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The growth and division of gamete cells are prerequisites for successful fertility and have received increasing attention in research communities (Skinner, 2005; Da Silva-Buttkus et al., 2008; Shah et al., 2018).

In the early 1950s, Austin and Chang independently described the changes that are required for the sperm to fertilize oocytes in vivo. During capacitation, sperm undergo a change in the motility pattern called hyperactivation (Yanagimachi, 1970). In this issue of Frontiers, a comprehensive review addresses the importance of this in the male gamete and the changes that occur in sperm during their transit through the male and female reproductive tracts by complex signaling cascades with focus on the principal molecular mechanisms that govern human sperm capacitation (Puga Molina et al). Sperm are both transcriptionally and translationally silent, therefore post-translational modifications are essential to regulate their function. In this issue for Frontiers, a study shows that that O-GlcNAc transferase (OGT), the enzyme responsible for O-GlcNAcylation, is present in the testis, epididymis, and immature caput sperm, which indicates that modulation of O-GlcNAcylation takes place during sperm maturation and suggest a role for this post-translational modification in this process (Tourzani et al).

Already during embryo development in the mother's uterus, the pool of oocytes is established, maintained, and stored. The pool of the earliest primordial (resting) follicles is almost completely laid down in ovaries during fetal life and constitutes at any moment in time the reproductive potential of a female (Skinner, 2005; Da Silva-Buttkus et al., 2008; Shah et al., 2018). Once activated, the primordial follicles grow in size, and the flat layer of surrounding granulosa cells, which is characteristic for primordial follicles, transforms into cubic granulosa cells, typical of activated primary follicles (Skinner, 2005; Da Silva-Buttkus et al., 2008; Shah et al., 2018). Activation of the primordial follicles occurs in a hormone-independent manner (Edson et al., 2009; Tingen et al., 2009). The PI3K/Akt/mTOR pathways are known players in this transition (Goto et al., 2007; Reddy et al., 2008; Jagarlamudi et al., 2009; Adhikari et al., 2013; Makker et al., 2014; Cheng et al., 2015b; Hsueh et al., 2015), and are regulated by phosphatase and tensin homologs deleted on chromosome 10 (PTEN), the tuberous sclerosis complex (TSC1/2) and recently, the HIPPO signaling (Kawamura et al., 2013; Cheng et al., 2015a; Kawashima and Kawamura, 2018), synergistically with the phosphatidylinositol 3-kinase (PI3K)/AKT pathway (Grosbois and Demeestere, 2018). Several contributions in this issue for Frontiers describe new signaling pathwaysas potential regulators of the primordial-to-primary transition in human follicles, with a new view on how androgens might contribute (Ernst et al.; Steffensen et al.).

Egg activation at fertilization in mammalian eggs is caused by a series of transient increases in the cytosolic free calcium (Ca2+) concentration, referred to as Ca2+ oscillations (Stricker, 1999). These Ca2+ oscillations are initiated by a sperm specific phospholipase Czeta isoform, PLCζ that hydrolyses its substrate PIP2 to produce the Ca2+ releasing messenger InsP3. In this issue of Frontiers, a study shows that PLCζ induce Ca2+ Oscillations in mouse eggs, which involve a positive feedback cycle of Ca2+ induces InsP3 formation from cytoplasmic PIP2 (Sanders et al). This manuscript also suggests that the site of InsP3 production by PLCζ is from PIP2-containig cytoplasmic vesicles spread throughout the cytoplasm, which is diametrically different from the site of PIP2 hydrolysis by other PLCs. Oocyte maturation is associated with changes in the electrical properties of the plasma membrane and alterations in the function and distribution of ion channels. Therefore, variations on the pattern of expression, distribution, and function of ion channels and transporters during oocyte maturation are fundamental to reproductive success. In this issue for Frontiers, a review comprehensively discusses the role of ion channels during oocyte maturation, fertilization and early embryonic development, and how ion channel studies in Xenopus oocytes, an extensively studied model of oocyte maturation, translate into a greater understanding of the role of ion channels in mammalian oocyte physiology (Carvacho et al).

Chromosome dynamics during meiotic prophase I are associated with a series of major events such as chromosomal reorganization and condensation, pairing/synapsis and recombination of the homologs, and chromosome movements at the nuclear envelope (NE). The linker of nucleoskeleton and cytoskeleton (LINC) complexes are important constituents of the NE that facilitate in the transfer of cytoskeletal forces across the NE to individual chromosomes. In this issue for Frontiers, a review summarizes the findings of recent studies on meiosis-specific constituents and modifications of the NE and corresponding nucleoplasmic/cytoplasmic adaptors being involved in NE-associated movement of meiotic chromosomes, as well as describing the potential molecular network of transferring cytoplasm-derived forces into meiotic chromosomes in model organisms (Zeng et al.), aiming to increase our understanding of the NE-associated meiotic chromosomal movements in plants.

The newly formed 1-cell embryo (the zygote) undergoes its first mitotic cell division to form the 2-cell stage embryo, a transition mainly controlled by maternal factors stored in the oocyte (Zheng and Liu, 2012). Folates have been shown to play a crucial role for proper development of the embryo as folate deficiency has been associated with reduced developmental capacity such as increased risk of fetal neural tube defects and spontaneous abortion. In this issue for Frontiers, a study shows that maternally contributed FOLR1 protein appears to maintain ovarian functions, and contribute to preimplantation development combined with embryonically synthesized FOLR1 (Strandgaard et al).

Packaging DNA into chromatin allows for mitosis and meiosis, prevents chromosome breakage and controls gene expression and DNA replication (Borsos and Torres-Padilla, 2016). Histones contribute to eukaryotic chromatin structure and function in a well-known manner (Harr et al., 2016). Interestingly, free histones also have antimicrobial functions (Kawasaki and Iwamuro, 2008). For example, histones in amniotic fluid appear to fight bacteria by neutralizing the lipopolysaccharide (LPS) of microbes that gain access to this fluid (Witkin et al., 2011). The possible benefits of mitigating extracellular histone cytotoxicity have been outlined for the reproductive tract and other organs, however, in this issue of Frontiers, an opinion article reassesses previously published data to support the notion that uterine histone secretion fosters early embryo development in multiple ways (Van Winkle).

The regulation of signaling pathways by Ca2+ occurring at the earliest stages of development is not only important in fertilization, but also for human pluripotent stem cells (hPSC) maintenance (Todorova et al., 2009). The Ca2+ P-type ATPases, the plasma membrane calcium ATPases (PMCAs) and the sarco/endoplasmic reticulum Ca2+ ATPase (SERCAs), which reside in different compartments of the cell and along with other Ca2+ transporting system, contribute to the regulation of the intracellular Ca2+ concentration. In this issue for Frontiers, a study uses hPSCs to generated neural stem cells (NSCs) of the central and peripheral nervous system and investigated the main neural progenitor states for the presence of PMCAs using RNA sequencing (RNA-seq) and immunofluorescent labeling, and show that dynamic change in ATPase expression correlates directly with the stage of differentiation (Chen et al). These data have important implications for understanding the role of Ca2+ in development and potentially how disease states, which disrupt Ca2+ homeostasis, can result in global cellular dysfunction.

We hope that the articles in this topic will be of interest to researchers working in development and cell biology, providing basis for further discussion on this area to initiate new research questions that will contribute to our further understanding of cell growth and division in developmental contexts.
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Bidirectional cross talk between granulosa cells and oocytes is known to be important in all stages of mammalian follicular development. Insulin-like growth factor (IGF) signaling is a prominent candidate to be involved in the activation of primordial follicles, and may be be connected to androgen-signaling. In this study, we interrogated transcriptome dynamics in granulosa cells isolated from human primordial and primary follicles to reveal information of growth factors and androgens involved in the physiology of ovarian follicular activation. Toward this, a transcriptome comparison study on primordial follicles (n = 539 follicles) and primary follicles (n = 261 follicles) donated by three women having ovarian tissue cryopreserved before chemotherapy was performed. The granulosa cell contribution in whole follicle isolates was extracted in silico. Modeling of complex biological systems was performed using IPA® software. We found the granulosa cell compartment of the human primordial and primary follicles to be extensively enriched in genes encoding IGF-related factors, and the Androgen Receptor (AR) enriched in granulosa cells of primordial follicles. Our study hints the possibility that primordial follicles may indeed be androgen responsive, and that the action of androgens represents a connection to the expression of key players in the IGF-signaling pathway including IGF1R, IGF2, and IGFBP3, and that this interaction could be important for early follicular activation. In line with this, several androgen-responsive genes were noted to be expressed in both oocytes and granulosa cells from human primordial and primary follicle. We present a detailed description of AR and IGF gene activities in the human granulosa cell compartment of primordial and primary follicles, suggesting that these cells may be or prepare to be responsive toward androgens and IGFs.

Keywords: human granulosa cells, transcriptome, follicle development, AR, IGF

INTRODUCTION

Female fertility is dependent on continuous (monthly) activation of primordial follicles from the resting dormant follicle pool. A primordial follicle is made up by an oocyte surrounded partly by flattened granulosa cells. As the primordial follicle is activated, it transforms into a primary follicle, where the oocyte is now surrounded by a complete layer of cubical granulosa cells. The primordial to primary follicle transition is a delicate and tightly regulated balance between activating and inhibiting factors with contribution from numerous different molecular pathways, but the mechanisms are not yet completely understood (Wandji et al., 1996). Bidirectional communication between the somatic granulosa cells and the oocyte is a fundamental part of both dormancy and activation, as well as the establishment of an optimal intrafollicular microenvironment (Eppig, 2001).

The essential role of androgens in normal ovarian function has been recognized for decades. Androgens play a key role by being the precursor of estradiol, however increasing evidence emphasize that the direct actions of androgens likewise are central for normal follicular development (Lebbe and Woodruff, 2013). It has been suggested that androgen sensitivity in early pre-antral follicles influence the primordial follicle recruitment (Vendola et al., 1999a; Stubbs et al., 2005; Yang et al., 2010). In the intraovarian communication, androgens may play a necessary role (Lebbe and Woodruff, 2013; Gervasio et al., 2014). Androgens bind the androgen receptor (AR) and exert the classical androgen response by genomic induction of transcription of several genes including AR itself, creating an autocrine loop between ligand and receptor (Weil et al., 1998; Gelmann, 2002). Besides the direct genomic effects, androgen signaling is also known to induce rapid non-genomic pathways via cytosolic AR and the mitogen-activated protein kinase extracellular signal-related kinase (MAPK/ERK) pathway (Kousteni et al., 2001). A balanced androgen level is however crucial, and exposure to excess androgens is associated with ovarian dysfunction. A large group of women suffering from ovarian dysfunction is women suffering from polycystic ovary syndrome (PCOS), a common endocrine disorder, in which hyperandrogenism is a key feature (Franks, 1995). Morphologically, polycystic ovaries have an increased percentage of growing follicles and “stockpiling” of the primary follicles compared to controls (Webber et al., 2003; Maciel et al., 2004). Moreover, clinical evidence from women exposed to androgen excess due to congenital adrenal hyperplasia (Hague et al., 1990) or exogenous testosterone treatment in female-to-male transsexuals (Spinder et al., 1989; Becerra-Fernández et al., 2014) underlines this picture by increased prevalence of morphologically polycystic ovaries compared to controls. Polycystic ovaries are also a common trait in prenatally androgenized sheep, an animal model for PCOS (Padmanabhan and Veiga-Lopez, 2013). Lambs born to dihydrotestosterone (DHT) or testosterone treated ewes showed the same pattern of dysfunctional early follicular development as the women suffering from PCOS. These examples emphasize the involvement of androgens in the early follicular development. In this follicular-phase gonadotropins are not obligatory, while local growth factors may play an important role. Insulin-like growth factor (IGF) signaling is a prominent candidate and may be connected to androgen-signaling. In the human ovary both IGF1 and IGF2 act as ligands for IGF receptor 1 (IGF1R) (Willis et al., 1998), and IGF2 expression is more prominent compared to other species (Mazerbourg et al., 2003). Rhesus monkeys treated with testosterone showed an increase in the fraction of activated primary follicles and a 5-fold increase in IGF1R mRNA in the oocytes of primordial follicles, as well as an elevation in the intra-oocyte IGF1 signaling (Vendola et al., 1999a,b). Likewise, pigs treated with the anti-androgen Flutamide reduced the mRNA and protein expression of IGF1R in the oocyte, and showed delayed primordial follicle activation (Knapczyk-Stwora et al., 2013). In preantral follicles isolated from women suffering from PCOS, an enhanced expression of IGF1R mRNA and protein was noted compared to controls (Stubbs et al., 2013). In the IGF-signaling system IGF binding proteins (IGFBPs) have in recent years received increased attention, because of their potential active modulating role of IGF-bioavailability. This is in contrast to the conventional idea about IGFBPs as simple carrier proteins. The IGFBPs bind IGF and sequester the binding of IGF to its receptors. This modulating role might be important in terms of shifting from the dormant to the activated follicular stage (Hu et al., 2017).

We hypothesize that primordial follicles may be androgen responsive based on the presents of components supporting androgen signaling, and that the action of androgens could be closely connected to the expression of key players in the IGF-signaling such as IGF1R, IGF2, and IGFBP3.

RESULTS

The global RNA transcriptomes representative for granulosa cells from primordial and primary follicles (http://users-birc.au.dk/biopv/published_data/ernst_et_al_GC_2017/) (Ernst et al., 2018) revealed 12.872 and 11.898 transcripts in granulosa cells from primordial and primary follicles, respectively (Ernst et al., 2018). The lists were further processed to exclude transcripts that were not consistently expressed in all patients and lists representative of stage-specific consistently expressed genes (SSCEGs) were generated. We applied this strict filter to only include analysis of genes that were consistent between patients included in this study, but certainly does not rule out that additional genes could be relevant. The SSCEGs analysis of the granulosa cell transcriptome revealed 1695 transcripts in primordial follicles and 815 transcripts in primary follicles. We further applied strict bioinformatic filters, and quality control to ensure specificity in output transcriptomes, and confirmed the presence of known granulosa cell-specific factors, as well as the absence of oocyte-specific factors. The SSCEGs lists in granulosa cells from primordial and primary follicles (Ernst et al., 2018) were used to extract genes differentially expressed genes (DEG) between the two cell populations.

The “Androgen Signaling” Pathway

We identified the most enriched and significant Canonical Pathways in granulosa cells from primordial and primary follicles (Ernst et al., 2018). To further analyze the ‘Androgen Signaling’ Pathways, we used the Ingenuity Pathway Analysis (IPA®) analysis software, which can be used to determine the most significant pathways and the genes allocated with each pathway. We found “Androgen Signaling” from Canonical Pathways significantly and differentially enriched in granulosa cells from both primordial and primary follicles (Table 1).


Table 1. “Androgen Signaling” pathway annotations—granulosa cells from primordial follicles.
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In granulosa cells from primordial follicles, the “Androgen Signaling” was highly enriched (p = 3,97E-02) with 15 genes assigned (POLR2D, GNA12, GNAQ, POLR2J, GTF2H2, MNAT1, GNAI2, GNG11, PRKCI, AR, PRKCH, GNG5, PRKD3, PRKCB, PRKCA), including the androgen receptor (AR) (Table 1; Figure 1A). The AR transcript is low-to-moderately expressed (mean FPKM value of 3.13) with a p-value of p = 0.012, indicating that the AR transcript is consistently expressed in the samples tested.


[image: image]

FIGURE 1. Presentation of SSCEGs and DEGs in granulosa cells from primordial and primary follicles. (A) Presentation of SSCEGs from the “AR Signaling” Pathway that are significantly expressed in granulosa cell from primordial and primordial follicles, as indicated, and the number in the middle representing SSCEG in both stages. (B) Presentation of SSCEGs from the “IGF1 Signaling” Pathway that are significantly expressed in granulosa cell from primordial and primary follicles, as indicated, and number in the middle representing SSCEG in both stages. (C) Presentation of DEGs from both “AR Signaling” (Noted *1) and “IGF1 Signaling” (Noted *2) pathways.



The “Androgen Signaling” was also enriched in granulosa cells from primary follicles (p = 3,42E-02) with nine genes (POLR2I, ERCC3, GNG2, GNB5, PRKAG2, GTF2E2, GNA14, GNG5, GNAL) assigned (Table 2; Figure 1A). In granulosa cells from primary follicles, the AR transcript levels is very low (mean FPKM value is 1.65) and was not consistently expressed in our samples (p = 0.39).


Table 2. “Androgen Signaling” pathway annotations—granulosa cells from primary follicles.
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Differentially Expressed Genes in the “Androgen Signaling” Pathway

During the primordial to primary follicle transition, “Androgen Signaling” was non-significantly down-regulated (p = 5,65E-01). However, four genes (PRKC1, POLR2D, GNB5, and PRKCB) from the “Androgen Signaling” pathway were significantly down-regulated in the granulosa cells (Table 3; Figure 1C). As noted above, the AR transcript was down-regulated, however not significantly. The four genes were down-regulated by 2-fold change, indicating a rapid chance in expression during the primordial-to-primary transition. Interestingly, no genes from the androgen signaling pathway was significantly up-regulated during the primordial to primary follicle transition. The Androgen Signaling Pathway and the molecular network associated with this pathway is illustrated in Figure 2.


Table 3. Differently expressed genes annotated “Androgen Signaling” pathway.
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FIGURE 2. Enrichments analysis and IPA® pathways highlighting trends in granulosa cells from primordial and primary follicles, respectively. Pathway analysis (IPA®) of the “Androgen Signaling” pathway in granulosa cells of the primordial follicle. Color intensities are based on FPKM values where high significance is most intensive in color (red).



Differentially Expressed Genes in “IGF1 Signaling” Pathway

We interrogated the presence of IGF1, IGF2, IGF1R, and IGFR2 as well as the IGFBP1-6 transcripts in human oocytes and granulosa cells from primordial and primary follicles (Ernst et al., 2017, 2018) and found that some were significantly expressed, whilst close to be significant across the triplicates of samples (Table 4). It is noteworthy that the expression levels of IGF2 and IGF1 in granulosa cells from primordial cells to primary follicles decreased, while IGF1R and IGF2R expression levels remained. In oocytes from primordial and primary follicles, IGF2, and IGF1R transcripts increased, while IGF1 and IGF2R transcript were not significantly altered. Interestingly, expression of IGFBP1-6 varied significantly, with IGFBP-5 being highly expressed in all cells from both primordial and primary follicles. The IGFBP3 transcript appears to be upregulated in oocytes from primordial and primary follicles, but down regulated from granulosa cells from primordial cells to primary follicles.


Table 4. Expression of IGF1, IGF1R, IGF2, IGF2R, and IGFBP1-6 transcripts.
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Although the “IGF1 signaling” pathway was not significantly enriched in granulosa cells from primordial (p = 4,25E-01) or primary follicles (p = 5,56E-01), it was selected for further analysis, as IGFs are important for ovarian physiology (Adashi et al., 1985, 1991; Mondschein et al., 1989; Armstrong et al., 1996; Baumgarten et al., 2014). The IGF Signaling Pathway from the IPA® analysis contains factors directly associated with the IGF system (e.g., IGF1 and IGF2 and their respective receptors, IGF1 receptor and IGF2 receptor, as well as six binding proteins, IGFBP1-6) as well as the signal tranducting factors requires to conduct the IGF signaling (Laviola et al., 2007; Kuijjer et al., 2013; Lodhia et al., 2015), including PKC, Caspase9, JAK2, PIK3C3, and PRKCI. Consequently, it is noteworthy that many of the signal transducing components assigned to IGF Signaling Pathways are also found in other Signal transducing pathways, such as EGFR signaling. The “IGF-1 Signaling” pathway in the granulosa cells from primordial follicles contained nine genes (PRKCI, CASP9, PTPN11, SOS2, IGFBP3, SOCS2, JAK2, IGFBP2, GRB10) (Table 5; Figure 1B), and from primary follicles, we noted four genes (IGFBP4, NRAS, PIK3C3, PRKAG2 (Table 6; Figure 1B), suggesting a dynamic change of “IGF1 signaling”-related genes during the primordial to primary transition. During the primordial to primary follicle transition, the ‘IGF1 Signaling’ pathway was non-significantly downregulated (p = 5,64E-01). Interestingly, during the primordial to primary follicle transition, several members of the IGF1 Signaling family were significantly down- or up-regulated. Five genes (PRKC1, CASP9, IGFBP3, SOC2, JAK2) (Figure 1C) were significantly downregulated during the transition, and one gene (PIK3C3) (Figure 1C) was significantly up-regulated (Table 7).


Table 5. “IGF1 Signaling” pathway annotations—GCs from primordial follicles.

[image: image]




Table 6. “IGF1 Signaling” pathway annotations—granulosa cells from primary follicles.
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Table 7. Differently expressed genes annotated “IGF1 Signaling” pathway.
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IGF2 Protein Localizes to Human Oocytes and Granulosa Cells in Primordial and Primary Follicles

Transcriptomic data represents RNA profiling and thus, does not necessarily represents protein expression profiles. Human oocytes are loaded with maternal mRNA, of which many are packed into a protein complex preventing translation at this stage. The IGF2 protein was selected for immunofluorescent staining since the IGF2 gene was highly expressed in both oocytes and granulosa cells in primordial and primary follicles (Ernst et al., 2017, 2018) (Table 4). The immunofluorescence revealed a strong staining of the IGF2 protein in both oocytes and granulosa cells in primordial and primary follicles (Figure 3). The staining of IGF2 apeared as membranous and cytoplasmic staining in both oocytes and granulosa cells in primordial and primary follicles (Figure 3). The nuclear counter stain is Hoechst (blue) (Figure 3). Quantification of the IGF2 staining in primordial (pixel intensity = 16,1) and primary (pixel intensity = 20,7) follicles supports overall the RNA sequencing FPKM values noted for IGF2 (Table 4), although distinction between cell compartments could not be precisely measured. As such, it is not possible to note of the upregulation of IGF2 is more strong in the oocytes compeared to the granulosa cells in the same follicels stages, although we observed that IGF2 is uregulated on oocytes during the primordial to primary transition, in contrast to downregulation of IGF2 in granulosa cells in the primordial to primary transition (Table 4).
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FIGURE 3. Intra-ovarian distribution of IGF2 in human granulosa cells from primordial and primary follicles. Images show that IGF2 localized to oocytes and granulosa cells in primordial and primary follicles. A control without primary IGF2 antibody was included and reveals no staining. Hoechst staining identifies the nucleus of cells. Scale bars; 20 μm.



Several Androgen-Responsive Genes Appear to Be Expressed During the Primordial to Primary Follicle Transition

To further reveal a potential effect of androgen signaling in primordial and primary follicles, we interrogated the presence of known androgen response genes (Romanuik et al., 2009) in the global transcriptomes of oocytes (Ernst et al., 2017) and granulosa cells (Ernst et al., 2018) from primordial and primary follicles. Of the known androgen-responsive genes (87 genes), 62 genes were found present in the transcriptome data (Table 8). Several of the androgen-responsive genes were very highly expressed (ABHD2, ATP1A1, B2M, FDFT1, GOLPH3, NDRG1, ODC1, PAK2, RPL15, SOD1, TCP1, TPD52, and TSC22D1), and several moderately expressed (such as ACSL3, ADAM28, CNBD1, DHCR24, MANEA, PIK3R3, TMEFF2, and USP33).


Table 8. Expression of androgen-responsive genes.
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DISCUSSION

Ovarian follicles are subjected to to strict control of hormones and growth factors. In human granulosa cells, IGF1 is permissive for the positive feedback toward the FHS-induced expression of aromatase (CYP19A1) through AKT signaling (Baumgarten et al., 2014). This present study performed an in silico analysis of the transcriptomes representing granulosa cells from primordial and primary follicles, respectively. This provides a unique insight into the gene expression and perhaps actions of androgen-signaling and IGF-signaling in the two earliest stages of follicular development in the normal human ovary. Thus, we explored the potential of the earlist human follicles to be able to respond toward signals mediated by IGF- and androgen-signaling.

We applied strict filters in the bioinformatic management, and quality control to ensure the most precise outcome from the global transcriptome analysis. Therefore, the data presented must be evaluated with the fact that there is a fine balance between significant and non-significant outcomes. In some instances, variations between the data from the three patients is noted non-significant. Including more samples might even out this difference, and as many af of statistical analysis are close to a value for significance, it is most likely that most of the non-significant values indeed would be significant. The quantification of the IGF2 immunofluoresence on primordial and primary follicles aligned overall with the FPKM value, however, noteworthy, it is difficult to quantify immunofluorescent on slices performed on human follicles. Additionally, although maternally contributed mRNA are subjected to degradation, the turnover time for the corresponding protein may be differentially regulated and it is not known how much IGF2 protein that might be maternally supplied as well. Previous studies performed qPCR analysis to confirm the expression profiles of selected genes (Ernst et al., 2017, 2018) supporting that the FPKM values obtained reflects the intracellular levels. The analysis contains several DEG-lists based on both SSCEGs and non-SSCEGs. Therefore, caution in the analysis of fold of change for DEG transcripts is recommended. Importantly, this study interrogated the presence of transcripts, which do not necessarily reflect the corresponding protein product. Using single cell techniques, we are able to confirm the presence of proteins using immunohistochemistry. Interestingly, we found androgen signaling highly enriched in granulosa cells from primordial follicles and also enriched in granulosa cells from primary follicles, however less than in the granulosa cells from primordial follicles. Transcripts encoding for AR were significantly expressed in the granulosa cells from primordial follicles, and a non-significant downregulation of the AR gene expression in the granulosa cells during the primordial to primary follicle transition was detected, suggesting a dynamic expression of AR in the granulosa cells. This study is the first to show transcripts of AR expressed in the primordial follicle stage, which indicates an early responsiveness to androgens. Previously the AR transcript has been demonstrated in granulosa cells of rodent, primate and human from transitional follicles (oocyte, surrounded by one layer of mixed flattened and cuboidal granulosa cells) and onwards, but not in earlier follicular stages (Weil et al., 1999; Rice et al., 2007; Sen and Hammes, 2010). Interestingly, the androgen-responsive gene (FDFT1) encoding the Farnesyl diphosphate farnesyltransferase catalyzes the conversion of trans-farnesyl diphosphate to squalene, the first specific step in the cholesterol biosynthetic pathway, suggesting that already at the earliest stages of follicle development, the cells prepare to initiate steroidogenesis. The protein encoded by another androgen-responsive gene (NDRG1) appears to play a role in growth arrest and cell differentiation, possibly as a signaling protein shuttling between the cytoplasm and the nucleus. It is highly expressed during the primordial and primary transition, suggesting this candidate to be important for the activation of dormant oocytes. It is interesting that the androgen-responsive gene, the SOD1 gene, encoding the superoxide dismutase-1 was highly expressed in both primordial and primary follicles. SOD1 is a major cytoplasmic antioxidant enzyme that metabolizes superoxide radicals to molecular oxygen and hydrogen peroxide, thus providing a defense against oxygen toxicity (Niwa et al., 2007). Intriguingly, the androgen-responsive gene, PIK3R3, encodes the phosphoinositide-3-Kinase Regulatory Subunit 3, a lipid kinases capable of phosphorylating the 3'OH of the inositol ring of phosphoinositide, and it has been demonstrated that IGF1R, INSR, and INSR substrate-1 (IRS1) bind to PIK3R3 in vitro (Dey et al., 1998). The study suggested that the interaction of PIK3R3 with IGFIR and INSR provides an alternative pathway for the activation of PI3-kinase.

This study interrogated the presence of the AR transcript through RNA sequencing during the human primordial to primary transition and suggests that at least parts of the AR responsive network, might be relevant during the first ovarian follicle activation step. Although a previous study did not detect the AR transcript in human primordial follicles (Suzuki et al., 1994; Rice et al., 2007), we believe this is attributable to technical limitations since that study used earlier version of mRNA preparations and RT-PCR analysis. The study further highlight the importance of interpretation of RT-PCR and point that its findings do not exclude the presence of a functionally active protein, and the possibility that androgens exert an effect from the earliest growing phase onwards (Rice et al., 2007). In human ovaries, AR was immunohistochemically localized to preantral, antral follicles, theca, and stroma (Chadha et al., 1994; Takayama et al., 1996; Saunders et al., 2000). However, the stage of preantral follicle development could not be specified due to the inherent insensitivity of these techniques. Interestingly in this regard, a study cultured porcine primordial follicles in the absence or presence of testosterone, and found that testosterone increased the activation of primordial follicles (Magamage et al., 2011). The study further utilized cyproterone acetate, an AR antagonist, which inhibited the stimulatory effect of testosterone on primordial follicle activation. In addition, the results from Western blot and immunohistochemistry also showed that the AR was present in porcine primordial follicles. The results from porcine primordial follicles suggest to the possibility that human early follicles may also contain AR protein, however, this remains to be established through immunohistochemistry and protein analysis. In oocytes from primordial follicles, our group has recently demonstrated low, inconsisten expression of AR, and no detectable expression in the oocyte of primary follicles (Ernst et al., 2017). The mechanism of action of androgens is primarily the direct activation of gene transcription, by binding of the ligand-receptor complex to androgen-response elements in the nucleus, but androgens are also known to induce more rapid non-genomic pathways via cytosolic AR and the MAPK/ERK pathway (Kousteni et al., 2001), and influence the IGF-signaling (Vendola et al., 1999a). In the transcriptomic data from granulosa cells from primordial follicles (Ernst et al., 2018), “IGF1 signaling” and “ERK signaling” were, however not significantly enriched, which suggests that the possible androgen signaling mechanisms in the granulosa cells from primordial follicles is based on binding of androgens to nuclear AR, and the direct genomic transcriptional induction. This is in contrast to the results from oocytes from primordial and primary follicles, where the “IGF1 Signaling” and “ERK signaling” pathways were both enriched (Ernst et al., 2017), demonstrating that the non-genomic cytosolic pathway might be the molecular mechanism of action of the androgens in the oocyte-compartment. Androgen signaling has besides the above-mentioned pathways also been linked to the canonical PI3K/PTEN/Akt pathway, which is known to regulate primordial follicle activation in human and rodent (Adhikari et al., 2012; Novella-Maestre et al., 2015). In neonatal mice, activation of the PI3K/PTEN/Akt pathway has been detected, with phosphorylation and translocation of FOXO3a, shortly after testosterone administration, as well as an increased percentage of growing follicles compared to controls (Yang et al., 2010). The link between androgen signaling and IGF1 signaling has been highly argued, as androgens were found to induce upregulation of IGF1 and IGF1R in oocytes of primordial follicles, which is positively correlated to follicular recruitment and activation (Vendola et al., 1999a). In the granulosa cells from primordial and primary follicles, we found that the “IGF1 Signaling” pathway as a group was not significantly enriched, but transcripts of several members of the IGF1 signaling family were detected including IGFBP3 and IGFBP2 in the primordial stage and IGFBP4 in the primary follicle stage. During the primordial to primary follicle transition IGFBP3 was significantly down-regulated. We find this down-regulation of IGFBP3 interesting, given IGFBP3's role as a modulator and antagonist of the IGF-IGFR interaction (Hu et al., 2017), which we speculate to be central in the fine-tuned regulation of IGF2-IGF1R interaction and thus downstream PI3K/PTEN/Akt activity in the activation of primordial follicles. Also, in the oocyte compartment, different interesting members of this pathway were detected including IGF2 and IGF1R, both with a high expression (Ernst et al., 2017). Both the transcripts of IGF1R and IGF2 were upregulated during the primordial to primary follicle transition in the oocyte, the latter of the two with a 2-fold increase. In contrast to the high expression of IGF2 in oocytes from primordial and primary follicles, IGF1 was only inconsistently expressed in a moderate level, which is consistent with previous studies on human ovarian tissue, showing that IGF2 seems more important than IGF1 in the normal ovarian physiology (Mazerbourg et al., 2003; Stubbs et al., 2013). However, our immunohistochemistry results clearly show that IGF2 protein is present in both oocytes and granulosa cell from primordial follicles, suggesting that it may also be maternally contributed as a protein. IGF1R is of particular interest, as it is a known upstream activator of the PI3K/PTEN/Akt pathway (Makker et al., 2014), which is known to be involved in the regulation of primordial follicles.

In the IGF signaling system, several other receptors besides IGF1R are also noteworthy; IGF2R and INSR. Transcripts of IGF2R and INSR were both detected in the oocytes, however the expression was low and inconsistent (Ernst et al., 2017). A higher expression of IGF2R was however detected in the whole follicle isolate compared to the oocyte only isolate, suggesting that IGF2R most likely is expressed in the granulosa cell compartment. Based on our collective results from the transcriptomic analysis of the primordial and primary granulosa cells and oocytes, and the existing literature, we pose the following hypothesis concerning the bidirectional communication in the primordial follicle activation: (1) Based on high AR expression, granulosa cells of primordial follicles may be androgen responsive through direct genomic action, (2) This responsiveness may induce transcription of paracrine factors, which in turn could stimulate the oocyte to express transcripts encoding IGF2 and IGF1R, (3) The regulation is the IGF signaling is tightly regulated, and the IGFBP1s are significant regulators of IGF signaling (Allard and Duan, 2018; Mazerbourg and Monget, 2018; Spitschak and Hoeflich, 2018). Therefore, the androgen responsiveness and its potential induction of IGF2 and IGF1R transcription could be mediated through the activation of IGFBPs and IGF ligands in the grnaulosa cells during the primodial to primary transition, which through paracrine actions stimulate transcription of specific genes in the oocytes. In line with this, as mentioned above, androgen can mediate non-genomic signaling, which may also be relevant for IGF signaling. Activated AR in the cytoplasm can interact with several signaling molecules inclu ing the PI3K/Akt, Src, Ras-Raf-1, and PKC, which in turn converge on MAPK/ERK activation, leading to cell proliferation (Kamanga-Sollo et al., 2008). Cell signaling through androgen can also occur without ERK activation. Non-ERK pathways involve activation of mammalian target of rapamycin (mTOR) via the PI3K/Akt pathway or involvement of plasma membrane, G protein coupled receptors (GPCRs) and the sex hormone binding globulin receptor (SHBGR) that modulate intracellular Ca2+ concentration and cyclic adenosine monophosphate (cAMP) levels, respectively (Mellström and Naranjo, 2001; Heinlein and Chang, 2002). IGFBPs display higher binding affinities toward IGF than IGFR1/2, and IGFs are therefore regulated by IGFBPs (Firth and Baxter, 2002; Duan and Xu, 2005). During dormancy, granulosa cell-produced IGFBP3 could sequester IGF2 in the extracellular space, thus antagonizing ligand-receptor interaction. Upon IGFBP3-decrease in granulosa cells during the primordial to primary follicle transition, oocyte-derived IGF2 might be free to exert its local effect and to bind IGF1R on the oocyte thus stimulating growth in an autocrine manner, and at the same time bind to IGF2R on the granulosa cells to paracrinally stimulate cell growth, proliferation, differentiation, and/or survival. The scenario of IGF-mediated functions in ovarian physiology is intriguing and becomes very complex considering the pattern of IGFBP expression profiles (Mazerbourg and Monget, 2018). It has previously been reported that IGFBP1 is expressed in granulosa cells of mature follicles (el-Roeiy et al., 1994; Kwon et al., 2010), and it is likely that the expression of IGFBP1 increases during follicles development, as we note very low expression (if any) in both oocytes and granulosa cells from primordial and primary follicles. Previously, it was reported that IGFBP2 decreases in the granulosa cells in an cAMP-dependent but FSH-independent manner, (Cataldo et al., 1993), suggesting perhaps an early role of this IGFBP in the early non-FSH responsive phase of follicle development. IGFBP4 mRNA is expressed at low levels in both oocytes and granulosa cells from primordial and primary follicles, and is in line with a previous study that noted IGFBP4 mRNA expression as decreasing during human follicle development (Kwon et al., 2010). While IGFBP5 is higly expressed in all cells in both primordial and primary follicles, IGPBP6 appears to be specific to granulosa cells in primordial follicles. Finally it is worthnoty that many IGF-independent functions have been reported for the IGFBPs (Allard and Duan, 2018), adding another layer of complexity to ovarian functions for this family, which hopefully will be addressed in future functional studies. Further studies are, however, needed to support this link between androgens and IGF-driven primordial follicle activation in the human ovary.

Androgens have received increased attention as a key-player in the early follicular development, as the hyperandrogenic microenvironment in the ovaries from women suffering from PCOS, is thought to be central in the anovulation phenotype (Franks and Hardy, 2010). Patients suffering from anovulatory PCOS is shown to have an increased percentage of growing follicles and stockpiling of the primary follicles compared to controls (Webber et al., 2003; Maciel et al., 2004). In a recent study, it was shown that oocytes from women suffering from hyperandrogenism have an increased expression of IGF2 (Tian et al., 2017). In a future study comparing transcriptomic data from PCOS granulosa cells and oocytes, it would be interesting to investigate if also the IGF1R expression is increased in these patients. According to our hypothesis a potential pathogenic mechanism of PCOS could be that androgen-driven overexpression of IGF1R, would make the oocyte hypersensitive to growth factors such as IGF2, which is found in a high level, and thus trigger hyperactivity in the PI3K/PTEN/Akt pathway, resulting in a hyperactivation of primordial follicles.

MATERIALS AND METHODS

Tissue Collection and Follicle Isolation

Normal ovarian cortex tissue was donated from three women undergoing oophorectomy followed by cryopreservation before gonadotoxic treatment of non-gynecological cancer. The patients were aged 26, 34, and 34 years old, respectively. Written informed consent was obtained from all patients. The study was approved by Danish Scientific Ethical Committee (Approval number: KF299017 and J7KF/01/170/99) and the Danish Data Protection Agency. From the donated random selected tissue pieces 539 primordial follicles and 261 primary follicles were collected using the Laser Capture Microdissection (LCM) technique using Veritas™ Microdissection Instrument Model 704 (Arcturus XT™, Molecular Devices, Applied Biosystems, Life Technologies, Foster City, CA, U.S.A). The follicles and oocytes were isolated based on their morphological appearance.

LCM, library preparation, sequencing, bioinformatics management, and enrichment analysis was performed essentially as described previously (Ernst et al., 2017, 2018). Briefly, thee human cortical fragments (2 × 2 × 1 mm) were thawed and fixed by immersion into 4% paraformaldehyde (PFA) at 4°C for 4 h followed by dehydration and embedment in paraffin, and the embedding and sectioning was performed as previously described (Markholt et al., 2012). For the LCM isolation, whole follicles and oocytes were captured based on morphological appearance. Oocytes surrounded by 3–5 flattened pre-granulosa cells were defined as primordial follicles, whereas primary follicles were identified as an oocyte surrounded by one layer of cuboidal granulosa cells. During the laser capture, an outline surrounding the cells of interest (oocyte only or whole follicles isolates) was marked microscopically and subsequently cut using the ultraviolet laser. Membrane glass slides (Arcturus® PEN Membrane Glass Slides, Applied Biosystems, Life Technologies, Foster City, CA, U.S.A.), enabled to lift the cells onto a sterile cap (Arcturus® CapSure® HS LCM Caps, Applied Biosystems, Life Technologies, Foster City, CA, U.S.A.) using infrared pulses.

RNA extraction, Library preparation and sequencing, mapping, and statistical analysis as previously described (Ernst et al., 2017, 2018). Briefly, Total RNA was extracted from LCM-isolated cells using Arcturus® Paradise® Plus RNA Extraction and Isolation Kit (#KIT0312I Arcturus Bioscience Inc., Mountain View, CA, U.S.A.), and subjected to linear amplification using the Ovation® RNA-Seq System V2 kit (NuGen Inc., San Carlos, CA, U.S.A.), and RNA-seq libraries were constructed from the output cDNA using Illumina TruSeq DNA Sample and Preparation kit (Illumina, San Diego, CA, USA), performed at AROS Applied Biotechnology, according to the manufacturer's protocol. BAM files were generated using Tophat (2.0.4), and Cufflinks (2.0.2) created a list of expressed transcripts. BWA (0.6.2) mapped all readings to the human reference genome (hg19). Expression of each gene in a given sample was normalized and transformed to a measurement of log2 [counts per million (CPM)]. Afterwards, fragments per kilobase of exon per million fragments mapped (FPKM) values were calculated on the basis of log2 (CPM) (R Core Team, 2012).

Output From Statistical Analysis for Enrichment Analysis

In silico extraction of granulosa cell transcriptomes was performed on global transcriptome data from patient triplicates of oocytes and oocytes with surrounding granulosa cells (follicle) for both the primordial and primary stage (Ernst et al., 2017, 2018) applying strict filters. The FPKM for all detected transcripts was quantified by performing a t-test on patient triplicate samples of same type. The level of consistency was based on p-values, with a low p-value noting a high degree of consistency in FPKM mean across patient triplicates. The cut-off in the level of consistency for all transcripts was set at p < 0.2 across triplicates for being included in all downstream analyses. Afterwards, we identified transcripts uniquely detected in the follicle isolates, and not in corresponding oocytes. All transcripts with a value >1.5 FPKM, was considered uniquely expressed in the follicle isolates and regarded as granulosa cell transcriptome contributions.

Extraction of transcripts encoding the androgen receptor and IGF-related molecules was performed from the lists generated (Ernst et al., 2018) and shows SSCEG and DEG in granulosa cells from primordial (Tables 2, 3) and primary follicles (Tables 2, 5), respectively.

The canonical AR and IGF1 Signaling Pathways were built using IPA® software (http://www.ingenuity.com).

Immunofluorescence Microscopy

Ovarian cortical tissue was sectioned in 5 μm slides and mounted on glass slides. Dehydration and antigen retrieval was performed as described elsewhere (Stubbs et al., 2005) followed by serum block (30 min), then primary antibody; anti-IGF2 rabbit polyclonal antibody (ab9574, Abcam, Cambridge, U.K.), (5 μg/ml) overnight at 4°C. This antibody was previously used and validated (Huang et al., 2010) and several other applications (http://www.abcam.com/igf2-antibody-ab9574-references.html). The sections were subsequently incubated in a 1:250 dilution of appropriate secondary antibody (donkey-anti-rabbit for IGF2) conjugated with Alexa Fluor 488 Dye (Life Technologies, Carlsbad, CA, U.S.A.). Sections were incubated in 1/3,500 Hoechst (Life Technologies, Carlsbad, CA, U.S.A.) followed by mounting with Dako Fluorescent Mounting Medium (Agilent Technologies, Santa Clara, CA, U.S.A) and analyzed using a LSM510 laser-scanning confocal microscope using a 63x C-Apochromat water immersion objective NA 1.2 (Carl Zeiss, Göttingen, Germany). Zen 2011 software (Carl Zeiss, Göttingen, Germany) was used for analysis and image capturing. The quantification of IGF2 immunofluorescence was done by as ImageJ (Jensen, 2013).
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In the early 1950s, Austin and Chang independently described the changes that are required for the sperm to fertilize oocytes in vivo. These changes were originally grouped under name of “capacitation” and were the first step in the development of in vitro fertilization (IVF) in humans. Following these initial and fundamental findings, a remarkable number of observations led to characterization of the molecular steps behind this process. The discovery of certain sperm-specific molecules and the possibility to record ion currents through patch-clamp approaches helped to integrate the initial biochemical observation with the activity of ion channels. This is of particular importance in the male gamete due to the fact that sperm are transcriptionally inactive. Therefore, sperm must control all these changes that occur during their transit through the male and female reproductive tracts by complex signaling cascades that include post-translational modifications. This review is focused on the principal molecular mechanisms that govern human sperm capacitation with particular emphasis on comparing all the reported pieces of evidence with the mouse model.
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INTRODUCTION

In the early 1950s, two researchers, Austin and Chang, using rabbit as a model, independently described the changes that are required for sperm to fertilize oocytes in vivo (Austin, 1951; Chang, 1951). These changes were originally grouped under the name of “capacitation” (Austin, 1952) and were later modified to specify that sperm need to reside in the female reproductive tract to acquire this capacity (Austin and Bishop, 1958). These early important observations led to the development of in vitro fertilization (IVF). Initially, IVF experiments were performed either with sperm deposited in the oviduct (Austin, 1951; Chang, 1951) or collected from the uterus (Chang, 1959) due to the lack of appropriate conditions to fully support capacitation in vitro. A few years later, Yanagimachi and Chang used a medium with a defined chemical composition to capacitate hamster sperm and achieved the first successful IVF (Yanagimachi and Chang, 1963). In 1971, IVF was performed in mice using epididymal sperm and a chemically defined medium (Toyoda et al., 1971).

The remarkable initial discoveries of the fertilization process in mammals were achieved in non-human species such as rabbit, rat, and hamster. The possibility to capacitate mammalian sperm in vitro and fertilize the eggs led to the first attempts to capacitate human sperm (Norman et al., 1960; Edwards et al., 1966, 1969). Although little was known about the molecular aspects of human sperm capacitation, these were important steps for achieving the birth of Louise Brown by human IVF (Steptoe and Edwards, 1978).

During capacitation, sperm undergo a change in the motility pattern called hyperactivation (Yanagimachi, 1970) and become competent to undergo a physiological secretory event known as acrosome reaction (aka acrosomal exocytosis; AE). Experiments in mice demonstrated that hyperactivation is critical to fertilization because it facilitates the sperm release from the oviductal reservoir and the penetration through the cumulus oophorus and the extracellular matrix surrounding the egg, i.e., the zona pellucida (ZP) (Demott and Suarez, 1992). In addition, mammalian sperm must undergo AE in an orderly manner to penetrate the ZP (Yanagimachi, 1994; Buffone et al., 2009b). It is also proposed that only capacitated human sperm are able to do chemotactic swimming using progesterone gradients in close proximity to the egg (Guidobaldi et al., 2008; Teves et al., 2009; Gatica et al., 2013).

From a molecular point of view, sperm capacitation has been well studied in vitro in several species such as bovine, humans, rats, and hamsters, but without any doubt the best characterized model is the mouse. Most of the remarkable discoveries have been generally achieved in mice and later explored in other species. As a scientific tool, mice have helped to speed up the progress of research in all fields, and in sperm physiology, this is true due to several reasons: (i) the possibility to use transgenic tools to create knockout (KO) or transgenic sperm containing fluorescent proteins or molecular sensors; (ii) it is easy to perform assisted reproductive techniques such as intracytoplasmic sperm injection (ICSI), IVF, or embryo transfer; (iii) they are closely related to humans (~99% of mouse genes have an equivalent in humans); (iv) their genome has been fully sequenced (published in 2002); (v) mice are small, have a short generation time, and have an accelerated lifespan; (vi) mice are cost effective because they are inexpensive and easy to look after; (vii) spermatogenesis in mice is comparable with humans (O'Bryan et al., 2006).

Despite the fact that differences might exist between species, mice serve as a de facto surrogate model for characterizing the capacitation of human sperm (De Jonge, 2017). However, there are certain aspects that are important to highlight before going deeper into molecular events associated with human sperm capacitation. These considerations not only include differences between both species, i.e., humans and mice, but also important aspects to consider when evaluating in vitro experiments. The most significant aspects, according to our opinion, are listed below:

a. Human sperm are highly pleomorphic in the sense that a large number of cells in the ejaculate display a great variety of morphological forms. In contrast, the proportion of mouse sperm with morphological variations is rather small.

b. Humans deposit the ejaculate in the vagina, in contrast to mice that ejaculate in the uterus (Kawano et al., 2014).

c. Human sperm are selected in the cervix, where only morphologically normal or slightly abnormal sperm can migrate through this channel. A cohort of sperm immediately pass into the cervical mucus, whereas the remaining sperm population becomes a part of the coagulum. Then, a second round of selection occurs in the uterotubal junction (UTJ). In contrast, mouse sperm are only selected in the UTJ by mechanisms that are not fully clarified but include ADAM3 and other proteins (Yamaguchi et al., 2009; Holtzmann et al., 2011; Okabe, 2013).

d. In general, the study of human sperm starts from a semen sample, whereas in mice, it starts from sperm recovered from the epididymis. In this condition, mouse sperm has not yet been exposed to high concentrations of [image: image], cholesterol, Zn2+, and seminal plasma proteins, among other components.

e. In humans, the semen is frequently manipulated to isolate the highly motile population of sperm. In contrast, virtually all studies use mouse sperm obtained from the cauda epididymis that have not been exposed to any selection procedure.

f. In vitro incubation under capacitating conditions for human sperm ranges from 3 to 24 h. As a result, a great variability of results is reported in the literature. In contrast, most studies in mouse sperm are performed using 1–1.5 h of incubation under capacitating conditions.

g. Based on non-human data, the oviductal epithelium is considered a sperm reservoir that regulates binding and release of sperm toward the site of fertilization. The role of oviductal epithelium and fluids on human sperm was generated in vitro by cell culture experiments. Hence, our knowledge about human sperm interaction with the oviduct is scarce in comparison with rodents.

h. The role of the uterus, the oviduct, and their secretions on human sperm capacitation is largely unknown due to practical and ethical limitations (De Jonge, 2017). A great number of molecules that are present in the female tract that have also been shown to modify sperm function are usually not included in the in vitro capacitation experiments (Luconi et al., 1995; Meizel et al., 1997; Edwards et al., 2007; Garbarino Azúa et al., 2017). In addition, uterine contractions facilitate the sperm transport mechanism that is essential for migration within the female reproductive tract.

For all these reasons (and many others that will be explained in the following sections), caution while transferring molecular and cellular concepts between species was proposed recently (Kaupp and Strünker, 2016). Alternatively, sperm from a given species should be studied using a vertical research strategy (Kaupp and Strünker, 2016).

We would also like to stress that, unless otherwise indicated, all data regarding human sperm function and regulation by electrophysiological processes are derived from in vitro experimentation and may not be reflective of what occurs during transit through the male and female reproductive tracts. The aim of this paper is to revisit the most important molecular events of human sperm capacitation.

SPERM PLASMA MEMBRANE AND SEMINAL PLASMA CHOLESTEROL

The sperm plasma membrane not only serves as the cell boundary but also presents a dynamic structure that has an impact on sperm capacitation and AE (Flesch and Gadella, 2000). During capacitation, several changes in the sperm membrane have been described: increase in membrane fluidity, lateral movement of cholesterol to the apical region of the sperm head, and cholesterol efflux from the sperm plasma membrane to the extracellular environment (Martínez and Morros, 1996; Gadella, 2008). The approximate lipid content of mammalian sperm is composed of 70% phospholipids, 25% neutral lipids (cholesterol), and 5% glycoproteins (Mann and Lutwak-Mann, 1981), cholesterol being the main sterol in the cellular plasma membrane (~90%) (Lalumière et al., 1976; Langlais et al., 1981; Zalata et al., 2010; Boerke et al., 2013). In addition, desmosterol, a cholesterol precursor, and sulfate derivatives were reported (~10%) (Nimmo and Cross, 2003).

The cholesterol/phospholipid (C/PL) ratio in sperm varies between species (Davis, 1981), i.e., 0.20 in boar sperm, 0.36 in stallion sperm, about 0.40 in bovine sperm, 0.43 in ram sperm, and 0.83 in human sperm (Parks and Hammerstedt, 1985; Parks et al., 1987, 1992). Davis reported a correlation between the C/PL ratio in sperm and the time required to complete capacitation when comparing different mammalian species: the higher the C/PL ratio, the longer the incubation period for capacitation to be achieved (Davis, 1981; Ostermeier et al., 2018). Sperm of patients with unexplained infertility showed a higher C/PL ratio due to lower phospholipid content (Sugkraroek et al., 1991), and normospermic patients who failed in IVF had either an atypical high content of cholesterol or a slow efflux of cholesterol during in vitro incubation (Benoff et al., 1993).

Sperm cholesterol content is finely regulated within the male reproductive tract as the concentration of lipids in blood serum does not correlate with the seminal plasma levels (Grizard et al., 1995). Cholesterol is found in high abundance in seminal plasma (Grizard et al., 1995; Cross, 1996). Experiments in rabbit and bull sperm showed an inhibitory effect of seminal plasma on capacitation that could be reversed after re-incubation of the sperm in the oviduct (Chang, 1957). Incubation of human sperm in seminal plasma inhibited progesterone-induced AE, being the main inhibitor free cholesterol (Cross, 1996). Altogether, these early observations demonstrate the important regulatory role of seminal plasma sterols on the initiation and promotion of capacitation.

Cholesterol Efflux During Capacitation

It has been well demonstrated in vitro that capacitation is associated with removal of cholesterol from the plasma membrane (Visconti et al., 1999). Albumin is the most used cholesterol acceptor in in vitro experiments (Langlais et al., 1988; Suzuki and Yanagimachi, 1989; Leahy and Gadella, 2015), and it has been described to be in high abundance in the oviduct (Ehrenwald et al., 1990). The lipid transfer protein-I (LTP-I), a key protein in the human plasma metabolism of the high-density lipoprotein (HDL) (Albers et al., 1984; Tall, 1993), is present in the reproductive fluids and it also serves as a cholesterol acceptor (Ravnik et al., 1992).

