CCL16 levels in the blood serum samples of women with PTB. Subsequently, another study showed that lower CCL16 in umbilical cord blood was associated with spontaneous PTB, with 94.7% prediction sensitivity and 46.9% specificity (Kaukola et al., 2011). This indicates that CCL16 may be one of the potential pathological factors of PTB. Studies of chemokines in the amniotic fluid of women with PTB provide additional clues. For example, increased CXCL10 in the amniotic fluid showed the risk of spontaneous PTB after 32 weeks of gestation (Gervasi et al., 2012). Other studies also reported that CXCL12 (Tseng et al., 2009), CXCL8 (Hamilton et al., 2013), CCL5 (Hamilton et al., 2013), CCL20 (Hamill et al., 2008; Hua et al., 2012), CXCL5 (Hua et al., 2012), and CCL7 (Jacobsson et al., 2005) in the amniotic fluid were associated with microbial invasion and amniotic cavity inflammation. Studies from animals showed that broad-spectrum chemokine inhibitors can inhibit infection-mediated PTB (Shynlova et al., 2014; Coleman et al., 2020). These reports suggest that the chemokines may be involved in PTB through the inflammatory response. However, Esplin et al. (2005) found that CCL2 was increased in the amniotic fluid of PTB women with or without intra-amniotic infection. Interestingly, a prospective immunohistochemical analysis of 203 chorionic villus sampling specimens showed that the scores of syndecan-1, a regulator of chemokine function, are correlated with PTB (Schmedt et al., 2012). Recently, a transcriptomic analysis has also reported that the chemokine pathway may present a common pathogenic mechanism in spontaneous PTB (Wang et al., 2021). Taken together, these studies implied that chemokines play important roles in the pathological mechanism of PTB.
5 CONCLUSION
Successful pregnancy requires participation and cooperation of multiple crucial events, including good trophoblast function, decidualization, and balanced maternal–fetal immune tolerance. In this review, the available evidence shows that chemokines and chemokine receptors have wide regulatory effects in these events surrounding the trophoblast cells, DSCs, and DICs. Abnormalities of chemokines are related to trophoblast dysfunction, impaired angiogenesis, and disturbances in the maternal–fetal immune tolerance, which therefore may lead to pregnancy complications. Reviewing the regulation and function of chemokines in pregnancy may provide some potential targets for the clinical treatment of abnormal pregnancies in the future.
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Oocyte quality is a determinant of a successful pregnancy. The final step of oocyte development is oocyte maturation, which is susceptible to environmental exposures. Aristolochic acids (AAs), widely existing in Aristolochia and Asarum plants that have been used in traditional medicine, can result in a smaller ovary and fewer superovulated oocytes after in vivo exposure to mice. However, whether AAs affect oocyte maturation and the underlying mechanism(s) are unclear. In this study, we focused on the effect of Aristolochic acid I (AAI), a major compound of AAs, on the maturation of in vitro cultured mouse oocytes. We showed that AAI exposure significantly decreased oocyte quality, including elevated aneuploidy, accompanied by aberrant chiasma patterns and spindle organization, and decreased first polar body extrusion and fertilization capability. Moreover, embryo development potential was also dramatically decreased. Further analyses revealed that AAI exposure significantly decreased mitochondrial membrane potential and ATP synthesis and increased the level of reactive oxygen species (ROS), implying impaired mitochondrial function. Insufficient ATP supply can cause aberrant spindle assembly and excessive ROS can cause premature loss of sister chromatid cohesion and thus alterations in chiasma patterns. Both aberrant spindles and changed chiasma patterns can contribute to chromosome misalignment and thus aneuploidy. Therefore, AAI exposure decreases oocyte quality probably via impairing mitochondrial function.
Keywords: aneuploidy, oocyte, spindle assembly, mitochondrial dysfunction, aristolochic acids
INTRODUCTION
A key determinant for a successful pregnancy and embryonic development is oocyte quality, which relies on the development of oocytes. The final step of oocyte development is oocyte maturation, which refers to when arrested oocytes resume meiosis and progress to metaphase II (MII). The process of oocyte maturation is particularly vulnerable to environmental pollutants and chemicals (Rhind et al., 2010; He et al., 2019). The impairment of oocyte maturation may produce poor quality of oocytes, which is the common cause of infertility, miscarriage, and congenital genetic disease (Nagaoka et al., 2012).
Aristolochic acids (AAs), a group of nitrophenanthrene carboxylic acids, are widely present in Aristolochia and Asarum plants (Debelle et al., 2008). AAs have been used to treat a variety of diseases, including arthritis and inflammation (reviewed in Zhang H. M. et al., 2019; Anger et al., 2020). However, AAs have been reported to cause aristolochic acid nephropathy (AAN), bladder cancer, and hepatocellular carcinoma (Arlt et al., 2002; Zhang H. M. et al., 2019). Therefore, products containing AAs have been prohibited in many countries. However, herb preparations containing AAs from Aristolochia and Asarum are still used in many regions of the world (Gold and Slone, 2003; Grollman, 2013). In addition, AAs can persistently contaminate soil and bioaccumulate in crops (Chan et al., 2016; Li et al., 2018). AAs are mainly composed of 8-methoxy-6-nitro-phenanthro-(3,4-d)-1,3-dioxolo-5-carboxylic acid (AAI) and 6-nitro-phenanthro-(3,4-d)-1,3-dioxolo-5-carboxylic acid (AAII) (Shibutani et al., 2007). Both AAI and AAII show genotoxic and carcinogenic effects by forming DNA adducts, and AAI can also cause nephrotoxicity probably via inducing oxidative stress and apoptosis (Jadot et al., 2017).
Meiosis is a specialized type of cell division through which germline cells produce gametes. In males, meiosis is a continuous process that occurs in waves throughout adulthood to produce round spermatids which develop into sperm. However, in females, oocytes initiate meiosis during fetal development. After completing crossover (CO) recombination, oocytes are arrested for a prolonged period at the diplotene/dictyate stage of meiotic prophase I, morphologically identified by a large nucleus which is also called a germinal vesicle (GV). From puberty, in response to luteinizing hormone (LH), a small proportion of fully grown GV oocytes resume meiosis, which is indicated by GV breakdown (GVBD). At metaphase I (MI), homologous chromosomes (homologs) are pulled by spindle microtubules to align on the equatorial plate. After CO completion and synaptonemal complex (SC) disassembly, homologs are connected by chiasmata, the cytological manifestation of COs, which can be easily visualized at MI. The first polar body extrusion (PBE) indicates the completion of meiosis I. The oocyte then proceeds to metaphase II (MII) where it is arrested. Once fertilized, the oocyte resumes meiosis and two pronuclei are formed. Thereafter, the two pronuclei fuse, and the zygote divides mitotically to form a two-cell embryo (Morelli and Cohen, 2005; Bolcun-Filas and Handel, 2018), which further develops into a blastocyst (Zhu and Zernicka-Goetz, 2020).
In spite of the warning that has been given, traditional medicines containing AAs still prevail in many countries, which increases the AAs exposure (Jadot et al., 2017). Moreover, AAs can contaminate soil, food, and water (Chan et al., 2016; Li et al., 2018; Drăghia et al., 2021). The in vivo exposure of AAI in mice decreases the weight of the body and ovaries by inducing apoptosis, and also decreases the number of superovulated follicles in females (Kwak et al., 2014), suggesting that AAI most likely affects oocyte development. AAI exposed to porcine oocytes seems to impair oocyte maturation and cause aberrant distribution/morphologies of the spindle and mitochondria (Zhang Y. et al., 2019). However, how AAI impairs oocyte maturation is unclear. Importantly, oocyte (and thus embryo) aneuploidy is the major cause of human miscarriage and infertility. Whether and how AAI exposure increases oocyte aneuploidy is also worth further investigation. Accordingly, this study aimed to explore the effect of AAI on oocyte maturation and aneuploidy, and the underlying mechanisms using mouse oocytes as an in vitro model.
MATERIALS AND METHODS
Animals
ICR mice were raised in a temperature-controlled animal room with a 12 h light/dark cycle and fed with a regular mice diet (SFS9112, Xie-tong biomedicine, China), which is formulated with ∼20% protein and ∼12% fat, and also supplemented with multiple vitamins and minerals. ICR female mice (4–6 week-old) were used in this study. The care protocols and usage of mice in this study were reviewed and approved by the Animal Ethics Committee of the School of Medicine, Shandong University.
Oocyte collection and in vitro culture
Female mice were subjected to superovulation and oocytes were collected as previously described (Li et al., 2019; Li et al., 2020). Briefly, 4–6 week-old ICR female mice were intraperitoneally injected with 10 IU pregnant mare serum gonadotropin (PMSG, NSHF, China) diluted in normal saline. After 48h, ovaries were surgically collected in the M2 medium (M7167, Sigma-Aldrich, United States) supplemented with 2.5 μM milrinone (HY-14252, MCE, United States). Collected ovaries were then gently and repeatedly punctured with a 1 ml syringe needle to release the cumulus-oocyte complexes (COCs). Morphologically intact COCs with ≥3 layers of granulosa cells were picked with a pipette under a stereomicroscope (SZ61, Olympus). After removal of granulosa cells, these fully grown GV oocytes were collected by mouth pipette and washed with milrinone-free M2 medium. ∼20 GV oocytes per group were transferred to ∼30 μl pre-warmed M16 medium (M7292, Sigma-Aldrich, United States), which was covered by paraffin oil to prevent medium evaporation, and cultured at 37°C under a humidified atmosphere with 5% CO2. Under this standard culture condition, oocytes develop to GVBD, metaphase I (MI), and metaphase II (MII) stages after 2, 8, and 12 h, respectively (Li S. et al., 2012). Samples were collected at appropriate time points to evaluate oocyte quality.
Oocytes used in this study: 105 MII oocytes (6 mice) for in vitro fertilization and two-cell embryo examination; 456 MII oocytes (18 mice) for in vitro fertilization and blastocyst examination; 278 GV oocytes (12 mice) and 395 oocytes (20 mice) for GVBD and PBE detection, respectively; 165 MII oocytes (12 mice) for chromosome spread to evaluate aneuploidy and 110 MI oocytes (12 mice) to count chiasmata; 182 MI oocytes (9 mice) for spindle assembly and chromosome alignment experiments; 300 GV oocytes (12 mice), 300 GVBD oocytes (12 mice), 300 MI oocytes (12 mice), and 300 MII oocytes (12 mice) for RT-qPCR to detect gene expression in different stages, respectively; 187 oocytes (9 mice) and 184 oocytes (9 mice) for GVBD and MI mitochondrial membrane potential assay, respectively; 120 oocytes (6 mice) for GVBD and MI ATP level measurement, respectively; 343 oocytes (12 mice), 322 oocytes (12 mice), and 313 oocytes (12 mice) for ROS level measurement in GVBD, MI, and MII stages, respectively; 324 oocytes (12 mice), 326 oocytes (12 mice), and 385 oocytes (12 mice) for early apoptosis detection in GVBD, MI, and MII stages, respectively; 60 GVBD oocytes (6 mice) and 40 MI oocytes (6 mice) for RNA-seq.
Aristolochic acid I treatment
Aristolochic acid I (AAI) (A5512, Sigma-Aldrich, United States) was dissolved in DMSO (D2650, Sigma-Aldrich, United States) to make a 100 mM stock solution and then diluted in the M16 medium to make a working solution. According to previous publications, a cumulative dose of ∼350–400 mg of AAs can trigger Balkan endemic nephropathy (BEN) (Li et al., 2018) and cumulative ingestion of ≥250 mg of AAs increases the risk of urothelial carcinomas of the upper urinary tract in Taiwanese patients (Hoang et al., 2016). If these AAs enter the blood, the concentration of AAs in the blood is 200–300 μM. Based on this estimation, 0 μM, 25 μM, 50 μM, and 100 μM AAI were used in this study.
Immunofluorescence and confocal microscopy
Oocytes were fixed in 4% formaldehyde solution (P0099, Beyotime, China) at room temperature for 30 min. After being washed 3 times using 0.1% polyvinyl alcohol (PVA)-PBS, the oocytes were permeabilized in 0.5% Triton X-100 diluted with Dulbecco’s Phosphate Buffered Saline (D-PBS) at room temperature for 20 min. For immunostaining, samples were first blocked with 1% bovine serum albumin (BSA, A1933, Sigma-Aldrich, United States) at room temperature for 1h, and then incubated at 4°C for 2 h with a FITC-conjugated anti-α-tubulin mouse monoclonal antibody (1:500, F2168, Sigma-Aldrich, United States), which specifically recognizes α-tubulin (Zhu et al., 2018; Han et al., 2020). After being washed three times with D-PBS at room temperature in the dark, nuclei were stained with DAPI (10ug/ml, E607303, Sangon, China) at room temperature for 10 min. Oocytes were mounted on glass slides with antifade solution (S2100, Solarbio, China). For each oocyte to be imaged, the top and the bottom were determined and 7 evenly spaced z-sections were captured using z-stacks under a rotary laser confocal microscope (Dragonfly, Andor Technology) driven by Fusion Software. Images were presented as maximum intensity projections of the middle 5 frames (excludes the first one and the last one since these two sections have little information).
Quantitative reverse transcription PCR (RT-qPCR)
For each experiment per treatment, RNA was extracted from 25 oocytes using RNeasy Mini Kit (74104, Qiagen) and reverse transcribed into cDNA using Hiscript II Q RT Supermix (R223, Vazyme, China). universal SYBR Green fast qPCR Mix (RK21203, ABclonal, China) was used for real-time fluorescence quantitative detection with Roche LightCycler 480 detection system (Roche Applied Science). PCR primers were listed in Supplementary Table S1. PCR was performed in a 10 μl reaction system (1 μl cDNA template; 5 μl SYBR Green Mix; 0.25 μl 10 μM forward primer and 0.25 μl 10 μM reverse primer; 3.5 μl ddH2O) using the following amplification condition: pre-denaturation at 95°C for 3 min, 45 cycles of denaturing at 95°C for 5 s and annealing at 60°C for 34 s. Each experiment was performed with three replicates and the cycle threshold (Ct) value was set between 20 and 30. Gapdh was used as the internal control. The gene expression level relative to Gapdh was calculated by the 2−△△Ct method (Livak and Schmittgen, 2001).
Chromosome spread
Oocyte chromosome spread was performed as described previously (Li et al., 2019; Li et al., 2020). Briefly, the zona pellucida of oocytes were removed with hydrochloric acid in the M2 medium (1/500 dilution). This process was monitored in real-time under the stereomicroscope (SZ61, Olympus). When the zona pellucida nearly disappeared, oocytes were washed three times with 0.1% PVA-PBS solution to prevent adhesion, transferred to an adhesive slide (188105, Citotest, China), and lysed in alkaline hypotonic solution (1% PFA, 0.15% Triton X-100, 3 mM dithiothreitol, pH = 9.2). After air dried, slides with samples were stored at -20°C or used for staining directly. For staining, slides were washed three times using PBS and stained with DAPI (10ug/ml, C1002, Beyotime, China) or PI (10ug/ml, ST512, Beyotime, China) for 20 min at room temperature in the dark. A drop of antifade (S2100, Solarbio, China) was applied, a coverslip was added, and then the slide was sealed with nail polish. Images were captured under a rotary laser confocal microscope (Dragonfly, Andor Technology).
Mitochondrial membrane potential (MMP) assay
MMP was determined by the JC-1 assay using a commercial kit (C2006; Beyotime, China) according to the manufacturer’s instructions. JC-1 is a lipophilic cationic fluorescent dye. JC-1 enters the mitochondrial matrix and forms aggregates that emit red fluorescence (the maximal excitation wavelength Ex = 585 nm and emission wavelength Em = 590 nm), however, JC-1 monomers outside of the mitochondrial matrix emit green fluorescence (maximal Ex = 514 nm and Em = 529 nm). MMP is positively correlated with the level of JC-1 aggregates and thus can be measured by the ratio of red to green fluorescence (Sivandzade et al., 2019). In brief, 50 µl JC-1 stock solution was diluted with 8 ml ddH2O by vigorous vortex and then 2 ml JC-1 staining buffer was added to make the working solution. ∼15 oocytes per group were incubated with a 30 μl JC-1 working solution covered by paraffin oil at 37°C for 20 min and then washed with 0.1% PVA-PBS. All images were acquired with the same laser intensity and exposure time under an inverted fluorescence microscope (IX71, Olympus) with Olympus fluorescence mirror units U-FBWA (for JC-1 green; Ex = 469 ± 18 nm; Em = 525 ± 20 nm) or U-FGWA (for JC-1 red; Ex = 560 ± 20 nm; Em = 630 ± 35 nm). The fluorescence intensity of each cell was quantified using ImageJ (NIH). A region near the target cell was randomly picked and its fluorescence intensity was measured and considered as the background. The fluorescence intensity of a cell = (cell area x average pixel intensity of this cell)—(cell area x average background pixel intensity). MMP was evaluated as the ratio of the red to green fluorescence intensity.
Adenosine 5′-triphosphate (ATP) content detection
ATP content was determined by the classical firefly luciferase using an Enhanced ATP Assay Kit (S0027, Beyotime, China). In the presence of ATP and Mg2+, firefly luciferase oxidizes luciferin to oxyluciferin which emits luminescence (Inouye, 2010). For each experiment per treatment, 10 oocytes were collected in a 0.2 ml centrifuge tube with a 4 μl lysing solution. After lysed by three rapid freeze-thaw cycles, 16 μl enzyme working solution was added and the mixture was transferred into an opaque 96-well plate, which was pretreated with enzyme working solution to eliminate possible ATP contamination. Luminescence intensity was measured using the luminometer (EnSpire, PerkinElmer, 0.01 p.m. sensitivity). ATP concentration was determined by matching the luminescence intensity to a standard curve generated from 5 different ATP concentrations (0.02, 0.04, 0.06, 0.08, and 0.1 nM) according to the manufacturer’s instruction.
ROS detection
ROS level was determined with the reliable probe DCFH-DA (2′,7′-Dichlorodihydrofluorescein diacetate) using a ROS assay Kit (S0033S, Beyotime, China) according to the manufacturer’s instruction. Briefly, the DCFH-DA stock solution was diluted (1/1,000) with the M2 medium to make a 10 µM working solution. ∼10 oocytes per treatment in each experiment were incubated with 30 μl DCFH-DA working solution in the dark at 37°C for 20 min (Hempel et al., 1999). After being washed with 0.1% PVA-PBS, samples were transferred to a coverglass-bottom dish. Images were acquired under an inverted fluorescence microscope (IX71, Olympus). Fluorescence intensity was quantified using ImageJ as described in the MMP assay.
Annexin V staining assay
Early apoptosis of oocytes was examined using the Annexin V-FITC Apoptosis Kit (C1062S, Beyotime, China). ∼30 oocytes were incubated with 30 μl detection solution (5 μl Annexin V-FITC diluted in 195 μl Annexin V-FITC binding buffer) in the dark at room temperature for 15 min. Oocytes were then transferred to a coverglass-bottom dish. Images were captured using a rotary laser confocal microscope (Dragonfly, Andor Technology). Oocytes with green fluorescence on the cytoplasmic membrane were considered early apoptotic oocytes (He et al., 2019).
In vitro fertilization (IVF) and early embryo culture
Cumulus-oocyte complexes (COCs) with ≥3 layers of granulosa cells were isolated from 4 to 6 week-old female mice by puncturing the ovary with a syringe needle. After granulosa cells were removed, GV oocytes were washed with the M2 medium (M7167, Sigma-Aldrich, United States) and transferred into the M16 medium supplemented with 10% FBS (10100147, Gibco, United States), 50 mIU/ml FSH (5925-FS-010, R&D Systems, United States) and 1 μg/ml 17β-estradiol (E8875, Sigma-Aldrich, United States). After being cultured for 12 h at 37°C in the atmosphere with 5% CO2, the oocytes with the first polar body were transferred to HTF medium (MR-070, Millipore, United States) and incubated with capacitated spermatozoa at 37°C in the atmosphere with 5% CO2. After 6 h, fertilized oocytes (with two pronuclei) were examined. All oocytes were then transferred into a pre-balanced KSOM medium (MR-121, Millipore, United States) at 37°C in a humidified atmosphere with 5% CO2. After 18h, two-cell embryos were examined. After another 72 h, blastocysts were examined.
RNA-seq analysis
For each experiment, 120 GV oocytes from 4 to 6 mice were divided into two groups, cultured in the M16 medium with or without 50 μM AAI for 2 h or 8 h to reach GVBD or MI, respectively. For each group, 5–10 oocytes were used for RNA-seq, which was carried out on a BGISEQ-500 sequencing platform by Shenzhen Huada Gene Technology Co. For each experiment, at least 3 repeats were done for the control and treatment, respectively. FeatureCounts (v2.0.1) was used to count reads of genes. DESeq2 was used to determine the differentially expressed gene by the standard threshold of “padj < 0.05 and |log2FoldChange| > 1” (Liao et al., 2014; Love et al., 2014; Zhang F. L. et al., 2019). ClusterProfiler (v4.0.1) and Metascape (http://metascape.org) were used to perform GO and KEGG pathway analysis (Zhou et al., 2019; Wu et al., 2021). Notably, the critical value for a valid GO term or KEGG signaling pathway was p-value < 0.05. Fragments Per Kilobase of exon model per Million mapped fragments (FPKM) was used to normalize the expression level of mRNA (Zhang F. L. et al., 2019). RNA-seq data are available at NCBI (SRA Bioproject, accession number PRJNA793336, and PRJNA836407).
Statistical analysis
Data were presented as mean ± SEM. The statistical significance of the differences was determined by the two-tailed t-test (Figures 1C,E,G, 2C, and Supplementary Figures S1, S3), one-way ANOVA and followed by Least Significance Difference (LSD) test (Figures 2B, 3B,D, 4B,C, 6A,C,D,E,G,H, 8B,D,F,H, 9A,C,E, and Supplementary Figure S2) or Chi-square (Figure 3E) using SPSS software (SPSS version 20.0; IBM Corporation, NY). Only comparisons with significant differences were indicated: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
[image: Figure 1]FIGURE 1 | AAI exposure to oocytes decreases the fertilization rate and embryonic development potential in mice. (A) Schematic of experimental design. (B–G) The fully grown GV oocytes retrieved from mouse ovaries were matured in the medium supplemented with 0 or 50 μM AAI for 12 h to reach the metaphase II (MII) stage. The MII oocytes were performed in vitro fertilization (IVF) for 6 h and two pronuclei were examined (B,C). All oocytes were then transferred into an embryonic culture medium and cultured for 18 h and two-cell embryos were examined (D,E). After being cultured for another 72h, blastocysts were examined (F,G). (B) Representative images showing the two pronuclei after IVF. Scale bar, 100 μm. Black box and the enlarged picture showing an MII oocyte with two pronuclei (top, white arrowheads); blue box and the enlarged picture showing an MII oocyte without a pronucleus (bottom). Scale bar in the enlarged picture, 25 μm. (C) The percentage of oocytes with two pronuclei in (B). (D) Representative images showing two-cell embryos. Scale bar, 100 μm. Black box and the enlarged picture showing a two-cell embryo (top); blue box and the enlarged picture showing a zygote or an unfertilized oocyte (bottom). Scale bar in the enlarged picture, 25 μm. (E) The percentage of two-cell embryos in (D). (F) Representative images showing the blastocysts. Scale bar, 100 μm. Black box and the enlarged picture showing a blastocyst (top); blue box and the enlarged picture showing a two-cell embryo (bottom). Scale bar in the enlarged picture, 25 μm. Error bar, mean ± SEM of 3 independent experiments (C,E,G). Totally, 56 and 49 MII oocytes from 0 to 50 μM AAI treatments for IVF, two pronuclei, and two-cell embryos, respectively (C,E). 140 and 316 MII oocytes from 0 to 50 μM AAI treatments for IVF and blastocysts, respectively (G). **, p < 0.01; two-tailed t-test.
[image: Figure 2]FIGURE 2 | AAI exposure disrupts the first polar body (PB1) extrusion in mouse oocytes. (A) The GV oocytes were matured in the M16 medium with 0, 25, 50, and 100 μM AAI for 12 h to reach the MII stage. Representative images showing PB1 extrusion. Scale bar, 100 μm. Black box and the enlarged picture showing an oocyte with PB1 (PB1, white arrowhead). Blue box and the enlarged picture showing an oocyte without PB1. Scale bar in the enlarged picture, 25 μm. (B) The quantification of PB1 extrusion rate in (A). Error bar, mean ± SEM of 5 independent experiments. ∼20 GV oocytes per treatment in each experiment and totally, 104, 105, 94, and 92 GV oocytes for 0, 25, 50, and 100 μM AAI treatments, respectively. Only comparisons with significant differences were indicated; **, p < 0.01; ***, p < 0.001; one-way ANOVA and the LSD test. (C) After GV oocytes were matured in the M16 medium with 0, 25, 50, and 50 μM AAI for the indicated time, GVBD rates were calculated. Error bar, mean ± SEM of 3 independent experiments. GVBD rates seemed to be slightly decreased in AAI treatment groups compared with the control but no significant difference was detected. ∼20 GV oocytes per treatment in each experiment. Totally, 70, 70, 69, and 69 GV oocytes for 0, 25, 50, and 100 μM AAI treatments, respectively.
[image: Figure 3]FIGURE 3 | AAI exposure induces a high frequency of aneuploidy in mouse oocytes. (A) The GV oocytes were matured in the M16 medium with 0, 25, 50, and 100 μM AAI for 12 h to reach MII. Representative images showing MII oocyte spread chromosomes with DAPI staining. The number of chromosomes in each nucleus was indicated. Scale bar, 10 μm. (B) Quantification of aneuploidy frequency in (A). 8–17 MII oocytes per treatment in each experiment. Totally, 51, 35, 46, and 33 MII oocytes were examined in 0, 25, 50, and 100 μM AAI treatments, respectively. Error bar, mean ± SEM of 4 independent experiments. (C) The GV oocytes were matured in the M16 medium with indicated AAI concentrations for 8 h to reach metaphase I (MI). Representative images showing MI oocyte spread chromosomes stained with PI. Scale bar, 10 μm. At MI, chiasmata connect the homologous chromosomes. The enlarged pictures on the right show the homologous chromosomes connected with 2 chiasmata (top), a single interstitial chiasma (middle), or a single terminal chiasma (bottom). White arrowheads indicating the positions of chiasmata. Scale bar in the enlarged picture, 5 μm. (D) Quantification of chiasmata numbers per nucleus in (C). 32, 23, 24, and 31 MI oocytes from 0, 25, 50, and 100 μM AAI treatments, respectively. Error bar, mean ± SEM. (E) Quantification of the proportions of chromosomes with different classes of chiasmata in (C). 640, 460, 480, and 600 MI homologous chromosomes from 0, 25, 50, and 100 μM AAI treatments, respectively. Error bar, 95% confidence interval. Only comparisons with significant differences were indicated; *, p < 0.05; **, p < 0.01; ***, p < 0.001 (B,D,E); one-way ANOVA and the LSD test (B,D); Chi-square (E).
[image: Figure 4]FIGURE 4 | AAI exposure causes aberrant spindle organization and misaligned chromosomes in mouse oocytes. (A) GV oocytes were matured in the M16 medium with 0, 25, 50, and 100 μM AAI for 8 h to reach MI. Representative images showing spindle morphology (green) and chromosome alignment (red) in MI oocytes and corresponding illustration at the bottom row. Normally, homologous chromosomes align on the equatorial plate and spindles from opposite poles (“bipolar” spindles, leftmost) attach to the kinetochore of homologous chromosomes at MI. However, aberrant spindle morphologies (“nonpolar”, “unipolar”, and “multipolar” spindles) were also observed. Scale bar, 10 μm. (B,C) Quantification of oocytes with aberrant spindles (B) and misaligned chromosomes (C) in (A). Error bar, mean ± SEM of 3 independent experiments. ∼20 MI oocytes per treatment in each experiment. Totally, 43, 49, 50, and 40 MI oocytes were examined in 0, 25, 50, and 100 μM AAI treatments, respectively. Only comparisons with significant differences were indicated; *, p < 0.05; **, p < 0.01; one-way ANOVA and the LSD test (B,C).
RESULTS
AAI exposure to oocytes decreases the fertilization rate and embryonic development potential in mice
To investigate the effects of AAI exposure on oocyte quality, an in vitro culture system of mouse oocytes was used (Figure 1A). In this system, the fully grown GV oocytes were isolated from mice subjected to superovulation and matured to the metaphase II (MII) stage in the M16 medium in the absence or presence of AAI. The MII oocytes were then in vitro fertilized by capacitated sperm, and cultured to the stage of two pronuclei in an HTF medium. The zygotes then develop into two-cell embryos and blastocysts in the KSOM medium. Under the standard culture condition, the oocytes develop to a specific stage at a certain time point (Li S. et al., 2012). Consequently, the samples were collected at appropriate time points to evaluate the oocyte quality (Figure 1A).
