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Editorial on the Research Topic 
The Fertilization Success From the Oocyte’s Perspective

Fertilization is a crucial process in reproductive biology that ends with the birth of a new individual. Despite its importance, many of the molecular mechanisms that underlie fertilization are still poorly understood. The processes and pathways responsible for successful fertilization in different species have been researched for many years, mainly from the sperm’s point of view, probably because the male gamete is easier to obtain. Therefore, the present research topic aimed to collect different research that analyses the fertilization process from the oocyte’s perspective.
For this Research Topic, we sought high-quality research contributions describing novel insights into the biology of the oocyte in different species, including works on in vivo and in vitro maturation, in vitro fertilization, calcium signalling, and cortical reaction. The final topic issue has 13 published chapters (plus a corrigendum) from 73 authors from 11 different countries. Here, we present in Frontiers in Cell and Developmental Biology Journal, a group of reviews, minireviews, and original research articles covering critical factors of oocyte biology, which use different approaches and models, including human, rat, porcine, and seabass.
This Research Topic has four reviews. Rojas et al. focus on the essential molecular mechanisms regulating the biology of cortical granules before and after the gametes interaction, whose function contributes to preventing polyspermy. The authors underline the unanswered questions in this area and emphasize how elucidating new molecular players and steps involved in cortical granule formation and function could result in new strategies for improving fertilization in humans and animals. Gupta explores the function of the four human zona pellucida glycoproteins, including mutations in these genes that cause infertility. This manuscript also reports studies using native/recombinant human zona pellucida proteins and transgenic animals expressing human zona proteins, and highlight possible differences in sperm-zona pellucida binding between mice and humans. Tokmakov et al. describe the most important molecular and cytological advances underlying ovulation using mainly ex vivo approaches. This study focuses on oocyte maturation and on follicle rupture steps of ovulation in frogs but draws extensive comparisons with mammals. The review by Chon et al. discusses the current knowledge and future perspectives of premature ovarian insufficiency in women. This condition displays low secretion of ovarian reproductive hormones and a decline in ovarian reserve. The authors emphasize that the incidence of this insufficiency has gradually increased worldwide, its triggers and symptoms are heterogeneous and that a greater number of women endure it without a genetic diagnosis.
Two mini-reviews are part of this Research Topic. Jiménez-Movilla et al. broadly summarize the oocyte molecules implicated in sperm binding and fusion and describe novel methodologies that are making possible the identification of the unknown molecules involved in mammalian fertilization. Rodrigues et al. review the role of germ–somatic cell communication for the formation of primordial follicles, the establishment of the ovarian follicular reserve, and women’s fertility. The authors suggest that overcoming some cases of infertility will require transcriptome studies and characterization of undiscovered genes.
Finally, seven original research articles are part of this collection. Using a rat model of premature ovarian insufficiency Feng et al. investigate the therapeutic effects of the long-acting, PEGylated recombinant human growth hormone (rhGH). The authors show that high dosages of rhGH increased the number of retrieved oocytes, which showed normal energy metabolism. Single-cell transcriptomic analysis of the recovered oocytes showed balanced oxidative stress to cellular oxidant detoxification molecular profiles.
Jia et al. examine how vitrification of pig germinal vesicle (GV) oocytes impact their ability to undergo in vitro maturation. The authors used a tandem mass tag-based quantitative approach and bioinformatics analysis to elucidate the proteomic characteristics of vitrified porcine oocytes. The study identified 153 differentially expressed proteins, which adds significantly to our knowledge of how cryopreservation damages oocytes and provide a means to investigate corrective approaches. Using the same cell model, López et al. evaluate how the vitrification of porcine GV oocytes affects early embryo development by monitoring changes in chromatin integrity and actin microfilament distribution. Besides affecting viability and maturation rates, embryos resulting from vitrified GV oocytes displayed the altered distribution of actin microfilaments and chromatin integrity, which explains their low rate of development. Liu H. et al. used porcine cumulus-oocyte complexes (COCs) to investigate during in vitro maturation the role of the Calcium-Sensing Receptor (CASR) on cumulus expansion. CASR expression is regulated by follicle-stimulating hormone (FSH), possibly participating in the FSH-stimulated cumulus expansion observed during the resumption of meiosis in this species. Additional studies using pharmacological reagents implicated CASR on the FSH-mediated cumulus expansion, as assessed by changes in morphology and mRNA expression of specific enzymes. Nevertheless, more studies are needed to identify the role of CASR on the cumulus expansion of porcine oocytes.
Izquierdo-Rico et al. extend the analysis of the zona pellucida glycoproteins expressed in eutherian mammals. Intriguingly, the mouse model has been used extensively to study the zona pellucida even though this species expresses only three out of four glycoproteins—ZP1, ZP2, and ZP3–, ZP4 being a pseudogene. The authors performed phylogenetic, molecular, and proteomic analyses to more comprehensively evaluate the status of ZP4. They find that ZP4 pseudogenization is restricted to the subgenus Mus. In addition, they performed cross in vitro fertilization between rodent species with three and four ZPs and determined that ZPs formed by four glycoproteins are not a barrier for the spermatozoa of species with a ZP formed by three glycoproteins. Moreover, this work identifies several mouse species with four ZPs that can be considered a tool of great value to study the function of ZP glycoproteins in other species, including humans.
Nitric oxide (NO) is a regulatory molecule in the follicular fluid and is a candidate predictor of ovarian response and in vitro fertilization outcomes in humans. However, the reported results are inconsistent when investigating the relationship between intrafollicular levels of NO and reproductive parameters. Because of the discrepancies in the reported results, probably due to the instability of NO, Staicu et al. propose using high-performance liquid chromatography (HPLC)-UV to simultaneously measure the oxidation products of NO, nitrite and nitrate. They propose that the oxidation products may be useful in predicting how healthy oocyte donors respond to superovulation and the implantation potential of the embryos produced from their oocytes.
Finally, Liu X. et al. analyzed the molecular signature of distinct cell populations of adult ovaries from Asian seabass using single-cell RNA sequencing (scRNA-seq). Despite the recent use of scRNA-seq analysis to study germ cells or gonadal development, most investigations have focused on a few species such as humans, monkeys, mice, zebrafish, and fly. Less is known about other vertebrates such as fish, which are susceptible to sex reversal (male-to-female). The authors report five distinct cell types in seabass ovaries. These data provide the basis for studying crucial features of germ cells and somatic cells differentiation that will aid in uncovering molecular mechanisms behind gametogenesis and gonad development in fish. In addition, the findings contribute to understand the conservation and divergence in the molecular mechanisms underlying ovarian cells development across Phyla.
Collectively, these papers highlight discoveries that further our understanding of the oocyte and point at areas in need of additional research as we aim to translate the basic knowledge of the biology of the oocyte into novel diagnostic and treatment tools for female infertility.
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Ovulation is a unique physiological phenomenon that is essential for sexual reproduction. It refers to the entire process of ovarian follicle responses to hormonal stimulation resulting in the release of mature fertilization-competent oocytes from the follicles and ovaries. Remarkably, ovulation in different species can be reproduced out-of-body with high fidelity. Moreover, most of the molecular mechanisms and signaling pathways engaged in this process have been delineated using in vitro ovulation models. Here, we provide an overview of the major molecular and cytological events of ovulation observed in frogs, primarily in the African clawed frog Xenopus laevis, using mainly ex vivo approaches, with the focus on meiotic oocyte maturation and follicle rupture. For the purpose of comparison and generalization, we also refer extensively to ovulation in other biological species, most notoriously, in mammals.
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OVERVIEW OF OVULATION

Oocytes of most vertebrate species, including frog oocytes, reside and grow in the ovaries while arrested in the first meiotic prophase. At the advanced stages of growth, oocytes resting in ovarian follicles are surrounded by the follicle envelope, consisting of several layers, such as theca/epithelial layer, granulosa cell layer, and vitelline envelope. Direct contacts between the oocyte and somatic cells in the follicle are formed via terminal gap junctions connecting the oocyte and follicle cell plasma membranes (Browne et al., 1979). Communication and paracrine interactions between the oocyte and somatic cells in the follicle were found to be necessary for normal ovulation. The fully grown frog oocytes are not competent for fertilization. They are characterized by a low activity of the main meiotic regulators, the cytostatic factor (CSF) and maturation-promoting factor (MPF) (Masui and Markert, 1971; Smith and Ecker, 1971). MPF was originally defined by Masui and Markert as a cytoplasmic activity from mature oocytes that causes complete maturation upon injection into immature oocytes, and CSF, as a cytoplasmic activity from unfertilized eggs that promotes metaphase arrest upon transfer to early dividing embryos. It was found subsequently that MPF represents a complex of cyclin B and Cdk1 kinase (Hunt, 1989), and CSF was identified as a multicomponent system comprising the meiotic protein kinase Mos and the MAPK pathway (reviewed in Tunquist and Maller, 2003; Schmidt et al., 2006; Wu and Kornbluth, 2008).

The fully grown frog oocytes acquire fertilization competence in the process of meiotic maturation. They progress through the meiotic cell cycle and arrest again before fertilization in the second meiotic metaphase with high activity of CSF and MSF. Hormonal stimuli release the prophase arrest and initiate oocyte maturation when oocytes rest in ovarian follicles. The maturing frog oocytes leave their follicles, advance from the ovary into the open coelomic body cavity, pass through the oviduct, and accumulate, for a short time, in the uterus. Finally, they are deposited outside the body into aquatic environments where fertilization occurs (Figure 1). Thus, the process of meiotic maturation is accompanied or immediately followed by oocyte release from the ovary, and the entire process of follicle responses to hormonal stimulation, which produces mature follicle-free fertilization-competent oocytes, is called “ovulation” (of note, in some studies the term “ovulation” is used narrowly, only for oocyte liberation from the ovarian follicles). Therefore, ovulation engages, as the major events, oocyte maturation and oocyte release from ovarian follicles. In addition, egg oviposition may also be considered as an integral event of ovulation in frogs because most amphibians are oviparous species with external fertilization.


[image: image]

FIGURE 1. In vivo and in vitro ovulation of frog oocytes. In vivo, favorable environmental factors initiate a hormonal cascade via the hypothalamic-pituitary-gonadal axis, to cause oocyte ovulation resulting in egg spawning. In vitro, oocyte ovulation can be induced in the ovarian fragments or isolated ovarian follicles by pituitary extracts, or luteinizing hormone (LH), or human Chorionic Gonadotropin (hCG), a functional analog of LH, or multiple steroid hormones.


In nature, the environmental factors stimulate production of luteinizing hormone releasing hormone (LHRH), also known as gonadotropin-releasing hormone (GnRH), by the hypothalamus (Figure 1). In response to LHRH, the pituitary produces gonadotropins, such as luteinizing hormone (LH) and follicle stimulating hormone (FSH). The hormones upregulate various genes involved in ovulation and stimulate steroidogenic ovarian follicle cells (granulosa and theca cells), surrounding an oocyte within a follicle, to produce various steroid hormones, prostaglandins (PGs), and multiple proteolytic enzymes (Figure 1). LH activates Gαs protein-coupled LH receptors (LHCGRs) expressed in follicular cells, leading to increased cAMP production and activation of PKA (Simoni et al., 1997; Wood and Strauss, 2002). In addition, LHCGR also activates Gq/11 and stimulates phospholipase C (PLC) and its downstream signaling in granulosa cells (Breen et al., 2013). Thus, LHCGR activation triggers multiple intracellular signal transduction pathways mediated by different signaling molecules. Involvement of PKA, PKC, PI3K, PLC, Src, EGFR, MAPK and Ras in response to LH and gonadotropin has been documented in mammalian follicles (Figure 2) (Jamnongjit and Hammes, 2006; Richards and Ascoli, 2018). In mammals, several transcription factors, such as PGR, PRARG, HIFs, CEBPA, RUNX1, RUNX2, NRIP1, NR5A2, become activated in follicular cells, resulting in the increased production of the enzymes that play important roles in the ovulatory process (Duffy et al., 2019). These enzymes cover the three crucial processes indispensable for successful ovulation, such as steroidogenesis, prostaglandin synthesis, and proteolysis.
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FIGURE 2. Major events of ovulation in the mammalian ovarian follicle (see details in the text).


Follicular steroid production and steroid-mediated signaling are critical for the initiation of oocyte maturation during the ovulatory process. Early studies in frogs demonstrated that the treatment of isolated amphibian ovarian follicles with frog pituitary homogenate (FPH) increases follicular progesterone (P4) levels, which, in turn, initiate oocyte maturation (Petrino and Schuetz, 1987). It was found using in vitro cultures of Rana pipiens and Rana dybowskii ovarian follicles, that steroid production in ovarian follicle cells is mediated by activation of the cAMP/PKA steroidogenic pathway. A marked increase in intrafollicular P4 levels to those produced by FPH occurred when frog ovarian follicles were exposed to exogenous dibutyryl cAMP and a phosphodiesterase inhibitor IBMX. The observed elevation of follicular levels of P4 caused by FPH administration or cAMP stimulation required the presence of somatic follicular cells (Kwon and Schuetz, 1986). It was concluded, that FPH increases the intracellular level of cAMP by modulating the relative activity of adenylyl cyclase and phosphodiesterase (Kwon and Schuetz, 1986; Kwon et al., 1990). The production of the three main steroids, such as P4, testosterone and estradiol, was reported to occur in vitro in the isolated Xenopus follicles stimulated by gonadotropin hormones (El-Zein et al., 1988; Lutz et al., 2001). Markedly, multiple steroid hormones were found to induce maturation of frog oocytes (Baulieu et al., 1978; Masui and Clarke, 1979). Their contribution into the steroid signaling during maturation is discussed further in the section “Meiotic resumption.”

Similarly to frogs, it was demonstrated that in mammals too the cAMP/PKA signaling cascade is the major pathway regulating steroid biosynthesis. In addition, it was found that, the steroidogenic acute regulatory protein (StAR), highly expressed in both theca and granulosa cells of mammalian follicles, is involved in steroidogenesis. Increased expression of StAR and upregulation of StaR activity via phosphorylation were shown to promote steroidogenesis, whereas inhibition of StAR expression led to a dramatic fall in steroid biosynthesis (Wood and Strauss, 2002; Jamnongjit and Hammes, 2006). This labile mitochondrial phosphoprotein mediates the transfer of cholesterol, the precursor for all steroid hormones, from the outer to inner mitochondrial membrane. This reaction represents the rate-limiting step in steroid hormone biosynthesis. A tight correlation between expression of the StAR protein and steroid synthesis has been reported (Manna et al., 2009). The cAMP/PKA pathway was established as a major signaling pathway for hormone-stimulated StAR expression, and the MAPK signaling cascade was demonstrated to mediate this process (Manna and Stocco, 2011). MAPK activation was found to elevate StAR expression in some steroidogenic cell lines (Gyles et al., 2001). Membrane-permeable cAMP analogs induce MAPK activation in granulosa cells of mammalian follicles, suggesting that gonadotropin-dependent activation of MAPK occurs downstream of cAMP/PKA signaling (Cameron et al., 1996; Das et al., 1996; Su et al., 2002). Notably, in contrast to frogs, synthesis of steroids is sufficient but not ultimately necessary for maturation of mammalian oocytes, indicating that higher vertebrates have developed redundant systems to trigger this process (Lieberman et al., 1976; Yamashita et al., 2003; Jamnongjit and Hammes, 2006).

Simultaneously with the elevation of follicular steroid production, which initiate meiotic oocyte maturation in frogs, LH upregulates a plethora of genes related to follicular rupture and oocyte liberation from the ovarian follicle. It was demonstrated using isolated ovarian fragments of Xenopus laevis that oocyte release from the follicles is a transcription-dependent process; inhibition of transcription with actinomycin D blocked hormone-induced follicle rupture, so that mature oocytes remained entrapped in the follicles (Liu et al., 2005; Sena and Liu, 2008). The major classes of genes related to follicle rupture and induced during ovulation via different transcription factors include the enzymes involved in PG synthesis and multiple ovarian proteases involved in decomposition of the follicle wall. The fact that inhibitors of eicosanoid synthesis can block ovarian collagenolysis and suppress gonadotropin-induced elevation in the content of interstitial collagenase in preovulatory mammalian follicles (Reich et al., 1991) strongly suggests involvement of prostaglandins upstream of follicular rupture. Indeed, prostaglandins were identified as the universal intrafollicular signaling molecules critical for ovulation in different biological species, including frogs and mammals (Schuetz, 1986; Chang et al., 1995; Sena and Liu, 2008; Niringiyumukiza et al., 2018; Takahashi et al., 2018).

Oocyte liberation from the ovary requires physical rupture of the ovarian follicle. This event is highly synchronized with meiotic resumption in oocytes. It was initially found that pre-ovulatory follicles contain a dense meshwork of collagen fibers, suggesting that collagenolysis might be a prerequisite for follicular rupture. Indeed, early morphological studies have revealed a decrease in collagen fiber contents in the apical wall of mammalian follicles prior to ovulation (Espey, 1967; Tsafriri et al., 1990). It was demonstrated that intrabursal injections of broad specificity protease inhibitors inhibited ovulation and degradation of ovarian collagen in a dose-dependent fashion, and that intrafollicular injection of metalloproteinase inhibitors completely blocked ovulation (Reich et al., 1985; Peluffo et al., 2011). Subsequently, a number of in vivo and in vitro studies have demonstrated that various follicular metalloproteinases and serine proteases are upregulated during ovulation (Figure 2). Synergetic action of multiple proteases with different substrate specificities was found to be necessary for effective degradation of the follicular wall. Involvement of proteolytic enzymes in follicle rupture has been well established in mammalian, fly and fish species, however little is known about the molecular mechanisms of follicle rupture in frogs.