Sterol-rich microdomains, known as lipid rafts, are organization centers involved in membrane protein distribution, activating receptors and signaling cascades. Markers for these rafts, such as the proteins caveolin-1, caveolin-2, flotilin-1 and flotilin-2, and the sphingolipids GM1 and GM3, have been described (Travis et al., 2001; Suzuki et al., 2017). A capacitation-associated movement, due to cholesterol efflux, of GM1 has been observed during capacitation (Selvaraj et al., 2007; Bruckbauer et al., 2010). GM1 binds decapacitating factors released during capacitation (Kawano et al., 2008) and can be used as a biomarker for lipid rafts, as it can be easily traced using cholera toxin (Selvaraj et al., 2006).

Lipocalin 2 is present in mouse oviduct and uterus and induces capacitation via raft aggregation in a PKA-dependent manner (Watanabe et al., 2014). Glycosylphosphatidylinositol-anchor proteins (GPI-APs) are also components of lipid rafts (Varma and Mayor, 1998), and their release is very important for male fertility (Kondoh et al., 2005; Ueda et al., 2007; Fujihara et al., 2013). Recent studies in mouse sperm described the importance of lipid raft movement in order for sperm to gain fertilization ability, using cholera toxin to track GM1 and (GPI)-anchored enhanced green fluorescent protein (EGFP-GPI) (Kondoh et al., 1999; Watanabe et al., 2017). Cholesterol efflux using methyl-β-cyclodextrin (M-β-CD) showed not only GM1 movement but also release of GPI-APs (Watanabe et al., 2017).

Phospholipid scrambling, one of the earliest capacitation events, is initiated by an increase in intracellular [image: image] followed by the activation of the cAMP/PKA pathway and may be essential to facilitate albumin-mediated cholesterol efflux (Gadella and Harrison, 2000; Harrison and Miller, 2000; Flesch et al., 2001).

Ravnik and coworkers proposed LTP-I as a capacitation inducer in human sperm, as it stimulates acrosomal loss and increases the penetration of hamster eggs by human sperm (Ravnik et al., 1995).

ACTIVATION OF cAMP-PKA PATHWAY

Human sperm capacitation can be mimicked in vitro in a chemically defined medium containing electrolytes (Na+, K+, Cl−, [image: image], Mg2+, Ca2+, and PO[image: image]), energy substrates (glucose, pyruvate, and lactate), and a cholesterol acceptor (usually serum albumin as previously described).

The activation of intracellular signaling pathways is dependent on the presence of the chemicals present in the capacitation medium. For instance, once human sperm are exposed to seminal plasma or the female reproductive tract, they encounter higher concentration of [image: image] (Okamura and Sugita, 1983; Okamura et al., 1985), which in turn stimulates the soluble adenylyl cyclase ADCY10 (Buck et al., 1999; Jaiswal and Conti, 2003). Activation of ADCY10 primarily by [image: image], but also by Ca2+ leads to an increase in cyclic adenosine monophosphate (cAMP) synthesis in several mammalian species (Chen et al., 2000). The initial [image: image] entrance in mouse and human sperm occurs through NBC cotransporters (Demarco et al., 2003; Puga Molina et al., 2018). In addition, it was reported that inhibition of the cystic fibrosis transmembrane conductance regulator channel (CFTR) affects [image: image]-entrance-dependent events (Puga Molina et al., 2017), such as phosphorylation in substrates of protein kinase A (PKA) and tyrosine phosphorylation (pY). In contrast, CFTR inhibition does not affect this pathway in mouse sperm (Wertheimer et al., 2008; Puga Molina et al., 2017).

In sperm as well as in other cells, intracellular cAMP levels are highly dynamic. Its concentration relies on the simultaneous action of both synthesis by ADCY10 and degradation by phosphodiesterases (PDE). In mammals, 11 PDE families have been described, with different substrate specificities and pharmacological sensitivities. In human sperm, inhibition of PDE4 enhanced sperm motility, whereas PDE1 inhibitors selectively stimulated the AE (Fisch et al., 1998). These observations suggest that molecules related to cAMP signaling such as cAMP targets, adenylyl cyclases, and PDE are compartmentalized and, as a consequence, participate in different sperm functions, some in the flagellum and others in the head (Buffone et al., 2014b).

The role of cAMP in sperm function is well described elsewhere (Buffone et al., 2014b), and some of its targets will be discussed in the following sections. One of the main targets of cAMP is PKA, which is essential in sperm biology (Burton and McKnight, 2007). PKA is an heterotetramer composed of two catalytic subunits (C) and two regulatory subunits (R). The active C subunit is dissociated as an active kinase when cAMP binds to R subunits. Using antibodies against PKA substrate consensus phosphorylation sites, it was shown in human sperm as well as in other species that PKA activity reaches maximum activity within 1 min of exposure to [image: image] (Battistone et al., 2013). Because PKA has multiple targets, phosphorylation of a given substrate may occur without affecting others by the action of A-kinase-anchoring proteins (AKAPs) (Carnegie et al., 2009). AKAPs anchor the R subunit of PKA, restricting its activity to discrete locations within the sperm (Carnegie et al., 2009; Scott and Pawson, 2009). Several reports have shown the presence and possible function of AKAPs such as AKAP3 and AKAP4 in human sperm (Carrera et al., 1996; Mandal et al., 1999; Harrison et al., 2000; Ficarro et al., 2003). In addition to PKA, cAMP can bind and regulate other targets such as the exchange protein directly activated by cAMP (EPAC). EPAC1 and EPAC2 are expressed in sperm from different species including human (Branham et al., 2006) and are localized to the sperm head. These enzymes play a major role in human sperm AE (Branham et al., 2006, 2009; Buffone et al., 2014a).

One of the best characterized events in sperm capacitation is the time-dependent increase in pY. The increase in sperm pY is downstream of a cAMP/PKA-dependent pathway in many species including humans (Visconti et al., 1995b; Osheroff et al., 1999; Battistone et al., 2013, 2014). Several reports have shown clear deficiencies in this process in infertile patients (Buffone et al., 2004, 2005, 2006, 2009a,c). Because PKA is a serine/threonine (Ser/Thr) protein kinase, a tyrosine kinase mediates the role of PKA in pY. The mechanism by which PKA activates pY in humans was reported to be mediated by proline-rich tyrosine kinase 2 (PYK2) (Battistone et al., 2014). On the contrary, sperm from Pyk2−/− mice have normal pY during capacitation, but in sperm from mice in which the tyrosine kinase FER was disrupted, pY was not increased (Alvau et al., 2016). FER has also been detected in human sperm (Matamoros-Volante et al., 2017), although its role during capacitation has not yet been established.

In summary, the cAMP/PKA signaling pathway is essential for human sperm capacitation and is activated by [image: image] and Ca2+ influx during the sperm transit from the epididymis to the oviduct. During this journey, sperm are exposed to large changes in [image: image], Ca2+, as well as H+, Na+, K+ that ultimately impact on the membrane potential (Em) and the intracellular pH. These changes are regulated by the activation of the cAMP-PKA pathway and they will be explained in detail in the following sections.

EXTRACELLULAR AND INTRACELLULAR pH IN HUMAN SPERM

Regulation of intracellular pH (pHi) is fundamental for every cellular process. It is suggested that homeostasis of the pHi in mammals is mainly controlled by: (1) H+ and (2) [image: image] transport. Particularly, sperm encounter a variety of dramatic changes in H+ extracellular concentration during their transit from the epididymis to the site of fertilization in the female tract. Although extracellular pH (pHe) from epididymis is acidic (approx. 6.8) (Carr and Acott, 1989; Caflisch and DuBose, 1990; Rodriguez-Martinez et al., 1990), in humans, the pH of semen is approximately 7.2–8.4 (Owen and Katz, 2005), and in the human female, the reproductive tract is graduated, with lowest pH in the vagina (approx. pH 4.4), increasing toward the endocervix and uterus (approx. pH 7) (Macdonald and Lumley, 1970; Eggert-Kruse et al., 1993; Ng et al., 2017).

In addition to different H+ concentrations, sperm encounter a variety of different ionic compositions such as [image: image]. In the porcine epididymis, the [[image: image]]e is approximately 2–4 mM (Okamura et al., 1985), whereas in rabbit, human, and porcine, seminal plasma is approximately 25 mM (Vishwakarma, 1962), and in the human and rabbit female tract, it is reported in the range of approximately 20–60 mM (Vishwakarma, 1962; Hamner et al., 1964; David et al., 1973).

In addition, it is postulated that pHe varies in the female tract according to the moment of ovulation. In the lumen of the Macaca mulatta (rhesus monkey) oviduct, pHe increases from approximately 7.2 to 7.6, whereas the [[image: image]]e increases from approximately 35 to 90 mM from the follicular phase to ovulation (Maas et al., 1977). These variations in [H+]e and [[image: image]]e during the journey of the sperm and during ovulation in the female tract might be of great importance for the pHi regulation in sperm.

Alkalinization During Capacitation

During their transit through the female reproductive tract, sperm encounter an alkaline pH, higher [image: image] concentration, and albumin. All these factors contribute to the cytoplasmic alkalinization that occurs during mouse sperm capacitation (Zeng et al., 1996; Nishigaki et al., 2014). This event is widely associated with hyperactivated motility because the alkalinization of the cytoplasm is necessary for the activation of CatSper, and the activity of this channel is fundamental for the hyperactivation of the human sperm (see below).

In mouse sperm, it was shown that sperm alkalinization depends mainly on the Na+/H+ exchanger (NHE) activity (Wang et al., 2003b; Chávez et al., 2014) and also on the CFTR activity (Xu et al., 2007; Chávez et al., 2012). However, in humans, the mechanism of the pH increase is thought to be different (Miller et al., 2016) as it is postulated that the main proton efflux depends mostly on Hv1 (Lishko et al., 2010).

The pHi of mammalian sperm, including humans, has been evaluated using different fluorescent indicators (Florman et al., 1989; Vredenburgh-Wilberg and Parrish, 1995; Brook et al., 1996; Hamamah et al., 1996; Cross and Razy-Faulkner, 1997), [31P]-NMR (Smith et al., 1985; Robitaille et al., 1987), and also by the distribution of a radioactive amine (Gatti et al., 1993; Hamamah et al., 1996), resulting in pHi approximately 6.7–7.2. However, there are few reports showing an increase in pHi during capacitation in human sperm. By using the BCECF pH-sensitive fluorescent probe, Cross and Razy-Faulkner showed that 24-h capacitated sperm have higher pHi (7.08) compared with freshly ejaculated sperm (6.94). They also showed that when cholesterol loss is prevented, pHi is similar to that observed in ejaculated sperm (pHi approx. 6.7) (Cross and Razy-Faulkner, 1997). López-González et al. demonstrated by flow cytometry the existence of a subpopulation of capacitated sperm with more alkaline pH than those incubated in a noncapacitating medium (López-González et al., 2014). Because of the lack of in vivo experimentation, overall, the alkalization as a regulatory process during human sperm capacitation is still highly speculative.

Regulation of pHi

Although alkalinization has been demonstrated in human sperm in vitro, the molecular mechanisms related to this process have not yet been fully understood, and still remains much to be explored regarding the participation of different channels and transporters during capacitation. As mentioned before, ion transporters that regulate pHi can be divided into two groups: (1) H+ transporters and (2) [image: image] transporters.

Voltage-Gated H+ Channels (Hv1)

Hv1 is encoded by the HVCN1 gene and mediates highly selective H+ outward currents (Musset and Decoursey, 2012). Hv1 is the dominant proton conductance in human sperm; however, until now, the effect on Hv1 mutations in human fertility has not been reported. In contrast, mouse sperm do not have functional Hv1 (Lishko and Kirichok, 2010), and for this reason, Hv1−/− mice are fertile (Ramsey et al., 2009).

The Hv1 channel is present in the principal piece of the flagellum of human sperm as confirmed by immunoblotting and immunostaining (Lishko et al., 2010), and recently, a shorter variant (Hv1Sper) generated by proteolytic cleavage during spermatogenesis was reported (Berger et al., 2017).

Electrophysiological data have shown that Hv1 is an H+-selective channel whose activity is potentiated by capacitation, anandamide, membrane depolarization, and alkaline extracellular pH (Lishko et al., 2010). Interestingly, this channel is inhibited by Zn2+ (IC50 = 222 ± 36 nM) (Lishko et al., 2010; Qiu et al., 2016), which is present in high concentration in seminal plasma [in humans approx. 1.2–10.6 mM in seminal fluid vs. approx. 15.3 μM in serum (Owen and Katz, 2005)]. Hv1Sper is also inhibited by Zn2+, but the loss of a fragment in Hv1 N-terminus tunes its sensitivity to pH. Hv1Sper variant can form heterodimers with Hv1. Hv1Sper-Hv1 tandem dimers display distinct pH and voltage dependence; however, the Hv1Sper/Hv1 ratio is independent of capacitation (Berger et al., 2017).

Although it has been proposed that Hv1 would be mainly responsible for pH control in human sperm, the participation of this channel on the rise of pHi during capacitation has not been reported yet.

Na+/H+ Exchangers (NHE)

The SLC9 gene family encodes 13 evolutionarily conserved NHE. The expression of three NHEs has been identified in rat, mouse and human sperm, such as NHE1, NHE5, and NHE10 (Woo et al., 2002; Wang et al., 2003a; Zhang et al., 2017). Furthermore, in mouse sperm, a new member of the NHE family (sperm-specific NHE; sNHE, Slc9c1 gene) is expressed, whose localization is restricted to the principal piece (Wang et al., 2003a). sNHE-null males are infertile and have impaired sperm motility. As sNHE not only interacts but is also required for the sAC expression, it is postulated that this complex modulates pHi and [image: image] (Wang et al., 2007). Regarding the participation of pHi and [image: image] in sperm motility, it is worth knowing that the addition of NH[image: image] and cAMP analogs partially rescues the motility and fertility defects, suggesting that other important players may also be affected in this transgenic model (Wang et al., 2003a).

In human sperm, sNHE is mainly localized in the principal piece and its expression is downregulated in sperm from asthenozoospermic patients (Zhang et al., 2017). In addition, it has been reported that regulation of pHi in human sperm depends on the [Na+]e, and that ethyl-isopropyl amiloride (EIPA) affects this regulation within concentrations that inhibit NHE activity (Garcia and Meizel, 1999). Amiloride, another inhibitor of NHE, at 0.5 mM affects motility in human sperm, and the addition of nigericin, an ionophore that restores intracellular pH, partially rescues sperm motility (Peralta-Arias et al., 2015). As in mouse sperm, the ion transport-like region of the putative human sNHE is related to the membrane segments of voltage-gated ion channels (Wang et al., 2003a). For this reason, it is suggested that sNHE should play a central role in signaling (Kaupp and Strünker, 2016). Unfortunately, because sNHE is electroneutral, it is difficult to use traditional electrophysiological techniques to study its role in human sperm (Miller et al., 2015), and its role during capacitation still remains to be elucidated.

[image: image] Transporters

As [image: image] is a weak base, changes in [[image: image]]i can cause intracellular alkalinization. [image: image] transporters include the SLC26 and SLC4 families (Liu et al., 2012) and the CFTR (Anderson et al., 1991).

• SLC4: SLC4A1–5 and SLC4A7–11 family members include two groups: an Na+-independent group and an Na+-dependent group (Liu et al., 2012; Bernardino et al., 2013). Na+-independent members include three anion exchangers, namely SLC4A1 (AE1), SLC4A2 (AE2), and SLC4A3 (AE3), which mediate electroneutral Cl−/[image: image] exchange (Holappa et al., 1999; Medina et al., 2003). Although in human sperm, the presence of SLC4A1 and SLC4A2 in the equatorial segment has been demonstrated (Parkkila et al., 1993), the participation of this family in the regulation of pHi is unknown. The Na+-dependent members of the SLC4 family include five Na+-coupled [image: image] transporters, also termed NBC. The NBC transporters are composed of two electrogenic Na+/[image: image] cotransporters, NBC1 (SLC4A4, 2 [image: image]:1 Na+) and NBC2 (SLC4A5, 2 [image: image]:1 Na+), two electroneutral Na+/[image: image] cotransporters, NBCn1 (SLC4A7; 2 [image: image]:1 Na+) and NBCn2 (SLC4A10), and an electroneutral Na+-driven Cl−/[image: image] exchanger, NDCBE (SLC4A8 2 [image: image]:1 Na+). The Na+ dependence of “AE4” (SLC4A9) remains controversial (Liu et al., 2015); however, the latest evidence suggests that it is an electroneutral Cl−/nonselective cation–[image: image] exchanger (Peña-Münzenmayer et al., 2016).

Na+-coupled [image: image] transporters have been shown to play a role in the regulation of pHi during capacitation. Demarco et al. (2003) suggested that an electrogenic NBC is active in mouse sperm and is responsible for the initial [image: image] entrance during capacitation. In addition, in mouse sperm, Zeng et al. (1996) demonstrated that pHi is dependent on extracellular Na+, [image: image], and Cl−. Jensen et al. (1999) showed the expression of the NBC1 in rat sperm. In humans, NBC2, NDCBE, and NBCn2 were detected in testis (Ishibashi et al., 1998; Damkier et al., 2007). It has recently been shown that NBC is involved in the initial [image: image] uptake in humans (Puga Molina et al., 2018).

• SLC26: In mouse and human sperm, elevation of pHi was shown to depend on CFTR activity (Xu et al., 2007; Puga Molina et al., 2017). It has also been shown that there is a physical interaction between CFTR and the SLC26A3, SLC26A6, and SLC26A8 exchangers in mouse, human, and guinea pig sperm (Chen et al., 2009; Chávez et al., 2012; Rode et al., 2012). This functional association between CFTR and the SLC26A3 and SLC26A6 modulates pHi in mouse sperm (Chávez et al., 2012).

CFTR is a selective ion channel to Cl− (Anderson et al., 1991; Bear et al., 1992; Tabcharani et al., 1993) and also transports other anions with different permeabilities (pBr− ≥pCl− > pI− > [image: image]) (Anderson et al., 1991). This ATP-gated channel is regulated by PKA, because its phosphorylation is mandatory for both the channel opening mechanism and the ATP association (Anderson et al., 1991; Tabcharani et al., 1991; Bergerz et al., 1993). The multiple potential sites of phosphorylation by PKA in the regulatory domain of CFTR (R) make the channel dependent on the cAMP concentration (Tabcharani et al., 1991; Bergerz et al., 1993; Sheppard and Welsh, 1999; Gadsby et al., 2006; Sorum et al., 2015). In addition, the interaction between CFTR and SLC26 is mediated by the R domain of the channel and the Sulfate Transporter and Anti-Sigma (STAS) domain of SLC26, which must be phosphorylated by PKA to favor interaction (Gray, 2004; Ko et al., 2004). In accordance to these results, it was reported by our group that PKA activity is essential for pHi regulation in human sperm (Puga Molina et al., 2017).

CFTR protein is present in mature human and mouse sperm and is restricted to the mid-piece (Hernández-González et al., 2007; Xu et al., 2007) and the equatorial segment of the head (Xu et al., 2007).

In humans, mutations in the CFTR gene that impair CFTR activity cause a severe disease called cystic fibrosis. It has been reported that patients with cystic fibrosis have deterioration in fertility in both women and men. The higher incidence of CFTR mutations in a male infertile subpopulation may indicate its participation in other fertilization-related events, such as sperm capacitation (Jakubiczka et al., 1999; Schulz et al., 2006). Supporting this hypothesis, human sperm treated with a specific inhibitor of CFTR decreases the percentage of sperm undergoing AE, hyperactivation, and penetration of ZP-free hamster eggs (Li et al., 2010). Regarding the SLC26 transporters that can interact in human sperm with CFTR, SLC26A6 is expressed in human efferent and epididymal ducts and colocalizes with CFTR (Kujala et al., 2007). SLC26A8 (TAT1) is expressed specifically in the male germ line, and it was shown to physically interact with CFTR in vitro and in vivo in mature sperm, activates CFTR, and, interestingly, is essential for the activation of the cAMP-PKA pathway in mouse sperm (Rode et al., 2012). Its role in human sperm has not been demonstrated but nonsense mutations in SLC26A8 have been associated with asthenozoospermia (Dirami et al., 2013). In addition, in humans, mutations that impair SLC26A3 activity also cause subfertility and oligoasthenozoospermia (Hihnala et al., 2006; Höglund et al., 2006).

Carbonic Anhydrases (CAs)

Carbonic anhydrases (CAs) are metalloenzymes that catalyze the reversible hydration of carbon dioxide to [image: image] (OH− + CO2 ↔ [image: image] + H+). CAs are encoded by five gene families: α, β, ɤ, δ, and ζ, but only 15 isoforms of the α family are found in primates (i.e., CAI-CAXIV, except CAXV) (Truppo et al., 2012). CAs are important in the regulation of pHi in bacteria, archaea, and eukarya. However, the role of these enzymes in sperm physiology is still not clear (Nishigaki et al., 2014). The expression of some CAs has been reported in human sperm, including CAI (Ali Akbar et al., 1998) and CAII (Ali Akbar et al., 1998), that were reported in the post-acrosomal region (Parkkila et al., 1991) and in the flagellum (José et al., 2015), and CAXIII (Lehtonen et al., 2004) localized in the flagellum of human sperm (José et al., 2015). The function of CAs is not yet fully understood, but the use of general blockers against these enzymes affects motility and increases the AE in capacitated human sperm (Wandernoth et al., 2010; José et al., 2015).

Albumin

Cross (1998) demonstrated that the cytoplasmic alkalinization in human sperm depends on the cholesterol removal during capacitation. Cross and Razy-Faulkner (1997) showed that sperm cells incubated with albumin saturated with cholesterol sulfate have a more acidic pHi than the capacitated control condition. Although the effects of cholesterol in pHi have been observed in platelets and fibroblasts (Poli de Figueiredo et al., 1991) and that cholesterol alters the activity of NHE and Cl−/[image: image] exchangers in erythrocytes (Grunze et al., 1980), how this regulation occurs in human sperm remains largely unknown.

The proton-selective voltage-gated channel Hv1 can be activated by removing extracellular Zn2+ (Lishko and Kirichok, 2010; Lishko et al., 2010). It has been proposed that high concentrations of Zn2+ in the seminal plasma inhibit Hv1, and that in the female tract a decrease in Zn2+ due to dilution, absorption by the uterine epithelium, and chelation may render sperm free from Zn2+ in the fallopian tube (Gunn and Gould, 1958; Ehrenwald et al., 1990; Lu et al., 2008). Albumin is not only a cholesterol acceptor but it also chelates Zn2+ (Lu et al., 2008). Therefore, it is unclear whether the effect on pHi is due to the cholesterol efflux and/or the chelation of Zn2+.

MEMBRANE POTENTIAL IN HUMAN SPERM

In any given cell, the metabolic state and specific ion channels and transporters determine the internal and the external ion concentration and the plasma membrane permeability that defines the Em. Sperm encounter different concentrations of extracellular K+, Na+, Cl−, and [image: image] throughout their journey from the testis to the site of fertilization in the female tract. In the ductus deferens, the levels of K+ (approx. 110 mM), Na+ (approx. 30 mM), Cl− (approx. 100 mM) (Hinton et al., 1981) (for humans), and [image: image] (approx. 2–4 mM) (Okamura et al., 1985) (for porcine) are different than in seminal plasma [K+ (approx. 12–63 mM), Na+ (approx. 102–143 mM), Cl− (approx. 37–45 mM), and [image: image] (approx. 25 mM)] (Okamura et al., 1986; Owen and Katz, 2005), and than in human uterine tubal fluid [K+ (approx. 4.5–21 mM), Na+ (approx. 130–149 mM), Cl− (approx. 118–132 mM), and [image: image] (approx. 20 a 60 mM)] (Lippes et al., 1972; David et al., 1973; Lopata et al., 1976; Borland et al., 1977; Aguilar and Reyley, 2005). Although Na+ and [image: image] are higher in seminal plasma and in the female tract than in the ductus deferens, K+ is lower and Cl− varies reaching maximal concentration in the uterine tubal fluid. These ionic changes transduce variations not only in the Em but also in pH, as mentioned earlier.

In human sperm, it was demonstrated that the regulation of Em is related to male fertility due to the modulation of ion channels and transporters such as CatSper (sperm-specific Ca2+ channel) and Hv1 (Darszon et al., 1999; Lishko et al., 2012). It was reported that idiopathic and asthenozoospermic infertile men have more depolarized Em than fertile men (Calzada and Tellez, 1997), and that depolarization of Em is associated with low IVF success rate in subfertile men (Brown et al., 2016).

Hyperpolarization During Capacitation

Hyperpolarization of the Em occurs when there is an increase in the concentration of net negative charges in the intracellular compartment. Membrane hyperpolarization during capacitation has been demonstrated in murine, bovine, equine, and human sperm (Zeng et al., 1995; Hernández-González et al., 2007; Escoffier et al., 2012; López-González et al., 2014). Experiments in mouse sperm demonstrate that hyperpolarization is necessary and sufficient to prepare them for AE (De La Vega-Beltran et al., 2012).

Compared with mouse sperm, it was reported that changes in Em in human sperm are not as evident, probably due to the variability between donors and the small difference in Em values between capacitated and noncapacitated sperm. This could be because changes in the Em occur in a small fraction of human sperm population (López-González et al., 2014). Therefore, methods such as flow cytometry to distinguish membrane hyperpolarization are useful for studying this event. The reported values of resting Em in noncapacitated human sperm are approximately −40 mV (Linares-Hernández et al., 1998) and approximately −17.7 mV (Brown et al., 2016). In capacitated human sperm, these values shift to approximately −58 mV (Patrat et al., 2002) and approximately −22.7 mV (Brown et al., 2016). The differences between these values may be methodological: although Brown et al. inferred resting Em from reversal potential obtained by whole cell patch clamping, Linares-Hernández and Patrat used fluorimetry. In mouse sperm, the resting Em of noncapacitated sperm is approximately −35 to −45 mV, and after capacitation, this value changes to approximately −65 mV (Espinosa and Darszon, 1995; Zeng et al., 1995; Muñoz-Garay et al., 2001; Demarco et al., 2003; Hernández-González et al., 2006; Santi et al., 2010; De La Vega-Beltran et al., 2012).

Regulation of Em

It was reported that hyperpolarization of the plasma membrane occurs downstream of cAMP elevation in mouse and human sperm (Martínez-López et al., 2009; Escoffier et al., 2015; Puga Molina et al., 2017). In mouse sperm, it was suggested that cSrc is activated downstream of PKA and modulates the sperm-specific K+ channel Slo3 (Stival et al., 2015). This possibility remains to be studied in human sperm where the PKA-dependent activation of CFTR also contributes to the regulation of Em (Puga Molina et al., 2017). In human sperm, then, it is postulated that hyperpolarization may occur as a result of either the increase of K+ permeability and/or the reduction of Na+ permeability (Santi et al., 2010).

K+ Channels SLO1 and SLO3

In mammalian sperm, it has been shown that hyperpolarization associated with capacitation is inhibited using blockers such as Ba2+, which inhibits the inward rectifying K+ currents, and the sulfonylureas (tolbutamide and glibenclamide) that inhibit K+ channels regulated by ATP (Muñoz-Garay et al., 2001; Acevedo et al., 2006). In addition, it has been reported that the physiological hyperpolarization induced during capacitation in mouse sperm does not depend on the reduction of Na+ permeability, but on the increase in K+ permeability (Chávez et al., 2013). Two members of the Slo family of K+ channels were proposed to have a role in this phenomenon: Slo1, which is highly conserved and ubiquitously expressed, and sperm-specific Slo3, which is present only in mammals and has low sequence conservation (Santi et al., 2010; Miller et al., 2015). As K+ currents in mouse sperm depends on the increase in pHi and Slo3 is activated by alkalinization of the cytoplasm, this channel was proposed to be a key player of Em changes in these species (Schreiber et al., 1998; Santi et al., 2010; Zeng et al., 2011). Taking into account that male KO mice for SLO3 are infertile (Santi et al., 2010; Zeng et al., 2011), it is suggested that SLO3 would be the main channel that mediates hyperpolarization in this species.

In human sperm, the participation of K+ channels is not as well established as it is in mouse sperm (Kaupp and Strünker, 2016). Human sperm K+ current (KSper) is less sensitive to pH and more sensitive to [Ca2+]i (Mannowetz et al., 2013), and is inhibited by progesterone (Mannowetz et al., 2013; Brenker et al., 2014). In human sperm, SLO1 was detected by Western blotting (Mannowetz et al., 2013), whereas SLO3 was detected by Western blotting and mass spectrometry (Brenker et al., 2014; López-González et al., 2014). From the biophysical and pharmacological properties that were described with respect to KSper, the currents seem to resemble SLO1 as it is a K+ channel activated by Ca2+ (Mannowetz et al., 2013). However, recently, it was suggested that capacitated human sperm possess a different type of SLO channel (Mansell et al., 2014) or even a version of SLO3 that is sensitive to Ca2+ and weakly dependent on pH (Brenker et al., 2014). It was also proposed that SLO3 is rapidly evolving in humans, and the variant allele C382R, which is present at a high frequency in the human population, has enhanced apparent Ca2+ and pH sensitivities (Geng et al., 2017).

Regarding the participation of SLO3 and SLO1 in male fertility, Brown and coworkers found in a recent study, where 81 subfertile patients undergoing IVF were investigated, that outward K+ conductance from these patients was not significantly different from donor sperm. In approximately 10% of the patients, either a negligible outward conductance or an enhanced inward current causing depolarization of Em was observed. Interestingly, in this study, sperm from one patient with low fertilization rate at IVF had very low outward K+ conductance and presented depolarized Em. However, no genetic abnormalities in SLO1, SLO3, or LRCC52 genes were found in this patient (Brown et al., 2016).

Regarding the role of SLO1 and SLO3 during capacitation, López-González and coworkers have shown that human sperm capacitated in the presence of inhibitors of both SLO1 and SLO3 have a similar Em to that of sperm incubated in a noncapacitating medium (López-González et al., 2014). Therefore, further investigation is needed to establish the participation of SLO1 and SLO3 in the regulation of Em in human sperm.

Na+ Transport

Previous evidence indicates that Na+ participates in establishing the resting Em in mouse sperm (Demarco et al., 2003; Hernández-González et al., 2006). It was also observed in mouse sperm that in an Na+-free medium, the addition of this cation induces a rapid depolarization of the Em, which is blocked by EIPA, an analog of amiloride (Escoffier et al., 2012). Both amiloride and EIPA are pharmacological inhibitors of the Na+ epithelial channels (ENaC).

ENaC is an heteromultimeric channel composed of the combination of α, β, γ, or δ subunits (de la Rosa et al., 2000; Kellenberger and Schild, 2002). The activity of ENaC channels is closely associated with CFTR, as this channel negatively regulates ENaC (Kunzelmann, 2003; Guggino and Stanton, 2006; Berdiev et al., 2009). In humans, ENaC dysfunction can cause cystic fibrosis among other diseases (Fambrough and Benos, 1999; Snyder, 2002).

In mouse sperm, ENaC-α and ENaC-δ subunits were detected by Western blotting (Hernández-González et al., 2006). In addition, patch-clamp records in testicular sperm detected an amiloride-sensitive component that is in agreement with the presence of ENaC (Martínez-López et al., 2009). In humans, it was demonstrated the presence of the ENaC-δ subunit in the testis (Waldmann et al., 1995) of ENaC-α in the mid-piece of the sperm flagellum by immunocytochemistry and Western blotting (Kong et al., 2009) and the expression of ENaC-β by Western blotting in human sperm (Puga Molina et al., 2018). Interestingly, Kong and coworkers showed that the treatment of human sperm with EIPA improves sperm motility in both healthy donors and asthenozoospermic patients. Puga Molina and coworkers also showed that [image: image] produced a rapid membrane hyperpolarization mediated by CFTR-dependent closure of ENaC channels, which contribute to the regulation of Em during capacitation. In addition, the same authors showed that 1 μM amiloride produces hyperpolarization of the human sperm plasma membrane and decreases [Na+]i (Puga Molina et al., 2018).

As mentioned above, previous evidence indicates that mouse and human sperm display a [image: image] uptake through electrogenic Na+/[image: image] cotransporters (NBC), resulting in a rapid hyperpolarization (Demarco et al., 2003; Puga wMolina et al., 2018).

Na+/K+ ATPase

The Na+/K+ pump is an electrogenic transmembrane ATPase that catalyzes Na+ and K+ transport by using the energy derived from ATP hydrolysis (Skou, 1957). The proper function of Na+/K+ ATPase is of vital importance in every cell because it generates the electrochemical gradient for Na+ and K+ across the plasma membrane (Morth et al., 2007). Na+/K+ ATPase is an oligomer formed by two subunits: a catalytic α-subunit that contains the sites for binding of Na+, K+, ATP, and ouabain (an inhibitor of the pump) (Jorgensen et al., 2003), and a β-subunit that is required for guiding the α-subunit to the membrane and for occlusion of the K+ ions (Lutsenko and Kaplan, 1993; Geering, 2001). There are several Na+/K+ ATPase isoenzymes due to the fact that there are 4 different α-subunits (α1, α2, α3, and α4) and 3 different β-subunits (β1, β2, and β3) (Blanco and Mercer, 1998). Each combination is cell- and tissue-specific and displays a particular pattern of expression (Jewell et al., 1992).

The α4-subunit is the most divergent (Woo et al., 2000; Clausen et al., 2016) and is specifically expressed in germ cells of rat, mouse, and human mature sperm (Woo et al., 2000; Sanchez et al., 2006; McDermott et al., 2012; Mcdermott et al., 2015). This isoform is more sensitive to ouabain (Blanco and Mercer, 1998; Sanchez et al., 2006) and is twofold more active than the Na+/K+ ATPase α1-subunit; which is also expressed in mature rat and human sperm (Shamraj and Lingrel, 1994; Wagoner et al., 2005; Sanchez et al., 2006). Jimenez and coworkers also reported that KO mice that lack α4 are completely sterile. This deletion hindered sperm motility and hyperactivation (Jimenez et al., 2012). Sperm from α4 null-mice showed a depolarized Em due to high [Na+]i. The fact that the α1 was unable to compensate the absence of α4 demonstrates the absolute requirement of the α4 Na+/K+ ATPase subunit in mouse sperm fertility (Jimenez et al., 2012). Jimenez and coworkers suggested that the ion gradients maintained by α4 are important for controlling sperm cytoplasmic ion homeostasis because depolarization of the sperm plasma membrane and [Na+]i levels are required for sperm motility during sperm capacitation (Jimenez et al., 2012).

It has been reported in rats that during capacitation, α4 Na+/K+ ATPase increases its activity, resulting in a rise in [K+]i, a decrease in [Na+]i, and consumption of ATP (Jimenez et al., 2012). In the same study, the authors showed a higher abundance of α4 in the plasma membrane after the occurrence of capacitation.

Human sperm treated with ouabain showed an [Na+]i increase at concentrations that inhibit Na+/K+ ATPase α1 and α4 (Puga Molina et al., 2018) and a decrease in sperm motility at concentrations that selectively inhibited Na+/K+ ATPase α4 (Sanchez et al., 2006). McDermott and coworkers studied the function of human Na+/K+ ATPase α4 in transgenic mice and found higher levels of hyperactive motility compared to wild-type mice, without any alteration in Em or AE (Mcdermott et al., 2015). Therefore, α4 Na+/K+ ATPase is a very interesting target for male contraception due to its specific localization in sperm and its effects on motility, and its ability to regulate intracellular Na+ and K+.

CALCIUM REQUIREMENTS DURING CAPACITATION

Sperm functional changes that take place during capacitation depend on a combination of sequential and concomitant signaling processes (Visconti et al., 2011), which includes complex signaling cascades where intracellular Ca2+ plays a central role. There are some reports where Ca2+ levels were measured and showed an increase in intracellular Ca2+ concentration ([Ca2+]i) during mammalian sperm capacitation (Jai et al., 1978; Coronel and Lardy, 1987; White and Aitken, 1989; Ruknudin and Silver, 1990; Zhou et al., 1990; Baldi et al., 1991; Cohen et al., 2014; Luque et al., 2018). Moreover, the importance of this ion in the regulation of sperm motility, hyperactivation, and AE has been demonstrated through several pharmacological and genetic loss-of-function approaches (Suarez and Dai, 1995; Ho and Suarez, 2001; Darszon et al., 2011).

It has been described that Ca2+ can directly bind to membrane phospholipids and to numerous enzymes, modifying the membrane properties and enzymatic activity. This ion may also bind to calmodulin (CaM), and CaM antagonists have been shown to inhibit certain aspects of sperm function, as hyperactivated motility (Si and Olds-Clarke, 2000). Ca2+ binding to CaM causes conformational changes, and this complex modulates the activity of adenylyl cyclases (Gross et al., 1987), phosphatases (Tash et al., 1988; Rusnak and Mertz, 2000), phosphodiesterases (Wasco and Orr, 1984), and protein kinases (Hook and Means, 2001; Marín-Briggiler, 2005). Interestingly, testis specific ADCY10 is Ca2+-dependent but CaM-independent (Jaiswal and Conti, 2003; Litvin et al., 2003), suggesting that Ca2+ regulates capacitation through multiple pathways. In particular, it has been shown in sperm of marine invertebrates that rises in [Ca2+]i modulate the sperm swimming behavior by changing the flagellar beat pattern through Ca2+-sensing proteins, calaxins (Mizuno et al., 2009, 2012). Dynein activity is inhibited within the axoneme by Ca2+-bound calaxins, resulting in the high-amplitude asymmetric flagellar bending—typical of hyperactivated motility (Shiba et al., 2008).

As detailed above, one of the first events that triggers sperm capacitation is the activation of a cAMP pathway (Buffone et al., 2014b). At ejaculation, human sperm interact with higher [image: image] and Ca2+ concentrations present in the seminal fluid (Homonnai et al., 1978; Okamura et al., 1985). This causes an increase in cAMP levels by the opposing activities of the ADCY10 and PDE that stimulates PKA-dependent phosphorylation of proteins in Ser/Thr residues (Osheroff et al., 1999; Visconti et al., 2011; Battistone et al., 2013). Evidence in mouse and human sperm has shown that PKA-dependent phosphorylation is also regulated by the Src family kinase (SFK) inactivation of Ser/Thr phosphatases (Krapf et al., 2010; Battistone et al., 2013). Phosphorylation of PKA substrates leads to pY in sperm of all mammalian species studied (Visconti et al., 1995b; Leclerc et al., 1996; Galantino-Homer et al., 1997; Osheroff et al., 1999). Genetic loss-of-function experiments in mice demonstrated the essential role of proteins involved in the cAMP pathway in sperm capacitation and fertilization (Hess et al., 2005). On the other hand, mouse sperm exposed to the Ca2+ ionophore A23187 are able to develop hyperactivation, undergo AE, and acquire fertilizing ability even when the cAMP pathway is completely abolished (Tateno et al., 2013).

Ca2+ requirements during mammalian sperm capacitation have been widely studied in the murine and human models. Incubation of mouse sperm in the absence of added extracellular Ca2+ prevented the capacitation-associated increase in pY (Visconti et al., 1995a). However, the addition of EGTA to further lower the extracellular Ca2+ (medium without added Ca2+ still contains micromolar concentrations of this cation) promotes a strong increase in pY. A similar effect was also observed when adding CaM antagonists or calcineurin inhibitors (Navarrete et al., 2015). These results led the authors to propose that Ca2+ modulates mouse sperm cAMP and pY pathways in a biphasic manner, having both positive and negative roles, and that some of its effects are mediated by CaM (Navarrete et al., 2015). Recent studies have shown that in mouse sperm, the tyrosine kinase FER is involved in the capacitation-associated increase in pY (Alvau et al., 2016). Interestingly, human sperm display a different type of Ca2+ regulation during capacitation. Several reports have shown that extracellular Ca2+ negatively modulates phosphorylation on tyrosine residues, as human sperm incubated in a medium without added Ca2+ displayed increased pY compared to those incubated in complete medium (Carrera et al., 1996; Leclerc and Goupil, 2002; Marín-Briggiler et al., 2003; Baker et al., 2004; Battistone et al., 2014). The lack of added Ca2+ in the medium would lead to an increased tyrosine kinase activity through higher levels of ATP (Baker et al., 2004). In human sperm, lowering extracellular [Ca2+] was accompanied by a decrease in both ADCY10 activity and cAMP levels (Jaiswal and Conti, 2003; Torres-Flores et al., 2011), without affecting PDE1 activity (Lefièvre et al., 2002) and PKA-mediated phosphorylation (Battistone et al., 2014). Inhibition of CaM also increased pY with no changes in PKA-mediated phosphorylation, supporting the role of CaM in the increase in pY observed without adding Ca2+ to the medium (Battistone et al., 2014). As previously mentioned, PYK2 has been identified as the Ca2+-dependent kinase involved in human sperm pY downstream PKA activation (Battistone et al., 2014).

Regarding Ca2+ requirements to maintain human sperm function in vitro, it has been reported that 0.22 mM Ca2+ is sufficient for the development of pY and hyperactivated motility, whereas more than 0.58 mM of this cation is necessary to maintain follicular fluid-induced AE and sperm–ZP interaction (Marín-Briggiler et al., 2003). Therefore, transit through the female tract affords sperm to be modified by changes in the ionic environment that are not available in in vitro models. Moreover, there is evidence indicating that Ca2+ ions can be replaced by Sr2+ in maintaining human sperm capacitation-related events (Marín-Briggiler et al., 1999). These results would indicate that at least in vitro, different sperm events have specific Ca2+ requirements. Such information can be used for the development of culture conditions that would allow the dissociation of these events of the fertilization process.

Calcium Transport Systems in Sperm

Some aspects of sperm physiology depend on the maintenance and regulation of [Ca2+]i, which involves a range of pumps and channels at the plasma membrane or intracellular stores that import, export, and/or sequester Ca2+ ions [reviewed by (Jimenez-Gonzalez et al., 2006; Clapham, 2007; Darszon et al., 2007, 2011; Correia et al., 2015)].

Two Ca2+ transport systems have been identified in mammalian sperm. The first one involves Ca2+ efflux through the plasma membrane Ca2+ ATPase (PMCA) and the Na+/Ca2+-exchanger (NCX), which pump Ca2+ out of the cell or into intracellular Ca2+ stores (Michelangeli et al., 2005). PMCA, localized in the principal piece of the flagellum of mouse sperm, is relevant for sperm function as its ablation alters sperm motility. Sperm from PMCA4b KO mice failed to develop hyperactivated motility and therefore are sterile (Okunade et al., 2004; Schuh et al., 2004). Mitochondrial abnormalities found in PMCA4-deficient sperm (Okunade et al., 2004) suggest Ca2+ overload due to defective Ca2+ extrusion. NCX is present in the plasma membrane of mammalian sperm (Babcock and Pfeiffer, 1987) and is thought to be of great importance for the regulation of Ca2+ homeostasis (Reddy et al., 2001; Su and Vacquier, 2002). Pharmacological inhibition of NCX provokes an increase in [Ca2+]i and a significant reduction of human sperm motility (Krasznai et al., 2006).

The second Ca2+ transport system is related to Ca2+ influx and involves mainly the sperm-specific Ca2+ channel CatSper (see below). Other Ca2+ plasma membrane channels have also been identified in spermatogenic and sperm cells. Several voltage-gated Ca2+ (Cav) channel subunits have been detected in the head and flagellum of mammalian sperm, and their activity has been assessed in both germ cells and sperm (Arnoult et al., 1996, 1999; Serrano et al., 1999; Westenbroek and Babcock, 1999; Wennemuth et al., 2000; Sakata et al., 2002; Cohen et al., 2014). In particular, animals devoid of the α1E subunit of the Cav2.3 channel show aberrant sperm motility (Sakata et al., 2002) and reduced litter sizes and IVF success, mainly due to impaired ability to undergo AE (Cohen et al., 2014). It has been suggested that the interaction of sperm Cav2.3 channel subunits with membrane GM1 regulates Ca2+ currents and the occurrence of AE (Cohen et al., 2014). In addition, T-type Cav3 channel subunits have been found in the head and flagellum of mouse and human sperm; however, drugs that inhibit these channels do not affect human sperm motility (Treviño et al., 2004). Cyclic nucleotide-gated channels (CNG), permeable to Ca2+, have also been described in bovine testis and sperm and suggested to be involved in sperm motility (Wiesner et al., 1998). The A subunit was observed along the flagellum, whereas the short B subunit is restricted to the principal piece. Furthermore, there is evidence showing that CNG channels act as a Ca2+ entry pathway being more responsive to cGMP rather than to cAMP (Wiesner et al., 1998). The A3 and B1 subunits are present in the flagellum of mouse sperm, but the A3 null mice are fertile (Kaupp and Seifert, 2002), questioning the relevance of these channels in sperm physiology. Moreover, some members of the transient receptor potential channel (TRPC) family have been found in the flagella of mouse (transient receptor potential canonical; TRPC1 and C3) (Treviño et al., 2001) and human sperm (TRPC1, C3, C4, and C6), and their inhibition abolished human sperm motility (Castellano et al., 2003). More recently, store-operated channel proteins (ORAI) and their activators, i.e., STIM, have been shown to interact with TRPC and regulate sperm function (Darszon et al., 2012).

Sperm intracellular Ca2+ can be exchanged to or from internal stores localized in the acrosome, as well as in the neck (redundant nuclear envelope, RNE) by inositol triphosphate and ryanodine receptors (IP3R and RyR, respectively) (Darszon et al., 2011; Visconti et al., 2011). In human sperm, the presence of the RyR was determined by several techniques and it was located mainly in the neck region and very rarely in the acrosome (Harper et al., 2004; Lefièvre et al., 2007), whereas the IP3 receptors were found in the neck region and in the acrosome (Dragileva et al., 1999; Kuroda et al., 1999; Rossato et al., 2001). In the acrosome, it was demonstrated that Ca2+ is mobilized through the IP-3-sensitive channel (De Blas et al., 2002; Branham et al., 2009; Lopez et al., 2012), and it is proposed that the Ca2+ influx by these channels is dependent on [image: image] and involves EPAC activity. It has been shown that Ca2+ release from the reservoirs is a necessary event for the AE (De Blas et al., 2005), and that hyperactivated motility depends on the mobilization of intracellular Ca2+ by IP3R activation (Alasmari et al., 2013), and chemotaxis in response to progesterone needs Ca2+ mobilization from intracellular stores followed by the activation of TRPC (Teves et al., 2009). In addition, two Ca2+ pumps were identified and located in human sperm: sarcoplasmic-endoplasmic reticulum Ca2+ ATPase (SERCA) (Lawson et al., 2007) and secretory pathway Ca2+ ATPases (SPCA) (Harper et al., 2005). Both are sensitive to thapsigargin at different concentrations (Thastrup et al., 1990; Rossato et al., 2001; Harper et al., 2005). SERCA 2 has been localized in the acrosome and mid-piece regions of mammalian species, including human, and it has been suggested to participate in Ca2+ sequestration in internal stores during sperm capacitation (Lawson et al., 2007).

CatSper Channel: Structure and Regulation

Despite a large body of evidence indicating the presence of multiple Ca2+ channels in human sperm, their activity has not been totally elucidated. The advent of sperm electrophysiology (Kirichok et al., 2006; Lishko et al., 2010) allowed the characterization of Ca2+ currents through CatSper channels. This channel complex is localized in the sperm flagellum and comprises four homologous α subunits (CatSper 1–4) (Navarro et al., 2008; Kirichok et al., 2011) and auxiliary subunits: CatSper β, CatSper ɤ, and CatSper δ (Liu et al., 2007; Wang et al., 2009; Chung et al., 2011). Deficiency of any subunit affects the expression of all the other subunits and is detrimental to male fertility (Qi et al., 2007). Recently two new auxiliary subunits have been described: CatSper ξ and CatSper ζ (Chung et al., 2017). Evidence from KO mice has shown that CatSper is essential for hyperactivation and fertilization (Ren et al., 2001; Quill et al., 2003). CatSper-KO sperm are unable to migrate efficiently in vivo (Ho et al., 2009; Chung et al., 2014) and penetrate the egg cumulus (Chung et al., 2017) and the ZP (Ren et al., 2001). However, a transient exposure to Ca2+ ionophore A23187 enables in vitro fertilization of these as well as other KO sterile mice models (Navarrete et al., 2016). In contrast to what occurs in wild-type sperm, CatSper1 KO undergoes PKA activation and a remarkable increase in pY even in nominal zero Ca2+ media, suggesting that CatSper transports the Ca2+ involved in the regulation of the cAMP-PKA-dependent pathway required for sperm capacitation (Navarrete et al., 2015). Moreover, evidence in the human has shown that point mutations within the CatSper1 gene as well as deletion of the CatSper2 gene are related to male infertility (Avidan et al., 2003; Zhang et al., 2007; Hildebrand et al., 2010). In a CatSper2-deficient infertile patient, no appreciable CatSper current was observed, which is caused by the complete lack of other CatSper complex members (Smith et al., 2013).

Recent groundbreaking work from Chung and coworkers using super-resolution microscopy (STORM) in the mouse model showed that CatSper distributes longitudinally following four backbone lines, which are localized in the plasma membrane of the principal piece, close to the fibrous sheath (Chung et al., 2014, 2017). Similarly, it has been reported that human CatSper ξ is arranged in four domains along the flagellum (Chung et al., 2017). Together with CatSper, other signaling molecules display a similar spatial distribution along the principal piece, which reveals a complex organization of signaling pathways in the sperm flagellum that focuses pY in time and space (Chung et al., 2014). In addition, a variation in subflagellar localization of CatSper domains in capacitated sperm has been described by 3D STORM (Chung et al., 2014). It has been reported that approximately 30% of sperm presented a quadrilateral CatSper1 domain organization and they were able to display hyperactivated motility and pY (Chung et al., 2014). This is consistent with the observations made by different groups that only a subpopulation of sperm achieved hyperactivation upon capacitation (Kulanand and Shivaji, 2001; Buffone et al., 2009a; Goodson et al., 2011). However, evidence in human sperm suggests that the development of hyperactivation does not directly depend on CatSper activation, but on the release of stored Ca2+ at the sperm neck (Alasmari et al., 2013). It has been proposed that CatSper channels would rather be involved in intracellular Ca2+ stores mobilization during sperm capacitation, affecting hyperactivated motility indirectly (Alasmari et al., 2013).

CatSper activity was directly recorded in 2006 using the patch-clamp method (Kirichok et al., 2006). Murine CatSper current (ICatSper) is weakly voltage dependent (Kirichok et al., 2006), which can be attributed to heterogeneity in the arginine and lysine compositions of the putative voltage sensor domains from each CatSper α subunits. Mice devoid of any CatSper α subunits or the CatSper δ do not display the ICatSper and, as previously mentioned, are all infertile (Carlson et al., 2003, 2005; Kirichok et al., 2006; Liu et al., 2007; Qi et al., 2007; Wang et al., 2009; Chung et al., 2011). Human ICatSper was recorded in 2010 (Lishko and Kirichok, 2010; Lishko et al., 2010), and the comparison with mouse CatSper currents revealed important differences in this channel regulation and function. The human CatSper channel is slightly more voltage dependent in comparison to the mice one. Although intracellular alkalinization allows the opening of mice CatSper channels, this is not sufficient for human sperm (Kirichok et al., 2006; Lishko et al., 2010, 2011). The highly enriched histidine composition of the N-termini of both CatSper1 proteins is thought to be involved in the pH sensitivity of the channel, which made this difference totally unexpected.

In addition to voltage and pHi, mammalian CatSper is also controlled by numerous ligands present in the oviductal fluid as well as different synthetic chemicals (Kirichok et al., 2006; Lishko et al., 2010, 2011; Strünker et al., 2011; Brenker et al., 2012; Tavares et al., 2013). In humans but not mice, progesterone (Lishko et al., 2011; Strünker et al., 2011) activates CatSper via binding to the serine hydrolase ABHD2 (α/β hydrolase domain–containing protein 2) (Miller et al., 2016; Mannowetz et al., 2017). It has been shown that at rest the human CatSper channel is inhibited by the endocannabinoid 2-arachidonoylglycerol (2-AG); after progesterone binding, ABHD2 degrades 2-AG, relieving CatSper inhibition (Miller et al., 2016). The Ca2+ influx mediated by progesterone has been involved in sperm capacitation, chemotaxis, hyperactivation, and AE (Harper et al., 2003; Oren-Benaroya et al., 2008; Publicover et al., 2008), but the participation of CatSper has been unequivocally demonstrated in hyperactivation. Prostaglandins also activate the human CatSper channel, but independent of the ABHD2 mechanism (Miller et al., 2016). The prostaglandins-induced Ca2+ influx evokes AE and increases motility (Aitken and Kelly, 1985; Schaefer et al., 1998). Both progesterone and prostaglandin modulation is suggested to be restricted to human and primate sperm (Lishko et al., 2011) and do not involve classical nuclear receptors or G protein-coupled receptors (GPCRs) (Lishko et al., 2011; Strünker et al., 2011).

More recently, patch-clamp recordings from human sperm revealed that the neurosteroid pregnenolone sulfate exerted similar effects as progesterone on CatSper currents (Mannowetz et al., 2017; Brenker et al., 2018). CatSper-deficient patients were described as infertile (Avidan et al., 2003; Zhang et al., 2007). Further studies showed that these sperm did not produce any progesterone (Smith et al., 2013) nor pregnenolone sulfate-activated currents (Brenker et al., 2018).