The fertilization rate and blastocyst formation rate are two critical assessment criteria for determining the quality of mature oocytes (Rosen et al., 2010; Rienzi et al., 2012; Keefe et al., 2015). Fertilization can be evaluated by the appearance of the pronucleus (Bianchi and Wright, 2016). We took advantage of IVF, in combination with early embryo culture, to examine the rate of two pronuclei and their capability of developing into two-cell embryos and blastocysts. The fully grown GV oocytes were cultured in vitro for 12 h. MII oocytes with PB1 were selected and incubated with capacitated sperm. After 6 h of incubation, the rate of two pronuclei reached 77.14% in the control group (0 μM AAI). However, the rate significantly decreased to 61.90% in the 50 μM AAI treatment group (Figure 1B,C). To further confirm this result, these samples were transferred to KSOM embryonic culture medium. After 18 h, the rates of two-cell embryos were examined and found to be 73.01 and 59.52% in the control and 50 μM AAI treatment groups, respectively (Figure 1D,E). The rates of two-cell embryos were closely matched with the rates of two pronuclei, separately, in both the control and AAI treatment groups (73.01 vs. 77.14%; 59.52 vs. 61.90%) (Figure 1C,E). Overall, the fertilization capability of the MII oocytes that matured in vitro in the medium containing AAI was significantly decreased. Notably, most of the fertilized MII oocytes (oocytes with two pronuclei) successfully developed into two-cell embryos in both the control and AAI treatment groups. After further examination, we found that the blastocyst formation rate was significantly decreased in the 50 μM AAI treatment group when compared with the control group (20.48 vs. 55.74%) (Figure 1F,G). This suggests that the embryo’s development potential was impaired in the oocytes exposed to AAI.
AAI exposure disrupts the first polar body (PB1) extrusion in mouse oocytes
The decreased fertilization rate and embryonic development potential suggest poor oocyte quality. The first polar body extrusion (PBE) is also an important marker of oocyte development (Wang and Sun, 2007). In the control group, 83.89% of GV oocytes extruded PB1 after 12 h of in vitro maturation (Figure 2A,B). However, the PBE rate was significantly reduced to 66.67% in the 25 μM AAI treatment group. When the concentrations of AAI increased to 50 μM and 100 μΜ, the rates of PBE further decreased (albeit slightly) to 64.13 and 58.61%, respectively (Figure 2A,B). Subsequently, we wondered whether AAI can affect the resumption of meiosis, which is indicated by GVBD (Eppig, 1982). In the control group, nearly all (96%) oocytes completed GVBD at 3 h when cultured in vitro. When exposed to 25 μM, 50 μM, or 100 μM AAI, the rates of GVBD reached 92%, which was a slight but not significant decrease when compared with the rates of the control (Figure 2C). These results indicate that AAI exposure to GV oocytes seems not significantly affect the resumption of meiosis, but significantly decreases the rate of PBE.
AAI exposure induces a high frequency of aneuploidy in mouse oocytes
Given the decreased rate of PBE, we wondered whether AAI exposure would increase the frequency of aneuploidy in oocytes, which is the leading cause of declining oocyte quality in humans (Nagaoka et al., 2012). We then performed the chromosome spread for MII oocytes that matured in vitro from GV oocytes, and counted the chromosome number after DAPI staining (Figure 3A). In the control group, most of the MII oocytes showed 20 chromosomes, and the frequency of aneuploidy, which is an oocyte with less than or more than 20 chromosomes, was 21.68% (Figure 3A,B). However, the frequency of aneuploidy was significantly increased to 41.55% in the 25 μM AAI treatment group (Figure 3B). The frequencies of aneuploidy were further increased to 56.02 and 65.95% in the 50 and 100 μM AAI treatment groups, respectively (Figure 3B). This suggests that AAI exposure significantly increases the frequency of aneuploidy in oocytes in a dosage-dependent manner (Figure 3B). These aneuploidies seen at MII are most likely due to the segregation errors of homologous chromosomes in meiosis I. Therefore, our results suggest that AAI exposure dose-dependently induces homologous chromosome mis-segregation in oocytes during meiosis I.
Proper homologous chromosome segregation at meiosis I requires crossovers (COs)/chiasmata, which establish the physical connections between homologous chromosomes (Hunter, 2015; Zickler and Kleckner, 2015). The number and position of COs/chiasmata are strictly controlled, and chromosomes with vulnerable CO/chiasma configurations tend to be mis-segregated (Cole et al., 2012; Nagaoka et al., 2012; Wang et al., 2017). In light of this, the number and position of chiasmata were examined in MI oocytes. The oocytes exposed to AAI showed a significantly decreased number of chiasmata compared with that of the control (Figure 3C,D). Moreover, the higher concentration of AAI, the larger decrease in the number of chiasmata (Figure 3D). Consistently, with the increase in AAI concentration, the proportion of chromosomes with two chiasmata significantly decreased (0 μM: 42.29%; 25 μM: 36.19%; 50 μM: 32.65%; 100 μM: 27.89%), accompanied by a corresponding increase in the proportion of chromosomes with a single chiasma (0 μM: 57.71%; 25 μM: 63.81%; 50 μM: 67.35%; 100 μM: 72.11%) (Figure 3E). Interestingly, it seemed that this alteration largely resulted from the increased proportion of chromosomes with a single terminal but not interstitial chiasma in AAI-exposed oocytes (Figure 3E). These results support the idea that AAI exposure affects the number and position of chiasmata in oocytes.
AAI exposure causes aberrant spindle organization and chromosome misalignment in mouse oocytes
Proper spindle organization is essential for accurate homologous chromosome segregation (Bennabi et al., 2016). We, therefore, further examined the spindle organization in MI oocytes by immunostaining α-tubulin with a specific antibody (e.g., Zhu et al., 2018; Han et al., 2020). In the control group, most of the MI oocytes showed bipolar spindles (Figures 4A,B, leftmost). However, after AAI exposure, there were significantly fewer proportions of MI oocytes with bipolar spindles, and correspondingly, there were significantly more proportions of oocytes with aberrantly organized spindles including nonpolar, unipolar, and multipolar spindles (Figures 4A,B). Consistent with the dosage-dependent effect of AAI on chromosome mis-segregation (aneuploidy) (Figures 3A,B), the proportion of oocytes bearing aberrant spindles significantly increased with increasing concentrations of AAI exposure (0 μM: 19.44%; 25 μM: 31.83%; 50 μM: 45.94%; 100 μM: 50.74%, Figure 4B). Moreover, a dosage-dependent effect of AAI exposure on chromosome misalignment was also observed (0 μM: 22.62%; 25 μM: 42.16%; 50 μM: 44.22%; 100 μM: 48.06%, Figure 4C).
To further understand how AAI exposure impairs spindle organization in MI oocytes, RNA-seq was performed using GVBD oocytes that matured in vitro in the presence or absence of AAI (Figure 5A). In both control and AAI treatment groups, the average correlation coefficient of three repeats in each group was 0.99. In total, 20,362 and 20,620 genes were detected in the control and 50 μM AAI treatment groups, respectively. Among them, 250 genes were upregulated and 436 genes were downregulated after AAI exposure (Figure 5B and Supplementary Table S2). We validated the sequencing results using RT-qPCR (Supplementary Figure S1), and both analyses yielded consistent results. Hence, the reliability of RNA-seq was deemed satisfactory. For GO enrichment analysis, 39 pathways were enriched, and we displayed the top 10 (Figure 5C). Notably, spindle organization/orientation (involving 17 DEGs) was in the top 4 pathways that were significantly altered in the AAI treatment group (Figure 5C, Supplementary Figure S1A, and Supplementary Table S2), and the 17 genes involved are listed (Figure 5D). These results further support the observed defects in spindle morphology and chromosome misalignment in MI oocytes, which would contribute to the observed aneuploidy in MII oocytes following AAI exposure.
[image: Figure 5]FIGURE 5 | AAI exposure disturbs the expression of genes involved in spindle organization/orientation in GVBD oocytes. (A) The fully grown GV oocytes were matured in the M16 medium containing 0 or 50 μM AAI for 2 h to reach the GVBD stage. Oocytes were collected for RNA-seq. PCA analysis of RNA-seq data grouped controls and AAI treatments into two separate clusters. Each data point represents one experiment. (B) The heatmap of differentially expressed genes (DEGs) between the control and AAI-exposed groups. (C) The top 10 GO-BP terms of DEGs. (D) The list of DEGs in the spindle assembly/orientation term in (C). Red arrow, upregulated; green arrow, downregulated.
AAI exposure decreases mitochondrial membrane potential (MMP) and ATP production
Normal spindle assembly requires sufficient ATP supply (Zhang et al., 2006; Dalton and Carroll, 2013). Therefore, we considered whether aberrant spindles also resulted from reduced ATP production in AAI-exposed oocytes. To test this idea, we examined the ATP content in MI oocytes using the classical firefly luciferase. In the presence of ATP and Mg2+, firefly luciferase catalyzes luciferin oxidation to yield oxyluciferin, which emits luminescence (Inouye, 2010). Compared with the control, AAI exposure significantly reduced the ATP content in MI oocytes (Figure 6A).
[image: Figure 6]FIGURE 6 | AAI exposure decreases mitochondrial membrane potential (MMP) and ATP production. (A) The GV oocytes were matured for 8 h to reach MI in the M16 medium with 0, 25, 50, and 100 μM AAI. Oocytes were collected and the firefly luciferase assay was performed to examine the ATP content. The relative ATP contents in MI oocytes matured in different treatments were shown. (B,C) Representative images of JC-1 assay (B) and quantification (C) of the MMP in MI oocytes. MMP was calculated as the intensity ratio of red fluorescence (J-aggregate) to green fluorescence (J-monomer). (D) Relative expression levels of selected genes associated with mitochondrial respiratory chain in MI oocytes by RT-qPCR. (E–H) The relative ATP content, MMP, and relative mRNA levels of mitochondrial respiratory chain-related genes were examined in GVBD oocytes as in MI oocytes (A–D). Scale bar, 100 μm (B,F). Error bar, mean ± SEM of 3 independent experiments (A,C,D,E,G,H). 10 oocytes were used for ATP assay for each experiment per treatment and totally 30 oocytes were used for each treatment (A,E). ∼15 oocytes were used for JC-1 assay for each experiment per treatment and totally 43, 48, 47, and 46 oocytes in (C) and 50, 48, 50, and 39 oocytes in (G) were used for each treatment. 25 oocytes were used for each experiment per treatment, and totally 75 oocytes were used for each treatment (D,H). Only comparisons with significant differences were indicated; *, p < 0.05; **, p < 0.01; ***, p < 0.001; one-way ANOVA and the LSD test.
MMP is required to maintain mitochondrial oxidative phosphorylation to produce ATP (Zorova et al., 2018). The lipophilic cationic fluorescent dye JC-1 has been widely used to measure MMP, which is positively correlated with the level of JC-1 aggregates and thus can be measured by the ratio of red (from JC-1 aggregates) to green (from JC-1 monomers) fluorescence (Sivandzade et al., 2019). A significant decrease in the intensity of red/green JC-1 fluorescence was observed in MI oocytes that matured in vitro in the medium containing AAI (Figures 6B,C).
Impaired MMP and reduced ATP production further suggest that the mitochondrial respiratory chain may be disturbed. Mitochondrial genome-encoded NADH dehydrogenase subunit 2 (ND2), NADH dehydrogenase subunit 4 (ND4), Cytochrome B (CYTB), and Cyclooxygenase 1 (COX1) are essential components of the mitochondrial respiratory chain (Poyton and McEwen 1996). Our RT-qPCR results showed that AAI exposure decreased the mRNA levels of these genes in MI oocytes (Figure 6D).
Further investigation showed that decreased MMP and ATP levels were observed in oocytes at the GVBD stage after AAI exposure (Figures 6E–G). Moreover, reduced expression of mitochondrial genome-encoded ND2, ND4, CYTB, and COX1 were also seen in oocytes at this stage (Figure 6H). Notably, significantly decreased expression of gene encoding CYTB was observed in GV oocytes exposed to AAI for 1 h (Supplementary Figure S2). CYTB is essential for the assembly and function of complex III of the mitochondrial respiratory chain, and it forms the catalytic core of the enzyme together with the other two components (Blakely et al., 2005). CYTB disruption can cause severe mitochondrial respiratory chain enzyme deficiency in humans and yeast (Blakely et al., 2005). These results support that the mitochondria of oocytes became impaired after AAI exposure.
Interestingly, GO and KEGG pathway analyses did not enrich the nuclear genome encoding the mitochondria-related pathway at the GVBD stage after AAI exposure (Supplementary Table S2). To further explore the effect of AAI exposure, we performed RNA-seq using MI oocytes that matured in vitro in the presence or absence of AAI (Figure 7A). Among them, 990 genes were upregulated and 1,585 genes were downregulated after AAI exposure (Figures 7A,B, Supplementary Table S3). We validated the RNA-seq results using RT-qPCR (Supplementary Figure S3), and both analyses yielded consistent results. Hence, the reliability of the RNA-seq of MI oocytes was deemed satisfactory. For the GO pathway analysis, 40 pathways were significantly altered in the AAI treatment group. Notably, mitochondrion organization (involving 73 DEGs) was among the top 7 significantly altered pathways (Figure 7C). Of the 73 DEGs, 16 were upregulated and 57 were downregulated in the AAI treatment group compared with the control (Figure 7D). These DEGs were involved in 20 processes related to the mitochondria (Figure 7E). Overall, these results support the idea that AAI exposure impairs mitochondrial function in oocytes.
[image: Figure 7]FIGURE 7 | AAI exposure alters the expression levels of genes involved in mitochondrion organization. (A) The GV oocytes were matured in the M16 medium containing 0 or 50 μM AAI for 8 h to reach MI stage. The oocytes were collected for RNA-Seq. PCA analysis of RNA-seq data grouped controls and AAI treatments into two separate clusters. Each data point represents one experiment. The correlation coefficient is 0.99 and 0.97 between three repeats in control and four repeats in AAI treatment, respectively. (B) The heatmap of DEGs between the control and AAI-exposed groups. (C) The top 10 GO-BP terms of DEGs. (D) The heatmap of DEGs enriched in mitochondrion organization in (C). (E) The annotation of DEGs for mitochondrion organization in (D).
AAI exposure increases ROS levels and induces early apoptosis in mouse oocytes
Mitochondria also produce low levels of reactive oxygen species (ROS), which are involved in many processes including signaling transduction and immune response (e.g., Hamanaka and Chandel 2010). However, impaired mitochondria may produce excessive ROS. We, therefore, examined the ROS level in the oocytes at different stages with the commonly used and reliable probe DCFH-DA (2′,7′-Dichlorodihydrofluorescein diacetate) (Figures 8A,C). DCFH-DA diffuses into cells and is deacetylated by esterases to form DCFH (2′,7′-dichlorodihydrofluorescein), which is then oxidized to 2′,7′-dichlorofluorescein (DCF) by ROS (predominantly H2O2) (McLennan and Degli Esposti, 2000). DCF emits fluorescence, which can be detected and quantified. As expected, the ROS levels in the AAI-exposed GVBD and MI oocytes were significantly increased compared with those of the control (Figures 8A–D). Since both excessive ROS and mitochondrial dysfunction can induce apoptosis (Simon et al., 2000), we further evaluated early apoptosis in GVBD and MI oocytes via the Annexin V staining assay (Figures 8E,G). During early apoptosis, phosphatidylserine, normally located on the inner surface of the membrane, is exposed on the outside surface and bound to anticoagulant protein Annexin V with high affinity (van Engeland et al., 1998). The proportion of GVBD oocytes with positive Annexin V staining was 10.90% in the control group (Figures 8E,F). However, the proportions of Annexin V positive GVBD oocytes were significantly increased to 14.26, 30.20, and 34.52% for oocytes treated with 25 μM, 50 μM, and 100 μM AAI, respectively (Figures 8E,F). Notably, the proportion of MI oocytes with positive Annexin V staining was 24.92% in the control group (Figures 8G,H). However, the proportions of Annexin V positive MI oocytes were significantly increased to 37.30, 55.71, and 65.04% for oocytes treated with 25 μM, 50 μM, and 100 μM AAI, respectively (Figures 8G,H). This result indicates that AAI exposure can dosage-dependently induce early apoptosis in GVBD and MI oocytes.
[image: Figure 8]FIGURE 8 | AAI exposure increases intracellular ROS levels and induces early apoptosis in mouse GVBD and MI oocytes. (A–D) The GV oocytes were matured for 2 and 8 h to reach GVBD and MI stage in the M16 medium with 0, 25, 50, and 100 μM AAI. Oocytes were collected and ROS levels were examined with the reliable DCFH-DA probe. Representative images showing ROS levels in GVBD oocytes (A). Quantification of (A) showing the relative ROS level (B). Representative images showing ROS levels in MI oocytes (C). Quantification of (C) showing the relative ROS level (D). Scale bar, 100 μm (A,C). Error bar, mean ± SEM of 3 independent experiments. ∼30 oocytes per treatment in each experiment. Totally 96, 74, 86, and 87 GVBD oocytes and 85, 76, 90, and 71 MI oocytes were used for each treatment, respectively (B,D). *, p < 0.05; **, p < 0.01; ***, p < 0.001; one-way ANOVA and the LSD test (B,D). (E,G) Representative images showing Annexin V staining of GVBD oocytes (E) or MI oocytes (G) that matured in the M16 medium with indicated AAI concentration. The detection of early apoptosis was performed using FITC conjugated Annexin V. Oocytes with positive Annexin V staining on both zona pellucida (white arrowheads) and cytoplasmic membrane (red arrowheads) were considered early apoptosis. Scale bar, 20 μm (E,G). (F,H) Quantification of (E,G) showing the rates of early apoptotic oocytes. Error bar, mean ± SEM of 3 independent experiments. 25–30 oocytes per treatment in each experiment. Totally, 73, 85, 85, 81 GVBD oocytes and 88, 91, 70, and 77 MI oocytes were used for each treatment, respectively (F,H). Only comparisons with significant differences were indicated; *, p < 0.05; **, p < 0.01; ***, p < 0.001; one-way ANOVA and the LSD test (F,H).
Given the decreased fertilization rate and embryo developmental potential, we further examined the oocytes at the MII stage and found decreased mRNA expression for genes involved in the mitochondrial respiratory chain, increased ROS levels and early apoptosis in AAI treatment groups (Figure 9), which is consistent with the results from the oocytes at the GVBD and MI stages. These results further confirm the poor quality of oocytes after AAI exposure.
[image: Figure 9]FIGURE 9 | AAI exposure increases intracellular ROS levels and induces early apoptosis in mouse MII oocytes. (A–E) The GV oocytes were matured for 12 h to reach MII in the M16 medium with 0, 25, 50, and 100 μM AAI. Relative expression levels of selected genes associated with mitochondrial respiratory chain in MII oocytes by RT-qPCR (A). ROS levels in MII oocytes were examined with the reliable DCFH-DA probe (B). Quantification of (B) showing the relative ROS level (C). Representative images showing Annexin V staining of MII oocytes from different treatments (D). Quantification of (D) showing the percentage of apoptosis (E). Scale bar, 100 μm in (B); 20 μm in (D). Error bar, mean ± SEM of 3 independent experiments. 25 oocytes were used for each experiment per treatment, and totally 75 oocytes were used for each treatment (A). ∼25 oocytes per treatment in each experiment and totally 73, 76, 79, and 85 MII oocytes were used for each treatment, respectively (C). 30–35 oocytes per treatment in each experiment and totally 92, 91, 100, and 102 oocytes were used for each treatment (E). Only comparisons with significant differences were indicated; *, p < 0.05; **, p < 0.01; ***, p < 0.001; one-way ANOVA and the LSD test (C,E).
DISCUSSION
Our investigation reveals that AAI exposure dramatically increases the frequency of aneuploidy in oocytes, and significantly decreases the rate of PBE, fertilization capability, and embryo development potential. Further analysis suggests that these defects are most likely caused by mitochondrial dysfunction, as revealed by the insufficient ATP supply and excessive ROS (Figure 10).
[image: Figure 10]FIGURE 10 | Model for the impact of AAI exposure on oocyte quality. AAI exposure impairs mitochondrial function and metabolism, leading to insufficient ATP supply. As a result, spindle organization and chromosome arrangement in MI oocytes are disturbed, which leads to chromosome segregation errors and ultimately oocytes with poor quality (e.g., aneuploidy).
AAI impairs oocyte maturation
In contrast with male meiosis, which is a continuous process, female meiosis begins from fetal development and is arrested at diplotene/dictyate soon after CO formation. Arrested oocytes grow and are gradually surrounded by granulosa cells to form follicles. From puberty, under the role of LH, a small number of oocytes resume meiosis, and gradually progress to MII when they are ready to be fertilized (Morelli and Cohen, 2005; Bolcun-Filas and Handel, 2018). During this process of oocyte maturation, oocytes are exposed to the stimulation of both internal and external factors (Li et al., 2019; Li et al., 2020).
Although AAI exposure to mouse GV oocytes only slightly decreases the rate of GVBD, the RNA-seq of GVBD oocytes shows that AAI exposure significantly affects many biological processes related to oocyte maturation. Further study shows that AAI exposure significantly decreases the rate of PB1 extrusion, indicating that a fraction of oocytes probably fail to complete meiosis I. Even if the majority of oocytes can progress to the MII stage, the proportion of MII oocytes that successfully formed pronuclei was significantly decreased when they were in vitro fertilized, suggesting that AAI exposure also impairs the fertilization capability of MII oocytes. Interestingly, most MII oocytes with pronuclei could successfully develop into two-cell embryos as the proportions of MII oocytes with pronuclei and two-cell embryos were essentially equal in both control and AAI treatment groups. However, the rate of blastocyst formation was dramatically decreased in the AAI-exposed oocytes when compared with the oocytes in the control group. Overall, these results suggest that AAI exposure impairs the oocyte maturation process.
Exposure of mouse oocytes to AAI results in mitochondrial dysfunction, which includes decreased MMP, insufficient ATP supply, and excessive ROS. Elevated ROS levels have also been observed in AAI-exposed porcine oocytes and human mitotic cells (Yu et al., 2011; Romanov et al., 2015; Zhang Y. et al., 2019). ATP deficiency and excessive ROS could disturb the assembly of spindle microtubules, as well as other intracellular organelles and the cytoskeleton (Dumollard et al., 2003; Eichenlaub-Ritter et al., 2004). Furthermore, the disturbance of spindle assembly can cause chromosome misalignment, ultimately resulting in aneuploidy, as observed. Impaired mitochondria and defective oocyte maturation can decrease fertilization capacity and embryo developmental potential (Reynier et al., 2001; Cummins, 2002). Therefore, defects in oocyte maturation induced by AAI exposure seem to largely result from mitochondrial dysfunction (Figure 10). However, we cannot exclude the possibility that AAI may impair different events in different ways.
The above results raise interesting questions: how AAI enters oocytes and how AAI affects mitochondria. It has been proposed that AA is absorbed from the gastrointestinal tract, enters the bloodstream, and is distributed throughout the body since DNA adducts have been found in various organs, including the kidney, bladder, liver, stomach, intestine, and lung (Mei et al., 2006; Shibutani et al., 2007; Dickman et al., 2011; Jadot et al., 2017). Studies on AA-mediated nephrotoxicity suggest that proteins of the organic anion transporter (OAT) family (OAT1, OAT2, and OAT3) play an important role in mediating the AA entering proximal tubular epithelial cells in the kidney (Jadot et al., 2017). However, it seems that OAT1, OAT2, and OAT3 are not expressed in mouse ovaries (https://www.ncbi.nlm.nih.gov/gene/). Additionally, our RNA-seq of GVBD and MI oocytes did not detect the expression of these genes. Therefore, AAI may enter oocytes through diffusion or other mediators. Consistent with this idea, AAI has also been observed to be accumulated in CHO-K1 cells, which seem to not express OATs (Dickman et al., 2011).
It has been widely accepted that intracellular AA metabolic intermediates, mainly catalyzed by NAD(P)H: quinone oxidoreductase (NQO1) and/or cytochrome P450 (CYP), covalently bind to DNA and RNA to form adducts (Leung and Chan, 2015; Jadot et al., 2017). The nitroreduction process consumes NADPH and related enzymes that play important roles in scavenging superoxide anion radicals (Zangar et al., 2004; Omura, 2006; Zhu and Li, 2012; Bhattacharyya et al., 2014). Therefore, pathological activation of the reduction process may disrupt the redox balance and cause oxidative stress. It has also been reported that AAI intermediates can react with aminothiols, such as glutathione (GSH), which is an important antioxidant that protects cells from oxidative stress (Zhang et al., 2020). Consistently, AAI exposure leads to GSH depletion in human mitotic cells, which can further cause oxidative stress (Yu et al., 2011; Li Y. C. et al., 2012; Romanov et al., 2015; Zhang et al., 2020). Therefore, AAI exposure may cause oxidative stress in oocytes via the same pathways. Furthermore, increased oxidative stress can damage mitochondria and lead to further increases in oxidative stress levels.
How does AAI exposure affect the chiasma pattern?
Chromosomes with aberrant CO/chiasma configuration are at high risk for chromosome mis-segregation to generate aneuploidy, which is the major cause of infertility, spontaneous abortion, and birth defects (Nagaoka et al., 2012; Wang et al., 2017). Meiotic CO recombination is completed at pachytene before oocytes are arrested (at diplotene/dictyate; Hunt and Hassold, 2008; Hunter, 2015). GV oocytes exposed to AAI did not affect either the numbers or the positions of their COs. However, surprisingly, a dosage-dependent decrease in chiasma number was observed in MI oocytes that matured in the presence of AAI. Moreover, the decrease in chiasma number in AAI-exposed oocytes was largely due to the decreased proportion of chromosomes with two chiasmata, and the increased proportion of chromosomes with a single terminal (but not interstitial) chiasma. Since the maintenance of chiasmata also requires sister cohesion, alterations in chiasma pattern in AAI-exposed oocytes most likely resulted from the partial loss of sister cohesion as is often observed in aged females (e.g., Hodges et al., 2005).
In mice, each chromosome usually has one or two COs/chiasmata. For chromosomes with only one CO/chiasma, the CO/chiasma tends to be located around the middle of the chromosomes (Supplementary Figure S4i) (Wang et al., 2017; Wang et al., 2021). For chromosomes with two COs/chiasmata, usually one is close to the distal end and the other one is close to the proximal end (Supplementary Figure S4ii) (Wang et al., 2017; Wang et al., 2021). When sister cohesion is weakened, the distal chiasma would be preferentially eliminated (but not the CO at the DNA level) since it is held only by minimal cohesion (Supplementary Figure S4iv) (Wang et al., 2017; Wang et al., 2019). AAI exposure increases ROS, which would damage the sister cohesion, as previously reported (Perkins et al., 2016; Perkins et al., 2019). The proximal chiasma would be less affected than the distal chiasma since there is a large number of cohesin around the centromere to hold the sisters together (Supplementary Figure S4iv). As a result, 1) the number of chiasmata per oocyte is decreased, and 2) more chromosomes have a single terminal chiasma. These predictions are consistent with what we observed. In addition to altered chiasma pattern, chromosome mis-segregation would be further exaggerated by other defects, such as the aberrantly arranged spindles observed in AAI-exposed oocytes. The increased frequency of aneuploidy in oocytes would increase the risk of miscarriage and birth defects in offspring, as has been observed in humans (Nagaoka et al., 2012).
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7821m