Following follicle rupture, liberated frog oocytes migrate from the ovary into the oviduct, where they complete maturation and acquire a jelly layer that is necessary for successful fertilization (Figure 1). In addition, the vitelline membrane surrounding the oocytes is crippled by proteolytic enzymes within the first part of the oviduct, making this membrane penetrable to sperm at the time of fertilization (Heasman et al., 1991). It was demonstrated that frog eggs have to pass through the oviduct in order to become fertilizable (Diakow et al., 1988). Three distinct jelly coats are found in Xenopus laevis and as many as six in Rana pipiens (Freeman, 1968; Bonnell and Chandler, 1996). The jelly coats are synthesized in the oviduct and deposited sequentially on the egg during its travel through the oviduct (Bakos et al., 1990). Constituents of the egg jelly layers are essential for egg fertilization by incoming sperm. Eggs which are stripped of their jelly layers could not be fertilized, but the addition of solubilized jelly was found to partially restore fertilization capacity (Olson and Chandler, 1999). Finally, an oxytocin family peptide hormone (mesotocin in frogs), which is released by the posterior pituitary, contributes at the stage of oviposition (Schmidt, 1984; Browne and Figiel, 2019; Figure 1). In frogs, the hormone is involved in the physical process of spawning and mating behavior. Oxytocin family hormones have uterus-contracting (uterotonic) activity that causes muscle contractions via a G protein- and calcium-mediated pathway and promotes oviposition (Jurek and Neumann, 2018). It was found in monkey and cow that follicular granulosa cells produce oxytocin in response to pre-ovulatory upsurge in LH (Voss and Fortune, 1991; Einspanier et al., 1997).



IN VITRO OVULATION MODELS

In the wild, favorable environmental factors, such as balmy temperature, ample rainfall, protracted daytime, presence of males, etc., initiate oocyte ovulation in frogs via a hormonal cascade involving the hypothalamus, the pituitary, and ovarian follicle cells, as described in detail in the previous section (Figure 1). Normally, during the reproductive season, egg deposition and fertilization occur within several hours of hormonal stimulation. However, some eggs can be retained in the frog genital tract for much longer time and degrade there by an apoptotic process (Iguchi et al., 2013; Tokmakov et al., 2018). It was observed that aging frogs retained a larger number of ovulated eggs for a longer period than the young animals (Iguchi et al., 2013). It was also reported that decreasing temperatures could cause retention of mature eggs in the uterus for several days (Witschi, 1952). Thus, seasonal, environmental, and individual-specific factors make it difficult to control ovulation of frog oocytes in vivo. Of note, the same factors were also demonstrated to control the ovulatory process in different fish species, most notably, teleost fishes that have external fertilization similarly to frogs (Munakata and Kobayashi, 2010).

To facilitate dissection of the ovulatory process, various in vitro growth and ovulation models have been developed in different animals. Most of them involve the mammalian species, such as rodents, cows, pigs, horses, primates and even humans, where the studies would have apparent applications for assisted reproduction (Picton et al., 2003; Gerard and Robin, 2019; Telfer, 2019; Telfer et al., 2019). The development of technologies to grow and mature oocytes is very attractive for research, animal production technology and clinical practice. The ultimate goal of this approach is to grow, mature, ovulate and fertilize oocytes in vitro with the following production of viable embryos. The in vitro reproductive technologies were very successful in mammals. For instance, it was reported that the whole ovarian cell cycle can be reconstructed in vitro using the follicle culture of murine and human follicles (Skory et al., 2015). In vitro systems that support full development of murine oocytes starting from primordial germ cells or from induced pluripotent cells have been recently described (Hikabe et al., 2016; Morohaku et al., 2016). However, in frogs, it has proved difficult to grow early stage follicles to maturity in vitro. In fact, no report has been provided so far about the successful in vitro growth of frog oocytes. However, in vitro maturation and/or ovulation of frog oocytes have been consistently observed in the ovarian fragments and isolated fully grown follicles treated with homologous pituitary extracts (Heilbrunn et al., 1939; Wright, 1945; Wright, 1961; Dettlaff et al., 1964). Also, LH and human Chorionic Gonadotropin (hCG), the hormones that activate the same heptahelical Luteinizing Hormone/Choriogonadotropin Receptor (LHCGR), as well as various steroid hormones were found to be effective in inducing in vitro maturation of frog oocytes in ovarian fragments (Wright, 1961; Subtelny et al., 1968; Figure 1). Furthermore, it was reported that a number of streroids could induce GVBD in isolated Rana pipiens follicles even though follicle rupture did not occur (Schuetz, 1967). In addition, it was found that physiological meiotic maturation can be induced in vitro with some steroid hormones in Rana pipiens oocytes removed from their ovarian follicles. It was noted that the hormones work equally well with ovarian fragments or with isolated follicles (Smith et al., 1968). The early studies of in vitro ovulation and maturation in frogs were summarized and extensively reviewed by Smith and Ecker (1970).

Of note, frogs of the genus Rana, such as Rana pipiens, Rana dybowskii and Rana japonica, had been used most often during the early investigations of frog oocyte maturation. However, more recently, highly aquatic frogs of the Xenopus genus, such as Xenopus laevis and Xenopus tropicalis, have been employed as the main biological models in oocyte maturation and ovulation studies, focusing on signaling pathways and molecular machinery of these processes. In fact, the Xenopus pregnancy test, also called the Hogben test, based on the experiments suggested by Hogben and successively carried out by his students and co-workers in the 1930s (Shapiro and Zwarenstein, 1934), was used around the world for about three decades, until immunological test kits replaced it in the 1960s. In the test, female frogs were injected with the woman’s urine, and if the frogs had ovulated due to a high level of hCG in the urine, that meant the woman who provided the urine was pregnant.

Importantly, in vitro matured and ovulated frog eggs still cannot be fertilized efficiently because they are not penetrable to sperm. These eggs have the intact vitelline membrane, which is naturally degraded during physiological ovulation by proteolytic enzymes within the first part of the oviduct. In addition, in vitro ovulated frog eggs miss the jelly layer synthesized in the oviduct and deposited sequentially on the egg during its travel through the oviduct (Figure 1). Two general approaches have been developed that allow successful fertilization of in vitro matured frog eggs. One of them involves transferring investigated eggs into the body cavity of a host female frog, to let them pass through the frog’s oviducts (Lavin, 1964; Brun, 1975). Evidently, this approach represents a hybrid in vitro/in vivo technique, and it was extensively used in the studies of maternally inherited molecules by specifically removing or overexpressing particular mRNAs and proteins. For instance, the host-transfer technique was successfully used by the group of Janet Heasman to establish the essential role of Wnt signaling in Xenopus axis formation (Zuck et al., 1998; Mir and Heasman, 2008). Another approach to obtain in vitro matured fertilizable frog eggs involves enzymatic and/or manual removal of the vitelline membrane. Complete removal of the vitelline membrane can be carried out by combined treatment of eggs with pepsin and cysteine followed by manual removal of the loosened membrane (Kloc et al., 1989; Heasman et al., 1991). Extracts of diffusible components of Xenopus eggs jelly layers prepared by incubation of freshly ovulated eggs in high-salt buffers were shown to promote sperm’s ability to fertilize dejellied eggs in a dose-dependent manner (Olson and Chandler, 1999). It was reported that removal of the vitelline membrane and addition of the conditioned medium containing solubilized jelly obtained by soaking jellied eggs in buffer and Ficoll can vastly boost success rates of fertilization (Heasman et al., 1991; Olson and Chandler, 1999). For example, injection of oligonucleotides into isolated oocytes, followed by their in vitro maturation and fertilization using the abovementioned approach allowed to investigate the role played by xlgv7 mRNA in early development of the Xenopus embryo (Kloc et al., 1989).



MATURATION

Frog oocytes have been extensively used to study maturation and meiotic progression. In fact, most of the control mechanisms that operate in meiosis, including MPF and CSF, were first established in frogs. A number of key signaling molecules, such as membrane receptors, protein kinases, protein phosphatases, their substrates, inhibitors and activators, adaptor proteins, etc., have been characterized. Many of these studies were carried out in vitro, using isolated fully grown Xenopus oocytes treated with gonadotropins or steroid hormones (Figure 1). Especially, denuded frog oocytes, i.e., oocytes devoid of the follicle layer, proved to be very helpful in the maturation studies. Defolliculation could be accomplished by either enzymatic treatment or by manual dissection of oocytes from their ovarian follicles (Masui, 1967; Smith and Ecker, 1969). Also, the techniques of oocyte denucleation, as well as cytoplasmic and nuclear transfer (Dettlaff et al., 1964; Smith and Ecker, 1970; Masui and Markert, 1971), contributed greatly to the studies of molecular mechanisms of hormonal action, identification of MPF and CSF, and establishing their role in meiotic maturation.


Diplotene Arrest in Immature Oocytes

Before maturation, fully grown Xenopus oocytes of the stage VI are naturally arrested at the diplotene stage of the first meiotic prophase at the G2/M boundary. They have an intact nuclear envelope, partially decondensed chromatin, high activity of transcription, high level of intracellular cAMP, and low activity of MPF and CSF. Several studies have implicated a constitutively activated G protein-coupled receptor 3, GPR3, as one of the key molecules responsible for elevated intracellular cAMP and maintaining meiotic prophase arrest in frog and mammalian oocytes (Mehlmann et al., 2004; Hinckley et al., 2005; Deng et al., 2008; Rios-Cardona et al., 2008). Both Gαs and Gβγ - mediated signaling were found to be involved in maintaining elevated cAMP levels and diplotene arrest in immature oocytes (Gallo et al., 1995; Lutz et al., 2000; Freudzon et al., 2005; Sheng et al., 2005). More recent studies in mammals demonstrated that cGMP too is a key regulator of meiotic transition in mammalian follicular oocytes (Jaffe and Egbert, 2017). It was found that mural granulosa cells of mammalian follicles contain a high content of cGMP in a quiescent stage due to the high expression levels of the transmembrane guanylyl cyclase natriuretic peptide receptor 2 (NPR2) and its ligand the natriuretic peptide C (NPPC) (Vaccari et al., 2009; Zhang et al., 2010). cGMP was found to diffuse from the somatic compartment into oocytes through gap junctions and inhibit phosphodiesterase 3A (PDE3A) to maintain a high level of cAMP and meiotic arrest in the oocytes (Norris et al., 2009; Vaccari et al., 2009). It should be noted that involvement of NPPC-NRP2 autocrine regulatory mechanism in frog ovulation has not been demonstrated yet.

In prophase-arrested oocytes, the major bulk of Cdk1, a key component of MPF, is present in a free monomeric and low-activity form, and some part of the kinase is stored as an inactive Cdk1/Cyclin B complex, called pre-MPF. The inhibitory kinase Myt1, which phosphorylate Cdk1 on Thr14 and Tyr15, plays a major role in maintaining pre-MPF in the inactive state (Nakajo et al., 2000). In addition, Chk1 kinase, contributes to maintaining low activity of MPF in immature oocytes. The kinase inhibits the MPF-activating phosphatase Cdc25C through direct phosphorylation on Ser28 (Nakajo et al., 1999; Figure 3). Markedly, a direct link between PKA activated by a high level of intraoocyte cAMP and Cdc25 has been reported, indicating that PKA phosphorylates and inactivates Cdc25 in frog oocytes (Duckworth et al., 2002; Shibuya, 2003). Besides the low activity of MPF, the lack of active CSF is also crucial for maintaining prophase arrest. Low activity of CSF, and specifically of the MAPK cascade, in immature prophase-arrested oocytes is ensured by the absence of Mos protein (Figure 3) that is synthesized from maternal mRNA later during maturation. Notably, CSF and MPF are embedded in a loop of positive feedback, so they can mutually affect each other’s activity (Ferrell, 2002). Low activity of the two key meiotic regulators and the existence of positive feedback between them secure stability of the prophase I arrest in immature oocytes.
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FIGURE 3. Signaling pathways of Xenopus oocyte maturation. Molecular components of CSF and MPF are colored green and orange, correspondingly. The components of MPF auto-amplification loops mediated by polo-like kinase (Plx1) and Greatwall kinase (Gwl) are presented in light blue, and the factors involved in the initiation of egg maturation are shown in gray. Detailed explanations are provided in the text (see section “Maturation”).




Meiotic Resumption

Stimulation of isolated Xenopus follicles by gonadotropins was reported to increase production and release of several steroids, such as P4, testosterone, and estradiol, by steroidogenic follicle cells (Fortune and Tsang, 1981; Fortune, 1983; El-Zein et al., 1988). Importantly, either P4 or testosterone, but not estradiol and other estrogens, were shown to be able to induce in vitro maturation of frog oocytes. P4 was suggested to play a major role in triggering maturation of frog oocytes because its intra-oocyte concentration increases robustly to micromolar levels during meiosis re-entry (Haccard et al., 2012), and because it can induce meiotic maturation of isolated denuded frog oocytes at submicromolar and low micromolar concentrations (Jacobelli et al., 1974; Reynhout et al., 1975). It was noted that induction of maturation by exogenous P4 is significantly faster and more efficient in defolliculated oocytes than in the follicles, suggesting that follicle layer may not be well permeable for the hormone (Haccard et al., 2012; Tokmakov et al., 2019). In addition, evidence has been presented that androgens, rather than progestogens, might be the bona fide effectors that promote maturation of Xenopus oocytes via classical androgen receptor (Lutz et al., 2001; Hammes, 2004; Evaul et al., 2007; Sen et al., 2011). Testosterone was identified as the main steroid produced quantitatively in response to LH and capable of inducing in vitro maturation as efficiently as P4 (Baulieu et al., 1978; Fortune and Tsang, 1981; El-Zein et al., 1988; Lutz et al., 2001). It was also suggested that both types of steroids can be involved in meiotic maturation of Xenopus oocytes, considering high intra-oocyte levels of CYP17, an enzyme converting progestogens to androgens (Yang et al., 2003; Deng et al., 2009).

One of the earliest responses of oocytes to P4 is a decrease in the intracellular level of cAMP due to inhibition of plasma membrane adenylate cyclase (AC) (Schorderet-Slatkine et al., 1978; Finidori-Lepicard et al., 1981). The reduction of cAMP concentration and subsequent decline in PKA activity are crucial for initiating maturation. Microinjections of PKA catalytic subunit block P4-induced maturation, and injecting PKA inhibitors induce oocyte maturation in the absence of P4 (Maller and Krebs, 1977; Huchon et al., 1981). The finding that P4 can initiate oocyte maturation only when applied externally but not when microinjected into the cytoplasm or the nucleus, and the fact that MPF activation is observed in enucleated oocytes (Masui and Markert, 1971; Smith and Ecker, 1971) indicated that P4 receptor (PGR) is not a conventional nuclear steroid receptor but rather a non-transcriptional membrane-associated signaling receptor. Multiple studies suggest that inhibition of AC is mediated by the G-protein coupled transmembrane receptor GPR3 via a “release of inhibition” mechanism. It was shown that overexpression of GPR3 suppressed steroid-induced maturation of isolated Xenopus oocytes and gonadotropin-induced maturation of follicle-enclosed oocytes, whereas depletion of GPR3 lowered intracellular cAMP levels and enhanced oocyte maturation. hCG treatment of isolated Xenopus ovarian follicles triggers metalloproteinase-mediated cleavage and inactivation of GPR3 (Deng et al., 2008, 2009). Also, it was found that a fraction of the classical PGR displays membrane localization (Martinez et al., 2007) and complexes with Gβγ subunits via the scaffold protein called the modulator of non-genomic steroid responses (NMAR), which may mediate steroid-triggered oocyte maturation (Haas et al., 2005). Furthermore, evidence has been presented that a G protein-coupled membrane progestin receptor XmPRβ expressed on the oocyte plasma membrane may be a physiological PGR involved in initiating the resumption of meiosis during maturation of Xenopus oocytes (Zhu et al., 2003; Josefsberg Ben-Yehoshua et al., 2007). Also, it was found that the classical androgen receptor (AR) is expressed in Xenopus oocytes. It can bind both androgens and P4 with high affinity. A minor fraction of the receptor is membrane-localized and suggested to mediate non-genomic effects of various steroid during ovulation (Lutz et al., 2001, 2003; Evaul et al., 2007).

In mammals, it was reported that the fastest effect of LHCGR activation observed in vitro is a decrease in cGMP in somatic follicular cells. This leads to cGMP diffusion out of oocytes and releases PDE3A inhibition, resulting in a decrease of intra-oocyte cAMP content and triggering oocyte maturation (Norris et al., 2009; Vaccari et al., 2009; Shuhaibar et al., 2015). Another early effect of LH that occurs within minutes in cultured mouse follicles is the closure of gap junctions. This is thought to be necessary for meiotic resumption because it restrains intercellular communications and ensures autonomous mode of oocyte maturation. It was demonstrated in mammals that EGFR and the MAPK pathway participate in gap junction closure (Prochazka and Blaha, 2015).