Nowadays, there are some controversies about the effects of testosterone, estrogen, and hydrocortisone on CatSper currents. Results from Mannowetz and coworkers revealed that they abolish CatSper activation by progesterone but these steroids do not activate CatSper themselves (Mannowetz et al., 2017). On the other hand, more recent evidence from Brenker et al. determined that testosterone, hydrocortisone, and estradiol are agonists that activate CatSper (Brenker et al., 2018). These differences might be due to different conditions and experimental approaches. Further studies are needed to understand this complex regulation.

The mechanism underlying the activation of the CatSper channel by various ligands remains largely unknown. There are reports that suggest the involvement of human ß-defensin 1, a small secretory peptide with antimicrobial activities, which interacts with the sperm chemokine receptor type 6 (CCR6), triggering Ca2+ mobilization (Com et al., 2003; Caballero-Campo et al., 2014; Diao et al., 2014). CCR6 colocalizes and interacts with CatSper in human sperm, and both CCR6 and CatSper are required for the Ca2+ entry/current induced by physiological ligands DEFB1, chemokine (C-C motif) ligand 20 (CCL20), and progesterone in human sperm (Diao et al., 2017). Environmental toxins, including some endocrine disruptors, have also been shown to induce the [Ca2+]i increase through CatSper activation (Tavares et al., 2013; Schiffer et al., 2014). In addition, previous reports have shown that bovine serum albumin (BSA) induces [Ca2+]i influx through CatSper channel activation (Xia and Ren, 2009), because this response is absent in CatSper1 KO sperm. Lishko and coworkers suggested that the modification in the lipid content of the sperm plasma membrane may induce CatSper gating (Lishko et al., 2012), as albumin was reported to induce a Ca2+ influx through CatSper in mouse sperm (Xia and Ren, 2009). This possibility remains to be elucidated.

The characterization of CatSper function and regulation encounters several difficulties due to: (i) the promiscuous nature of CatSper activation, (ii) the lack of specific antagonists, and (iii) so far, CatSper expression in heterologous systems has not been possible. Regarding the regulation of CatSper during capacitation, evidence in the mouse sperm suggests that SLO3 K+ channels control Ca2+ entry through CatSper (Chávez et al., 2014). High concentrations of [image: image] trigger an initial change in the pHi, which activates SLO3 channels (Santi et al., 2010); the resulting membrane hyperpolarization raises pHi even more, probably through an NHE mechanism (Chávez et al., 2014). This intracellular alkalization activates the CatSper channel, which results in a very rapid [Ca2+]i increase. On the other hand, Ca2+ rather than pHi controls KSper in human sperm (Mannowetz et al., 2013). Therefore, it was suggested that CatSper might be placed upstream SLO1/3 (Kaupp and Strünker, 2016). In this regard, a recent report indicated that certain patients show impaired K+ conductance and abnormal resting Em, but normal resting [Ca2+]i and progesterone-induced [Ca2+]i responses similar to those of donor sperm, which suggest unaltered CatSper function (Brown et al., 2016). However, further studies are needed to determine the relationship among sperm ion channels and to establish the similarities and differences between mouse and human sperm.

FINAL REMARKS

This review is focused on the principal molecular mechanisms that govern human sperm capacitation with particular emphasis in comparing all the reported evidence with the mouse model.

The data presented in this review are summarized in Figure 1. Sperm are exposed to higher [image: image] concentration at the time of ejaculation and during their transit through the female reproductive tract. In addition, removal of sperm cholesterol from the plasma membrane to acceptors present in the uterus and fallopian tubes, such as albumin, results in biophysical modification of the plasma membrane. The best characterized change is the increase in membrane fluidity. The initial [image: image] transport through NBC cotransporters activates ADCY10 and that in turn produce an increase in cAMP concentration, leading to the activation of PKA. Phosphorylation by PKA is essential for CFTR activity, and together with other Cl−/[image: image] cotransporters (SLC A3/6/8), it produces a sustained increase in [image: image]. Other possible sources of [image: image] may be related to the action of carbonic anhydrases. Activation of PKA led to protein tyrosine phosphorylation by mechanisms that are not completely elucidated, which involved the kinases PYK2/FERT. At the same time, upon contact with [image: image], there is an increase in sperm intracellular pH. Human sperm alkalinization is also favored by the efflux of proton through Hv1 channels. Alkalinization and certain steroids present in the female reproductive tract such as progesterone activate CatSper channels and produce a sustained increase in [Ca2+]i. The levels of [Ca2+]i are also regulated by the action of exchangers and pumps such as NCX and PMCA. Activation of cAMP/PKA pathways also leads to hyperpolarization of the plasma membrane. The contribution of both the opening of K+ channels (SLO1 and/or SLO3) and the closure of Na+ channels, such as ENaC, was reported. In the last case, ENaC is inhibited by CFTR.


[image: image]

FIGURE 1. Simplified model of signaling pathways an ion fluxes involved in human sperm capacitation. Na+/K+ ATPase, Na+/K+ pump ATPase; SLO1 and 3, sperm-specific K+ channel 1 and 3; ENaC, epithelial Na+ channels; CFTR, cystic fibrosis transmembrane conductance channel; SLC26, solute carrier 26, there is still no evidence of A3 and A6 is present in mature human sperm; Hv1, voltage-gated H+ channels; BSA, bovine serum albumin; CHO, cholesterol; CA, carbonic anhydrase; PYK2/FER, proline-rich tyrosine kinase 2; ADCY10, atypical soluble adenylyl cyclase 10; EPAC, exchange protein activated by cAMP; CaM, calmodulin; CatSper, sperm-specific Ca2+ channel; NCX, Na+/Ca2+-exchanger; PMCA Plasma Membrane Ca2+ ATPase; PG, progesterone; ABDH2, α/β hydrolase domain–containing protein 2; 2-AG, 2-Arachidonoylglycerol; AA, arachidonic acid; G, glycerol.



These complex molecular mechanisms built over the time using results from different groups do not take into account the following two important considerations:

i) In the mouse, the estrous (receptive period) lasts less than a day, and mating is timed to favor the encounter between sperm and eggs. However, in humans, the timing of when sperm encounter the egg is spread over a long period of time (2–3 days), and concomitantly, human sperm require long incubation time (more than 3 h) to undergo capacitation-related events. In this regard, it was recently demonstrated that the timing of human sperm capacitation (as evaluated with the novel Cap-score™) is reproducible within each individual but varies among men (Ostermeier et al., 2018). The Cap-Score™ was defined as the percentage of sperm having GM1 localization patterns consistent with capacitation and was shown to be a good indicator of male fertility (Cardona et al., 2017). The reasons for such variability are unknown but they may be related with the fact that human semen samples are not homogeneous. They are composed of different subpopulations of sperm with different functional features (Buffone et al., 2004).

ii) All the in vitro experiments conducted so far to study capacitation were performed in the absence of the periovulatory female reproductive tract. For example, the occurrence of AE was long enough to occur upon sperm binding to the ZP. However, recent evidence from different laboratories demonstrated in vivo that mouse sperm undergo AE prior to encountering the cumulus-oocyte complexes in the upper segments of the oviduct (Hino et al., 2016; La Spina et al., 2016; Muro et al., 2016). However, this is not the case for human sperm because in vivo experimentation using human sperm is virtually impossible nowadays for ethical consideration. Therefore, immediate translation of previous capacitation investigations from mouse to human is questionable and must be analyzed with caution. In addition, the high success rates of ICSI also had a negative impact on basic reproductive studies in both humans and mice. However, this is not the case for artificial insemination where pregnancy rates are really low. The understanding of molecular mechanisms underlying human sperm capacitation would help in the treatment of patients subjected to low-complexity assisted fertilization procedures, but also, it is essential to the development of alternative contraceptive strategies.
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Emerging evidence indicated that many long non-coding (lnc)RNAs function in multiple biological processes and dysregulation of their expression can cause diseases. Most regulatory lncRNAs interact with biological macromolecules such as DNA, RNA, and protein. LncRNAs regulate gene expression through epigenetic modification, transcription, and posttranscription, through DNA methylation, histone modification, and chromatin remodeling. Interestingly, differential lncRNA expression profiles in human oocytes and cumulus cells was recently assessed, however, lncRNAs in human follicle development has not previously been described. In this study, transcriptome dynamics in human primordial, primary and small antral follicles were interrogated and revealed information of lncRNA genes. It is known that some lncRNAs form a complex with paraspeckle proteins and therefore, we extended our transcriptional analysis to include genes encoding paraspeckle proteins. Primordial, primary follicles and small antral follicles was isolated using laser capture micro-dissection from ovarian tissue donated by three women having ovarian tissue cryopreserved before chemotherapy. After RN sequencing, a bioinformatic class comparison was performed and primordial, primary and small antral follicles were found to express several lncRNA and genes encoding paraspeckle proteins. Of particular interest, we detected the lncRNAs XIST, NEAT1, NEAT2 (MALAT1), and GAS5. Moreover, we noted a high expression of FUS, TAF15, and EWS components of the paraspeckles, proteins that belong to the FET (previously TET) family of RNA-binding proteins and are implicated in central cellular processes such as regulation of gene expression, maintenance of genomic integrity, and mRNA/microRNA processing. We also interrogated the intra-ovarian localization of the FUS, TAF15, and EWS proteins using immunofluorescence. The presence and the dynamics of genes that encode lncRNA and paraspeckle proteins may suggest that these may mediate functions in the cyclic recruitment and differentiation of human follicles and could participate in biological processes known to be associated with lncRNAs and paraspeckle proteins, such as gene expression control, scaffold formation and epigenetic control through human follicle development. This comprehensive transcriptome analysis of lncRNAs and genes encoding paraspeckle proteins expressed in human follicles could potentially provide biomarkers of oocyte quality for the development of non-invasive tests to identify embryos with high developmental potential.

Keywords: human follicle, lncRNA, paraspeckle, fertility, treatment

INTRODUCTION

The nuclei of mammalian cells are highly organized and composed of distinct subnuclear structures termed nuclear bodies (Naganuma and Hirose, 2013; Yamazaki and Hirose, 2015). Paraspeckles are mammalian-specific sub-nuclear bodies built on long, non-protein-coding RNA (lncRNA), NEAT1 (nuclear-enriched abundant transcript 1), which assembles various protein components, including RNA-binding proteins of the DBHS (Drosophila behavior and human splicing) family. Paraspeckles have been proposed to control of several biological processes, such as stress responses, gene expression, and cellular differentiation. Human follicle development represents a continuous cyclic process throughout the reproductive lifespan of a woman and encompasses both cell growth and differentiation. Paraspeckles are among the most recently identified nuclear bodies and were first described in 2002 (Fox et al., 2002; Bond and Fox, 2009). The generation of paraspeckle sub-nuclear compartments has been extensively described (Naganuma and Hirose, 2013; Yamazaki and Hirose, 2015). Paraspeckles are sensitive to RNAse treatment, suggesting that their structures depend on RNAs for maintenance (Fox et al., 2002, 2005). Later the lncRNA NEAT1 was shown to be essential for paraspeckle formation, as a knockdown of the NEAT1 lncRNA function caused a disintegration of paraspeckles (Chen and Carmichael, 2009; Clemson et al., 2009; Sasaki et al., 2009; Sunwoo et al., 2009). Paraspeckle formation proceeds in conjunction with NEAT1 lncRNA biogenesis and involves the cooperation of multiple paraspeckle-localized RNA-binding proteins (Naganuma and Hirose, 2013; Yamazaki and Hirose, 2015). Currently about 40 proteins are known to assemble in paraspeckles (Naganuma et al., 2012). Paraspeckle proteins include DBHS (Drosophila melanogaster behavior, human splicing) proteins, PSPC1 (paraspeckle component 1), NONO (non-POU domain-containing octamer-binding), and SFPQ [splicing factor, proline- and glutamine-rich (also known as PSF (PTB-associated splicing factor)], RNA binding motif (RBM) 14, and CPSF6 (cleavage and polyadenylation specific factor 6) [Reviewed in (Yamazaki and Hirose, 2015)]. Many paraspeckle proteins are RNA binding proteins that contain an RNA recognition motif (RRM), a KH (hnRNP K homology) domain, a RGG (glycine-arginine-rich) box, or a zinc finger motif as the RNA-binding domain. The paraspeckle proteins NONO, SFPQ, RBM14, EWS, FUS, TAF15, and TDP-43 are RNA binding proteins that mediate transcription and RNA processing (Auboeuf et al., 2005).

The paraspeckle-localized FET family of RNA-binding proteins (Bertolotti et al., 1996) consists of FUS (TLS) (Crozat et al., 1993), EWS (Delattre et al., 1992), and TAF15 (TAFII68, TAF2N, RBP56) (Crozat et al., 1993). The proteins are structurally similar and contain a number of evolutionary conserved areas such as the RRM motif, the SYGQ-rich domain, a G rich domain, a RanBP2-type zinc finger motif, and the C-terminal RGG domain (Morohoshi et al., 1998; Guipaud et al., 2006; Nguyen et al., 2011; Chau et al., 2016). The FUS, EWS, and TAF15 proteins bind RNA as well as DNA and have both unique and overlapping functions. The human FET proteins are associated with transcription (Law et al., 2006), RNA splicing, microRNA (miRNA) processing, RNA transport, and the signaling and maintenance of genomic integrity (Schwartz et al., 2015).

Several paraspeckle proteins are disease-related. For instance, NONO, SFPQ, CPSF6, EWS, FUS, TAF15, DAZAP1, RBM3, SS18L1, WT1, BCL6, BCL11A, ZNF4444, and HNRNPH1 are implicated in various types of cancer (reviewed in Yamazaki and Hirose, 2015). Some paraspeckle proteins, such as TDP-13, FUS, EWS, TAF15, HNRNPA1, SS18L1, and SFPQ have been associated with neuro-degenerative diseases, such as amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (Svetoni et al., 2016).

Paraspeckles have been described as nuclear sponges sequestering transcription factors and/or RNA-binding proteins such as lncRNAs. They are dynamic structures changing in size in response to ever changing cellular challenges/environment (Yamazaki and Hirose, 2015).

In addition to NEAT1, a number of lncRNAs localize to different subcellular compartments (Chen and Carmichael, 2010). MALAT1 (NEAT2 in human) is transcribed downstream of the NEAT1 gene and is found specifically associated with splicing speckles (Hutchinson et al., 2007). Moreover, lncRNA have also been implicated in stem cell pluripotency and in differentiation in mice (Dinger et al., 2008). Furthermore, roles for ncRNAs in cell fate decision have been explored (Ambasudhan et al., 2011; Yoo et al., 2011; Kurian et al., 2013).

Interestingly, lncRNAs have been shown to act as chromatin modifiers (Mercer et al., 2009) and potent regulators of histone methylation (Yamazaki and Hirose, 2015), including chromatin structure modeling and the integrity of subcellular compartments (Chen and Carmichael, 2010; Wang and Chang, 2011; Wang et al., 2011; Wapinski and Chang, 2011; Yan et al., 2012; Backofen and Vogel, 2014; Joh et al., 2014; Peschansky and Wahlestedt, 2014; Liu and Pan, 2015). A previous study showed that some human lncRNAs were bound to the polycomb repressive complex 2 (PRC2) and other chromatin-modifying complexes (Khalil et al., 2009).

Several lncRNA, including Xist, Tsix, and Xite contribute to X chromosome inactivation, the process of ensuring dosage regulation of X chromosome-expressed genes (Chow and Heard, 2009; Leeb et al., 2009) in a complex and highly controlled manner (Zhao et al., 2008). Furthermore, Xist transcription is required for maintenance of X-chromosome inactivation (Penny et al., 1996). Interestingly, another lncRNA, RepA, the reassembling part of the 5′UTR sequence of Xist, was found to associate indirectly with PRC2 (Zhao et al., 2008). The recruitment of PRC2 by RepA happens in competition with lncRNA Tsix, which acts as an antisense toward Xist, and the binding of RepA to PRC2 is inhibited by Tsix, and thus competes with RepA (Zhao et al., 2008).

In support of the developmental roles of lncRNA and paraspeckles, Neat1 knockout (KO) mice fail to become pregnant despite normal ovulation, which was found to be a caused by corpus luteum dysfunction and concomitant low progesterone (Nakagawa et al., 2014).

The developmental capacity of the matured oocyte for generating viable offspring is determined throughout follicle development in the ovary. The integrity of the oocytes is essential in maintaining the reproductive potential of the female. Pre-ovulatory oocyte maturation is a complex process resulting from multiple interactions between the oocyte and the surrounding follicular cells (Carabatsos et al., 2000; Adhikari and Liu, 2009; Binelli and Murphy, 2010; Reddy et al., 2010; Bonnet et al., 2013). The transition from primordial to primary follicle is a key first step event in follicle development, in which the primordial follicle is believed to have escaped the resting phase and has entered the follicular growth phase (Zuccotti et al., 2011). Subsequently, the cohort of follicles must remain activated in order to enter the secondary follicle stage, and a few continue to mature to the tertiary and antral follicle stages (McGee and Hsueh, 2000). Tertiary and antral follicles are characterized by the presence of a cavity known as the antrum, and have both granulosa and theca cells present. Tertiary follicles have an extensive network of gap junctions that permits the transfer of nutrients and regulatory signals between the oocyte and the granulosa cells (Espey, 1994). Only a small fraction of the ovarian follicles present in a fetal ovary will reach ovulation (Markström et al., 2002). Identifying the factors controlling follicle development may provide a basis for the fundamental mechanisms that regulate follicle activation and could potentially lead to new therapeutics in female reproduction as well as improvements in reproductive health and productivity in women of advanced maternal age (Baird et al., 2005). As paraspeckles and the regulatory molecules sequestered within them have been shown to be of importance in development, gene expression, and epigenetic control, these nuclear structures may prove essential in human fertility and infertility.

So far, only limited reports of the potential regulatory impact of short ncRNA in follicle development exist and our knowledge of the involvement of lncRNAs in human follicle development is almost non-existent (Wilhelmm and Bernard, 2016).

Therefore, in this study, the presence of lncRNAs were interrogated bioinformatically using RNA sequencing data representative of selected stages in human follicle development. We previously developed a method for isolating pure populations of oocytes from human primordial, intermediate and primary follicles using laser capture micro-dissection microscopy (Markholt et al., 2012). From these transcriptome data (Ernst et al., 2017, 2018), in silico extraction of data for lncRNAs. We identified the presence of the paraspeckle forming lncRNAs NEAT1 and NEAT2 as well as several other lncRNAs, such as XIST. As the discovery of NEAT1 and NEAT2 in early ovarian follicles suggested the presence of paraspeckle proteins, we further asked if genes encoding these proteins would also be present during human ovarian follicle development. We found the transcripts encoding the well-characterized FUS, EWS, and TAF15 highly expressed during early ovarian follicle development. We further employed immunohistochemistry in human ovary tissue to explore the presence and intraovarian localization of FUS, EWS, and TAF15 proteins to be present.

In summary, we identified the presence of several lncRNAs and genes encoding paraspeckle proteins not previously reported for human ovarian follicle development. This may hint that the functions of lncRNAs and paraspeckle proteins could indeed be relevant to oocyte physiology and development.

MATERIALS AND METHODS

Procurement of Human Ovarian Cortex and Isolation of Oocytes and Supportive Somatic Cells

We procured human ovarian cortex tissue from the Danish Cryopreservation Programme offering cryopreservation as means of fertility preservation prior to gonadotoxic chemotherapy (Rosendahl et al., 2011). Oocyte samples were obtained from ovarian cortical tissue procured from three patients who underwent unilateral oophorectomy prior to gonadotoxic treatment for a malignant disease (unrelated to any ovarian malignancies). Patients were normo-ovulatory, with normal reproductive hormones, and not received ovarian stimulation with exogenous gonadotropins. All methods were carried out in accordance with relevant guidelines and regulations, and The Central Denmark Region Committees on Biomedical Research Ethics and the Danish Data Protection Agency approved the study. Written informed consent was obtained from all participants before inclusion. Patients consented to the research conducted. In subjects undergoing oophorectomy, a small piece of the ovarian cortex is used for evaluating the ovarian reserve, and for research purposes (Danish Scientific Ethical Committee Approval Number: KF 299017 and J/KF/01/170/99) (Schmidt et al., 2003).

Laser Capture Micro-Dissection (LCM)

The LCM procedure to isolate staged oocytes and follicles was performed as previously described (Markholt et al., 2012; Ernst et al., 2017, 2018). Briefly, the ovarian cortical fragments, which had a size of 2 × 2 × 1 mm, were thawed and fixed by direct immersion into 4% paraformaldehyde (PFA) at 4°C for 4 h followed by dehydration and embedding in paraffin. Paraffin blocks were stored at −80°C until use. The blocks were cut into 15 μm thick sections on a microtome (Leica Microsystems, Wetzlar, Germany). Diethylpyrocarbonate (DEPC)-treated water was used in the microtome bath to avoid RNA degradation. The sections were mounted on RNase-free membrane glass slides (Molecular Devices, Sunnyvale, CA, USA) and immediately processed. Consecutively, the slides were de-paraffinized, stained, and dehydrated immediately before micro-dissection: Xylene (VWR—Bieog Berntsen, Herlev, Denmark) (5 min), 99.9% ethanol (Merck, Darmstadt, Germany) (5 min), 99.9% ethanol (5 min), 96% ethanol (5 min), 70% ethanol (5 min), DEPC-treated water (5 min), hematoxylin (Merck, Darmstadt, Germany) (5 min), DEPC-treated water (immersion), 70% ethanol (30 s), 96% ethanol (30 s), 99.9% ethanol (30 s), 99.9% ethanol (30 s), xylene (1 min), and xylene (5 min). All solutions were prepared with DEPC-treated water. LCM was performed using the Veritas™ Microdissection Instrument Model 704 (ArcturusXT™, Molecular Devices, Applied Biosystems®, Life Technologies, Foster City, CA, U.S.A.). The cells were isolated based on morphological appearance. Primordial oocytes were defined as an oocyte surrounded by 3–5 flattened pre-granulosa cells, and primary oocytes were defined as an oocyte surrounded by one layer of cuboidal granulosa cells. Antral follicles were defined as a follicle with an antral cavity. For the antral follicle to be eligible for isolation, we should be able to morphologically differentiate between the oocyte, the mural granulosa cells and the theca cell layer. In the antral stage the large size of the different compartments enabled us to isolate each compartment individually. An outline surrounding the cell(s) of interest was marked and subsequently cut using the ultraviolet laser. Following this the use of membrane glass slides (Arcturus® PEN Membrane Glass Slides, Applied Biosystems, Life Technologies, Foster City, CA, U.S.A.) enabled us to lift the isolate onto a sterile cap (Arcturus® CapSure® HS LCM Caps, Applied Biosystems, Life Technologies, Foster City, CA, U.S.A.) using infrared pulses. Isolated cells were inspected on the cap to ensure that no contamination from surrounding unwanted cells was present. From each of the three patients, several isolations were made (Table 1, Figure 1). RNA isolation, library preparation and sequencing, mapping and statistical analysis and bioinformatics were performed as described (Ernst et al., 2017, 2018).


Table 1. Numbers of oocytes, follicles, and other somatic cells analyzed in RNA–seq. in three different patients.

[image: image]




[image: image]

FIGURE 1. Schematic illustration of human follicular cells isolated using laser capture microdissection. Please note that the aspect ratio is arbitrary.



Library Preparation and Sequencing

RNA was extracted from the LCM-derived samples, converted to cDNA and subjected to linear amplification [Ovation® RNA-Seq System V2 kit (NuGen Inc., San Carlos, CA, U.S.A.)]. RNA-seq libraries (constructed from the output cDNA using Illumina TruSeq DNA Sample and Preparation kit (Illumina, San Diego, CA, USA, according to AROS Applied Biotechnology, now Eurofins (https://www.eurofinsgenomics.eu/). Integrity of libraries was verified on library yield via KAPA qPCR measurement, and Agilent Bioanalyzer 2100 peak size with a RNA 6000 Nano Lab Chip (Agilent Technologies, Santa Clare, CA, U.S.A.) during different library preparation stages. Sequencing was performed on an Illumina HiSeq2000 platform (Illumina Inc., San Diego, CA, U.S.A.) with 5 random samples per lane (AROS Applied Biotechnology).

Mapping and Statistical Analysis

Using Tophat (2.0.4), and Cufflinks (2.0.2) BAM files were generated to create a list of expressed transcripts in the samples. BWA (0.6.2) was subsequently used to map all readings to the human reference genome (hg19) using the transcript list as a filter so only readings mapping to RefSeq exons [incl. non-coding RNA, and mitochondrial RNA) overlapping with expressed transcripts were used. Expression of each gene in a given sample was normalized and transformed to a measurement of log2 (counts per million (CPM)]. On the basis of log2 (CPM), fragments per kilobase of exon per million fragments mapped (FPKM) values were calculated, and further filtered using custom analysis in R [R Development Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-project.org] (R Core Team, 2012).

Output From Statistical Analysis

The mean FPKM value for all ncRNA transcripts was calculated using a one-sample t-test on FPKM values for each identified transcript from patient triplicates (two for oocytes from small antral follicles) (Resource Data) (http://users-birc.au.dk/biopv/published_data/ernst_et_al_ncRNAs_2018/).

Cell Specific Consistently Expressed Genes (CSCEG) were defined as one-sample t-test p-value < 0.05 [(Resource Data), in gray]. In silico merging of transcriptomes from three patients was performed to account for biological variance. The transcripts in the CSCEG list were ranked based on p-value, with low p-value indicating a high degree of consistency in FPKM gene expression level between patients for the given isolate type. Full lists of ncRNAs detected in human follicle development is availiable (Supplementary Table 1).

Furthermore, we generated a list of all known paraspeckle proteins based on annotated protein-coding RNAs detected (Table 2) and non-coding RNAs (Table 3). Some of these data (oocytes and granulosa cells from primordial and primary follicles) has previously been published with a different focus in a global expression profile study (Ernst et al., 2017, 2018).


Table 2. Expression of paraspeckle-protein encoding mRNAs in human follicle development.

[image: image]




Table 3. Long non-coding RNAs (p < 0.05) in human follicle development.

[image: image]



Immunofluorescence Microscopy

Human ovarian cortical tissue was cut in 5 μm sections and mounted on glass slides. Dehydration and antigen retrieval was performed as described elsewhere (Stubbs et al., 2005) followed by serum block (30 min), then the primary antibody; (1/200) anti-TAFII68 Rabbit pAb (Bethyl Laboratories, #IHC-00094), (1/500) anti-FUS Rabbit pAb (Bethyl Laboratories, #A300-302A), or (1/200) anti-EWS Rabbit pAb (Bethyl Laboratories, #IHC-00086) overnight at 4°C. The sections were then incubated in a 1:700 dilution of secondary antibody (Donkey-anti-Rabbit) conjugated with Alexa Fluor 488 Dye (Life Technologies). Finally, sections were incubated in 1/7500 Hoechst (Life Technologies) followed by mounting with Dako Fluorescent Mounting Medium (Agilent Technologies, Santa Clara, CA, U.S.A.) and analyzed using a LSM510 laser-scanning confocal microscope using a 63x C-Apochromat water immersion objective NA 1.2 (Carl Zeiss, Göttingen, Germany) and ZEN 2011 software (Carl Zeiss, Göttingen, Germany).

RESULTS

Laser-Isolation of Oocytes and Somatic Cells During Human Follicle Development

Specific isolates of oocytes and follicles (oocytes with surrounding somatic granulosa cells) from the primordial and primary stage, respectively, as well as oocytes, mural granulosa cells, and theca cells from small antral follicles were collected via Laser Capture Microdissection (LCM). Each stage was isolated on the basis of stringent morphological criteria (Gougeon, 1996) (Figure 1). Primordial follicles were defined as an oocyte surrounded by one layer of flattened granulosa cells (Figure 1) and primary follicles were defined as an oocyte surrounded by a single layer of cubic granulosa cells (Figure 1). Small antral follicles were defined based on the presence of a follicular antrum with a clear distinction between the oocyte, the mural granulosa cells and the theca cell layer (Figure 1) The samples (1,473 isolates) of cells from primordial, primary, and small antral follicles were pooled into 20 samples (Table 1, Figure 1). These 20 samples were then subjected to RNA sequencing using the IlluminaHiSeq2000 sequencing platform (Illumina Inc., San Diego, CA, U.S.A.) at an external sequencing facility (AROS Applied Biotechnology, Aarhus, Denmark). We previously validated the expression pattern for various RNAs in the present RNA seq. dataset using RT-qPCR (Ernst et al., 2017, 2018). The RNA sequencing yielded on average 35.3 million reads per sample (range: 31.8–39.6 million reads) and was mapped to the human genome (hg19) (average number of reads mapped: 31.7 million, range: 29.4–34.0). Gene expression was calculated as FPKM by a custom R script (Ernst et al., 2017, 2018).

Transcriptional Profiles of Genes Encoding Paraspeckle Proteins Across Different Follicle Stages

The expression of 39 genes encoding paraspeckle proteins (Naganuma et al., 2012) was interrogated during human follicle development (Table 2). The highest expression of paraspeckle genes in the primordial follicle stage, based on FPKM values, were EWS, HNRNPK, ZC3H6, UBAP2L, and TARDBP (Table 2). Several other genes encoding paraspeckle proteins were present (e.g., MEX3C, FUS, TAF15, CPSF6, NUDT21, RBM12, RBMX, DLX3).

Interestingly, the expression of ZC3H6 appears to be downregulated from primordial to primary follicles, indicating a specific function associated with the primordial follicle. The EXSR1 gene expression remains high and upregulated in small antral follicles. NONO was noted to be upregulated as follicle development advances, with the highest expression detected in the somatic cells in the small antral follicle (Table 2).

A heatmap of FPKM data for selected genes encoding paraspeckle genes was generated to show the expression for the two different cell-stages in isolates - and the correlation between cell-specific isolates (Figure 2).
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FIGURE 2. Heatmap representation of selected genes encoding paraspeckle proteins and lncRNA genes. Heatmap of gene expression in oocytes and granulosa cells during the primordial-to-primary follicle transition. The heatmap includes the paraspeckle-encoding genes (blue bar) MEX3C, NONO, FUS, EWS, TAF15 transcripts, and the lncRNAs (red bar) NEAT1, MALAT1 (NEAT2), XIST, ZFAS1, GAS5. Color code reflects average FPKM values.



Intra-ovarian Distribution of Paraspeckle Proteins TAF15, EWS, and FUS

The gene products of TAF15, EWS, and FUS were selected for immunofluorescent staining (IMF) (bold in Table 2) to reveal their localization in human ovarian sections.

The TAF15 translational product was expressed in both oocytes and follicles from primordial, primary, and small antral stages, with a particular high expression in oocytes from primordial follicles, as well as in primordial follicles (Table 2). We interrogated the TAF15 protein using a specific antibody toward TAF15. This showed detection of the TAF15 protein in both oocyte and granulosa cells of primordial (Figure 3A), primary (Figure 3B), secondary (Figure 3C), as well as small pre-antral/early antral follicles (Figures 3D–F). As the TAF15 protein appears detectable in both oocytes and the surrounding somatic cells are in line with the RNA sequencing data, gene expression and its translational product appears coupled.
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FIGURE 3. Intra-ovarian distribution of TAF15 in human primordial and primary follicles. This showed detection of the TAF15 protein in both oocyte and granulosa cells of (A) primordial, (B) primary, and (C) secondary, as well as (D–F) small pre-antral/early antral follicles. Hoechst staining identifies the nucleus of cells. Scale bars; 30 μm.



The IMF of EWS showed that EWS is present in both oocytes and the surrounding granulosa cells, and in primordial and primary follicles (Figures 4A–C). The EWS transcript was found highly expressed in these early stages of follicle development, and thus the RNA expression appears coupled to its translational protein product.
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FIGURE 4. Intra-ovarian distribution of EWS in human primordial and primary follicles (A-C). EWS is present in both oocytes and the surrounding granulosa cells in primordial and primary follicles. Hoechst staining identifies the nucleus of cells. Scale bars; 30 μm.



The FUS transcript was also highly expressed during early follicle development (Table 2), and as we interrogated its protein using IMF, found that the FUS protein was detectable in primordial follicles, (Figure 5A), primary follicles (Figures 5B, C), as well as in late pre-antral/early antral follicles (Figure 5C).
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FIGURE 5. Intra-ovarian distribution of FUS in human primordial, and primary follicles. The FUS protein was detectable in (A) primordial follicles, (B,C) primary follicles (C) late pre-antral/early antral follicles. All samples were compared to a (D) no-antibody control. Hoechst staining identifies the nucleus of cells. Scale bars; 30 μm.



All samples were compared to a no-antibody control, which did not detect any signal (Figure 5D).

We detected nuclear localization of TAF15, EWS and FUS, with evidence of speckle-like structures in an infrequent manner distributed throughout the cells.

Non-coding RNAs

ncRNA genes produce functional RNA molecules rather than encoding proteins (Eddy, 2001). The groups of ncRNA are diverse and include, for instance, short and long ncRNAs as well as micro (mi)RNA, snoRNA, scaRNA, SRP RNA, and antisense RNA. The presence of ncRNAs during human follicle development was analyzed in transcriptomes representative for oocytes and follicles from primordial and primary follicles as well as oocytes, mural granulosa cell layers, and theca cell layers of small antral follicles [Figure 1, Table 1, (Resource Data)]. Genes encoding ncRNAs was identified using the Ensembl gene annotation version GRCh37.p13.

Long ncRNAs

Most ncRNAs longer than 200 nucleotides are referred to as ‘long non-coding RNAs’ (lncRNAs). Although the estimated number of different types of human lncRNAs has ranged from 5,400 to 53,000 (Palazzo and Lee, 2015), these ncRNAs appear to comprise functions for the control of various levels of gene expression in physiology and development, including chromatin architecture/epigenetic memory, transcription, RNA splicing, editing, translation, and turnover (Mattick and Makunin, 2006). In this study the presence of lncRNAs was interrogated (Table 3).

Interestingly, we detected the lncRNA XIST during human follicle development in both oocytes and follicle samples (Table 3). It should be noted, however, that XIST in the oocytes from small antral follicles did not display a cell-specific consistently expressed expression pattern but was noted used a less stringent p-value (Resource Data), which was likewise observed for TSIX (Table 3). The fact that a less stringent p-value was needed to detect this transcript in the oocytes from small antral follicles was expected, as these oocytes were rarely found in the ovarian biopsies, and thus these oocyte samples are less represented (Table 1, Figure 1).

MALAT1 (NEAT2) was detected throughout all the included stages (Resource Data), indicating the need for this paraspeckle-forming protein during human follicle development. Interestingly, several lncRNAs with no biological functions annotated were noted (Resource Data). While the expression of several lncRNA genes (OIP5-AS1, RN7SK, RN7SL2) was present in all samples tested, others appeared to be cell- and stage-specifically (GLG1, KIZ, BCAR4, EBLN3) expressed (Resource Data).

The lncRNA ZFAS1 appears to be restricted to somatic cells, e.g., the mural granuloma cell layer and the theca cell layer in the small antral follicle (Resource Data). Interestingly, the ROR1-AS1 seems to be specific to the oocyte from small antral follicles (Resource Data). We found lncRNA Growth Arrest Specific 5 (GAS5) expressed in oocytes from primordial follicles, as well as a high expression in primordial follicles, somewhat lower in primary follicles, and in turn high in the mural granulosa cell layer and the theca cell layer from small antral follicles (Resource Data).

A heatmap of FPKM data for selected lncRNA genes was generated to show the expression for the two different cell-stages (primordial versus primary) in isolates - and the correlation between cell-specific (oocyte versus granulosa cell) isolates (Figure 2).

DISCUSSION

Extensive efforts to gain deeper understanding of RNA biology have yielded evidence of the diverse structural and regulatory roles in protecting chromosome integrity, maintaining genomic architecture, X chromosome inactivation, imprinting, transcription, translation and epigenetic regulation (Khorkova et al., 2015). Bioinformatics analysis of chromatin marks in intergenic DNA regions and of expressed sequence tags (ESTs) predicts the existence of more than 5,000 long noncoding RNA (lncRNA) genes in the human genome (Gomez et al., 2013). Some studies have found the number of lncRNAs to exceed that of protein-coding genes (Bouckenheimer et al., 2016; Hon et al., 2017). In our transcriptome study of lncRNA, we applied a strict filter to only consider transcript that were consistently expressed in our samples. This was applied as a major limiting factor is the number of patients included in the study. In oocytes and granulosa cells from primordial and primary follicles, 20, 33, and 20 and 19 lncRNAs were noted expressed (using a cut of value of 1 FPKM). Interestingly comparing this to the number of protein coding transcripts in the same stages (oocytes and granulosa cells from primordial and primary follicles showed 1099, 1695, and 1046 and 815, SSCEG, respectively (Ernst et al., 2017, 2018), it is noteworthy that few lncRNAs compared to the protein coding transcript are present during these early stages in human follicle development.

Strict filters in the bioinformatic management was applied to this study to ensure the most precise outcome from the global transcriptome analysis. Previous studies validated selected candidates by qPCR analysis (Ernst et al., 2017, 2018). Moreover, the analysis contains several DEG-lists based on both SSCEGs and non-SSCEGs and caution in the analysis of fold of change for DEG transcripts is recommended. Importantly, this study analyzed the presence of transcripts, and whether a gene is translated or its protein product present, is unknown. Using single cell techniques, we confirmed the presence of selected paraspeckle proteins using immunohistochemistry.

In a few well-studied cases, such as AIR, XIST, and HOTAIR, these lncRNAs have been shown to operate at the transcriptional level by binding to proteins in histone-modifying complexes and targeting them to particular genes (Nagano et al., 2008; Chu et al., 2011; Jeon and Lee, 2011; Wang and Chang, 2011). A role for lncRNAs in human follicle development has not previously been described (Wilhelmm and Bernard, 2016) although their potential involvement has been suggested (Zhao and Rajkovic, 2008; Bouckenheimer et al., 2016). Differential lncRNA expression profiles in human oocytes and cumulus cells was recently analyzed (Bouckenheimer et al., 2018), which determined the lncRNA expression profiles of human MII oocytes (BCAR4, C3orf56, TUNAR, OOEP-AS1, CASC18, and LINC01118) and cumulus cells (NEAT1, MALAT1, ANXA2P2, MEG3, IL6STP1, and VIM-AS1).

The presence of the paraspeckle-forming NEAT1 and MALAT1 (NEAT2) indicates that paraspeckles are actively formed and present during human follicle development. Paraspeckle formation is initiated by transcription of the NEAT1 chromosomal locus and proceeds in conjunction with NEAT1 lncRNA biogenesis and a subsequent assembly step involving >39 paraspeckle proteins (PSPs). Interestingly, a study has shown that subunits of SWItch/Sucrose NonFermentable (SWI/SNF) chromatin-remodeling complexes were identified as paraspeckle components that interact with PSPs and NEAT1 lncRNA (Kawaguchi et al., 2015). In particular, it was shown by electron microscopy that SWI/SNF complexes were enriched in paraspeckle subdomains depleted of chromatin. Interestingly, and consistent with this, it was found that the arginine methyltransferase CARM1 (coactivator-associated arginine methyltransferase 1) promotes the nuclear export of mRNAs that contain inverted Alu elements in their 3' untranslated region by methylating the paraspeckle component p54(nrb), which reduces the binding of p54(nrb) to the inverted Alu elements. It also down-regulated the synthesis of NEAT1. This in turn inhibited paraspeckle formation (Elbarbary and Maquat, 2015).

The lncRNA XIST was present at high levels throughout the stages tested during human follicle development. To ensure X-linked gene dosage compensation between females (XX) and males (XY), one X chromosome randomly undergoes X chromosome inactivation (XCI) in female cells (Lyon, 1961). The human XIST (Brown et al., 1991a,b) and mouse Xist (Borsani et al., 1991; Brockdorff et al., 1991) lncRNAs accumulate over the X chromosome. X chromosomal inactivation is tightly regulated throughout development with XIST as a key regulator involved in the establishment of several layers of repressive epigenetic modifications. These reported functions of XIST are consistent with our observation that this gene is highly transcribed during human follicle development and reveals that XIST lncRNA is present already from the dormant primordial stage of human follicle development. The functional role of XIST during early follicle development remains to be elucidated, and this may include early marks of maternal imprinting and dosage regulation.

The lncRNA ZFAS1 appears specific to somatic cells during human follicle development. ZFAS1 has been described as being upregulated in different cancer types (Askarian-Amiri et al., 2011; Li et al., 2015; Nie et al., 2016; Thorenoor et al., 2016) and is involved in cell apoptosis and cell cycle control. It was recently shown that the action of ZFAS1 occurred through interaction with EZH2 and LSD1/CoREST in order to repress the underlying targets KLF2 and NKD2 transcription (Nie et al., 2016). The epigenetic dysregulation of central granulosa cell factors such as FOXL2 are involved in the development of granulosa cell tumors (Xu et al., 2016), which is possible through EZH2 interaction. Furthermore, prominent roles for FOXL2 include control of primordial follicle activation (Schmidt et al., 2004).

It remains to be tested if lncRNA ZFAS1 functions to regulate transcriptional control in follicle development, and this may have an effect on granulosa cell proliferation and cell cycle control in the human follicle.

We identified the potential tumor suppressor lncRNA growth arrest specific 5 (GAS5), expressed particularly in the primordial stage, as well as in primary follicles and in mural granulosa cell layers and the theca cell layers. Part of the GAS5 RNA structure mimics the glucocorticoid response element, enabling it to bind the DNA binding domain of the glucocorticoid receptor, thus inhibiting glucocorticoid induced transcription. GAS5 is further thought to regulate transcriptional activity of the androgen receptor. In line with this, GAS5 lncRNA has been found to repress the AR/androgen complex from binding to target through sequestering, thus repressing transcription (Wang and Lee, 2009). Of further interest, GAS5 lncRNA has been found to supress the AKT/mTOR signaling pathway in prostate cancer cells (Yacqub-Usman et al., 2015). As previous studies have shown that activated AKT/mTOR signaling increases primordial follicle activation (Makker et al., 2014), we suggest that GAS5 expression in the primordial follicle may be involved in primordial follicle dormancy and survival. Recently, the GAS5 was found to promote proliferation and survival of female germline stem cells in vitro (Wang et al., 2018). The functional involvement of GAS5 in normal and aberrant human follicle development remains to be determined.

Increasing evidence supports a central role for ncRNA in numerous aspects of chromatin function (Názer and Lei, 2014). Interestingly, it has long been appreciated that ncRNAs are central components of the dosage compensation machinery, and recent work has elucidated how various ncRNAs contribute to Polycomb Group (PcG) and chromatin insulator activities (reviewed in Názer and Lei, 2014). The PcG proteins are required for the adequate development of multicellular organisms, functioning to preserve pluripotency and/or cellular identity. Their main function however is to repress the expression of genes that would otherwise promote differentiation into other cell types (reviewed in Simon and Kingston, 2013).

The precise role of lncRNAs in chromatin modifications during human follicle development remains to be elucidated. However, our data suggests that several distinct lncRNAs are present and that they probably have separate functions in order to secure follicle integrity and development.

We found the protein-coding MEX3C gene present during human follicle development. However, the role of the gene product, MEX3C, is unknown. The MEX3BM isoform and the E3 ubiquitin ligase DZIP3 are bought together with their substrates (Ataxin-1 and Snurportin-1) by the lncRNA HOTAIR, accelerating their degradation (Khorkova et al., 2015), thus lncRNA-mediated regulation also affects protein stability (reviewed in Khorkova et al., 2015). Furthermore, proteasomal inhibition causes upregulation of paraspeckle-associated lncRNA NEAT1, which in turn protects fibroblasts from cell death triggered by proteasome inhibition (Khorkova et al., 2015). Interestingly, it was found that a MEX3 homolog is required for differentiation during planarian stem cell lineage development (Zhu et al., 2015). In this study it was shown that MEX3-1 was required for generating differentiated cells of multiple lineages, while restricting the size of the stem cell compartment. This indicates that MEX3-1 functions as a cell fate regulator (Zhu et al., 2015). The presence of the MEX3C transcript during human follicle development has not been functionally addressed, and future studies should reveal whether MEX3C has a pivotal role in cell commitment and/or differentiation in the selection of the dominant follicle.

The upregulated expression profile of NONO during follicle development suggests that this protein is under tight control. NONO deficiency led to upregulation of PSPC1, which replaces NONO in a stable complex with SFPQ (Li et al., 2014). The knockdown of PSPC1 in a Nono-deficient background led to severe radio-sensitivity and delayed resolution of double stranded break (DSB) repair foci. From this it can be concluded that NONO or related proteins are critical for DSB repair (Li et al., 2014). The complex of NONO with SFPQ and PSPC1 served a multipurpose scaffold, including frequently identified engagement at almost every step of gene regulation, and including, but not limited to, transcriptional regulation, RNA processing and transport, and DNA repair (Knott et al., 2016). Interestingly, a report has investigated the inner cell mass marker OCT4 and its gene expression patterns, as well as CpG sites methylation profiles during embryonic stem (ES) cell differentiation into neurons (Park et al., 2013). It was found that NONO binds to the CpG island of the Oct4 promoter and positively regulates Oct4 gene expression in ES cells (Park et al., 2013), thus indicating a role in cell lineage during early development. The future role of NONO during human follicle development and how this might participate in regulating gene expression and/or DNA repair will be important steps toward the understanding of the capacity of the human ovarian follicles.

Several lines of evidence suggest paraspeckle proteins to be essential in cell fate determination, which is highly relevant for early developmental processes (Yamazaki and Hirose, 2015).

FUS, EWS, and TAF15 are structurally similar multifunctional proteins that were initially discovered in the process of characterization of fusion oncogenes in human sarcomas and leukemias. As they are implicated in numerous central cellular processes such as gene regulation, genomic integrity maintenance and mRNA/microRNA processing, it is therefore not surprising to find them in many cellular contexts and in different cell types and tissues. The expression profile of the FET proteins were characterized in both the human (Andersson et al., 2008) and porcine (Blechingberg et al., 2012b) developing brain. The FET proteins are expressed in most human tissues and are localized mainly in the cell nucleus (Andersson et al., 2008), but are also found in the cytoplasm (Zinszner et al., 1997; Belyanskaya et al., 2001; Jobert et al., 2009). This is supported by the fact that the functions of hnRNPs include nucleocytoplasmic shuttling (Bedford and Clarke, 2009; Yu, 2011). Interestingly, FUS, EWS, and TAF15 has previously revealed a cell-specific expression pattern (Andersson et al., 2008), and processes such a heat shock and/or oxidative stress induce the re-localization of these proteins to stress granules (Andersson et al., 2008; Blechingberg et al., 2012a). The fact that we observed infrequent staining in nuclear and cytoplasmic localizations supports the activity of these FET proteins.

The FET proteins also frequently exhibit gene translocation in human cancers (Paronetto, 2013; Campos-Melo et al., 2014). Emerging evidence demonstrates their physical interactions with DNA Damage Response proteins (Kai, 2016) and thus suggests their involvement in the maintenance of genome stability. Interestingly, it was recently proposed that FET proteins are involved in the maintenance of lifespan, cellular stress resistance, and neuronal integrity (Therrien et al., 2016).

It has been shown that FUS interact directly with NEAT1 lncRNA, reducing the expression of FUS, and subsequently causing cell apoptosis. In combination with miR-548ar-3p, this regulates breast cancer cell apoptosis (Ke et al., 2016).

CONCLUSION

We identified the presence of lncRNAs as well as the genes encoding the paraspeckle proteins, offering insights into how their transcripts are expressed during human follicle development. The study is descriptive in nature. As a proof of concept, we probed for the intracellular presence and localization of three selected paraspeckle proteins. It remains to be determined for several other proteins encoding by genes noted, as well as lncRNAs. In particular, our study indicates that they may be involved in cellular processes such as cell differentiation and cell integrity. This could be accomplished by their ability to control gene expression, epigenetics and mRNA turnover during follicle development.
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The proper maturation of both male and female gametes is essential for supporting fertilization and the early embryonic divisions. In the ovary, immature fully-grown oocytes that are arrested in prophase I of meiosis I are not able to support fertilization. Acquiring fertilization competence requires resumption of meiosis which encompasses the remodeling of multiple signaling pathways and the reorganization of cellular organelles. Collectively, this differentiation endows the egg with the ability to activate at fertilization and to promote the egg-to-embryo transition. Oocyte maturation is associated with changes in the electrical properties of the plasma membrane and alterations in the function and distribution of ion channels. Therefore, variations on the pattern of expression, distribution, and function of ion channels and transporters during oocyte maturation are fundamental to reproductive success. Ion channels and transporters are important in regulating membrane potential, but also in the case of calcium (Ca2+), they play a critical role in modulating intracellular signaling pathways. In the context of fertilization, Ca2+ has been shown to be the universal activator of development at fertilization, playing a central role in early events associated with egg activation and the egg-to-embryo transition. These early events include the block of polyspermy, the completion of meiosis and the transition to the embryonic mitotic divisions. In this review, we discuss the role of ion channels during oocyte maturation, fertilization and early embryonic development. We will describe how ion channel studies in Xenopus oocytes, an extensively studied model of oocyte maturation, translate into a greater understanding of the role of ion channels in mammalian oocyte physiology.
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INTRODUCTION

Historically, the studies of gamete maturation and fertilization have been intimately associated with the regulation of ionic currents in these cells. Some of the earliest discoveries in ion channel biology have been driven by the desire to understand the mechanisms governing fertilization. The calcium (Ca2+)-release theory of egg activation, which was conceived based on early experiments in the late 1920s and into the 1930s (Tyler, 1941) has withstood the test of time. Indeed, both single and repetitive Ca2+ transient(s), propagating as a Ca2+ release wave across the egg is recognized as the trigger for egg activation at fertilization in all species tested to date (Stricker, 1999; Machaca, 2007; Kashir et al., 2013). Further improvements in our understanding of the electrical properties of both oocyte and the egg, have shed light on important processes involved in fertilization including the block to polyspermy. Initial electrophysiology studies determined the essential role of plasma membrane (PM) depolarization to the establishment of a fast block to polyspermy in sea urchin and Xenopus oocytes, among other species (Jaffe, 1976; Cross and Elinson, 1980; Jaffe and Cross, 1984).

Oocyte maturation in vertebrates is initiated following the release of the extended meiotic arrest that vertebrate oocytes experience during their growth and development. Oocytes arrest at the prophase stage of meiosis I with the nuclear envelope still intact. During this stage, oocytes grow and accumulate macromolecular components required for fertilization and early embryonic development. Upon hormonal stimulation, oocytes exit this extended meiotic arrest and undergo a complex differentiation pathway that encompasses both a reductionist nuclear division (meiosis) and a comprehensive cytoplasmic reorganization. This prepares the oocyte for the egg-to-embryo transition following fertilization (Smith, 1989; Miyazaki, 1995; Hassold and Hunt, 2001). An important aspect of oocyte maturation is the remodeling of the Ca2+ signaling machinery to allow the egg to activate properly at fertilization (Machaca, 2007; Nader et al., 2013). The induction of oocyte maturation ultimately culminates through multiple steps in the activation of maturation promoting factor (MPF). MPF is composed of cyclin dependent kinase 1 (Cdk1), in complex with cyclin B (B-Cdk1), and the associated nuclear kinase Greatwall, also known as microtubule associate threonine like kinase (Gwl/MASTL). MPF is the master regulator of both meitotic and mitotic M-phase (Kishimoto, 2015). Oocyte maturation is complete when oocyte reaches a second arrest in metaphase of meiosis II at which stage they become fertilization-competent and are typically referred to as “eggs” (Smith, 1989; Bement and Capco, 1990). The arrest at metaphase II requires cytostatic factor (CSF) which inhibits the anaphase promoting complex (APC) and prevents progression to Anaphase II (Tunquist and Maller, 2003). The APC is an ubiquitin ligase that tags cyclin B and other regulatory proteins which results in the loss of Cdk1 activity triggering exit from metaphase arrest and allowing progression to anaphase (Schmidt et al., 2005; Inoue et al., 2007; Nishiyama et al., 2007). The activity of ion channels and transporters and their remodeling during oocyte maturation is ultimately governed by this complex signaling cascade. Therefore, oocyte maturation is a cellular differentiation program that prepares the egg for fertilization and for the egg-to-embryo transition processes where ionic conductances play essential roles.