4340 m
4340 m

3400 m

5000 m

5300 m
5900 m
4200 m
5380m
3600 m
3600 m

5500 m

Subjects

Human

Rat
Rat

Rat

Rat

Human
Human
Mouse
Human
Ram

Human

Rat

Reproductive consequences

Decreased sperm count; increased abnormally shaped sperm; decreased testosterone
levels

Decreased epididymal sperm count; disorder of spermatogenesis

Reduced spermiation (stage VIII) to half and the onset of spermatogenesis (stages IX-XI) to
a quarter; decreased sperm count

Decreased epididymal spermatozoa count; reduced diameter of the seminiferous tubule
and the height of the spermatogenic epithelium

Decrease of cellularity of seminiferous epithelium; degeneration and sloughing of
seminiferous epithelial cells occasionally.

Decreased sperm mtDNA copy numbers; lower nuclear DNA integrity

Reduced sperm concentration

Testicular damage

Decreased sperm parameters; decreased LH, PRL and testosterone levels

Decreased sperm concentration, progressive motility and viability

Decreased sperm concentration; increased the occurrence and frequency of sperm with
excessive head size, neck crimp, and tailless

Decreased sperm count and motility; increased sperm deformity rate; decreased
testosterone levels
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Subjects

Human
Human
Human
Human
Human

Rat
Human

Human
Human
Human
Human
Human

Human
Human
Human

Reproductive consequences

Poorer semen quality; higher serum levels of FSH; lower inhibin B; higher levels of LH
Sperm DNA damage

Smaller testis; higher frequency of abnormal epididymis

A reduction in the concentration/mL and the total sperm number

Lower sperm production and motility; increased percentage of abnormal sperm morphology

lower sperm count and survival rate; disordered seminiferous epithelium

Lower sperm parameters, sperm and leukocyte telomere length; higher DNA fragmentation, protamine deficiency,
and lipid peroxidation

Higher sperm DNA fragmentation index

Lower total and total motile sperm counts; slightly higher testosterone levels

Non-obstructive azoospermia

Decreased sperm quality

Higher DNA fragmentation index; decreased all semen characteristics; an abnormality of at least one of the
spermatic parameters

Higher sperm DNA fragmentation and apoptosis rate

Reduced semen parameters; increased sperm DNA fragmentation

Lower sperm concentration, motility and total sperm count;higher serum FSH levels, and higher seminal
oxidation-reduction potential and sperm DNA fragmentation index
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COPD Human
Pulmonary obstruction Human
COPD Human
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COPD Human
COPD Human
COPD Human
COPD Rat
COPD Human

Pulmonary emphysema

Mesocricetus auratus

Reproductive consequences

Hypogonadism

Hypogonadism

Erectile dysfunction

Reduced total and free testosterone levels
Lower testosterone levels

Sexual dysfunctions

Hypogonadism

Lower testosterone levels

Significant reduction in total and free testosterone levels

Decreased testosterone levels

Serum testosterone depression

Decreased sperm quality; increased abnormal seminiferous tubules; decreased

seminiferous epithelium height; decreased sertoli cells; increased unclear
volume of leydig cells
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Gene symbol

GAPDH
Lah1
Pitp
Pkm2

References sequence

KJ786424.1
NM_001172363.2
XM_021065066.1
CV864390.1

Forward primer sequence
(5-3)

AAGTTCCACGGCACAGTCAA
ACACTGGAAAGCGGTTCACA
GGAGTTCTGTGTCCCCATGG
TCATTCAGACCCAGCAGCTG

Reverse primer sequence
(5'-3)

CAGCATCGCCCCATTTGATG
TTCTGCCAGATCTGCCACAG
TGTCGGTGATGGTGTTGAGG
TGGTACAGATGATGCCGGTG

Amplicon size (bp)

109
109
107
17
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Subjects Reproductive References
consequences

Human Reduced testosterone Gambineri et al., 2003
levels

Human Decrease in erectile Margel et al., 2004
function

Human Erection problems; Stannek et al., 2009
decreased overall sexual
satisfaction

Human Erectile dysfunction Budweiser et al., 2009

Human Erectile dysfunction; low Andersen et al., 2010
testosterone levels

Human Reduced free testosterone Hammoud et al., 2011
and sexual quality

Mouse Decreased testosterone Wang et al., 2019
levels

Mouse Reduced progressive Torres et al., 2014
sperm motility;
downregulate fertility rate
and fetuses number

Rat Reduced sperm count and Wang J. et al., 2020
sperm motility; impaired
spermatogenesis

Human Higher infertility rate Chen et al., 2021
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Types of diseases

Sickle cell disease
Sickle cell disease
Sickle cell disease
Sickle cell disease
Sickle cell disease
Sickle cell disease

Thalassemia

Sickle cell disease

Sickle cell disease

Thalassemia
Hemolytic anemia

Thalassemia
Hemolytic anemia

Subjects

Human
Human
Human
Human
Human
Human

Human

Human

Human

Human
Mouse

Human
Mouse

Reproductive consequences

Priapism

Priapism or erectile dysfunction

Lower testicular volume; shorter penis length
Impaired sperm parameters

Repeated testicular infarction

Decreased semen parameters

Lower total sperm count, sperm motility and percent normal sperm morphology; lower serum LH,
FSH and testosterone levels

Hypogonadism

Hypogonadism

Increased sperm DNA damage; reduced sperm motility

Reduced sperm count, sperm natural morphology, sperm motility and viability and serum
testosterone concentration, increased DNA injury

Lower testis values; lower sperm concentrations and abnormal morphology

Testicular tubular atrophy and edema in the interstitial tissue; decreased sperm count, diminished
sperm motility and viability, diminished fertilizing potential

References

Adeyoju et al., 2002
Madu et al., 2014

Martins et al., 2015
Joseph et al., 2021

Lietal., 2003
Berthaut et al.,
2008

Safarinejad, 2008b

Taddesse et al.,
2012

Morrison et al.,
2013

Perera et al., 2002

Mozafari et al.,
2016

Chenetal., 2018
Anbara et al., 2018






OPS/images/fcell-09-749116/cross.jpg
3,

i





OPS/images/fcell-09-735684/fcell-09-735684-g003.jpg
Oocyte

Cumulus cell {

mitochondria related genes(147)

mitochondria related genes(174)

. .
0,0 Ligands

Receptors

Target genes

Oocytes

PCOS

Control

Cumulus cells

I\

I J I{lll

|

|

— )
IO
—

|

l:I’II h]' J }IH ‘II | |I MI

ACSLA1
APOO
——= COX20
HSPE1
—— V|DH1

— MRPL58
MRPS28
~ MRPS33
- NDUFB8

|

Control

Ligands Receptors Target genes

in cumulus cells

GDF9 BMPR2 TNFAIP6 PTX3
14+ 6, _Ns 10, 107 ns
- a‘* 8- &k |
g é 13 * k% 4 6_ 8
&) o B-
o = 4-
© N 12 2- 4
Q o) A i
S
11- 0- 0- 7
BMP4 TGFBR1 ID1 ID2 ID4
—~ e 91 9 e 10 e 12, ek
g g 34 = 4- 4 8- 94
| = 3. 3. 6-
= = 2- 6-
© S e 2 il
8 1 1 1. 2. o
0- L 0- 0- 5 0- 0- v
P R P P FS
C
Oocytes

mitochondrial translation { 6
-
- u
I 16
N 16

mitochondrial respiratory chain complex |l assembly -
mitochondrial electron transport, cytochrome ¢ to oxygen -
mitochondrial translational termination -

mitochondrial translational elongation -

mitochondrial electron transport, ubiquinol to cytochrome c-
mitochondrial respiratory chain complex | assembly -
mitochondrial electron transport, NADH to ubiquinone -

mitochondrial large ribosomal subunit -
mitochondrial membrane -

mitochondrial respiratory chain -
mitochondrial respiratory chain complex Ill 1
mitochondrial small ribosomal subunit -
mitochondrial respiratory chain complex | -
mitochondrion -

mitochondrial inner membrane -

mitochondrial translational elongation

mitochondrial translational termination -

mitochondrial electron transport, NADH to ubiquinone -
mitochondrial respiratory chain complex | assembly -
protein targeting to mitochondrion 4

mitochondrion A

mitochondrial inner membrane -
mitochondrial matrix 4

mitochondrial large ribosomal subunit 1
mitochondrial ribosome -

mitochondrial respiratory chain complex | -
mitochondrial intermembrane space A
mitochondrial small ribosomal subunit 4

mitochondrial intermembrane space protein transporter complex { &

I z
— =

-Log10(P-value)