The synthesis of several proteins from maternal mRNA is required for MPF activation during progesterone-induced oocyte maturation. It was found that protein synthesis is triggered by cytoplasmic polyadenylation of maternal mRNAs mediated by the cytoplasmic polyadenylation element (CPE) present in their 3′ UTRs (Stebbins-Boaz et al., 1996; Mendez et al., 2000; Belloc and Méndez, 2008). A recent genome-wide analysis of the Xenopus oocyte transcriptome indicated that a family of U-rich sequence elements was enriched near the polyadenylation signal of transcriptionally activated mRNAs (Yang et al., 2020). The main newly synthesized proteins include cyclins, RINGO and Mos. Site-specific phosphorylation of CPEB catalyzed by Eg2, a member of the Aurora family protein kinases, was shown to be essential for the polyadenylation of c-mos mRNA (Andresson and Ruderman, 1998; Mendez et al., 2000). Cyclins and RINGO directly bind and activate Cdk1 kinase, whereas Mos induces MPF activation by activating the MAPK cascade (Figure 3). Notably, inhibition of protein synthesis prevents MPF activation induced by PKA inhibitors, that places protein synthesis downstream of PKA and upstream of MPF. The molecular link between PKA inactivation and de novo protein synthesis remains elusive. Although Mos synthesis starts soon after progesterone stimulation, the amount of Mos protein remains low until pre-GVBD, when it is stabilized by direct phosphorylation on Ser3 by activated MAPK (Matten et al., 1996). Several enzymes of protein phosphorylation, which represent two major signaling pathways, become prominently activated at that time, leading to a dramatic shift in the equilibrium between inactive pre-MPF and active MPF. A balance between the dual-specific Cdk1-activating protein phosphatase Cdc25C and Cdk1-inactivating protein kinases Myt1 and Wee1 controls this equilibrium through the phosphorylation state of the regulatory residues Thr14 and Tyr15 in Cdk1. Markedly, CSF activation precedes MPF activation during progesterone-induced oocyte maturation, suggesting that the activated MAPK pathway operates early in maturation. MAPK response to progesterone or Mos in living oocytes displays a feature of ultrasensitivity, corresponding to the extraordinarily high Hill coefficient of at least 35 (Ferrell and Machleder, 1998). The MAPK cascade, including Mos, MAPKK and MAPK, responds little to a weak stimulus and becomes robustly activated over a narrow range of stimulus concentration, resulting in a sigmoid stimulus-response curve, resembling that of a cooperative enzyme. This feature helps to maintain the prophase diplotene arrest in immature oocytes and ensures highly efficient all-or-none physiological response observed upon oocyte maturation (Ferrell, 1999).

Cytostatic factor activity first appears in progesterone-treated oocytes at the time of Mos accumulation. Activated MAPK phosphorylates and activates the downstream Ser/Thr-specific kinase Rsk, which downregulates Cdk1 inhibitory kinase Myt1, promoting MPF activation (Mueller et al., 1995b; Palmer et al., 1998). Mos was also shown to target Myt1 independently of MAPK (Peter et al., 2002). Another Cdk1-inactivating kinase, Wee1, is absent from immature oocytes and is synthesized later during maturation (Nakajo et al., 2000). In addition, activated MAPK promotes phosphorylation and activation of Plx1 kinase and Cdc25 phosphatase in the polo-like kinase pathway mediated by xPlkk1 and Plx1 protein kinases (Kumagai and Dunphy, 1996; Qian et al., 1998b). It was found that Plx1 is activated during oocyte maturation simultaneously with Cdc25 (Qian et al., 1998a). Once activated above a threshold level, MPF accumulates rapidly even in the absence of protein synthesis by an autocatalytic mechanism that involves several positive feedback loops (Figure 2). First, in the polo-like kinase Cdk1-activating pathway, Plx1 and Cdc25C can be directly phosphorylated and upregulated by Cdk1 (Abrieu et al., 1998). Second, active MPF was shown to increase Mos stability by direct phosphorylation on Ser3 (Castro et al., 2001). Third, MPF activates the MAPK cascade by upregulating Mos synthesis, probably, by increasing polyadenylation of maternal Mos RNA (Paris et al., 1991). Of note, activated MAPK is also capable of stimulating polyadenylation of Mos mRNA (Howard et al., 1999). It was found that the adaptor protein paxillin in cooperation with embryonic PolyAdenylation Binding Protein (ePABP) enhance, in an MAPK-dependent fashion, Mos translation and promote oocyte maturation (Miedlich et al., 2017). Thus, numerous interlocking positive feedback loops contribute to MPF amplification and stabilization in maturing Xenopus oocytes.

Soon after the complete MPF activation, dissolution of the oocyte nuclear membrane, or GVBD, occurs that can be easily detected by appearance of a white spot on the oocyte’s pigmented animal hemisphere. Breakdown of the nuclear envelope, a hallmark of M-phase entry, is triggered by Cdk1-mediated phosphorylation of nuclear lamins and other components of the nuclear envelope, resulting in their disassembly (Marshall and Wilson, 1997). Besides, MAPK is involved in M-phase chromosome condensation and cytoskeleton reorganization. Active MAPK localizes to spindle and centrosomes and induces interphase-metaphase transition of microtubule arrays (Gotoh et al., 1991; Verlhac et al., 1993). There is no real M-phase exit between the two meiotic divisions in Xenopus oocytes; interphase nuclei are not formed, and chromatin remains condensed. This prevents DNA replication between meiosis I and meiosis II and leads to generation of haploid gametes by the end of meiosis. The active MAPK cascade plays a key role in the meiotic suppression of DNA replication because ablation of endogenous Mos or pharmacological inhibition of MAPK activity in maturing oocytes allow premature DNA replication after meiosis I (Furuno et al., 1994; Gross et al., 2000). Although Cdk1 activity decreases after meiosis I due to a partial degradation of cyclin B, this decrease is incomplete and transient (Iwabuchi et al., 2000). The remaining activity of Cdk1 is required for normal meiotic transition, and inhibition of MPF assembly brings about premature DNA replication after the first meiotic M-phase (Picard et al., 1996; Iwabuchi et al., 2000). The activated MAPK cascade inhibits cyclin B degradation after MI and helps to maintain MPF activity between the two meiotic divisions by suppressing the ubiquitin-dependent anaphase-promoting complex (APC/C) via Rsk (Gross et al., 2000; Figure 3).



Meiotic Metaphase Arrest

Maturing frog oocytes enter meiosis II with high activity of MPF and CSF and arrest again in the metaphase of the second meiotic division. These completely matured Xenopus oocytes, conventionally called “eggs” in frog and some other species, remain arrested at metaphase II by the high activity of MPF and CSF. Multiple intracellular signaling pathways assure stability of the meiotic metaphase arrest.

Cyclin degradation is greatly inhibited in the mature oocytes (Murray et al., 1989; Sagata et al., 1989). In the activated MAPK pathway, the MAPK downstream target, Rsk, directly phosphorylates and activates the inhibitors of the APC/C ubiquitin ligase, Emi2/Erp1 and Bub1, controlling cyclin B degradation (Schwab et al., 2001; Inoue et al., 2007; Nishiyama et al., 2007; Figure 3). Although the Emi2/Erp1 protein is absent from immature prophase-arrested oocytes, it accumulates in mature metaphase-arrested eggs, due to cytoplasmic polyadenylation and translational unmasking of its mRNA (Tung et al., 2007). The phosphorylated inhibitor proteins suppress ligase activity of the APC/C ubiquitin ligase by sequestering the Cdc20 activator subunit of APC/C (Shoji et al., 2006). The Cdk1-inactivating kinase Myt1 is kept inhibited by high activity of the MAPK pathway, and the Wee1 kinase is also suppressed through a phosphorylation-dependent mechanism in the metaphase-arrested eggs (Mueller et al., 1995a,b; Palmer et al., 1998). On the other hand, active MPF upregulates Mos synthesis via polyadenylation of mos mRNA (Howard et al., 1999) and increases stability of the Mos protein by direct phosphorylation on Ser3 (Castro et al., 2001).

Furthermore, both Cdk1 and MAPK activate the polo-like kinase pathway related to upregulation of the MPF-activating phosphatase Cdc25C (Kumagai and Dunphy, 1996; Qian et al., 1998b; Figure 3). In addition, the major anti-Cdk1 phosphatase PP2A-B55, which dephosphorylates Cdk1-phosphorylated substrates, is suppressed via the Greatwall kinase (Gwl) activated downstream of Cdk1 (Yu et al., 2006; Castilho et al., 2009; Vigneron et al., 2009; Figure 3). Activated Gwl phosphorylates the inhibitor proteins of PP2A-B55, such as ARPP-19 and/or α-endosulfine, which then directly interact with the phosphatase (Gharbi-Ayachi et al., 2010; Mochida et al., 2010). It was found that the Gwl/ARP19/PP2A-B55 pathway acts as a major component of MPF auto-amplification, that contributes to upregulation of MPF activity (Hara et al., 2012; Dupre et al., 2013). Notably, transcriptome-wide analysis demonstrated that massive deadenylation and degradation of mRNA occurs in Xenopus eggs at meiosis II (Meneau et al., 2020; Yang et al., 2020). It was found that a significant fraction of egg transcripts contained, in addition to CPEs, (A + U)-rich elements (ARE), characteristic of the mRNAs regulated by deadenylation, and suggested that opposing activities of CPEs and AREs define the fate of egg mRNAs (Belloc and Méndez, 2008).

Thus, after completion of ovulation, frog eggs are matured and arrested at metaphase II. Multiple mechanisms stabilize the meiotic metaphase arrest. The arrest allows eggs to await fertilization, preventing parthenogenesis after completion of meiosis. It was reported that unfertilized Xenopus eggs spontaneously exit the metaphase arrest and degrade by a well-defined apoptotic process within 48–72 h after completion of ovulation (Du Pasquier et al., 2011; Tokmakov et al., 2011).



FOLLICULAR RUPTURE

Liberation of oocytes from ovarian follicles due to follicular rupture is one of the main and indispensable events of ovulation. It was found, using the frog model, that in contrast to hormone-mediated maturation, which is non-genomic, i.e., transcription-independent, de novo transcription seems to be necessary for follicular rupture (Bayaa et al., 2000; Lutz et al., 2003; Liu et al., 2005). It was demonstrated in different animals that follicular rupture is synchronized with maturation and it occurs within several hours after meiotic resumption (reviewed in Richards and Ascoli, 2018). The following section of our review focuses on the mechanisms of follicular rupture. The process has been investigated in different species, most thoroughly in mammals, with a help of various in vitro and in vivo growth and ovulation models and in vitro follicle cultures capable of reproducing main events of the ovarian cell cycle.

Three principal theories on the mechanism of follicular rupture were under consideration since long ago, including the smooth muscle theory, the intra-follicular pressure theory, and the proteolytic enzyme theory (Rondell, 1970; Espey, 1974). The involvement of protease activity in ovulation was initially suggested by Schochet (1916). Afterward, the proteolytic mechanism has been proved to play a predominant role in follicular rupture based on numerous experimental observations, including degradation of extracellular matrix at the follicular apex, LH or hCG-induced up-regulation of protease activity, and impeding oocyte release from ovarian follicles with protease inhibitors.


Mammals

The role of proteolytic activity in follicular rupture was corroborated in mammals. It was clearly demonstrated that collagenous layers at the follicular apex become loosened and degrade before follicle rupture (Espey, 1967). Correspondingly, subsequent biochemical analyses revealed a preovulatory increase in ovarian collagenolysis in vivo and an increase of collagenase activity in vitro (Tsafriri et al., 1990; Reich et al., 1991; Murdoch and McCormick, 1992). It was found that multiple metalloproteinases and serine proteases are involved in decomposition of the follicle wall during ovulation. Specifically, members of the matrix metalloproteinase (MMP) family, including collagenases, gelatinases, stromelysins and membrane-type MMPs, tissue inhibitors of metalloproteinases (TIMPs), plasmin/plasminogen activator (PA) system, and the ADAM/ADAMTS family were implicated in follicle rupture during ovulation in mammals (reviewed by Duffy et al., 2019). Gonadotropins, such as LH and hCG, were demonstrated to induce both expression and activity of MMP and ADAMTS in the ovarian follicles. In monkeys and humans, upregulation of collagenases (MMP1), gelatinases (MMP2 and MMP9), stromelysins (MMP7 and MMP10), ADAMTSs (ADAMTS1, ADAMTS4, ADAMTS9, ADAMTS15), as well as the expression of TIMPs, such as TIMP1 and TIMP2, were shown to be induced by LH/hCG (Chaffin and Stouffer, 1999; Curry and Osteen, 2003; Peluffo et al., 2011). Several studies have proposed that the PA system also plays a key role in the degradation of the follicular wall during ovulation in mammals (Ny et al., 2002; Liu et al., 2004; Ohnishi et al., 2005). Plasminogen activators of the two types, urokinase type (PLAU) and tissue type (PLAT), are thought to be involved in the ovulatory process (Tsafriri et al., 1990; Blasi, 1993; Ebisch et al., 2008). In addition, the specific inhibitors of PA system, such as SERPINE3, SERPINB2, SERPINA5 and nexin I, are also induced in the ovary during ovulation (Aertgeerts et al., 1994; Ebisch et al., 2008). It was noted that proteolytic enzymes involved in follicular rupture are largely redundant; their substrate specificities are greatly overlapping, and no single proteolytic enzyme seems to be indispensable for this process (Duffy et al., 2019).

The primary targets of LH and gonadropin are the follicle cells expressing LHCGR, such as granulosa and theca cells, which surround an oocyte within a follicle. Multiple intracellular signal transduction pathways are triggered in mammalian follicle cells by activation of LHCGR (Figure 2, see section “Overview of Ovulation”). The signaling pathways involved in the activation of proteolytic enzymes during ovulation are not clearly understood. It was found that activation of the MAPK pathway in granulosa cells early in the ovulatory process is absolutely required for both oocyte maturation and follicle rupture, as demonstrated by the infertility phenotype of mice with ERK1 and ERK2 knockout in granulosa cells. The ERK1/2 knockout leads to a complete failure to ovulate and synthesize P4 (Fan et al., 2009). ERK activation in granulosa cells was shown to occur due to the release of tonic inhibition imposed by DUSP6 phosphotyrosine phosphatase on MEK1 (Law et al., 2017). It appears that ERK activation promotes steroidogenesis primarily via the StAR. Accordingly, ERK activation was shown to increase StAR expression in some steroidogenic cell lines (Gyles et al., 2001). Several downstream targets of ERK1/2 were found to be essential for follicular rupture. Especially, induction of the two transcription factors, CCAAT enhancer–binding protein (CEBP) α and β, that are highly important for ovulation, has been shown to depend on the MAPK pathway (Fan et al., 2009). Similarly to the ERK1/2 knockout, the combination of the granulosa-specific CEBPaα and CEBPβ knockouts leads to a complete failure to ovulate (Fan et al., 2011).

Another important signaling molecule that is engaged downstream of the LH receptor is the EGF receptor (EGFR). Several studies demonstrated that EGFR signaling can promote steroidogenesis in gonadal cells, including Leydig cells and ovarian follicles, by upregulating StAR (Manna et al., 2002; Jamnongjit and Hammes, 2006). Activation of EGFR seems to be necessary for gonadotropin-induced steroid production in preovulatory follicles, as inhibition of the EGFR protein kinase activity completely abolishes LH-triggered production of P4 (Jamnongjit et al., 2005). In addition, inhibition of EGFR kinase activity significantly suppresses hCG-induced meiotic maturation and follicle rupture, so that oocytes remain arrested at the diplotene stage of the first meiotic prophase in intact ovarian follicles (Ashkenazi et al., 2005). It appears that EGFR activation during ovulation is mediated by the MAPK pathway. In mammalian follicles, activated ERK1/2 mediate transcriptional induction of the EGF–like ligands, such as amphiregulin, epiregulin, and betacellulin, in granulosa cells (Park et al., 2004). These factors function as autocrine and paracrine activators of EGFR on theca and granulosa cells, promoting increased StAR activity, presumably via phosphorylation, and subsequent steroid production. Remarkably, incubation of follicles with the EGF-like ligands evokes the morphological and biochemical events of ovulation, such as oocyte maturation and cumulus expansion (Park et al., 2004).

Progesterone receptor, a nuclear receptor transcription factor, also plays an important role in follicular rupture. It is robustly induced in mural granulosa cells via protein kinase A/cAMP response element-binding protein (CREB)-mediated transactivation and MAPK pathway activation after the LH surge (Park and Mayo, 1991). The key role of PGR in follicular rupture was confirmed in rodents, monkeys, and humans, where inhibition of P4 synthesis or its activity prevented ovulation (Espey et al., 1990; Lydon et al., 1995; Hibbert et al., 1996; Bishop et al., 2016). The precise mechanism by which PGR promotes follicle rupture is unknown, however there is mounting evidence for a link between P4 and upregulation of MMPs and other proteases (Robker et al., 2000; Chaffin and Stouffer, 2002). During ovulation, PGR is acutely activated in the presence of high local concentrations of P4 and translocated into the nucleus, where it initiates transcription of the proteins, such as ADAMTS-1 and cathepsin L, essential for follicular rupture. Knockout of PGR gene results in a complete and specific block of ovulation, however, cumulus expansion and oocyte meiotic maturation occur normally, and oocytes extracted from the knockout follicles can be fertilized (Robker et al., 2000), suggesting a specific role of PGR in mediating follicle rupture. Accordingly, pharmacological inhibition of PGR was reported to block ovulation (Jesam et al., 2016; Schutt et al., 2018). These findings are consistent with the idea that P4 is required for follicular rupture in mammalian species.