In mammals, fertilization results in the release of a sperm specific phospholipase [phospholipase ζ (PLCζ)] into the egg cytoplasm upon sperm-egg fusion. It has been proposed that PLCζ hydrolyzes not only PM phosphoinositol 4,5 bisphosphate (PIP2) but mainly intracellular PIP2 (Yu et al., 2012; Swann and Lai, 2016), generating inositol triphosphate (InsP3) and diacylglycerol (DAG). InsP3 binds to the IP3 receptor (IP3R) on the endoplasmic reticulum (ER) and triggers the release of Ca2+ which mediates egg activation (Saunders et al., 2002). The ultimate role of PLCζ as the trigger for the Ca2+ oscillations in mammals was recently elucidated through the generation of a mice lacking Plcz1 (Plcz1−). Wild type eggs that were injected with Plcz1− sperm were unable to mount Ca2+ oscillations. Similar results were observed in experiments of in-vitro fertilization (IVF) using Plcz1− sperm. Surprisingly, Plcz1− mice are fertile, yet they do exhibit subfertility phenotype, suggesting a redundant system for egg activation to assure reproduction in animals (Hachem et al., 2017). The fertilization Ca2+ signal takes the form of multiple oscillations that encode egg activation events, including pro-nucleus formation and the transition to embryonic development (Ducibella et al., 2002). In frogs, sea urchin and starfish, fertilization is also associated with a change of resting membrane potential, referred to as the “fertilization potential” which was compared to the action potential in neurons early on. The egg membrane potential undergoes a transient positive shift at fertilization that acts as an electrical polyspermy blockade. The effect of membrane potential depolarization on the polyspermy block was confirmed by holding the membrane potential of an unfertilized egg at positive potentials which prevented fertilization (Jaffe and Cross, 1984). In 2014, a detailed analysis of published data challenged the evidence of the fast block of polyspermy in sea urchin, proposing that a particular organization of the cytoskeleton could determine monospermic fertilization (Dale, 2014). However, the time scale of the electrical fast block would argue against it.

In contrast, hamster eggs showed transients hyperpolarization in response to fertilization (Miyazaki and Igusa, 1981), while mice eggs only showed very small hyperpolarization (3–4 mV), questioning the existence of electrical block to polyspermy in this species (Igusa et al., 1983). It has rather been proposed that the block to polyspermy in mammals is based on the hardening of the zona pellucida (ZP). This process is mediated by the protein ovastacin whose function is to cleave zona pellucida 2 (ZP2), rendering the ZP resistance to protease digestion and inhibiting sperm binding (Burkart et al., 2012). Notwithstanding, transgenic mice containing a non-cleavable ZP2 and female mice null for ovastacin are both fertile, suggesting an additional mechanism or a combination of different strategies to avoid polyspermy (Bianchi and Wright, 2016).

In this review, we discuss the role of ionic currents at the PM primarily during oocyte maturation and fertilization. These conductances encompass transporters in addition to Cl− channels, K+ channels, Ca2+ channels, and other channels that are important in mediating fertilization and egg activation. Therefore, it is important to understand the regulation of these conductances as their remodeling contributes to define the competence of the egg to fertilization and undergo the egg-to-embryo transition. Interestingly, the activity of ion channels during the processes of oocyte maturation and fertilization is not limited to channels localizing to the PM but also includes intracellular channels. As a case in point, the role of changes in the IP3 Receptor (IP3R) activity and localization observed during Xenopus oocyte maturation in preparing the egg for fertilization will be discussed.

The role that ionic currents play in the regulation of oocyte maturation is increasingly being recognized. Hence, it is important to elucidate the molecular mechanisms governing their remodeling during maturation and activity at fertilization. Furthermore, comparative studies from different species, as would be discussed herein between Xenopus and mammals, provide important insights into the mechanisms governing the regulation of ion channels in gametes.

INITIAL MEASUREMENTS OF ION CHANNEL ACTIVITY IN REPRODUCTION

The electrical properties of eggs particularly at fertilization have been of interest to embryologists since membrane potential changes were first recorded in neurons and muscle cells (Hille, 2001). It is now well established that the membrane potential is maintained by differences in ion concentrations between the intra and extra cellular media. The resulting generation of an electrical potential difference across the PM can be measured through electrophysiology. Intracellular voltage and current polarity are defined in relation to the “ground” (zero voltage) reference electrode in the extracellular medium (Ypey and DeFelice, 2000). Original assessments of the egg's membrane potential using standard electrophysiological approaches were performed in eggs from marine species. Although initial attempts using capillary microelectrodes failed, the implementation of intracellular microelectrodes allowed the measurement of resting potential and ion fluxes through the membrane of star fish eggs (Tyler et al., 1956). Invariably, the membrane potential in the resting state or “resting potential” (RP), in all living cells has a negative value expressed as a difference using the bath as the “ground” reference (for example, a neuron RP ranges from −70 to −90 mV). Ion channels transport ions down their concentration gradient, from areas of high to low abundance, generating ion currents that determine, and regulate membrane potential (Hille, 2001; Tosti et al., 2013).

Using an intracellular microelectrode and a conventional extracellular ringer, the RP of mouse eggs was shown to vary depending on the mouse strain (~ −14 to −20 mV). The membrane showed permeability to K+ and Na+, however, one needs to consider the possibility that these conductances may be affected by damage to the eggs by the electrode impalement procedure (Powers and Tupper, 1974; Hagiwara and Jaffe, 1979). The development of the patch-clamp technique changed the landscape relating to accuracy in data acquisition, allowing the mouse egg's RP and ion channel activity to be measured with minimal damage to the cell (Hamill et al., 1981). Conventional voltage-clamp and patch-clamp measurements indicate that in mouse eggs, the RP ranges between ~ −30 and −50 mV depending on the composition of the extracellular media (Igusa et al., 1983; Peres, 1986; Bernhardt et al., 2015). Using the same methodology, Maeno described a fundamental difference between the action potential of a nerve or muscle cell and the ones measured from oocytes and eggs from the toad. During egg activation, changes in membrane potential were caused by an increased permeability to Cl− ions, whereas action potentials of neurons and muscle cells were driven by changes in Na+ and K+ conductances (Maeno, 1959). Electrophysiology is the most direct approach to study ion channels and allows direct characterization of these proteins in oocytes and eggs. Below, we describe the properties of ion channels that have been implicated in oocyte maturation and fertilization.

XENOPUS VS. MAMMALIAN OOCYTES: COMPARISON OF ION CHANNEL EXPRESSION AND FUNCTION

The fluxes of ions during oocyte maturation and at fertilization are mediated by ion channels, transporters and pumps. Most of them localize at the PM; however, intra and intercellular channels are also fundamental players supporting cellular processes. Ca2+ is the main signal underlying oocyte maturation and egg activation. Transport of Ca2+ through ion channels have been recognized as critical step, for example, to assure egg activation. In this section ion channels expressed in Xenopus and mammalian oocytes and eggs will be reviewed. Due to the fundamental role of Ca2+ in reproduction, we will focus on Ca2+ channels and Ca2+ modulated channels.

Ca2+ Signaling

Ca2+ is a universal second messenger that is fundamental to cellular signaling and homeostasis (Berridge, 2005; Clapham, 2007). The ionic nature of Ca2+ makes it unique among second messengers. Agonist activation of particular receptor types triggers the transport of Ca2+ into the signaling compartment (the cytoplasm) through channels, transporters and/or pumps. Cells support Ca2+ signaling by maintaining low cytoplasmic Ca2+ levels at rest (~100 nM). During the rising phase of a Ca2+ signal, Ca2+ flows into the cytoplasm either from the endoplasmic reticulum (ER) which concentrates Ca2+ at 250–600 μM, or from the extracellular space, where Ca2+ concentrations are typically 1–2 mM (Clapham, 1995; Demaurex and Frieden, 2003). ER localized non-selective cation channels, typically IP3 Receptors (IP3R) or Ryanodine Receptors (RyR), mediate Ca2+ release from the ER. Both IP3Rs, and RyRs have been detected in rodent oocytes (Miyazaki et al., 1992; Kline and Kline, 1994). Xenopus oocytes, in contrast, express only a single isoform of Ca2+ release channels, the type 1 IP3R (Parys et al., 1992; Parys and Bezprozvanny, 1995). Both mammals and Xenopus eggs require IP3-dependent Ca2+ release from the ER for egg activation at fertilization (Larabell and Nuccitelli, 1992; Miyazaki et al., 1992, 1993; Swann, 1992; Nuccitelli et al., 1993; Kline and Kline, 1994; Jones et al., 1995; Runft et al., 2002).

Ca2+ is the universal signal for egg activation at fertilization in all sexually reproducing species tested (Stricker, 1999; Whitaker, 2006). Thus, different species have evolved elaborate strategies to safeguard reproductive isolation. These include preventing the fusion of gametes from divergent species even if they are evolutionarily similar (Vieira and Miller, 2006). The versatility and diversity of Ca2+ in mediating a plethora of physiological responses make it an ideal second messenger to induce egg activation at fertilization. Ca2+ is able to signal across broad spatial (from the nm to cm scales) and temporal (μsec to h) ranges (Berridge et al., 2000). Ca2+ mediates cellular responses ranging from the rapid and localized like neurotransmitter release, to the slow and spatially spread out, such as the activation of development at fertilization.

Immature fully-grown vertebrate oocytes in the ovary are unable to support the egg-to-embryo transition. Eggs acquire the ability to be activated at fertilization during oocyte maturation. A major component of acquiring this competence is the remodeling of the Ca2+ signaling machinery, primarily the modulation of Ca2+ channels and transporters function during oocyte maturation. This has been best studied in Xenopus (Machaca, 2007) and mammalian oocytes, and will be reviewed briefly below.

Ca2+ Release

The frog egg is an exemplary model for the study of Ca2+ dependent egg activation processes including block to polyspermy and the release of metaphase II arrest to complete meiosis (Stricker, 1999; Runft et al., 2002; Whitaker, 2006). Immediately after sperm fusion, the Ca2+ transient activates Ca2+-activated Cl− channels (CaCC), resulting in membrane depolarization and the so called “fast electrical block to polyspermy” (Machaca et al., 2001). This is followed by cortical granule fusion which is also a Ca2+-dependent event. The cortical granule reaction results in modification of the egg extracellular matrix and a more permanent block to polyspermy (Grey et al., 1974; Wolf, 1974). Polyspermy block in mammals is hypothesized to occur through a similar Ca2+ evoked cortical granule release process (Abbott and Ducibella, 2001), in addition to other mechanisms.

Following the establishment of the polyspermy block, Ca2+ signaling then induces the egg to exit from metaphase II. The exit occurs by activating Ca2+-calmodulin-dependent protein kinase II (CaMKII) to start the egg activation processes (Lorca et al., 1993). CaMKII phosphorylates Emi2, an essential component of CSF (Schmidt et al., 2006). Emi2 is a direct inhibitor of APC. CaMKII-mediated degradation of Emi2 releases the oocyte from CSF-mediated metaphase II arrest, allowing anaphase II to proceed (Liu and Maller, 2005; Rauh et al., 2005; Tung et al., 2005). This activates the APC, leading to ubiquitination and degradation of Cyclin B. Degradation of Cyclin B, in turn, downregulates MPF activity and allows meiosis to reach completion (Morin et al., 1994). The fertilization-induced Ca2+ signal also activates the Ca2+-dependent phosphatase, calcineurin, which reinforces APC activation and the degradation of Cyclin B (Mochida and Hunt, 2007; Nishiyama et al., 2007). The Ca2+ transient induced by fertilization encodes sequential cellular rearrangements that are critical for egg activation.

IP3 Receptor

IP3 receptors (IP3R) are tetrameric channels with the structure of each subunit consisting of six transmembrane domains, a p-loop and a large cytoplasmic domain representing the bulk of the protein. They are non-selective cation channels that are Ca2+-permeant. Given the large Ca2+ gradient established across the ER membrane, IP3R gating results in Ca2+ release from intracellular ER Ca2+ stores (Parys and Bezprozvanny, 1995; Foskett et al., 2007). The IP3R has three isoforms, type 1, 2, and 3. All three isoforms are expressed in mammalian oocytes and eggs, with the type I isoform being the most dominant (Wakai et al., 2011). The IP3R is modulated by Ca2+ and IP3 and requires the binding of both for the conduction path to open (Taylor and Tovey, 2010). In most vertebrates, the IP3R is responsible for the fertilization-induced Ca2+ transient. In mammals, an initial first large Ca2+ transient is observed upon fertilization, similar to event observed in frog eggs. Unique to mammals however, are the multiple Ca2+ oscillations that follow this large transient, and last for several hours (Kline and Kline, 1992; Mohri et al., 2001). The phosphorylation of the IP3R was proposed to modulate Ca2+ fluxes from the ER. Initial theories proposed that phosphorylation impacted the activity of the IP3R during oocyte maturation by promoting Ca2+ transport at fertilization (Fujiwara et al., 1993; Mehlmann and Kline, 1994; Terasaki et al., 2001; Machaca, 2004; Zhang et al., 2015); (Table 1). In mouse IP3R, several serine/threonine residues have been identified as targets for phosphorylation during oocyte maturation (Westendorf et al., 1994). Cell cycle kinases such as mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase (ERK) and Cdk1 have been shown to phosphorylate the receptor (Bai et al., 2006; Lee et al., 2006; Zhang et al., 2015). Kinase motifs include the Cdk1 consensus sites [S421, T799, S2147] (Nigg, 1991; Malathi et al., 2003; Wakai et al., 2012) and the ERK site [S436] (Bai et al., 2006; Lee et al., 2006). In addition, several other kinases have been reported to phosphorylate the IP3R including protein kinase A (PKA, [S1589, S1755, and T930] Ferris et al., 1991; Haun et al., 2012; Xu and Yang, 2017), protein kinase G (PKG, same sites as PKA), protein kinase C (PKC, Vanderheyden et al., 2009) and protein kinase B (PKB or Akt, [S2681] Vanderheyden et al., 2009. Other kinases such as CaMKII and Rho kinases also mediate phosphorylation of the IP3R (Vanderheyden et al., 2009). Originally, it was suggested that phosphorylation modulates the function of the IP3R by sensitizing its release of Ca2+ at fertilization (Fujiwara et al., 1993; Mehlmann and Kline, 1994; Terasaki et al., 2001; Machaca, 2004; Zhang et al., 2015) (Table 1). In Xenopus, this sensitization was thought to be due to an increased affinity of the IP3R for IP3 (Machaca, 2004; Ullah et al., 2007). However, phosphorylation of the IP3R does not ultimately result in an increased affinity for IP3 (Sun et al., 2009). High constitutive PKA activity in the oocyte is required to maintain meiotic arrest, resulting in basal phosphorylation of IP3R PKA sites. This phosphorylation is unaltered during maturation (Sun et al., 2009). The IP3R is also phosphorylated at additional sites that match the MAPK and/or the Cdk1. Activation of MAPK or Cdk1 is required for sensitizing IP3-dependent Ca2+ release during oocyte maturation (Sun et al., 2009). The MAPK/Cdk1 consensus phosphorylation sites altered during oocyte maturation are T931, T1136, and T1145 (Sun et al., 2009). Surprisingly though, phosphorylation of the IP3R on at least one of those residues decreased its affinity to IP3 rather than the expected increase in affinity (Haun et al., 2012). This observation argues against phosphorylation being the primary driver of the increased sensitivity of the IP3R for IP3 observed during maturation. As it turns out, the mechanism is much more complex and elegant. The ER suffers dramatic remodeling that is dependent on the kinase cascades activated during maturation, in the process of “geometric sensitization” (Sun et al., 2011). The ER remodeling results in the formation of large patches of convoluted membranes highly enriched with IP3Rs orienting in close apposition to each other (Sun et al., 2011). IP3Rs within these ER patches exhibit a significantly enhanced sensitivity to IP3 compared to IP3Rs within the adjacent ER, despite the fact that IP3Rs exchange freely between the patches and adjacent ER (Sun et al., 2011). Thus, the sensitization of IP3Rs during oocyte maturation is due to ER remodeling, and the enhanced Ca2+-induced Ca2+ release evoked by the close apposition of IP3Rs (geometric sensitization) (Sun et al., 2011).


Table 1. Channel expression and function in Xenopus and mouse oocytes and eggs.
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Another Ca2+ transport protein, the PM Ca2+-ATPase (PMCA), is also modulated during oocyte maturation. In Xenopus oocytes, PMCA localizes to the PM where it contributes to Ca2+ extrusion. This activity supports the return of cytoplasmic Ca2+ concentration to baseline levels following a Ca2+ transient at fertilization (El Jouni et al., 2005, 2008). During oocyte maturation, the PMCA is removed from the PM through an internalization process that places them in an intracellular vesicular pool (El Jouni et al., 2005, 2008). PMCA internalization during meiosis is dependent on its N-terminal cytoplasmic domain and on MPF activation (El Jouni et al., 2008). Furthermore, several lines of evidence argue that PMCA internalization goes through a lipid-raft endocytic pathway (El Jouni et al., 2008).

Calcium Channels

Store-Operated Ca2+ Entry, SOCE

Ca2+ influx into cells is mediated by a diverse population of Ca2+ transport proteins exhibiting significant diversity in their gating and activation mechanisms. Ca2+ channels at the PM can be gated by voltage, ligand, second messengers, store depletion, or physically through protein-protein interactions. In vertebrate oocytes the predominant Ca2+ influx pathway appears to be through store-operated Ca2+ entry (SOCE). SOCE is directly regulated by the level of Ca2+ in intracellular ER stores (Kline and Kline, 1992; Hartzell, 1996; Machaca and Haun, 2000, 2002). Emptying of intracellular ER stores can be triggered using thapsigargin, an irreversible inhibitor of the sarcoplasmic reticulum/ER Ca-ATPase (SERCA). The pathway through which Ca2+ exits the ER into the cytoplasm following thapsigargin treatment has not yet been identified. Thapsigargin-induced depletion of the ER Ca2+ store activates the influx of extracellular Ca2+ into the cytoplasm of unfertilized eggs (Kline and Kline, 1992). When ER Ca2+ stores have been significantly depleted by the persistent presence of thapsigargin, sperm are no longer capable of triggering Ca2+ oscillations (Kline and Kline, 1992). Evidence that Ca2+ influx is essential for the maintenance of oscillations triggered by sperm was demonstrated by addition of BAPTA to the extracellular media. BAPTA is a membrane impermeable Ca2+ chelator which prevented the generation of oscillations by the sperm (Kline and Kline, 1992). Additionally, the frequency of Ca2+ oscillations can be modulated by changing the external concentration of Ca2+ (Shiina et al., 1993). Thus, extracellular Ca2+ is an important source to support Ca2+ oscillations.

SOCE or Ca2+ release-activated Ca2+ channels (CRAC), were first described in immune cells where they have been shown to be critical for their activation. Accordingly, defects in SOCE in humans are associated with severe immunodeficiencies (Bogeski et al., 2010). SOCE is mediated through the interactions of ER Ca2+ sensors, stromal interaction molecule (STIM), with ORAI ion channels at the PM. STIM proteins cluster in the ER following store depletion, localizing to ER-PM junctions where they physically recruit and interact with ORAI proteins to gate their pore open (Lewis, 1999). ORAIs are 4 pass transmembrane proteins that form highly Ca2+-selective channels (Prakriya et al., 2006; Vig et al., 2006). STIM has two homologs: STIM 1 and 2; and ORAI has three family members, ORAI1, 2 and 3 (Shim et al., 2015).

During Xenopus oocyte maturation, SOCE is completely inactivated (Machaca and Haun, 2000). This inactivation is essential for the remodeling of Ca2+ signaling pathways to enable the generation of the specialized fertilization-specific Ca2+ transient that encodes the egg-to-embryo transition (Machaca, 2007; Nader et al., 2013) (Table 1). As discussed above, this Ca2+ signal at fertilization is the spark that induces egg activation (Fontanilla and Nuccitelli, 1998). Xenopus oocyte SOCE downregulation may represent a safety mechanism to prevent premature activation due to spontaneous Ca2+ influx. Xenopus eggs are ovulated in pond water of uncontrolled ionic content. Indeed, all ionic currents across the egg PM tend to be downregulated, with the exception of the Ca2+-activated Cl channels which are required for the block to polyspermy as discussed below (Nader et al., 2013).

The mechanisms governing SOCE inhibition during Xenopus oocyte maturation have been studied in detail. The activation of MPF is required for SOCE inhibition during maturation (Machaca and Haun, 2002). This results in the internalization of ORAI1 into a Rab5-positive endosomal compartment through a caveolin and dynamin-dependent endocytic pathway (Yu et al., 2009, 2010). STIM1 does maintain its ability to interact with ORAI1 in Xenopus eggs, however, in mature eggs; ER store depletion does not lead to STIM1 clustering. Clustering is a pre-requisite for STIM stabilization in the cortical ER (Yu et al., 2009). Although stim1 is phosphorylated during oocyte maturation, this phosphorylation does not modulate STIM1 function or its inhibition during meiosis. Mutant STIM proteins that cannot be phosphorylated are unable to rescue SOCE downregulation in Xenopus eggs, even when co-expressed with an Orai1 mutant that cannot be internalized (Yu et al., 2009; 2010).

Expression of SOCE components in mammals has been shown at the mRNA levels as well as by immunocytochemistry and western blotting in mouse oocytes (Gomez-Fernandez et al., 2009; Cheon et al., 2013) and porcine eggs (Koh et al., 2009; Wang et al., 2012). However, in some cases, the specificity of the antibodies used requires additional confirmation. Further, the function of SOCE during mouse fertilization remains controversial and may play a minor role. In a MII egg study, STIM1 was found to form discrete patches co-localizing with an ER marker prior to fertilization. This organization changed following Ca2+ depletion showing high co-localization with ORAI1. Thus, a role for SOCE in Ca2+ signaling during fertilization was suggested (Gomez-Fernandez et al., 2009, 2012). However, the size of the large STIM patches observed in these studies was not consistent with the patch size noted in other cells. In addition, specific inhibitors of SOCE did not disrupt Ca2+ oscillations induced by fertilization (Miao et al., 2012; Carvacho et al., 2013). Finally, experiments tracking the expression of exogenously-tagged STIM1 and ORAI1 proteins found that SOCE downregulation during oocyte maturation was mainly due to reorganization of STIM and an internalization of ORAI1 (Cheon et al., 2013; Lee et al., 2013) (Table 1 and Figure 1).
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FIGURE 1. Schematic representation of the Ca2+ channels reported to be expressed in GV stage, MII, and 2-cell embryo. GV, germinal vesicle.



One of the main issues regarding the functional expression of CRAC channels in mouse eggs is the lack of electrophysiological evidence. CRAC channels have a small unitary conductance such that at physiological concentration of Ca2+ (2 mM) the single channel conductance of CRAC channels is ≤ 9 fS, and at 20 mM Ca2+ it is 18–24 fS (McNally and Prakriya, 2012). Given the magnitude of the expected whole-cell current and the background currents in eggs, detection of CRAC channels activity would be technically challenging. Additionally, protocols to empty intracellular Ca2+ stores weaken the stability of the patch-clamp seal during electrophysiological measurements. Final confirmation that the function of STIM1 and ORAI1 are not required for fertilization and the egg-to-embryo transition came from the generation of oocyte-specific knockout mouse line for Stim1/2 and the study of the global KO for Orai1 (Vig et al., 2008). These lines showed no fertility defects and the eggs showed a normal pattern of Ca2+ oscillations at fertilization (Bernhardt et al., 2017).

There are reports that SOCE in some cell types can be mediated by interaction between STIM1 and members of the Transient Receptor Potential (TRP) channel family, particularly from the TRP canonical (TRPC) subfamily (Zeng et al., 2008; Yuan et al., 2009). TRPCs channels have been proposed to interact with STIM1 and act as store-operated channels. TRPC can form complexes with ORAI, however, it has been shown that ORAI channels are functional in absence of TRPCs (Birnbaumer, 2015). Additionally, the heptaKO females for TRPCs (C1–C7) channels are fertile (Birnbaumer, 2015) and eggs from these animals showed normal Ca2+ oscillations (Bernhardt et al., 2017). These evidences rule out a role for TRPCs in Ca2+ influx. The fact that a Stim 1/2 KO mouse is fertile argues that SOCE is not essential for fertilization in this species or that there are redundant ionic pathways in the eggs able to refill the stores sufficiently even in the absence of SOCE. The latter scenario seems more attractive especially that SOCE is detectable by Ca2+ imaging in mouse eggs despite the fact that it is downregulated during oocyte maturation (Cheon et al., 2013; Lee et al., 2013). Despite the strong evidence against a role for STIM and ORAI at fertilization, their overexpression in mouse oocyte has been shown to disrupt early embryonic development (Lee et al., 2013). Thus, the regulation of Ca2+ influx during fertilization is critical for normal egg-to-embryo transition.

In pig eggs, the evidence that STIM1 plays a role in refilling intracellular Ca2+ stores and fertilization is more direct: knockdown of Stim1, using RNAi, abolished thapsigargin-induced Ca2+ influx (Koh et al., 2009), sperm-induced Ca2+ oscillations and affected embryo development (Lee et al., 2012). Manipulating the expression of Orai1 also had consequences on store-operated Ca2+ influx. Overexpression of Orai1 disrupted the oscillations triggered by fertilization. Downregulation of Orai1 abolished Ca2+ oscillations and diminished the rate of blastocyst formation (Wang et al., 2012; Machaty et al., 2017). Using FRET (Fluorescence Resonance Energy Transfer) it was shown that mVenus-Stim1 and mTurquoise2-Orai, constructs that were injected in eggs, interacted following a cyclic pattern in response to store depletion during sperm-induced Ca2+ oscillations (Zhang et al., 2018). This interaction suggests a role for SOCE during fertilization in pigs. Overexpression of proteins that accumulate at the PM or in its vicinity can cause non-specific effects on the function of channels. Therefore, electrophysiological detection of native CRAC current in these eggs will be necessary to confirm its functional expression and clarify its role in the early stage of development.

Voltage Gated Ca2+ Channels, CaV Channels

Voltage-gated Ca2+ (CaV) channels are transmembrane proteins that are organized in four domains (I–IV) with each domain having six transmembrane segments (S1–S6). CaV channels can be classified into two groups according to the voltage changes required for activation: high-voltage activated (HVA) channels and low-voltage activated (LVA). Cav 1.1–1.4 (L-type current) and Cav2.1–2.3 (P/Q, N, and R type) belong to the HVA group, while Cav3.1–3.3 (T-type current) to the LVA group. Between other functions, voltage-gated Ca2+ channels are responsible for initiation of synaptic transmission, hormone secretion, and excitation-contraction coupling (Hille, 2001; Catterall, 2011; Ramirez et al., 2017).

In 1977, using the voltage-clamp technique, an inward Ca2+current was described in mouse eggs. The recordings were done in 20 mM external Ca2+ and the inward current increased in response to depolarizing steps. The peak current was measured at ~ −15 mV and it showed a dramatic reduction at temperatures below 20° C. Replacement of external Ca2+ by Sr2+ or Ba2+ retained the biophysical characteristics of the channel. Sea urchin and tunicate eggs also showed an inward Ca2+current but with different inactivation time and permeability ratio than the one recorded in mouse eggs (Okamoto et al., 1977). In mouse eggs, using an improved set-up, the maximal current was at ~ −30 mV and its reversal potential was ~+50 mV (Peres, 1987). Similar characteristics were found using the patch-clamp technique (Kang et al., 2007; Bernhardt et al., 2015). Additional recordings of mouse ovarian oocytes using single-glass microelectrodes showed inward currents carried by monovalent cations. These currents were blocked by Ca2+ channel antagonists and were insensitive to tetrodotoxin (TTX), confirming the functional presence of Ca2+ channels before ovulation (Yoshida, 1983). After fertilization, the voltage-gated Ca2+ channel varies in magnitude but not in kinetics or selectivity (Yamashita, 1982; Day et al., 1998; Kang et al., 2007). Voltage-gated Ca2+ channels were also described in hamster (Georgiou et al., 1984) and bovine eggs (Tosti et al., 2000). Comparable voltage-gated channels were recorded in ascidians and mollusks (Gallo et al., 2013; Tosti et al., 2013). Later, biophysical characterizations of the CaV current in mouse eggs assigned it molecularly as a T-type 3.2, voltage-gated Ca2+ channel (Kang et al., 2007) (Table 1). Surprisingly, even when the T-type current is prominent in mouse eggs (peak reaches ~1.5 nA in MII eggs, in 2 mM Ca2+), mice null for this channel, Cacna1h−/− (Chen et al., 2003), showed only marginal subfertility (Bernhardt et al., 2015). These results suggest that the function of this channel may be to support Ca2+ influx during the germinal vesicle arrest (GV; Figure 1) and during maturation. CaV channels would then contribute to fill the intracellular ER Ca2+ stores (Figure 1) and maintain Ca2+ homeostasis in preparation for fertilization (Bernhardt et al., 2015).

Native CaV channels of an unspecified type are expressed in Xenopus oocyte. The conductance was smaller than most conductances recorded in these cells (Dascal et al., 1986). Their function remains unknown.

Transient Receptor Potential (TRP) Channels

The TRP channels are a family of cationic non-selective channels that are known as cellular sensors. TRP channels are modulated by common second messengers such as PIP2 and intracellular Ca2+ but also respond to more general stimuli such as temperature, pH and osmolarity, among others. TRP channels are tetramers where each subunit includes six transmembrane domains (S1–S6) and a p-loop that defines the channel pore (Wu et al., 2010).

TRP channels expression in mouse eggs have been recently validated, despite the fact that a temperature-dependent, outward current was reported in mouse eggs nearly 40 years ago (Okamoto et al., 1977). Confirmation of expression and function of TRP channels in mature eggs was accomplished using patch-clamp and Ca2+ imaging (Carvacho et al., 2013). The first TRP channel reported in eggs was TRPV3 channel. TRPV3 is a member of the vanilloid subfamily of the TRP family which is highly expressed in skin. TRPV3 is activated by stimuli such as temperature and plant-derivatives compounds (e.g., carvacrol and eugenol). Other traditional Ca2+ channel blockers such as 2-aminoethoxydiphenyl borate (2-APB) are also modulators of TRPV3 (Peier et al., 2002; Smith et al., 2002; Xu et al., 2002; Hu et al., 2004; Lee et al., 2016). TRPV3, similar to many other members of the TRP family can act downstream of G-protein coupled receptor activation (Yang and Zhu, 2014). In mouse eggs a combination of electrophysiological recording and using the agonist 2-APB showed that TRPV3 current is detectable in WT eggs but not in those from TprV3−/− animals (Carvacho et al., 2013). The current developed progressively during oocyte maturation, reaching the highest level in eggs at the MII stage. TRPV3 can mediate Ca2+ influx (Figure 1) which causes an intracellular Ca2+ rise capable of promoting parthenogenesis in ovulated eggs. Parthenogenesis and Ca2+ oscillations can be triggered artificially by incubation of the ovulated eggs in a strontium-containing media (Whittingham and Siracusa, 1978). TRPV3 channels are responsible for the influx of strontium (Sr2+) into eggs. Incubation of mouse eggs in Sr2+ containing media has been used for years to induce artificial activation. Sr2+-induced egg activation is a procedure that is widely used for animal cloning (Wakayama et al., 1998). Despite the expression of TRPV3 current in MII eggs, TrpV3−/− females are fertile (Cheng et al., 2010; Carvacho et al., 2013). These studies suggest the function of an additional channel mediating Ca2+ influx, or as discussed above, the concerted function of multiple redundant pathways to ensure proper egg activation. Consistently, a recent study showed the presence of the TrpV3 transcript in human oocytes. The TRPV3 agonists 2-APB and carvacrol were shown to promote egg activation suggesting functional expression of channels, despite the fact that Sr2+ fails to induce activation in human eggs (Lu et al., 2018). One explanation to these results could be that human TRPV3 channels display a different sequence of ion selectivity than mouse TRPV3. Alternatively, the level of localization of TRPV3 at the PM could be too low to allow sufficient Sr2+ to induce intracellular Ca2+ release. Direct assessments of functional expression of TRPV3 channels in human oocytes would help to solve differences between mouse and human eggs.

Recently, another member of the TRP channels family, TRPM7, was found to be expressed in mouse eggs. TRPM7 belongs to the subfamily of melastatin and exhibits a ubiquitous tissue distribution. Trpm7−/− global knock-out is embryonic lethal. Embryos Trpm7fl/fl (Cre-ER) derived from a tamoxifen-inducible (Cre-ER) transgenic line bred to Trpm7fl/fl died earlier than E14.5 (Jin et al., 2008, 2012). One possible interpretation of these results is that TRPM7 is expressed in eggs and/or embryos. Accordingly, a monovalent cationic outward current with the characteristics of a TRP channel was recorded in mouse TRPV3 KO eggs using whole cell patch clamp. The channel responds to TRPM7 agonists and blockers. TRPM7-like current was also detected in 2-cell stage embryos (Table 1 and Figure 1). The chemical suppression of the channel hours after fertilization reduced progression to the blastocyst stage, in agreement with a possible role of TRPM7 in pre-implantation embryo development (Carvacho et al., 2016). Using the same blocker (NS8593), Williams's group showed that eggs treated with NS8593 and fertilized in-vitro display impaired Ca2+ oscillations (Bernhardt et al., 2017). Future studies following the generation of an oocyte-specific KO for TRPM7 will provide more specific answers about the contribution of TRPM7 during fertilization and/or pre-implantation embryo development.

Expression of TRP channels have been reported in Xenopus oocytes. In contrast to mouse oocytes, Xenopus TRP channels seem to be inactive. TRPC1 protein was detected by western blot and immunolocalization, and it was suggested to underlie SOCE in Xenopus oocytes (Bobanovic et al., 1999). However, the function of the TRPC1 protein as channel is debatable (Wu et al., 2010). Using RT-PCR and western blot, a Xenopus homolog of TRPV5/6, xTRPV6, was found in Xenopus oocytes (Courjaret et al., 2013). xTRPV6 channel is not active at PM, although it has been suggested that its functional expression is modulated by interacting with TRPC1 (Schindl et al., 2012; Courjaret et al., 2013).

Chloride Channels

Ca2+-Activated Cl− Channels

The Xenopus egg is ~1.2 mm in diameter allowing ample membrane area for sperm entry. The slow fusion of cortical granules induced by the fertilization-specific Ca2+ signal and the time required for the released enzymes to modify the egg extracellular matrix are too long to prevent additional sperm from entering the egg after the first sperm-egg fusion event. Therefore, Xenopus eggs have evolved a fast electrical block to polyspermy that is dependent on the Ca2+-dependent gating of Ca2+-activated Cl− channels (CaCC) (Table 1). CaCC depolarize the cell membrane thus preventing additional sperm from fusing with the egg (Cross and Elinson, 1980; Jaffe et al., 1983). Interestingly, early studies have shown that simply incubating eggs in media with high Cl− or replacing Cl− with other anions such as I− or Br− lead to polyspermy (Bataillon, 1919; Grey et al., 1982). In retrospect, the effects of these ion substitutions on polyspermy are expected. CaCC induces membrane depolarization by conducting Cl− out of the cell, thus a high extracellular Cl− will inhibit Cl− efflux and membrane depolarization, promoting polyspermy.

CaCC-mediated currents are the predominant currents in Xenopus oocytes and are required to maintain the oocyte resting membrane potential (Kuruma and Hartzell, 2000). CaCC are encoded by TMEM16A also known as Anoctamin 1 or Ano1 (Schroeder et al., 2008; Yang et al., 2008). In Xenopus oocytes, CaCC interact with ERM proteins to regulate the length of microvilli and the membrane surface area (Courjaret et al., 2016; Table 1). CaCC are activated in response to the sperm-induced Ca2+ release at fertilization. CaCC activation and membrane depolarization can be replicated in the egg using different Ca2+ sources. Functional assays include pricking the egg and injecting Ca2+ or IP3 directly on the egg. Another alternative is treating the egg with Ca2+ ionophores (Wolf, 1974; Cross, 1981; Busa et al., 1985; Machaca et al., 2001).

CaCCs are also expressed in mouse embryos (Table 1). The trophic factor platelet activating factor, PAF (1-o-alkyl-2-acetyl-sn-glycerol-3-phosphocoline) has been shown to cause activation of a protein G coupled receptor, phospholipase C and phosphatidylinositol 3-kinase (PIK3). PAF induces transient increases in intracellular Ca2+, Ca2+ influx, and an anion-driven outward current. The outward current was blocked by niflumic acid (NFA), a selective inhibitor of CaCCs, confirming the identity of the channel. Treatment of 1-cell stage embryos with NFA significantly reduced development to blastocyst stage (Li et al., 2007, 2009), arguing a role for CaCC in early mammalian embryonic development.

Swell-Activated Cl− Channels and Transporters

The cell volume regulation is a process that is highly controlled during embryo development. The cell volume regulation is mediated by the activity of swell-activated Cl− channels, which are expressed and active in mouse eggs. Early mouse embryos express chloride channels that are permeable to organic osmolytes and whose expression was shown to be cell-cycle dependent (Kolajova et al., 2001) (Table 1). Mouse zygotes can recover from swelling by activating these channels to release intracellular osmolytes out of the cell. Swell-activated channels are active during meiotic maturation and until the 8-cell or morula stage (Seguin and Baltz, 1997; Kolajova et al., 2001). Nevertheless, later studies showed that regulation of cell volume in pre-implantation embryos is a more complex phenomenon that involves more than one type of channels. These include the Na+/H+ (NHE1) and the [image: image]/Cl− (AE2) exchangers (Baltz and Zhou, 2012). Remarkably, these exchangers are inactive during meiotic maturation and are activated after fertilization. Other proteins involved in cell volume regulation after ovulation include the GLTY1 glycine transporter (Steeves et al., 2003) and the betaine and proline SIT1 transporter. SIT1 transporter regulates the accumulation of the organic osmolyte betaine after fertilization and it is mostly active in the 1- and 2-cell stages, whereas GLTY1 seems to be functionally active until the 4-cell stage (Baltz and Zhou, 2012).

Potassium Channels

Ca2+ Activated Potassium Channels (K(Ca))

Ca2+-activated potassium channels (K(Ca)) are tetramers and each subunit has six or seven transmembrane domains. They are divided in three groups depending of their unitary conductance: Big conductance (BK), intermediate conductance (IK) and small conductance (SK). K(Ca) channels are ubiquitously expressed in nearly every vertebrate excitable cell (Hille, 2001).

Fertilization in hamster eggs is marked by hyperpolarization spikes (Miyazaki and Igusa, 1981) that were related with the activity of K(Ca) channels (Miyazaki and Igusa, 1982). The periodic hyperpolarizing pulses during fertilization reach to −70 to −80 mV from a resting potential of −30 mV. They were abolished by injection of the Ca2+ chelator EGTA into eggs, suggesting K(Ca) channels function (Georgiou et al., 1983; Igusa et al., 1983). The hyperpolarization responses after fertilization in mouse eggs are Ca2+ independent smaller in magnitude than those observed in hamster eggs. Thus, a different pool of channels activity during fertilization between the two species is suggested (Igusa et al., 1983).

Unfertilized human eggs showed hyperpolarization and increased basal current, following an injection of sperm factor, thimerosal (Homa and Swann, 1994), or in response to the Ca2+ ionophore A23187. Application of the ionophore in unfertilized eggs activated a bell-shaped current that was blocked by iberiotoxin, a selective blocker of BK channels. In agreement with K(Ca) current, preloading oocytes with EGTA inhibited the current triggered by microinjection of IP3. Therefore, the mechanism of hyperpolarization in human eggs seems to be similar to hamster eggs (Gianaroli et al., 1994; Dale et al., 1996).

Voltage-Gated Potassium Channels (KV)

In mouse eggs, a large conductance voltage-activated K+ current was reported in unfertilized eggs. This current is not modulated by cytosolic Ca2+ and its activity is linked to the cell cycle, being high in M/G1 and low in S/G2 (Day et al., 1993; Table 1).

Endogenous voltage-activated K+ currents, sensitive to Barium blockade, have been reported in Xenopus oocyte. However, their function and molecular identity remains elusive (Tokimasa and North, 1996).

Intercellular Channels: Connexins

Gap junctions are structures composed by intercellular channels which link the cytoplasm of adjacent cells and allow the exchange of metabolites, nutrients and signaling molecules. Gap junctions are aggregates of connexins (six) organized as large channels (connexons) between cells. In order to develop and mature, primordial oocytes need to establish direct cytoplasmic communication with the granulosa cells through gap junctions. In mice, the connexin responsible for the intercellular communication between oocytes and granulosa cells is connexin 37 (Cx37). The disruption of the gene encoding for Cx37 results in female infertility characterized by oocytes that fail to acquire meiotic competence and showed inappropriate formation of the corpora lutea. Ultimately, Cx37 KO females showed anovulation (Simon et al., 1997). Connexin 43 (Cx43) mediates interactions between granulosa cells and may be present in a minor fraction (if any) on the surface of oocytes. The absence of Cx43 in mice ovaries cause impaired postnatal folliculogenesis with failure to develop multiple layers of granulosa cells. Ovary-specific deletion of Cx43 gene generated oocytes that were morphologically abnormal and meiotically incompetent, therefore, cannot be fertilized (Ackert et al., 2001; Kidder and Mhawi, 2002). Connexin 26 (Cx26) has been linked to the implantation process, however, in mice, the specific deletion of the gene encoding Cx26 in the uterine epithelium did not shown any obvious impairment of implantation (Winterhager and Kidder, 2015). In human cumulus cells, the addition of endothelin-1 has been shown to downregulate Cx26, blocking the resumption of meiosis and promoting the germinal-vesicle stage (Cui et al., 2018).

CONCLUSIONS

From the brief overview of the regulation and function of ionic conductances during fertilization, the egg-to-embryo transition and early embryogenesis, it is clear that channels play a fundamental role in mediating these processes. In Xenopus oocytes, the regulation of various ion channels at the PM and the ER membrane have been well characterized and their relative contribution to fertilization are fairly well defined. In contrast, there remains much to be learned about mammalian systems. For example, here, we have revisited the channels responsible for the electrical blockade to polyspermy, well-characterized in Xenopus but controversial in mammalian oocytes. Currently, the scientific evidence shows that for mammalian eggs, the blockade of polyspermy must be a combination of mechanisms, including changes in the membrane potential, reorganization of proteins expressed at the PM and even intracellular re-arrangements (Bianchi and Wright, 2016).

Current evidence collectively argue that Ca2+ influx is critical to maintain Ca2+ oscillations which are required for egg activation (Kline and Kline, 1992). However, the molecular identity of the channel(s) supporting Ca2+ influx during oocyte maturation and fertilization remains a puzzle that needs to be solved. In this regard, it is interesting to notice that current knowledge argue against a fundamental role for TRP channels during oocyte maturation and fertilization in Xenopus oocyte (see Table 1). In contrast, in mammals, members of the TRP channel family have been suggested to mediate Ca2+ influx during egg-to-embryo transition. Four main channels have been proposed to support Ca2+ influx in the egg: ORAI1, TRPV3, Cav and TRPM7-like channels. Results obtained using genetically modified animals, argue against an essential role for ORAI, Cav and TRPV3 at fertilization. Assessment of the role of a TRPM7-like channel awaits the generation of an oocyte-specific KO for TRPM7. Additionally, the possibility of a redundant system needs to be addressed. Orchestrated functioning of channels to promote Ca2+ influx might be the way to assure egg activation. Fertilization is an essential process in the evolution and maintenance of any sexually reproducing species. Therefore, it is likely that mammals have evolved multiple redundant mechanisms to assure Ca2+ influx at fertilization. These need to be sufficient to refill the stores and maintain the Ca2+ oscillations for extended periods of time. Current evidence argues that the egg is agnostic regarding the specific molecular pathway that mediates Ca2+ influx as long as it is able to maintain Ca2+ oscillations. It should be noted, however, that this Ca2+ influx needs to be balanced since overexpression of channels mediating Ca2+ influx such as ORAI1 disrupts early embryonic development (Lee et al., 2013). In this regard, the generation of genetically modified animals where a combination of channels are KO would be an interesting model to study Ca2+ signaling in oocyte physiology.

Ca2+ signals are fundamental to activate eggs at fertilization and to support pre-implantation embryo development. Ca2+ also plays a role in completion but not in the initiation of meiosis. Ca2+ signaling depends on Ca2+ influx and Ca2+ release from intracellular reservoirs such as the ER. In most cells, including gametes, Ca2+ influx and Ca2+ release are mediated by ion channels, in addition to other proteins. Figure 1 summarizes the current model for functional Ca2+ channels activity at the PM of mouse oocytes, eggs and early embryos. At the GV stage, spontaneous Ca2+ oscillations might be controlled by TRPM7-like and CaV channels (Carvacho et al., 2016). In ovulated eggs, TRPV3 contributes to Ca2+ influx (Carvacho et al., 2013). Additionally, CaV channels have been proposed to play a role in fertilization-triggered Ca2+ oscillations. However, the contribution of Cav channels must be negligible, since no major differences in Ca2+ oscillations were observed between Cacna1h−/− and Cacna1h−/+ eggs (Bernhardt et al., 2015). After fertilization, pharmacological blockade of TRPM7-like channels suggest a fundamental role of the protein supporting Ca2+ oscillations and pre-implantation development (Carvacho et al., 2016; Bernhardt et al., 2017) (Figure 1). It was suggested that STIM and ORAI might mediate Ca2+ influx following store depletion in mouse GV oocytes. Mice lacking Stim1/2 and Orai1 did not show any difference in ER Ca2+ stores in comparison to WT oocytes (Bernhardt et al., 2017). Nevertheless, the expression of native ORAI proteins has been shown by western blot (Cheon et al., 2013), therefore, ORAI in GV oocytes has been added to the model. Besides the aforementioned channels, we cannot rule out possible contributions of yet unknown channels, thus, this possibility is also indicated (channel X, Figure 1). Furthermore, one needs to interpret the KO studies with caution as they do not replicate the normal physiological state despite the fact that currently they provide the best tool available to directly assess the role of such channels. The KO of a channel in the oocyte is likely to remodel the expression and/or activity of other channels and/or transporters during oocyte growth and development using a feedback mechanism to ensure appropriate ionic and cellular homeostasis. As such phenotypes observed from mouse KO studies may not reflect the normal physiological state, despite the fact that they would conclusively define the absolute requirement for a particular gene. In that context, current data collectively argue that Ca2+ influx at fertilization in mammals is not mediated by rather multiple redundant pathways.

Studying ion channels in gametes remains technically challenging compared to somatic cells. Due to specialized biology of the gametes, researchers face difficulties in manipulating expression and controlling maternal effects. Different model systems are more amenable to certain experimental approaches than others. For example, given the large size of the oocyte, the Xenopus system is ideally suited for expression, imaging and biochemical analysis. However, these advantages create a challenge to visualize changes that occur deep in the oocyte. In that context, mammalian oocytes are more advantageous but are of limited use for detailed biochemical analysis. Therefore, a comparative approach building on knowledge from different systems is useful, as long as one remain cognizant of the need of individual species to evolve distinct mechanisms to maintain reproductive isolation.
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After leaving the testis, sperm undergo two sequential maturational processes before acquiring fertilizing capacity: sperm maturation in the male epididymis, and sperm capacitation in the female reproductive tract. During their transit through the epididymis, sperm experience several maturational changes; the acquisition of motility is one of them. The molecular basis of the regulation of this process is still not fully understood. Sperm are both transcriptionally and translationally silent, therefore post-translational modifications are essential to regulate their function. The post-translational modification by the addition of O-linked β-N-acetylglucosamine (O-GlcNAc) can act as a counterpart of phosphorylation in different cellular processes. Therefore, our work was aimed to characterize the O-GlcNAcylation system in the male reproductive tract and the occurrence of this phenomenon during sperm maturation. Our results indicate that O-GlcNAc transferase (OGT), the enzyme responsible for O-GlcNAcylation, is present in the testis, epididymis and immature caput sperm. Its presence is significantly reduced in mature cauda sperm. Consistently, caput sperm display high levels of O-GlcNAcylation when compared to mature cauda sperm, where it is mostly absent. Our results indicate that the modulation of O-GlcNAcylation takes place during sperm maturation and suggest a role for this post-translational modification in this process.
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INTRODUCTION

Mammalian fertilization is a complex process in which a spermatozoon fuses with an MII-arrested oocyte to form a new individual (Yanagimachi, 1994). The dynamic interactions that occur during fertilization depend on the proper function of gametes. Sperm are produced in the testis and released into the epididymis, where they undergo a post-testicular maturational process known as maturation (Eddy, 2006; Gervasi and Visconti, 2017 and references therein). The epididymis is an organ formed by a convoluted tubule that extends from the testis to the vas deferens. The mouse epididymis is anatomically organized into four regions known as initial segment, caput, corpus and cauda (Breton et al., 2016; Domeniconi et al., 2016). During epididymal maturation sperm migrate from the initial segment toward the cauda region, where they are stored until ejaculation occurs. It is known that immature caput sperm are immotile and unable to fertilize (Gervasi and Visconti, 2017).

Conversely, mature cauda sperm are progressively motile and acquire their fertilization competence after a process of capacitation in the female reproductive tract (Gervasi and Visconti, 2016). The acquisition of progressive motility during epididymal maturation has been linked to inactivation of both, the glycogen synthase kinase 3 (GSK3) and the serine/threonine protein phosphatase 1 gamma (PP1γ) (Vijayaraghavan et al., 1996; Somanath et al., 2004; Bhattacharjee et al., 2018). The Wnt signaling pathway has been recently proposed as a new molecular player involved in sperm maturation (Koch et al., 2015). In addition, the regulation of lipid mediators from the endocannabinoid system has been related to sperm acquisition of motility during maturation. A gradient of the endocannabinoid 2-arachidonoylglycerol (2-AG) in the epididymis prevents activation of motility in caput sperm through activation of cannabinoid receptor 1 (CB1) (Ricci et al., 2007; Cobellis et al., 2010). In human sperm, 2-AG inhibits the sperm calcium channel (CatSper), and its degradation allows calcium influx and activation of sperm motility (Miller et al., 2016). Despite the advances in this field of study, the mechanisms by which immature sperm acquire progressive motility and the ability to capacitate when incubated in proper conditions remain largely unknown.

The unique nature of sperm cells being transcriptionally and translationally silent (Diez-Sanchez et al., 2003) has led researchers to investigate post-translational modifications as key regulators of sperm function. Phosphorylation events, either in serine/threonine or in tyrosine residues, have been related to both, sperm maturation and capacitation (Buffone et al., 2014; Dacheux and Dacheux, 2014). Incubation of cauda sperm in a capacitation media supplemented with [image: image] and BSA induces a rapid activation of protein kinase A (PKA) which phosphorylates several substrates in serine/threonine residues (Visconti et al., 1997; Wertheimer et al., 2013). This massive phosphorylation event is followed by an increase of protein phosphorylation in tyrosine residues that leads to acquisition of fertilization competence (Visconti et al., 1995a,b). Interestingly, tyrosine phosphorylation is not attainable in immature caput sperm regardless of the supporting media (Visconti et al., 1995a) even after the addition of permeable cAMP agonists.

In recent years, the addition of O-linked β-N-Acetylglucosamine (O-GlcNAc) to proteins in serine or threonine residues has been described as a new post-translational modification in various cellular types (Yang and Qian, 2017). Contrary to phosphorylation, mediated by several families of kinases and phosphatases, the turnover of O-GlcNAc is tightly regulated by only two well-conserved enzymes: uridine diphospho-N-acetylglucosamine:polypeptide β-N-acetylglucosaminyl transferase (O-GlcNAc transferase, OGT) and β-D-N-acetylglucosaminidase (O-GlcNAcase, OGA) (Hu et al., 2010). OGT is the enzyme that transfers O-GlcNAc from the donor substrate UDP-glucosamine to serine/threonine residues of proteins, and OGA is the enzyme that hydrolyzes this modification (Hart et al., 2007). It has been shown by generation of a knock-out mouse line that OGT is required for mouse embryonic development (Shafi et al., 2000), and by conditional mutagenesis, that OGT is essential for somatic cell function (O'Donnell et al., 2004). Generation of an OGA conditional knock-out model indicated that this enzyme is critical to maintain metabolic homeostasis and, animals lacking OGA died shortly after birth (Keembiyehetty et al., 2015). The interplay between O-GlcNAcylation and protein phosphorylation has been proposed as a mechanism that regulates cellular homeostasis with several levels of complexity (Hart et al., 2007; Mishra et al., 2011; Yang and Qian, 2017). In addition, it has been shown that OGT forms functional complexes with PP1γ in the brain (Wells et al., 2004). Considering that PP1γ activity is regulated during epididymal maturation (Vijayaraghavan et al., 1996), the interplay between O-GlcNAcylation and phosphorylation could be part of the mechanism by which caput sperm acquire progressive motility during their transit through the epididymis. There is still no evidence of the presence of this post-translational modification in sperm. Therefore, the aim of this work was first to characterize the O-GlcNAc system in male reproductive tissues; and second, to investigate the extent by which this post-translational modification is regulated in sperm during epididymal maturation. We report here that both, the transferase and the post-translational modification, are present in testis, epididymis, and sperm cells. The levels of O-GlcNAc were found to decrease in sperm during epididymal maturation. In addition, OGT and O-GlcNAcylated proteins also showed differences in their localization when sperm recovered from the caput and the cauda regions were compared. Altogether, these results indicate that sperm O-GlcNAcylation is regulated during mouse sperm maturation and suggest a functional role for this post-translational modification.