Cumulus cells

dd

)
O

20
-Log10(P-value)






OPS/images/fcell-09-735684/fcell-09-735684-g004.jpg
A oocytes-TEs B
2
@ Control
50- "
® PCOS
371
N 0+ —2
L ,
B o == LTR12C-375
= MER52C-105
—_=— ~— LTR7Y-218
-100- = ———— HERVH-int-5390
= ——— — MER50-1382
200 100 0 100 200 — = Wl
- tSNE_1 455 = = | TR12C-2489
= =—= L TR7Y-%4
X B Upin PCOS B Downin PCOS == LTR7-2181
é 10 = LTR45C-3
2 —— = —— MER51E-82
S 8 = —— — HERVH-int-5486
S ———— MER50-2035
- I 4 4@
é . Control PCOS
& 4
.0
5
2 21
IJJ . 1 1 1 | ol | 1
= Naod O o A& N N ANV DR 2O DDA A Chromosome
S R R O e s 4 5 &
D Chromosome O .|W ERV1
101(11213141516171819202122X % o | | @ | 9 | erue
DNA o O|lO0]| O ol o |O| o] e
£
, O O
LINE ololololo ~FCIRE c||@ @ |®| 0 eruL
LTR O . ) . . o|lo|lo|o|O E . . . . ERVL.MaLR
SINE o |@|O|c|0o|C O|o|e|o]o ®oleo| @ Gypsy
06 05 04 03 02 01 0 0 04 0.8
F G chr2 chr3
- ERV1 elements chr4 . chrd mPCOS
g g' S g' g’ ° 8_ Jedek 8_ Fdk bade 8_ 8—
8 R) a 3 81 1 g a % %% *FeKk * % -Contr0|
T + B *kK 6— 6 6—
genes £ 5
2 @4 . 4= 4-
%) ~= 9
5 g5 2 2 2
% 0- 0— 0- 0—
- % 9 ) o
7 S PO NPy N,
L q,o AN Q:\ 5 v O &} <}
QL\ A@ \‘:\ & N> NV o NV
& & &





OPS/images/fcell-09-735971/fcell-09-735971-t002.jpg
Sample Replication Number of Number of Blastocyst Average
no. survival blastula development blastocyst
rate (%) development
rate (%)
Zygotes 1 29 29 100 98.41
2 15 15 100
3 21 20 95.23
2-Cell 1 25 22 88 94.45
embryos
2 22 21 95.45
3 17 17 100
4-Cell 1 23 21 91.3 97.1
embryos
2 13 13 100
3 19 19 100
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Sample Replication Number of Number of Survival Average

no. injections survival rate (%) survival
rate (%)
GV oocytes 1 30 30 100 90.4
2 41 35 85.36
3 21 18 85.71
COC 1 32 28 87.5 86.8
2 32 29 90.63
3 28 23 82.14
MIl oocytes 1 27 27 100 98.6
2 30 30 100
3 24 23 95.83
Zygotes 1 30 29 96.67 98.9
2 15 15 100
3 21 21 100
2-Cell embryos 1 25 25 100 88.53
2 24 22 91.67
3 23 17 73.91
4-Cell embryos 1 25 23 92 89.72
2 15 13 86.67
3 21 19 90.48
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Embryos stage 96 h after fertilization 120 h after fertilization

Blastocyst(%) Hatching(%) Hatched(%) Hatching(%) Hatched(%) Hatching + hatched(%)
2-cell 83.04 + 0.05% 60.22 + 2.607 0? 33.76 + 1.592 25.08 + 2.642 58.84 + 3.412
4-cel 87.57 &+ 1.59%0 74.43 + 1.04° 02 41.62 & 2.24° 30.39 =+ 8.05% 72.01 & 9.60°
Morula 90.88 + 1.27° 79.86 + 1.310 1.44 +1.622 50.34 + 1.73° 37.18 + 2.07° 87.52 4+ 1.32¢

Data are presented as mean + SD and were processed by Tukey’s multiple comparisons tests. Within the same embryo stage, percentages without a common letter
were statistical different (P < 0.05).
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Individual
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Testicular volume (Left/Right, mi)
Somatic karyotype
Y Chromosome microdeletions
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Physical activity
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Alcohol consumption

Case 1

38
2522
Normal
1010
46.XY
No

37.21

9.20

22,01

9.36

178
Induced abortion

No

No

No
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No
Occasional

Case 2

28
2231
Normal
1212
48.XY
No

16.22
4.42
9.10
14.33
100

Having a child

No
No
No
Yes
Yes

Occasional

Case 3

33
27.09
Normal
10/10
46.XY
No

8.15
257
11.36
15.10
44

Induced abortion

No
No
No
Yes
No

Occasional

Control 1

24
28.85
Normal
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9.68
e
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26
26.32
Normal
12112
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2.28
113
23.47
20.03
118
No

No

No

No
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Normal
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Embryos stage 96 h after fertilization 120 h after fertilization

Blastocyst(%) Hatching(%) Hatched(%) Hatching(%) Hatched(%) Hatching + hatched(%)
2-cell 88.44 + 0.762 64.98 + 7.672 0 39.70 + 1.372 34.91 £ 0.712 74.61 4+ 0.742
4-cell 93.44 + 2,572 77.81 +2.03 2.51 £0.80? 45,79 + 3.25b 36.74 + 2.38% 82.53 + 3.28°
Morula 95.38 + 1.94° 83.61 + 5.03 4.77 +£1.362 54,16 + 4.11° 41.90 + 2.16° 96.06 + 3.12°

Data are presented as mean + SD and were processed by Tukey’s multiple comparisons tests. Within the same embryo stage, percentages without a common letter
were statistical different (P < 0.05).
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Treatment 96 h after fertilization 120 h after fertilization

Blastocyst(%) Hatching(%) Hatched(%) Hatching(%) Hatched(%) Hatching + hatched(%)
Ctrl 91.40 + 1.65° 15.29 =+ 3.822 0.99+0.182 27.83+2.012 29.69 + 0.56% 57.52 + 1.76%
SH 95.38 + 1.942 83.61 + 5.03° 4.77 +1.362 54.16 + 4.11P 41.90 + 2.16 96.06 + 3.12°
LH 90.88 & 1.272 79.86 + 1.31P 1.44 +1.622 50.34 +1.73° 37.18 £ 2.07° 87.52 4+ 1.32¢
ST 91.29 + 2,667 15.01 +1.992 522 +0.782 50.33 +1.78° 38.92 + 1.120 89.25 + 2.16°
LT 90.69 + 2.28? 16.10 & 1.482 5.49 + 1.042 50.14 +1.19° 39.58 + 1.23P 89.72 + 0.16°

Data are presented as mean + SD and were processed by Tukey’s multiple comparisons tests. Within the same embryo stage, percentages without a common letter
were statistical different (P < 0.05).
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Treatment Morula(%) 96 h after fertilization 120 h after fertilization
Blastocyst(%) Hatching(%) Hatched(%) Hatching(%) Hatched(%) Hatching + hatched(%)
Ctrl 96.98 + 0.607 89.20 +2.472 12.51 £ 3.932 0.19 +£0.342 26.75 £ 2.432 28.77 +£0.842 556242128
SH 98.86 + 1.012 93.44 £ 2578 77.81 £2.03° 2.51 +£0.80? 45.79 + 3.25° 36.74 +2.38° 82.53 + 3.28°
LH 95.40 + 6.472 87.57 + 1.592 74.43 +1.04° 0?2 41.62 + 2.24P 30.39 + 8.05% 72.01 £ 9.60°
ST 98.17 + 0.56% 86.87 + 1.09? 12.79 + 1.382 4.63 +1.962 39.17 £ 0.85° 29.52 +1.372 68.69 + 0.97¢
LT 93.92 4+ 2.432 86.71 +£ 0.972 13.58 + 1.74% 416 £+ 2.442 39.15 & 1.64° 30.60 + 2.06% 69.75 + 2.57°

Data are presented as mean + SD and were processed by Tukey’s multiple comparisons tests. Within the same embryo stage, percentages without a common letter

were statistical different (P < 0.05).
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Treatment 4-cell(%) Morula(%) 96 h after fertilization 120 h after fertilization
Blastocyst(%) Hatching(%) Hatched(%) Hatching + hatched(%)
Ctrl 97.77 £1.35% 95724+ 2.79%  86.15 & 3.522 24.44 £ 2532 2494 4+ 1.562 49.39 +2.322
SH 98.14 £2.65% 93.79+ 5418  88.44 £ 0.762 39.70 £ 1.37°  34.91 +0.71° 74.61 & 0.74°
LH 96.94 +4.00° 95.38 +4.55%  83.04 + 0.05° 33.76 £ 1.59°  25.08 + 2.642 58.84 + 3.41¢
ST 99.63 +£0.64% 93.79 £5412 8217 £2.75° 33.45 +0.52° 24,10+ 1.832 57.55 + 1.47°
LT 93.50 +4.218  91.31 £3.422  82.70 + 0.502 33.34 £ 0.50° 24.42 4+ 2932 B7.76 + 2.57°

Data are presented as mean + standard deviation (SD) and were processed by Tukey’s multiple comparisons tests. Within the same embryo stage, percentages without
a common letter were statistical different (P < 0.05).
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Embryos stage 96 h after fertilization 120 h after fertilization

Blastocyst(%) Hatching(%) Hatched(%) Hatching(%) Hatched(%) Hatching + hatched(%)
2-cell 82,17 £ 1.752 9.30 £+ 1.062 277 +£4.792 33.45 + 0.522 24,10 + 1.832 57.55 + 1.472
4-cell 86.87 + 1.09° 12.79 4+ 1.38% 4.63 +1.962 39.17 £0.85° 29.52 + 1.37° 68.69 + 0.97°
Morula 91.29 + 2.66° 15.01 + 1.99P 5.22 4+ 0.782 50.33 + 1.78° 38.92 + 1.12° 89.25 + 2.16°

Data are presented as mean + SD and were processed by Tukey’'s multiple comparisons tests. Within the same embryo stage, percentages without a common letter

were statistical different (P < 0.05).
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Fatty acid synthesis

Lipoprotein transport

Lipoprotein synthesis and
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Key
enzyme

CPT

FASN

ACAC

SCARB1
LDLR

ABCA1

LCAT
DR

Method

Adding inhibitor of CPT in the IVM
medium

Adding activator of CPT in the
IVM medium

Adding inhibitor of FASN in the

IVM medium
Adding inhibitor of ACAG in the
VM medium

Adding activator of ACAC in the
IVM medium
Scarb1™/~ mice

Ldir' mice
Abcal ™~ mice

Lcat-/- mice

Influence on oocyte
maturation

Suppress (Valsangkar and
Downs (2013))
Promote (Valsangkar and
Downs (2013))

Promote (Downs et al. (2009))

Promote (Valsangkar and
Downs (2015))

Suppress (Valsangkar and
Downs (2015))

Phenotype

Infertile (Trigatti et al. (1999), Miettinen et al. (2001)

Fertile but with decreased ovarian reserve (Review in

Fujimoto VY, (2010)
Fertie but with embryopathy (Review in Fujmoto Y,

(2010)
Fertile (Review in Fujimoto VY, (2010)

Fertile but with decreased ovarian reserve (Review in
Fujmoto VY, (2010))
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q-value

5.5e-114
1.2e-45
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1.3e-20
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4.2e-64

Number of
DMS

ARG O~

Function

Actin, calmodulin, and myosin binding

Transcriptional regulation

Calcium ion binding

Intracellular calcium activated chioride channel activity
Indiucing of gene transcription during the immune response
DNA-binding transcription factor activity

Protein binding

Receptor for membrane bound ligands

mRNA transport

Galcium ion, collagen, and protease binding
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0 week 4 week 8 week 12 week 16 week
CcD 17.0(+0.6) g 19.7(+£1.0¢g 20.0(£09)g 209(£1.0)g 226(+L28)g
HFD 19.4(+0.8)g 24.8 (£ 2.5) g™ 29.1 (£ 3.6) g™ 33.1 (£ 4.3) g~ 37.6(+3.7) g™
0 day 3 days 9 days 12 days 16 days
C 21.7(£1.7)g 228(+£2.049g 221 (+£21)g 215 (+18)g 21.8(+ 19 g
L 21.8(£1.9)g 205(+£1.9g9g 19.0(+ 1.4) g™ 185 (1.2 g™ 19.4(+£1.7)g
8 week 9 week 10 week 11 week 12 week
ob/ob +/? 209(+1.6)g 215(+1.6)g 222(+1.6)g 228(+21)g 22.7(+21)g
ob/ob -/- 39.8 (£ 5.4) g~ 431 (£ 5.0) g 45.0(+4.7) g™ 474 (& By 48.8 (+4.0) g~

DIO, Diet-induced obese; CD, mice were fed chow diet; HFD, high-fat diet (i) pharmacologically hyperleptinemic mice were treated with saline (C) or leptin (L) for 16 days;
(iii) genetically obese mice lacking leptin (ob/ob —/—) and control group (ob/ob +/?). Values presented in grams (g) of body weight and measurements made after weeks
(wk) or days (d) within the specific protocol. Statistical analysis between groups was carried out using simple t-test. Asterisks indicate significant differences (*p < 0.01;

**p < 0.001;, **p < 0.0001).
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Gene name

NLR family pyrin domain-containing 3
Caspase 1

Interleukin-1p

Interleukin-18

Apoptosis-associated speck-like
protein-containing A CARD
Interleukin-10

Tumor necrosis factor

Ribosomal protein
L37

Gene symbol

Nirp3

Casp1

IL-1B

I-18

Asc

I-10

Tnf

Rol37

GenBank accession No.

NM_145827.4

NM_009807.2

NM_008361.4

NM_008360.2

NM_023258.4

NM_010548.2

NM_001278601.1

NM_026069.3

Sequences 5'-3'

F: TGGATGGGTTTGCTGGGATA

R: TGCTTGGATGCTCCTTGACC

F: CATGCCGTGGAGAGAAACAA

R: GGTGTTGAAGAGCAGAAAGCAA
F: TTGACGGACCCCAAAAGATG

R: GCTTCTCCACAGCCACAATGA

F: GAAGAAAATGGAGACCTGGAATCA
R: TCTGGGGTTCACTGGCACTT

F: GCTTAGAGACATGGGCTTACAGGA
R: CCAGCACTCCGTCCACTTCT

F: CCTGGGTGAGAAGCTGAAGAC

R: CTGCTCCACTGCCTTGCTCT

F: GCCACCACGCTCTTCTGTCT

R: TGAGGGTCTGGGCCATAGAA

F: CTGGTCGGATGAGGCACCTA

R: AAGAACTGGATGCTGCGACA

Length (base pairs)

190

151

144

157

179

91

106

108
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Antibody name and Company, Cat No., RRID No. Antibody
specificity dilution
Mouse monoclonal against AdipoGen Cat# AG-20B-0014, 1:1,000
NLR family pyrin RRID:AB_2490202

domain-containing 3 (NLRP3)

Rabbit monoclonal against Abcam Cat# ab108362, 1:1,000
caspase 1 (CASP1) RRID:AB_10858984

Rabbit polyclonal against Abcam Cat# ab71495, 1:250
interleukin-18 (IL-18) RRID:AB_1209302

Mouse monoclonal against Sigma-Aldrich Cat# A2228, 1:10,000
B-actin RRID:AB_476697

Rabbit polyclonal against Abcam Cat# ab9485, 1:2,500
glyceraldehyde 3-phosphate RRID:AB_307275

dehydrogenase (GAPDH)

Goat anti-mouse IgG (H+L) Thermo Fisher Scientific Cat# 1:1,000
secondary antibody, HRP 31430, RRID:AB_228307

Goat anti-rabbit IgG (H+L) Thermo Fisher Scientific Cat# 1:20,000
secondary antibody, HRP 31460, RRID:AB_228341

Goat anti-mouse IgG (H+L) Thermo Fisher Scientific Cat# 1:1.000

secondary antibody, AP

31321, RRID:AB_10959407





OPS/images/fcell-10-838992/fcell-10-838992-g002.gif





OPS/images/fcell-09-738731/fcell-09-738731-g005.jpg
A B G
R i wo B et e 110kd NLRP3
| 20.2 ——  — " — = 40 BACTIN
DIO Leptin treated Nirp3 ‘E "
CcD @@ \ ob/ob Casp1 ‘g L —
o> =
2 oL 2.8 hyp
. o
16C 16L  4p - 118 - i i
4wk 16wk l o
Asc 5 0.0
=
‘ 1-10 S Q\*ghboﬁu\/ x{l’ X
AR BEOR Ko
i L %
D E F
- - an e ) e o el b 24kd 118
5 cm e = = —dEdOASP 2 - e =S B APt S e e e e e e 42 RGN
$o4‘-—___—_—37deAPDH = 057 " "= = — e o e e 3TkAGAPDH L 0.8
i c
£ - o4 +p=0.07  os
B 03 — ne_ - * o
o i o 0.3 — o 0.4 i i ? - j
go.z i - ;O 02 g i! ] g’ -
B Q = < 0.2
3 o i Soa - a
o 0.0 @ o0 50
g, o i A SO Ay
S s eleleier SN i o“‘%“‘&'\@:é’&&@\;"\n&'\ SN geeRe
O RON S RO O AXY R S
S % R % S
G H
_ S 18Kkd IL-18
=) — o e
2 s — - 42kd BACTIN o
£ - +p=0.08 g g
5 » 2® r
E 0.2 % @ . § |
£
g, Q“ el | o .
: 2
g = 4 wk DIO 16 wk DIO
©
A\ 0.0
O ¥ E X0 Ay
0%‘&»“ RO @@ioo'\
SROR





OPS/images/fcell-10-838992/fcell-10-838992-g001.gif





OPS/images/fcell-09-738731/fcell-09-738731-g004.jpg
e -

4wk / 16wk

DIO

. Leptin

vy}
Jwk HFp

16L

1110
Tnf
1-18

Nirp3

Casp1
1-18

NLRP3 genes

16d

~
©
~

Leptin genes

Superovulation

Fwk HFp

Pten 3
Stat5a I 2
Pton2
Lepr -1
Stat3 =2
Sh2b2

Statbb

Jak2

Socs3

Pton1

log2 FC

Serp1 /11 S|Ya15 sI;ss
% Lahp : k1R
262

HFD

16L 4wk 16wk

Cris1
Nagk

Ripk1
Usp47
Hif1a
Usp7
Ctsb

- Panx1

Txnip

Activators

Gluthatione
metabolism

Mgst1
Gpx8
Mgst3
Gpx7
Gpx5
Gstmb
Gstm4
Gstat
Gsta2
Gstp2
Gstt1
Gstt2
Gpx3
Gsta4
Gstm2
Gstt3

AAMAAAAANANANS

RNA bead capture
and amplification

>

vk HFp

Usp42 3
Kdmé6b I 2
Auts2 1
Aebp2 0
Slc22a15 _ 7!
Alpk3
Zc3h11a
Lamp1

Gdi2

Arf1

Tm9sf2

Serp1

Cyb5r3
Trpc4ap

log2 FC

response to ATP **

negative regulation
of glucose transport **

positive regulation
of cytokine
biosynthesis **

2

Hspa4

Dhx33
Pik3r4

Other regulators





OPS/images/fcell-10-838992/crossmark.jpg
©

|





OPS/images/fcell-09-738731/fcell-09-738731-g003.jpg
16L  oblob -/-
. Nirp34 * *
Leptin treated s

Casp1- * * 2
ol I
0

1I-18 1 *
16 C 16 L p
Asc A 2

= 1I-10 1

#es #=e BB 110kd NLRP3 ~— ~—— = 45kd CASP1
— " —— w—— 42kd PACTIN Ao s == = 37kd GAPDH