Several findings suggested involvement of prostaglandins (PGs) upstream of follicular rupture. It was demonstrated that inhibitors of eicosanoid synthesis could block ovulation and the LH/hCG-induced rise in ovarian collagenolysis (Reich et al., 1991). Synthesis of prostaglandin precursors during ovulation is governed by cyclooxygenase 2 (COX2), also known as prostaglandin synthase 2 (PTGS2). The enzyme is strongly induced in rat, primate and human preovulatory follicles after the LH surge (Sirois et al., 1992, 2004; Stouffer et al., 2007). It was shown that, COX2 knockout mice, which produce no PGs, have reduced rates of ovulation, defected cumulus expansion, and infertility. Ovulation can be restored in the COX2-deficient mice by prostaglandin E2 (PGE2) (Lim et al., 1997; Davis et al., 1999). The inhibitors of COX2 activity, such as meloxicam, also prevent ovulation, suggesting their use as emergency contraceptives (McCann et al., 2013). Although the predominant prostaglandin produced by granulosa cells is PGE2, some other PGs, such as PGF2α, have been shown to mediate certain aspects of follicular rupture (Robker et al., 2018).

Recent studies demonstrated that vasoconstriction at the follicle apex plays an essential role in mammalian follicle rupture. Vasoconstriction of apical vessels was shown to occur within several hours preceding follicle rupture in wild-type mice, and the ovulatory follicles from the mice with defective vasoconstriction failed to rupture (Migone et al., 2016). It was found that endothelin-2 (Edn2), a short vasoconstrictor peptide that is transiently produced by granulose cells before follicle rupture (Palanisamy et al., 2006), is indispensable for ovarian contraction. Edn2 knockout resulted in a significant reduction in the number of ovulated oocytes (Cacioppo et al., 2017). Also, pharmacological inhibition of the preovulatory Edn2 induction, that can be reversed with the exogenous peptide, or blocking Edn2 receptors were shown to prevent vasoconstriction and follicle rupture (Migone et al., 2016).

Of note, in contrast to frogs, mammalian oocytes are ovulated in a complex with cumulus cells, a specific sublineage of granulosa cells directly wrapping the oocyte. Expansion of cumulus cells that occurs after initiation of meiosis but before follicular rupture represents an important step of mammalian ovulation regulated via a distinct intracellular pathway (Figure 2). It involves MAPK-mediated transcriptional induction of the EGF-like ligands, such as amphiregulin, epiregulin, and betacellulin in granulosa cells (Park et al., 2004). The EGF-Ls secreted by granulosa cells transactivate EGFR on cumulus cells, inducing the production of cumulus matrix proteins, such as hyaluronan synthase 2 (HAS2) and pentraxin 3 (PTX3), which cause cumulus oocyte complex (COC) expansion. It was found that inhibition of cumulus cells expansion also impedes follicular rupture, suggesting that the two processes engage overlapping signaling pathways with similar changes in gene expression. For instance, PGs were reported to affect mammalian ovulation through their influence on cumulus expansion (Sirois et al., 2004). In detail, molecular mechanisms of coordination through the cumulus complex are reviewed elsewhere (Russel and Robker, 2007; Robker et al., 2018).



Drosophila

Several parallels were revealed between Drosophila melanogaster and mammalian ovulation, including follicle rupture, at both cellular and molecular levels. An ex vivo follicle rupture assay has been developed that allowed direct quantification of follicles’ capacity to respond to ovulation stimuli and rupture in Drosophila (Deady and Sun, 2015). It was found, using both in vivo and in vitro approaches, that posterior follicle cells surrounding mature oocytes are selectively degraded during ovulation in Drosophila. Like in mammals, follicle rupture also depends on MMP2 activity localized at the posterior end of mature follicles (Deady et al., 2015). It was shown that MMP2 activity is regulated by the octopaminergic signaling in mature follicle cells. Exogenous octopamine is sufficient to induce follicle rupture when isolated mature follicles are cultured ex vivo, in the absence of the oviduct or ovarian muscle sheath. Accordingly, knocking down the octoampine receptor Oamb in mature follicle cells prevented OA-induced follicle rupture ex vivo and ovulation in vivo. It was further found that follicular octopamine signaling induces MMP2 enzymatic activation but not MMP2 protein expression, likely via intracellular Ca2+ (Deady and Sun, 2015). The developed ex vivo follicle rupture assay was proposed to query enzymatic activity and to perform genetic or pharmacological screens to identify genes or small molecules involved in follicle rupture in Drosophila (Knapp et al., 2018). It was further demonstrated that steroid signaling in mature follicle cells is important for Drosophila ovulation. Knocking down the shade monooxygenase that converts ecdysone to its active analog 20-hydroxyecdysone or disruption of the ecdysone receptor specifically in mature follicle cells, was shown to block follicle rupture (Knapp and Sun, 2017). Furthermore, it was demonstrated that ecdysteroid signaling is essential for proper activation of the MMP MMP2 and follicle rupture. The zinc-finger transcription factor Hindsight (Hnt) has been implicated in the development of ovulation competency of Drosophila follicles. This factor is upregulated in mature follicle cells. It was found that Hnt elevates MMP2 expression in posterior follicle cells and expression of the adrenergic receptor Oamb in all follicle cells, which is essential for follicle rupture and ovulation (Deady et al., 2017).



Fish Models

Follicle rupture during ovulation has been thoroughly investigated in fish models, most notably, in teleosts (bony fishes) (reviewed by Takahashi et al., 2019). In teleost fishes, ovulation results in discharge of fertilizable oocytes from ovarian follicles into the ovarian or abdominal cavity. Several studies focused on the involvement of proteases and protease inhibitors in this process, and it was found that robust proteolytic events accompany ovulation in various teleost fishes. For instance, it was shown that collagenolytic activity is present and it increases prior to ovulation in follicle walls of brook trout (Salvelinus fontinalis) and yellow perch (Perca flavescens) follicles, suggesting involvement of the MMP activity in digesting the follicle wall (Berndtson and Goetz, 1988, 1990). Involvement of kallikrein-like serine protease KT-14 in trout ovulation was also demonstrated (Hajnik et al., 1998). It was further demonstrated that LH-induced in vitro ovulation of brook trout follicles involves follicle contraction and activation of multiple proteolytic genes (Crespo et al., 2013). LH increased mRNA expression levels of MMPs, such as MMP2 and MMP19, and other enzymes with proteolytic action during ovulation, such as disintegrin, ADAMTS1 and plasminogen, in brook trout preovulatory follicles and during the progression of LH-induced ovulation. Of note, the expression of tissue inhibitor of the MMP TIMP2 paralleled that of MMP2, suggesting the existence of a controlled mechanism of MMP action (Crespo et al., 2013). More recently, genome-wide studies identified the genes upregulated and downregulated in the ovulatory follicle during ovulation in fish (Bobe et al., 2006; Klangnurak and Tokumoto, 2017; Liu et al., 2017). Serine protease 23 and metalloprotease ADAM22 were found to be induced in the periovulatory follicle of rainbow trout (Bobe et al., 2006). A significant change in the expression of ADAMTS8b, ADAMTS9 and MMP9 was observed in preovulatory follicles of zebra fish (Liu et al., 2017). It was accompanied by upregulation of the intrinsic proteinase inhibitors, such as Serpine 1 and TIMP2.

The detailed studies on follicle rupture during ovulation in fishes were carried out using the freshwater teleost medaka (Oryzias latipes). In vitro ovulation models developed for medaka allowed identification of the hydrolytic enzymes responsible for oocyte liberation during ovulation. Furthermore, similarly to mammals, the involvement of prostaglandin E2, PGE2, cyclooxygenase-2, and PGE2 receptor subtype EP4b in medaka ovulation has also been demonstrated (Takahashi et al., 2013). It was found that follicle rupture in the medaka ovary involves the cooperation of at least three different MMPs, and the tissue inhibitor of MMP-2b protein (Ogiwara et al., 2005). The discrete roles of each of these proteins in follicle rupture has been elucidated. It was found indicated that gelatinase A (MMP2) induces the hydrolysis of type IV collagen constituting the basement membrane, membrane-type 2 MMP (MMP15) degrades type I collagen present in the theca cell layer, whereas MT1-MMP (MMP14) and the tissue inhibitor of MMP-2b TIMP2b are involved in production and regulation of gelatinase A (Ogiwara et al., 2005). Consistently, it was found, using an in vitro ovulation model based on the whole ovary culture, that medaka ovulation could be inhibited by the addition of metalloproteinase inhibitors to the ovarian culture (Ogiwara et al., 2010). In addition, involvement of a plasmin-like protease in early stage follicle rupture during ovulation in medaka has been demonstrated (Ogiwara et al., 2012). The enzyme was shown to participate in the rupture several hours before the activation of MMP-mediated hydrolysis. Furthermore, involvement of urokinase plasminogen activator and plasminogen activator inhibitor-1 in follicle rupture during ovulation in medaka has been shown (Ogiwara et al., 2015). It was found, using an in vitro ovulation assay, that various serine protease inhibitors, including a specific plasmin inhibitor, significantly reduce ovulation rates. A follicle rupture model involving two different proteolytic enzyme systems, serine protease and MMP, and sequential two-step hydrolysis of extracellular matrix has been proposed in medaka ovulation (Ogiwara et al., 2012).

Presently, molecular mechanisms leading to upregulation of the multiple proteolytic enzymes in teleosts during ovulation have not been well investigated. It was reported that ovarian prostaglandin synthesis greatly increases in several teleost species during ovulation, and that a non-selective cyclooxygenase inhibitor indomethacin blocks both in vivo and in vitro ovulation, suggesting that prostaglandins play an important role during ovulation in these oviparous species (Takahashi et al., 2013). Most recently, the involvement of Cdk activity in degradation of the extracellular matrix during ovulation in medaka has been demonstrated (Ogiwara and Takahashi, 2019). It was found that the Cdk inhibitor roscovitine inhibited both follicle ovulation and follicular expression of MMP15, implicating Cdk activity in the expression of this protease. It was further suggested that the nuclear progestin receptor, PGR, which is induced by the LH surge, serves as a functional transcription factor for MMP15 expression after Cdk9/Cyclin I-mediated phosphorylation (Ogiwara and Takahashi, 2019). Notably, in contrast to mammalian species, the importance of MAPK activation for follicle rupture in teleosts has not been established. Moreover, it was reported that incubating medaka follicles with a MEK inhibitor did not lead to significant changes in PGR phosphorylation (Ogiwara and Takahashi, 2019).



Frogs

Paradoxically, although oocyte maturation was most thoroughly investigated in amphibians, little is known about the mechanisms of follicle rupture in frog species, including Xenopus laevis. Most notably, the involvement of proteolytic enzymes in follicle rupture has not been established and intracellular signal transduction pathways leading to their activation were not identified. In fact, relatively few studies have addressed mechanisms of follicle rupture during ovulation in frogs. This situation can be attributed, in part, to the lack of reliable in vitro reconstitution of follicle rupture in the frog model and to difficulties of dissecting this process in living animals.

In frogs, in vitro maturation and ovulation of Rana pipiens and Rana dybowskii oocytes was observed in the ovarian fragments and isolated follicles treated with homologous pituitary extracts (Wright, 1961; Dettlaff et al., 1964; Smith et al., 1968). It was reported that oocyte liberation can be achieved more readily from ovarian fragments than from isolated ovarian follicles and hypothesized that attachment of follicles to a site in the ovarian fragment is beneficial for contraction of follicle wall during oocyte extrusion (Schuetz, 1986; Kwon et al., 1992). The efficiency of pituitary preparations varied considerably, exhibiting seasonal dependence; ovarian fragments from some animals failed to ovulate in response to any treatment and spontaneous follicular rupture occurred in cultured ovarian fragments collected during some seasons of the year (Smith et al., 1968; Kwon et al., 1992). It was also reported that maturation proceeded in the absence of follicle rupture in follicles isolated from some animals. Moreover, follicle rupture in the in vitro cultured ovarian fragments lagged greatly behind GVBD, whereas these two events occurred almost simultaneously during natural ovulation. Furthermore, although various steroid hormones were found to be effective in inducing in vitro maturation of isolated frog oocytes, the hormones failed to promote follicular rupture (Subtelny et al., 1968; Schuetz and Lessman, 1982). Early studies of in vitro frog ovulation demonstrated that intact follicles of Rana pipiens ovulated in response to pituitary homogenate (FPH) due to, in part, mechanical contractions of the follicle wall (Schuetz and Lessman, 1982). Ovulation and follicular contractions could not be observed following removal of the surface epithelium in the presence of the intact thecal layer. Treatment of isolated amphibian ovarian follicles with FPH was shown to increase follicular P4 levels and initiate oocyte maturation (Petrino and Schuetz, 1987). However, it was found that oocytes, regardless of the removal of any or all follicular wall layers, matured but did not ovulate in response to P4. These results provided functional evidence for a role of the ovarian surface epithelium and demonstrated that P4 alone is not sufficient to initiate follicle rupture during ovulation in frogs. Nevertheless, in the later studies using cultured ovarian fragments to investigate release of frog oocytes from follicles during ovulation, follicle rupture has been observed in the vigorously shaken ovarian fragments after extensive overnight incubation in the presence of P4 or hCG (Liu et al., 2005; Sena and Liu, 2008).

At present, signaling pathways involved in the process of follicle rupture in frogs have not been established. Importance of MAPK activation in follicle cells, which is a prerequisite for follicle rupture in mammals, was not explicitly demonstrated, and the transcription factors involved in the upregulation of follicular protease activity during ovulation were not identified. Involvement of PKC was suggested by the findings that TPA effectively stimulated PGF2α secretion and ovulation, and that PKC inhibition dramatically suppressed FPH- or TPA-induced PGF2α secretion and ovulation observed in the isolated ovarian fragments of Rana pipiens. It was further demonstrated that PKC mediates gonadotropin-induced production of PGF2α but not steroid synthesis in the frog ovaries (Chang et al., 1995). It was reported that exposure of in vitro cultured ovarian follicles to PGF2α stimulated low levels of follicle rupture in the absence of maturation (Schuetz, 1986; Chang et al., 1995). Addition of PGF2α, but not PGE, to cultured follicles markedly enhanced the incidence of ovulation in follicles exposed to P4 or pituitary homogenates. Ovulatory effects of PGF2α were suggested to be mediated through the follicular epithelium. Similarly, in vitro studies of oocyte ovulation using ovarian fragments isolated from the toad Bufo arenarum revealed that PGF2α, but not PGE1, increased ovulatory responses to either pituitary homogenate or P4 at suboptimal doses, indicating that PGF2α exerted a synergistic potentiating effect (Ramos et al., 2008). Furthermore, it was found that the transcriptional inhibitor actinomycin D blocked P4-induced follicle rupture, however, PGF2α was found to overcome the inhibitory effect of the drug, indicating that this prostaglandin has the ability to induce follicle rupture in the absence of protein synthesis (Liu et al., 2005; Sena and Liu, 2008). Notably, the follicular levels of both PGF2α and PGE2 increase during the preovulatory period, however PGF2α levels are much higher than that of PGE2. It was found that expression of COX2 but not COX1 is up-regulated during hCG- or P4-induced ovulation in vitro, leading to increased synthesis of PGF2α during preovulatory period (Sena and Liu, 2008). It was found that a PGR antagonist RU486 inhibits COX2 expression and PGF2α synthesis, suppressing, in a dose-dependent manner, P4-induced ovulation observed in the isolated Xenopus ovarian follicles (Dhillon et al., 2010). It was suggested that although PGF2α is necessary for P4-induced ovulation of Xenopus oocytes, it may not be essential for hCG-induced ovulation (Sena and Liu, 2008). Based on the above findings, it has been hypothesized that ovulation and maturation of amphibian oocytes can be mediated by separate classes of hormones, and that normal synchronization of ovulation and maturation requires the combined action of prostaglandins and steroids within different follicular compartments.

Our recent study using a new in vitro ovulation model presented the first direct evidence for involvement of MAPK and MMP activities in follicle rupture during Xenopus oocyte ovulation (Tokmakov et al., 2019). It was found that both meiotic maturation and follicle rupture can be reproduced in vitro using isolated ovarian follicles shortly pretreated with collagenase before P4 administration. Oocyte maturation and follicle rupture could also be observed in the hCG-treated follicles, albeit with somewhat lower rates. Notably, follicular rupture occurred at about the same time as GVBD (Figure 4), and it didn’t occur in the absence of P4, indicating physiological relevance of the developed model. Indeed, the two processes are highly coordinated in vivo: mature oocytes are not retained in the ovary, and immature oocytes don’t ovulate during natural ovulation in frogs. Importantly, oocyte release from ovarian follicles, but not oocyte maturation, was inhibited in this model in the presence of a wide-specificity MMP inhibitor GM6001. In addition, pharmacological inhibition of the MAPK pathway using a specific MEK inhibitor U0126 was demonstrated to suppress both meiotic maturation and follicular rupture (Tokmakov et al., 2019). These findings prove that MAPK and MMP activities are involved in the process of oocyte liberation from ovarian follicles in frogs. Further studies are necessary to identify proteolytic enzymes engaged in follicle rupture and to delineate the pathway of MAPK activation in follicle cells during ovulation in frogs.
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FIGURE 4. Timing of maturation and follicle rupture during Xenopus oocyte ovulation. Progression of meiotic maturation in the developed in vitro ovulation model (Tokmakov et al., 2019) was judged by appearance of a white spot (WS) on the animal hemisphere of oocytes, reflecting germinal vesicle breakdown (GVBD), and occurrence of follicular rapture (FR) was defined by the loss of the follicle layer (FL). (A) Theoretically, two alternative scenarios, GVBD-FR and FR-GVBD, can occur during ovulation, as indicated in the figure. To distinguish between them, the four morphologically different types of cells were counted during hormone-induced ovulation. They included oocytes without WS surrounded by FL (WS-FL+), oocytes with WS and FL (WS + FL+), oocytes without WS and FL (WS–FL–), and oocytes with WS and without FL (WS + FL). The WS-FL + phenotype characterizes original oocyte population, and the WS + FL– phenotype corresponds to ovulated mature eggs. (B) Experimentally observed relative frequencies of the two intermediate phenotypes, WS + FL + and WS–FL–, are very close, indicating that GVBD and FR occur almost simultaneously.