RESULTS

Characterization of O-GlcNAcylation in Mouse Testis

The protein OGT (Uniprot ref # Q8CGY8, IUPAC EC 2.4.1.255) is encoded by the gene Ogt (ID: 108155). We used RT-PCR to compare the mRNA levels of the transferase OGT present in testis with the ones expressed in other tissues. OGT mRNA was found to be expressed in adult mouse brain, liver, kidney, heart, and testis (Figure 1A). The RT-PCR analyses at various postnatal ages indicated that OGT expression levels did not variate between testes that present cells at diverse gametogenic stages (Figure 1B). Because other testicular cell types could be expressing OGT, In-situ hybridization experiments were performed to complement the RT-PCR results. In-situ hybridization results indicated that OGT transcripts are present in all germ cell types in the adult male testis (Figure 1C). As a negative control, mouse testes were incubated with a sense probe and no staining was observed (Figure 1D).


[image: image]

FIGURE 1. OGT expression in mouse testis. (A) Analysis of OGT mRNA expression by RT-PCR in various adult mouse tissues: brain, lung, liver, kidney, spleen, testis, and heart. β-actin and eEF2 were used as loading control. N = 3 (B) Analysis of OGT mRNA expression by RT-PCR during post-natal testis development: 1 week-, 2 week-, 3 week-, 3.5 week-, 4 week-, 8 week-, and 7 month-old mice. β -actin and eEF2 were used as loading control. N = 3. (C) In-situ hybridization of OGT (anti-sense probe) in adult mouse testis. (D) Sense OGT probe used as negative control. Images are representative of three independent experiments. Scale bar = 100 μm.



The next step was to determine the presence of the protein OGT and of the post-translational modification O-GlcNAcylation in testis by Western blotting and immunofluorescence. Our results showed that both, a ~110 KDa band corresponding to OGT (Figure 2A), and a band corresponding to an O-GlcNAcylated protein (Figure 2B) were present in mouse testis extracts. OGT was found in all germ cell types during spermatogenesis (Figure 2C). In addition, the localization of O-GlcNAcylated proteins was also observed in all germ cell types within the testis with high intensity in the sperm flagella (Figure 2D). These results indicate that OGT is present in mouse testis, and that O-GlcNAcylation of testicular proteins occurs during all the phases of spermatogenesis. Negative controls showed some levels of unspecific fluorescence in the connective tissue with undetectable unspecific signal within the seminiferous tubules (Figures 2C,D lower panel).
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FIGURE 2. OGT and O-GlcNAcylated proteins in mouse testis. (A) Western blotting analysis of OGT in adult testis. Rat brain was used as positive control. Membrane stripping and re-probing with anti-tubulin antibody was used as loading control. N = 4 (B) Western blotting analysis of O-GlcNAcylated proteins (anti-O-GlcNAc antibody, clone CTD110.6) in adult testis. Rat brain was used as positive control. Membrane stripping and re-probing with anti-tubulin antibody was used as loading control. N = 4 (C) Immunofluorescence analysis indicating OGT localization in adult testis (upper panel). OGT signal merged with Hoechst nuclear staining (medium panel). Negative control was performed by incubation with secondary antibody alone (lower panel). N = 3 (D) Immunofluorescence analysis indicating O-GlcNAc (anti-O-GlcNAc antibody, clone CTD110.6) localization in adult testis. Arrowhead indicates the sperm flagella. O-GlcNAc staining merged with Hoechst nuclear staining (medium panel). Negative control was performed by incubation with secondary antibody alone (lower panel). Images are representative of three independent experiments. Scale bar = 100 μm.



O-GlcNAcylation in Mouse Epididymal Sperm

After leaving the testis, sperm undergo maturation as part of their transit from the caput to the cauda epididymis. Similar to testicular sperm, OGT is present in caput sperm. However, the amount of OGT was significantly decreased in cauda sperm (Figures 3A,B). Besides the predicted ~110 KDa protein detected by the anti-OGT antibody, a second band at ~60 KDa was recognized. This could be a product of OGT degradation. In addition, caput sperm contained high levels of O-GlcNAcylated proteins and this post-translational modification was significantly reduced in cauda spermatozoa (Figures 3C,D). Similar differences in protein O-GlcNAcylation between caput and cauda sperm were found when an alternative specific O-GlcNAc antibody (clone RL2) was used for immunodetection (Supplementary Figure 1A).
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FIGURE 3. Protein analyses of OGT and post-translational modifications in epididymal sperm. Sperm were collected from caput or cauda epididymis and proteins were extracted and separated by SDS-PAGE. (A) Western blotting of OGT from unwashed collection of caput and cauda sperm. Membranes were stripped and re-probed with anti-tubulin antibody to evaluate equal loading. N = 4 (B) Graph indicating the optical densitometry ratio between OGT and tubulin. Statistical significance between groups is indicated, **p < 0.01. (C) Western blotting of O-GlcNAcylated proteins (anti-O-GlcNAc antibody, clone CTD110.6) from unwashed collection of caput and cauda sperm. Membranes were stripped and re-probed with anti-tubulin antibody to evaluate equal loading. N = 4 (D) Graph indicating the optical densitometry ratio between O-GlcNAcylated proteins and tubulin. Statistical significance between groups is indicated, *p < 0.05. (E) Western blotting of OGT from Percoll-washed caput and cauda sperm. Membrane stripping and re-probing with tubulin antibody was used as loading control. N = 3. (F) Graph indicating the optical densitometry ratio between OGT and tubulin. Statistical significance between groups is indicated, *p < 0.05. (G) Western blotting of O-GlcNAcylated proteins (anti-O-GlcNAc antibody, clone CTD110.6) in Percoll-washed caput and cauda sperm. Membranes were stripped and re-probed with anti-tubulin antibody to evaluate equal loading. N = 3. (H) Graph indicating the optical densitometry ratio between O-GlcNAcylated proteins and tubulin. Statistical significance between groups is indicated, *p < 0.05. (I) Western blotting of tyrosine phosphorylation (PY) after 60-min-capacitation of unwashed caput and cauda sperm. Membranes were stripped and re-probed with anti-tubulin antibody to evaluate equal loading. N = 4 (J) Graph indicating the optical densitometry ratio between PY and tubulin. Statistical significance between groups is indicated, *p < 0.05. (K) Western blotting of phosphorylated protein kinase A substrates (pPKA substrates) after 60-min-capacitation of unwashed caput and cauda sperm. Membranes were stripped and re-probed with anti-tubulin antibody to evaluate equal loading. N = 4 (L) Graph indicating the optical densitometry ratio between p-PKA and tubulin. Statistical significance between groups is indicated, *p < 0.05.



Contrary to cauda sperm collection resulting in almost pure sperm populations, caput sperm suspensions typically contain other cell types and debris. Therefore, to assure that the OGT and O-GlcNAc signals were of sperm origin, each of the sperm samples obtained from caput and cauda were purified using a Percoll wash as explained in the methods section. Western blotting of Percoll-washed sperm also indicated higher levels of OGT (Figures 3E,F) and O-GlcNAc modification (Figures 3G,H) in sperm from caput epididymis when compared to those from cauda.

O-GlcNAc modifications occur in serine/threonine amino acids and have been postulated to block phosphorylation of these residues and consequently counteract phosphorylation pathways (Hu et al., 2010). Contrary to cauda sperm, caput sperm are not capable to undergo capacitation-induced increase in tyrosine phosphorylation (Visconti et al., 1995a). Our current observations confirmed those findings (Figures 3I,J). Although O-GlcNAc does not occur on tyrosine residues, tyrosine phosphorylation during cauda sperm capacitation is downstream of phosphorylation cascades involving PKA, a serine/threonine kinase. Interestingly, PKA-dependent phosphorylation was also blocked in caput epididymal sperm (Figures 3K,L). Currently, because of the complex protein pattern of both PKA-dependent phosphorylation and O-GlcNAcylation, it is not possible to know the extent by which these post-translational modifications occur in the same proteins and residues.

Next, the localization of O-GlcNAcylated proteins in sperm recovered from caput and cauda epididymis was evaluated by immunofluorescence. Caput sperm presented O-GlcNAcylated proteins in the head and throughout the flagellum (Figure 4A), while in cauda sperm the signal was absent or restricted to the head region (Figure 4B). The different patterns found for O-GlcNAcylated proteins (head, flagellum or absent) were quantified, and the results indicated a significant difference between caput and cauda sperm (Figure 4C). The differential localization of O-GlcNAcylated proteins in caput and cauda sperm was also detected by immunofluorescence using the alternative O-GlcNAc specific antibody clone RL2 (Supplementary Figures 1B,C). These results are in agreement with the Western analyses, shown in Figure 3, and indicate that the levels of O-GlcNAcylation in sperm decrease during epididymal maturation.
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FIGURE 4. Localization of O-GlcNAcylated proteins and OGT in epididymal sperm by immunofluorescence. (A) Localization of O-GlcNAcylated proteins (O-GlcNAc, green) in sperm recovered from the caput region (left panel), scale bar 50 μm. DIC image of the same field of view (middle panel). O-GlcNAc inset (right panel), scale bar = 10 μm. (B) Localization of O-GlcNAcylated proteins (O-GlcNAc, green) in sperm recovered from the cauda region (left panel), scale bar = 50 μm. DIC image of the same field of view (middle panel). O-GlcNAc inset (right panel), scale bar = 10 μm. Arrowhead indicates the sperm head. (C) Quantification of O-GlcNAc immunofluorescences shown in (A,B). A total of 425 caput and 671 cauda sperm from six independent experiments were counted. Statistical significance between groups is indicated, *p < 0.05. (D) Localization of OGT (red) in sperm recovered from the caput region (right panel), scale bar = 50 μm. DIC image of the same field of view (middle panel). OGT inset (right panel), scale bar = 10 μm. (E) Localization of OGT (red) in sperm recovered from the cauda region (left panel), scale bar = 50 μm. DIC image of the same field of view (middle panel). OGT inset (right panel), scale bar = 10 μm. Arrowheads indicate the sperm head. (F) Quantification of OGT immunofluorescences shown in (D,E). A total of 350 caput and 915 cauda sperm from four independent experiments were counted. Statistical significance between groups is indicated, * p < 0.05.



As OGT is the only known enzyme that catalyzes the addition of O-GlcNAc to proteins, the localization of OGT was also evaluated. Coincidently with O-GlcNAc localization, OGT was found mainly localized to the flagellum of caput sperm (Figure 4D), while it was absent or restricted to the head of cauda sperm (Figure 4E). The differences in localization of OGT between caput and cauda sperm were quantified and the results show that a high percentage of cauda sperm have undetectable levels of OGT (Figure 4F). Overall, our results point to a decrease in the levels of protein O-GlcNAcylation during sperm maturation which is consistent with the loss of OGT during this process.

OGT and O-GlcNAcylated Proteins in Mouse Epididymis

Sperm maturation occurs in the male epididymis. Therefore, we investigated OGT and O-GlcNAc localization in the mouse epididymis by immunofluorescence. Caput epididymis presented high levels of OGT in the luminal epithelium and in the center of the tubules where the sperm cells are located (Figure 5A). In the cauda epididymal epithelium, low levels of OGT staining were found. Similar to the results shown above, OGT was lost in cauda spermatozoa (Figure 5B). When O-GlcNAc was evaluated in caput epididymis, this post-translational modification was absent from the epithelium and only localized to the center of the tubules where the sperm are located (Figure 5C). In contrast, the cauda epididymis showed O-GlcNAcylated proteins in the epithelium, suggesting that this pathway remains partially active in these cells. No O-GlcNAcylation signal was detected in cauda sperm (Figure 5D). Negative controls displayed some unspecific background in the connective tissue but neither in sperm nor in the epididymal epithelium. Altogether, these data indicate that there is a differential localization of OGT and the occurrence of O-GlcNAcylation between caput and cauda epididymis. In addition, these results support our findings indicating that O-GlcNAc is regulated in sperm during epididymal maturation.
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FIGURE 5. Localization of O-GlcNAcylated proteins and OGT in mouse epididymal tissue by immunofluorescence. (A) Localization of OGT (red) in caput epididymal sections (upper panel). OGT signal was merged with Hoechst nuclear staining (medium panel). Negative control was performed by incubation with secondary antibody alone (lower panel). (B) Localization of OGT (red) in cauda epididymal sections (upper panel). OGT signal merged with Hoechst nuclear staining (medium panel). Negative control was performed by incubation with secondary antibody alone (lower panel). (C) Localization of O-GlcNAcylated proteins (anti-O-GlcNAc antibody clone CTD110.6, green) in caput epididymal sections (upper panel). O-GlcNAc signal merged with Hoechst nuclear staining (medium panel). Negative control was performed by incubation with secondary antibody alone (lower panel). (D) Localization of O-GlcNAcylated proteins (anti-O-GlcNAc antibody clone CTD110.6, green) in cauda epididymal sections (upper panel). O-GlcNAc signal merged with Hoechst nuclear staining (medium panel). Negative control was performed by incubation with secondary antibody alone (lower panel). Images are representative of three independent experiments. Scale bars = 100 μm.



DISCUSSION

Several post-translational modifications have been shown to change in sperm during epididymal transit (Gervasi and Visconti, 2017). Being transcriptionally and translationally inactive, these changes are particularly relevant in sperm. The proteome is limited by a fixed number of genes, but protein functionality can be amplified by post-translational modifications that regulate cellular processes (Walsh et al., 2005). Phosphorylation, acetylation, methylation, and ubiquitylation can be found amongst the most widely studied protein modifications. In the last decades, O-GlcNAcylation of proteins in serine or threonine residues has emerged as a novel mechanism for protein regulation (Torres and Hart, 1984; Holt and Hart, 1986). This post-translational modification involves a unique glycosylation event in which a single O-linked β-N-acetylglucosamine (O-GlcNAc) moiety is actively transferred from the donor UDP-GlcNAc to a hydroxyl group of the recipient amino acid (Hart et al., 2007; Yang and Qian, 2017). OGT is the enzyme responsible for the transfer of O-GlcNAc to proteins (Haltiwanger et al., 1992), and OGA is the enzyme responsible for O-GlcNAc hydrolisys (Gao et al., 2001). The occurrence of O-GlcNAcylation in sperm and the male reproductive tract has not been previously reported. In the present work, we studied this novel system and evaluated its association to sperm maturation.

RT-PCR expression analyses indicated that OGT transcripts are found in the testis as well as in other mouse tissues. These results are in agreement with the OGT expression analysis conducted by Shafi and coworkers (Shafi et al., 2000). In addition, we found that the OGT mRNA and protein are present in all phases of spermatogenesis, and that O-GlcNAcylated proteins in the mouse testis are found in all germ cell types from spermatogonia to testicular sperm. These levels of O-GlcNAcylation suggest that this post-translational modification is functional during spermatogenesis.

During epididymal maturation, sperm undergo a series of changes at the molecular level that induce their ability to move progressively and the potential to become fertilization-competent after capacitation (Gervasi and Visconti, 2017). The molecular basis of sperm maturation is largely unknown. However, the inactivation of PP1γ is required for the acquisition of progressive motility in sperm (Vijayaraghavan et al., 1996, 2007). Interestingly, in the brain, the catalytic subunit of PP1γ forms functional complexes with OGT (Wells et al., 2004). Considering that PP1γ and OGT target serine/threonine sites of proteins, the reported elevated activity of PP1γ in caput sperm is consistent with the increased O-GlcNAcylation of proteins found.

Due to the impossibility of reproducing sperm maturation in in vitro models, the study of this process relies on the comparison between sperm recovered from caput and cauda regions. It has been proposed that in caput sperm PP1γ remains active by indirect action of GSK3 (Vijayaraghavan et al., 1996) and, that during epididymal maturation, GSK3 is inactivated by phosphorylation in serine residues. The latter is indicated by the increase in phosphorylated GSK3 in cauda sperm when compared with caput (Somanath et al., 2004). Several protein kinases have been proposed to phosphorylate and inactivate GSK3, Akt being one of them (Vadnais et al., 2013). In addition, it has been shown that Akt undergoes O-GlcNAcylation in other cell types (Vosseller et al., 2002), and that this post-translational modification decreases Akt activity (Wang et al., 2012). Interestingly, we found decreased levels of O-GlcNAcylated proteins in mature cauda sperm. One possible mechanism for the acquisition of sperm motility in cauda sperm is an increase of Akt activity due to decreased Akt O-GlcNAcylation. Further experiments are needed to test this hypothesis.

After gaining basal motility, when mature cauda sperm are exposed to capacitation conditions, a cascade of signaling events that leads to acquisition of sperm fertilization ability is activated (Gervasi and Visconti, 2016). Fast activation of PKA and phosphorylation of PKA substrates is followed by a later increase in tyrosine phosphorylation (Visconti, 2009). Contrary to mature cauda sperm, immature caput sperm are unable to undergo phosphorylation on tyrosine residues when incubated in conditions that support capacitation (Visconti et al., 1995a). In the present work, we confirmed that immature caput sperm are not able to display an increase in tyrosine phosphorylation. In addition, we found that PKA-dependent phosphorylation is also decreased in caput sperm when compared to mature sperm. PKA phosphorylates its substrates in serine/threonine residues; therefore, there is a possible competition for these sites between PKA and OGT. Localization of the catalytic subunit of PKA to the sperm flagellum in mature sperm (Wertheimer et al., 2013) coincides with the localization of OGT found in immature caput sperm. Then, OGT could be targeting PKA substrates and preventing their phosphorylation by catalyzing O-GlcNAcylation of the available amino acid residues. In this sense, caput OGT induces O-GlcNAcylation of proteins in caput sperm, and therefore might be preventing phosphorylation of PKA substrates and the activation of the sperm capacitation pathway that triggers the acquisition of fertilization competence. Consistent with this hypothesis, we found the OGT enzyme is mostly absent from cauda sperm, and the levels of O-GlcNAcylated proteins were greatly reduced. This would increase the availability of sites for PKA phosphorylation and activation of the capacitation pathway when sperm are exposed to the proper stimuli.

Differential gene expression and luminal concentrations of ions and endocannabinoids in the different regions of the segmented epididymis are essential to coordinate sperm maturation (Cobellis et al., 2010; Belleannée et al., 2012a,b; Björkgren et al., 2015). Therefore, the differential expression of the O-GlcNAc transferase OGT found between caput and cauda luminal epithelium is consistent with a functional difference of these epididymal regions. The mechanisms by which OGT is lost from sperm during epididymal transit is still unknown. Most reports indicate that proteins are incorporated to sperm during maturation (reviewed in Gervasi and Visconti, 2017), however the protein dicarbonyl L-xylulose reductase (DCXR) has been reported to be selectively removed from bovine sperm during maturation (Akintayo et al., 2015). Our data suggest that OGT is lost from the sperm flagellum during transit through the epididymis, and further investigations are necessary to determine whether it is due to the specific degradation of this transferase.

Protein O-GlcNAcylation is regulated by the fine-tuned activity of the enzymes OGT and OGA (Hart et al., 2007). The lack of either of these enzymes disrupts cell homeostasis and function (Shafi et al., 2000; O'Donnell et al., 2004; Keembiyehetty et al., 2015). Therefore, in addition to OGT, it is important to take into consideration the possible modulation of OGA during sperm maturation. Future investigations regarding OGA are required to fulfill this need.

The present study introduces O-GlcNAcylation as a novel molecular player that participates in epididymal sperm maturation. The drastic changes in O-GlcNAcylation of spermatic proteins during maturation could be part of the still unknown molecular mechanisms that regulate the acquisition of fertilization competence. A model illustrating the incorporation of OGT and O-GlcNAc to the established pathways is presented in Figure 6. Our work raises further questions related to sperm maturation. More work is needed to investigate the possible interaction between OGT and PP1γ in immature sperm, and its connection to the acquisition of sperm motility.


[image: image]

FIGURE 6. Proposed model of putative molecular pathways involved in epididymal sperm maturation. (A) CAPUT: Glycogen synthase kinase 3 (GSK3) is active and phosphorylates protein inhibitor 2 (I2). Once phosphorylated, I2 is not able to bind to and inactivate the serine/threonine phosphatase PP1γ. OGT potentially interacts with PP1γ which would remove phosphates from serine/threonine residues and render them available for OGT. OGT catalyzes O-GlcNAcylation in serine/threonine residues of several proteins. This O-GlcNAcylation potentially blocks phosphorylation sites for protein kinase A (PKA). Caput sperm lack motility. (B) CAUDA: GSK3 is phosphorylated on serine residues and rendered inactive by an unidentified serine/threonine kinase. Among the proposed kinases involved in GSK3 phosphorylation and inactivation are PKA and RAC-alpha protein kinase (Akt). Due to GSK3 inactivation, protein I2 can no longer undergo phosphorylation and consequently binds to PP1γ, inactivating its catalytic activity. OGT is absent from cauda sperm and O-GlcNAcylation of proteins is lost. Then, serine/threonine sites are available for phosphorylation by PKA. Together, inactivation of PP1γ leads to the ability of the sperm cell to move progressively and PKA can phosphorylate its substrates when exposed to an appropriate medium. Note that the Wnt and 2-AG pathways mentioned in the introduction have been excluded from the schematic model with the goal of simplifying the understanding of the molecular pathways.



METHODS

Animals

Mouse sperm samples were collected from male CD1 retired breeders (Charles River Laboratories, Wilmington, MA, USA). Animal care and use of experimental animals was conducted in accordance with specific guidelines and standards dictated by the Office of Laboratory Animal Welfare (OLAW) and approved by the Institutional Animal Use and Care Committee (IACUC), University of Massachusetts-Amherst (Protocol #2016-0026).

Media

The non-capacitation medium used for sperm was Hepes-based, modified Toyoda-Yokoyama-Hosi (m-TYH) medium, consisting of (in millimolar): 119.37 NaCl, 4.78 KCl, 1.19 KH2PO4, 1.19 MgSO4, 5.56 glucose, 1.71 CaCl2, 20 HEPES, 0.51 Na-pyruvate, 10 μg/mL gentamicin, 0.0006 % phenol red at pH 7.2 to pH 7.4. Capacitating m-TYH was prepared by supplementing non-capacitation media with 25 mM NaHCO3 and 5 mg/mL of bovine serum albumin (BSA, Sigma cat # A0281, St. Louis, MO) to the m-TYH at pH 7.2 to 7.4.

Sperm Sample Collection

Caput epididymis sperm were obtained by squeezing the tissue in non-capacitating m-TYH media approximately 10–15 times. Cauda epididymis sperm were obtained by the “swim-out” method using the same non-capacitating m-TYH media. Briefly, cauda epididymides were dissected, and three incisions were made with fine scissors prior placing the tissue into 1 ml of m-TYH media. Sperm were allowed to swim-out for 10 min at 37°C, and then the epididymides were removed from the sperm suspension. In experiments in which phosphorylation by PKA and tyrosine phosphorylation was investigated, sperm were incubated for 60 min in capacitation media. Otherwise, sperm were used directly after recovery from tissue for further analysis.

Sperm Purification

Caput and cauda epididymal sperm were purified by modification of a method previously described (Vadnais et al., 2013). Briefly, samples were centrifuged at 600 × g for 20 min in a 35% Percoll (Sigma, cat # P1644, St. Louis, MO) in PBS column. After centrifugation, purified sperm found in the pellet were resuspended in PBS and centrifuged at 800 × g for 10 min at room temperature. The sperm pellets were resuspended in m-TYH and processed for Western blotting.

Reverse-Transcriptase-PCR (RT-PCR)

Tissues from adult male mice were collected: brain, lung, liver, spleen, kidney, heart, and testis (1-week to 8-month old); then homogenized and total RNA was extracted using High Pure RNA Isolation Kit (Roche, Indianapolis, IN). Total RNA concentration was validated and measured using a Nanodrop Spectrophotometer (BioDrop, Cambridge, UK). cDNA was synthesized from RNA samples using iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA) in 20 μL reaction volume. Starting amount of total RNA used was 500 ng. Reverse transcriptase PCR was performed with the following oligonucleotide primers: OGT (anti-sense: 5′-TAATACGACTCACTATAGGGTGTCACCTGCTGCTACCAAG- 3′); OGT (sense: 5′-TAATACGACTCACTATAGGGTTAGCTGAGTTGGCACATCG-3′); β-Actin (anti-sense: 5′-GACGATGCTCCCCGGGCTGTATTC-3′); β-Actin (sense: 5′- TCTCTTGCTCTGGGCCTCGTCACC-3′); eEF2 (sense: 5′-GCGTGCCAAGAAAGTAGAGG-3′); and eEF2 (anti-sense: 5′-GGGATGGTAAGTGGATGGTG-3′) (Integrated DNA Technologies). Amplifications were performed using Taq DNA polymerase enzyme master mix (Affimetrix, Santa Clara, CA). For OGT and β-Actin PCR were performed as follows: 98°C for 1 min (initial denaturation) and 35 cycles at 95°C for 30 s, 56°C for 30 s, 72°C for 30 s and 72°C for 2 min. For eEF2 PCR was performed as follows: 95°C for 2 min (initial denaturation) and 35 cycles at 95°C for 30 s, 55.2°C for 30 s, 72°C for 30 s and 72°C for 2 min. PCR products were separated on a 2% (w/v) agarose gel, stained with ethidium bromide and detected under UV light.

Tissue Collection and Preparation for Immunofluorescence

Mouse testis and epididymal tissue were dissected and fixed in 4% paraformaldehyde (EMS, Hatfield, PA) in PBS overnight at 4°C. Then, progressive dehydration was performed by incubation in increasing concentrations of methanol (25, 50, 75, and 100%), and tissues were left overnight in 100% methanol at −20°C. The following day, the tissues were incubated in 100% xylene for 1 h at room temperature, proceeded by a second replicate incubation of xylene and then an overnight incubation in paraffin at 37°C. Blocks of paraffin-embedded tissue were then prepared and left to harden at room temperature before storage at 4°C. Tissues were sectioned at 7–9 μm-thick slices, lifted onto Superfrost Plus positively charged glass slides (Fisherbrand, Waltham, MA) and left to dry at 37°C overnight before being stored at −20°C. Rehydration was performed by first incubation with 100% xylene for 15 min at room temperature, followed by a second 100% xylene incubation, followed by incubation in decreasing ethanol concentrations in (100, 95, and 70%).

In-situ Hybridization

Mouse testis sections were prepared and rehydrated as described above. Sections were then permeabilized with Proteinase-K for 13 min. After slides were washed three times for 5 min with PBS-T (0.1% Tween-20 in PBS prepared with DEPC-Water), fixation with 4% paraformaldehyde and 0.2% glutaraldehyde for 20 min at room temperature was performed. Then, slides were washed for 5 min with PBS-T. Sections were then incubated with pre-heated hybridization buffer (50% Formamide, 1% SDS, 5X SSC (3M NaCl, 0.3M Na2·Citrate2·H2O), 5μg/mL Heparin, 50 μg/mL Yeast tRNA) and placed into an air-tight incubation chamber for 1 h at 65°C. Followed, by incubation with hybridization buffer and 600 ng/μL of OGT sense or anti-sense probe in an air-tight incubation chamber for 16 h at 65°C. Slides were then incubated twice with a di-formamide solution (2% 5X SSC, 0.1% Tween-20) for 30 min at 65°C. Sections were then washed three times for 5 min at room temperature with 5 mg/mL of Levamisole in PBS-T, proceeded another three times for 15 min at room temperature with the same media. Sections were then blocked with fetal goat serum in 10% BM blocking reagent for 30 min at room temperature, preceded with anti-digoxigenin block (1:500) for 1 h at room temperature. Another set of washes with 5 mg/mL of Levamisole in PBS-T were performed as described before washing with NTMT media (0.1% Tween-20, 5 M NaCl, 1 M MgCl, 1 M Tris at pH 9.5) for 5 min at room temperature. Slides were then stained with BM-purple-AP substrate (Roche, Indianapolis, IN) until desired staining was achieved. Once stained, slides were washed with 0.5 M EDTA three times for 5 min at room temperature. Then, fixation with 4% paraformaldehyde and 0.2% glutaraldehyde for 20 min at room temperature was performed, followed by washes with increasing ethanol concentrations (70, 90, and 100%) before a final xylene wash for 10 min at room temperature. Slides were then mounted with Cytoseal-60 (Richard-Allan Scientific, San Diego, CA). Brightfield images were taken using a 20X objective (Nikon, PlanApo, NA 0.75) in an inverted microscope (Nikon Eclipse T300) equipped with a RGB illumination system and an Andor Zyla camera.

Whole Testis Protein Extraction

Whole testis samples were collected and homogenized in ice-cold RIPA buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 10% glycerol, 0.1% SDS, 1% Triton X-100, 0.5% deoxycholate) supplemented with 1X protease cocktail inhibitors (Roche, Indianapolis, IN), 20 mM β-glycerophosphate, 10 mM Na3VO4. Samples were then placed on ice and vortexed every 5 min for 30 min, followed by centrifugation at 10,000 × g for 5 min at 4°C. After centrifugation, supernatant was transferred to fresh tubes and protein determination was done by the Bradford method (Bradford, 1976). 100 μg of protein were re-suspended in SDS-sample buffer (Laemmli, 1970), supplemented with 5% β-mercaptoethanol, boiled for 4 min and loaded in 8% SDS/PAGE. Analysis of proteins by Western blotting was performed as mentioned below.

SDS/PAGE and Western Blotting

After collection, sperm were capacitated for 60 min in full capacitation m-TYH media (3.0 × 106 sperm per treatment). After capacitation, sperm were centrifuged at 12,100 × g for 2 min, washed in 600 μl of cold PBS, centrifuged at 12,100 × g for 3 min and re-suspended in SDS-sample buffer (Laemmli, 1970). Samples were supplemented with 5% β-mercaptoethanol and boiled for 4 min before loading into 8% SDS/PAGE gels. Proteins were then transferred to PVDF membranes, and blockage of nonspecific binding and incubation with primary antibodies were done as follows. For OGT and O-GlcNAc, PVDF membranes were incubated in 5% bovine serum albumin (BSA, Sigma cat # A7906, St. Louis, MO) in Tris-buffered saline with 0.01% Tween-20 (TBS-T) for 1 h at room temperature; Western blotting was carried out using the following dilution of O-GlcNAc monoclonal antibody (clone CTD110.6) 1:2,000 (Cell Signaling, cat # 9875, Danvers, MA), O-GlcNAc monoclonal antibody (clone RL2) 1:1,000 (ThermoFisher, cat # MA1-072, Rockford, IL), and OGT polyclonal antibody 1:1,000 (Cell Signaling, cat # 5368, Danvers, MA) in 1% BSA/TBS-T overnight at 4°C with slow rocking. For phosphorylated PKA substrates, PVDF membranes were blocked with 5% milk in TBS-T for 1 h at room temperature; Western blotting was carried out by using a dilution of anti-pPKA monoclonal antibody 1:10,000 (Cell Signaling, cat # 9624, Danvers, MA) in 1% BSA/TBS-T overnight at 4°C with slow rocking. For Tyrosine phosphorylated proteins, PVDF membranes were blocked with 20% fish gelatin (Sigma cat # G7765, St. Louis, MO) for 1 h at room temperature; Western blotting was carried out by using a dilution of anti-pY antibody 1:10,000 (Millipore, cat # 05-321, Burlington, MA) overnight at 4°C with slow rocking.

In all cases, after three washes with TBS-T, incubation with the corresponding HRP-conjugated anti-mouse or anti-rabbit secondary antibody (1:10,000, Jackson Immunoresearch Laboratories, West Grover, PA) in TBS-T was conducted for 1 h at room temperature. Equal protein loading was determined by stripping membranes and re-probing with anti-tubulin antibody (1:5,000, clone E7, Hybridoma Bank, University of Iowa). Membranes were developed by using an enhanced chemiluminescence detection kit (ECLprime, GE Healthcare, Pittsburg, PA).

Immunofluorescence

For mouse testis and epididymal tissue, samples were dehydrated, sectioned and rehydrated as described above for in-situ hybridization. Prior to staining, sections were treated with 1 % BSA in PBS-T blocking solution at 4°C overnight, followed by incubation with either O-GlcNAc clone CTD110.6 (1:100) or OGT antibody (1:100) in 1% BSA in T-PBS for 3 h in humidifier chamber at room temperature. Sections were then washed with PBS-T and incubated with the corresponding Alexa Fluo555-conjugated secondary antibody (1:1,000) diluted in 1% BSA in PBS-T for 3 h at room temperature; these solutions also contained Hoechst 33258 (1 μg/μl) for nuclear staining. After that, sections were washed three times for 5 min with PBS-T, and mounted using VectaShield (H-1000, Vector Laboratories, Burlingame, CA). Images were taken using a 20 × objective (Nikon, Plan Apo, NA 0.8) in a Nikon confocal Microscope.

For immunolocalization studies in epididymal sperm, samples were obtained as described above, and fixed in 4% paraformaldehyde (EMS, Hatfield, MA) in PBS for 10 min at room temperature. Sperm samples were centrifuged at 800 × g for 5 min, washed with PBS, and air-dried on Poly-L-Lysine-coated glass slides. Sperm were then permeabilized with 0.5% Triton X-100 in PBS for 5 min at room temperature and washed three times for 5 min with PBS and blocked with 10% BSA in PBS-T for 1 h at room temperature. After blocking, sperm were incubated with either O-GlcNAc antibody clone CTD110.6 (1:100), O-GlcNAc antibody clone RL2 (1:100) or OGT antibody (1:100) in 1% BSA in T-PBS over-night in humidifier chamber at 4°C. Following the incubation, sperm were washed with PBS-T and incubated with the corresponding Alexa Fluo555-conjugated secondary antibody (1:1,000) diluted in 1% BSA in PBS-T for 1 h at room temperature; these solutions also contained Alexa Fluo488-conjugated PNA (1:100) for staining of the mouse sperm acrosome and Hoechst 33258 (1 μg/μl) for nuclear staining. After that, samples were washed three times for 5 min with PBS-T and mounted as described above. Negative controls were run in parallel by incubation with secondary antibody alone. Images were taken using a 60 × objective (Nikon, PlanApo, NA 1.49) in a fluorescence microscope (Nikon Eclipse T300). Differential interference contrast (DIC) images were taken in parallel and served as control for sperm morphology.

Statistical Analysis

The software Infostat 2011 (www.infostat.com.ar) was used for the statistical analyses. Homogeneity of variances and normality were tested. Optical densitometry data comply with the parametric test requirements, then comparison between groups was performed by analysis of variance (ANOVA). When the ANOVA tests were significantly different between groups (P < 0.05), multiple comparisons were performed by Tukey's test. Immunofluorescence patterns frequency data were evaluated by non-parametric Kruskal-Wallis analyses. P-values P < 0.01 or P < 0.05 were considered significant as indicated in the Figure legends.
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Supplemental Figure 1. Protein analysis of post-translational modification using O-GlcNAc antibody clone RL2 in epididymal sperm. Protein extracts of sperm collected from caput or cauda epididymis were separated by SDS-PAGE. (A) Western blotting of O-GlcNAcylated proteins (antibody Anti-O-GlcNAc clone RL2) from unwashed collection of caput and cauda sperm. Membranes were stripped and re-probed with anti-tubulin antibody to evaluate equal loading. N = 3. (B) Localization of O-GlcNAcylated proteins (O-GlcNAc clone RL2, green) in sperm recovered from the caput region (middle panel), scale bar 50 μm. DIC image of the same field of view (left panel). O-GlcNAc clone RL2 inset (right panel), scale bar 10 μm. (C) Localization of O-GlcNAcylated proteins (O-GlcNAc clone RL2, green) in sperm recovered from the cauda region (middle panel), scale bar 50 μm. DIC image of the same field of view (left panel). O-GlcNAc clone RL2 inset (right panel), scale bar 10 μm. Arrowhead indicates sperm head.
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Egg activation at fertilization in mammalian eggs is caused by a series of transient increases in the cytosolic free Ca2+ concentration, referred to as Ca2+ oscillations. It is widely accepted that these Ca2+ oscillations are initiated by a sperm derived phospholipase C isoform, PLCζ that hydrolyses its substrate PIP2 to produce the Ca2+ releasing messenger InsP3. However, it is not clear whether PLCζ induced InsP3 formation is periodic or monotonic, and whether the PIP2 source for generating InsP3 from PLCζ is in the plasma membrane or the cytoplasm. In this study we have uncaged InsP3 at different points of the Ca2+ oscillation cycle to show that PLCζ causes Ca2+ oscillations by a mechanism which requires Ca2+ induced InsP3 formation. In contrast, incubation in Sr2+ media, which also induces Ca2+ oscillations in mouse eggs, sensitizes InsP3-induced Ca2+ release. We also show that the cytosolic level Ca2+ is a key factor in setting the frequency of Ca2+ oscillations since low concentrations of the Ca2+ pump inhibitor, thapsigargin, accelerates the frequency of PLCζ induced Ca2+ oscillations in eggs, even in Ca2+ free media. Given that Ca2+ induced InsP3 formation causes a rapid wave during each Ca2+ rise, we use a mathematical model to show that InsP3 generation, and hence PLCζ's substate PIP2, has to be finely distributed throughout the egg cytoplasm. Evidence for PIP2 distribution in vesicles throughout the egg cytoplasm is provided with a rhodamine-peptide probe, PBP10. The apparent level of PIP2 in such vesicles could be reduced by incubating eggs in the drug propranolol which also reversibly inhibited PLCζ induced, but not Sr2+ induced, Ca2+ oscillations. These data suggest that the cytosolic Ca2+ level, rather than Ca2+ store content, is a key variable in setting the pace of PLCζ induced Ca2+ oscillations in eggs, and they imply that InsP3 oscillates in synchrony with Ca2+ oscillations. Furthermore, they support the hypothesis that PLCζ and sperm induced Ca2+ oscillations in eggs requires the hydrolysis of PIP2 from finely spaced cytoplasmic vesicles.

Keywords: Ca2+ oscillations, phospholipase C, strontium, inositol trisphosphate, egg, phosphatidyl inositol bisphosphate

INTRODUCTION

The fertilization of a mammalian egg involves a series of low frequency Ca2+ oscillations that last for many hours. Such Ca2+ oscillations play the key role in egg activation and the subsequent development of the embryo (Stricker, 1999). The first Ca2+ increase takes ~10 s to travel as a wave across the egg from the point of sperm entry (Miyazaki et al., 1986; Deguchi et al., 2000). However, all the subsequent Ca2+ transients have a rising phase of about 1 s which is due to a fast Ca2+ wave (>50 μm/s) that crosses the egg from apparently random points in the egg cortex (Deguchi et al., 2000). Each Ca2+ increase during the oscillations is due to release from internal Ca2+ stores via inositol 1,4,5-trisphophate receptors (IP3R) which are exclusively of type 1 IP3R in mammalian eggs (Miyazaki, 1988; Miyazaki et al., 1993). The sperm stimulates the Ca2+ oscillations via inositol 1,4,5-trisphosphate (InsP3) production, and all the reproducible studies suggest that this is principally due to the introduction of a sperm specific phospholipase Czeta (PLCζ) into the egg after gamete fusion (Saunders et al., 2002). Injection of PLCζ protein or cRNA causes prolonged Ca2+ oscillations that mimic those seen at fertilization in eggs of mice, rat, humans, cows, and pigs (Cox et al., 2002; Saunders et al., 2002; Fujimoto et al., 2004; Kouchi et al., 2004; Kurokawa et al., 2005; Bedford-Guaus et al., 2008; Ito et al., 2008; Ross et al., 2008; Yoon et al., 2012; Sato et al., 2013). PLCζ is distinctive compared to most mammalian PLC isozymes in that it is stimulated by low levels of Ca2+ such that it is maximally sensitive to Ca2+ around the resting levels in eggs (Nomikos et al., 2005). PLCζ is expected to diffuse across the egg in about 10 min following sperm-egg fusion, hence the fast Ca2+ waves seen after the initial Ca2+ transient are propagated within a cytoplasm in which PLCζ has probably dispersed throughout the egg.

There are two classes of model to explain how InsP3 causes Ca2+ oscillations in cells, both which have been proposed for fertilizing mammalian eggs (Dupont and Goldbeter, 1994; Politi et al., 2006). There are some models that propose Ca2+ dependent sensitization, and then de-sensitization, of the IP3R is necessary to generate each Ca2+ transient (Politi et al., 2006). This class of models supports the finding that mouse and hamster eggs can be stimulated to oscillate by sustained injection of InsP3, or by injection of the IP3R agonist adenophostin (Swann et al., 1989; Brind et al., 2000; Jones and Nixon, 2000). On the other hand there are other models in which Ca2+ dependent production of InsP3 generates each Ca2+ transient, and in which InsP3 is predicted to oscillate alongside Ca2+ (Politi et al., 2006). This second class of model is supported by the detection of InsP3 oscillations in mouse eggs injected with PLCζ, albeit at high levels of PLCζ (Shirakawa et al., 2006). However, it is not clear if any oscillatory changes in InsP3 oscillations are necessary for generating Ca2+ increases. Either classes of model have to incorporate the observation that the Ca2+ oscillations have a dependence upon Ca2+ influx. So for example, if fertilizing hamster or mouse eggs are incubated in Ca2+ free media the oscillations run down and stop (Igusa and Miyazaki, 1983; Lawrence and Cuthbertson, 1995; McGuinness et al., 1996). It has been suggested that the Ca2+ store content is critical in setting the timing of Ca2+ oscillations in mouse eggs. This is supported by evidence that the SERCA inhibitor thapsigargin can also be used to block sperm and PLCζ induced Ca2+ oscillations by depleting Ca2+ stores content (Kline and Kline, 1992b). However, changes in cytosolic Ca2+ may also play a role in the timing of oscillations since cytosolic Ca2+ can regulate both IP3Rs and PLCζ activity.

Sustained Ca2+ oscillations in mouse eggs can also be triggered by incubation in media containing Sr2+ instead of Ca2+ (Kline and Kline, 1992a; Bos-Mikich et al., 1995). Sr2+-induced Ca2+ oscillations resemble those seen at fertilization, and they are as effective as fertilization or PLCζ in triggering development to the blastocyst stage (Yu et al., 2008). The oscillations are dependent upon Sr2+ influx into the egg and the presence of functional IP3Rs (Zhang et al., 2005). However, it is not clear how Sr2+ causes Ca2+ oscillations. One study suggested that the effect of Sr2+ requires InsP3 production (Zhang et al., 2005). However, unlike fertilization, there is no Sr2+ induced downregulation of IP3Rs and this suggests that Sr2+ does not cause any substantial InsP3 generation (Jellerette et al., 2000). In vitro preparations of IP3Rs receptors can be stimulated to open by Sr2+ ions (Marshall and Taylor, 1994), so a direct effect of Sr2+ on IP3Rs is also likely, but any changes in InP3 sensitivity in eggs have yet to be shown.

As well as its high sensitivity to Ca2+, another unusual characteristic of PLCζ is that it does not localize to the plasma membrane (Yu et al., 2012). The substrate for PLCζ, phosphatidylinositol 4,5-bisphophate (PIP2), can be detected in the plasma membrane of mouse eggs using the PH domain of PLCδ1 (Halet et al., 2002), but the depletion of such PIP2 from the plasma membrane does not affect the generation of Ca2+ oscillations in response to PLCζ or fertilization (Yu et al., 2012). In contrast to somatic cells, mouse eggs have been shown to contain PIP2 in intracellular vesicles (Yu et al., 2012). These vesicles were detected using PIP2 antibodies and were found to be dispersed throughout the cytoplasm of mouse eggs (Yu et al., 2012). PLCζ can also be detected on small cytoplasmic vesicles using immunostaining (Yu et al., 2012). The significance of this type of intracellular localization of PLCζ and PIP2 has not been made clear.

Here we report experiments that analyse the mechanism of PLCζ induced Ca2+ oscillations in mouse eggs. We use photo-release of caged InsP3 to show that PLCζ causes Ca2+ oscillations via a positive feedback cycle of Ca2+ release and Ca2+ induced InsP3 production. In contrast the Sr2+ induced Ca2+ oscillations in mouse eggs involve a sensitization of InsP3 induced Ca2+ release. We go on to show that the cytosolic Ca2+ is more likely to be important for setting the pace of oscillations in eggs than Ca2+ store content. In addition, we present simulations to show that the restricted diffusion of InsP3 in cytoplasm implies that the source of InsP3 generation, PIP2, needs to be dispersed through the egg interior to account for PLCζ induced rapid Ca2+ waves. Finally, we provide further evidence that PIP2 is present on intracellular vesicles in eggs and that this is required for PLCζ and sperm induced Ca2+ oscillations in eggs.

MATERIALS AND METHODS

Handling and Microinjection of Mouse Eggs

MF1 mice between 6 and 8 weeks of age were injected with pregnant mare's serum gonadotrophin (PMSG, Intervet) followed by human chorionic gonadotrophin (hCG, Invervet) ~50 h later (Fowler and Edwards, 1957). Eggs were collected from these mice 15 h after HCG injection, from the dissected ovaries. All animal handling and procedures were carried out under a UK Home Office License and approved by the Animal Ethics Committee at Cardiff University. Once collected, the eggs were kept at 37°C in M2 media (Sigma Aldrich). All Ca2+ dyes and intracellular probes were introduced into the cytosol of the eggs using a high pressure microinjection system with the eggs maintained in M2 media throughout (Swann, 2013). For in vitro fertilization sperm was collected from the epididymis of F1 C57/CBA hybrid male mice. The sperm were isolated in T6 media containing 16 mg/ml bovine serum albumin (BSA, Sigma Aldrich) and left to capacitate for 2–3 h before adding to eggs (Yu et al., 2012).

Measurements and Analysis of Intracellular Ca2+ and InsP3 Uncaging

In all experiments cytosolic Ca2+ was measured using fluorescent Ca2+ indictor Oregon Green BAPTA dextran (OGBD) (Life Technologies). OGBD was diluted in a KCl HEPES buffer (120 mM KCl, 20 mM HEPES at pH 7.4) so that the injection solution contained 0.33 or 0.5 mM OGBD. The OGBD mix was microinjected into eggs using high pressure pulses. In those eggs that were stimulated by adenophostin this was microinjected into eggs along with the OGBD. In this case instead of mixing the OGBD with KCL HEPES it was mixed with KCL HEPES containing 5 μM adenophostin in the same quantities. Where PLCζ cRNA was used this was microinjected alongside OGBD in the same way at a concentration of 0.02 μg/μl. For imaging, eggs were then transferred to a glass-bottomed dish, containing HKSOM media, on an epifluorescence imaging system (Nikon TiU) attached to a cooled CCD camera as described previously (Swann, 2013). Ca2+ dynamics were measured using the time-lapse imaging mode of Micromanager software (https://micro-manager.org/) where an image was captured every 10 s. Where IVF was performed, or drugs were later added to the eggs, the zona pellucidas were removed from the eggs using acid Tyrodes treatment prior to imaging. For those experiments that required InsP3 stimulation, NPE-caged-InsP3 (1 mM in the pipette) from ThermoFisher Scienific was microinjected prior to imaging at the same time as the injection of fluorescent dye (OGBD). In order to photo-release InsP3 the eggs were exposed to an electronically gated UV LED light source (365 nm, Optoled Lite, Cairn Research Ltd) that was positioned just above the dish containing the eggs. The duration of the UV pulse was controlled by a time gated TTL pulse that was delivered in between two successive fluorescence acquisitions. All data measuring Ca2+ dynamics were recorded as .tif files using the Micromanger software on the epifluorescence system.

Media, Chemicals, and Drugs

M2 media was purchased from Sigma Aldrich as a working solution. HKSOM was made up to pH 7.4, in cell culture grade water as follows: 95 mM NaCl, 0.35 mM KH2PO4, 0.2 MgSO4, 2.5 mM KCl, 4 mM NaHCO3, 20 mM HEPES, 0.01 mM EDTA, 0.2 mM Na Pyruvate, 1 mM L-glutamine, 0.2 mM glucose, 10 mM Na Lactate 1.7 mM CaCl2, 0.063 g/l Benzylpenicllin, and 10 mg/l phenol red. Ca2+ free media was made in the same way as HKSOM however CaCl2 was not added and the media was supplemented with 100 μM EGTA. Sr2+ containing media was made in the same way as HKSOM however, instead of adding 1.7 mM CaCl2, 10 mM SrCl2 was added instead.

All drugs and chemicals used, unless otherwise mentioned, were purchased from Sigma Aldrich. Propranolol was used at a working concentration of 300 μM in HKSOM media. A stock of 300 mM propranolol was made up in DMSO which was then diluted 1:100 in HKSOM media. Then 100 μl of this solution was pipetted into the imaging dish containing 900 μl of standard HKSOM. Propranolol was removed by washing out this media and replacing it with fresh HKSOM media using a perfusion system that passed 10 ml of clean HKSOM through the dish containing the eggs to ensure sufficient wash out. In a similar way a stock of 5 mM thapsigarin in DMSO was diluted 1:1,000 to a concentration of 5 μM in HKSOM and then 100 μl of this thapsigargin solution was added to the imaging dish containing 900 μl of HKSOM to give a working concentration of 500 nM of thapsigargin.

Confocal Imaging

In those eggs that were microinjected with PBP10, a solution of 1 mM PBP10 (Tocris Biosciences, UK) was made up in KCl HEPES and ~4–10 pl of this solution was microinjected into each egg. Following PBP10 microinjection, eggs were imaged on a Leica SP2 Confocal (Leica, Wetzler, Germany) microscope using a Helium-Neon laser (543 nm) at 30% intensity. Eggs were imaged in M2 media using a x63 oil objective and a pinhole aperture of 91 nm. Images were acquired with a line averaging of 8 and a resolution of 1,058 × 1,058 pixels. For each egg a single z-stack image of (1 μm depth) was captured of an equatorial slice through the egg. All images were exported as .tif files and analyzed using Image J (https://imagej.nih.gov/ij/).

Data Analysis

Quantitative data measuring the Ca2+ dynamics of the eggs on the widefield imaging system was extracted from .tif stacks using Image J (https://imagej.nih.gov/ij/). Background fluorescence was first subtracted from the egg fluorescence value. These fluorescence values were then normalized by dividing each fluorescence value in the egg by the baseline fluorescence value at the start of the imaging run to provide a relative change in fluorescence (F/F0) that could be plotted against time. These traces were produced and analyzed using SigmaPlot 12. The Confocal images were also analyzed using Image J software. PIP2 positive vesicle size and distribution was calculated using the particle analysis function on Image J and a nearest neighbor distance (Nnd) plugin in Image J. A bandpass filter function was applied to the images (large objects were filtered down to 40 pixels and small ones enlarged to 3 pixels). The threshold was altered to between 2 and 5% so only the fluorescence of the vesicles inside the image of the egg were included in the analysis. The particle analysis function was applied and configured so it recorded area, integrated intensity and coordinates for each fluorescent vesicle in the egg. These areas were used to work out the radius and diameter of the vesicles. The coordinates were fed into a nearest distance neighbor plugin (https://icme.hpc.msstate.edu/mediawiki/index.php/Nearest_Neighbor_Distances_Calculation_with_ImageJ) to give the mean distance between the vesicles. The total fluorescence of the vesicles was calculated by adding all the integrated intensity readings for a single egg which was carried out using the measure tool in ImageJ and background fluorescence values were subtracted. Statistical analysis was carried out using SigmaPlot 12. If not stated otherwise the data is presented as the mean and standard errors of the mean. Shapiro–Wilk tests for normality and tests for equal variances were conducted prior to carrying out group comparison tests. If the data passed both these tests a Student's T-test was conducted. If the data failed either or both of these tests a Mann-Whitney U-test was conducted instead.

Mathematical Method of Ca2+ Waves

The model and associated parameter values are based on the work of (Politi et al., 2006; Theodoridou et al., 2013). The reaction-diffusion equations define the interactions between free cytosolic calcium, u; stored calcium, v; and IP3, p,
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The equations represent interactions in which free Ca2+ acts as a self-inhibitor but, along with InsP3 and stored Ca2+, stimulates the release of stored Ca2+, creating a system that can produce oscillations in the concentrations of calcium and InsP3. Critically, all species are able to diffuse with the same diffusion coefficient, d.

The actions of the stored Ca2+ and the InsP3 only occur in discrete regions. This spatial discreteness is controlled by the repeating function S(x, y, L). Essentially, the function S(x, y, L) creates a regular grid of squares of size Lon × Lon in which the specified kinetics are active. We are then able to alter the wavelength, or separation distance, L, between these active regions.

The equations were simulated using a finite element Runge-Kutta method on a two-dimensional disk of diameter 70 μm, which was discretised into 6,550 elements. The 2D assumption is considered valid because any dilution effects of going to three dimensions are off set equally by an increase in the third dimension production. The two-dimensional simulations can be thought of a single slice through a cell and it offers speed, clarity and insight. Finally, the boundary was specified to have a zero-flux condition, meaning that no substances were able to leak out of the domain. This is a simplification considered valid since it is known that PLCζ induced Ca2+ spikes can be generated in mouse eggs where no membrane Ca2+ fluxes occur (Miao et al., 2012). The equations are accompanied by the parameter values specified in Table 1, where all unit dimensions are chosen to make u, v, and p have units of μMol, space is in μm and time is in seconds. The initial conditions for all populations were at steady state except for a small perturbation of a two-dimensional Gaussian profile at the point (20,20), in the free Ca2+ population.