*

<)
IS

e
o

o
w

g

o

e
Y

o
o

e
o

NLRP3 log Protein (AU)
Hl
|
CASP1 p45 log Protein (AU)
(I
Ch
il
— -

(@] a A \ a X
S S Ly O x S
» o 0\ J
F
S = ~—= 1 @ss 20kd CASP1
<'2Z 15, ™ Mems == == 37kd GAPDH 400 +p=0.05
= *
% 04 E 0 *
& ! B
03 o
8’ oy 200
o 02 s
8 = 100 e
- 0.1
o
2 o0 ’ ¢} \ N
o QN VoY (W o
(&) N NS \o‘oxc‘)o\o N 0 60\0

log2 FC





OPS/images/fcell-10-826053/fcell-10-826053-g001.gif





OPS/images/fcell-09-738731/fcell-09-738731-g002.jpg
00020 +,p=0.06 __ 0010 0.004 P 004
g 0.0015 _i g 0008 2 0.003 * 2 0.03
s ® 2 o iTI; '%
QE: 00010 £ = ! E o002 * DE‘ 002
5.‘00005 E é i _8‘0.004 - 50001 % ; J_ 5001 é *
/,—..\ ./\ B : ?mlo.aoz h.@ : ® g
H FD . E 0.0000 8 0.000 = 0.000 = 0.00
/ Q&g@*@*@* o“‘&o“&'\q’&'\%& hs‘;@*\@s*@* v@*o@*\bs*@*
' LI L [ A ] LI [ AES SI]
awk 16wk E P L P L P & &
C ) 110kd NLRP3 D @ 45kd CASP1 E k- “\AWH H’v TS 20kd CASP1
- & N apraBACTR _ o = e @ 37kd GAPDH o — Gy @ 37} GAPDH
~ 0.8 <D: 0.8- . 2 0.8+
:) * — ~
< 06 S 06 ' 0.6
= 0.61 _‘G_), -0 = *
3 . ; = = $
O 0.4 o 0.4 El 070'4-
: s» 2108 -
8 0.2 == é © 0.2 0.2
™ = Q
% 0.0 \L \l"~ \’; \é E 0.0 T T T T g O.G T T T T
2 BN e 2 W S o
S L o 3 9 QO LN & &
AR ORI XL L
F el bl BB o 24kdIL-18 G — g Bee® .. igkdiL18  H
. 42kd BACTIN _ 3 . 42kdBACTIN
95 . - 2 0.4 +p=0.082
£ 0.4 c +, p=0.07 T T
[0 © 0.3 =
° 0.3- ° * 8 300 - .
D_ S
S T Ll
g g &= . T
i 0.1 © 0.11 .
© 0.0 —— — ® 0.0l —— I ® Qb‘*\ N o
A\ R N\ N 5 R ¥ N
SN OS & @ RS O @ £
P L 9O FPL P
O K X X





OPS/images/fcell-10-826053/crossmark.jpg
©

|





OPS/images/fcell-09-738731/fcell-09-738731-g001.jpg
&
C

~ =) 2 ) =)
‘/A S < 00012 if 0.005 - %0.003 <
eCG é E 0.004 <Z( N %
2 00008 02 0.002:
£ £ 0003 E € —_— £
ﬁ f g’ 0.0004 @ @ g 0% % g’ 0001 Q g
e hCG |dioestits Q 3 000t - == -
S @ S o
= 00000 8 0.000 =X 0.000 <
D E D D
(€ S 1 10kd NLRPS D) a— e 45kd CASP1 B & == 20kd CASP1
-
—  —  42kd BACTIN _ “ @ 37kd GAPDH s “ @ 37kd GAPDH
=) < o020
S 025 * < o3 ¥ i
E 020 S e— % 25|
= —_ = &
% 015 § 02 E E Q 010 %
%\ 010 E =)
o — wn 01 q 005
o 005 = —
o - S 000
= o0 - . S o0 - T & E D
E D g E D
(F)  — L JEPYTETIRT (G) 18kd IL-18
. —  42kd BACTIN —— , 42kd BACTIN
2\ 06 - g 010 *%
= £ 008
. = : —
35 O o006
= =
- =
< @ o002
S a
o 00 - - © 000 - r
5 E D 4 E D

U RN
I\






OPS/images/fcell-10-824596/fcell-10-824596-t005.jpg
Gene

B2M
U2AF1
HEXB
NGFR
ARHGDIB
CcTsC
DAB2
c1s
MGP
vim
EID1
CPE
TPM4
NSG1
GSTA4
ANO6
ARMCX3
FOSL2
CMTM6
PTCH2
TCEAL9
AMIGO2
COL27A1
VCAN
APOL2
CMYA5
ARMCX1
ACSL4
CFl
PLXDC2

Case

87,741.46
1,200.73
9,323.97
5,076.68
3512.76
13,078.00
5,884.26

37,879.53
16,324.08

189,063.12

30,949.22

58,219.52

27,431.16
18,918.34
12,493.00
6,258.16
7,699.53
2,749.84
15,488.52
18,472.23
15,877.11
6,881.53
10,573.52
4,228.06
3,186.35
2,612.57
2,717.68
11,956.89
1,008.74
8,216.64

Control

15,138.13
30.26
2,120.95
1,016.99
590.82
1,902.51
1,068.64
6,484.56
3,732.20
40,274.34
8,249.67
10913.72
6,587.87
2,639.12
3,139.39
1,626.75
1,653.00
626.82
4,646.03
3,941.54
4,364.94
1,345.08
1,119.48
814.11
734.73
198.58
598.99
3,362.75
135.95
1,897.98

log2FoldChange

253
5.34
214
232
2.57
2.78
2.46
255
213
223
1.91
242
2.06
284
1.99
1.94
222
213
174
2.23
1.86
236
3.24
238
212
3.72
218
1.83
2.88
2.1

p value

4.60E-46
3.18E-44
1.85E-42
1.11E-40
1.37E€-38
2.40E-37
4.64E-37
4.66E-37
6.30E-37
3.74E-35
1.42E-34
4.32E-34
9.78E-34
1.35E-33
1.37E-33
3.96E-32
6.08E-32
1.16E-31
2.35E-31
4.20E-31
4.65E-31
8.09E-31
2.19E-29
1.63E-28
2.24E-28
2.70E-28
4.62E-28
1.33E-27
5.71E-27
5.82E-27

Adjust P

1.44E-44
9.44E-43
5.09E-41
2.89E-39
3.30E-37
5.48E-36
1.06E-35
1.05E-35
1.41E-35
7.75E-34
2.85E-33
8.52E-33
1.90E-32
2.62E-32
2.66E-32
7.32E-31
1.12E-30
2.11E-30
4.22E-30
7.46E-30
8.21E-30
1.41E-29
3.58E-28
2.56E-27
3.50E-27
4.21€E-27
7.13E-27
2.02E-26
8.43E-26
8.50E-26





OPS/images/fcell-09-738731/cross.jpg
3,

i





OPS/images/fcell-10-824596/fcell-10-824596-t004.jpg
Gene

TSSK6
ANKRD7
TUBA3D
YBX2
ACTRT3
ACRBP
CRISP2
WDR62
ZMYND10
SPTBN2
FAM1868
CATSPERZ
CFAP43
C16orf71
TLCD3B
CCDC136
TMEM2258
C150rf48
CDC20
GAPDHS
QCcD
CCDC54
KLHL10
TSNAXIP1
SPATA24
DDX4
PROCA1
PKMYT1
CCDC168
CCDC96

Case

106.68
399.76
242.19
131.35
159.28
2n.7
36.55
239.12
175.00
343.63
40.21
78.08
36.09
52.84
26.74
190.80
214.06
77.24
7218
96.13
64.30
64.32
23.14
271.40
100.71
6.81
332.44
93.81
21.70
319.08

Control

47,491.96
128,144.62
47,463.79
107,166.69
12,314.70
52,922.49
77,553.97
28,238.56
53,558.13
26,742.28
14,508.79
80,993.20
12,876.27
13,058.29
11,208.07
84,940.90
1741952
9,628.02
10,689.50
46,612.74
9,816.27
14,981.57
10,851.46
9,708.68
10,108.98
23,792.88
26,495.39
10,287.66
5,875.62
18,734.81

log2FoldChange

-8.81
-8.32
-7.61
-9.67
-6.27
-7.60

-11.03
-6.88
-8.25
-6.28
-850

-1002
-8.49
-7.04
-874
-8.80
-6.35
-6.97
-7.20
-8.93
-7.25
-7.87
-8.88
-5.16
-6.64

~11.74
-6.32
-6.79
-8.06
-5.87

p value

0
0
1.18E-264
5.62E-243
3.62E-231
4.47E-231
3.95E-226
9.41E-221
7.10E-219
2.47E-218
1.99E-216
3.13E-213
7.33E-213
1.95E-208
5.95E-205
4.87E-201
1.47E-198
4.25E-188
5.60E-187
6.36E-187
9.93E-184
5.55E-180
1.17E-178
2.37E-177
2.68E-177
1.35E-176
9.20E-175
1.89E-174
5.84E-173
2.39E-172

Adjust p

0
0
7.39E-261
2.64E-239
1.36E-227
1.40E-227
1.06E-222
2.21E-217
1.48E-215
4.65E-215
3.40E-213
4.91E-210
1.06E-209
2.61E-205
7.46E-202
5.72E-198
1.63E-195
4.44E-185
5.54E-184
5.98E-184
8.89E-181
4.74E-177
9.60E-176
1.86E-174
2.01E-174
9.74E-174
6.41E-172
1.27E-171
B.79E-170
1.50E-169





OPS/images/fcell-09-746104/fcell-09-746104-t007.jpg
Embryos stage 96 h after fertilization 120 h after fertilization

Blastocyst(%) Hatching(%) Hatched(%) Hatching(%) Hatched(%) Hatching + hatched(%)
2-cell 82.70 + 0.502 9.90 £ 2.022 2.54 +£0.512 33.34 + 0.592 24.42 + 2,932 57.76 £ 2.572
4-cell 86.71 + 0.97° 13.58 + 1.74P 4.16 £ 2.442 39.15 + 1.64° 30.60 + 2.06° 69.75 + 2.57°
Morula 90.69 + 2.28° 16.10 + 1.48P 5.49 4+ 1.042 50.14 + 1.19° 39.58 + 1.23° 89.72 £ 0.16°

Data are presented as mean + SD and were processed by Tukey’'s multiple comparisons tests. Within the same embryo stage, percentages without a common letter
were statistical different (P < 0.05).





OPS/images/fcell-10-824596/fcell-10-824596-t003.jpg
Pathway ID

hsa04974
hsa04512
hsa05166
hsa04080
hsa05418
hsa05412
hsa04024
hsa04151
hsa04964
hsa05414
hsa04510
hsa04925
hsa04514
hsa04020
hsa05410
hsa04218
hsa04261
hsa04022
hsa00010
hsa05165
hsa05225
hsa04926
hsa04145
hsa04658
hsa05222
hsa04972
hsa05169
hsa04610
hsa04970
hsa04725

Description

Protein digestion and absorption
ECM-receptor interaction

Human T-cell leukermia virus 1 infection
Neuroactive ligand-receptor interaction
Fluid shear stress and atherosclerosis
Arthythmogenic right ventricular cardiomyopathy
CAMP signaling pathway

PI3K-Akt signaling pathway

Proximal tubule bicarbonate reclamation
Dilated cardiomyopathy

Focal adhesion

Aldosterone synthesis and secretion
Cell adhesion molecules

Calcium signaling pathway
Hypertrophic cardiomyopathy

Celular senescence

Adrenergic signaling in cardiomyocytes
CGMP-PKG signaling pathway
Glycolysis/gluconeogenesis

Human papilomavirus infection
Hepatocellular carcinoma

Relaxin signaling pathway

Phagosome

Thi and Th2 cell differentiation

Small cell lung cancer

Pancreatic secretion

Epstein-Barr virus infection
Complement and coagulation cascades
Salivary secretion

Cholinergic synapse

GeneRatio

73/3,400
64/3,400
132/3,400
190/3,400
88/3,400
54/3,400
124/3,400
189/3,400
20/3,400
61/3,400
114/3,400
62/3,400
88/3,400
113/3,400
57/3,400
90/3,400
87/3,400
95/3,400
44/3,400
173/3,400
95/3,400
75/3,400
86/3,400
56/3,400
56/3,400
61/3,400
110/3,400
52/3,400
56/3,400
66/3,400

P

2.68E-09
4.85E-09
3.16E-08
1.63E-07
3.09E-07
5.63E-07
3.21E-06
8.06E-06
1.14E-05
1.69E-05
1.70E-05
1.76E-05
1.93E-05
3.15E-05
3.65E-05
5.44E-05
5.52E-05
7.20E-05
7.98E-05
9.12E-05
9.79E-05
1.50E-04
2.01E-04
2.05E-04
2.05E-04
2.19E-04
2.30E-04
2.87E-04
3.06E-04
3.22E-04

Adjust P

7.85€-07
7.856-07
3.41E-06
1.32E-05
2.00E-05
2.98E-05
1.48E-04
3.27E-04
411E-04
4.76E-04
4.76E-04
4.76E-04
4.82E-04
7.29E-04
7.88E-04
1.05E-03
1.05E-03
1.30E-03
1.36E-03
1.48E-03
1.51E-03
2.34E-03
2.66E-03
2.66E-03
2.66E-03
2.736-03
2.76E-03
3.326-03
3.426-03
3.47E-03





OPS/images/fcell-10-824596/fcell-10-824596-t002.jpg
GO ID

GO:0022412
GO:0044782
GO:0060271
GO:0009566
GO:0043062
G0:0030198
GO:0007389
GO:0007281
GO:0051321
GO:0048515
GO:0031514,
GO:0031012
GO:0044441
GO:0062023
G0:0097223
GO:0043235
GO:0098857
GO:0097729
GO:0045121
GO:0098589
GO:0005201
GO:0022836
GO:0005216
G0:0022839
GO:0015267
G0:0022838
GO:0022803
GO:0005518
GO:0001228
GO:0046873

Terms

BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
cc
cc
cc
cc
cCc
cc
cC
cc
cCc
cc
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF

Description

Celular process involved in reproduction
Cliium organization

Gilium assembly

Fertilzation

Extracelluar structure organization
Extracellular matrix organization

Patten specification process

Germ cell development

Meiotic cell cycle

Spermatid differentiation

Motile cilium

Extracellular matrix

Clliary part

Collagen-containing extracellular matrix
Sperm part

Receptor complex

Mermbrane microdormain

9 + 2 motile cilium

Mermbrane raft

Membrane region

Extracellular matrix structural constituent
Gated channel activity

lon channel activity

lon gated channel activty

Channel activity

Substrate-specific channel activity
Passive transmembrane transporter activity
Collagen binding

DNA-binding transcription activator activity, RNA polymerase Il-specific

Metal ion transmembrane transporter activity

Gene Ratio

239/7,844
248/7,844
235/7,844
130/7,844
252/7,844
223/7,844
268/7,844
170/7,844
166/7,844
111/7,844
139/8,443
313/8,443
285/8,443
224/8,443
137/8,443
238/8,443
189/8,443
73/8,443
188/8,443
194/8,443
110/7,872
210/7,872
248/7,872
204/7,872
267/7,872
254/7,872
267/7,872
52/7,872
255/7,872
249/7,872

P

5.85E-23
3.06E-19
1.96E-17
4ATE17
1.12E6-16
1.81E-16
1.94E-16
3.38E-15
7.14E-15
16E-14
301E-22
3.12E-21
1.62E-20
9.25E-20
6.58E-17
B14E-12
131E-11
1.65E-11
191E-11
232E-11
254E-11
5.71E-09
1.17E-08
1.32E-08
2.48E-08
2.92E-08
3.24E-08
3.63E-08
1.12€-07
6.38E-07

Adjust P

3.72E-19
9.7E-16
4.14E-14
6.63E-14
1.426-13
1.76E-13
1.76E-13
2.69E-12
5.05E-12
1.026-11
2.31E-19
1.2E-18
4.14E-18
1.78E-17
1.01E-14
4.02E-10
1.43E-09
1.58E-09
1.63E-09
1.78E-09
3.04E-08
3.42E-06
3.95E-06
3.95E-06
5.44E-06
5.44E-06
5.44E-06
5.44E-06
1.49E-05
7.36E-05





OPS/images/fcell-09-708980/fcell-09-708980-g007.jpg
00®
Hexestrol .“,...oo
0@

Fusion

g B rpi,

W

Fission

----noooo... CeII membrane

MFN1¢
D m Reclprocal

relationship

ROS

m Spindle
\| Il ' assembly

Mitochondria
dysfunction

»

Poor quality oocyte





OPS/images/fcell-09-706879/cross.jpg
3,

i





OPS/images/fcell-09-706879/fcell-09-706879-g001.jpg
=] 057

2%

Tm

Zygotes

P

Foster mother*

transferrln

Healthy mature
ICR

Uterine environments | |

C57
cd

Zygotes

!

Healthy mature
ICR

v

Oocytes

-6

differ

differ

l
e





OPS/images/fcell-09-708980/fcell-09-708980-g003.jpg
B

Hexestrol

Control

A

o

< (qV]
(s1puids/zxdl)
onel Ajsuajul Juassalonyy ay

I 1 I 1
< (e} N ~— o

(wsejdojko/elpuids)
1IN Jo Auisuajul Jusosalonyy ay |

*k%*
1
Hexestrol

Control

Hexestrol

Control

Control Hexestrol

Pericentrin

L

Control Hexestrol

Hexestrol

Control

1 1
Yo o Yo o
- -~
100} UlJBUdLIad JO Bale ay ]|
x
*x
*
1 | | |
o o o o o
0 (] < (a]

100} ULJBUDLIad JO Jaquinu ay |

[oJju0D [oN1SxaH





OPS/images/fcell-09-708980/fcell-09-708980-g004.jpg
A Control Hexestrol c Aggregate Monomer

Control

Hexestrol

B — *kek D Fxx
500 o wex > 1.5 p——
< 4004 82
= . = 240-
2 300 : e
g 3007 s T =
£ g .n 8 Q
“— = (©
g 2007 L °s 2805
a H oD
14 H >2
S 100+ 209 =RS
= o
[T (0]
0 . . “ 0 . :
Control Hexestrol Control Hexestrol
DCFH-DA Merge F
- e 800
K KX
[ =
(= < 600-
S >
[72]
o
£ 400-
<
o 8
g g 2001
) S
T i
0

Conltrol Hexe:strol





OPS/images/fcell-09-708980/fcell-09-708980-g005.jpg
2500

2000

p-Dr1 (A.U)

500 —

Relataive protein level
(p-Drp1/Tubulin)

Control Hexestrol
- o
(X .
= (@)
D. . é-
9] 2
2. . %
5 1500 _
Y (@]
o >
= @
2 _ 10004 o)
g5 E
= c
3 2
2 500 @
o 9]
(@] >
= i
- 0 I 1
Control Hexestrol
Drp1 F
3.0
a-tubulin T>) 5 5]
——— ——m— <o
£ = 2.0+
p-Drp1 % é
PO S O = 15
=2
MFN1 g S 104
P e O
- 0.5
a-tubulin
d Control Hexestrol

Control

> 1500

—
o
o
o
1

Hexestrol

-
o
|

o
o
|

Control

*kk

0

Hexestrol

Relataive protein level
(MFN1/Tubulin)

Control Hexestrol

3.0+

NN
o (6)]
| |

-
(6)]
|

-
o

o
(&)
|

0 -
Control Hexestrol





OPS/images/fcell-09-708980/fcell-09-708980-g006.jpg
w

A Control Hexestrol
] 10001

* k%

8007
600 |

400-

200+

The concentration of Ca?*

1 1
Control Hexestrol

)

Hexestrol

*%%*

The fluorescent intensity
of yH2AX (A.U)
N
o
o
1

1
Control Hexestrol
E

-

Control

400"

*kk
\

of Annexin-V(A.U)
- N w
o o o
o o o

I ] ]

The fluorescent intensity

Mer:

0| —ouint

Control Hexestrol





OPS/images/fcell-09-708980/cross.jpg
3,

i





OPS/images/fcell-09-708980/fcell-09-708980-g001.jpg
Hexestrol

: [e)
oy o po S
1+ I
o
| 1 | 1
S © 2 v o
(s-01)1ybBrem Apog/Aienp
[a1]
(=]
(40]
| <
(q\]
.00 —~
~
>
©
5 LN
g 2 Lo
bt
T T T » o
0 < ™M ~— o
(V] (q\] AN (V] (V]
() 1ybiam Apoq abelany

<

Hexestrol

Control






OPS/images/fcell-09-708980/fcell-09-708980-g002.jpg
Control v H xestro B B The rate of GVBD

1207 ns
S gof B e _{ T
S
& 60- J_ _L
C
S 304 °
[0
o

0 r :

50 80 100
(uM)

The rate of polar body extrusion

*kk

=
: 50 80 100
(uM)
2-Cell

Morula

Control

Hexestrol

Control Control Control
m Hexestrol
100 [ | Hexizi’frol 100 m Hexestrol , x***
_I_ * k%
< 801 geof [ S 6ol 1
& 601 & 60+ o}
Z £ S 401
@ 40- @ 40- 5
o o <
& 20- ; 2 204 S 207
0 0 L 0 =S
2-Cell 4-Cell