ON THE COORDINATION OF MATURATION AND FOLLICULAR RUPTURE

Oocyte liberation from the ovarian follicles and oocyte maturation are interdependent, tightly linked, and coordinated processes. All naturally ovulated frog eggs are matured and arrested in metaphase II with high activity of MPF and CSF, and all non-ovulated oocytes retained in the frog ovaries after hormonal stimulation remain immature and arrested in prophase I with low activity of MPF and CSF. Communication between the oocyte and follicular cells is necessary to coordinate the two major ovulation processes, meiotic maturation and follicle rupture, during normal physiological ovulation. However, overall coordination of ovulatory process in ovarian follicles of frogs is poorly studied. The complex intercellular communication follicular networks have been most thoroughly investigated in mammalian models and comprehensively reviewed in several recent publications (Richards and Ascoli, 2018; Robker et al., 2018; Duffy et al., 2019). Here, we provide just a bird’s-eye view of intrafollicular coordination during ovulation.

In the resting ovarian follicle, the oocyte and cumulus cells are directly connected by terminal gap junctions. The terminal gap junctions allow transit of small (<1 kDa) molecules between the oocyte and cumulus cell cytoplasm. Energy metabolites, such as glucose, pyruvate, and ATP can be transported from granulosa cells via gap junctions (Edry et al., 2006; Johnson et al., 2007). Gap junctions between oocyte and follicle cells have also been observed in frog follicles (Konduktorova and Luchinskaia, 2013), however, their role in the ovulatory process was not thoroughly investigated in this model. Importantly, cAMP and cGMP, which are needed to maintain diplotene arrest in immature oocytes (see section “Diplotene Arrest in Immature Oocytes” for details), are transported into oocytes from cumulus cells through the terminal gap junctions (Edry et al., 2006; Shuhaibar et al., 2015). The importance of direct communication between the oocyte and somatic cells in the follicle was revealed by knockout of connexin 37, a gap junction protein involved in the direct transfer of small molecules. It was found that connexin 37-deficient mice can produce large preovulatory follicles but fail to ovulate, indicating that normal ovulatory response is not possible without sustained communication between oocytes and surrounding somatic cells (Simon et al., 1997). It was demonstrated that activation of Gαs-coupled LH receptors stimulates adenylyl cyclase, elevates intracellular cAMP levels, activates PKA in follicular cells, and promotes steroidogenesis by increasing expression of the StAR in both theca and granulosa cells of mammalian follicle, as well as by StAR activation via its phosphorylation on serine 195 (Wood and Strauss, 2002; Jamnongjit and Hammes, 2006). Importantly, the LH surge causes closure of gap junctions, presumably through phosphorylation of the connexin proteins (Granot and Dekel, 1994). Involvement of the MAPK pathway and EGFR in the gap junction closure has been demonstrated in mammals (Norris et al., 2008, 2010; Prochazka and Blaha, 2015). MAPK activation and MAPK-mediated EGFR signaling in granulosa cells early in ovulation are indispensable for both oocyte maturation and follicle rupture, as detailed in the sections “Meiotic Resumption” and “Mammals” of this article. The MAPK pathway (Ras/Raf/MEK/ERK pathway) is triggered in granulosa cells by Src kinase via Gβγ proteins activated by G-protein coupled receptors (Jamnongjit and Hammes, 2006).

Discontinuation of junctional communications within the ovarian follicle promotes oocyte maturation (Sela-Abramovich et al., 2006). It is assumed that maturation proceeds in an entirely autonomous fashion after gap junction closure. The closure of gap junctions terminates transport of cAMP and cGMP from cumulus cells into the oocyte, leading to a decline in intraoocyte cAMP and cGMP levels. The decreased level of cGMP releases inhibition of phosphodiesterase 3A, further promoting accelerated degradation of cAMP and triggering meiotic resumption of the oocyte. In addition, high follicular levels of progestogens and/or androgens, which are synthesized by granulosa cells in response to LH, lead to further decrease in the intraoocyte level of cAMP due to G protein-coupled receptor-mediated inhibition of plasma membrane AC (see section “Meiotic Resumption” for details). Although the latter mechanism seems to be a major cause triggering meiotic resumption in frogs, P4 can also influence oocyte maturation in some mammalian species. For example, treatment with P4 agonists in the absence of gonadotropin was shown to promote oocyte maturation to metaphase II, but not ovulation, in rhesus macaque follicles (Borman et al., 2004). It should be emphasized that the steroid stimulates transcription-independent oocyte maturation via the membrane P4 receptor and transcription-dependent follicle rupture via the classical nuclear receptor.

Evidence is presented that P4 mediates follicular rupture in mammals. Inhibition of P4 synthesis or its activity prevents ovulation (Espey et al., 1990; Hibbert et al., 1996) and mice lacking nuclear P4 receptor do not ovulate (Lydon et al., 1995). Interestingly, the role of PGR in mammals seems to be confined mainly to mediating follicular rupture, because activation of cumulus expansion and oocyte meiosis occur normally, and the oocytes obtained from the P4 receptor-knockout follicles are fertilizable (Robker et al., 2000). Antagonists of PGR, such as mifepristone (RU486), valaprisan, ulipristal, and some others can effectively block ovulation and are used as contraceptives in clinics (Jesam et al., 2016; Schutt et al., 2018). The observation that P4 alone is able to promote the entire ovulation process in the isolated ovarian follicles of Xenopus laevis (Tokmakov et al., 2019) suggests that PGR may also be engaged in follicular rupture in frogs. Of interest, it was reported that in amphibians, unlike in mammals, RU486 acts as an agonist of P4 (Skoblina, 2002).

It appears that oocyte maturation and follicle rupture unfold completely independently after steroid production and gap junction closure following the gonadotropin surge. Indeed, the well-established fact that meiotic maturation can readily be induced by P4 and some other steroids in defolliculated frog oocytes, as well as the recent finding that blocking follicle rupture by means of MMP inhibition does not affect Xenopus oocyte maturation (Tokmakov et al., 2019), highlight autonomous character of oocyte maturation. However, it cannot be ruled out that oocytes affect vice versa ovulatory processes in follicle cells. Notably, oocytes and follicle cells are known to communicate via paracrine signals in addition to gap junctions (Eppig, 2001). For example, it was reported that expansion of the mouse cumulus oophorus requires a factor secreted by the oocyte, so called, the cumulus expansion enabling factor, CEEF (Buccione et al., 1990). Also, it was found that co-incubation of defolliculated mouse oocytes with isolated cumulus cells markedly increases MAPK activity in the cumulus cells stimulated by FSH, while MAPK activity remains low in the absence of oocytes, indicating that oocytes secrete some paracrine factors promoting MAPK activation in cumulus cells (Su et al., 2003). Oocyte-derived paracrine factors GDF9 and BMP15 were found to function in a cooperative manner to stimulate signaling pathways in preovulatory cumulus granulosa cells and to maintain the integrity of the cumulus-oocyte complex (Matzuk et al., 2002). Further evidence for the existence of an oocyte-granulosa cell regulatory loop has been provided by the observation that the BMP15 and GDF9 growth factors regulate MAPK activation in the cumulus cells and cumulus expansion, as well as meiotic oocyte resumption after the preovulatory LH surge (Su et al., 2004). A hypothesis of bidirectional communication between the oocyte and follicle cells has been proposed to corroborate coordination of meiotic maturation and cumulus expansion in the isolated cumulus cell-enclosed mouse oocytes (Su et al., 2003).

The existence of bidirectional communication between oocytes and follicle cells can easily explain the fact that follicular rupture is well synchronized with maturation and meiotic resumption, so that both processes naturally occur in vivo within several hours of hormonal stimulation. Moreover, it was demonstrated, using an in vitro model of Xenopus oocyte ovulation, that follicle rupture develops simultaneously with GVBD (Tokmakov et al., 2019; Figure 4), which takes place during the first meiotic metaphase. Paracrine signals from maturing oocytes to follicle cells would potentially prevent the failed reproductive scenario, where follicle rupture is initiated in the absence of meiotic maturation, leading to ovulation of immature and unfertilizable oocytes. On the other hand, this kind of feedback would help to avoid the situation where matured oocytes remain entrapped inside ovarian follicles in the ovary. It has been reported previously that unfertilized matured Xenopus oocytes die by a well-defined apoptotic process within 48–72 h of hormonal stimulation (Du Pasquier et al., 2011; Tokmakov et al., 2011; Iguchi et al., 2013). Eggs from different species, including mammals, have been shown to die by apoptosis in the absence of fertilization (Tokmakov et al., 2017, 2018). Clearance of large follicle-entrapped apoptotic eggs from the ovaries may represent a formidable homeostatic challenge that would potentially overload the immune system. In frogs, no matured follicular oocytes can be observed in the ovary after ovulation, and all oocytes found in the genital tract during ovulation have completed GVBD, suggesting that GVBD and oocyte liberation from ovarian follicles are remarkably synchronized and coordinated in vivo. However, a great number of eggs dying by an apoptotic process are retained in the frog genital tract after ovulation (Iguchi et al., 2013; Tokmakov et al., 2018; Sato and Tokmakov, 2020), indicating that oviposition rather than ovulation may be a bottleneck of the reproductive process in oviparous species.



CONCLUSION

Using follicular fragments, isolated follicles, and denuded oocytes greatly facilitates dissection of the ovulatory process in different animals. A remarkable progress has been achieved in depicting intricate molecular mechanisms of meiotic maturation using frog oocytes and eggs. The studies of follicular rupture and the entire process of ovulation have been successful in several other species. The crucial follicular processes indispensable for successful ovulation, such as steroidogenesis, prostaglandin synthesis, and proteolysis, have been most thoroughly investigated in mammals and teleost fishes. However, coordination of maturation and follicle rupture, the two interdependent and highly synchronized ovulatory processes, as well as other follicular events, remains largely unexplained. Multiple endocrine, paracrine, and autocrine signaling pathways regulate ovulation, and their coordinated cooperation requires further investigation.
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Cryopreservation of immature germinal vesicle (GV) oocytes is a promising strategy in pigs but still results in reduced oocyte quality due to inevitable cryodamages. Recently, there has been more focus on the molecular changes of oocytes after vitrification, but the alteration in the proteome level remains elusive. The aim of this study therefore was to decipher the proteomic characteristics of porcine GV oocytes following vitrification and in vitro maturation (IVM) by using tandem mass tag (TMT)-based quantitative approach and bioinformatics analysis. A total of 4,499 proteins were identified, out of which 153 presented significant difference. There were 94 up-regulated and 59 down-regulated proteins expressed differentially in the vitrified oocytes. Functional classification and enrichment analyses revealed that many of these proteins were involved in metabolism, signal transduction, response to stimulus, immune response, complement, coagulation cascades, and so on. Moreover, a parallel reaction monitoring technique validated the reliability of TMT data through quantitative analysis for 10 candidate proteins. In conclusion, our results provided a novel perspective of proteomics to comprehend the quality change in the vitrified porcine GV oocytes after IVM.
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INTRODUCTION

Cryopreservation of gametes and embryos as an important biotechnological tool has been applied extensively in gene bank collections, animal breeding, and human-assisted reproductive technologies (Zhou and Li, 2009; Robles et al., 2019). In pigs, vitrification is the most common method used to cryopreserve oocytes and embryos (Saragusty and Arav, 2011; Mandawala et al., 2016). It has been confirmed that porcine oocytes vitrified at the immature germinal vesicle (GV) stage have a normal ability of nuclear maturation and in vitro fertilization, resulting in live offspring after embryo transfer (Somfai et al., 2014). With the continuous improvement of their cryosurvival rate (Wu et al., 2017; Appeltant et al., 2018), porcine GV oocytes seem to be more suitable for vitrification. However, the blastocyst yield of vitrified oocytes is still very low as compared with fresh oocytes, regardless of whatever strategy for in vitro embryo production is chosen (Fujihira et al., 2004; Nohalez et al., 2015; Wu et al., 2017; Casillas et al., 2018). This implies that vitrification may produce a certain degree of sublethal damages in the oocytes, thus hindering subsequent embryo development.

The high concentration of cryoprotectants and rapid cooling rate into liquid nitrogen (LN2) are required for successful vitrification (Arav, 2014). Meanwhile, there are some disadvantageous factors in the process of vitrification, including strong physical changes of temperature and osmolarity, and chemical stress caused by pH variation and cryoprotectant toxicity (Szymañska et al., 2019). These abnormal physiological conditions inevitably lead to structural and functional damages of various mammalian oocytes after vitrification, such as cytoskeleton disruption (Egerszegi et al., 2013), chromosomal disorder (Tamura et al., 2013), organelle dysfunction (Fu et al., 2009; Lowther et al., 2009; Jang et al., 2014), oxidative stress (Nohales-Córcoles et al., 2016), calcium disturbance (Wang et al., 2017a), apoptosis (Niu et al., 2016), and epigenetic alteration (Chen et al., 2019). In recent years, increasing concern is focused on the molecular changes in oocytes induced by the vitrification. Therefore, the global analysis strategies of transcriptome, proteome, and metabolome are becoming ever more valuable in this research field. Several studies have utilized the RNA sequencing (RNA-seq) technique to analyze mRNA transcriptome of the vitrified oocytes in mice (Gao et al., 2017), cattle (Wang et al., 2017b; Huang et al., 2018; Zhang et al., 2019), and pigs (Jia et al., 2019). These data obtained from RNA-seq greatly help researchers to understand the oocyte cryodamages. Nevertheless, transcriptomic analysis may not be comprehensive, because numerous cellular stress responses involve changes at the protein level (Miura and Endo, 2010). It has been confirmed that proteomic analysis is more directly related to the cellular function than gene and transcript analyses (Tyanova et al., 2016). Up to now, there is no report about the proteomic changes of vitrified oocytes.

The proteomics as a post-genomic biotechnology can comprehensively analyze the entire proteins present in protein sample including the information on their abundances, structure, modification, and regulatory networks (Pischetsrieder and Baeuerlein, 2009; Liao et al., 2015). Mass spectrometry (MS) is the most widely used technique in proteomics to identify and quantify proteins (Ma et al., 2011). Tandem mass tag (TMT) labeling coupled with liquid chromatography (LC) tandem MS (MS/MS) (LC-MS/MS), a new developed quantitative proteomic technique, has gained popularity in various research fields because of its multiple advantages (Pagel et al., 2015; Guo et al., 2019). On the other hand, the parallel reaction monitoring (PRM) technique with higher sensitivity and specificity can detect and quantify the target proteins (Peterson et al., 2012; Urisman et al., 2017). Therefore, the aim of this study was to obtain the proteomic profile in vitrified porcine GV oocytes after in vitro maturation (IVM) along with the underlying molecular mechanisms, using the TMT-based method and bioinformatics analysis. Moreover, we also performed a PRM assay to validate the proteins selected from TMT proteomic data.



MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, United States), unless otherwise specified.


Oocyte Collection and Grouping

Porcine ovaries were obtained from pre-pubertal crossbred Landrace gilts at a local abattoir and transported to the laboratory within 2 h in saline supplemented with 75 mg/L of penicillin G potassium and 50 mg/L of streptomycin sulfate at 35–37°C. Follicular contents were aspirated from antral follicles (3–8 mm in diameter) using a disposable syringe with 18-gauge needle. The sediments containing cumulus oocyte complexes (COCs) were washed twice in Tyrode’s lactate-HEPES-polyvinyl alcohol (TLH-PVA) medium (Funahashi et al., 1997). COCs were selected under a stereomicroscope (Olympus, Tokyo, Japan), and those with dense cumulus cells (CCs) and uniform cytoplasm were used in the experiments.

In each experimental batch for oocyte collection, about three-fifths of the obtained COCs were vitrified, warmed, and then cultured for maturation, and the remaining COCs were directly subjected to IVM as the control. After IVM, mature metaphase II (MII) oocytes (first polar body extrusion) from these two groups were collected for the following proteomic experiments.



Oocyte Vitrification and Warming

Porcine GV oocytes were subjected to vitrification and warming in the form of COCs, according to a previous report (Wu et al., 2017). All solutions were prepared using a base medium (BM), which was Dulbecco’s phosphate-buffered saline (DPBS; Gibco, Grand Island, NY, United States) supplemented with 20% (v/v) synthetic serum substitute (Irvine Scientific, Santa Ana, CA, United States). First, COCs were put into BM for 3 min and then equilibrated with 5% (v/v) ethylene glycol (EG) for 10 min at 25°C. Subsequently, 10–15 COCs for each group were exposed to vitrification solution (VS) consisting of BM supplemented with 0.6 M sucrose, 50 mg/ml of polyvinylpyrrolidone and 35% (v/v) EG. After 20–30 s at 25°C, these COCs were loaded onto a Cryotop carrier (Kitazato Biopharma, Shizuoka, Japan) with minimum volume of VS and immediately plunged into LN2.

Warming manipulation was performed on a 42°C hot plate, and warming solutions were also pre-heated to 42°C. For warming, the tip of Cryotop was dipped into 1.0 M of sucrose for 1 min. The vitrified COCs were picked out and transferred stepwise into 0.5 and 0.25 M of sucrose for 2.5 min, respectively. Finally, they were incubated in BM for 5 min and then submitted to IVM.