Table 1. Parameter values for Equations (1)–(5).
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RESULTS

PLCζ and Sr2+ Trigger Ca2+ Oscillations in Eggs via Different Mechanisms

We investigated the mechanism generating Ca2+ oscillations by using photo-release of caged InsP3 that was microinjected into mouse eggs. In initial experiments we uncaged InsP3 in unfertilized (control) mouse eggs that were not undergoing any Ca2+ oscillations. Figure 1A shows that UV pulses of light from 50 ms through to 2 s generated Ca2+ increases with the amplitudes that were larger with longer duration pulses. With the protocol we used there was adequate amounts of caged InsP3 for multiple releases of InsP3 even with longer duration pulses of UV light as illustrated by Figure 1B which shows that 3 s pulses could generate repeated large rises in Ca2+ in control eggs. We then tested the effects of triggering such pulses during Ca2+ oscillations induced by either Sr2+ media or by PLCζ injection. Figure 1C shows that when a 100 ms pulse was used in eggs injected with PLCζ the uncaging of InsP3 caused no Ca2+ increase. In contrast, Figure 1D shows Ca2+ oscillations occurring in response to Sr2+ media and in such eggs there was a rapid and large Ca2+ transient every time a pulse of just 100 ms was used to uncage InsP3. Since the response to 100 ms pulses of UV were minimal in control eggs (Figure 1A) these data show that Sr2+ media sensitizes eggs to InsP3 induced Ca2+ release and that, in contrast, IP3R are not sensitized to InsP3 by PLCζ injection.
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FIGURE 1. Ca2+ oscillations and uncaging pulses of InsP3. In (A) an example trace is shown of Ca2+ increases (as measured by OGBD fluorescence) in an egg in response to different amounts of InsP3. Eggs were injected with caged InsP3 and exposed to varying durations of UV light pulse (from 50 ms to 2 s) to photo-release the InsP3 (trace typical of n = 21 eggs). In this and all other traces shown, the pulses were applied at points indicated by the arrows. In (B) an example trace is shown of changes in cytosolic Ca2+ in an egg in response to the “uncaging” of caged InsP3 using long duration UV pulses of 3 s. Arrows indicate where pulses of UV light were applied (typical of n = 7 eggs). In (C) an example trace is shown of changes in cytosolic Ca2+ in an egg stimulated following the microinjection of mouse derived PLCζ cRNA (0.02 μg/μl) and caged InsP3. The arrow indicates where a 100 ms pulse of UV light was applied (n = 14 eggs). In all 14/14 such recordings there was no sudden increase in Ca2+ even when the pulse was applied during the pacemaker rising phase of Ca2+. In (D) an example trace is shown with changes in cytosolic Ca2+ in an egg stimulated by media containing 10 mM Sr2+. The arrow indicates where a 100 ms pulse of UV light was applied to uncage InsP3 (n = 32 eggs). In all 32/32 cases there was a rapid Ca2+ increase that started with the very next OGBD fluorescence measurement after the UV pulse (<10 s).



The two classes of model for Ca2+ oscillations, those that involve the dynamic properties of IP3Rs and those that involve InsP3 production oscillations, can be distinguished in a definitive manner by examining the response to a sudden pulse of InsP3 (Sneyd et al., 2006). Models that are dependent upon IP3R kinetics alone respond to a pulse of InsP3 by showing a transient increase in the frequency of Ca2+ oscillations (Sneyd et al., 2006). In contrast, models that depend on Ca2+ induced InsP3 production, and imply InsP3 oscillations, respond to a sudden increase in InsP3 by showing an interruption of the oscillations which leads to a resetting of the phase of oscillations (Sneyd et al., 2006). We tested the effect of using large uncaging pulses of InsP3 on Sr2+ induced, or PLCζ induced, Ca2+ oscillations in mouse eggs. Figure 2A shows that during Sr2+ induced oscillations a 3 s uncaging pulse of InsP3 caused a large increase in Ca2+ followed by a significant increase in the frequency of Ca2+ oscillations. In contrast, with PLCζ induced Ca2+ oscillations, Figure 2B shows that the same 3 s uncaging pulse of InsP3 did not cause any increase in frequency, but interrupted the periodicity of oscillations leading to a delay before the next Ca2+ increase. To confirm that this phenomenon was phase resetting, we plotted the shift in phase (PS) caused by uncaging of InsP3 against the time delay (dt) of the InsP3 pulse from the subsequent Ca2+ spike (see Figure 2C). Each of these values was divided by the time period T in order to take into account the different frequency of Ca2+ oscillations in each egg. With phase resetting this plot should give a line from 1 to 1 on each axis, and Figure 2D shows that the data from 23 PLCζ injected eggs exposed to uncaging pulses of InsP3 fit closely on such a line. These data clearly show that a pulse of InsP3 causes phase resetting of Ca2+ oscillations in mouse eggs, which is completely different from that seen with Sr2+ induced oscillations. Hence, overall the data suggest that PLCζ and Sr2+ media trigger Ca2+ oscillations in mouse eggs via fundamentally different mechanisms. Sr2+ stimulates IP3Rs to make them effectively more sensitive to InsP3, and that PLCζ induced Ca2+ oscillations involve Ca2+ stimulated InsP3 production where InsP3 acts as a dynamic variable that should oscillate in synchrony with Ca2+ oscillations.
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FIGURE 2. The effect of large pulses of InsP3 on PLCζ or Sr2+ triggered Ca2+ oscillations. (A) shows an example of the way eggs responded a large uncaging pulse of InsP3 (3 s UV light at the arrow) by an increase in the frequency of Sr2+ triggered Ca2+ oscillations (n = 20 eggs). There was a significant increase in frequency of Ca2+ spikes from 3.45 (±0.27 sem) in 20 min to 5.05 (±0.35 sem) in 20 min (p < 0.001). In (B) a similar experiment is shown but with PLCζ induced Ca2+ oscillations. The sample trace in (B) shows that a 3 s uncaging pulse of InsP3 (at the arrow) caused an immediate Ca2+ increase but no increase in frequency (n = 23 eggs). We analyzed the ability of such pulses to reset the phase of oscillations by measuring then phase shift (PS) and comparing it to time delay (dt) at which the InsP3 pulse was applied. (C) Illustrates how these values were measured on an actual sample trace. Each value was divided by the time-period (T) for the oscillations in order to normalize the values between different eggs. (D) Shows a plot of these values for all 23 eggs tested.



Cytosolic Ca2+ vs. Ca2+ Stores and the Frequency of Ca2+ Oscillations

Since Ca2+ release and InsP3 formation are predicted to form part of a positive feedback loop we decided to re-investigate some observation previously made on Ca2+ oscillations in eggs. One finding made in hamster and mouse eggs is that both sperm (and PLCζ)-triggered Ca2+ oscillations “run down” and can cease entirely in Ca2+ free media (Igusa and Miyazaki, 1983; Lawrence and Cuthbertson, 1995). This phenomena has been explained in terms of Ca2+ store depletion but the level of cytosolic Ca2+ and its effect on InsP3 production could also be important. We re-examined the role of Ca2+ stores and resting Ca2+ using the SERCA inhibitor thapsigarin. Previous studies used high concentrations (>10 μM) of thapsigargin to completely block Ca2+ oscillations in eggs (Kline and Kline, 1992b). To investigate the role of Ca2+ store content we used much lower concentrations of thapsigargin which caused only a small elevation of cytosolic Ca2+. Figures 3A,B show that the addition of 500 nM thapsigargin to mouse eggs caused a small and prolonged increase in resting cytosolic Ca2+ in normal media and Ca2+ free media, which is consistent with a slight inhibition of SERCA pumps. When the same concentration of thapsigargin was added to eggs undergoing Ca2+ oscillations in response to PLCζ there was a marked acceleration of Ca2+ oscillations, and a reduction in the amplitude of Ca2+ spikes (Figure 3C). Similar to previous reports, we found that the pattern of PLCζ induced Ca2+ oscillations show a run down in Ca2+ free media (containing EGTA). We noted that this was associated with a decline in the fluorescence of OGBD, suggesting that resting Ca2+ levels were also undergoing a decline (Figure 3D). When low concentrations of thapsigargin (500 nM) were added to PLCζ injected eggs in Ca2+ free media there was a restoration of Ca2+ oscillations (Figure 3E). It is noteworthy that in Figure 3E the eggs were in Ca2+ free media and yet the addition of thapsigargin, which would cause further Ca2+ store depletion, actually leads to a restoration of Ca2+ oscillations. Nevertheless, the restoration of Ca2+ oscillations was associated with a rise in the “basal” Ca2+ level (Figure 3E). These data are consistent with the idea that cytosolic Ca2+ plays a key role in triggering each Ca2+ rise, and that Ca2+ stores are not significantly depleted in mouse eggs by incubation in Ca2+ free media.


[image: image]

FIGURE 3. Cytosolic Ca2+ and the frequency of Ca2+ oscillations. In (A) an example is shown of a trace showing changes in cytosolic Ca2+ in an egg incubated in normal HKSOM media following the addition of 500 nM thapsigargin (typical of n = 12 eggs). The increase in Ca2+ was from 0.936 ± 0.013 SEM to 1.07 ± 0.0197 SEM which is a significant (P < 0.01). In (B) a similar example is shown of the addition 500 nM thapsigargin to an egg in Ca2+ free media (containing 100 μM EGTA), which was typical of n = 12 eggs. The increase in basal Ca2+ was from 0.908 ± 0.0134 SEM up to 1.29 ± 0.0168 SEM which was significant (P < 0.001). In (C) an example of one of 6 eggs is shown where the same low concentration of thapsigargin increased the frequency of Ca2+ oscillations by 1.72-fold (±0.07 SEM). In (D) a trace is shown from an egg that was injected with PLCζ RNA and then placed in Ca2+ free media. The mean number of Ca2+ spikes in such experiments was 1.56 (n = 18 eggs, ±0.31 SEM) Ca2+ spikes in 10,000 s (2 h 47 min) h. The Ca2+ levels decreased to 0.84 ± 0.029 SEM which was significantly less than the starting level (P < 0.001). In (E) is shown an example of an egg that had been injected with PLCζ RNA and then placed in Ca2+ free media as in (C). However, in these experiments 500 nM thapsigarin was added after >2 h. In 16/17 such treated eggs there was an increase in the frequency of Ca2+ oscillations. There were an average of 1.77 spikes (±0.18 SEM) before adding thapsigarin but a mean of 7.11 spikes (±1.3 SEM) after thapsigarin addition. The resting Ca2+ level increased from 0.84 ± 0.029 SEM, before adding thapsigargin to 1.076 ± 0.017 sem in eggs where it stabilized. This is a signicant increase in Ca2+ concentration (P < 0.001).



PLCζ Induced Ca2+ Oscillations and Intracellular PIP2

Previous studies of fertilizing mouse and hamster eggs show that most Ca2+ waves cross the egg in about 1 s, and propagate through the cytoplasm at speeds in excess of 50 μm/s. This matches the rising phase of (all but the initial) Ca2+ transients in mouse eggs which is ~1 s after fertilization or after PLCζ protein injection (Deguchi et al., 2000). Since data in Figure 2 implies that the upstroke of each Ca2+ rise involves an InsP3 and Ca2+ positive feedback loop, then it is necessary for both molecules to be sufficiently diffusible. The Ca2+ stores (the endoplasmic reticulum) are spread across the egg. However, this may not be the case with PIP2 that is the precursor to InsP3. In most cells PIP2 is in the plasma membrane, and if this is used in Ca2+ waves in eggs then InsP3 diffusion range might constrain the ability to generate fast Ca2+ waves. Recently, the diffusion coefficient of InsP3 in intact cells has been shown to be <10 μm2/s which means that InsP3 may only diffuse <5μm in 1 s (Dickinson et al., 2016). We have previously presented models of Ca2+ oscillations based upon Ca2+ induced InsP3 formation and InsP3 induced opening of Ca2+ release channels (Theodoridou et al., 2013). We have now simulated the Ca2+ waves in mouse eggs using a similar set of equations in a two-dimensional model of the Ca2+ wave. Figure 4 shows that with the source of Ca2+ stimulated InsP3 production at the periphery (plasma membrane) it is not possible to generate a Ca2+ wave through the egg cytoplasm, and only a concentric pattern of Ca2+ release occurs. We previously presented evidence for PIP2 being present in intracellular vesicles spread throughout the cytoplasm in mouse eggs (Yu et al., 2012). These could provide a source of InsP3 that might carry a Ca2+ wave through the cytoplasm if they are sufficiently dispersed. In Figure 4 we show simulations based upon Ca2+ induced InsP3 generation where the PIP2 is dispersed on vesicles at different distances apart (from 2 to 4 μm). Our simulations show that when the PIP2 vesicles are within 2 or 3 μm of each other a rapid Ca2+ can be generated, but that once the PIP2 is more than 3 μm the Ca2+ increase fails to occur. These results suggests that PIP2 needs to be present on vesicles spaced <3 μm apart in the cytoplasm in order to propagate a rapid Ca2+ wave of the type seen in fertilizing and PLCζ injected eggs.
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FIGURE 4. Simulation of InsP3 induced Ca2+ release in eggs. Images are shown for a 2-dimensional simulation of the propagation of a Ca2+ wave in a mouse egg using a mechanism based upon Ca2+ induced InsP3 formation. Images for each time series is shown in each of the rows. For the first row the only source of PIP2 for making InsP3 is at the boundary (the plasma membrane) and this does not cause a wave at all. The times for each image (in seconds) in the top row is indicated by numbers above each image. In the next three rows the source of Ca2+ induced InsP3 formation is spaced at different distances. The time intervals for each image is indicated in the second row and it is then the same for each image going down in each column. In the first row the distance for the PIP2 is 4 μm, and again no Ca2+ wave can be generated. With a PIP2 source spaced at 3 or 2 μm we found that a Ca2+ wave can be generated. With a 2 μm separation a wave occurs that crosses the “egg” in ~1 s.



Previous evidence for the existence of PIP2 within the cytoplasm of eggs came from studies using antibodies to PIP2 (Yu et al., 2012). Gelsolin is a protein that has been shown to bind to PIP2, and contains a short peptide sequence responsible for PIP2 binding (Cunningham et al., 2001). We injected mouse eggs with PBP-10, which is a probe in which rhodamine is coupled to a gelsolin peptide that binds PIP2. Figure 5A shows a mouse egg injected with PBP-10. After >1 h the fluorescence of PBP-10 could be predominantly seen in many small vesicles throughout the egg cytoplasm, with the occasional larger aggregate. This supports the hypothesis that PIP2 is localized in vesicles within mouse eggs (Yu et al., 2012). Further examination of these vesicles using particle analysis indicates that they are distributed throughout the whole egg cytoplasm. Interestingly, following nearest neighbor analysis, we found that these vesicles were ~2 μm apart (Figures 5A,D). This suggests that these PIP2 containing vesicles are within the correct distance predicted to produce the rapid rising phase of 1 s for each wave as predicted by our mathematical modeling.
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FIGURE 5. PIP2 distribution in mouse eggs using PBP10. In (A) an example is shown of the distribution of fluorescence of PBP10 in a mouse egg 1.5 h after injection of PBP10 (n = 21). Scale bars are 10 μm. (A) nearest neighbor analysis indicated that the mean vesicle distance for all 21 control eggs is 2.2 μm. In (B) an example is shown of an egg injected with PBP10 where and incubated in media with 300 μM propranolol (n = 13). In (C) particle analysis (n = 14 eggs) indicates that the mean vesicle diameter is 0.89 μm and the mean number of vesicles present per egg is 298.9. (C) Shows a plot of the total number of PIP2 positive vesicles present in eggs following injection of PBP10 using particle analysis. Results are shown for both eggs incubated in standard M2 media (control) (mean number of vesicles = 324, n = 7) and those incubated in M2 containing 300 μM propranolol during imaging (mean number of vesicles = 131, n = 7). There is a significant reduction in the number of PBP10 vesicles following propranolol treatment compared to control media (p = < 0.001, Student's T-test). (D) shows a plot of the mean nearest neighbor distances of PIP2 positive vesicles present in eggs. The results are shown for parallel groups of eggs incubated in standard M2 media (control) (mean distance = 2.0 μm, n = 7) and for those incubated in M2 containing 300 μM propranolol during imaging, (mean distance = 3.3 μm, n = 7). A Mann–Whitney U-test showed a significant increase in the distance between the PBP10 vesicles following propranolol treatment compared to control media (p = < 0.001).



We have previously sought to modify the level of PIP2 in mouse eggs using various phosphatases, but without success. Internal membranes in somatic cells do not in general contain much PIP2, but one organelle where PIP2 and DAG have been reported in some cells is the Golgi apparatus. In mature mammalian eggs, like mitotic cells, the Golgi is fragmented into small vesicles (Moreno et al., 2002; Axelsson and Warren, 2004). It has been shown that propranolol blocks DAG synthesis in Golgi membranes and leads to a loss of Golgi structure (Asp et al., 2009). We applied propranolol to mouse eggs injected with PBP10 and found a marked loss of staining (Figure 5B). Further particle analysis showed that the mean number of these PIP2 vesicles was significantly reduced following the addition of propranolol (Figure 5C). Furthermore, the distance of these vesicles from each other was significantly increased in those eggs treated with propranolol (Figure 5D). The overall total fluorescence of the vesicles was seen to reduce by approximately half from a mean of 5.77 × 104 RFU (n = 7) in control eggs to a mean of 2.93 × 104 RFU (n = 7) in those eggs treated with propranolol. This difference was significant following a Student's T-test (p = 0.006). This implies that propranolol is affecting PIP2 levels in cytoplasmic vesicles.

Since proproanolol appears to reduce PIP2 inside eggs, we investigated the effect of propranolol on Ca2+ oscillations. Figure 6A shows that propranolol addition to eggs undergoing Ca2+ oscillations in response to fertilization by IVF were rapidly blocked. Figure 6B shows the same effect of propranolol on those eggs stimulated by PLCζ cRNA. The inhibition by propranolol was associated with a slight decline in Ca2+ levels and the inhibition was reversed upon removal of propranolol (Figure 6C). However, whilst it blocked sperm and PLCζ induced responses, propranolol did not block Ca2+ oscillations induced in eggs by Sr2+ media, or by injection of the IP3R agonist adenophostin (Figures 6D,E). These data show that the inhibitory effects of propranolol are both reversible and specific to PLCζ and sperm induced Ca2+ oscillations. They support the proposal that PIP2 in vesicles in the cytoplasm of mouse eggs is important for the generation of PLCζ induced Ca2+ oscillations.
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FIGURE 6. Ca2+ oscillations blocked by propranolol. In (A) an example is shown of a mouse egg undergoing Ca2+ oscillations at fertilization where the addition of 300 μM propranolol inhibited subsequent oscillations (n = 13 eggs). Before addition of propranolol the mean frequency was 12.2 ± 1.14 spikes/h with all eggs oscillating. After adding propranolol there were 0.8 ± 0.23 spikes /h (a significant difference from before propranolol, p = < 0.0001). 6/13 eggs stopped oscillating immediately, 4/13 eggs had one Ca2+ spike, and 3/13 has 2 spikes in an hour. (B) shows PLCζ cRNA (pipette concentration = 0.02 μg/μl) induced Ca2+ oscillations inhibited by propranolol (n = 21 eggs). Before propranolol all eggs oscillated with 4.3 ± 0.46 spikes/h. After addition of propranolol there were 0.95 ± 0.25 spikes/h (a significant difference p < 0.0001). With propranolol, 10/21 eggs stopped Ca2+ oscillations, 6/21 showed a single spike, and 5/21 had >1 Ca2+ spike. In (C) an example is shown of an egg where PLCζ induced Ca2+ oscillations were blocked by the addition of propranolol but then oscillations were restored when propranolol was washed out (typical of n = 8 eggs). Before propranolol, all eggs oscillated with 6.7 ± 1.3 spikes/h. After propranolol this decreased to 1.33 ± 0.29 spikes/h, with all oscillations stopping after 2 spikes. When propranolol was removed there were 10 ± 0.55 spikes in 30 min. Adding propranol and then removing it both caused significant changes in the number of Ca2+ spikes (p < 0.001). (D) shows an example of an egg undergoing Ca2+ oscillations in response to Sr2+ media where propranolol was subsequently added (n = 10 eggs). Before propranolol all eggs oscillated with 4.1 ± 0.29 spikes/h. After adding propranolol all eggs continues to oscillate with 3.9 ± 0.66 Ca2+ spikes/h (not significantly different). In (E) an example is shown of an egg undergoing Ca2+ oscillations in response to microinjection of 5 μM adenophostin in media that contained 300 μM propranolol form the start of the experiment (n = 8 eggs). In propranolol there were 5.5 ± 0.51 Ca2+ spikes 30 min, compared with 10.4 ± 0.71 spikes/30 min (n = 11) for eggs in media with HKSOM. This is significantly different (unpaired t-test, p = < 0.0001).



DISCUSSION

The Ca2+ oscillations seen in mammalian eggs at fertilization have distinct characteristics compared with those seen in somatic cell types (Dupont and Goldbeter, 1994; Politi et al., 2006). The oscillations at fertilization are low frequency, and long lasting, but they have a very rapid rising phase that occurs throughout the whole cytoplasm of a very large cell, in less than a second. Considerable evidence suggests that PLCζ is the primary stimulus for these Ca2+ oscillations (Saunders et al., 2002). The current data shows that PLCζ induced Ca2+ oscillations are driven by Ca2+ induced InsP3 formation. In contrast, we show that Sr2+ media sensitizes eggs to InsP3 induced Ca2+ release. Hence, there are at least two different mechanisms for generating Ca2+ oscillations in mouse eggs. Our data also implies that the substrate of PLCζ, PIP2, needs to be localized in a finely distributed source within the egg in order to generate fast Ca2+ wave, and we present evidence that such vesicular PIP2 is required for PLCζ induced Ca2+ oscillations.

There are two fundamentally different classes of models for InsP3 induced Ca2+ oscillations in cells. One relies on the properties of InsP3 receptor and implies that stimulation involves an elevated but monotonic or constant elevation of InsP3 levels. The other involves a positive feedback model of InsP3 induced Ca2+ release and Ca2+ induced InsP3 formation. It is possible to determine which one of these two model types applies by studying the Ca2+ responses after triggering a large pulsed release of InsP3 (Sneyd et al., 2006). The IP3R based models respond to a pulse of InsP3 by temporarily increasing the frequency of Ca2+ oscillations, whereas the Ca2+-induced InsP3 formation models show an interruption in the series of Ca2+ transients with a resetting of the phase of the oscillations (Sneyd et al., 2006). We previously presented preliminary evidence for an interruption in the series transients with sperm or PLCζ induced Ca2+ oscillations responding to a pulse of InsP3 (Swann and Yu, 2008). We now show that the response of PLCζ induced Ca2+ oscillations to a sudden large pulse of InsP3 is clearly characterized by a resetting of the phase of oscillations. This means that InsP3 has to be a dynamic variable in the oscillation cycle and that it will undergo oscillations in close phase with the oscillations in Ca2+. Small oscillations in InsP3 have been recorded previously in response to high frequency Ca2+ oscillations achieved with high concentrations of PLCζ (Shirakawa et al., 2006). The sensitivity of such indicators may be limited since we can now assert that InsP3 oscillations should occur with all the PLCζ induced Ca2+ oscillations and, most significantly, that increased InsP3 production plays a causal role in generating each Ca2+ rise. We have also shown here that Sr2+ works via an entirely different mechanism in mouse eggs. The increase in frequency of Ca2+ oscillations caused by uncaging InsP3 indicates that Sr2+ induced oscillations rely on the properties of the IP3R. This is supported by the finding that Sr2+ media sensitized mouse eggs to InsP3 pulses, which is consistent with the idea that Sr2+ stimulates the opening of InsP3 receptor. These data overall show that mouse eggs have more than one mechanism for generating Ca2+ oscillations and that in some cases Ca2+ oscillations can appear to be similar in form, but be generated by different mechanisms.

It is well-established that Ca2+ free media leads to a reduction or abolishment of Ca2+ oscillations in response to fertilization or PLCζ injection in mammalian eggs (Igusa and Miyazaki, 1983; Lawrence and Cuthbertson, 1995). It has been assumed that this reflects the loss or some reduction of Ca2+ in the endoplasmic reticulum (Kline and Kline, 1992b). However, our data suggest that a reduction in resting, or interspike, cytosolic Ca2+ levels also occurs during incubation in Ca2+ free media. The reduction in cytosolic Ca2+ is apparent with the Ca2+ dye we used because it is dextran linked and hence is only within the cytosolic compartment, and because the Kd for OGBD and Ca2+ is around 250 nm. The reduction in resting Ca2+ level appears to cause the inhibition of Ca2+ oscillations, rather than a loss of Ca2+ store content, because low concentrations of thapsigargin, which will only reduce Ca2+ stores content further, actually restores Ca2+ oscillations in Ca2+ free media. The restoration of such Ca2+ oscillations by thapsigargin in our experiments was clearly associated with a rise in the basal Ca2+ level. PLCζ induced Ca2+ oscillations eventually stopped in Ca2+ free media with thapsigargin and this could be because Ca2+ stores eventually became depleted. However, the earlier rise in cytosolic Ca2+ seems to be a stimulatory factor because low concentrations of thapsigarin, which raise basal Ca2+, could also increase the frequency Ca2+ oscillations in normal media. This was associated a reduction in the amplitude of Ca2+ spikes, presumably because Ca2+ store content is reduced. Low concentrations of thapsigargin have also previously been found to stimulate Ca2+ oscillations in immature mouse oocytes (Igusa and Miyazaki, 1983; Lawrence and Cuthbertson, 1995). Hence, these data together imply that cytosolic Ca2+ level, rather than Ca2+ store content is the more significant factor setting the frequency and occurrence of physiological Ca2+ oscillations.

These data are consistent with recent studies measuring free Ca2+ inside the endoplasmic reticulum in mouse eggs (Wakai et al., 2013). It was shown that a reduction in ER Ca2+ occurs following each Ca2+ spike, but that there is no correlation between when a Ca2+ transient is initiated and the level of Ca2+ in the ER (Wakai et al., 2013). Whilst it is obvious that some Ca2+ store refilling will occur in the intervals between Ca2+ spikes, it is not likely that this sets of the pace of the low frequency Ca2+ oscillations characteristic of mammalian eggs. We suggest that the pacemaker that determines when the next Ca2+ transient occurs after PLCζ injection is more likely to be the rise in cytosolic Ca2+. A gradual rise in cytosolic Ca2+ between spikes is evident in the PLCζ induced Ca2+ oscillations in all the traces in this paper. This gradual Ca2+ increase could promote a gradual rise in InsP3 that will eventually lead to a positive feedback loop and a regenerative Ca2+ wave.

Although the Ca2+ oscillations triggered by fertilization in mammalian eggs are of low frequency, each of the waves of Ca2+ release that causes the upstroke of a Ca2+ increase crosses the egg remarkably quickly. Previous analysis of the wave dynamics of Ca2+ release in mammalian eggs have suggested that the rising phase of each Ca2+ oscillation is ~1 s. This correlates with the speed of the Ca2+ wave that crosses the egg at a speed of >50 μm/s. This is significant because the diffusion coefficient of InsP3 in intact cells has been estimated to be no more that 10 μm2/s (Dickinson et al., 2016). In models where InsP3 is elevated at a constant level during Ca2+ oscillations the restricted diffusion of InsP3 is not an issue because it will reach a steady state concentration across the egg. However, our data shows that Ca2+ and InsP3 act together in a positive feedback loop to cause each propagating Ca2+ wave. In this case the diffusion of InsP3 could be a rate limiting step. If all the InsP3 is generated in the plasma membrane then our simulations show that a Ca2+ induced InsP3 production model cannot generate Ca2+ waves through the egg cytoplasm. If we simulate the InsP3 production from discrete sites within the egg cytoplasm then rapid Ca2+ waves of some type can be generated, but full waves can only be seen when the sites of InsP3 generation are within 3 μm of each other. This suggests that in order to explain both the fast Ca2+ waves and the basic mechanism of sperm or PLCζ induced oscillations in mammalian eggs, the PIP2 substrate has to be dispersed in sites throughout the egg cytoplasm. This conclusion is similar to that previously suggested for ascidian oocyte at fertilization which also show rapid Ca2+ waves and oscillations (Dupont and Dumollard, 2004).

We previously reported evidence for a vesicular source of PIP2 in mouse eggs using immunostaining (Yu et al., 2012). The vesicular staining with PIP2 antibodies closely mimics the distribution of PLCζ also probed with antibodies (Yu et al., 2012). We now report a similar pattern of vesicular staining using another probe (PBP10) which based upon the PIP2 binding region of gelsolin (Cunningham et al., 2001). This probe has the advantage that it is microinjected into eggs that can then be imaged whilst still alive and so does not require the fixation and permeabilization procedures associated with immunostaining. It gives a very different pattern of staining from another commonly used probe for PIP2 which is the GFP-PH domain which localizes predominantly to the plasma membrane in mouse eggs (Halet et al., 2002). However, the PH domain of PLCδ1 that is used for the localization of PIP2 in such a probe may also bind cholesterol so may be influenced by factors other than PIP2 (Rissanen et al., 2017). It is entirely possible that PBP10 is also influenced by factors other than PIP2, but it is noteworthy that the PBP10 staining gives a vesicular localization pattern that closely resembles that seen with the PIP2 antibodies. The fact that two very different methods for localization PIP2 in eggs, immunostaining with a monoclonal antibody and a fluorescently tagged peptide, show such a distinctive and similar pattern of localization provides good evidence that PIP2 is indeed localized within vesicles in the cytoplasm in of mouse eggs. Using the live cell probe, PBP10, we were able to estimate that the apparently PIP2 containing vesicles we see in eggs are within about 2 μm of each other. This distance closely correlates with the estimate of how close PIP2 vesicles need to be in order to propagate a Ca2+ wave across the egg within ~1 s. Hence, our data provide a coherent view of PLCζ induced Ca2+ release in eggs in which Ca2+ induced InsP3 formation from closely spaced vesicles containing PIP2 accounts for the upstroke of each Ca2+ rise.

The precise nature of the PIP2 containing vesicles that appear to exist in mouse eggs is unclear. We have tested a number of antibodies and other probes for specific organelles in eggs and found that many either localize to the endoplasmic reticulum or else show only a limited overlap in staining with the PIP2 or PLCζ positive vesicles. The identification of PBP10 positive vesicles is further complicated by our finding that its pattern of localization does not persist after fixation and membrane permeabilization (Sanders and Swann, unpublished). In somatic cells, non-plasma membrane PIP2 has been found in the Golgi apparatus (De Matteis et al., 2005). Mature mouse egg are unusual compared with somatic cells in that they are arrested in meiosis, which is similar to the mitotic phase of the cell cycle. During mitosis the Golgi fragments to form small vesicles known as the Golgi haze (Axelsson and Warren, 2004), and the Golgi in mouse eggs has been shown to be fragmented into small vesicles (Moreno et al., 2002). The structure of the Golgi and its associated vesicles is maintained by the presence of diacyglycerol (DAG) (Asp et al., 2009). The drug propranolol disrupts Golgi resident proteins and lipids by inhibiting DAG production and as a result, it also disrupts Golgi-ER trafficking (Asp et al., 2009). Interestingly propranolol was found to block Ca2+ oscillations triggered by PLCζ and fertilization. This effect was specific in that the same concentration of propranolol did not effect oscillations when added to other Ca2+ releasing agents such as Sr2+ media which causes a pattern of oscillations most similar to fertilization. The small effect on adenosphostin induced Ca2+ oscillations is unlikely to be sufficient to explain the effects of propranolol because it was only a 2-fold decrease in oscillations compared the cessation of oscillations after propranolol in most eggs that were fertilized or injected with PLCζ. It is also noteworthy that the Ca2+ levels remained low in propranolol treated eggs, and that its effects were reversible. In mouse eggs we found that propranolol also decreased the number of the PIP2 containing vesicles and the mean distance between vesicles, therefore presumably, the availability of the vesicular PIP2 to propagate a Ca2+ wave. This effect could be because propranolol disrupts the structure of the vesicles or because trafficking between the Golgi and the ER is inhibited. Whatever the actual mechanism, the loss of PIP2 after treatment with propranolol supports our hypothesis that these vesicles are required for generating Ca2+ oscillations in eggs in response to sperm or PLCζ. Since there is evidence for intracellular PIP2 on organelles in frog and sea urchin eggs, which also show Ca2+ waves at fertilization, it is attractive to speculate that intracellular PIP2 is an important feature that allows eggs to generate the Ca2+ signal needed for egg activation.
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The P-type ATPases family consists of ion and lipid transporters. Their unique diversity in function and expression is critical for normal development. In this study we investigated human pluripotent stem cells (hPSC) and different neural progenitor states to characterize the expression of the plasma membrane calcium ATPases (PMCAs) during human neural development and in mature mesencephalic dopaminergic (mesDA) neurons. Our RNA sequencing data identified a dynamic change in ATPase expression correlating with the differentiation time of the neural progenitors, which was independent of the neuronal progenitor type. Expression of ATP2B1 and ATP2B4 were the most abundantly expressed, in accordance with their main role in Ca2+ regulation and we observed all of the PMCAs to have a subcellular punctate localization. Interestingly in hPSCs ATP2B1 and ATP2B3 were highly expressed in a cell cycle specific manner and ATP2B2 and ATP2B4 were highly expressed in a hPSC sub-population. In neural rosettes a strong apical PMCA expression was identified in the luminal region. Lastly, we confirmed all PMCAs to be expressed in mesDA neurons, however at varying levels. Our results reveal that PMCA expression dynamically changes during stem cell differentiation and highlights the diverging needs of cell populations to regulate and properly integrate Ca2+ changes, which can ultimately correspond to changes in specific stem cell transcription states.

Keywords: plasma membrane calcium ATPase, human pluripotent stem cells, neural stem cells, neuromesodermal progenitors, mesencephalic dopaminergic neurons

INTRODUCTION

Cytosolic Ca2+ is an abundant intracellular second messenger involved in many cellular processes. A diverse array of proteins are able to bind to Ca2+ each with a varying range in affinity, from which the calcium binding can alter the protein's shape and charge, resulting in a potential functional change and alteration in cellular signaling. As such, of particular importance are the Ca2+ P-type ATPases, the plasma membrane calcium ATPases (PMCAs) and the sarco/endoplasmic reticulum Ca2+ ATPase (SERCAs), which reside in different compartments of the cell and along with other Ca2+ transporting system contribute to the regulation of the intracellular Ca2+ concentration.

The PMCA's ability to extrude and regulate Ca2+ levels is critical for cellular function and in turn the precise regulation of PMCA expression is also essential. The C-terminal of the PMCA is the main regulatory site of its pump and contains a calmodulin (CaM) binding domain and phosphorylation sites (Penniston and Enyedi, 1998; Brini and Carafoli, 2011; Tidow et al., 2012). Increased intracellular Ca2+ results in CaM stimulating pump activity by bending the C-terminal regulatory domain away from the active site of the pump releasing it from the auto-inhibitory state (Brini and Carafoli, 2011; Tidow et al., 2012). Phosphorylation in the regulatory C-terminal is executed by both Protein Kinase A (PKA) and Protein Kinase C (PKC); PKA stimulate Ca2+ extrusion, whereas PKC inhibits (James et al., 1989; Enyedi et al., 1997). PKC conducts its inhibitory effect by phosphorylation of the CaM binding domain, creating a barrier for CaM interaction and hereby inhibiting CaM stimulation (Enyedi et al., 1997). PMCA regulation of Ca2+ is therefore crucial in fine-tuning the levels of Ca2+ in the cytoplasm with sequence variability, splice variants, and cell type specific expression seen between the different PMCA isoforms all having varying effects on the multitude of affected signaling pathways.

Regulation of signaling pathways by Ca2+ occurs at the earliest stages of development where it plays a critical role in fertilization and hPSC maintenance (Deguchi et al., 2000; Todorova et al., 2009). Furthermore, Ca2+ has been interconnected with several neural properties such as synaptic transmission and long-term potentiation and dysregulation of intracellular calcium due to altered PMCA expression has been shown to affect neural differentiation through their involvement in Fgf and Wnt signaling (Brini et al., 2014; Abdul-Wajid et al., 2015; Boczek et al., 2015). Different PMCA genes maintain different expression profiles. In humans ATP2B1 and ATP2B4 are expressed throughout the body, whereas the two other isoforms, ATP2B2 and ATP2B3, exhibit neural and muscular tissue specific expression (Stauffer et al., 1995). Mutations in ATP2B1 is embryonic lethal and mutations in ATP2B2-4 have been correlated with different neuronal deficits: hearing loss, congenital ataxias, and familial spastic paraplegia, respectively (Okunade et al., 2004; Ficarella et al., 2007; Zanni et al., 2012; Ho et al., 2015). These studies highlight the important role of the various PMCAs in Ca2+ handling across the diverse cell types, therefore identifying their cell type specific expression during development is crucial for understanding cell type specific Ca2+ regulation.

The precise localization and neural specific expression of PMCAs during the development of the human nervous system is poorly understood. To address this we used hPSCs to generated neural stem cells (NSCs) of the central and peripheral nervous system and investigated the main neural progenitor states for the presence of PMCAs using RNA sequencing (RNA-seq) and immunofluorescent labeling. Our results uncovered a dynamic change in ATPase expression that correlates directly with the stage of differentiation. Furthermore, PMCA expression was not only altered between stem cell states, but also in addition showed unique cell cycle specific changes. Lastly due to the importance of Ca2+ regulation in Parkinson's disease (PD) we differentiated the NSC further and generated mesencephalic dopaminergic (mesDA) neurons to characterize the presence of PMCA proteins (Schöndorf et al., 2014). These data have important implications for understanding the role of Ca2+ in development and potentially how disease states, which disrupted Ca2+ homeostasis, can result in global cellular dysfunction.

MATERIALS AND METHODS

Human Pluripotent Stem Cell Culture

H9 (WA-09, WiCell) and iPSC-CCD (reprogrammed from human Foreskin fibroblasts, ATCC) cell lines were cultured as previously described (Denham and Dottori, 2011). Briefly, hESCs and hPSCs were cultured on irradiated human foreskin fibroblasts (HFF) in KSR media consisting of DMEM/nutrient mixture F-12, supplemented with β-mercaptoethanol 0.1 mM, non-essential amino acids (NEAA) 1%, glutamine 2 mM, penicillin 25 U/ml, streptomycin 25 μg/ml, and knockout serum replacement 20% (all from Life Technologies), supplemented with FGF2 (10 ng/ml; Peprotech) and Activin A (10 ng/ml; R&D systems). All cells were cultured at 37°C 5% CO2. Colonies were mechanically dissected every 7 days and transferred to freshly prepared HFF. Media was changed every second day.

Neural Stem Cell Differentiation

hESCs or hPSCs were mechanically dissected into pieces ~0.5 mm in diameter and transferred to laminin-coated organ culture plates in N2B27 medium containing 1:1 mix of neurobasal medium with DMEM/F12 medium, supplemented with insulin/transferrin/selenium 1%, N2 1%, retinol-free B27 1%, glucose 0.3%, penicillin 25 U/ml, and streptomycin 25 μg/ml (all from Life Technologies) for 11 days. Cultures were grown on laminin for the first 4 days after which they were dissected into 0.5 mm pieces and cultured in suspension in low-attachment 96-well plates (Corning) in N2B27 medium. For neural epithelial progenitors (NEP) specification SB431542 (SB; 10 μM, Tocris) was added to the media and cells were collected at day 4. To further specify the cells to rostral neural stem cell (NSC), NEP were generated and then further cultured to day11 in the absence of SB and supplemented with FGF2 (20 ng/ml; Peprotech). For neuromesodermal progenitors (NMP) induction, NEP induction was performed as above and cultures were additionally supplemented with GSK3β inhibitor CHIR99021 (CHIR; 3 μM, Stemgent) from days 0 to 4. For neural crest stem cells (NCSCs) specification NMP induction was performed and from days 4 to 11 cultures were supplemented with FGF2 (20 ng/ml; Peprotech) and BMP2 (50 ng/ml; Peprotech). For caudal NSC specification NMP induction was performed and from days 4 to 11 cultures were supplemented with FGF2 (20 ng/ml; Peprotech).

Mesencephalic Dopaminergic Neuron Differentiation

Generation of mesDA neurons was achieved by modification of previous described protocols (Denham et al., 2012; Kirkeby et al., 2012). Briefly, from day 0 to day 9 cells were grown in N2B27 media with 10 μM SB431542, 0.7 μM CHIR99021, 0.1 μM LDN-193189 (Stemgent), and 400 nM SAG (Millipore), day 4 to day 9 basal media change to ½ N2B27. At day 9 to day 11, the media was changed to ½ N2B27 without small molecules. From Day 11 the cells were grown in Neurobasal media supplemented with B27 1%, Pen/Strep 25 U/mL, Glutamax 0.5%, 200 μM Ascorbic Acid (AA) (Sigma-Aldrich) and grown on culture plate coated with polyornithine, fibronectin, and laminin (all from Sigma). From day 14, 2.5 μM DAPT (Tocris bioscience) was added into the culture media. The media was changed every second day and samples were collected on day 45.

Immunolabeling

Cell monolayers and neurospheres were fixed in 4% PFA for 20 min at 4°C and then washed briefly in PBS. Neurospheres were embedded in Tissue-Tek OCT compound (Labtek), cut at 10 μm on a cryostat, and sections were placed on superfrost slides. Sections or culture dishes were blocked for 1 h at room temperature (RT) in blocking solution. The following primary antibodies were used: goat anti-Sox10 (1:100, R&D systems), goat anti-Sox2 (1:100, R&D), mouse anti-Sox2 (1:100 R&D), mouse anti-Oct4 (1:100, Santa Cruz), mouse anti-Nanog (1:100, eBioscience), mouse anti-ßIII-tubulin (1:1,000, Millipore), goat anti-FOXA2/HNF3Beta (1:500, Santa Cruz), mouse anti- Tyrosine hydroxylase (TH, 1:2000, Millipore), rabbit anti-ATP2B1 (1:1,000, SWANT) (Stauffer et al., 1995, 1997), goat anti-ATP2B2 (1:200, S-18 sc-22073, Santa Cruz) (Sahly et al., 2012), rabbit anti-ATP2B3 (1:1000, SWANT) (Stauffer et al., 1995, 1997), and goat anti-ATP2B4 (1:200, Y-20 sc-22080, Santa Cruz) (Patel et al., 2013). Antibodies were diluted in blocking solution incubated on sections and cultures overnight at 4°C. Following three 10-min washes in PBT, the corresponding Alexa Fluor-647, Alexa Fluor-488 or Alexa Fluor-594 donkey secondary antibodies were applied for 1 h at RT (1:400, Jackson ImmunoResearch). Nuclei were counterstained with 49,6-diamidino-2-phenylindole (DAPI; 1 μg/ml, Sigma). Slides were mounted in PVA-DABCO for viewing under a fluorescent microscope (ZEISS ApoTome), and images captured using the ZEN software. Confocal microscopy was performed using a ZEISS LSM 780 Confocal Microscope. The images were reconstructed as an intensity projection over the Z-axis using ZEN software.

RNA Sequencing

RNA sequencing was performed in collaboration with BGI-Research, Shenzhen, China. Briefly, total RNA was first assessed with Agilent 2100 Bioanaylzer and treated with DNase I. Magnetic beads with Oligo dT were used to isolate mRNA. The mRNA was then fragmented into short fragments with fragmentation buffer and complement DNA (cDNA) was synthesized using the mRNA fragments as templates. Short fragments were purified with EB buffer for end reparation and single nucleotide A (adenine) addition. After that, the short fragments were linked to adapters. After agarose gel electrophoresis, the suitable fragments were selected for the PCR amplification as templates. During the QC steps, Agilent 2100 Bioanaylzer and ABI StepOnePlus Real-Time PCR System were used for quantification and qualification of the sample library. Finally, the library was sequenced using Ion proton platform. Raw data from the Ion proton was subjected to data QC. Raw reads were filtered into clean reads and aligned to the reference gene with TMAP to calculate distribution of reads on reference genes and perform coverage analysis. At the same time, the clean reads were aligned to ref genome (hg19) with TopHat for a series of subsequent analysis. Finally, gene expression level and differential expression analysis was performed.

Statistical Analysis

One-way ANOVAs and post-hoc analyses were performed for statistical analyses on RPKM values using GraphPad Prism 6. To generate Heatmaps, RPKM values were log2 transformed and mean centered and graphed using R studio with heatmap.2. Principal components were calculated by singular value decomposition of the centered and scaled data matrix using the prcomp function in R stats package.

RESULTS

Profiling of ATPase Expression in Human Embryonic Stem Cells and in Early Neural Stem Cell States by RNA Sequencing

We first set out to characterize ATPase transcripts in hESCs and hESC-neural derivatives, including early NSCs of the central and peripheral nervous system. To generate CNS and PNS progenitors we implemented our previously described protocol (Denham et al., 2012, 2015). Day 4 NEPs along with the subsequent day 11 rostral NSCs were derived (Figure 1A). Additionally NMPs were generated and by further differentiating the day 4 NMPs in two distinct ways, caudal neural progenitors (day11; CNPs) and day 11 NCSCs were derived (Figure 1A). With these 6 distinct time points we set out to validate the gene expression of these populations by RNA-seq analysis (undifferentiated hESC and the five NSC states: NEP, NMP, rostral NSC, caudal NSC, and NCSC). Firstly we examined the gene expression of known markers indicative of the various stem cell states. As expected we identified POU5F1 (previously known as OCT4) and NANOG as highly expressed in the undifferentiated hESCs and down-regulated in all of the neural populations: SOX2 was maintained throughout all progenitor states (Figure 1B). Furthermore, day 4 NEP expressed transcripts indicative of anterior identity, such as OTX2, SIX3, and LHX2. Rostral NSCs expressed high levels of SOX1, OTX2 FOXG1, SIX3, and LHX2. NMPs as previously described are known to co-express T and Sox2 (Tzouanacou et al., 2009; Gouti et al., 2014; Turner et al., 2014; Denham et al., 2015). In accordance with this we detected both high levels of T and SOX2 in NMPs and we also detected NKX1-2 and FOXB1 (Figure 1B; Turner et al., 2014). Caudal neural markers were also detected such as HOXA1 in the NMP state. Caudal NSCs expressed IRX3 and HOXD4, additional HOX genes were also expressed with the most caudal representing the lumbar regions of the spinal cord (Figure 1B; Figure S1). NCSCs expressed the crest marker SOX10, TFAP2B, FOXD3, PAX3, and POU4F1 (previously known as BRN3A).
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FIGURE 1. RNAseq profiling of ATPase expression in human embryonic stem cells and in early neural stem cell states. (A) Overview of protocol for deriving neural epithelial progenitors (NEP), and neuromesodermal progenitors (NMP) on day 4; rostral neural stem cells (NSC), neural crest stem cells (NCSCs) and caudal NSC on day 11. (B) Gene expression of known markers indicative of the various stem cell states. (C) Principal component analysis of expression of ATPases during early neural progenitor states. (D) RNAseq profiling of ATP2B1-4 expression (in RPKM values) in human embryonic stem cells and in early neural stem cell states (****p < 0.001). Not all significant differences are indicated. Legend shown in (D) also represents colored dots in (C).



To explore the variation in expression of ATPases during early neural progenitor states we performed a principal component analysis on all ATPases. Strikingly we observed that principal component 1 (PC1), which had the highest percentage of variance (30.4%) separated the stem cell states based on the time of differentiation, whereas the PC2 could separate only some of the stem cell states at each time point (Figure 1C). These results indicated that a dynamic change in ATPase expression occurs between the distinct progenitor states, progressively changing as the neural progenitors developed toward more committed progenitors.

Based on these results we further sought to examine the P-type ATPase PMCA members (ATP2B1-4; Figure 1D). ATP2B1-4 were all examined between each of the stem cell states. ATP2B1 and ATP2B4 had higher amount of transcripts across all of the stem cell populations (Figure 1D). Interestingly the ATP2B1 expression significantly increased (p < 0.0001) when differentiated from the pluripotent state to both NEP and NMP day4 progenitor states. In the NEP group ATP2B4 expression was also significantly increased compared to the pluripotent state (p < 0.0001; Figure 1D). ATP2B2 and ATP2B3 were also detected, in all groups, except for in the NMP group where ATP2B2 was undetected (Figure 1D).

PMCA Expression in Human Pluripotent Stem Cells

We next investigated whether the expression of PMCAs, as indicated by RNAseq analysis (Figure 1D), were translated into detectable protein levels and to subsequently determine the cell subtype specific expression. ATP2B1-4 were all detected in pluripotent stem cells and showed a punctate localization pattern within the cells (Figure 2). ATP2B1 was ubiquitously expressed and interestingly vastly higher amounts were seen in dividing cells that also maintained expression of POU5F1 (Figure 2, arrow head). To further validate the pluripotent status of these cells NANOG expression was analyzed and, indeed, high ATP2B1 expressing cells also co-expressed NANOG (Figure S2).
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FIGURE 2. Immunocytochemistry analysis of ATP2B1-4 and POU5F1 expression in human pluripotent stem cells. Arrow heads point to the dividing cells. Scale bars = 20 μm.



In contrast, ATP2B2 expression was more restricted to a subpopulation of the hPSCs that could be identified also by an atypical morphology, consisting of a larger cytoplasm to nuclear ratio. Despite this morphology, POU5F1 and NANOG were both expressed in the ATP2B2 positive cells within the pluripotent culture. Notably however these cells were frequently located closer to the edges of the colony.

ATP2B3 showed a similar ubiquitous expression pattern to ATP2B1 and higher expression in dividing cells. However, interestingly, not all dividing cells expressed higher levels of ATP2B3, potentially representing a discrete stage during mitosis (Figure 2). Furthermore, ATP2B3 positive cells expressed POU5F1 and NANOG (Figure 2, Figure S2). Lastly we identified ATP2B4 positive cells that corresponded with a population close to the edge of the colony, with all positive cells having a large cytoplasm similar to ATP2B2 (Figure 2). Moreover, these cells also still expressed POU5F1 and NANOG.

Based on our analysis of hPSCs, all PMCAs were expressed in pluripotent, POU5F1 and NANOG positive, cells. The expression of PMCAs varied, however, with respect to cell morphology and cell cycle stage, with the most notable change being ATP2B1 and ATP2B3 expression being highest during cell division, a point at which cell differentiation can occur. Overall, precise regulation of Ca2+ by PMCAs could be required during mitosis in hPSCs. Furthermore, ATP2B2 and ATP2B4 were highly expressed in cells with morphologies indicative of a metastable differentiation state.

PMCA Expression in Early Neural Stem Cells

Differentiation of pluripotent stem cells toward a neuroectoderm fate coincides with transient increases in intracellular Ca2+. Based on our RNAseq data we identified a significant change in expression between pluripotent and day 4 time points for ATP2B1 (Figure 1D). Additionally, the higher expression of PMCAs in morphologically larger hPSCs and during cell division indicates a changing cellular state with varying requirements for Ca2+ regulation. We therefore further investigated the PMCA protein expression and localization during neural development. NEPs and NMPs were examined, which represent progenitors of the same differentiation time point but with vastly different potential (Figures 3A,B). PMCA expression in NEPs and NMPs were indiscernible from each other, both populations showing ubiquitous expression throughout the cultures for ATP2B1. In contrast to the RNAseq data, ATP2B2 was detected in both groups and it was mainly detected in dividing cells and also found in discrete sub-populations of cells, which SOX2 could not discriminate. In both groups ATP2B3 was ubiquitously expressed but at lower levels consistent with the RNAseq analysis. The ATP2B4 was strongly expressed in cell membranes of a sub-population of cells, however SOX2 expression could also not separate this population.
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FIGURE 3. Immunocytochemistry analysis of ATP2B1-4 and SOX2 expression in (A) neural epithelial progenitors (NEP) and in (B) neuromesodermal progenitors (NMP) on day 4. Scale bars = 20 μm.



PMCA Expression in Central and Peripheral Neural Stem Cells

We further characterized the PMCA expression at later differentiation states, the Rostral NSCs, Caudal NSCs and NCSCs (Figures 4A–C). In accordance with the RNAseq data and consistent with the early stem cell states all PMCA genes were detected within all groups. Interestingly in all three groups ATP2B1 expression was apically localized to the luminal regions of the neural rosettes, which also co-stained for SOX2. Furthermore, ATP2B2 within the Rostral NSCs was also apically localized to the luminal region of the rosettes and within the NCSCs ATP2B2 was selectively localized to the SOX2 positive cells. ATP2B4 expression was higher at the edges of the spheres except for the Caudal NSC groups, which showed a more ubiquitous expression.
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FIGURE 4. Immunocytochemistry analysis of ATP2B1-4 and SOX2 or SOX10 expression in (A) rostral neural stem cells (NSC), in (B) caudal NSC, and in (C) neural crest stem cells (NCSCs) on day 11. Scale bars = 20 μm.