Morula





OPS/images/fcell-09-793389/crossmark.jpg
©

|





OPS/images/fcell-09-784244/inline_1.gif





OPS/images/fcell-09-784244/fcell-09-784244-g007.gif





OPS/images/fcell-09-784244/fcell-09-784244-g006.gif





OPS/images/fcell-09-784244/fcell-09-784244-g005.gif





OPS/images/fcell-09-784244/fcell-09-784244-g004.gif
ShmC/5mC Intensity






OPS/xhtml/Nav.xhtml




Contents





		Cover



		INTRA- AND EXTRA-ENVIRONMENT AND REPRODUCTION



		Editorial: Intra- and extra-environment and reproduction



		Introduction



		Regulation of gametogenesis



		Metabolic disorders have adverse effects on reproduction and offspring health



		Effects of extra-environmental factors on reproduction



		Uterine endometrium and implantation



		Summary



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		References









		Structural and Functional Characterization of a Testicular Long Non-coding RNA (4930463O16Rik) Identified in the Meiotic Arrest of the Mouse Topaz1–/– Testes



		INTRODUCTION



		MATERIALS AND METHODS



		Ethics Statement



		Mice



		Histological and Immunohistochemical Analyses



		Total RNA Extraction and Quantitative RT-PCR (RT-qPCR)



		RNA-Sequencing



		Transcriptomic Analysis



		Biotype Determination of DEGs



		Gene Ontology Enrichment



		Sperm Analysis









		RESULTS



		Topaz1 Mutant Testes Experience a Deregulated Transcriptome as Early as P16



		Pathway and Functional Analysis of DEGs



		Selection of Three Deregulated lncRNA, All Spermatocyte-Specific



		Generation of 4930463O16Rik-Deleted Mice



		The Absence of 4930463O16Rik Does Not Affect Mouse Fertility



		4930463O16Rik–/– Mice Display Modified Sperm Parameters



		Normal Male Fertility Despite a Modified Transcriptome in 4930463O16Rik–/– Mouse Testes









		DISCUSSION



		Topaz1 Ablation Down-Regulates a Significant Number of Cytoskeleton-Related Genes



		Topaz1 Ablation Deregulates a High Proportion of lncRNAs



		The Deletion of One lncRNA Alters Sperm Parameters Without Affecting Fertility









		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Hexestrol Deteriorates Oocyte Quality via Perturbation of Mitochondrial Dynamics and Function



		INTRODUCTION



		MATERIALS AND METHODS



		Mouse Oocyte Preparation and Culture



		Immunofluorescence Staining and Confocal Microscopy



		Mitochondrial Distribution and Membrane Potential Assay in Oocytes



		Detection of Reactive Oxygen Species Level in Oocytes



		Intracellular Calcium and Apoptosis Assay in Oocytes



		Antibodies and Chemicals



		Immunoblotting



		Hematoxylin and Eosin Staining



		Quantification of Immunofluorescence Imaging



		In vitro Fertilization and Embryonic Culture



		Statistical Analysis









		RESULTS



		Hexestrol Affects Relative Ovary Weight and Morphology



		Hexestrol Impairs Oocyte Maturation and Early Embryonic Development



		Hexestrol Disturbs Microtubule Assembly and the Coalescence of Microtubule-Organizing Centers in Metaphase I Spindle Poles



		Hexestrol Affects Mitochondrial Function in Oocytes



		Hexestrol Perturbs Mitochondrial Fission and Fusion Processing Oocytes



		Hexestrol Increases Intracellular Calcium Level and DNA Damage to Induce Oocyte Apoptosis









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		Diabetic Uterine Environment Leads to Disorders in Metabolism of Offspring



		INTRODUCTION



		MATERIALS AND METHODS



		Diabetic Mouse Model



		Experimental Design



		Zygote Collection and Offspring Production



		Dystocia Rate and Cesarean Section



		Body Weight Measurement



		ITT and GTT



		Serum Biomarkers Test



		Statistical Analysis









		RESULTS



		Establishment of the Diabetes Mouse Model



		Female Diabetic Mice Had Reduced Fertility, Accompanying the Increased Risk of Offspring Malformations and Death, Which Could Be Rescued by Zygote Transfer



		Diabetic Uterine Environment Caused Lower Birth Weight and Growth Restriction After Birth



		DF1 Exhibited Impaired Metabolism, While the Metabolism of DCF1 Was Normal









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		NAT10-Mediated N4-Acetylcytidine of RNA Contributes to Post-transcriptional Regulation of Mouse Oocyte Maturation in vitro



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Oocyte Collection



		NAT10 Knockdown by Electroporation and Oocyte in vitro Maturation



		Immunofluorescence Staining of Oocytes



		Immunoblot Assay of Oocytes



		Cell Lines and Transfection



		RNA Extraction and Quantitative Real-Time PCR



		Dot Blot of RNA ac4C Modification



		RNA-Seq and Data Analysis



		NAT10 RNA Immunoprecipitation Sequencing (RIP-Seq) and Data Processing



		In vitro Transcription and Purification of ac4C-Containing RNA Probes



		Prediction of ac4C Binding Proteins



		Biotin-RNA Pulldown Assay



		Statistical Analysis









		RESULTS



		ac4C and NAT10 Were Downregulated During Oocyte Maturation



		NAT10 Depletion Retarded Meiotic Progression in Mouse Oocytes



		Functional Enrichment Analysis of NAT10-Binding Transcripts



		Identification of Genes Modulated by NAT10-Mediated ac4C Modification



		Identification of Potential ac4C-Binding Proteins



		TBL3 Specifically Bound to Acetylated RNA Probes









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		In situ Synthesized Monosodium Urate Crystal Enhances Endometrium Decidualization via Sterile Inflammation During Pregnancy



		INTRODUCTION



		MATERIALS AND METHODS



		Patient Sample Collection



		Animals



		Cell Culture



		qPCR



		In situ Hybridization (ISH)



		Immunostaining



		Western Blot



		Alkaline Phosphatase (AP) Activity Staining



		Statistics









		RESULTS



		High Level of Xdh Expression in the Decidua of Mouse Uterus



		In situ Synthesis of UA in Decidualized Mouse Endometrium Led to the Crystallization of MSU



		MSU Crystal but Not Soluble UA Induced Decidualization of Stromal Cells in vitro and in vivo



		MSU Crystal Enhanced Decidualization Through the Up-Regulation of Inflammatory Genes



		Serum UA Increased Along With the Process of Decidualization in Women









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		SYMPK Is Required for Meiosis and Involved in Alternative Splicing in Male Germ Cells



		INTRODUCTION



		RESULTS



		SYMPK Is Highly Expressed in Mouse Testes



		SYMPK Is Essential for Male Fertility



		Sympk Deletion Causes Defects in Chromosome Synapsis and DSB Repair



		Deficiency of Sympk Impairs Meiotic Recombination and Crossover Formation



		SYMPK Interacts With DDX5 and PRPF8 in Spermatogenic Cells



		SYMPK Modulates Pre-mRNA Splicing in Spermatogenic Cells



		Depletion of Sympk Results in Decreases in SUN1 Protein









		DISCUSSION



		MATERIALS AND METHODS



		Animals



		Antibody Generation



		Histological Analyses, Immunostaining, and Imaging



		Enrichment of Spermatogenic Cells



		Co-immunoprecipitation Followed by Mass Spectrometry and Western Blotting



		Western Blotting



		RNA Extraction and RT-qPCR



		RNA Sequencing



		Bioinformatics Analysis



		Statistics









		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Lipid Metabolism Was Associated With Oocyte in vitro Maturation in Women With Polycystic Ovarian Syndrome Undergoing Unstimulated Natural Cycle



		INTRODUCTION



		MATERIALS AND METHODS



		Patients



		Oocyte Retrieval and IVM Protocol



		Endometrium Preparation and Embryo Transfer



		Study Design



		Statistical Analysis









		RESULTS



		Analysis of Relationship Between Lipid Metabolism and Number of Oocytes Retrieved



		Analysis of Relationship Between Lipid Metabolism and Oocyte Maturation Quality and Developmental Potential



		Analysis of Relationship Between Lipid Metabolism and Clinical Outcomes









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES









		High-Survival Rate After Microinjection of Mouse Oocytes and Early Embryos With mRNA by Combining a Tip Pipette and Piezoelectric-Assisted Micromanipulator



		INTRODUCTION



		MATERIALS AND METHODS



		Mouse Oocyte and Embryo Preparation



		Plasmid Construction and mRNA Preparation



		Microinjection Needle Preparation



		Microinjection Sample and Operation Dish Preparation



		Installation of Micropipette



		Microinjection



		Fluorescence Imaging and Analysis



		Data Analysis









		RESULTS AND DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Molecular Features of Polycystic Ovary Syndrome Revealed by Transcriptome Analysis of Oocytes and Cumulus Cells



		INTRODUCTION



		MATERIALS AND METHODS



		Human Subjects



		Ovarian Stimulation and Oocyte Retrieval



		Isolation of Single Oocyte and CCs



		Library Construction From Oocytes or CCs and Sequencing



		RNA-Seq Data Processing and Analysis



		Transposable Element Analysis



		Correlation Analysis



		Oocyte in vitro Maturation



		Immunofluorescence and Confocal Microscopy



		Gene Expression Analysis by Real-Time Quantitative PCR



		Permutational Multivariate Analysis of Variance



		Statistical Analysis









		RESULTS



		Global Gene Expression Profile of Oocytes Distinguishes PCOS From Control



		Gene Expression Pattern of CCs During the Occurrence of PCOS



		Disorder of Mitochondrial Function and Communication in PCOS Oocytes and CCs



		Expression Pattern of TEs in Oocytes Between PCOS and Control



		TE Expression Profile in CCs Between PCOS and Control









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Protective Mechanism of Luteinizing Hormone and Follicle-Stimulating Hormone Against Nicotine-Induced Damage of Mouse Early Folliculogenesis



		INTRODUCTION



		MATERIALS AND METHODS



		Animals and Reagents



		Immunofluorescence



		Immunohistochemistry



		Quantitative Real-Time PCR



		Western Blot



		Transmission Electron Microscopy



		In vitro Maturation and Spindle Staining



		In vitro Fertilization



		Hematoxylin–Eosin Staining



		Statistical Analyses









		RESULTS



		LH and FSH Prevents Nicotine-Induced Follicular Dysplasia in vivo



		LH and FSH Rescues the Impaired Oocyte-Specific Gene Expression



		LH and FSH Alleviate Nicotine-Induced Autophagy in Ovarian Cells by Different Ways



		LH or FSH Improves Meiotic Maturation and Spindle Assembly of Nicotine-Exposed Mouse Oocytes



		LH or FSH Improves the Potential of Fertilization and Early Embryo Development of Nicotine-Exposed Mouse Oocytes









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Effects of Environmental and Pathological Hypoxia on Male Fertility



		INTRODUCTION



		OVERVIEW OF HYPOXIA



		REPRODUCTIVE CONSEQUENCES OF HYPOXIA



		Reduced Sperm Quality



		Impaired Spermatogenesis



		Reproductive Hormone Disorders



		Erectile Dysfunction









		POTENTIAL MECHANISMS BY WHICH HYPOXIA CAUSES MALE INFERTILITY



		Excessive ROS Mediates Oxidative Stress



		HIF-1α Mediates Germ Cell Apoptosis and Proliferation Inhibition



		Systematic Inflammation



		Epigenetic Changes









		HYPOXIC FACTORS CAUSING MALE INFERTILITY



		Environmental Factors



		Pathological Factors



		Varicocele



		Chronic Lung Diseases



		Obstructive Sleep Apnea Syndrome



		Hematological Diseases















		CONCLUDING REMARKS



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES









		TRF1 Depletion Reveals Mutual Regulation Between Telomeres, Kinetochores, and Inner Centromeres in Mouse Oocytes



		INTRODUCTION



		MATERIALS AND METHODS



		Oocyte Collection and Culture



		Microinjection



		Immunostaining



		Antibodies



		Chromosome Spreading



		Telomere Quantitative-Fluorescence in situ Hybridization



		Telomere Quantitative-Polymerase Chain Reaction



		Statistical Analysis









		RESULTS



		TRF1 Depletion Causes Precocious Polar Body Extrusion by Abrogating Spindle Assembly Checkpoint



		TRF1 Depletion Compromises kMT Attachment and Increases the Incidence of Aneuploidy



		TRF1 Depletion Impairs Inner Centromere and Kinetochore Assembly but Not CENP-A Assembly at Centromeres



		TRF1 Depletion Decreases SMC3 and SMC4 Levels on Chromosomes



		Inhibition of Inner Centromere or Kinetochore Function Decreases TRF1 Localization to Proximal Chromosome Ends









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Assisted Hatching Treatment of Piezo-Mediated Small Hole on Zona Pellucida in Morula Stage Embryos Improves Embryo Implantation and Litter Size in Mice



		INTRODUCTION



		MATERIALS AND METHODS



		Ethics Statement



		Experimental Design



		Animal Treatments



		Embryo Collection and Culture



		Piezo-Mediated Assisted Hatching Treatments



		Non-surgical Embryo Transfer



		Embryo Implantation Analysis



		Pregnancy and Offspring Assessment



		Statistical Analysis









		RESULTS



		Embryo Development and Hatchability After Different Assisted Hatching Treatments on Same Stage Embryos



		Embryo Development and Hatchability After Same Assisted Hatching Treatment on Different Stage Embryos



		Small Hole Treatment in Morula Stage Embryos Improves Implantation and Pregnancy



		Small Hole Treatment in Morula Stage Embryos Increases Litter Size Without Affection on Gender Ratio and Offspring Growth









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Leptin Signaling in the Ovary of Diet-Induced Obese Mice Regulates Activation of NOD-Like Receptor Protein 3 Inflammasome



		INTRODUCTION



		MATERIALS AND METHODS



		Animals and Protocols



		Immunohistochemistry and Immunofluorescence



		Protein Extraction and Western Blotting Analysis



		Total RNA Isolation and cDNA Synthesis



		Real-Time PCR



		Enzyme-Linked Immunosorbent Assay Immunoassay



		RNA-Seq Data From Cumulus Cells



		Statistical Analysis and Data Presentation









		RESULTS



		NOD-Like Receptor Protein 3 Inflammasome Components Expression Change in the Ovary of Cyclic Mice



		Activation of NOD-Like Receptor Protein 3-Induced Inflammasome in the Ovary of Diet-Induced Obesity Mice



		Leptin Signaling in the Ovary Drives Activation of NOD-Like Receptor Protein 3 Inflammasome During Obesity Progression



		Leptin Promotes Changes of NOD-Like Receptor Protein 3 Inflammasome Components Gene Expression in Cumulus Cells During Early Onset of Obesity



		Activation of NOD-Like Receptor Protein 3-Induced Inflammasome in the Liver of Diet-Induced Obesity Mice









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES









		USP25 Regulates the Proliferation and Apoptosis of Ovarian Granulosa Cells in Polycystic Ovary Syndrome by Modulating the PI3K/AKT Pathway via Deubiquitinating PTEN



		INTRODUCTION



		MATERIALS AND METHODS



		Ethics Statement



		Generation of a USP25-Deficient Mouse Line



		Animal Model



		Enzyme-Linked Immunosorbent Assay



		Western Blotting Assay



		Immunostaining



		Cell Culture and Treatments



		Lentiviral Particle Transduction



		CCK-8 Assay



		Cell Cycle Analysis



		Cell Apoptosis Assay



		Co-Immunoprecipitation



		Quantitative Real-Time RT-PCR



		EDU Assay



		Statistical Analysis









		RESULTS



		Increased Level of USP25 in PCOS Patients and Mice



		The Symptoms of PCOS Were Relieved in the USP25–/– Mice



		The Loss of USP25 Improved the Proliferation and Inhibited the Apoptosis of KGN Cells



		USP25 Enhanced the Proliferation and Apoptosis of KGN Cells Through the PI3K/AKT Signaling Pathway



		PTEN Is Involved in USP25-Mediated Regulation of Granulosa Cells in Polycystic Ovarian Syndrome



		USP25 Could Deubiquitinate PTEN in KGN Cells









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Raman Spectrum of Follicular Fluid: A Potential Biomarker for Oocyte Developmental Competence in Polycystic Ovary Syndrome



		Introduction



		Materials and Methods



		Participants and Sample Collection



		Embryo Cultivation and Assessment of Blastocyst Quality/IVF Outcome



		Raman Spectroscopy



		Data Processing and Analysis of Raman Spectra



		Machine-Learning Classification









		Results



		Raman Spectral Analysis Unveils Metabolic Differences in Follicular Fluid of PCOS



		Special Raman Spectral as Biomarkers for Predicting Oocyte Development and IVF Outcome in PCOS Patients



		Machine-Learning Models Based on Raman Spectra Classify Blastocysts Development and Pregnancy Outcome With High Performance in PCOS









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		Vitamin C Rescues in vitro Embryonic Development by Correcting Impaired Active DNA Demethylation



		Introduction



		Materials and Methods



		Animals



		In vivo (IVO) Embryo Collection



		In vitro Fertilization, Embryo Culture and Embryo Collection



		Preparation of Bovine Blastocysts



		Extraction of Oviductal/Uterine Fluids and Preparetion of Oviductal/Uterine Tissue



		RNA Extraction and Quantitative Real-Time PCR



		RNA–Seq of Embryos and Tissue



		Immunofluorescence Analysis



		Vitamin C Content Assay



		Blastocyst Transfer and E7.5 Embryos Photographic



		Statistical Analysis









		Results



		IVF Embryos Undergo Impaired Active DNA Demethylation and Exhibit Global Hypermethylation by Blastocyst Stage



		Expression of Tet Family Members is Inhibited in IVF Preimplantation Embryos



		TET Cofactors Vitamin C and α-ketoglutarate Are Enriched in Oviductal Environment



		Vitamin C, but Not α-KG, Enhances TET Enzymatic Activity in IVF Preimplantation Embryos



		Vitamin C Regulates Preimplantation Lineage Differentiation and Promotes Developmental Potential of IVF Blastocysts



		The Beneficial Effects of Vitamin C on IVF Embryos are Mediated by TET Enzymatic Activity









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References









		Loss of PDK1 Induces Meiotic Defects in Oocytes From Diabetic Mice



		Introduction



		Results



		Maternal Diabetes Induces the Loss of PDK1 in Mouse Oocytes



		Reduced Phosphorylation of Ser232-PDHE1α in Oocytes From Diabetic Mouse



		PDK1 Overexpression Ameliorates Meiotic Defects in Oocytes From Diabetic Mouse



		Phospho-Mimetic Mutant of Ser232-PDHE1α Partially Rescues Deficient Phenotypes of Oocytes From Diabetic Mice









		Discussion



		Materials and Methods



		Animals



		Antibodies



		Oocyte Collection and Culture



		Quantitative Real-Time PCR



		Plasmid Construction and mRNA Synthesis



		Overexpression Experiment



		Immunofluorescence



		Western Blot Analysis



		Determination of ATP Content









		Statistical Analysis



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		References









		Effect of Sperm Cryopreservation on miRNA Expression and Early Embryonic Development



		Introduction



		Manuscript Formatting



		Materials and Methods



		In Vitro Fertilization



		Identification of Differentially Expressed miRNAs



		qRT-PCR for Key miRNAs and Target Genes



		Result









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		References









		Increased WIP1 Expression With Aging Suppresses the Capacity of Oocytes to Respond to and Repair DNA Damage



		Introduction



		Materials and Methods



		Oocyte Collection and Culture



		mRNA Preparation and Microinjection



		Immunofluorescence Analysis



		Immunoblotting Analysis



		TUNEL Assay



		Comet Assay



		Apoptosis Detection



		Intracytoplasmic Sperm Injection



		Statistical Analysis









		Results



		Oocytes Lose Their Capacity to Respond to DNA Damage, With a Corresponding Increase in WIP1, During in vitro Postovulatory Aging



		Increased WIP1 Delays Amplification of γ-H2AX signaling in response to DNA damage in postovulatory aged oocytes



		Inhibition of WIP1 Enhances DNA Damage Repair in Postovulatory Aged Oocytes



		Inhibition of WIP1 During in vitro Postovulatory Aging Improves Fertilization and Subsequent Early Embryo Development



		Inhibition of WIP1 Increases the DNA Repair Capacity of Oocytes From Aged Mice









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References









		Application and Progress of Raman Spectroscopy in Male Reproductive System



		1 Introduction



		2 Application in Prostate Diseases



		2.1 Body Fluid Screening for Prostate Cancer



		2.2 Tissue Biopsy for Prostate Diseases









		3 Application in Testis Study



		3.1 Identification of Testicular Tumors



		3.2 Assisting Andrology Surgery



		3.3 Study on Reproductive Toxicity of External Adverse Factors









		4 Application in Seminal Plasma Analysis



		4.1 Assessment of Semen Quality



		4.2 Metabolomics Analysis of Seminal Plasma









		5 Application in Sperm Analysis



		5.1 Characterizing the Biochemical Information of Sperm



		5.2 Identifying Normal Sperm



		5.3 Sorting of X and Y Chromosome Sperm



		5.4 Other Applications









		6 Discussion and Conclusion



		Author Contributions



		Funding



		Publisher’s Note



		References









		Protective Effect of Minocycline Hydrochloride on the Mouse Embryonic Development Against Suboptimal Environment



		Introduction



		Materials and Methods



		Animals and Ethics



		Antibodies



		In vitro Fertilization and Embryo Culture



		Immunostaining



		In Vitro Exposure of Mouse Zygotes and Developmental Potential Tests Beyond Preimplantation



		Mouse Zygotes Model for Oxidative Damage



		TUNEL Assay



		Detection of ROS Content in Embryos



		Statistical Analysis









		Results



		MiH-Treated Embryos Developed Slower During Cleavage Stage but Formed Blastocyst Normally