Oocyte in vitro Maturation

For IVM, about 50–70 COCs were cultured in each well of a 24-well plate (Costar, Corning, NY, United States) containing 500 μl of IVM medium covered by mineral oil for 42–44 h at 39°C in an atmosphere of 5% CO2 with saturated humidity. The IVM medium was TCM-199 (Gibco, Grand Island, NY, United States) supplemented with 3.05 mM of D-glucose, 0.57 mM of cysteine, 0.91 mM of sodium pyruvate, 10% (v/v) porcine follicular fluid, 10 ng/ml of epidermal growth factor, and 0.5 μg/ml of each follicle-stimulating hormone and luteinizing hormone.

With regard to the vitrified COCs, their survival was evaluated after 2 h of IVM culture based on morphological characteristics under a stereomicroscope. Oocytes with disappeared vitelline membrane and/or altered cytoplasm were considered dead and removed, with surviving COCs continued to IVM.

At the end of IVM, both fresh and vitrified oocytes were gently denuded of CCs by repeated pipetting in TLH-PVA medium supplemented with 0.1% (w/v) hyaluronidase. Only MII oocytes with evenly granular cytoplasm were selected and then stored at –80°C to provisionally conserve. When the total number of collected oocytes was enough, they were pooled based on each sample requirement and then prepared for TMT and PRM analyses.



Protein Extraction, Digestion, and Tandem Mass Tag Labeling

Three biological replicates were performed, and approximately 1,500 oocytes were used for each sample. For protein extraction, all samples were lysed with lysis buffer (8 M of urea, 1% Protease Inhibitor Cocktail) on ice using a high-intensity ultrasonic processor, in order to obtain the supernatant following centrifugation at 12,000 g at 4°C for 10 min. Protein concentration was determined using Bicinchoninic Acid Protein Assay Kit (Pierce, Rockford, IL, United States), according to the manufacturer’s instructions.

For digestion, protein solution was reduced with 5 mM of dithiothreitol (final concentration) for 30 min at 56°C, alkylated with 11 mM of iodoacetamide for 15 min in darkness at room temperature, and then diluted to urea concentration of less than 2 M. The trypsin at a mass ratio of 1:50 (trypsin:protein) at 37°C overnight was used to the first digestion and continued for a post-digestion with 1:100 mass ratio (trypsin:protein) for 4 h.

After trypsin digestion, peptides were desalted by Strata X C18 SPE column (Phenomenex, Torrance, CA, United States), vacuum-dried, and then reconstituted in 0.5 M of triethylammonium bicarbonate (TEAB). For TMT labeling, one unit of TMT reagent (Thermo Fisher Scientific) was thawed, reconstituted in acetonitrile, and mixed with peptides for 2 h at room temperature. Then the peptide mixtures were pooled, desalted, and dried by vacuum centrifugation.



High-Performance Liquid Chromatography Fractionation and Liquid Chromatography–Tandem Mass Spectrometry Analysis

High pH reversed-phase high-performance LC (HPLC) was performed to fractionate the labeled peptides, using an Agilent 300 Extend C18 column (5-μm particles, 4.6-mm i.d., 250-mm length; Agilent, Santa Clara, CA, United States). Briefly, tryptic peptides were first separated with a gradient of 8 to 32% acetonitrile (pH 9.0) over 60 min into 60 fractions, combined into nine fractions, and then vacuum-dried. Subsequently, the peptides were dissolved in 0.1% formic acid (solvent A) and directly loaded onto a homemade reversed-phase analytical column (15-cm length, 75-μm i.d.) to elute with gradient solvent B (0.1% formic acid in 98% acetonitrile). A linear gradient of solvent B was used as follows: 7 to 16% over 50 min, 16 to 30% in 35 min, 30 to 80% in 2 min, and 80% for the last 3 min. Flow rate was 400 nl/min on an EASY-nLC 1000 ultraperformance LC (UPLC) system (Thermo Fisher Scientific, Waltham, MA, United States).

The peptides were subjected to nanospray ionization with a voltage of 2.0 kV and then detected by MS/MS in Q Exactive Plus (Thermo Fisher Scientific, Waltham, MA, United States) coupled online to the UPLC system. MS and MS/MS spectra were acquired in the Orbitrap with 60,000 resolution at 350–1,550 m/z and 30,000 resolution at 100 m/z, respectively. A data-dependent acquisition was performed with the following parameters: each MS scan followed by 20 MS/MS scans with 30.0-s dynamic exclusion. After MS scan, the 10 most abundant precursor ions were selected for higher-energy collisional dissociation (HCD) fragmentation with a normalized collision energy (NCE) setting of 32%. Automatic gain control (AGC) and maximum injection time (max IT) were set at 5E4 and 70 ms, respectively.



Database Search and Bioinformatics Analysis

The resulting MS/MS data were processed using Maxquant search engine (v1.5.2.8) against the Sus scrofa UniProt proteome database (40,708 sequences) concatenated with reverse decoy database. The parameters were set as follows: (1) trypsin/P was specified as the cleavage enzyme; (2) two missing cleavages were allowed; (3) the minimum peptide length was seven amino acids; (4) the maximum number of modifications per peptide was 5; (5) the mass tolerance for precursor ions was 20 ppm in the first search and 5 ppm in the main search; (6) fragment ion mass tolerance was 0.02 Da; (7) carbamidomethylation on cysteine was fixed modification; (8) oxidation on methionine and N-terminal acetylation were variable modification; and (9) false discovery rate was adjusted to <1%. Student’s t-test was used to evaluate the significant differences. The proteins with fold change of ≥1.20 or ≤0.83 and p-value < 0.05 were considered as differentially expressed proteins (DEPs) on the basis of the related TMT or iTRAQ studies.

Protein Gene Ontology (GO) annotation was derived from the UniProt-GOA database1 according to biological process, cellular component, and molecular function (Barrell et al., 2009). If proteins are not annotated by this database, the InterProScan2 software was used to annotate GO function based on protein sequence alignment. The protein subcellular localization was predicted by Wolfpsort3 (Horton et al., 2007). We used an online service tool KAAS4 to annotate Kyoto Encyclopedia of Genes and Genomes (KEGG) database descriptions (Kanehisa et al., 2017). Subsequently, all proteins were mapped to corresponding pathways in the database using KEGG mapper5. As a result, a two-tailed Fisher’s exact test was employed to test the enrichment of the DEPs against all identified proteins. GO terms and KEGG pathways with a corrected p-value < 0.05 were considered to be significantly enriched. Protein–protein interaction (PPI) network was analyzed by STRING 11.06 and then visualized in Cytoscape software (version 3.7.2).



Parallel Reaction Monitoring Validation

Only proteins identified with high confidence peptide sequence were selected for PRM validation based on the TMT data. Three biological replicates were included, each of which was performed with around 1,000 oocytes. First, tryptic digested peptides through the TMT method described above were dissolved in solvent A and eluted using a homemade reversed-phase analytical column with gradient solvent B (6 to 25% over 40 min, 25 to 35% in 12 min, climbing to 80% in 4 min, and holding at 80% for the last 4 min) at 500 nl/min of flow rate. Then, the eluted peptides were analyzed using nanospray ionization source and Q Exactive Plus coupled online to the UPLC. An electrospray voltage of 2.2 kV was applied. By the Orbitrap, full MS was detected at a resolution of 70,000 with 350–1,060 m/z scan range (AGC, 3E6; max IT, 50 ms), followed by 20 MS/MS scans at a resolution of 17,500 (AGC, 1E5; max IT, 120 ms; isolation window, 1.6 m/z) in a data-independent acquisition. Precursor ions were fragmented through HCD with an NCE of 27. The PRM data were processed using Skyline software (version 3.6, MacCoss Lab, University of Washington, United States) (MacLean et al., 2010). The results for each peptide were quantified according to the fragment ion peak area from its corresponding transitions, and statistical significance was set at p-value < 0.05 using Student’s t-test.



RESULTS


Overview of Tandem Mass Tag-Based Proteomic Data

In the present study, the survival rates of vitrified GV oocytes after both 2 h of warming and IVM were 86.8 and 83.1%, respectively; the fresh GV oocytes had 93.5% survival following IVM. Moreover, the MII rate was 85.9% for vitrified oocytes and 88.6% for fresh oocytes.

First of all, biological replicates were validated by the relative standard deviation distribution, which displayed the precision and reproducibility of our proteomic datasets (Supplementary Figure 1A). By a strict quality control, we obtained a total of 3,51,303 spectra (58,348 matched), and 27,619 peptides (26,173 unique peptides) were detected from among them (Figure 1A). Moreover, the average mass error of peptides was less than 6 ppm, indicating a high mass accuracy of the MS data as requirement during the processes (Supplementary Figure 1B). Further analysis showed that the lengths of most peptides were distributed at the range of 7 to 20 amino acids, which meant reliable results (Supplementary Figure 1C). Finally, 4,499 proteins were identified, 3,823 of which were quantified (Figure 1A). The detailed protein information is provided in Supplementary Table 1.


[image: image]

FIGURE 1. Tandem mass tag (TMT)-based quantitative proteomic sequencing results. (A) Summary of tandem mass spectrometry database search analysis. (B) A heatmap with hierarchical clustering of differentially expressed proteins (DEPs). In the heatmap, the expression of DEPs in different samples is shown with different colors, with red indicating high expression and blue indicating low expression. Each line represents a protein, and each column represents a group of samples. (C) A volcano plot of DEPs. Proteins with fold change of ≥1.20 or ≤0.83 and p-value < 0.05 were considered statistically significant. Red dots indicate significant up-regulated proteins, blue dots indicate significant down-regulated proteins, and gray dots indicate proteins without differences. The X-axis represents fold change, and Y-axis means p-value. FO, fresh oocytes; VO, vitrified oocytes.


Following statistical analysis, 153 proteins with fold-change ≥1.20 or ≤0.83 and p-value < 0.05 were considered as the DEPs. Among them, a total of 94 up-regulated and 59 down-regulated DEPs were identified (Supplementary Table 2). In addition, a heatmap represented a hierarchical cluster of the DEPs, and a volcano plot also indicated average changes of individual protein abundance (Figures 1B,C).



Functional Classification Analysis

According to subcellular localization predictions, these DEPs were mainly distributed in the “cytoplasm” (27%), “extracellular” (27%), “nucleus” (25%), “plasma membrane” (6%), and “mitochondria” (6%) (Figure 2A and Supplementary Table 3). Next, GO functional classification was performed for the DEPs. We found that these DEPs were cataloged in 27 GO terms, including 12 biological process, 8 cellular component, and 7 molecular function (Figures 2B–D and Supplementary Table 4). More detail, the top five GO terms in biological process consisted of “cellular process” (17%), “biological regulation” (15%), “metabolic process” (13%), “single-organism process” (13%), and “response to stimulus” (9%). The cellular component results showed that “cell” (27%), “organelle” (22%), “extracellular region” (16%), “macromolecular complex” (13%), “membrane” (11%), “membrane-enclosed lumen” (7%), and “cell junction” (2%) were mostly classifications. Moreover, “binding” (63%) and “catalytic activity” (18%) were the two most prominent terms in the molecular function. On the other hand, the functional classification of DEPs was also predicted by performing Clusters of Orthologous Groups of protein/EuKaryotic Orthologous Groups (COG/KOG) analysis. As shown in Figure 3 and Supplementary Table 5, these DEPs were assigned to 20 COG/KOG categories, and the largest category was “signal transduction mechanisms,” followed by “transcription,” “general function prediction only,” “post-translational modification, protein turnover, chaperones,” “defense mechanisms,” and so on.
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FIGURE 2. Functional classification analysis of differentially expressed proteins (DEPs). (A) Subcellular localization prediction; (B) Gene Ontology (GO) classification in terms of biological process; (C) GO classification in terms of cellular component; (D) GO classification in terms of molecular function. The term and proportion of DEPs are shown in each sector.
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FIGURE 3. Clusters of Orthologous Groups of protein/EuKaryotic Orthologous Groups (COG/KOG) functional classification analysis of differentially expressed proteins (DEPs). The DEPs were aligned to COG/KOG database and classified into 20 functional clusters. Each bar represents the mummer of DEPs.




Functional Enrichment Analysis

To further predict the possible roles of DEPs, functional enrichment analysis was conducted according to GO annotation and KEGG pathway. First, detailed information of GO term enrichment is shown in Figure 4 and Supplementary Table 6. Within the cellular component, the enriched terms were “extracellular space,” “membrane attack complex,” “pore complex,” “extracellular region,” etc. Molecular function enrichment indicated peptidase and endopeptidase inhibitor/regulator activity. Regarding biological process, the top five terms included “protein activation cascade,” “activation of immune response,” “negative regulation of hydrolase activity,” “positive regulation of immune response,” and “negative regulation of cellular metabolic process.” In addition, the KEGG enrichment analysis found several main pathways such as “complement and coagulation cascades,” “thyroid hormone synthesis,” and “spliceosome” (Figure 4 and Supplementary Table 7).
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FIGURE 4. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of differentially expressed proteins (DEPs). The DEPs were enriched into cellular component, molecular function, biological process, and KEGG pathway. The bar represents the enrichment score associated with each term, and score value is shown as -log10 (Fisher’s exact test p-value).




Protein–Protein Interaction Network

For elucidating the functional interactions of DEPs, we performed a PPI network analysis among DEPs. As shown in Figure 5, three highly interconnected clusters were identified in this PPI network. There were seven DEPs with a high degree of connectivity, including plasminogen (PLG, P06867), complement C5a anaphylatoxin (C5, A0A286ZKB4), complement component C9 precursor (C9, F1SMJ6), serum albumin (ALB, A0A287AMK0), complement component C8 beta chain precursor (C8B, A0A287AT36), complement component C8 gamma chain precursor (C8G, A0SEH3), and complement C8 alpha chain (C8A, F1S788); and most of them participated in complement component. In addition, pleiotropic regulator 1 (PLRG1, F1RX38), thioredoxin like 4A (TXNL4A, A0A287A0V4), U4/U6.U5 tri-snRNP-associated protein 1 (SART1, F1RU31), small nuclear ribonucleoprotein polypeptide A’ (SNRPA1, F1RWS8), and splicing factor 3a subunit 3 (SF3A3, F1SV40) constructed an interconnected cluster and were involved in the “spliceosome” pathway.
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FIGURE 5. Protein–protein interaction (PPI) network analysis of differentially expressed proteins (DEPs). The gray lines represent direct interactions between two proteins. The circles stand for DEPs, orange circles indicate up-regulated proteins, and blue circles indicate down-regulated proteins.




Parallel Reaction Monitoring Validation

To validate the TMT results, a PRM analysis was performed to detect the expression of 10 candidate DEPs. Due to the requirements of protein characteristics and abundance, we obtained the abundant values of seven proteins by quantitative data of target peptide fragments, including ATP synthase subunit e (ATP5ME, Q9MYT8), calcitonin receptor-stimulating peptide 3 (CRSP3, A0A286ZNZ6), tropomyosin alpha-4 chain (TPM4, P67937), vimentin (VIM, P02543), bone morphogenetic protein 15 (BMP15, F1RV73), complement C3 (C3, I3LTB8), and serum albumin (ALB, A0A287AMK0). As shown in Figure 6, these proteins were exactly the same trend as quantified using TMT method, although the fold change varied between the two techniques. Besides BMP15, they showed significant differences between groups.
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FIGURE 6. Validation of differentially expressed proteins (DEPs) using parallel reaction monitoring (PRM) analysis. There are seven candidate DEPs obtained to verify the tandem mass tag (TMT) results.




DISCUSSION

In the process of vitrification and warming, various damages may occur in the oocytes, which is reflected in their death or subsequent lower embryo developmental competence. The cryoinjury of oocytes is a complex problem requiring multifaceted solutions and has not yet been not fully elucidated. Moreover, very little information is available about changes at the molecular level of oocytes after vitrification. In the present study, a TMT-based quantitative proteomics in combination with bioinformatics analysis was successfully performed for the vitrified porcine GV oocytes following IVM, which could help to understand the effect of vitrification on oocyte quality from a proteomic perspective. On the other hand, we also verified the accuracy and reliability of TMT proteomic data by a PRM analysis, this technique is capable of quantifying multiple proteins simultaneously.

A large number of studies have confirmed that vitrification of oocytes causes mitochondrial dysfunction, including abnormal distribution, broken structure, lower membrane potential, insufficient ATP production, and other issues (Ito et al., 2020). In the present study, we found 10 DEPs located in mitochondria according to the subcellular localization analysis. Among these, ATP5ME and ATP synthase F(0) complex subunit C3 (ATP5MC3, F1RZI0) classified to “energy production and conversion” in COG/KOG categories could be responsible for the abnormality in mitochondrial ATP synthesis of vitrified oocytes. Mitochondrial calcium uptake 2 (MICU2, A0A287AZY0) as a high confidence mitochondrial-localized protein is the genuine gatekeeper of mitochondrial calcium uniporter (Patron et al., 2014), and its knockdown induces a persistent increase in mitochondrial calcium uptake (Matesanz-Isabel et al., 2016). Vitrification is reported to increase the mitochondrial calcium level in bovine oocytes (Wang et al., 2017a), which may be related to lower expression level of MICU2 protein according to our findings.

In the GO classification analysis, we focused on the “response to stimulus” in biological process, due to the vitrification as a stress factor, and we found 33 DEPs were classified to this term. Among of the proteins, DNA-(apurinic or apyrimidinic site) lyase (APEX1, A0A287BTC2) plays a primary role in base excision repair. It is reported that vitrification of oocytes induces DNA damage (Kopeika et al., 2014). From the present study, the decreased level of APEX1 protein could be at least partially contributed to the increased DNA damage in vitrified oocytes. Based on molecular function classification, “binding” term accounted for most of the DEPs (up to 106 proteins), suggesting that vitrification primarily affected the protein binding activity of oocytes.