PMCA Expression in Mesencephalic Dopaminergic Neurons

Having identified the changing expression between the maturation states of the NSC we lastly sought to characterize the expression of PMCAs in mature neurons. We therefore investigated PMCA expression in mesDA neurons. mesDA neurons were differentiated in vitro for 45 days following our previously established protocol (Figure 5A). We first validated the protocol by staining differentiated cell populations with FOXA2 and Tyrosine Hydroxylase (TH), markers indicative of mesDA neurons, and identified neurons positive for both markers (Figure 5B). ATP2B1 was highly expressed and localized to the soma and the axons of the dopaminergic neurons. ATP2B2 and ATP2B3 were also expressed throughout the TH+ neurons, whilst ATP2B4 was detected weakly in the mesDA neurons (Figure 5).
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FIGURE 5. Immunocytochemistry analysis of ATP2B1-4 expression in mesencephalic dopaminergic neurons. (A) Overview protocol for making mesDA in vitro for 45 days. (B) Immunostaining of mesDA with double positive of FOXA2 and Tyrosine Hydroxylase (TH) markers indicates the efficient protocol. (C) Immunostaining of ATP2B1-4 and TH expression. Arrow heads point to the TH positive staining with ATP2B1-4 staining and white lines in ATP2B1-4 panels outlines TH positive staining. Scale bars = 20 μm.



DISCUSSION

Calcium acts as a major second messenger system within cells and as such it is involved in the regulation of numerous signaling pathways. During development stem cell fate is dictated by the precise temporal and spatial activation of signaling events, which requires specific ligand-receptor interactions and can rely on cytoplasmic calcium for transcriptional regulation (Lee et al., 2009; Thrasivoulou et al., 2013). This study has identified the expression changes of PMCAs that occur during early human stem cell states of the developing nervous system. In particular we have characterized the expression of PMCAs within: hPSCs, NEPs, NMPs, Rostral NSCs, Caudal NSCs, and NCSCs. Strikingly we observed a dynamic change in ATPase expression that coincided with the advanced differentiation states of NSC, which was independent of the differentiation of the NSCs (Figure 1C). We identified ATP2B1 and ATP2B4 as the most abundantly expressed, consistent with previous reports in other cell types and with ATP2B1 regarded as providing a housekeeping function for Ca2+ homeostasis (Okunade et al., 2004). Furthermore, ATP2B1 expression significantly increased when differentiating from a pluripotent state to either a NMP or NEP, indicated a change in the transcriptional regulation of ATP2B1 when transitioning to neural ectoderm. In contrast to ATP2B1 and ATP2B4, the RPKM values of ATP2B2 and ATP2B3 were lower and ATP2B2 was undetected in NMP. Despite the absence of detected transcripts, ATP2B2 proteins could be detected in NMPs, which was a sub-population of mainly dividing cells (Figure 1D). The depth of sequencing and the fact that ATP2B2 was only observed in a small subpopulation is the likely reason for the discrepancies between the sequencing and immunostaining results. Moreover, the differences between the RNAseq data and immunostaining results reflects the known divergence in transcript production and half-life to that of protein synthesis and turnover (Maier et al., 2009). Furthermore, our immunostaining also revealed a subcellular punctate localization for all the PMCAs, which suggests that the localization rather than the abundant of PMCAs are important for normal cellular function. The punctate localization of the PMCAs is likely formed to produce specific signaling complexes, which has been reported previously for ATP2B1-4, and the C-terminal tail of ATP2B4 has been shown to act as a signaling peptide involved in controlling its cellular localization (Marcos et al., 2009; Kenyon et al., 2010; Antalffy et al., 2013).

In contrast to mouse embryonic stem cells, which have been shown to only express ATP2B1 and ATP2B4, we identified a transient pluripotent state with an atypical morphology that express ATP2B2 and still expressed POU5F1 and NANOG (Figure 2, Figure S2; Yanagida et al., 2004). These ATP2B2 expressing pluripotent stem cells may represent a primed state of hPSCs committed to differentiate but not yet having down-regulated all pluripotency genes (Kalkan et al., 2017; Liu et al., 2017; Smith, 2017).

Interestingly, in pluripotent cultures, ATP2B1 and ATP2B3 were highly expressed in cells undergoing mitosis. Both ionic current and PMCA activity have been shown to fluctuate during mitosis in the development of simpler eukaryotes (Zivkovic et al., 1991). Moreover, prevention of Ca2+ surges prior to or during mitosis result in inhibition of mitosis entry and exit, respectively (Steinhardt and Alderton, 1988). Thus, regulation of Ca2+ surges seems to be essential for cell division. Interestingly we could observe increased ATP2B1 and ATP2B3 in a period close to or during the anaphase-telophase transition, a stage which is dependent on a sustained increased Ca2+ level (Tombes and Borisy, 1989). Furthermore, nuclear Ca2+ can operate in an independent manner within the nucleus to that of the cytoplasm through the regulation of its own Ca2+ stores, with nuclear InsP3 being capable of regulating nuclear Ca2+ levels (Leite et al., 2003). In accordance with this, the cell cycle specific expression of PMCAs likely represents an altered requirement of cytoplasmic calcium regulation during nuclear envelope break down in cytokinesis (Stehno-Bittel et al., 1995).

Previous studies have identified ATP2B2 and ATP2B3 to be predominantly expressed in neuronal tissues (Stauffer et al., 1995; Strehler and Zacharias, 2001). Consistent with that we detected all PMCA isoforms in both NEPs and NMPs. Interestingly, at later stages in neural development we found ATP2B1 to be apically localized to the luminal regions of the neural rosettes. Active Ca2+ secretion to the lumen of the neural rosettes could be required for the generation of a specific lumen environment that promote neural tube closure (Abdul-Wajid et al., 2015; Suzuki et al., 2017). Furthermore, we identified ATP2B4 to be highly expressed at the edges of the neurospheres in the Rostral NSC and NCSC groups, however we could not identify a specific protein marker that could define this population. Nevertheless, an explanation for this could be that PMCA expression can be altered by changes in physical environmental rather than cell identity (Antalffy et al., 2013).

Dopamine release by mesDA neurons is dependent on precise Ca2+ fluctuations (Sgobio et al., 2014). We found that mesDA neurons expressed all four PMCAs. Alterations therefore in PMCA expression in mesDA neurons could contribute to mesDA neurons increased sensitivity to Ca2+ and hence to the PD pathogenesis. In support of this, impairment of Ca2+ homeostasis has been observed in iPSC-derived mesDA neurons from patients with heterozygous mutations for GBA1 (Schöndorf et al., 2014). These neurons showed an increase in basal Ca2+ levels and increased vulnerability to Ca2+ mediated endoplasmic reticulum (ER) stress. In addition, in PMCA overexpressing rats a neuroprotective function of PMCAs has been shown by its ability to decrease vulnerability to MPTP treatment (Brendel et al., 2014). Hence, strategies to regulate PMCA activity could serve as a neural protective mechanism in mesDA neurons by providing additional support for intracellular Ca2+ regulation.

CONCLUSION

In summary, we have identified a dynamic change in the expression of P-type ATPases between distinct progenitor types. The transcriptional mechanisms that regulate these changes is still unknown and the functional significance of progenitor cell types requiring distinct P-type ATPase expression has yet to be elucidated, however it may reflect cell type specialization requirements. Most significantly we identified a novel expression timing of ATP2B1 and ATP2B3 during cell division of hPSCs and expression of ATP2B2 was observed in a subpopulation of hPSCs. Neural rosettes were identified as having a distinct apical localization of ATP2B1 to their luminal side. Lastly, we identified ATP2B1-4 were all expressed in mesDA neurons. Overall these results contribute to our understanding of the respective roles of the PMCA isoforms in neural development and their potential use as drug target for disease therapies.
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Chromosome dynamics during meiotic prophase I are associated with a series of major events such as chromosomal reorganization and condensation, pairing/synapsis and recombination of the homologs, and chromosome movements at the nuclear envelope (NE). The NE is the barrier separating the nucleus from the cytoplasm and thus plays a central role in NE-associated chromosomal movements during meiosis. Previous studies have shown in various species that NE-linked chromosome dynamics are actually driven by the cytoskeleton. The linker of nucleoskeleton and cytoskeleton (LINC) complexes are important constituents of the NE that facilitate in the transfer of cytoskeletal forces across the NE to individual chromosomes. The LINCs consist of the inner and outer NE proteins Sad1/UNC-84 (SUN), and Klarsicht/Anc-1/Syne (KASH) domain proteins. Meiosis-specific adaptations of the LINC components and unique modifications of the NE are required during chromosomal movements. Nonetheless, the actual role of the NE in chromosomic dynamic movements in plants remains elusive. This review summarizes the findings of recent studies on meiosis-specific constituents and modifications of the NE and corresponding nucleoplasmic/cytoplasmic adaptors being involved in NE-associated movement of meiotic chromosomes, as well as describes the potential molecular network of transferring cytoplasm-derived forces into meiotic chromosomes in model organisms. It helps to gain a better understanding of the NE-associated meiotic chromosomal movements in plants.

Keywords: nuclear envelope, chromosome dynamics, meiosis prophase I, SUN proteins, KASH proteins, meiotic modification, cytoplasmic adaptors, nucleoplasmic adaptors

INTRODUCTION

Meiosis has the following characteristics, one round of DNA replication and two rounds of chromosome separation (Roeder, 1997). Prophase I is the longest and most complex phase of meiosis, which is vital to ensure the faithful completion of meiosis. A series of chromosome dynamics-associated events such as chromosomal reorganization and condensation, establishment of meiotic-specific chromosome structure, homologous chromosome pairing, and dynamic chromosome movements is closely integrated and finely spatiotemporally controlled during meiotic prophase I (Padmore et al., 1991; Dawe et al., 1994; Hunter and Kleckner, 2001; Blat et al., 2002; Borner, 2006; Golubovskaya et al., 2006; Kleckner, 2006; Zickler, 2006; Tiang et al., 2012). During meiosis, telomeres attach to the nuclear envelope (NE), which in turn drives chromosome movement (Tiang et al., 2012). The NE is a highly conserved eukaryotic structure that protects DNA from enzymatic degradation (Stewart et al., 2007; Wilson and Dawson, 2011). Recent studies have shown that the NE fulfills distinct functions by regulating sets of the proteins that are embedded in the NE. Furthermore, the NE is a crucial determinant for reproduction and fertility; its particular components, the Klarsicht/ANC-1/Syne-1 homology (KASH) proteins and Sad-1/UNC-84 homology (SUN) proteins, play a key role in meiotic chromosome movements (Razafsky and Hodzic, 2009; Kracklauer et al., 2013; Subramanian and Hochwagen, 2014). Nonetheless, the precise role of the NE in chromosome dynamics remains elusive. Here, we review recent studies on meiosis-specific constituents and modifications involving the NE and related nucleoplasmic/cytoplasmic adaptors, as well as propose a molecular network of cytoplasm-derived forces that influence NE-linked meiotic chromosomal movements.

AN OVERVIEW OF THE NE STRUCTURE

In eukaryotes, the nucleus is a characteristic feature of eukaryotic cells that is enclosed by the NE. Figure 1 shows the structure of the NE during interphase. The NE is a highly conserved eukaryotic double membrane that separates and protects the genetic material of cells (Stewart et al., 2007; Wilson and Dawson, 2011). The general structure of the NE consists of the inner nuclear membrane (INM), outer nuclear membrane (ONM), and the perinuclear space (PNS), which is about 50 nm in thickness and situated between the INM and ONM (Figure 1). The double nuclear membranes are connected by nuclear pore complexes (NPCs) and linkers of nucleoskeleton and cytoskeleton (LINC) complexes (Figure 1; Crisp et al., 2006). NPCs serve as the fusion site of the INM and ONM and form transport channels for macromolecules that move to and from the nucleus and cytoplasm. LINCs stabilize the structure of the NE, play important roles in cell division, and establish cellular polarity, fertilization, cellular migration, and differentiation by connecting the INM and ONM (Crisp et al., 2006; Rothballer et al., 2013; Sosa et al., 2013). However, despite these junctions, the ONM and INM are still divergent. The ONM is a specialized extension of the endoplasmic reticulum (ER), which is studded with ribosomes that facilitate protein synthesis (Park and Craig, 2010). The ONM also binds cytoskeletal components such as microtubules (MTs), as well as acts as a nucleation center of MTs during cell division (Han and Dawe, 2011; Masoud et al., 2013). A series of proteins in the INM interact with various nuclear constituents, including chromosomes and the nucleoskeleton, to ensure the link between the NE and the corresponding nuclear materials (Starr, 2009; Bickmore and van Steensel, 2013). The nuclear lamina as a protein network juxtaposed to the INM nucleoplasmic side. However, currently understanding of the nuclear lamina in plants is limited. An INM-linked dense meshwork was founded in plants by electron microscopy, that is similar to animal laminae (Ciska and de la Espina, 2014).
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FIGURE 1. The interphase structure of the NE. The NE consists of the inner nuclear membrane (INM), outer nuclear membrane (ONM) and the perinuclear space (PNS). The NE is embedded with nuclear pore complexes (NPCs), SUN proteins in the INM and KASH proteins in the ONM. LINC complexes are made of SUN proteins and KASH proteins, transferring cytoplasm-derived forces inti the chromosomes in the nucleoplasm. The ONM facing the cytoplasm is connected with the rough endoplasmic reticulum (rER). The nuclear lamina is a protein network that is situated close to the INM nucleoplasmic side. In plants, little is known about the nuclear lamina. However, electron microscopy has revealed there is an INM-associated dense meshwork, similar to the animal lamina.



Recent studies have shown that the NE is not only a physical nucleocytoplasmic barrier, but also a multifunctional platform (Fransz and de Jong, 2011; Gross and Bhattacharya, 2011). The NE thus allows specific proteins to be embedded in the ONM and INM, respectively, thereby establishing specific cytoplasm-facing and nucleoplasm-facing functions. A collection of specific integral membrane proteins in the NE include nuclear pore complexes (NPCs), SUN proteins (Razafsky and Hodzic, 2009; Starr and Fridolfsson, 2010) in the INM, and KASH proteins (Wilhelmsen et al., 2006; Rothballer and Kutay, 2013) in the ONM. SUN proteins and KASH proteins form LINC complexes (Crisp et al., 2006). Thus, animal NE proteins transport nucleocytoplasmic macromolecules, are involved in chromosomal dynamics, regulate transcription, and induce aging and nuclear migration (Gruenbaum et al., 2005; Andres and Gonzalez, 2009; Hetzer and Wente, 2009; Starr, 2009). Furthermore, certain NE components play a key role in chromosome pairing and synapsis of homologs during meiosis (Subramanian and Hochwagen, 2014). The LINC complex is an important NE component that has been implicated in the directed movement of meiotic chromosomes within the nucleus (Razafsky and Hodzic, 2009; Kracklauer et al., 2013).

CHROMOSOME DYNAMICS IN MEIOSIS

DNA is replicated once, but chromosomes are segregated twice during meiosis (Roeder, 1997). Meiotic divisions are subdivided into meiosis I and meiosis II. Homologous chromosomes are separated in meiosis I, and sister chromatids are segregated from each other in meiosis II. A series of coordinated processes are required during the two meiotic divisions. Prophase I, metaphase I, anaphase I, and telophase I occur in meiosis I. Prophase I as the longest and most complex phase and is further subdivided into five distinguished stages according to the degree of chromatin condensation. The stages in succession are leptotene, zygotene, pachytene, diplotene, and diakinesis (Baarends and Grootegoed, 2003; Wijnker and Schnittger, 2013).

Chromosome dynamics including reorganization and condensation of chromosomes, homologous chromosome pairing, chromosome movements, and establishment of meiosis-specific chromosome structure occur during prophase I of meiosis (Tiang et al., 2012). Homologous chromosome pairing (Dawe et al., 1994) is tightly associated with the process of meiotic recombination (Tiang et al., 2012). Meiosis involves unique chromosome dynamic processes such as pairing/ synapsis and recombination of homologs that occur during meiotic prophase I, as have been extensively characterized in model systems involving Saccharomyces cerevisiae, Schizosaccharomyces pombe, and C. elegans (Hiraoka and Dernburg, 2009; Koszul and Kleckner, 2009). These meiosis-specific events are closely integrated and finely controlled temporally and spatially (Padmore et al., 1991; Hunter and Kleckner, 2001; Blat et al., 2002; Borner, 2006; Kleckner, 2006; Zickler, 2006). Synapsis and recombination ensure the establishment of chiasmata that hold homologous chromosomes together, thereby facilitating correct segregation (Tiang et al., 2012).

TELOMERE MOVEMENTS AT THE NE DURING MEIOSIS

Telomeres are blocks of highly conserved repetitive DNA sequences at chromosome ends that protect chromosomes from nucleolytic degradation and fusion. The behavior of centromeres and telomeres largely controlls chromosomal dynamics of prophase I (Siderakis and Tarsounas, 2007). Previous studies have shown in various species that the cytoskeleton induces chromosomal movements using telomere-NE attachments (Bhalla and Dernburg, 2008; Koszul and Kleckner, 2009; Sheehan and Pawlowski, 2009; Woglar and Jantsch, 2014). During meiosis prophase I, telomere positions undergo dynamic changes, including telomeric attachment, clustering, dispersal, and redistribution across the nuclear periphery (Figure 2). During meiotic interphase, telomeres are distributed across the nucleolus instead of the NE. Prior to pairing, telomeres attach to the NE at the onset of leptotene stage. As leptotene proceeds, telomeres are attached to the NE and are stably linked to it. These tethered telomeres move within the INM and gather at a certain region, creating a characteristic flower-like structure, known as the bouquet of telomeres (Bass et al., 2000; Golubovskaya et al., 2002; Harper et al., 2004; Richards et al., 2012). Telomere clustering starts at the late leptotene stage, always overlaps with the zygotene stage, and usually persists until pachytene (Bass, 2003). The telomere bouquet always appears during the zygotene stage, after which telomeres are then scattered again. Despite telomere clustering may be observed at the early pachytene stage, if homologous chromosomes are completely paired at the end of pachytene, telomeres are dispersed evenly across the NE again while additional nuclear deformations and rotations occur.
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FIGURE 2. Telomere movement at the NE during meiotic prophase. The four different movement classes are indicated as (A–D). Red dots indicate the positions of the telomeres relative to the NE. The relative direction of telomeric movements is indicated by black arrows. (A) Telomeres scattering in the nucleus move to the NE at the onset of leptotene stage. (B) Telomeres are tethered to the NE and stably connected to it at the late leptotene stage. The telomere clustering starts in the late leptotene stage, always overlaps with the zygotene stage and usually persists until pachytene. (C) The tightest clustering of telomeres is usually observed at the zygotene stage. (D) At pachytene, telomeres are motile and scattered over the NE again, while additional nuclear deformations and rotations occur (black arrows). For further information please see the Scherthan (2007).



The characteristic telomere-guided chromosome movements are an evolutionarily highly conserved hallmark of meiotic prophase I (Scherthan et al., 1996; Koszul and Kleckner, 2009). The telomere “bouquet” stage has been observed in all organisms studied regardless of whether they have big (maize) or small (fission yeast) genomes (Scherthan, 2001), except C. elegans and Drosophila, which both employ non-canonical methods of homology searching (Mckee, 2004).

FUNCTIONAL SIGNIFICANCE OF THE TELOMERE BOUQUET

Bouquet formation of telomeres feature chromosomal movements within the NE, which might facilitate homologous chromosome pairing and synapsis (Scherthan, 2001; Lee et al., 2012). Several lines of evidence show that one of the most likely functions of the bouquet is to warrant the efficient initiation of pairing and synapsis of between homologous chromosomes (Tabata, 1962; Carlton and Cande, 2002; Moens et al., 2011). Mutants with defects in bouquet generation always show defects in chromosome pairing, which suggests the possible role of the bouquet in chromosome pairing (Harper et al., 2004; Klutstein and Cooper, 2014). Several mutants, for example, plural abnormalities of meiosis 1 (pam I) (Golubovskaya et al., 2002), desynaptic 1 (dsy1) (Bass et al., 2003), and poor homologous synapsis1 (phs1) (Pawlowski et al., 2004) exhibit significant defects in homologous pairing in maize. Correspondingly, clusters of telomeres persist in pairing-defective spo11 mutants of Sordaria and S. cerevisiae (Trelles-Sticken et al., 1999). Therefore, it seems likely that the bouquet physically brings homologous chromosomes into close proximity at a certain region of the NE, supporting homologous chromosome pairing and synapsis, double-strand break (DSB) repair, and recombination (Scherthan et al., 1996; Bass et al., 2000), thereby preventing and dissolving heterologous associations of non-homologous chromosomes (Zickler and Kleckner, 1998; Moens et al., 2011). However, the actual function of the meiotic bouquet is still not entirely clear.

LINC COMPLEXES

It has been shown in several species that the cytoskeleton induces dynamic motility of chromosomes via telomere-NE attachments (Bhalla and Dernburg, 2008; Koszul and Kleckner, 2009; Sheehan and Pawlowski, 2009; Woglar and Jantsch, 2014). The NE is the barrier separating the nucleus from the cytoplasm that plays a central role in the NE-associated chromosomal movements. Significantly, NE-linked chromosome dynamics are actually driven by the cytoskeleton during meiotic progression (Trelles-Sticken et al., 1999; Conrad et al., 2008; Koszul et al., 2008; Lee et al., 2012). The implication here is that there must be mechanisms that transmit cytoskeletal forces across the NE to individual chromosomes. The special double-layer-membrane structure of the NE raises the question of how can various regions of chromosomes, telomeres in particular, be physically connected to the cytoskeleton during meiosis. Because the NE remains intact during the process of synapsis, there has to be a molecular machinery spanning both the INM and ONM and interacting with chromatin and other cytoskeletal components, respectively. The LINC complexes consist of SUN domain family proteins in the INM and KASH domain homology proteins in the ONM (Burke and Roux, 2009; Razafsky and Hodzic, 2009; Starr and Fridolfsson, 2010).

The LINC complexes span the INM and ONM and form the bridge between the nucleoskeleton and the cytoskeleton through the SUN-KASH domain interaction in the NE lumen (Razafsky and Hodzic, 2009; Starr and Fridolfsson, 2010; Kim et al., 2015). In this way, mechanical forces from the cytoskeleton are directly transduced to the NE and then into chromosomes. A chain of interactions from the cytoskeletal elements to the nucleoskeleton as follows, various components of the cytoskeleton interact with the cytoplasmic domains of KASH proteins, which in turn induces SUN proteins in the INM to interact with KASH proteins at their C-termini in the PNS and with specific nuclear contents at the N-termini in the nucleoplasm (Haque et al., 2006; Bone et al., 2014). The LINC complexes are responsible for the transfer of this force across the nuclear envelope and enable a direct communication and connection between nuclear and cytoplasmic content.

SUN DOMAIN PROTEINS

Molecular Characteristics of Sun Proteins

SUN proteins as important INM-integral components of LINC complexes that exhibit highly conserved structure and function (Starr, 2009). SUN proteins comprise an N-terminal region and a C-terminal region that are separated by one or more transmembrane domains (TMDs) (Tzur et al., 2006; Worman and Gundersen, 2006). The N-termini of SUN proteins are variable and directly or indirectly interact with lamins, which are the components of the nucleoskeleton (Lee et al., 2002; Crisp et al., 2006; Haque et al., 2006; Bone et al., 2014) and tether chromosomes to the nuclear periphery (Bupp et al., 2007; King et al., 2008; Morimoto et al., 2012; Link et al., 2014). The C-terminal region contains the well-conserved SUN domain, which extends into the PNS that interacts with KASH proteins. Most SUN proteins have coiled-coil domains (CCDs) at their N-termini, which facilitate in domain trimerization (Sosa et al., 2012; Zhou et al., 2012b).

Two divergent classes of SUN proteins have been identified by homology searching in plants: classical SUN proteins which contain SUN domains at the C-terminus (Murphy et al., 2010), and a second group of SUN proteins, with SUN domains in the center of the SUN protein, and thus designated as mid-SUN proteins (Murphy et al., 2010). The function of mid-SUN proteins is far less well-understood than the Cter-SUNs. Mid-SUN proteins differ from Cter-SUN proteins in both structure and localization. Mid-SUN proteins frequently contain three TMDs and plant mid-SUN proteins usually contain a conserved PM3-associated domain (PAD) (Murphy et al., 2010; Graumann et al., 2014). In addition, mid-SUN proteins are located in both the NE and the ER (Murphy et al., 2010; Graumann et al., 2014).

Members and Functions of Sun Proteins

SUN domain proteins have been identified in various species (Table 1). Three Arabidopsis SUN proteins (AtSUN3, AtSUN4, and AtSUN5) and three maize SUN proteins (ZmSUN3, ZmSUN4, and ZmSUN5) belong to the mid-SUN group (Murphy et al., 2010; Murphy and Bass, 2012; Graumann et al., 2014). The presence of several SUN protein members in a single organism (often at least five in humans) and their ability to form multimers implicate these are involved in a wide range of important cellular functions. Reports have shown that SUN proteins are implicated in interactions with lamins, nuclear positioning, spindle architecture, apoptosis, centrosome linkage to the nucleus, and maintenance of even spacing between the INM and ONM (Table 1). In addition, SUN proteins are required in a number of systems to attach telomeres or pairing centers to the NE during meiosis (Chikashige et al., 2006; Ding et al., 2007; Penkner et al., 2007; Conrad et al., 2008; Koszul et al., 2008). For example, SUN1, SUN2, Sad1, and Mps3 tether chromosomes to the nuclear periphery by interacting with telomere-binding proteins (Bupp et al., 2007; King et al., 2008; Morimoto et al., 2012; Link et al., 2014). The SUN protein trimer can usually bind three KASH domains of KASH homology proteins in the PNS (Sosa et al., 2012; Zhou et al., 2012a). In maize, ZmSUN2 produces a unique belt-like structure at the NE that undergoes remarkable dynamic changes during meiosis (Murphy et al., 2014). Accordingly, AtSUN1 and AtSUN2 have been localized to meiotic prophase I-specific regions (Varas et al., 2015). In maize, ZmSUN3 as a mid-SUN protein, has been supposed to play an important role in meiotic divisions (Murphy and Bass, 2012). Of the five identified SUN proteins of mammals, SUN1 and SUN2 proteins have been demonstrated to be the only ones that are also expressed in meiotic cells, thereby indicating dual somatic and meiotic functions (Schmitt et al., 2007; Chi et al., 2009; Yu et al., 2011). To date, studies involving SUN1- and SUN1/SUN2-deficient mice have revealed that although SUN2 functions in part similarly to SUN1 in meiosis, SUN2 can not effectively compensate for the loss of SUN1 in meiosis (Schmitt et al., 2007; Chi et al., 2009; Lei et al., 2009). However, a single mutation for either SUN1 or SUN2 genes has no effect on reproduction or meiosis in A. thaliana (Varas et al., 2015). Several groups have then hypothesized that SUN1 and SUN2 assemble heteromultimeric complexes (Wang et al., 2006; Lu et al., 2008). Taking into account that in mice, SUN2 protein shares its localization with SUN1 protein and meiotic KASH5 protein, it is then speculated that during normal meiosis SUN1 and SUN2 form heterotrimers which interact with KASH5 protein to assemble meiotic LINCs. In the absence of SUN1, LINCs may only consist of SUN2 and KASH5, still attaching telomeres of chromosomes to the NE, yet in a less effective way than complete SUN1/SUN2-KASH5 complexes. And then this could explain the partial redundancy between SUN1 and SUN2 in mice. Further research is required to determine how these SUN family members coordinate in the near future.


Table 1. Members and functions of the SUN protein family.
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KASH DOMAIN PROTEINS

Molecular Characteristics of KASH Proteins

Four criteria were employed to define KASH proteins (Starr, 2011). First, KASH proteins are positioned at the ONM. Second, the C-terminal KASH domain is essential for interaction between KASH and SUN proteins. Third, the KASH domains ensure their localization to the ONM (Crisp et al., 2006). Fourth, N-terminal domains of KASH proteins are not highly conserved and are linked to the cytoskeleton. The KASH domain usually includes a hydrophobic transmembrane domain and a sequence of 6–30 amino acids in the PNS. The perinuclear 6- to 30-amino acid domain of KASH proteins is usually highly conserved, for example, 13 of 20 residues are identical between C. elegans ANC-1 and human Syne/Nesprin-1/-2. The terminal region of the perinuclear sequence of the KASH domain consists of a highly conserved four-amino acid motif PPPX in most animals; however, specifically, the penultimate proline appears to be widely conserved across kingdoms, which is essential in mediating SUN-KASH interaction (Lenne et al., 2000; Razafsky and Hodzic, 2009; Starr and Fridolfsson, 2010; Sosa et al., 2012). Apart from the PPPX motif, the last C-terminal four amino acids of plant KASH proteins are usually XVPT (X represents V/A/L/P) (Zhou et al., 2012a; Zhou and Meier, 2013). Similar to SUN proteins, KASH domain proteins can also form multimers (Djinovic-Carugo et al., 2002; Mislow et al., 2002). The SUN-KASH complexe usually comprise SUN protein trimers and KASH protein trimers. SUN-KASH interactions occur when the KASH domain fits into a hydrophobic pocket that is assembled by three SUN proteins.

Members and Functions of KASH Proteins

To date, KASH domain proteins have been identified in various species (Table 2). These KASH proteins are involved in different processes, such as nuclear migration, linkage to the nucleus, attaching nuclei to actin filaments and so on (Table 2).


Table 2. Members and functions of the KASH protein family.
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The less similarity between KASH domains is very weak, suggesting that many KASH proteins have yet to be discovered. For example, C. elegans ZYG-12 and S. cerevisiae Csm4 poorly aligns with other KASH domains, but these fit the criteria for KASH proteins (Starr and Fischer, 2005; Conrad et al., 2008; Koszul et al., 2008). Tryptophan–proline–proline (WPP)-interacting proteins (WIP)1-3 and SUN-interacting NE 1-2 proteins (SINE 1-2) are plant-specific KASH proteins that share a low degree of similarity with metazoan KASH proteins (Graumann et al., 2010; Oda and Fukuda, 2011; Zhou et al., 2012a, 2014; Zhou and Meier, 2013). These proteins reside in the ONM via SUN-KASH interactions, fulfilling the criteria for KASH proteins mentioned. AtTIK is a novel Arabidopsis KASH domain protein that has been identified using a split-ubiquitin-based membrane yeast two-hybrid screen (Graumann et al., 2014).

Among these reported KASH proteins, only mammalian KASH5, C. elegans ZYG-12, and yeast Kms1, Kms2, and Csm4 have been confirmed to be involved in meiosis (Table 2).

Meiosis-Specific Adaptations Involving the NE

Although the NE has a highly conserved basic structure in eukaryotes, it also undergoes meiosis-specific adjustment to facilitate chromosome dynamics. The nuclear lamina is a protein network that is juxtaposed to the INM nucleoplasmic side. It is mainly composed of lamin proteins. In animals, the nuclear lamina undergoes significant modifications in lamin B1 (B-type lamin) and lamin C2 (A-type lamin isoform) during meiosis, and lamin C2 is exclusively expressed in meiotic cells. This implicates that NE is modified to adapt to the requirements of meiosis (Furukawa et al., 1994; Alsheimer and Benavente, 1996). Current understanding of the functions of the nuclear lamina is limited in plants. It has been postulated that the nuclear matrix component protein (NMCP) family members are likely the best appropriate candidates for plant lamins (Ciska and de la Espina, 2014). Fluorescence resonance energy transfer experiments have shown that the N-termini of AtSUN1 and AtSUN2 co-localize with CRWN1, which is a member of the NMCP family in Arabidopsis (Graumann, 2014). However, its physical co-localization does not demonstrate that AtSUN1 and AtSUN2 directly or indirectly interact with CRWN1. Investigations on meiosis-specific adjustments with respect to components and functions of the nuclear lamina in plants are limited.

LINC complexes are important components of the NE that also undergo remarkable adaptations to the requirements of meiosis. SUN proteins and KASH proteins are encoded by various genes that are differentially expressed in various cell types and tissues (Roux et al., 2009; Göb et al., 2010, 2011; Frohnert et al., 2011; Kracklauer et al., 2013; Duong et al., 2014). LINC complexes generally exhibit features that involve specific cellular processes. Meiotic chromosomal movements within the NE are driven by cytoskeletal forces that span the double NE and are transferred to the chromosomes via specific LINC complexes (Kracklauer et al., 2013; Yamamoto, 2014). Unique reconstruction of the NE structure and formation of meiosis-specific LINC complexes are required during telomere attachment, movements, clustering, and reposition (Hiraoka and Dernburg, 2009). The meiosis-specific LINC complexes are modulated with respect to their constituent proteins and interaction partners (Table 3). LINC complexes are species-specific. In mice, meiosis-specific LINC complexes are composed of SUN1 and/or SUN2, and KASH5, which promote chromosome pairing and synapsis (Ding et al., 2007; Schmitt et al., 2007; Morimoto et al., 2012). The SUN protein Sad1 directly interacts with a KASH protein Kms1, assembling a functional meiotic LINC complex in S. pombe (Miki et al., 2004). The KASH domain protein ZYG-12 as a SUN1-interacting meiotic LINC component in C. elegans (Malone et al., 2003). The Zea mays SUN protein, ZmSUN3 is necessary for homologous chromosome synapsis, recombination, and chromosome segregation (Murphy et al., 2010; Murphy and Bass, 2012). However, the real meiotic KASH partner of ZmSUN3 remains elusive. In Arabidopsis, AtSUN1 and AtSUN2 are both associated with meiosis (Duroc et al., 2014; Varas et al., 2015). At the same time, the Arabidopsis genome encodes four KASH proteins, three WIP proteins (AtWIP1, AtWIP2, and AtWIP3) and one AtTIK protein, which all interact with AtSUN1 (Zhou et al., 2012a; Graumann et al., 2014). However, their definitive meiosis-specific functions remain unclear.


Table 3. Constituents of meiotic-specific LINC complexes in various organisms.
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Kinase-Associated Meiosis-Specific Modifications of the NE

The meiosis-specific functions of the ubiquitously expressed SUN proteins indicate that SUN proteins undergo post-translational modifications to mediate their meiotic functions. The Polo-like family of Ser/Thr kinase (PLK) of C. elegans co-localizes with PCs during meiosis, bringing about aggregation of SUN-1/ZYG-12 within the NE, thereby mediating dynein-driven chromosomal motions (Harper et al., 2011; Labella et al., 2011; Wynne et al., 2012; Rog and Dernburg, 2015). Phosphorylation modifications of the SUN1 nucleoplasmic domain through checkpoint protein kinase (CHK) family members CHK-2 and PLK-2 influence SUN1 motions within the INM during meiosis in C. elegans (Penkner et al., 2009; Sato et al., 2009; Labella et al., 2011). A recent study has shown that CHK-2 is a master regulator of meiosis in C. elegans, which first phosphorylates PC-binding zinc finger proteins HIM-8 and ZIMs, which in turn recruits PLK-2 to PCs (Kim et al., 2015).

Cyclin-dependent kinases (CDKs) are another group of highly conserved serine/threonine protein kinases that have been detected in various species from yeast to humans and play key roles in regulating the cell cycle and the cell division. During mammalian meiotic prophase I, CDK2 plays a critical role in meiosis-associated telomeric dynamics and meiosis-specific modifications of the NE components (Ashley et al., 2001; Berthet et al., 2003; Ortega et al., 2003; Viera et al., 2009, 2015). In mice, CDK2 mediates the accurate dynamic distribution of SUN1 protein via phosphorylation of SUN1 protein. SUN1 persists at the NE as a cap from the leptotene to pachytene phases in the absence of CDK2 in mice. CDK2 also affects the assembly of the meiosis-specific nuclear lamina. In the absence of CDK2, the distribution of lamin C2, a meiosis-specific isoform of lamin A and LAP2 (lamin-associated protein) are severely impaired, with a complete lack of LAP2 (Viera et al., 2015). However, the possible pathways to determine altered distribution of lamin C2 in meiosis are unknown.

Meiosis-Specific Adaptors between Telomeres/PCs and LINC

Telomeres link chromosomes to the NE through the LINCs. From yeast to humans, telomeres (or pairing centers in the worm) are always anchored to the NE by specific adaptors in the meiosis prophase I. The linkers connecting telomeres to LINCs are mainly composed telomere-binding proteins. In S. pombe, the linker between LINCs and telomeres is mediated by telomeric proteins Taz-1 and Rap-1, and the meiosis-specific proteins, Bouquet1-4 (Bqt1-4) (Chikashige et al., 2006, 2009). In C. elegans, chromosomes are connected to the NE through chromosome-specific pairing centers (PCs), instead of telomeres. Accordingly, LINCs tether chromosomes to the NE through PC-specific proteins, ZIM-1, ZIM-2, ZIM-3, and HIM-8 (Phillips et al., 2005; Phillips and Dernburg, 2006; Penkner et al., 2007; Sato et al., 2009; Baudrimont et al., 2010). During meiosis in S. cerevisiae, Ndj1 as a meiosis-specific adaptor connects LINCs to telomeres (Conrad et al., 2007, 2008). In mammals, telomere repeat-binding bouquet formation protein 1/2 (TERB1/2) and membrane-anchored junction protein (MAJIN) form a complex, TERB1/2-MAJIN, which serves as a meiosis-specific link between telomeres and LINCs (Daniel et al., 2014; Shibuya et al., 2014, 2015). In addition, meiotic LINCs of mammals are able to interact with meiosis-specific laminae. It is unknown whether meiosis-specific lamina proteins have an effect on telomere connection with LINCs. Currently, how telomeres are modified to mediate telomeric attachment to the NE during meiosis in plants remains unclear.

Meiosis-Specific Adaptors between the Cytoskeleton and the LINC

Anchoring linkers bridging LINCs and the cytoskeleton are responsible for transferring cytoskeletal forces to the NE, which then mediates meiotic chromosome movements along the NE during prophase I stages that comprise cytoskeleton or associated motor proteins (Koszul and Kleckner, 2009; Kracklauer et al., 2013). The LINC-complex is bound to the actin cytoskeleton via the atypical KASH protein Csm4 and actin in S. cerevisiae (Conrad et al., 2007, 2008). The LINC-complex is connected to microtubules (MTs) in the cytoplasm through Kms1 (KASH protein) and dynein light chain-family protein Dlc1 in S. pombe (Miki et al., 2002), KASH5, and dynein in mammals (Morimoto et al., 2012; Rothballer and Kutay, 2013), ZYG-12 KASH protein and dynein motors in C. elegans (Sato et al., 2009; Wynne et al., 2012), KASH proteins AtWIP-1, AtWIP-2 and a kinesin1-like protein AtPSS1 in Arabidopsis (Duroc et al., 2014; Wang et al., 2014).

An Integrated Mechanical System Transferring Cytoplasm Forces into Meiotic Chromosomes

The mechanisms responsible for dynamic chromosome movements have been partially deciphered in model organisms (Figure 3). The LINC complex couples the microtubule network and chromosomes. Nucleoplasmic adaptors tether telomeres or PCs (in C. elegans) to LINCs. Cytoplasmic adaptors connect cytoskeleton or cytoskeleton-associated proteins to LINC. The network between the cytoskeleton and chromosomes is telomeres/PCs-nucleoplasmic adaptors-NE-cytoplasmic adaptors-cytoskeleton. The molecular link system by which these forces are implemented differs in constituents in various organisms, telomeres-Taz1/Rap1/Bqt(1-4)-Sad1-Kms1/2-dynein (Dlc1)-MTs in S. pombe; PCs-ZIM(1-3)/HIM8-SUN1-ZYG12-Dynein-MTs in C. elegans; telomeres-Ndj1-Mps3-Csm4-actin-actin cable in S. cerevisiae; telomeres-TERB1/2/MAJIN-SUN1/SUN2-KASH5-dynein-MTs in mice; and telomeres-?-AtSUN1/AtSUN2-AtWIP1/2-kinesin (AtPSS1)-MTs in Arabidopsis. Whether and how NMCP family proteins and modification of SUN proteins are involved in the above molecular link system in plants remain unclear.
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FIGURE 3. A schematic representation of the link transferring cytoplasm forces into meiotic chromosomes. Telomeres or PCs (gold circle) connect to the NE through nucleoplasmic adaptors (schematized with a blue oval) and the nucleoplasmic domains (in green ovals) of SUN-domain proteins spanning the INM (in green; shown as a trimer). KASH domain proteins span the ONM (in red; shown as a trimer). Then SUN domains (in green helix) can interact with KASH domains (in red stub) in the PNS. Cytoplasmic adaptors (in purple) connect the cytoplasmic domains (in red ovals) of KASH proteins to the cytoskeleton (in black lines). The nucleoplasmic domains of SUN proteins can also interact with lamins (in orange). Cytoskeleton, cytoplasmic adaptors, SUN-KASH protein bridges, nucleoplasmic adaptors and telomeres/PCS form the central link that spans the nuclear envelope, transferring cytoplasm-derived forced into chromosomes. NE, nuclear envelope; INM, inner nuclear membrane; ONM, outer nuclear membrane; PNS, the perinuclear space.



CONCLUSIONS AND FUTURE PERSPECTIVES

Telomere-led chromosomal dynamics within the NE and mediated by LINCs are pivotal for meiosis and thus fertility. The NE as a regulatory platform is finely modified with respect to its constituents in meiosis. Meiosis-specific adaptations of the LINC components, cytoplasmic linkers, and nucleoplasmic linkers contribute to these movements. Our current knowledge of the LINC network can serve as a starting point for future studies in plants. KASH proteins are not well conserved and thus warrant identification of additional novel family members. There are still a number of issues concerning the meiotic adaptions of the NE that need to be addressed. How are ubiquitously expressed NE components regulated during meiosis? Are plant NMCP family proteins involved in telomeric attachment to the NE, similar to the lamina proteins? Are there more adaptor molecules participating in the LINC network?
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INTRODUCTION

The possible benefits of mitigating extracellular histone cytotoxicity have been outlined for the reproductive tract and other organs (e.g., Simon et al., 2013; Galuska et al., 2017; Lefrançais and Looney, 2017; Wygrecka et al., 2017; Yang et al., 2017). However, a reassessment of previously published data supports the notion that uterine histone secretion fosters early embryo development in multiple ways. (See below.) Hence, efforts to neutralize extracellular histone action in reproductive organs should be cautious. Thus far, there appears to be little discussion of how to preserve desirable histone effects while mitigating pathology caused by excessive extracellular histone actions.

MECHANISMS OF HISTONE CYTOTOXICITY ARE LIKELY RELATED TO THEIR ANTIMICROBIAL EFFECTS

Histones contribute to eukaryotic chromatin structure and function in a well-known manner (e.g., Harr et al., 2016). Less well known are the extra-nuclear functions of these macromolecules (e.g., Parseghian and Luhrs, 2006). Among these other functions, extracellular histones fight bacterial, fungal, viral, and other parasitic infections (Papayannopoulos, in press). At least two distinct mechanisms account for these antimicrobial effects.

First, histones are essential components of neutrophil extracellular traps (NETs). NETs are net-like structures that form from decondensed chromatin and cytosolic proteins. They usually form when neutrophils undergo cell death via a process termed NETosis. NETs trap and kill each of the pathogens listed above (Papayannopoulos, in press).

Free histones also have antimicrobial functions (Kawasaki and Iwamuro, 2008). For example, histones in amniotic fluid appear to fight bacteria by neutralizing the lipopolysaccharide (LPS) of microbes that gain access to this fluid (Witkin et al., 2011). Without such protection, LPS could cause pre-term labor and delivery (Hirsch et al., 2006).

The cytotoxic effects of histones are likely related to their mechanisms of antimicrobial action. For example, the hyperinflammatory response and death of mice given high doses of LPS appear to require free histones. Moreover, administration of free histones to mice causes their death (Xu et al., 2009). Similarly, histones contribute to organ damage by excessive NETosis especially in lungs (Silk et al., 2017; Papayannopoulos, in press). Clearly, NETosis and the actions of free histones need tight regulation in order to benefit mammals and prevent pathological effects.

ANTIMICROBIAL ACTIONS OF HISTONES IN THE REPRODUCTIVE TRACT

Extracellular histones also help to inhibit microbial proliferation in the reproductive tract. For example, in a mouse model, NETs appear to limit Group B Streptococcal infection via the vagina during pregnancy (Kothary et al., 2017). In addition, free histones in fluids from the reproductive tract of cows exhibit antimicrobial actions (Dráb et al., 2014). Since pathogens can cause inflammation in the reproductive tract of mammals, they can also adversely affect mammalian reproduction (Wiesenfeld et al., 2002; Mårdh, 2004; BonDurant, 2007). While extracellular histones protect against microbes in at least two ways, only one of these mechanisms of action likely apply to free histone molecules in follicular, oviductal, and uterine secretions.

DIRECT CONTRIBUTION OF HISTONES TO EARLY EMBRYO DEVELOPMENT

Background

Histones appear most abundantly in human uterine secretions at the time the uterus is receptive to blastocyst implantation (Beier and Beier-Hellwig, 1998). Similarly, histones are synthesized at increased rates in the uterine epithelium and stroma of ovariectomized mice upon administration of a hormonal protocol known to result in blastocyst implantation about 25 h later (Smith et al., 1970). Assuming histones appear in mouse uterine fluid when the uterus becomes receptive to blastocyst implantation, what other functions might histones serve there? One good possibility involves amino acid transport system B0, + in mouse and probably human blastocysts (Van Winkle et al., 2006). In order to consider this possibility in context, we first review system B0, + involvement in early embryo development and blastocyst implantation in the uterus.

The process of blastocyst implantation in the mouse is especially amenable to study owing to experimentally-controlled delay of implantation. While delay of implantation (diapause) occurs naturally in mice when blastocysts develop in nursing mothers, it can be produced experimentally in mice by removing their ovaries about 76 h after their eggs have been fertilized (Van Winkle and Campione, 1987; Van Winkle et al., 2006). Daily administration of progesterone followed by estrogen on day 7 of pregnancy then leads to blastocyst implantation 25 h later.

During this activation from delay of implantation, signaling owing to leucine uptake via amino acid transport system B0, + results specifically in development of trophoblast motility and penetration of the uterine epithelium by blastocysts (Van Winkle et al., 2006). This signaling occurs because increases in the Na+ and K+ concentrations in uterine secretions about 6 h after estrogen administration to ovariectomized, progesterone-treated rodents (Van Winkle et al., 1983; Nilsson and Ljung, 1985) drive net Na+-dependent system B0, + leucine uptake by the blastocyst trophectoderm. Leucine then stimulates the mTOR signaling that is needed for development of trophoblast motility and penetration of the uterine epithelium, which occur about 19 h later (Van Winkle et al., 2006). Meanwhile the uterine environment somehow suppresses system B0, + activity beginning about 10 h after estrogen administration (Lindqvist et al., 1978; Van Winkle and Campione, 1987). For example, blastocysts take up a radiolabeled, nonmetabolizable amino acid in utero, when it is administered to their mothers about 6 h after estrogen administration, but little or no uptake occurs when the amino acid is administered 4 h before or after this time (Lindqvist et al., 1978). We calculated that the decrease, in the rate of amino acid uptake between about 6 and 10 h after estrogen administration, is statistically equivalent to finding a drug that lowers the death rate from 94 to 6% (based on the effect size that can be calculated from the data of Lindqvist et al., 1978). At the time of the latter report, however, the full physiological significance of these changes in amino acid uptake by blastocysts in utero were not understood.

Although system B0, + is relatively inactive in utero during the 15 h prior to blastocyst implantation, it can be reactivated to even greater levels of transport activity simply by removing blastocysts from the uterus near the time of blastocyst implantation (Van Winkle and Campione, 1987). This ability to reactivate system B0, + activity also likely serves an important physiological function (Van Winkle et al., 2006). After reactivation, system B0, + would help to remove tryptophan from the implantation chamber during the initial penetration of the uterus by motile trophoblasts and, thus, help to suppress T-cell proliferation and immunologic rejection of the blastocyst (Munn et al., 1998; Baban et al., 2004).

Possible Histone Involvement

But what reversibly suppresses system B0, + activity beginning about 15 h before blastocyst implantation? Good candidates include histones that are likely secreted by uterine epithelial and possibly stromal cells when the uterus becomes receptive to blastocyst attachment and penetration (Smith et al., 1970). At near the histone concentrations detected in uterine fluid (Beier and Beier-Hellwig, 1998; Dráb et al., 2014), we found these macromolecules to inhibit amino acid uptake by mouse blastocysts. System B0, + activity, in particular, was inhibited much more than the activities of several other amino acid transport systems in blastocysts (Table IV in Van Winkle, 1993). In fact, the extent to which histones inhibited each of four different amino acid transport systems in blasocysts, differed from each other (p < 0.02), and ranged from near 90% inhibition of system B0, + to no inhibition of system L. Hence, it seems unlikely that histone cytotoxicity alone caused histone inhibition of amino acid transport system B0, + activity in blastocysts.

Perhaps not coincidentally, the effect size of this system B0, + inhibition by histones equals the effect size reported above, for reduction of the rate of amino acid transport into blastocysts in utero between about 6 and 10 h after estrogen administration to progesterone-maintained ovariectomized mice (Lindqvist et al., 1978). In addition, histone H2A (one of the more conspicuous histones in secretions of the receptive human uterus; Beier and Beier-Hellwig, 1998) likely is more effective at inhibiting amino acid uptake by blastocysts than other histones (Doman and Van Winkle, 1979). Reactivation of system B0, + in blastocysts, at the time of blastocyst penetration of the uterine epithelium, could be accomplished simply by removing histones from the relatively small amount of uterine fluid in implantation chambers. In this regard, proteases, needed to hydrolyze histones to inactive products, appear to abound in these chambers (e.g., Afonso et al., 1997).

While it is unclear why system B0, + activity needs to be suppressed after mTOR signaling, we observed one tantalizing possibility. When we incubated delayed-implantation blastocysts for 25 h in vitro in medium containing a relatively high Na+ concentration, they irreversibly lost their Na+-dependent component of amino acid uptake (Van Winkle, 1977). This apparent loss of Na+-dependent system B0, + activity would likely mean that the ability of blastocysts to activate net Na+-dependent tryptophan uptake would also be lost. If such loss were to occur in the implantation chamber in utero, then implanting blastocysts could face immunological rejection. Hence, suppression of system B0, + in blastocysts by histones after initiation of mTOR signaling, could preserve this activity for activation and concentration of tryptophan into trophoblast cells at the time of trophoblast penetration of the uterine epithelium.

CONCLUSIONS

We propose here that extracellular histones have at least two somewhat surprising functions during early development of blastocysts and their implantation in the uterus. First, free histones protect blastocysts and the uterus from the adverse effects of unwanted inflammation caused by infection. Histones appear in abundance in secretions of the uterus when it is receptive to blastocyst implantation. Thus, these macromolecules provide protection from infection when it is needed for peri-implantation development to continue. Second, histone secretion by the uterus beginning about 15 h before blastocyst implantation could cause the observed suppression of amino acid transport system B0, + activity in blastocysts in utero. Removal of histones from the implantation chamber at the time motile trophoblasts penetrate the uterine epithelium would reactivate system B0, + to take up tryptophan. Tryptophan is needed for T-cell proliferation, so its uptake and metabolism by blastocysts would help to prevent their immunologic rejection when they are most vulnerable owing to trophoblast penetration of the uterine epithelium. Because of these possible beneficial actions of extracellular histones, efforts to mitigate histone cytotoxicity in the reproductive tract should be cautious.
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Folates have been shown to play a crucial role for proper development of the embryo as folate deficiency has been associated with reduced developmental capacity such as increased risk of fetal neural tube defects and spontanous abortion. Transcripts encoding the reduced folate carrier RFC1 (SLC19A1 protein) and the high-affinity folate receptor FOLR1 are expressed in oocytes and preimplantation embryos, respectively. In this study, we observed maternally contributed FOLR1 protein during mouse and human ovarian follicle development, and 2-cell mouse embryos. In mice, FOLR1 was highly enriched in oocytes from primary, secondary and tertiary follicles, and in the surrounding granulosa cells. Interestingly, during human follicle development, we noted a high and specific presence of FOLR1 in oocytes from primary and intermediate follicles, but not in the granulosa cells. The distribution of FOLR1 in follicles was noted as membrane-enriched but also seen in the cytoplasm in oocytes and granulosa cells. In 2-cell embryos, FOLR1-eGFP fusion protein was detected as cytoplasmic and membrane-associated dense structures, resembling the distribution pattern observed in ovarian follicle development. Knock-down of Folr1 mRNA function was accomplished by microinjection of short interference (si)RNA targeting Folr1, into mouse pronuclear zygotes. This revealed a reduced capacity of Folr1 siRNA-treated embryos to develop to blastocyst compared to the siRNA-scrambled control group, indicating that maternally contributed protein and zygotic transcripts sustain embryonic development combined. In summary, maternally contributed FOLR1 protein appears to maintain ovarian functions, and contribute to preimplantation development combined with embryonically synthesized FOLR1.