		MiH Affected Embryo Development Through Inhibiting PARP1



		MiH Protected Zygotes From Long-Term Exposure to External Environment



		PARP1 Inhibitors Might Improve Embryo Viability Against Oxidative Injury









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		References









		Cytokinesis During the First Division of a Mouse Embryo



		Introduction



		Materials and Methods



		Plasmids Construction and mRNA Preparation



		Mouse Embryo Preparation and Culture



		Microinjection and Manipulation



		Fluorescence Imaging



		Data Analysis









		Results



		Cytoplasmic Green Fluorescence Protein Transmitted Between the Two Daughter Cells in 2-Cell Mouse Embryos



		The Dynamics of Green Fluorescence Protein Transportation Between the Two Daughter Cells and the Completion Time of Cytokinesis in 2-cell Mouse Embryos



		The Role of Cytoplasmic Communication in Development and Cell Synchronization



		The Role of Microtubules and Microfilaments in the Cytoplasmic Communication









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Glycine and Melatonin Improve Preimplantation Development of Porcine Oocytes Vitrified at the Germinal Vesicle Stage



		Introduction



		Materials and Methods



		Reagents and Antibodies



		Collection of Porcine Oocytes



		Vitrification and Warming of Porcine Oocytes at the GV Stage



		In Vitro Maturation, Fertilization and Preimplantation Embryo Culture



		Oocyte Viability Assay After Maturation Culture



		Evaluation of Oocyte Nuclear Maturation



		ROS Detection and Quantitation



		Distribution of Cortical Granules



		Assessment of Early Apoptosis



		Mitochondrial Labeling and Measurement of Fluorescence Intensity



		Quantitative Real-Time PCR



		Measurement of ATP Contents



		Statistical Analysis









		Results



		Glycine or Glycine Plus Melatonin Supplementation Significantly Improved the Oocyte Maturation and Subsequent Preimplantation Embryo Development Following COCs Vitrification



		The Addition of Glycine or Glycine Plus Melatonin Alleviated the ROS Levels Induced by Freezing and Thawing



		Glycine or Glycine Plus Melatonin Supplementation Attenuated the Damage of COCs Vitrification on the Translocating of Cortical Granules From the Center of the Egg to the Periphery



		Glycine or Glycine Plus Melatonin Treatment Mitigated the Occurrence of Early Oocyte Apoptosis Induced by Vitrification



		The Addition of Glycine or Glycine Plus Melatonin Alleviated the Damage of COCs Vitrification on the Distribution of Mitochondria



		Glycine or Glycine Plus Melatonin Addition Promoted Glycolytic Gene Expression in CCs



		Glycine or Glycine Plus Melatonin Treatment Increased ATP Contents in Vitrified MII Oocyte and Its Companion Cumulus Cells









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Single-Cell Atlas of the Chinese Tongue Sole (Cynoglossus semilaevis) Ovary Reveals Transcriptional Programs of Oogenesis in Fish



		Introduction



		Materials and Methods



		Hematoxylin-Eosin Staining of Chinese Tongue Sole Ovary



		Dissociation of Ovarian Cells in Female Chinese Tongue Sole



		scRNA-Seq Library Preparation and Sequencing



		scRNA-Seq Data Processing



		Cell Clustering and Identification of Cell Types



		Gene Function Enrichment Analysis



		Cell Trajectory Analysis



		Identification of DEGs Between Two Different Clusters



		Transcriptional Regulation Analysis of Follicle Cell Subtypes



		Cytokine/Receptor Interaction Analysis



		Conservation of Marker Gene Expression









		Results



		The Global Transcriptome Profile Identifies Eight Cell Types in Chinese Tongue Sole Ovaries



		Dynamics of Gene Expression Across Germ Cells Revealed by a Pseudotime Trajectory



		Identification of Follicle Cell Subtypes in Fish Ovaries



		The Multilineage Interactome Network in Fish Oogenesis



		Ovulation in Fish Is Accompanied by the Synergistic Actions of Different Follicle Cells



		Comparison of Germ Cell and Granulosa Cell Transcriptomic Profiles Across Species









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		References









		Sperm Heterogeneity Accounts for Sperm DNA Methylation Variations Observed in the Caput Epididymis, Independently From DNMT/TET Activities



		Introduction



		Methods



		Mice



		Harvest of Spermatids and Epididymal Spermatozoa



		Fluorescence-Activated Cell Sorting of Spermatozoa



		Spermatic Genome Isolation



		Reduced Representation Bisulfite Sequencing



		Functional Enrichment Analysis



		Pyrosequencing



		Immunohistochemistry



		Immunofluorescence



		Protein Extraction



		Nuclear Protein Extraction



		Isolation of Extracellular Vesicles From the Epididymal Fluid



		Western Blot



		Enzymatic Activity Assay



		Epididymal Fluid–Spermatozoa Co-Incubation Assays



		Statistical Analyses









		Results



		Sorting of Spermatozoa From CAG/su9-DsRed2, Acr3-EGFP Transgenic Mice Prevents Contamination From Somatic Cells



		Distinct DNA Methylation Profiles are Found in the Discrete Segments of the Epididymis



		Validation of RRBS Data by Pyrosequencing



		Differentially Methylated Sites From Promoter Regions are Associated With Developmental Processes



		DNA Methyltransferases and Ten-Eleven Translocation Enzymes are Detected in the Epididymis and Maturing Spermatozoa



		Different DNMT and TET Enzyme Activity Profiles were Found in the Epididymal Fluid and Spermatozoa



		Sperm DNA Methylation Changes Observed in the Epididymis are not Controlled by DNMT and TET Enzymes



		Sperm Heterogeneity Accounts for Sperm DNA Methylation Changes Observed in the Caput Epididymidis









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References









		Lipid Metabolic Process Involved in Oocyte Maturation During Folliculogenesis



		Introduction



		Triglyceride Breakdown



		Fatty Acid Oxidation



		Fatty Acid Synthesis



		Lipoprotein Transport



		Lipoprotein Synthesis and Remodeling



		Transcriptional Pattern of Lipid Metabolism Genes in Oocytes and Granulosa Cells During Folliculogenesis



		Effects of Lipid Metabolism on Oocyte Maturation



		Conclusion



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		The Mechanism of Insulin-Like Growth Factor II mRNA-Binging Protein 3 Induce Decidualization and Maternal-Fetal Interface Cross Talk by TGF-β1 in Recurrent Spontaneous Abortion



		Introduction



		Materials and Methods



		Decidual Tissue Collection



		Cell Culture and Treatment



		Lentivirus Infection



		Real-Quantitative Polymerase Chain Reaction Analysis



		Western Blot Analysis



		Immunohistochemistry



		Flow Cytometrical Determination of Cell Cycle



		Transforming Growth Factor Beta 1 Cytokine Assay



		Transwell Assays



		Scratch Wound-Healing Assay



		Spontaneous Abortion Animal Model Construction



		Statistical Analysis









		Results



		IGF2BP3 Expression is Increased in the Decidual Tissues of Recurrent Spontaneous Abortion Patients



		Confirmation of IGF2BP3 Overexpression and Knockdown



		IGF2BP3 had No Special Changes During Decidualization In Vitro



		Overexpression of IGF2BP3 Attenuates Decidualization



		Overexpression of IGF2BP3-Affected Cell Cycle Distribution During Human Endometrial Stromal Cells Decidualization



		IGF2BP3 Overexpression Mediates Transforming Growth Factor Beta 1-Signaling Pathway Inhibition Leads to Impaired Decidualization



		IGF2BP3 Overexpression Disrupts Cross Talk Between Decidual Stromal Cells and Trophoblast Cells



		IGF2BP3 Utilizes Transforming Growth Factor Beta 1 Regulation of Cross talk Between Decidual Stromal Cells and Trophoblast Cells



		IGF2BP3 Increase the Resorption of the Abortion-Prone Mouse Model via Transforming Growth Factor Beta 1









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Altered mRNAs Profiles in the Testis of Patients With “Secondary Idiopathic Non-Obstructive Azoospermia”



		Introduction



		Materials and Methods



		Study Design



		Participants



		Ethical Approval



		Specimen Collection and Hematoxylin and Eosin Staining



		Construction of the mRNA Library, Next-Generation Sequencing, and Bioinformatic Analyses



		Quantitative Realtime PCR (QRT-PCR) Analysis



		Statistical Analyses









		Results



		Clinical Features of the Three Patients With Secondary iNOA



		Altered mRNAs Expression Profiles in Testicular Tissues Between Patients With Secondary iNOA and Controls



		Bioinformatics Analyses of Differentially Expressed Genes in Testicular Tissues in Patients With Secondary iNOA and Controls



		Validation of mRNAs Expression Through qRT-PCR









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References









		Regulation and Function of Chemokines at the Maternal–Fetal Interface



		1 Introduction



		2 Overview of Chemokines and Chemokine Receptors



		3 Regulation and Function of Chemokines at the Maternal–Fetal Interface



		3.1 CCL3/CCL5/CCR1



		3.2 CXCL12/CXCR4/CXCR7



		3.3 CXCL16/CXCR6



		3.4 CCL2/CCR2









		4 Chemokines and Pregnancy Complications



		4.1 Preeclampsia



		4.2 Recurrent Spontaneous Abortion



		4.3 Preterm Birth









		5 Conclusion



		Author Contributions



		Funding



		Publisher’s Note



		References









		Aristolochic acid I exposure decreases oocyte quality



		Introduction



		Materials and methods



		Animals



		Oocyte collection and in vitro culture



		Aristolochic acid I treatment



		Immunofluorescence and confocal microscopy



		Quantitative reverse transcription PCR (RT-qPCR)



		Chromosome spread



		Mitochondrial membrane potential (MMP) assay



		Adenosine 5′-triphosphate (ATP) content detection



		ROS detection



		Annexin V staining assay



		In vitro fertilization (IVF) and early embryo culture



		RNA-seq analysis



		Statistical analysis









		Results



		AAI exposure to oocytes decreases the fertilization rate and embryonic development potential in mice



		AAI exposure disrupts the first polar body (PB1) extrusion in mouse oocytes



		AAI exposure induces a high frequency of aneuploidy in mouse oocytes



		AAI exposure causes aberrant spindle organization and chromosome misalignment in mouse oocytes



		AAI exposure decreases mitochondrial membrane potential (MMP) and ATP production



		AAI exposure increases ROS levels and induces early apoptosis in mouse oocytes









		Discussion



		AAI impairs oocyte maturation



		How does AAI exposure affect the chiasma pattern?









		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		Supplementary material



		References























OPS/images/fcell-09-784244/fcell-09-784244-g003.gif
(w,y ) ?w,y i !;;’J'/' g

"Mz,f/“ ang gy

i"ljlilh wmfﬁ M]l

A

; ;u:_\—.wm ,«\,_;?
i

Ay :
2 ‘"fy /!"j?’ ;1]!17

l_l/'





OPS/images/fcell-09-784244/fcell-09-784244-g002.gif





OPS/images/fcell-09-784244/fcell-09-784244-g001.gif





OPS/images/fcell-09-784244/crossmark.jpg
©

|





OPS/images/fcell-09-700290/fcell-09-700290-g002.jpg
Relative expression

Relative expression

Relative expression

3001

200+

O
& &

30000+

20000+

10000+

4930463016Rik

4930463016Rik

bool-

%

¢ & &
4\\5‘& & ~t>°°

Gm21269

Mitosis Meiosis Spermiogenesis

X X X Xi

@oo@o@o@

ww

150001

10000+

5000+

4921513HO7RIk

Mitosis Meiosis Spelmiogenesis

3
o‘.’c} &\gﬁ \b& &?Gp

‘:::2==5:::’
NV vl VIII
4921513HO7Rik

Mitosis Meiosis Spermiogenesis

ISH

|

Gm21269
ISH

X X X Xl

ISH

s 9,9 it
oo

X X XX






OPS/images/fcell-09-700290/fcell-09-700290-g003.jpg





OPS/images/fcell-09-700290/cross.jpg
3,

i





OPS/images/fcell-09-700290/fcell-09-700290-g001.jpg
A P16 P18
WT vs Topaz1'” WT vs Topaz1”

B Top 10 Enrich tissues

P16 °  p1g
WT vs Topaz1™ WT vs Topaz1™

205 DEGs 2748 DEGs

2748 Input Genes

AV
—

Protein coding
B Pseudogene
EST

B Biotype confli | = N
B ncRNA * — N e
[ IncRNA
B miRNA
[] Other

E P16 F P18

WT vs Topaz1'” WT vs Topaz1”
205 DEGs 2748 DEGs
l \
'97 down- 108 up-‘ 2491 down- 257 up-

regulated  regulated regulated  regulated






OPS/images/fcell-09-700290/fcell-09-700290-g006.jpg
x
o
w0
" u|Em = o
= EENEEE B = O
" lHll %
4
o
™M
o
<
E 3
*
* ¥ ®
e o oele o o m
™
o o =) =) o o
wn <t ™ N -
(%) ajnow eozojewsads
m
e
o
» = l-w
] mhmnm}O
) il Kl
um| = |2
o
o™
(=]
4
*
%
@ & @
® ¢ o0 e e m
L J ]

2

<

s 8 & &

.._a\co____@
uol}eJU32UO0D BOZOJRWIAdS

=

(&

4930463016Rik™

WT

o
™

=) o

N -
(%) eozojewsads aAissaiboid

o o

WT

o

4930463016Rik -

35

o w0 =
™ N ~N

(zH) Joq ueaw a|pon

* XK

e
e®

4930463016Rik™-

WT

3 S =
(%) 11e3 pajiod yim eozojewsads

LL

WT

o

4930463016Rik ™

v

w0 < ™ N -

(%) ¥Wa

<
]
=
(14
" ©
— | L ] [ [ | g
(] EE N EER ® O
" ulus ™
-m %
o
™
()]
4
*
®e
e o doe % .M
— & o
=) =) > > >
<t N o (] )
- - -
(sywrl) deA ueaw sjgo
- =
<
x
(14
L] 7]
| ] -—
—— N H EN EEEN O
E m(mEm 34
o
4
o
™
(=]
<
*
0e [
—9 o soeee >
™ K
=) o =) ) > =)
o 0 ~ o w0 <t
(sywir) |SA ueaw s|1l0N
O






OPS/images/fcell-09-700290/fcell-09-700290-g007.jpg
A P18
WT vs 4930463016Rik’-

258 DEGs

f l
199 down- 99 up-
regulated regulated

l J

[J Protein coding
B Pseudogene
EST

B Biotype conflict
B Other biotype
[l ncRNA

] IncRNA

[J Other

4930463016Rik™ Topaz1'”





OPS/images/fcell-09-700290/fcell-09-700290-g004.jpg
ENSMUSG00000020033

a0

B
WT 4930463016Rik"-
L "1F/4R 2F/2R! '"1F/4R 2F/2R
Chr 10: 84,488,293-84,497,435 (Ensembl GRCm38:CIM001003.2) - 00
1F ¥ |
- Exon 1 |—»'—|Exon 2|—#|:]-f-| Exon 4 |¢;—) |
\\\ 2R Exon 3 ": 4R
\\ ,"' Chromosome 10
" 34.4?0.003\\ . 84.490000 . '," 84,500,000 | 84,510,000 84,520,000 84,530,000
- \\ 4930463016Rik " 1700092E16Rik . —_ ¥
[ - o’ Sl — =
7T RSOy W P adandi e o e ite Ml =
WT .“.‘. ‘.‘.“. aas o liins Y - Bla a, o eoaet oo s A-Lu ANA
(forward strand) mm bl i . od ot rmir PRSPPIV o
it iubia bt o s i il ~o
4930463016Rik"- N
(forward strand) .
D
4930463016Rik”

”n '
o
.- ———

LS ]

UL

ATCCCCCAGATTTC TC TAACGGCCCACCCG T TACG GGG AGTACATG AAATGAAATTTTAACAGGGCGGGG AGGGG AA
I

.ATCCCCCAGATTTCTCTAACGGCCCACCCGTTACGGGGAGTACATGAAATGAAATTTTAACAGGGCGGGGAGGGGAA.

WT . ATCCCCCAGATTTCTCTAACGGCCCACCC/.../ACGGGGAGTACATGAAATGARATTTTAACAGGGCGGGGAGGGGAA.

9997bp





OPS/images/fcell-09-700290/fcell-09-700290-g005.jpg
Testis/body weight ratio g/g

Percentage of tubules

0.0119 B
0.010+
jii ]
2
0.009+ ‘
o . ‘
20 Agpo
o O
0.008 ® : -
B
o9 m
0.007+
m
0
- WT 4930463016RIK-
o = WT

@ 4930463016Rik™ é

A

Cq ’-‘ut

Testes

WT

ﬁ
um.,. AR

493046301 6Rik"'

¥ Wt p = =
Toan ”i

"if'.“‘%l‘z" '- .v -é " " ‘.:.J
Ll .A/r 3 * I“ .
NS 3\1'$ 2

1E. \ "63;1 ,,,.-n ‘;{,\v\ﬂ**"h






OPS/images/fcell-10-1020470/crossmark.jpg
©

|





OPS/images/fcell-09-777224/fcell-09-777224-t003.jpg
Confusion matrix

Performance evaluation

Sample count Predicted HQ- biastocysts
Actual HQ- blastocysts 23

Actual LQ- blastocysts 3

B

Sample count Predicted pregnancy success
Actual pregnancy success 25

Actual pregnancy faiure 3

Note: Models were trained from a training set of 100 Raman spectra.
ANN. is artificial neural network.

Predicted LQ- blastocysts
2
22

Predicted pregnancy failure
10
12

Precision
88.46%
91.67%

Precision
89.29%
54.55%

Sensitivity F1 score
92.00% 0.9020
88.00% 0.8980

Sensitivity F1 score
71.43% 0.7937
80.00% 06486

Accuracy
90.00%

Accuracy
74.00%





OPS/images/fcell-09-777224/fcell-09-777224-t002.jpg
Peak (cm™) Assignation

758 Tryptophan
Ethanolamine group
Phosphatidylethanolamine
852 Proline, hydroxyproline, tyrosine
Tyrosine ring breathing
Glycogen
936 G-C stretching mode of proline and valine and protein backbone (a-helix conformation)/glycogen (protein assignmen)
P(CHB) terminal, proline, valine + v(CC) « -helix keratin (protein assignment)
1,003 Phenylalanine, C-C skeletal
1,156 C-C, C-N stretching (protein)
1516 p-carotene acoumulation (C-C stretch mode)
1,518 v (C=C), porphyrin
Carotenoid peaks due to C-C and conjugated C=C band stretch
1590 Carbon particles
1627 G = G, stretch
Amide C=0 stretching absorption for the p-form polypeptide fims
1,668 Carbony stretch (C=0)

Cholesterol ester





OPS/images/fcell-09-777224/fcell-09-777224-t001.jpg
Age (y)

BMI (kg/m?)

Duration of infertilty (y)
Primary infertiity, n (%)
FSH (miU/mi)

LH (miU/mi)

Basal LH/FSH

E, (pg/m)

T (ng/m)

p (ng/mi)

PRL (ng/mi)

AFC

PCOS
group (n = 150)

20.68 +3.19
24.04 +3.36
1713
38 (59.3%)
6.64 + 1.95
10.31 + 8.47
225 +0.71
56.01 + 13.11
0.72£0.22
0.69 +0.21
14.85 £ 7.77
18.24 +3.25

Non-PCOS p Value
group (n = 150)
30,64 +3.25 0711
21.54 + 2.66 0.034
16+15 0.84
41 (56.9%) 078
675+ 1.21 023
662 +1.30 <0.001
121022 <0.001
4550 + 12.62 0.41
0.38 +0.13 <0.001
0544023 0.29
13.84 + 6.26 0.118
9.90 + 2.31 <0.001

Note: PCOS, polycystic ovary syndrome; BMI, body mass index; FSH, follcle-stimulating
hormone; LH, luteotrophic hormone; E», oestradiol; T, testosterone; p, progesterone;
PRL, prolactin; AFC, antral folicie count. Data are presented as the mean + SD. The boid
values indicate the significant differences between the two groups (o < 0.05).





OPS/images/fcell-09-777224/fcell-09-777224-g008.gif





OPS/images/fcell-09-777224/fcell-09-777224-g007.gif





OPS/images/fcell-09-777224/fcell-09-777224-g006.gif
HQ biastocysts LQblastocysts.

o

W

regnancy success  + pregnancy foflure = pregnancy success  « pregnancy fallure





OPS/images/fcell-09-777224/fcell-09-777224-g005.gif





OPS/images/fcell-09-777224/fcell-09-777224-g004.gif





OPS/images/fcell-09-777224/fcell-09-777224-g003.gif





OPS/images/fcell-09-777224/fcell-09-777224-g002.gif





OPS/images/fcell-09-810928/fcell-09-810928-g005.gif





OPS/images/fcell-09-810928/fcell-09-810928-g004.gif





OPS/images/fcell-09-810928/fcell-09-810928-g003.gif
A
o s P,
i E
P
-

TUNEL DAt e eie

Moged FUNEL

F s socsaen
s
508

n g,






OPS/images/fcell-09-810928/fcell-09-810928-g002.gif





OPS/images/fcell-09-810928/fcell-09-810928-g001.gif





OPS/images/fcell-09-810928/crossmark.jpg
©

|





OPS/images/fcell-09-749486/fcell-09-749486-t002.jpg
Variable Fresh group

Day1 300/349(88.54%)
Day2 290/350(82.86%)
Day3.5 340/420(80.95%)

Bold values means P<0.05.