Gene Ontology enrichment analysis revealed that “histone deacetylase binding” term was significantly up-regulated in the molecular function, enriched DEPs including sin3 histone deacetylase corepressor complex component (SUDS3, F1RKH0), DEAD-box helicase 20 (DDX20, F1SBP3) and geminin, and DNA replication inhibitor (GMNN, F1RUD8). These three proteins are required for histone deacetylase activity and involved in early embryonic development (Mouillet et al., 2008; Yang et al., 2011; Zhang et al., 2013). The histone acetylation is important for the maturation of porcine oocytes. Inhibition of histone deacetylase has been reported to affect oocyte maturation and embryonic development (Jin et al., 2014). So histone deacetylase in the vitrified oocytes may increase due to overproduction of the above-mentioned proteins, resulting in reduced oocyte quality. Moreover, the molecular function was also enriched with terms related to “peptidase inhibitor activity,” “endopeptidase inhibitor activity,” and “enzyme inhibitor activity,” suggesting the lack of protease activity in the vitrified oocytes. On the other hand, we also found the enriched terms of “negative regulation of cellular metabolic process” and “negative regulation of protein metabolic process” in the biological process, which is not beneficial to the process of cell metabolism for vitrified oocytes. As we have known, the metabolic activity is essential for IVM of mammalian oocytes. For example, cysteine is usually added to IVM medium to promote the maturation capacity of porcine oocytes (Sawai et al., 1997). However, cystatin (CST3, Q0Z8R0) is a natural inhibitor of cysteine peptidases; its increased expression in vitrified oocytes may result in the inhibition of cysteine metabolic enzyme and has an adverse impact on the oocyte maturation.

The homeostasis of complement system (an innate immune system) is regulated strictly, avoiding insufficient or excessive activation (Cheng et al., 2018). In our study, the KEGG pathway analysis showed that 16 DEPs were enriched in the “complement and coagulation cascades” (ssc04610) accounting for the largest part, and most of these were complement component proteins. Moreover, there were five up-regulated proteins with a fold change >2 involved in the “membrane attack complex” term (GO:0005579). The results suggested that the complement system in oocytes might be activated by vitrification to play a role in the cryodamages. In addition, some of the above proteins were identified as hub proteins in the PPI network, and also several were enriched in “activation of immune response” and “positive regulation of immune response” terms that belonged to the GO biological process. Therefore, further studies need to confirm whether the degree of immune response is beneficial or deleterious to oocytes after vitrification. On the other hand, we found that the “spliceosome” pathway (ssc03040) enriched six up-regulated DEPs out of which five formed a PPI cluster. Spliceosome is primarily responsible for removing non-coding introns from pre-mRNA (Karamysheva et al., 2015). The above results might indicate higher spliceosome assembly and activation, which is possibly associated with abnormal mRNA maturation and gene expression in vitrified oocytes.

Interestingly, the present study helped to find an important signaling pathway of hormone synthesis in vitrified oocytes: “thyroid hormone synthesis” pathway (ssc04918), containing transthyretin (TTR, P50390), and other two proteins. Several studies confirm that thyroid hormones have positive effect on cultured oocytes and/or their supporting cells (Costa et al., 2013). In our previous study, the RNA-seq results showed a decreased expression of THRA gene in CCs derived from vitrified porcine GV oocytes after IVM (Jia et al., 2019). Therefore, vitrification is likely to disrupt the normal thyroid hormone action in oocytes and their CCs during IVM. The next attempt is to investigate whether the exogenous thyroid hormones including triiodothyronine and thyroxine will be able to improve the maturation quality of vitrified oocytes and the relevant mechanisms. On the other hand, it is reported that treatment of oocytes with proteasome inhibitor MG132 during IVM can modulate the protein expression and subsequent embryonic development (You et al., 2012). So we also will make further improvements in IVM strategy to mitigate the proteomic changes of vitrified oocytes, for instance, the regulation of transcription through chemical reagent treatment. Moreover, this study is not exempt of limitations. Future research needs us to carry out the functional exploration for key proteins by utilizing some techniques such as small interfering RNA knockdown and protein overexpression, in order to elucidate their role in the vitrified oocytes.



CONCLUSION

In conclusion, the present study provided, for the first time to our knowledge, comprehensive proteomic information of porcine oocytes after vitrification and subsequent IVM, identifying a total of 94 up-regulated and 59 down-regulated DEPs. Moreover, bioinformatics analysis revealed that vitrification of oocytes caused alterations in metabolism, signal transduction, stress response, complement activation, immune, and other cell functions. All these findings can largely enrich the study on oocyte cryodamages and provide a novel perspective to comprehend the maturation status of vitrified GV oocytes.
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Mammalian eggs are surrounded by an extracellular matrix called the zona pellucida (ZP). This envelope participates in processes such as acrosome reaction induction, sperm binding, protection of the oviductal embryo, and may be involved in speciation. In eutherian mammals, this coat is formed of three or four glycoproteins (ZP1–ZP4). While Mus musculus has been used as a model to study the ZP for more than 35 years, surprisingly, it is the only eutherian species in which the ZP is formed of three glycoproteins Zp1, Zp2, and Zp3, Zp4 being a pseudogene. Zp4 was lost in the Mus lineage after it diverged from Rattus, although it is not known when precisely this loss occurred. In this work, the status of Zp4 in several murine rodents was tested by phylogenetic, molecular, and proteomic analyses. Additionally, assays of cross in vitro fertilization between three and four ZP rodents were performed to test the effect of the presence of Zp4 in murine ZP and its possible involvement in reproductive isolation. Our results showed that Zp4 pseudogenization is restricted to the subgenus Mus, which diverged around 6 MYA. Heterologous in vitro fertilization assays demonstrate that a ZP formed of four glycoproteins is not a barrier for the spermatozoa of species with a ZP formed of three glycoproteins. This study identifies the existence of several mouse species with four ZPs that can be considered suitable for use as an experimental animal model to understand the structural and functional roles of the four ZP proteins in other species, including human.

Keywords: zona pellucida, ZP4, Mus musculus, murine phylogeny, oocyte, pseudogene, sperm


INTRODUCTION

The zona pellucida (ZP) is an extracellular coat that surrounds mammalian oocytes and early embryos. This envelope participates in important events during fertilization and early embryo development, such as the species-specific gamete recognition, acrosome reaction induction, preventing polyspermy, and protecting the oviductal embryo (Yanagimachi, 1994; Dean, 2007; Wassarman and Litscher, 2009; Gupta and Bhandari, 2011; Gupta et al., 2012; Tanihara et al., 2013; Shu et al., 2015). The composition of the ZP matrix has been elucidated in many species, and has been seen to be composed of three to four glycoproteins in eutherians (Bleil and Wassarman, 1980; Hedrick and Wardrip, 1987; Lefièvre et al., 2004; Hoodbhoy et al., 2005; Ganguly et al., 2008; Goudet et al., 2008; Izquierdo-Rico et al., 2009; Stetson et al., 2012, 2015; Moros-Nicolás et al., 2018c), and four to seven in marsupials and monotremes (Frankenberg and Renfree, 2018; Moros-Nicolás et al., 2018a; Wu et al., 2018). Indeed, the composition of ZP is more variable than was previously expected. Eutherian mammals can be classified into three categories according to their ZP protein composition: (a) species with four glycoproteins (ZP1, ZP2, ZP3, and ZP4) such as human, rat, hamster, horse, rabbit, cat, cheetah, ferret, tiger, panda, polar bear, and walrus (Lefièvre et al., 2004; Hoodbhoy et al., 2005; Izquierdo-Rico et al., 2009; Mugnier et al., 2009; Stetson et al., 2012, 2015; Moros-Nicolás et al., 2018c); (b) species whose ZP is formed of ZP2, ZP3, and ZP4 (pig, cow, marmoset, tarsier, dog, Weddell seal, and Antarctic fur seal) (Hedrick and Wardrip, 1987; Noguchi et al., 1994; Goudet et al., 2008; Stetson et al., 2012; Moros-Nicolás et al., 2018c); and (c) species whose ZP is formed of ZP1, ZP2, and ZP3 (house mouse) (Bleil and Wassarman, 1980).

Studies on the molecular evolution of the ZP family has helped to better understand the species-specific differences in the ZP composition. However, there is no consensus in relation with the ZP nomenclature or the number of ZP subfamilies (Spargo and Hope, 2003; Goudet et al., 2008; Feng et al., 2018; Wu et al., 2018). The first events in the ZP evolution occurred before the evolution of the first amphibians (Spargo and Hope, 2003). The ancestral ZPC gene and the precursor of ZP2, ZP4, ZPD, and ZPAX subfamilies appeared after a gene duplication event (Spargo and Hope, 2003). This precursor duplicated several times over a short period of evolutionary history, and led to the ancestral ZPAX gene and the ancestral of ZP2, ZP4, and ZPD genes. Afterwards, duplication events have occurred in several lineages, the most important during early evolution of the amniotes and giving rise to ZP1 and ZP4 groups within the ZPB subfamily (Hughes and Barratt, 1999; Bausek et al., 2000; Goudet et al., 2008). Thus, it was assumed that ZP1 and ZP4, previously considered orthologs, are in fact paralogues. Some species retain the two copies of the ancestral gene (ZP1 and ZP4, in the four glycoprotein model), and others conserved only one (ZP1 or ZP4, the three glycoprotein model). In this last case, one of the copies (ZP1 or ZP4) was lost after a duplication event due to a pseudogenization process (Goudet et al., 2008).

Massive gene loss events occurred during mammalian evolution (Goudet et al., 2008; Feng et al., 2018; Killingbeck and Swanson, 2018). For instance, there are several examples of ZP1 loss in mammals; for example, in carnivores, a first pseudogenization event dated around 60–65 million years ago (MYA) (Nyakatura and Bininda-Emonds, 2012; Zhang et al., 2013) in the suborder caniformia [e.g., dog (Canis familiaris) (Goudet et al., 2008; Moros-Nicolás et al., 2018c) and fox (Vulpes vulpes) (Moros-Nicolás et al., 2018c)], and a second event after the separation of the Otariidae and Phocidae families, [e.g., Antarctic fur seal (Arctocephalus gazella) and Weddell seal (Leptonychotes weddellii) (Moros-Nicolás et al., 2018c)], estimated to have occurred around 22 MYA (Nyakatura and Bininda-Emonds, 2012). Another pseudogenization of ZP1 took place early in the evolution of the Cetartiodactyla between 75 and 65 MYA (Zurano et al., 2019) as it was lost in the cow (Bos taurus), the dolphin (Tursiops) and the pig (Sus crofa) (Goudet et al., 2008; Stetson et al., 2012). ZP1 was also probably independently lost twice in primates: in marmoset (Callithrix) and in tarsier (Tarsius) lineages (Stetson et al., 2012).

On the other hand, surprisingly, the pseudogenization of ZP4 has been described only in the house mouse (Mus musculus) and in two South American marsupials (common opossum and gray short-tailed opossum) (Goudet et al., 2008; Moros-Nicolás et al., 2018a). In marsupials, this pseudogenization occurred after the split between the South American and Australasian marsupials dated at 80 MYA and before the divergence of common opossum and gray short-tailed opossum, between 20 and 30 MYA (Meredith et al., 2008; Jansa et al., 2014).

To date, ZP2 and ZP3 proteins are present in all species, which means that the functions of these proteins are essential; indeed, mouse Zp2 and Zp3 are indispensable for fertilization and embryo development (Liu et al., 1996; Rankin et al., 1996, 2001). Moreover, ZP2 was proven to be the primary sperm receptor in mice and human (Baibakov et al., 2012; Burkart et al., 2012; Avella et al., 2014, 2016).

Mouse ZP is formed of three proteins: Zp1, Zp2, and Zp3. However, Zp4 is transcribed in Mus musculus oocytes but lacks a protein product due to the presence of several stop codons in its open reading frame (ORF) (Lefièvre et al., 2004; Evsikov et al., 2006; Goudet et al., 2008). Moreover, mass spectrometry analysis has failed to identify this protein (Boja et al., 2003).

Ultrastructural evidences suggest that mouse ZP is composed of filaments. Three different models were described; the first one suggests a filamentous structure where Zp2-Zp3 heterodimers are the basic repeating units of the filaments with cross-linking of filaments by dimeric Zp1 (Greve and Wassarman, 1985; Wassarman, 1988). The second one proposed by Dean in 2004, describes a ZP formed by repeats of Zp3-Zp2 and Zp3-Zp1 heterodimers that form the main fibrillar structure, being bound through the glycoproteins Zp1 and Zp2 (Dean, 2004). The third one, is a variation of the first model, so that the Zp1 glycoprotein is incorporated into the long filaments through its ZP domain; therefore in the mouse, the ZP would be formed by a fibrillar framework constituted by long polymers of Zp1-Zp2-Zp3 which are joined to each other by Zp1 homodimers through disulfide bonds forming a three-dimensional structure (Monné and Jovine, 2011; Stsiapanava et al., 2020). However, the ZP structure of the species with four proteins remains unproven.

The house mouse (Mus musculus) is an index species for biomedical research, and has been used as a model to study the ZP for more than 35 years (Liu et al., 1996; Rankin et al., 1996, 1999, 2001; Baibakov et al., 2012; Avella et al., 2014). Nevertheless, its ZP composition markedly differs from that seen in other mammals, including human. Thus, the lack of a good experimental animal model is one of the major hurdles to fully understanding the functional role of human ZP proteins (Gupta, 2018). Since rat (Rattus genus) has four glycoproteins and the house mouse (Mus genus) only three, Zp4 was probably lost after their divergence around 12 MYA (Jaeger et al., 1986; Jacobs et al., 1989, 1990; Goudet et al., 2008). In order to determine more precisely when this pseudogenization took place, the Zp4 gene was sequenced in different species of rodent that belong to the same group as Mus and Rattus, the Murinae subfamily, involving a particularly comprehensive taxonomic sampling within the genus Mus (Musser and Carleton, 2005). This study permitted better understanding of the unusual composition of the mouse ZP and has led to the proposal of a new animal model for studying human ZP. In order to ascertain whether the presence of four ZP glycoproteins in its composition could affect fertilization, an in vitro heterologous fertilization study using closely-related murine species was performed.



RESULTS


Pseudogenization of Zp4 Occurs Only in Mus

Our aim was to amplify and sequence the region of genomic DNA encompassing the exons 1–9 of the Zp4 gene in several species of the subfamily Murinae (Table 1). Sequences were aligned to the corresponding genomic portions of DNA of Mus (chromosome 13) and Rattus (chromosome 17). Sequences of the mRNA obtained from Mus mattheyi, Mus pahari, and Mastomys coucha ovaries were added to determine the limits of the exons. The complete sequences (covering exons 1–9) were obtained only for Rattus rattus and Mus minutoides. For the other species, the coverage ranged between 70% (Apodemus flavicollis and Mus minutoides) and 13% (Lemniscomys striatus and Malacomys longipes).


Table 1. Muroid species and accession numbers of the sequences used for the phylogenetic study of the Zp4 gene.
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These new sequences were aligned with Zp4 sequences of other muroid rodents found in Genbank or ENSEMBL (Table 1). The full length alignment (exons 1–9) comprises 36 sequences and 5,140 bp (genomic DNA) and 1,301 bp (coding portion). Two portions of the sequences were scrutinized: the beginning of the gene (from exons 1–3) and the end of our alignment (exons 8 and 9), in both of which stop codons were found in Mus musculus (Goudet et al., 2008). The first fragment in all our samples was successfully amplified (except Lemniscomys striatus) and the second one in thirteen samples.

The results showed that stop codons are present in the first three exons of Zp4 in eight species of the subgenus Mus: M. caroli, M. cypriacus, M. cookii, M. famulus, M. macedonicus, M. musculus, M. spicilegus, and M. spretus (Figure 1); however, they were also present in exons 8 and 9 in M. musculus and M. spretus.
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FIGURE 1. Zp4 alignment of the different species analyzed. Initial methionine is signaled with 1. Stop codons are marked by an asterisk (*) and arrows.


The phylogenetic tree (Figure 2) confirms the monophyly of this subgenus and indicates that the pseudogenization took place after the divergence of the subgenus Mus and before species diversification. Previous studies reported that the four subgenera of Mus diverged between 6 and 7 MYA (Lecompte et al., 2008; Pagès et al., 2012; Meheretu et al., 2015). Within the subgenus Mus the earliest offshoot is estimated to have appeared at around 5 MYA (Pagès et al., 2012), indicating that the pseudogenization took place between 5 and 7 MYA.
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FIGURE 2. Phylogenetic relationships of Zp4 gene in different species of muroid rodents. Bootstrap support and posterior probabilities are indicated for each node. The species where Zp4 is a pseudogene are indicated in red. The symbol Ψ indicates the branch of the tree where the pseudogenization probably took place. The species for which we sequenced the mRNA are indicated with an asterisk.




Zp1, Zp2, Zp3, and Zp4 Are Expressed in Mus (Coelomys) pahari, Mus (Nannomys) mattheyi, and Mastomys coucha Ovaries

To determine whether Zp4 pseudogenization affects only the subgenus Mus, it was necessary to confirm the expression of the four ZP genes and proteins in other subgenera belonging to the genus Mus, in our case Nannomys and Coelomys (Musser and Carleton, 2005; Pagès et al., 2012). Individuals of two species—Mus mattheyi (subgenus Nannomys) and Mus pahari (subgenus Coelomys)—were studied. Furthermore, a species from another genus of the Murinae subfamily, Mastomys coucha, was also analyzed. The species were selected according to their availability and phylogenetic interest for this study.