Keywords: folate receptor 1, follicle development, preimplantation development, siRNA, blastocyst

INTRODUCTION

It is well-established that folates are important for the development of the embryo. Pregnant women are advised to take a dietary supplement of 400 mg folic acid per day from 12 weeks before conception and during the first trimester of pregnancy (Hibbard, 1964; Cawley et al., 2016). Folate deficiency has been associated with increasing the risk of neural tube defects (NTD) (Detrait et al., 2005; Pitkin, 2007), early spontaneous abortion (George et al., 2002), congenital heart defects (Rosenquist et al., 2010) and orofacial clefts (Taparia et al., 2007) amongst others.

The folate receptor is highly expressed in reproductive tissues thereby providing folate to the embryo (da Costa et al., 2003). Deficiency in folate uptake can cause pregnancy-related complication such as NTD, a well-established association (Centers for Disease Control, 1991a,b; MRC Vitamin Study Research Group, 1991; Czeizel and Dudas, 1992; Cragan et al., 1995). Interestingly, the identification of folate receptor autoantibodies in in women with recurrent NTD pregnancies might mechanistically explain how the embryo is deprived of folate (Rothenberg et al., 2004; Berrocal-Zaragoza et al., 2009; Sequeira et al., 2013). Additionally, variation in folate pathway genes are associated with female infertility (Altmae et al., 2010). In line with this, postnatally acquired FR autoantibodies blocking folate transport to the brain have been associated with the infantile-onset cerebral folate deficiency syndrome (Ramaekers et al., 2005), which in a number of patients manifests as low-functioning autism with neurological deficits (Ramaekers et al., 2007). Folic acid supplementation in pregnancy may have beneficial effects on the neurodevelopment of children, such as cerebral folate deficiency syndrome and autism spectrum disorders (Desai et al., 2016), beyond its proven effect on NTDs (Blencowe et al., 2010; De-Regil et al., 2015; Gao et al., 2016).

It is proposed that folate deficiency affects gene expression by disrupting DNA methylation patterns or by inducing base substitutions, DNA breaks, gene deletions and gene amplification (Crott et al., 2008). In line with this, mutations in the enzyme methionine synthase reductase (Mtrr), necessary for utilization of methyl groups from the folate cycle, affect the folate metabolism and cause epigenetic instability (Padmanabhan et al., 2013). The phenotypes of the Mtrr-deficient mice included congenital malformations with neural tube, heart and placental defects, which persisted for five generations, through transgenerational epigenetic inheritance (Padmanabhan et al., 2013). Folates are co-enzymes responsible for the 1-carbon (1C) unit transfer important for purine, pyrimidine and methionin synthesis, and glycine and serine metabolism (Fowler, 2001). The methionine synthesized from homocysteine in the folate cycle is the only significant source (in most cells) of the universal methyl donor, S-adenosyl methionine (SAM), and is essential for methylation processes (Stover, 2009). Although folates are recycled in the folate cycle, it is essential to accumulate as folates are degraded. Folates, where 5-methyl-THF is the predominant bioavailable form in mammals, can either be taken up directly from dietary sources or produced by metabolism of dietary folic acid (Kooistra et al., 2013).

Folate is principally taken up into cells by a reduced folate carrier, RFC1, and by two different folate receptors with high affinity for folate, FOLR1 and FOLR2 (Kooistra et al., 2013). Other members of the receptor family are FOLR3 and FOLR4. The folate receptors are attached to the extracellular side of the membrane by a glycosylphosphatidylinositol anchor (GPI-anchor). The folate receptors are heavily glycosylated and bind folic acid and 5-methyl-tetrahydrofolate (5-methyl-THF) with high affinity (Brigle et al., 1994; Chen et al., 2013). RFC1 has been reported expressed in cumulus-oocyte-complexes (COC) but not in preimplantation embryos, suggesting a role in folate accumulation in the COC cells, but without transport into the enclosed oocyte (Kooistra et al., 2013). FOLR1 has been shown to be an important receptor for the uptake of folates into the cells and has been found expressed in mouse preimplantation embryos, increasing from the 2-cell stage onwards (Kooistra et al., 2013). FOLR2 has not been reported expressed in neither COC nor preimplantation embryos (Kooistra et al., 2013) and binds folic acid with lower affinity than FOLR1 (Brigle et al., 1994). FOLR3 does bind folic acid, but it is a constitutively secreted protein rather than a membrane bound one, probably due to the lack of an efficient signal for glycosylphosphatidylinisotol (GPI)-anchor attachment (Shen et al., 1995). FOLR4 (Juno (FR-d in humans)) is not a typical member of the Folate Receptor Family, but share a high structural homology with FOLR1 (Spiegelstein et al., 2000). Juno-deficient mice are infertile (Bianchi et al., 2014).

The basis of folate supplementation of folate has been administrated as oral or intravenous folinic acid (5-formyltetrahydrofolate) treatments that has been shown to improve clinical status. Folinic acid can be transported through the RFC and participate in folate dependent reactions compared to both folic acid and MTHF that needs further processing (Desai et al., 2016; Frye et al., 2016; Ramaekers et al., 2016).

Mice deficient of Folr1 are defective in early embryonic development (Piedrahita et al., 1999), in contrast to Folr2-deficient mice that developed normally (Piedrahita et al., 1999). Folr1−/− embryos died at day E10 with severe morphological abnormalities, and interestingly, these phenotypes could be reverted by maternal supplement of Folr+/− dams with folic acid (Piedrahita et al., 1999). The curly tail (ct) mouse provides a model for neuronal tube defects (spina bifida and exencephaly) (Van Straaten and Copp, 2001). However, folate supplement does not prevent NTD in ct/ct embryos (Burren et al., 2010), but formate supplementation enhanced the folate-dependent nucleotide biosynthesis and prevented spina bifida (Sudiwala et al., 2016). Interestingly, primary cultures of mouse embryonic fibroblasts established from Folr1−/− embryos revealed altered signal transduction in pathways including transforming growth factor beta 1 (TGFβ1) and the canonical Wnt signaling pathways suggesting that pathways for proper development are significantly altered (Warner et al., 2011).

Besides a role in signal transduction, it has been shown that FOLR1 can act as a transcription factor. In cell lines, FOLR1 translocated to the nucleus and interacted with FGFR4 and HES1, and was suggested to regulate a wide range of developmental genes (Boshnjaku et al., 2012).

In this study, we noted the presence of maternally contributed FOLR1 during mouse and human ovarian follicle development. In mouse follicles, the presence of FOLR1 was observed in both oocytes and the surrounding granulosa cells. In contrast, FOLR1 was restricted to oocytes in follicles from human tissue. In 2-cell embryos, FOLR1-eGFP fusion protein was detected as cytoplasmic and membrane-associated dense structures, resembling the observed cellular localization in ovarian follicle development.

Microinjections of short interference (si)RNA probes targeting the Folr1 transcript revealed an efficient knock-down of the embryonic Folr1 transcript. Interestingly, siRNA-mediated knock-down of Folr1 in zygotes reduced the ability of embryos to develop to blastocyst. This indicates that maternally contributed FORLR1 protein and zygotically synthesized Folr1 transcripts sustain embryonic development combined.

RESULTS

Folr1 Transcript is Detectable from 2-Cell Stage Onwards during Mouse Preimplanation Development

We first wished to analyse if the Folr1 transcript would be expressed in germinal vesicle (GV) and metaphase II (MII) oocytes as well as during preimplantation development, and thus, if the transcript would be expressed solely from the zygotic genome. Toward this end, RT-qPCR was performed to analyse the expression pattern of Folr1 during preimplantation stages of embryonic development (Figure 1). Histone H2a.z mRNA was used as the most stable internal reference gene during preimplanation development (Jeong et al., 2005; Albertsen et al., 2010). The expected size of Folr1 and H2af.z PCR products were verified by gel electrohoresis (data not shown). The qPCR analysis revealed that Folr1 was detectable at very low expression at the 2-cell stage, and then its transcript gradually increased to the blastocyst stages (Figure 1). We observed no detecable levels of Folr1 in GV and MII oocytes (Figure 1). We used tissue from kidney to successfully verify the primer efficiency Figure 1.


[image: image]

FIGURE 1. Folr1 gene expression in oocytes and preimplantation embryos. Folr1 expression and relative abundan in GV and MII oocytes and preimplantation embryos, as indicated. Kidney tissue was included as a positive control. Folr1 expression levels were normalized by H2afz and relative expression displayed. Data are presented as mean standard deviation SD (bars) of triplicate measurements including standard deviations.



This suggests that the Folr1 transcription is initiated during the first wave of genomic transcripton activation during the 2-cell stage, and remains expressed during preimplantation development.

FOLR1 in Mouse Ovarian Tissue

As we did not detect any Folr1 transcript before the 2-cell stage, we asked if there might be a maternal supply of FOLR1 protein during folliculogenesis. We set out to interrogate the presence and distribution of maternal FOLR1 in mouse ovarian tissue by immunohistochemistry (IHC). Firstly, Western blot analysis was performed to confirm the specificity of the FOLR1 antibody. Western blotting revealed a single protein band of approximately 50 kDa in both ovarian tissue and the kidney control sample (Figure 2A). FOLR1 was estimated to provide a band of approximately 30 kDa, indicating that post-translational modifications such as glycosylation might be added to the receptor. To verify this, the samples were treated with the Endoglycosidase H, a recombinant glycosidase that cleaves within the chitobiose core of high mannose and some hybrid oligosaccharides from N-linked glycoproteins. After endoglycosidase H treatment, FOLR1 was deglycosylated and a protein band of 30 kDa was observed in ovarie and kidney lysates (Figure 2A). The ability of the FOLR1 antibody to specifically detect FOLR1 in paraffin-embedded was verified on a positive kidney control (Figure 2B). A negative control (no primary antibody) was included and revealed no detectable staining (Figure 2C).
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FIGURE 2. Western blotting and immunohistochemistry controls. (A) Western blot of ovary and kidney lysates [with and without Endoglycosidase H (Endo) treatment] from adult mice with antibodies against FOLR1. (B) Immunofluorescence staining of kidney from adult mice using antibodies against the FOLR1 (green) (C) or without antibody against FOLR1, counterstained with Hoechst (blue) for nuclear stain. Scale bars: 10 μm.



To determine the presence and intraovarian distribution of FOLR1 in the ovary, IHC was performed on paraffin-embedded and sectioned tissue. In the mouse ovary, the FOLR1 was observed in both oocytes and the surrounding granulosa cells in the tested stages of follicles (Figure 3), indicating that FOLR1 transport is possible in both germ and somatic cells. In human, the FOLR1 was strongly noted in the oocytes of the included follicle stages (Figure 4), and in contrast to the FOLR1 distribution in mice, no FOLR1 was detected in the granulosa cells.
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FIGURE 3. Intraovarian distribution of FOLR in mouse ovary tissue. FOLR1 localized to oocytes in primary, secondary and tertiary follicles. Hoechts staining identifies the nucleus of cells in the slides and the surrounding granulosa cells. o, oocytes; GC, granulosa cells. Scale bars; 10 or 20 μm, as indicated.
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FIGURE 4. Intraovarian distribution of FOLR in human ovary tissue. FOLR1 localized to oocytes in primary and intermediate follicles. Hoechts staining identifies the nucleus of cells in the slides and the surrounding granulosa cells. o, oocytes; GC, granulosa cells. Scale bars; 10 μm, as indicated.



In summary, a pronounced FOLR1 localization was observed in the periphery of the cells compared to the cytoplasm.

FOLR1 Distribution in Mouse 2-Cell Embryos

In order to test if the FOLR1 would display a dynamic intracellular distribution upon fertilization, FOLR1 was fused to enhanced green fluorescent protein (eGFP), to enable us to follow its dynamics and distribution. However, no dynamics was observed in the distribution of FOLR1 between zygotes and 2-cell stage embryos (data not shown). The FOLR1-EGFP distributed in vesicle-like structures in the periphery of the cell membrane, as well as in the cytoplasm (Figure 5). As a control, eGFP localization was observed in the 2-cell embryo, which revealed no specific distribution (Figures 6A,B). In the 2-cell stage (as in zygotes), the FOLR1-eGFP fusion protein resembled that observed for FOLR1 IHC in oocytes and granulosa cells in the ovaries.
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FIGURE 5. Intracellular distribution of FOLR1-eGFP in mouse 2-cell embryos. Intracelluar immunofluorescent localization and distribution of FOLR1-eGFP in 2-cell mouse embryos using microscopic (A,B) confocal imaging (C). Scale bars 20 or 25 μM, as indicated.
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FIGURE 6. Intracellular distribution of eGFP in mouse 2-cell embryos. Intracelluar immunofluorescent localization and distribution of eGFP in 2-cell mouse embryos using (A) microscopic and (B) confocal imaging. Scale bars 20 or 25 μM, as indicated.



siRNA-Mediated Knockdown of Folr1 Compromised Early Developmental Potential

In order to reveal whether or not newly generated zygotic Folr1 transcripts would be necessary to support early development (along side the maternally contributed FOLR1 protein), RNA interference (RNAi) was used as an approach to knock-down Folr1 transcript. SiRNA-mediated knock-down of the Folr1 transcript was accomplished by microinjection into mouse pronuclear zygotes. SiRNA probes targeting Folr1 or scrambled (non-targeting) RNA (co-microinjected with rhodamine-conjugated dextran into zygotes in order to identify embryos that has received siRNAs) were microinjected into zygotes at the pronuclear stage (three independent experiments) (Figure 7A). After an overnight in vitro incubation, 2-cell stage embryos were collected for qPCR analysis, which revealed that the Folr1 transcript was effectively reduced in Folr1 siRNA-microinjected embryos (Figure 7A).
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FIGURE 7. siRNA-mediated knock-down of Folr1 in mouse zygotes. (A) siRNA probes targeting Folr1 (or scrambled control (not shown) was microinjected in combination with rhodamine-conjugated dextrane, in order to identify injected embryos. At the 2-cell stage, qPCR showed that Folr1 transcript is efficiently reduced after Folr1 RNAi. (B) After in vitro culture, siRNA-injected embryos (both RNAi scrambled and Folr1) developed into blastocyst, however the capacity to form blastocysts was reduced in embryos that received siRNA targeting Folr1 (56%) compared to the control RNAi group (92%). Scale bars 25 or 30 μM, as indicated.



The embryos were subsequently monitored for their ability to develop into blastocysts. In the group of embryos injected with siRNA scrambled, 92% (21 out of 23) of the 2-cell stage embryos developed into blastocyst, where in the group that received siRNA targeting Folr1, only 56% (14 out of 25) of the 2-cell stage embryos developed into blastocysts Figure 7B.

This indicates that zygotic Folr1 is indeed required to foster development, however, maternally contributed FOLR1 protein can sustain embryonic development. It might be that this is a fine-tuned gradient and dependent on the level of maternal FOLR1 protein contributed.

DISCUSSION

Dysfunctional maternal folate metabolism caused by folate deficiency or polymorphisms are associated with congenital abnormalities, intrauterine growth restrictions, placental and cardiovascular abnormalities as well as neural tube defects in human. While parts of the abnormalities can be directly associated with the embryonic expression of FOLR1, it is likely that maternally contributed FOLR1 might already mark ovarian cells before fertilization, and influence pre- and post-implantation development.

Transcripts encoding the FOLR1 has not been investigated in ovarian follicles. However, a recent study enterrogated the transcriptomes in human oocytes from primordial and primary follicles, which did not detect expression of the FOLR1 gene (Ernst et al., 2017). Whether granulosa cells from primordial and primary follicles express the Folr1 transcript remains to be investigated.

In agreements with another study, we found that Folr1 transcription appeared to initiate at the 2-cell stage, which is further emphasized in a study that interrogated amantidine-sensitive transcrips, which included Folr1 (Zeng and Schultz, 2005). Interestingly, this appears to be conserved between different mice strains, as experiments were performed independently on three different strains [CF1 (Crl:CF1) females (Charles River) and BDF1 (B6D2F1/Crl) males (Charles River) (Kooistra et al., 2013), superovulated female CF-1 mice (Harlan) mated to B6D2F1/J males (Jackson Laboratory) (Zeng and Schultz, 2005) and F1 [CBA (C57BL/6jxCBA) females and males (Janvier, this study).

Secreted FOLR1 proteins are either anchored to membranes via a glycosyl-phosphatidylinositol linkage or exist in a soluble form. The receptor-ligand complex is endocytosed into cytoplasmic vesicles and then recycled to the cell membrane. In our IHC, we accordingly observed FOLR1 at the cell membrane, but also noted it in the cytoplasm, resembling the intracellular transport of FOLR1. This might simply reflect the staus quo of the cell in the absence of active folate transport. Thus, in conclusion, it appears that oocyte folate accumulation must occur during follicle development, where folate is maternally supplied. The observation of the folate receptor in both oocytes and granulosa cells in the mouse follicles, but limited to oocytes in the follicles from human samples remains to be further investigated. Very low levels of the folate receptor and/or specific folate supplement might represent likely reasons that the folate receptor was not detected in human granulosa cells. FOLR1 appeared to be absent from the nucleus during follicle development, which suggest that during these stages in development, FOLR1 does not act as a transcription factor. This suggests that the function of FOLR1 during these stages is perhaps assigned predominantly to folate metabolism and signal transduction. Indeed, the role of TGFβ1 in ovarian physiology is well-know, and due to the fact that folate deficiency can alter this pathway, it might be that FOLR1 could influence this, as well, in ovarian follicles.

The FOLR1 distribution in 2-cell stage embryos was interogated using a eGFP fusion approach and the intracellular distribution of FOLR1-eGFP was comparable to that observed in the follicles. FOLR1-eGFP was concentrated at the cell membrane and further noted in cytoplasm, indicating that the FOLR1-eGFP follows the endogoues folate transport and makes this construct suitable for future studies on folate transport in embryonic cells.

Interestingly, while some of the embryos that were submitted to Folr1 RNAi were indeed able to complete development to the blastocyst stage, several arrest development during later preimplantation stages. This indicates that during preimplantation development, the levels of Folr1 transcript and FOLR1 protein are finely balanced to rely on maternally contributed proteins and the generation of zygotically-derived Folr1. Thus, this suggests that indeed the maternal supply of FOLR1 protein remain during preimplantation and is partly sufficient to support the development until blastocyst stage. Developmental competences might therefore be much more dependent on the maternal internal pool of folate than previously anticipated and variations might account for folate-associated deficiencies.

In this context, it is curious to note that most in vitro-based experiments today are performed without folate supplement to the media, even though the long term consequences of folate deficiency in the medium is unknown. It opens a question whether or not we should in fact supplement in vitro culture media with folate. Further studies are needed to address whether variations in folate storage might influence developmental potential accordingly.

The long-term effect of Folr1 RNAi is not known, and it might be that depletion of Folr1 could interfere with post-implantation. This is indeed in line with the fact that even low blood folate levels in pregnant women are correlated with higher risk of neural tube deficiency in their offspring (Smithells et al., 1976; Detrait et al., 2005), and periconceptional supplementation of folate reduces the occurrence of neural tube defects (Centers for Disease Control, 1991a,b; MRC Vitamin Study Research Group, 1991). Future studies are needed to elucidate the cellular and molecular mechanisms underlying folate and FOLR1 functions and correlation between FOLR1 in preimplantation and early post-implantation development. This could include the CRISP-Cas9 technology and/or a conditional knock-out strategy to functionally knock-down the folate receptor before fertilization.

MATERIALS AND METHODS

Embryo Isolation

Embryo recovery and isolation F1 (C57BL/6xCBA) females were injected with 5 IU pregnant mare's serum gonadotrophin (PMSG; Folligon, Intervet) and with 5 IU human chorionic gonadotrophin (hCG; Chorulon; Intervet) 48 and 24 h later to induce ovulation, respectively, as described previously (Hogan et al., 1994), and mated with F1 (C57BL/6xCBA) males. Zygotes, 2-cell, 4-cell, and 8-cell embryos were collected at 26, 46, 56, and 64 h post hCG (Sigma), respectively. Blastocysts were collected at 72 h post hCG (Sigma). Zygotes for RNA injections were collected from female mice 25 h post-hCG. All procedures were approved by the Ethics Committee for the use of laboratory animals in Aarhus University (2015-15-0201-00800 to KLH). Zygotes were collected from the oviducts and treated with hyaluronidase (Sigma Aldrich)(50 μl of a 3 mg/ml solution in 250 μl M2 medium) to remove surrounding cumulus cells and cultured in M2 media (EmbryoMax®M2 medium with phenol red, Specialty Media, Millipore MR-015P-5F) at 37°C. Embryos were cultured overnight in drops of potassium simplex optimized medium (KSOM) (EmbryoMax KSOM Powdered Media Kit, Specialty Media, Millipore MR-020P-5F) supplemented with amino acids and 4 mg/mL BSA (Millipore) (no folate supplementation), under embryo-tested paraffin oil in an atmosphere of 5% CO2 in air at 37°C.

RNA Isolation

Total RNA extraction was performed using the RNeasy® Mini Kit (Qiagen). For each stage, 10–20 oocytes or embryos were collected and 350 μl lysis buffer was used. Elution was performed with RNase-free water (Qiagen). For all RNA extractions, a DNase digestion step was performed, using the RNase-Free DNase Set (Qiagen). RNA was subsequently stored at −80°C.

cDNA Synthesis

Ovation® PicoSL WTA System V2 (Nugen) protocol was used to generate cDNA. For each cDNA synthesis reaction, 1.5–10 ng RNA was used.

qPCR

A qPCR analysis of the expression of the Folr1 gene was made from GV and MII oocytes, 2-cell, 4-cell, 8-cell and blastocyst embryos using the TaqMan® Gene Expression Assay (Applied Biosystems). Reactions were set up for the Folr1 gene and for the reference gene H2afz (Mamo et al., 2007). The reactions were run on a LightCycler® 96 (Roche) using LightCycler® 480 Probes Master (Roche) (Program: 50°C for 2 s, 95°C for 10 min, 45 cycles of 95°C for 15 s followed by 60°C for 60 s and finally 1 cycle of 40°C for 30 s). All reactions were done in triplets with 100 ng of template cDNA in a total volume of 10 μl containing 2 μl H2O, 0.5 μl TaqMan Gene Expression Assays (Applied Biosystems) (see appendix 2), 5 μl Probes Master (Roche) and 2.5 μl template cDNA (40 ng/μl). Kidney was used as a positive control in the qPCR reaction. Experiments were repeated at least three times. Triplicate expression values of each gene was set relative to the reference gene via the ΔΔCT methods (Schmittgen and Livak, 2008). As a negative control, cDNA from no template RT PCR reactions was used. All qPCR data was analyzed using Prism 6, version 6.0 (GraphPad Software Inc., CA, U.S.A.). Data are represented as mean ± SD.

Cloning of Folr1-eGfp

Folr1 inserts were generated with SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelity (Invitrogen) using kidney RNA as template, and the following primers: Folr1-Xma-F: 5′-NNNCCCGGGatggctcacctgatgactgtgc-3′ and Folr1-Xma-R: 5′-NNNCCCGGGGCTGATCACCCAGAGCAGCA-3′. Using XmaI restriction sites, the PCR-amplified Folr1 insert was cloned into the Xma1-digested and dephosporylated pBS_RN3P-eGFP vector (Lemaire et al., 1995), in frame with eGfp. Insert and orientation was verified by DNA sequencing.

Immunohistochemistry

Tissue Collection, Paraffin Embedding, and Sectioning

Mouse ovaries and kidneys were isolated from F1 females and kept overnight in 4% PFA before embedding into paraffin. Human ovarian cortical tissue was procured from patients who underwent unilateral oophorectomy prior to gonadotoxic treatment for a malignant disease (unrelated to any ovarian malignancies). Patients were normo-ovulatory, with normal reproductive hormones, and had not received ovarian stimulation with exogenous gonadotropins. All methods were carried out in accordance with relevant guidelines and regulations, and The Central Denmark Region Committees on Biomedical Research Ethics and the Danish Data Protection Agency approved the study. Written informed consent was obtained from all participants before inclusion. Patients consented to the research conducted. In subjects undergoing oophorectomy, a small pieCe of the ovarian cortex is used for evaluating the ovarian reserve and for research purposes (Danish Scientific Ethical Committee Approval Number: KF 299017 and J/KF/01/170/99) (Schmidt et al., 2003).

Paraffin tissues were cut in sections of 10 μm. Hereafter, the sections were deparaffinized in xylene and rehydrated in graded ethanol series (100, 95, 70%, water) for 5 min in each vessel. The tissue sections were transferred to 0.01 M citrate buffer (Citric acid and sodium citrate) for antigen retrieval and washed in PBS, and incubated with donkey serum (1 ml donkey serum and 4 ml PBS) for 30 min before adding primary FOLR1 antibody (diluted 1:100 (FOLR1 Rabbit anti-Human Polyclonal, LifeSpan BioSciences) overnight at 4°C. The next day the tissues were washed in PBS and then incubated for 1 h at room temperature with the secondary donkey-anti-rabbit antibody [Alexa Fluor® 488 donkey anti-rabbit IgG (Invitrogen)] (dilution of 1:300). In the following washing steps, the tissues were counterstained with Hoechst (Sigma) to stain the nucleus, added to PBS in a dilution of 1:7,500. The tissues were mounted using Fluorescent Mounting Medium (DAKO S3023). Sections were analyzed and confocal images were taken using a LSM780 laser-scanning confocal microscope with 20, 40 and 63xC-Apochromat water/oil immersion objectives (Carl Zeiss, Jena, Germany).

Western Blot

Ovary, kidney and brain cortex were taken out from mice and lysed in a lysis buffer containing 7 ml Tris-EDTA buffer (10 mM Tris-HCl, 1mM EDTA), 1 tablet of Complete Mini EDTA-free protease inhibitor (Roche) and 1% (70 μl) IGEPAL®CA-630 (Sigma-Aldrich). 30 μg of proteins from ovary, kidney and cortex were used for Western blotting analysis. Primary FOLR1 antibody (see appendix 8) was applied in a concentration of 0.5 μg/ml in the blocking buffer and the membrane was incubated overnight at 4°C. The membrane was washed for 3 × 10 min in PBS-Tween and secondary HRP-conjugated polyclonal swine-anti-rabbit antibody (DAKO S3023) was applied in a dilution of 1:1,000 in blocking buffer and incubated for 1 h at RT. The membrane was incubated in a chemiluminescent detection reagent. [ECLTM Western Blotting Analysis system (GE Healthcare)] and developed for 45 s using a ImageQuant LAS-4000 (GE Healthcare).

Endoglycosidase H (New England Biolabs, P0702S) treatment was performed according to the manufactorers instructions (New England Biolabs protocol).

RNA Synthesis, Microinjections, and Confocal Imaging

Generation of mRNA encoding FOLR1-GFP and GFP and microinjection into zygotes were performed as described (Albertsen et al., 2010). Microinjection of embryos with siRNA (ON_TARGETplus Mouse Folr1, Smartpool, L-061448-01-0005 and ON-TARGETplus Non-targeting Pool D-001810-10-05) with the final concentration of 20 μM, together with Rhodamine-conjugated dextran as marker of injection) or mRNA (Folr1-eGFP, or eGfp, 200–400 ng/μl) was carried out in M2 media (EmbryoMax® M2 medium with phenol red, Specialty Media, Millipore MR-015P-5F) covered in oil on a glass depression slide using a Femtojet micro-injection system (Eppendorf). Embryos were cultured in KSOM (EmbryoMax KSOM Powdered Media Kit, Specialty Media, Millipore MR-020P-5F) under paraffin oil at 37.5°C in air enriched with 5% CO2. The microinjected zygotes were incubated overnight (37°C, 5% CO2) in KSOM (EmbryoMax KSOM Powdered Media Kit, Specialty Media, Millipore MR-020P-5F). The next day, 2-cell embryos were incubated for 15 min in a 1:7,500 dilution of Hoechst (Sigma) in DPBS (Life Technologies), washed three times in PBS-T and fixed for 15 min in 2% PFA, before mounting (Fluorescent Mounting Media, DAKO S3023). Embryos were analyzed using the fluorescent microscope (Leica DMI400B) and Leica LAS Software.

Confocal images were taken using a LSM800 laser-scanning confocal microscope with 20, 40, and 63xC-Apochromat water/oil immersion objectives NA 1.2 (Carl Zeiss, Jena, Germany). Confocal images were exported to ImageJ for image processing.
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Phosphatidyinositol 3-Kinase PIK3C3 3822 0,170
Catalytic Subunit Type 3
Protein Kinase AMP-Activated PRKAG2 3,108 0,012

Non-Catalytic Subunit Gamma 2

“IGF1 Signaling” patiway annotation of the four transcriots identified in granulosa cells
from primary folicles. FPKM mean vakies were cakculated based on triplicate expression
values of the same transcript using @ one-sample ttest. The p-value s indicative of the
consistency in expression pattem across triplicates.
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Gene name GeneSymbol ~ GC'fromPDF  p-value  GC'fromPMF  p-value Significance, Fold-change
mean FPKM value FPKM value paired t-test down

SIGNIFICANTLY DOWN-REGULATED IN GRANULOSA CELLS DURING PRIMORDIAL TO PRIMARY TRANSITION

Protein Kinase C lota PRKCI 4,140 0,027 1,999 0410 0,226 2,071
Caspase 9 CASPY 0357 0,192 0 0 Significant o0
Insuiin Like Growth Factor Binding 1GFBP3 3,356 0,067 0784 0423 0,008 4,280
Protein 3

Suppressor Of Cytokine Signaling 2~ SOCS2 1,768 0,186 0300 0,807 0318 5,894
Janus Kinase 2 JAK2 5,792 0022 1,436 0423 0,123 4,084
SIGNIFICANTLY UP-REGULATED IN GRANULOSA CELLS DURING PRIMORDIAL-PRIMARY TRANSITION

Phosphatidyinositol 3-Kinase PIKSC3 3,254 0,108 3822 0,170 0,033 0,851

Catalytic Suburit Type 3

Differently expressed genes identiied by comparing transcriptomes of the granuiosa cells from primordial folicles vs. granulosa cels from primary foliles. Five genes were significantly
downregulated, and one gene was significantly upregulated during the primordial to primary follcke transition. Significance: fold-change >2 andor paired t-test significance (o < 0.05)
Sutnutn B kno ERM maar vk, " Gringies oals:
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Oocytes* Granulosa cells*

Primordial follicles Primary follicles Primordial follicles Primary follicles.
Gene names FPKM means p-value FPKM means p-value FPKM means p-value FPKM means p-value
1GF1 2,696 025 1,928 0,404 2,826 0222 1,767 0,018
IGF1R 4610 0,001 7,682 0,017 7,758 0016 7,149 0,018
1GF2 6,031 0,049 8,340 0,025 4,654 0,101 1,631 0,379
1GF2R 1,987 0,231 1572 0,198 4,683 0,203 3,157 0,184
1GFB1 0,935 0423 0,307 0,301 0,489 0353 0,608 0,423
1GFB2 1,236 0,147 2,168 0,004 3217 0,030 2,445 0221
1GFB3. 0,834 0423 3,323 0012 3,356 0,067 0784 0,423
1GFB4. 1,026 0122 0,89 0,191 1523 0225 1547 0,103
1GFBS5. 5071 0,052 6,283 0,007 7,116 0,005 5733 0,052
1GFB6 - - - - 1,439 0,303 0,056 0,423

Gene names are followed by the mean FPKM and p-values for human oocytes and granulosa celss from primordial and primry follcels, as indicated. *Data extracted from Emst et a.
(2018) and Kuijer et al. (2013).
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Gene name

Protein Kinase C lota
Caspase 9

Protein Tyrosine Phosphatase,
Non-Receptor Type 11

SOS Ras/Rho Guanine
Nucleotide Exchange Factor 2
Insuiin Like Growth Factor
Binding Protein 3

Suppressor Of Cytokine.
Signaling 2

Janus Kinase 2

Insuiin Like Growth Factor
Binding Protein 2

Growth Factor Receptor Bound
Protein 10

Gene
symbol

PRKCI
CASPY
PTPNTT

IGFBP3

socs2

JAK2
IGFBP2

GRBT0

FPKM
mean
value

4,140
0,357
2,207

2,635

3,356

1,768

5792
3217

2,420

p-value

0,027
0,192
0,193

0,006
0,067
0,186

0,022
0,030

0,191

“IGF1 Signaling” pathway annotation of the nine transcriots identified in granulosa cels
from primordalfollcles. FPKM mear values were calculated based on tiplicate expression
vakues of the same transcript using a one-sample t-test. The p-value is indicative of the
consistency in expression pattem across triplcates.
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Gene name Gene. FPKM p-value

symbol mean
value

RNA Polymerase Il Subunit | POLR2I 1,712 0,042
ERCC Excision Repair 3, TFIH ERCC3 1,563 0,190
Core Complex Helicase Subunit
G Protein Subunit Gamma 2 GNG2 2,731 0,185
G Protein Subunit Beta 5 GBS 0912 0,193
Protein Kinase AMP-Activated PRKAG2 3,106 0012
Non-Catalytic Subunit Gamma 2
General Transcription Factor IIE. GTF2E2 3,507 0,194
Subunit 2
G Protein Subunit Alpha 14 GNAT4 4,808 0,075
G Protein Subunit Gamma § GNGS 1,989 0,119
G Protein Subunit Alpha L GNAL 4,128 0,187

Ancrogens Signaling” pathway annotation of the nice transcripts identified in granulosa
cels from primary folicies. FPKM mean values were calculated based on triplicate
expression values of the same transcript using a one-sample t-test. The p-value is
indicative of the consistency in expression pattem across triplicates.
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Gene Name Gene Symbol
Protein Kinase C lota PRKCI

RNA Polymerase ll Subunit D POLR2D

G Protein Subunit Beta 5 angs

Protein Kinase C Beta PRKCB

GC from PDF mean
FPKM value

4,140
2,508
2,043
2,157

pvalue

0,027
0,186
0211
0112

GCs from PMF
FPKM value

1999
1,236
0912
1,239

p-value

0,410
0,423
0,193
0236

Significance,
paired t-test

0,226
0,460
0,426
0,010

Fold-change down

2071
2,009
2242
1,741

Difterently expressed genes identiied by comparing transcriptomes of the granulosa cells from primordial fllcles vs. granlosa cells from primary follcles. Four genes were significantly
downregulated during the primordial to primary follice transition. Significance: fold-change 2 and/or paired t-test significance (p < 0.05) between the two FPKM mean values.
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Channel

Xenopus

Mouse

INTRACELLULAR
IP3R1

STAIER

Gocytes and eggs showed responses to IPs. IP3R in mature
eggs is more sensitive to IPg than itis in oocytes (Terasaki
etal, 2001; Machaca, 2004; Sun et al., 2009, 2011)

Expressed at GV oocytes and Mil eggs. Increases activity
during oocyte maturation (Mehimann and Kine, 1994)

CRAC (ORAISTIM)

T type Ca2+ channel
TRPV3
TRPM?

Ca2*+ activated chloride channels (CaCC)

Swel-activated CI~ channels

Voltage activated K* channels
Connexins (Cx37 and Cx43)

Inactivates during oocyte maturation (Machaca and Haun,
2000, 2002; Yu et al., 2009, 2010)

Not reportedt
Not reported
Not reportedt

Expressed in eggs. Responsible for fast electrical block to
polyspermy (Cross and Eiinson, 1960), regulates resting
membrane potential (Kuruma and Hartzell, 2000), and length
of microvili (Courjaret et al., 2016)

Not reportedt

Expressed in eggs (Tokimasa and North, 1996)
Not reported

Inactivates during 0ocyte maturation (Cheon et al., 2013;
Lee et al., 2013). Orai and Stim KO animals are fertile
(Bernhardt et al,, 2017)

Expressed in GV and MIl. KO animals are fertte (Chen
etal., 2003; Bernhardt et al,, 2015)

Expressed at Ml oocytes and MIl eggs. KO animals are
fertile (Cheng et al., 2010; Carvacho et al., 2013)
TRPM7-like currents are expressed at GV, Mil and in
2-cell embryos (Carvacho et al,, 2016)

Expressed in embryos (Li et al., 2007)

Functionaly expressed in Mil eggs and embryos
(Kolajova et al,, 2001)

Reported in Mil eggs (Day et al, 1993)

Cx37 KO animals are infertle (Sirmon et al., 1997)
Ovaries lacking Cx43 contain oocytes that cannot be
fertiized (Ackert et al,, 2001)
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Gene name Gene FPKM p-value

symbol mean
value

RNA Polymerase Il Subunit D POLR2D 2508 0,186
G Protein Subunit Alpha 12 GNAT2 1573 0195
G Protein Subunit Alpha Q aNAQ 4,444 0,121
RNA Polymerase Il Subunit J POLR2J 2812 0,066
General Transcription Factor IH GTF2H2 3333 0,165
Subunit2
CDK Activating Kinase Assembly MNAT1 1618 0,157
Factor
G Protein Subunit Alpha 2 GNAI2 1,574 0,184
G Protein Subunit Gamma 11 GNGT1 1,621 0,038
Protein Kinase C lota PRKCI 4140 0027
Androgen Receptor AR 3,134 0012
Protein Kinase C Eta PRKCH. 3,709 0172
G Protein Subunit Gamma & GNGS 3,200 0,003
Protein Kinase D3 PRKD3 1,638 0174
Protein Kinase C Beta PRKCB 2,157 0112
Protein Kinase C Alpha PRKCA 4,440 0,087

“Androgens Signaling" pathway annotation of the 15 transcripts identifed in granulosa
cells from primordial folicies. FPKM mean values were calculated based on triplicate
expression values of the same transcript using a one-sample t-test. The p-value is
incicative of the consistency in exprassion pettem: acroes triokcetes.
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Ensemble Symbol Oocytes from primordial ttest Primordial follicles, ttest

follicles, FPKM mean (p-value) FPKM mean (p-value)
PRIMORDIAL FOLLICLES
ENSGO0000126705 AHDC1 ND ND 0195 0423
ENSGO0000011243 AKAPBL 2004 0366 0347 0423
ENSGO0000140488 CELF6 ND ND ND ND
ENSG00000099622 CIRBP 1826 0053 2.486 0059
ENSGO0000111605 CPsF6 3718 0033 4.289 0064
ENSG00000149532 CPSF7 2089 0351 2739 0003
ENSGO000007 1626 DAZAPY 1817 0408 1.368 0192
ENSG00000064195 e ND ND ND ND
ENSGO0000182944 EWS/EWSR1"! 5765 0073 6182 0473
ENSG00000119812 FAMO8A 1721 0235 2013 0.188
ENSG00000182263 FIGN 0284 0.187 2842 0.184
ENSGO0000089280 Fus™ 3.150 0.149 3.150 0.146
ENSG00000139675 HNRNPATL2 0.029 0.423 0.060 0.423
ENSG00000169813 HNRNPF 2550 0028 3836 0085
ENSG00000169045 HNRNPH1 3.410 0.017 6.310 0.002
ENSGO0000096746 HNRNPHS 3477 0471 3478 0199
ENSG00000165119 HNRNPK 5.365 0.068 5511 0.060
ENSG00000125944 HNRNPR 4346 0107 3778 0127
ENSG00000105323 HNRNPUL1 4.041 0.005 6.086 0.007
ENSG00000176624 MEX3C't 1.365 0204 3570 0.160
ENSG00000147140 NONO*1 2160 0.189 4.367 0.089
ENSGO0000167005 NUDT21 4365 0155 5.401 0065
ENSG00000121390 PSPC1 1.709 0274 3114 0.189
ENSGO0000102317 RBM3 0475 0288 0586 0423
ENSG00000268489 RBM3 ND ND ND ND
ENSGO0000173914 RBM4B 1878 0359 1.489 0400
ENSG00000076053 RBM7 1519 0330 1.191 0222
ENSGO0000244462 RBM12 4391 0106 4.400 0412
ENSG00000239308 RBM14 1072 0207 1.164 0394
ENSG00000147274 RBMX 4218 0.117 3981 0.122
ENSG00000020633 RUNX3 ND ND 0054 0423
ENSG00000116560 SFPQ 4459 0025 5770 0071
ENSG00000188529 SRSF10 1.465 0373 3245 0109
ENSG00000184402 ss18L1 0.083 0.423 1.002 0213
ENSGO0000172660 TAF15"! 1308 0.172 2,056 0.226
ENSG00000143569 UBAP2L 7.856 0.008 7315 0.008
ENSGO0000188177 7C3He 6564 0002 2015 0365
Oocytes from primary follicles Primary follicles

Ensemble Symbol'! FPKM mean t-test FPKM mean t-test

(p-value) (p-value)
PRIMARY FOLLICLES
ENSG00000198026 ZNF335 ND ND 1216 0423
ENSGO0000120948 TARDBP 5408 0431 4119 0.112
ENSG00000126705 AHDCT 0883 0423 ND ND
ENSGO0000011243 AKAPBL ND ND ND ND
ENSG00000140488 CELFE 1.933 0.186 4206 0.196
ENSGO0000099622 CRBP 2339 0359 1.864 0423
ENSG00000111605 cpsre 1.331 0246 3621 0.189
ENSG00000149532 cPsF7 0208 0423 1.386 0399
ENSG00000071626 DAZAPT ND ND ND ND
ENSGO0000064195 DLX3 4564 0.087 5.184 0.185
ENSGO0000182944 EWS/EWSR1'%3 0835 0423 1.826 0.409
ENSG00000119812 FAM98A 2007 0423 1.189 0.401
ENSG00000182263 FIGN 2666 0,066 2.451 0268
ENSG00000089280 Fus™3 0.158 0204 0.439 0.423
ENSGO0000139675 HNANPATL2 3494 0280 3.308 0.447
ENSG00000169813 HNRNPF 2572 0176 4.849 o118
ENSG00000169045 HNRNPHT 6.586 0022 2,636 0287
ENSG00000096746 HNRNPHZ 452 0097 3.360 0217
ENSG00000165119 HNANPK 0554 0244 359 0495
ENSG00000125944 HNRNPR 2285 0.110 2.451 0.185
ENSG00000106323 HNRNPULT 1.790 0336 3.198 o.184
ENSG00000176624 MEX3C'! 3.151 0.046 3.498 0.167
ENSG00000147140 Nono't 4165 0201 5.300 0,047
ENSG00000167005 NUDT21 1994 0312 3474 0.199
ENSG00000121390 PsPC1 1712 0.133 1.077 0374
ENSG00000102317 RBM3 ND ND ND ND
ENSG00000268489 RBM3 2873 0253 1.890 0.409
ENSG00000173914 RBMAB 0654 0423 0.161 0259
ENSGO0000076053 RBM7 5898 0057 5.262 0477
ENSG00000244462 RBM12 0952 0423 0716 0353
ENSGO0000239306 RBM14 4387 0019 3784 0.175
ENSG00000147274 RBMX ND ND ND ND
ENSGO0000020633 RUNX3 5.408 0.027 4.258 0206
ENSG00000116560 sFPQ 3.007 0.160 4.408 0.176
ENSG00000188529 SRSF10 0564 0423 05280 0374
ENSG00000184402 ss18L1 0411 0423 2,080 0306
ENSG00000172660 TAF15™ 7507 0013 7.680 0.002
ENSG00000143569 uBAPZL 4010 0.184 2,057 0411
ENSG00000188177 ZCaHe ND ND 0911 0.423
ENSG00000198026 2ZNF335 1576 0378 2515 0398
ENSG00000120948 TARDBP. ND ND ND ND

Mural gamulosa cell layer Theca cell layer

Ensemble ‘Symbol FPKM mean t-test FPKM mean t-test

(p-value) (p-value)
SMALL ANTRAL FOLLICLES
ENSG00000126705 AHDCT 1.967 0.333 0.955 0.134
ENSG00000011243 AKAPSL 1.100 0132 2.477 0.108
ENSG00000140488 CELF6 ND ND 0.181 0.423
ENSG00000099622 CIRBP. 3.468 0017 4528 0021
ENSG00000111605 CPSF6 4.481 0.022 3.007 0.039
ENSG00000149532 CPsF7 4775 0.001 1925 0075
ENSG00000071626 DAZAPT 1.899 0,063 1.419 0.045
ENSG00000064195 DLX3 ND ND ND ND
ENSG00000182944 EWS/EWSR1 8561 0001 6.354 0.009
ENSG00000119812 FAMIBA 3164 0057 4.066 0025
ENSG00000182263 FIGN. 3326 0018 3210 0023
ENSG00000089280 Fus 4624 0003 3323 0077
ENSGO0000139675 HNRNPATL2 1284 0136 1198 0263
ENSG00000169813 HNRNPF 3712 0,004 4.046 0001
ENSG00000169045 HNANPH1 6.458 0011 6056 0004
ENSG00000096746 HNANPHZ 4316 0033 2635 0014
ENSGO00000165119 HNRNPK 5.862 0.004 5.249 1.7237€-05
ENSG00000126944 HNRNPR 5006 oot 4504 0014
ENSG00000105323 HNRNPUL1T 6.769 0.002 5.058 0.049
ENSG00000176624 MEX3C 5705 0.006 2639 0036
ENSGO00000147140 NONO 6.395 0.002 5.664 0.027
ENSG00000167005 NUDT21 5327 0015 3735 0131
ENSG00000121390 PSPC1 2929 0.086 4.015 0.003
ENSG00000102317 RBM3 3057 0.104 4013 0033
ENSG00000268489 RBM3 ND ND ND ND
ENSG00000173914 RBM4B 2425 0.140 1.007 0078
ENSG00000076053 RBM7 1.148 0.190 0728 0200
ENSG00000244462 RBM12 5530 0028 4575 0017
ENSG00000239306 RBM14 0882 0028 1247 0.192
ENSGO00000147274 RBMX 5781 0.011 4.702 0017
ENSG00000020633 RUNX3 ND ND ND ND
ENSG00000116560 sFPQ 6759 0009 5362 0014
ENSG00000188529 SASF10 3181 0.149 3040 0054
ENSG00000184402 sst8L1 0916 0317 0856 0212
ENSG00000172660 TAF15 3.400 0.060 3245 0001
ENSG00000143569 uBAP2L 6232 0001 5205 0032
ENSG00000188177 2C3H6 2827 0066 2762 0195
ENSG00000198026 2ZNF335 0811 0.110 0.143 0245
ENSG00000120948 TARDBP 4411 0028 3083 0097

‘Oocytes from small antral follicles

Ensemble Symbol FPKM mean t-test.

(p-value)
ENSGO00000126705 AHDCT 0.416 05
ENSGO0000011243 AKAPBL ND ND
ENSGO00000140488 CELF6 ND ND
ENSG00000099622 CiRBP 2916 0.444
ENSGO00000111605 CPSF6 0871 0272
ENSG00000149532 CPSF7 2361 0.429
ENSGO0000071626 DAZAPY 0294 05
ENSG00000064195 D3 ND ND
ENSG00000182044 EWS/EWSR 8638 0.149
ENSG00000119812 FAMIBA 0307 0320
ENSG00000182263 FIGN 0238 05
ENSG00000089280 Fus 479 0253
ENSG00000139675 HNANPATL2 0.190 05
ENSG00000169813 HNRNPF 5995 0282
ENSG00000169045 HNANPH1 4243 0,050
ENSG00000096746 HNRNPH3 4.087 0375
ENSG00000165119 HNRNPK 3.696 0.359
ENSG00000125944 HNRNPR 6.266 0.169
ENSGO0000105323 HNANPUL T 2282 0424
ENSG00000176624 MEX3C 3.1473 05
ENSG00000147140 NONO 3516 0.381
ENSGO0000167005 NUDT21 3383 0452
ENSGO0000121390 PsPo1 2223 05
ENSG00000102317 RBM3 0.069 05
ENSG00000268489 RBM3 ND ND
ENSGO0000173914 RBM4B 2100 05
ENSGO0000076053 RBM7 ND ND
ENSG00000244462 RBMI2 4552 0436
ENSG00000239306 RBMI4 0.069 05
ENSGO0000147274 RBMX 3804 0258
ENSG00000020633 RUNX3 ND ND
ENSG00000116560 sFPQ 5.167 0116
ENSGO0000188529 SRSF10 3538 05
ENSG00000184402 ss1aL1 ND ND
ENSG00000172660 TAF15 2.983 0.442
ENSG00000143569 uBAP2L 379t 0457
ENSG00000188177 ZC3HE 4.146 0.189
ENSG00000198026 2ZNF335 0.069 05
ENSG00000120948 TARDBP 5918 0025
*1Genes alphabeticall sorted.

“2Genes presented in Heatmap (Figure 2)
“3Transcripts in bold are used in immunofiuorescence (Figures 3-5).
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Oocytes from primordial follicles

Symbol"! FPKM mean
PRIVMORDIAL FOLLICLES

ADCY10P1 0763
LINCO0485 27643
LINC00g24. 0171
LINCO1128 5889
LINCO1511 6533
LOC100129434 6.859
LOC100507557 3783
LOC101927487 4044
LOC101928137 2,656
LOC101929128 4250
LOC101929567 4773
LOC101929612 3972
LOG102467226 0335
LOC284798 2494
MALAT1 7.954
MIR3609 549
MIRS9AHG 0262
NPY6R o211
OIP5-AS1 2190
RN7SK 11.285
RN7SL2 8794
RPS3A 1279
UGDH-AS1 6.637
XisT 5308

Oocytes from primary follciles

Symbol FPKM mean
PRIMARY FOLLICLES

BCAR4 4563
LINC00485 1.902
LINC00665 4298
LINCO1511 4625
LOC100129434 6.444
LOC100506885 2.187
LOC101926943 1548
LOC101927337 2226
LOC101929491 0330
LOC101929567 4287
LOC101929612 3.152
LOC102546299 2551
MALAT1 9614
MEG3 0220
MIR3609 3.887
MIR4426 0595
RN7SK 11845
RN7SL2 9.110
RPL13APS 1.418
RPL21P28 0916
RPS3A 0.894
SCARNA7 5.424
UGDH-AS1 6.397
XisT 6751
ZNF518A 2.983

Mural granulosa cell

Symbol FPKM mean
SMALL ANTRAL

ANPG2AP1 0,683
CASPBAP2 3530
CROCCP2 1.453
EBLN3 3812
FGDS5-AS1 4032
GOLGAGLSP 1.750
H3F3APA 2.121
LINC00657 5.467
LINCO1128 4413
LINCO1420 2.152
LOC100129434 3.831
LOC100131564 2425
LOC100507567 1.904
LOC101927027 1.875
LOC101929124 30195
LOC101929612 3.418
LOC102477328 0.135
LOC150776 3.000
L0C643201 3.740
LOC646762 2.431
LOC728554 1.619
MALAT1 9.495
MIR3609 5.033
MIRO9AHG 3823
OIP5-AS1 5.926
PCBP1-AS1 2541
SMALL ANTRAL

PIGBOS1 1.804
PKIS5. 4.600
RN7SK 10.395
RN7SL2 8,088
RPL13APS 25509
RPL21P28 2293
RPL21P28 0589
RPL34P6 0.405
RPS3A 2326
SCAND2P 1312
SCARNA7 5.104
SNHG17 3.099
TMEM120A 3.042
UGt 60234
UGDH-AS1 3874
XIsT 8,056
ZFAST 5.124
ZNF761 4206
ZNF826P 0.990

Oocyte from small antral follicle

Symbol FPKM mean
LOC100653061 5.083
MALAT1 7219
OIP5-AST 0842
PMS2CL 0.481
RN7SK 10.140
ROR1-AS1 0.481

*1Genes alphabetically sorted
“2presented in heat map (Figure 2).

t-test (p-value)

0.046
0.046
0015
0.009
0019

0.0036
0.005
0.036
0.029
0.023
0014
0.005
0016
0.002
0.006
0012
0,016
0013
0.029
0.005
0,012
0.021
0013
0.026

t-test (p-value)

0.008
0.002
0.046
0016
0011
0.039
0,044
0.014
0.004
0.008
0016
0.001
0.001
0.024
0012
0.020
0.001
0.004
o011
0.047
0.007
0.009
0.003
0014
0018

t-test (p-value)

0.009
0.034
0.006
0.002
0019
0015
0.027
0.009
0018
0012
0.025
0.024
0.028
0.003
0.010
0.007
0.020
0.002
0013
0.008
0.023
0.006
0.001
0014
0.003
0.029

0011
0.000
0.002
0.004
0.006
0012
0,026
0013
0.001
0014
0016
0018
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0.007
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4.108
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1.822
2901
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Centrosome attachment; genome stabilty

Hodzic et al., 2004; Padmakumar et al., 2004; Crisp et al.,
2006; Haque et al., 2006; Ding et al,, 2007; Zhang et al.,
2009; Morimoto et al., 2012

Gobetal, 2010

Shaoetal., 1999

Frohnert et al., 2011

Patterson et al., 2004; Yu et al., 2006; Kracklauer et al., 2007
Malone et al., 2003

Starr et al., 2001; Starr and Han, 2002

Malone et al., 2003; Tzur et al., 2006; Penkner et al., 2009;

Sato etal., 2009

‘Shimanuki et al., 1997; Miki et al., 2004; Chikashige et al.,
2006; Ding et al., 2007

Jaspersen et al., 2006; Conrad et al., 2008; Wanat et al.
2008; Horigome et al., 2011

Graumann et al., 2010; Oda and Fukuda, 2011; Zhou et al.,
2012a, 2015a,b; Tamura et al., 2013; Varas et al., 2015
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