Frozen group

236/338(69.82%)
156/271(57.20%)
90/152(59.21%)

p-value

0.001
0.001
0.001





OPS/images/fcell-09-749486/fcell-09-749486-t001.jpg
Variable

Fertiization rate

Cleavage rate

Day3 qualified embryo rate
Day3 high qualfied embryo rate
Blastocyst formation rate

Fresh sperm vs. frozen-thawed sperm (IVF)

Fresh sperm vs. frozen-thawed sperm (ICSI)

Fresh sperm

683/999(68.37%)
664/683(97.22%)
587/664(88.40%)
442/664(66.57%)
107/259 (41.31%)

Frozen-thawed sperm

69/128(53.91%)
68/69(98.55%)
61/68(89.71%)
48/68 (70.59%)
13/28 (46.43%)

ICS!. intracytoplasmic sperm injection: IVF, in vitro fertilization. Bold values means P<0.05.

p-value

0.001
1.000
0.748
0.502
0.602

Fresh sperm

425/538(79.00%)
415/425(97.65%)
347/415(83.61%)
230/415(57.59%)
105/207(50.72%)

Frozen-thawed sperm

591/836(70.69%)
584/591(98.82%)
500/584(86.62%)
347/584(59.42%)
70/204(34.31%)

p-value

0.001
0.152
0.385
0.563
0.001





OPS/images/fcell-09-749486/fcell-09-749486-g005.gif
. L
o
e~
¢
" . o rmpie. °
foriom i 5]
i Jres—
ﬁ b i
I [ stwstrzies g
u & 0 i AKT st o 1 it
: T . M
Pw L P 1B
R e

i CY





OPS/images/fcell-09-749486/fcell-09-749486-g004.gif





OPS/images/fcell-09-715733/fcell-09-715733-g003.jpg
HORMAD1

AdAL-prm

AdAL-pIm

a1y-gensOD Yduids

a15-gensO? yduds

diplotene

pachytene

zygotene

leptotene

80+ Control

O

~

o

x

S

-

%)

1) ) )

(= (=] o
© < N
(9% )abriuaoiad

AdAL-PIAL

a1y-gensOD yduids

SYCP3





OPS/images/fcell-09-715733/fcell-09-715733-g004.jpg
Sympk cKOQStas-Cre

RPA2 foci per cell
3 a2 8 %
g 8 &8 8 &

°

MEIOB foci per cell
g 8

MEIOB

Control Sympk cKOStras-Cre

(9]

200

DMC1

DMC1 foci per cell
g 3
> .,_
S,

P Control Sympk cKQStra8-Cre

g B B

RADS1 foci per cell






OPS/images/fcell-09-715733/fcell-09-715733-g005.jpg
P16

Adult

Input SYMPK IgG

S —
— 75KD
R A
-

PRPFS

— 180KD





OPS/images/fcell-09-715733/fcell-09-715733-g006.jpg
-Log10(Padjust)

Control_vs_Sympk_cKO.volcano

100 7

o
Log2FC

Summary of DES(Control vs Sympk ¢KO)

GO enrichment analysis(DiffExpress_2)

240

Suni(SE)

Meioc(A5SS) Ranbp9(SE) Brdt(A5SS)

wt Sympk cKO

_A:r_
S . -
= -

—7 =

oy ew [ =
A - =

Bla= =
—

+ nosig Number of genes
- up
0 40 80 120 160 200
=, SRR \ " | i . )
cilium movement
ity | -
sperm motilty
1 3
1 |
ciium or
projection as...
ciium assembly -
b /
T T T T T 1
15 75 9
-log10(FDR)

& -log10(FDR)
<% Number

Cc

104 EZB Control
E3 Sympk cKO

Relative expression

GAPDH






OPS/images/fcell-09-702590/fcell-09-702590-t002.jpg
Gene

Xdh

Uox

Xdh

Pri8a2

Bmp2

Wnt4

Rpl7

Ptgs2

Mpges1

i

IGFBP1

RPL7

Accession No.

NM_011723.3

NM_009474.5

NM_011723.3

NM_010088

NM_007553.3

NM_009523.2

NM_011291.5

NM_011198

NM_022415

NM_001290423.1

NM_001013029

NM_000971

Primer

Probe-mXdh-F:
Probe-mXdh-R:
Probe-mUox-F:
Probe-mUox-R:
gPCR-mXdh-F:
gPCR-mXdh-R:
qPCR-mPri8a2-F:
gPCR-mPri8a2-R:
gPCR-mBmp2-F:
gPCR-mBmp2-R:
gPCR-mWnt4-F:
gPCR-mWnt4-R:
gPCR-mRpl7-F:
gPCR-mRpl7-R:
qPCR-mPtgs2-F:
gPCR-mPtgs2-R:

gPCR-mMpges1-F:
gPCR-mMpges1-R:

gPCR-mllI11-F:
gPCR-mll11-R:
gPCR-hIGFBP1-F:
gPCR-hIGFBP1-R:
gPCR-hRPL7-F:
gPCR-hRPL7-R:

Sequence

CGGTAGATGAGTTGGTCTTCT
CTCGATCTCCTCGACAGTAG
GTCCCCTGGAAACGATTTGA

CTTCTATCTCAGGAAGCTGGC
AGAGCGGACCTTGAGGGTAT

GTCCTCCTCAGACTGACCCT-3
AGCCAGAAATCACTGCCACT
TGATCCATGCACCCATAAAA
TCTTCCGGGAACAGATACAGG
TGGTGTCCAATAGTCTGGTCA
TCGTCTTCGCCGTGTTCT
CTGCACCTGCCTCTGGAT
GCAGATGTACCGCACTGAGATTC
ACCTTTGGGCTTACTCCATTGATA
CCCCCCACAGTCAAAGACACT
GGCACCAGACCAAAGACTTCC
CTGCTGGTCATCAAGATGTACG
CCCAGGTAGGCCACGGTGTGT
CTGGGACATTGGGATCTTTGC
GGAGTAGCCGTTCCAGTCG
CCAAACTGCAACAAGAATG
GTAGACGCACCAGCAGAG
CTGCTGTGCCAGAAACCCTT
TCTTGCCATCCTCGCCAT

Application

ISH Probe

ISH Probe

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR






OPS/images/fcell-09-715733/cross.jpg
3,

i





OPS/images/fcell-09-715733/fcell-09-715733-g001.jpg
lung kidney brain muscle testis ovary

heart liver spleen
T, — b oo s N — 130kD

SYMPK
— 40kD

— 35kD

Cc
SYMPK PLZF

SYMPK PNA

SYMPK






OPS/images/fcell-09-715733/fcell-09-715733-g002.jpg
o

Control

Sympk cKOQStras-cre

Targeting 1
vector

Sympk
mutant

P10

P16

m

Control

§

H

[}
M
<
=
£
&

Testes weight(g)/pair

0.25
020 —
0.15.
0.10
0.05- .
o . : I
>
° :
o »_«‘“W
O
MO
iy
Y

Control Sympk cKOStr

8-Cre
o §

Testes

Epididymis





OPS/images/fcell-09-702590/fcell-09-702590-g006.jpg
|
Elective

1
Pregnant

|
(=
(=
<

1
o
o
o™

(/10wirl) pi

[21]

1
o
(=}
N
oV

100

o

Non-Pregnant Pregnant

o 500-

(mn

:S. 400+

w) p

‘G 3004

T
o
=]
~
]

vV

100+

o

1IN WNJag

Abortion

o1IN) WNJaS

Pregnant

Non-Pregnant

|
— EER "Il —
*
*
— ._I
®
®
ST i
J400S-HA

Non-Pregnant Pregnant





OPS/images/fcell-09-702590/fcell-09-702590-t001.jpg
Age

27
22
20
26
22
23
24
25
28
31
20
23
25
33
26
28
32
24
28
29
30
23
26
24
25
33
27
25

0.015

1st Sampling (Gestation Days)

36
43
35
41
44
42
45
38
41
35
39
49
52

e T T T T T O

Gravidity

N NN W = 42 DN 24 24NN =2 =2 = DN WD =2 0N = N = = N

2
0.7689

Parity

o4+ 00 4+ 000 o000 L+t o —+ 4o oo oo

0
0.9999

BMI

25
21
23
20
22
23
22
24
20
20
23
21
23
24
22
21
20
22
25
23
23
21
22
20
21
21
24
22
0.958

2nd Sampling (Days After Abortion)

14
/
16
/
/
17
15
/
/
/
13
18

N N





OPS/images/fcell-09-749486/fcell-09-749486-g003.gif
[as——





OPS/images/fcell-09-749486/fcell-09-749486-g002.gif
"""Pfi"t‘i e
i
i

:

i
i

e i
fll






OPS/images/fcell-09-749486/fcell-09-749486-g001.gif
e

ot s

=y
-
T
T £






OPS/images/fcell-09-749486/crossmark.jpg
©

|





OPS/images/fcell-09-793389/fcell-09-793389-g006.gif





OPS/images/fcell-09-793389/fcell-09-793389-g005.gif





OPS/images/fcell-09-793389/fcell-09-793389-g004.gif





OPS/images/fcell-09-793389/fcell-09-793389-g003.gif





OPS/images/fcell-09-793389/fcell-09-793389-g002.gif
— I’ r






OPS/images/fcell-09-793389/fcell-09-793389-g001.gif
o VesmRmasamn L wesering e sy





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fcell-09-735971/cross.jpg
3,

i





OPS/images/fcell-09-735971/fcell-09-735971-g001.jpg
UNLOCKED, P=508, NAY 05 2021 6:45 PH =
1 1 HEAT=468,PULL= 55,YEL.= 39,DEL.= 80 MODEL P-87

FLAMING / BROWN MICROPIPETTE PULLER

@ YRR =] NS TRUMENT

MADE IN U.S.A. 1) fcet ka3 pull 90 VELTO bBL (20

a symmetrical tail and small tip






OPS/images/fcell-09-735971/fcell-09-735971-g002.jpg
Sample

v
Sample drop

Operation drop

- PVP drop

— Sample drops





OPS/images/fcell-09-719173/fcell-09-719173-t002.jpg
BMI (kg/m?)
<24
24-27.9

>28

TC (mmol/L)
<5.18
>5.18

TG (mmol/L)
<1.76
>1.76

HDL-C (mmol/L)
>1.04
<1.04

LDL-C (mmol/L)
<3.37
>3.37

Number of oocytes retrieved

Unadjusted OR (95% CI)?

P-value

Ref.

0.940 (0.896, 0.987)
P =0.013

0.988 (0.938, 1.04)
P =0.641

Ref.

1.047 (0.999, 1.097)
P =0.054

Ref.

1.092 (1.046, 1.139)
P < 0.001

Ref.

1.127 (1.077, 1.179)
P < 0.001

Ref.

1.061 (0.995, 1.111)
P=0.077

Adjusted OR (95% CI)?

P-value

Ref.

0.925 (0.876, 0.977)
P =0.005

0.977 (0.921, 1.037)
P =0.443

Ref.

1.103 (1.046, 1.162)
P =0.001

Ref.

1.137 (1.083, 1.193)
P < 0.001

Ref.

1.103 (1.048, 1.160)
P < 0.001

Ref.

1.162 (1.093, 1.235)
P < 0.001

Five models with BMI, TC, TG, HDL, or LDL as independent variables respectively;

the bold values mean that the P value is less than 0.05.

aUnivariate Poisson log-linear models.
Multivariate Poisson log-linear models. Odds ratio after adjustment for age, infertil-
ity types, infertility duration, FSH, LH, T, ovarian surgery and other ovarian disorders.
BMI, body mass index; TC, total cholesterol; TG, triglycerides; HDL-C, high density
lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol.
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BMI
(kg/m?)

(mmol/L)

HDL-C
(mmol/L)

LDL-C
(mmol/L)

<24
24-27.9
>28

<56.18
>5.18

<1.76
>1.76

>1.04
<1.04

£3.37
>3.37

MR

41.5% (1635/3402)
31.2% (1231/2566)
27.3% (1075/1896)
P < 0.001
49.9% (2893/5801)
51.1% (1073/2098)
P=0.318
51.8% (2506/4837)
47.7% (1460/3062)
P < 0.001
48.3% (1104/2288)
51.0% (2862/5611)
P =0.026
49.7% (3279/6593)
52.6% (687/1306)
P =0.058

FR

41.7% (878/3402)
30.8% (649/2566)
27.4% (577/1896)
P < 0.001
26.5% (1536/5801)
27.6% (580/2098)
P =0.301
26.0% (1260/4837)
28.0% (856/3062)
P =0.062
26.3% (602/2288)
27.0% (1514/5611)
P =0.541
26.5% (1749/6593)
28.1% (367/1306)
P=0.241

TER

46.3% (439/3402)
27.6% (262/2566)
26.1% (247/1896)
P =0.002
11.9% (691/5801)
12.6% (265/2098)
P =0.387
11.6% (5659/4837)
13.0% (397/3062)
P =0.061
12.8% (294/2288)
11.8% (662/5611)
P=0.194
12.0% (790/6593)
12.7% (166/1306)
P =0.461

Data were shown as rate (number of mature, fertilized oocyte or transferrable
embryo/number of oocytes retrieved in subgroup); x2 test; the bold values mean
that the P value is less than 0.05.
BMI, body mass index; TC, total cholesterol; TG, triglycerides; HDL-C, high density
lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; MR, maturation
rate per oocyte; FR, fertilization rate per oocyte; TER, transferrable embryo rate.
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Baseline characteristics?

Age (years)

Infertility duration (years)
Infertility types

Primary infertility

Secondary infertility

BMI (kg/m?)

TC (mmol/L)

TG (mmol/L)

HDL-C (mmol/L)

LDL-C (mmol/L)

Embryo transfer cycle characteristics?
Endometrium thickness

Male factor

Embryo types

Fresh

Frozen

Number of embryo transferred
Clinical outcomes

CPR

CCPR

LBR

CLBR

Neonatal outcomes®
Gestational age (weeks), mean + SD
Premature birth

Singleton birth

Birth weight (kg), mean £+ SD
Birth length (cm), mean £+ SD
Congenital anomaly at birth

Median (Q1, Q3)or N (percentage)

30 (27, 32)
4(2,6)

207 (72.9%)
77 (27.1%)
24.6 (22.4, 27.7)
4.68 (4.16, 5.24)
1.40 (0.98, 2.15)
1.22 (1.04, 1.40)
2.88 (2.37, 3.36)

8(7,10)
127 (37.0%)

191 (65.7%)
1563 (44.3%)
2(1,2)

112 (32.6%)
105 (37.2%)
56 (16.3%)
56 (19.9%)

36.7 £ 3.6
28.3% (15/53)
86.8% (46/53)

3.27 +£ 0.59
50.47 £ 2.78

0

aBaseline characteristics of 282 patients.

bEmbryo transfer cycle characteristics of 344 embryo transfer cycles.

®Neonatal outcomes of 53 patients.

BMI, body mass index; TC, total cholesterol; TG, triglycerides; HDL-C, high density
lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; CPR, clinical
pregnancy rate; CCPR, cumulative pregnancy rate; LBR, live birth rate; CLBR,

cumulative live birth rate.
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Clinical Cumulative Live birth? Cumulative

pregnancy? clinical (N = 344) live birth?
(N = 344) pregnancy® (N =282)
(N = 282)
BMI (kg/m?)
<24 Ref. Ref. Ref. Ref.
24-27.9 0.857 0.784 0.590 0.487
(0.488, 1.504) (0.432, 1.423) (0.282, 1.234) (0.226, 1.048)
P =0.590 P=0.423 P =0.161 P =0.066
>28 0.548 0.598 0.270 0.273
(0.296, 1.011) (0.306, 1.166) (0.109, 0.668) (0.106, 0.704)
P =0.054 P=0.131 P =0.005 P =0.007
TC (mmol/L)
<5.18 Ref. Ref. Ref. Ref.
>5.18 0.577 0.561 0.537 0.549
(0.330, 1.010) (0.308, 1.024) (0.255, 1.133) (0.252, 1.198)
P =0.054 P =0.060 P=0.108 P=0.132
TG (mmol/L)
<1.76 Ref. Ref. Ref. Ref.
>1.76 0.871 1.032 0.722 0.905
(0.533, 1.423) (0.602, 1.768) (0.374, 1.396) (0.453, 1.809)
P=0.582 P =0.908 P=0.334 P=0.777
HDL-C (mmol/L)
>1.04 Ref. Ref. Ref. Ref.
<1.04 1.315 1.410 0.816 0.776
(0.792, 2.304) (0.791, 2.515) (0.392, 1.697) (0.360, 1.671)
P=0.270 P=0.244 P =0.585 P=0.517
LDL-C (mmol/L)
<3.37 Ref. Ref. Ref. Ref.
>3.37 0.459 0.491 0.382 0.391
(0.231, 1.062) (0.221, 1.089) (0.126, 1.156) (0.126, 1.211)
P=0.071 P =0.080 P =0.088 P=0.104

Models with BMI, TC, TG, HDL-C, or LDL-C as independent variables, respectively;
data were shown as adjusted OR (95%CI) and P-value; the bold values mean that
the P value is less than 0.05.

a0dds ratio after adjustment for age, infertility types, infertility duration, embryo
types, number of embryos transferred, male factor and endometrium thickness.
50dds ratio after adjustment for age, infertility types, infertility duration, number of
embryos transferred per cycle, number of embryo transfer cycles, male factor and
endometrium thickness per cycle.

BMI, body mass index; TC, total cholesterol; TG, triglycerides; HDL, high density
lipoprotein cholesterol; LDL, low density lipoprotein cholesterol.
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74 oocyte frozen
cycles

586 infertile women with PCOS
(586 unstimulated natural cycles)

Relationship between lipid
metabolism and the number of
oocyte retrieved

230 cycles without
tranferrable
embryos formation

512 cycles with oocytes 1n vitro
fertilized

!

282 patients undergoing at least
one embryo transfer cycle
(344 embryo transfer cycles)

Relationship between lipid
metabolism and oocyte maturation
and embryo development quality

Relationship between lipid

metabolism and clinical outcomes
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Median (Q1, Q3) or N (percentage) (N = 586)

Baseline characteristics?

Age (years) 29 (27, 31)
Infertility Duration (years) 32,5
Infertility types

Primary infertility 424 (72.4%)
Secondary infertility 162 (27.6%)
BMI (kg/m?) 24.8(22.1,27.8)
FSH (nmol/L) 5.80(4.71, 6.88)
LH (nmol/L) 7.52 (4.53,11.80)
T (nmol/L) 1.29(0.79, 2.20)
TC (mmol/L) 4.64 (4.10, 5.20)
TG (mmol/L) 1.36 (0.94, 2.05)
HDL-C (mmol/L) 1.21(1.08, 1.39)
LDL-C (mmol/L) 2.89(2.42, 3.39)
Previous ovarian surgery 14 (2.4%)
Ovarian disorders other than PCOS 18 (3.1%)
AFC 24 (23, 32)
Oocyte retrieval cycle

Number of oocytes retrieved? 13 (9, 20)
Number of oocyte frozen cycle 74 (12.6%)
MRP 50.2% (3966/7899)
FRO 26.8% (2116/7899)
TERP 12.1% (956/7899)

a586 patients undergoing natural oocyte retrieval cycles.

512 patients with mature oocyte fertilized.

T, testosterone, TC, total cholesterol; TG, triglycerides; HDL-C, high density lipopro-
tein cholesterol; LDL-C, low density lipoprotein cholesterol; AFC, antral follicle
counts; MR, maturation rate per oocyte; FR, fertilization rate per oocyte; TER,
transferrable embryo rate.
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Type

18s

FUS
ac-18s
ac-FUS
Combined

Spectrum
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Peptides
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Type ac-18s/18s ac-FUS/FUS

Quant Num. 202 205
Sig. diff Num. 55 73
Sig. up num. 23 36
Sig. down num. 32 37

Quant Num., number of groups of quantified proteins. Sig. diff Num., number of
differentially expressed proteins. Sig. Up Num., number of significantly up-regulated
proteins. Sig. Down Num., number of significantly down-regulated proteins.
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Rank Protein

Description*

Abundance detected by mass spectrometry

18s ac-18s FUS ac-FUS
1 TBL3 Transducin beta-like protein 3 - = = 200,111
2 MGN2 Protein mago nashi homolog 2 - - = -
3 MGN Protein mago nashi homolog - = = =
4 PIWL2 Piwi-like protein 2 - - - -
5 LRRF2 Leucine-rich repeat flightless-interacting protein 2 = - = =
6 MSH4 MutS protein homolog 4 = - ~ =
7 EXOS6 Exosome complex component MTR3 - - - -
8 POPA Ribonucleases P/MRP protein subunit POP1 - - - -
g SF3B2 Splicing factor 3B subunit 2 - - - =
10 HNRDL Heterogeneous nuclear ribonucleoprotein D-like 2,314,101 1,736,563 572,541 837,440
10 PTBP1 Polypyrimidine tract-binding protein 1 723,724 466,609 321,505 =

*Annotation was made according to UniProt database (https://www.uniprot.org/).
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