Using RT-PCR analysis, full-length cDNAs of Mus mattheyi and Mus pahari Zp1 (Supplementary Figure 1) and Zp4 (Supplementary Figure 2) were obtained from total RNA prepared from ovaries. The sequence analysis indicated that they have a complete coding region. The open reading frames (ORFs) encode polypeptides with a theoretical molecular weight of 68.61 and 59.51 kDa (Mus mattheyi Zp1 and Zp4) and 68.37 and 59.54 kDa (Mus pahari Zp1 and Zp4).

These genetic sequences would translate a predictive protein in both species with a high degree of similarity to ZP1 and ZP4 proteins of other mammals (Supplementary Figures 3, 4). In the N-terminal region, a signal peptide is present, whose peptidase cleavage site was predicted by means of the Bendtsen et al. (2004) algorithm. The C-terminal region corresponds to the transmembrane domain (TMD), and is followed by a cytoplasmic tail (Krogh et al., 2001). Moreover, a basic amino acid domain upstream of the TMD may serve as a consensus furin cleavage site (CFCS) (Arg-Arg-Arg-Arg/RRRR). The molecules have a conserved ZP domain, which is present in most sequences of envelope glycoproteins in many species. Upstream of the ZP domain, there is a trefoil domain, characteristic of ZP1 and ZP4 proteins, with six Cys residues, as reported for ZP proteins (Bork, 1993), and between the signal peptide and the trefoil domain a single ZP-N domain at their N-termini, as reported previously (Callebaut et al., 2007; Nishimura et al., 2019) (Supplementary Figures 3, 4). The presence of all these domains indicates that the Zp1 and Zp4 of these rodents could share an apparent similar molecular structure with other ZP proteins.

Thus, taking into consideration that ZP2 and ZP3 are present in all vertebrates described to date and that they have never suffered pseudogenization, the presence of a complete ORF of Zp1 and Zp4 mRNA in these murine species suggests a ZP consisting of four glycoproteins. Nevertheless, partial amplification of Zp2 and Zp3 were made in both species to demonstrate the presence of the four transcripts (Figure 3). Furthermore, Zp1, Zp2, Zp3, and Zp4 mRNAs from Mastomys coucha were also partially amplified (Figure 3).


[image: Figure 3]
FIGURE 3. Analysis of Zp1, Zp2, Zp3, and Zp4 gene expression in (A) Mus mattheyi, Mus pahari and (B) Mastomys coucha by RT-PCR. Amplicons corresponding to each gene are shown. Primers used for the amplifications of the different ZP genes are shown in Supplementary Table 2.


The mRNA of Zp1, Zp2, Zp3, and Zp4 are effectively translated in proteins, as confirmed by the detection of several peptides belonging to Zp1 and Zp4 in Mus mattheyi and Mus pahari and the four proteins (Zp1, Zp2, Zp3, and Zp4) in Mastomys coucha (Table 2) by MS/MS analyses.


Table 2. Peptides identified by proteomic analysis in Mus mattheyi, Mus pahari, and Mastomys coucha ZPs.
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A total of 12, 6, and 13 different peptides corresponding to Zp4 were identified in the different analyses, yielding a sequence coverage of 30.99, 16.74, and 49.08% for Mus mattheyi, Mus pahari, and Mastomys coucha, respectively (Figure 4).
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FIGURE 4. (A) Mus mattheyi Zp4 (AYN07267.1), (B) Mus pahari Zp4 (AYN07268.1), and (C) Mastomys coucha Zp4 (XP_031215126.1) amino acid sequences. Bold sequences are the tryptic peptides obtained by MS/MS. The putative N-glycosylation sites are in red. The signal peptide and the furin cleavage site (Arg-Arg-Arg-Arg) are shown in pink.


Taken together, these data indicate that four ZP proteins are expressed in Mus mattheyi, Mus pahari, and Mastomys coucha ovaries.



Heterologous in vitro Fertilization (Oocyte With Three ZP Proteins vs. Four ZP Proteins)

The next question was whether the ZP composition of the egg could interfere with fertilization, for this reason we performed in vitro fertilization experiments with species differing in their ZP composition. Four rodents with different ZP composition were used: Mus musculus with three ZP proteins (Zp1, Zp2, and Zp3) and Mus mattheyi, Mus pahari, and Mastomys coucha with four ZP proteins (Zp1, Zp2, Zp3, and Zp4). The in vitro fertilization rates in a non-competitive context were analyzed (Table 3).


Table 3. Results of cross in vitro fertilization (with cumulus and without cumulus cells).
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Oocytes from the four species were co-incubated with spermatozoa in conspecific or heterospecific reciprocal crosses. Fertilization success in the conspecific crosses was high only in Mus musculus (79.16%), whereas in the other species the rate was zero or very low (0% in Mus mattheyi, 0.81% in Mastomys coucha, and 3.5% in Mus pahari). When Mus musculus spermatozoa participated in the fertilization the rates were 67.5% in co-incubation with ova from Mus pahari, 11.7% with ova from Mus mattheyi, and 0% with ova from Mastomys coucha. The fertilization rate was very low when Mus mattheyi or Mus pahari spermatozoa were used, except for Mastomys coucha spermatozoa with Mus musculus oocytes (67.14%). Our observations showed that Mus mattheyi and Mus pahari sperm were still able to adhere to the heterologous ZP, but we observed that the number of spermatozoa that adhere to the ZP was much lower than in the control group. Besides, we observed that when the sperm adhered to the ZP, they remained immobile (data not shown). Taking into consideration the results obtained in the in vitro fertilization crosses between Mus musculus vs. Mus pahari (67.5%) and Mastomys coucha vs. Mus musculus (67.14%), it can be concluded that the presence of the 3 or 4 ZP proteins is not a limiting factor for in vitro fertilization.



Analysis of ZP4 Positive Selection

Genes with a role in fertilization show a common pattern of rapid evolution, which can be attributed to positive selection. An analysis of such selection in Zp4 gene was made in order to know the level of interspecific divergence and the existence of positive selection sites.

The selection analysis pointed to significant positive selection for both muroid datasets. For the dataset of the 28 muroids, both tests (M1a vs. M2a and M7 vs. M8) were significant (p < 0.05 in the former case and p < 0.01 in the latter), and one site (141 R) showed a posterior probability > 95% (Table 4). For the dataset of the 13 muroids, both tests (M1a vs. M2a, M7 vs. M8) were significant (p < 0.01), and one site (547 L) showed a posterior probability > 95% (Table 4).


Table 4. Results of maximum likelihood models of Zp4 of muroid rodents.
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DISCUSSION

Our results indicate that the pseudogenization of Zp4 in mice is a relatively recent event that took place during the evolution of the genus Mus, a genus that encompasses more than 40 species divided into four subgenera: Mus, Pyromys, Nannomys, and Coelomys (Musser and Carleton, 2005; Shimada et al., 2010; Suzuki and Aplin, 2012). The subgenus Mus is by far the most extensively studied as it includes the cosmopolitan commensal Mus musculus (the house mouse), which has been used as a model to study the ZP and gamete interaction for the last four decades. This subgenus comprises 14 species (Auffray and Britton-Davidian, 2012). The other subgenera are Nannomys, the African pygmy mouse with 19 recognized species, and two South-East-Asian subgenera Coelomys, the shrew mouse with four species, and Pyromys the spiny mouse with five species (Musser and Carleton, 2005).

DNA sampling among the genus Mus included species belonging to the four subgenera, and the mRNA and protein analyses included species of two of these four subgenera for which no data had previously been available (Nannomys and Coelomys).


Analysis of Zp4 Protein in Mus (Nannomys) mattheyi and Mus (Coelomys) pahari

The DNA and mRNA analyses of Mus mattheyi and Mus pahari Zp4 sequences indicated the presence of a coding sequence for a full-length protein. The alignment showed a high degree of conservation: 87.32 and 88.05% with Mastomys coucha, 76.47 and 77.35% with hamster, 82.94 and 83.49% with rat, and 63.82 and 64.38% with human, for Mus mattheyi and Mus pahari, respectively. At the ZP domain, the 10 cysteines found were conserved in all the species. The furin cleavage site, described in human (Kiefer and Saling, 2002) and rat (Hoodbhoy et al., 2005) coincided with the potential sites for the rodents analyzed (Supplementary Figure 4).

Six (Asn50, Asn74, Asn122, Asn209, Asn226, and Asn299) and five (Asn50, Asn74, Asn122, Asn209, and Asn299) potential N-glycosylation sites were identified in the mature protein in Mus mattheyi and Mus pahari, respectively. Of which, Asn122 and Asn209 were identified by proteomics in Mus mattheyi, indicating that these sites are not glycosylated or not always occupied (Figure 4). The potential N-glycosylation sites Asn50, Asn74, and Asn226 have been identified in rat Zp4 (Hoodbhoy et al., 2005), so they seem to be conserved in Murinae; however, Asn299 has not been detected in the rest of the species analyzed, implying that there are differences in the glycosylation pattern between these species and the rat. Further studies are necessary to identify the glycosylation sites and the type of oligosaccharide chain present.

In mature Zp4 protein, a total of 76 and 73 potential O-glycosylation sites were found in Mus mattheyi and Mus pahari, respectively. Some of the peptides identified contained some of these O-glycosylation sites, 25 in Mus mattheyi and 11 in Mus pahari, so that they would be free or partially occupied in the mentioned proteins (Figure 4). O-glycosylation data are only available for sow and rat ZP4 (Kudo et al., 1998; Hoodbhoy et al., 2005). An O-glycosylated region (Thr296, Ser298, Ser301, Ser304, and Thr312) has been described in rat (Hoodbhoy et al., 2005), and is conserved in Mus mattheyi and Mus pahari (Ser298, Ser301, and Ser304), in addition to Thr296, which is only present in Mus mattheyi (Supplementary Figure 4).

Taking into account that HPLC/MS analysis can be considered a semi-quantitative technique, the fact that the coverage for Zp1 in Mus mattheyi and Mus pahari was 7.22 and 7.98%, respectively, compared to the coverage for Zp4 of 30.99% in Mus mattheyi and 16.74% in Mus pahari, this suggests that Zp1 is less abundant in the ZP than Zp4. These results coincide with those published by Boja et al. (2003) for house mouse (ZP coverage of 56% for Zp1, 96% for Zp2 and 100% for Zp3), and for rat with a protein coverage of 52% for Zp1 and 70% for Zp4 (Boja et al., 2005; Hoodbhoy et al., 2005). They would also agree with the results published for other species, such as rabbit (Stetson et al., 2012) and cat (Stetson et al., 2015), where the coverage of ZP1 is lower than that of ZP4; however, they do not coincide with the results published for hamster, where the coverage of ZP1 was 12.6% and that of ZP4 11.2% (Izquierdo-Rico et al., 2009). Future studies using quantitative proteomics are needed to clarify the ZP protein ratios in different species.



Evolution of ZP Proteins in Muroid Rodents

The DNA analysis in different taxa showed the presence of stop codons in the eight species belonging to subgenus Mus and no stop codons in the other Mus species. The gene expression analysis in Mus pahari (subgenus Coelomys) and Mus mattheyi (subgenus Nannomys) clearly demonstrated the presence of four transcripts (Zp1, Zp2, Zp3, and Zp4) using RT-PCR and four ZP proteins using proteomic analysis. These results agree with previous studies that reported the existence of four proteins in the ZP in other placental species like human (Lefièvre et al., 2004), rat (Hoodbhoy et al., 2005), hamster (Izquierdo-Rico et al., 2009), rabbit (Stetson et al., 2012), cat (Stetson et al., 2015), or ferret (Moros-Nicolás et al., 2018c). These four proteins were also present in some marsupials, even though in this group the evolution of the ZP proteins is more complex as there are several copies of the ZP3 gene (Moros-Nicolás et al., 2018a). The four-protein composition could be considered as the ancestral state in eutherian mammals, and ZP1 or ZP4 being lost in some lineages during their evolution.

Until now the ZP composition in the Murinae subfamily was only known in the rat (with four glycoproteins) and house mouse (with three glycoproteins), suggesting that Zp4 was lost after their divergence around 11.2 MYA (Aghová et al., 2018). Using comprehensive taxonomic sampling within the subfamily, especially within the genus Mus (with representative taxa of the four subgenera), we were able to narrowed down the approximate date of the loss of Zp4. First, all other murine genera included in our study seem to have a functional Zp4, suggesting a more recent loss meaning that it occurred within the genus Mus, which diverged around 7.2 MYA (Pagès et al., 2012). Second, we found that all Mus species from the Coelomys, Nannomys and Pyromys subgenera have four glycoproteins, while all species from the Mus subgenus have only three, suggesting that Zp4 pseudogenized early in the Mus subgenus lineage. Previous studies have reported that the four subgenera of Mus diverged between 6 and 7 MYA (Chevret et al., 2005; Lecompte et al., 2008; Pagès et al., 2012), initially the subgenus Coelomys, then Nannomys, and finally Mus and Pyromys (Veyrunes et al., 2006). Within the subgenus Mus, the earliest offshoot is estimated to have appeared at around 5 MYA (Pagès et al., 2012), indicating that Zp4 pseudogenization took place 5–7 MYA.

Pseudogenization events are not rare in the ZP family. ZP1 has been identified as a pseudogene in several species (Goudet et al., 2008; Tian et al., 2009; Stetson et al., 2012; Moros-Nicolás et al., 2018c). The ZPAX gene was lost in mammals before the divergence between marsupials and placentals (Tian et al., 2009). These multiple and independent loss events may be explained in part as the consequence of a duplication event, since ZP1 and ZP4 are paralogue genes (Bausek et al., 2000). After duplication, three evolution events may occurred to the duplicate copies: (a) the ancestral function is partitioned and shared by both copies (subfunctionalization); (b) one gene acquires a new function and the other retains the original one (neofunctionalization), or (c) one gene conserves the original function and the other degenerates to a pseudogene (Cañestro et al., 2013).

The duplication took place in vertebrates before the mammalian divergence (Goudet et al., 2008), and after the duplication event, ZP4 or ZP1 may have pseudogenized in some mammalian lineages, while the remaining ZP protein continued to perform the function of the ancestral gene. In the house mouse, the pseudogenization of Zp4 indicates that Zp1 retained the function of the ancestral gene.

The evolution of male and female reproductive proteins was probably promoted by positive Darwinian selection. Moreover, comparative sequencing studies among taxonomic groups have led to the discovery that reproductive proteins evolve more rapidly than other genes expressed in other tissues (Swanson et al., 2001; Torgerson et al., 2002). This positive selection has been described in seminal plasma proteins (Kingan et al., 2003; Dorus et al., 2004), oviductal proteins (Moros-Nicolás et al., 2018b), and also in other proteins related with fertilization, such as ZP3, CatSper1 or CD9 (Swanson et al., 2001, 2003) These proteins would have been under a selective pressure that may be related to male-female interaction, in this case, sperm-egg interaction. Our analysis identified two sites in Zp4 that are under positive selection (141R and 547L). These results strongly suggest that Zp4 gene has been subjected to positive selection during evolution. These amino acids appear to be important for the protein function. Future studies using direct mutagenesis will be useful to unravel the specific function of these amino acids in ZP4 protein.



Functional Implication of the Presence of ZP4 in the ZP Matrix

Several studies have analyzed the function of different ZP proteins. Recent studies in human demonstrate that mutations in ZP1 gene are related to infertility (Huang et al., 2014; Sun et al., 2019; Yuan et al., 2019), these mutations could affect the shuttling of glycoproteins to the secretory pathway, which would prevent the formation of the ZP around the ova, but also the formation and development of eggs (Huang et al., 2014; Sun et al., 2019; Yuan et al., 2019). The house mouse has provided interesting information on the functions of the different ZP proteins thanks to the use of animals genetically modified as KO and transgenic (Liu et al., 1996; Rankin et al., 1996, 1999, 2001; Dean, 2004). It was demonstrated that Zp1 offers stability and structural integrity to the matrix. KO mice for Zp1 have an abnormal ZP, being more porous; however, these mice are fertile, although their litter sizes are low (Rankin et al., 1999). On the other hand, KO mice for Zp2 or Zp3 present oocytes that are not surrounded by a ZP (Liu et al., 1996; Rankin et al., 1996, 2001). In the case of rodents with four ZP proteins, the roles played by Zp1 and Zp4 remain unresolved.

The study of ZP4 was not possible until now in animal models because, while the KO technology was well-developed in the house mouse (Mus musculus), which has a pseudogenized Zp4, the technique was very difficult to perform in rat, hamster and rabbit. However, development of CRISPR-cas9 technology made it possible to develop the KO technique in species that possess ZP4 (Fan et al., 2014; Bae et al., 2020). In fact, we have recently reported the phenotype of the female rabbit without the ZP4 gene (Lamas-Toranzo et al., 2019). The female rabbit is subfertile and it was observed that this protein is crucial for the embryo development but not for fertilization (Lamas-Toranzo et al., 2019). Moreover, the ZP was significantly thinner, more permeable, and exhibited a more disorganized and fenestrated structure suggesting a structural role (Lamas-Toranzo et al., 2019). The development of KO animals for ZP4 in other species with four ZP proteins, like the rat or the mice presented in this work could also be a useful tool to study the function of this gene. Furthermore, transgenic mice showing a humanized ZP4 have provided valuable information (Yauger et al., 2011). Indeed, these transgenic mice are fertile; however, their ZP is not recognized by human sperm, which means that ZP4 is not sufficient to support human sperm binding to the ZP (Yauger et al., 2011).

A previous study has shown that heterologous fertilization between different species of rodents is possible, although the success is directly related to the phylogenetic proximity of the species (Roldan et al., 1985): the heterologous fertilization rate in vivo and in vitro is considerably lower than the homologous fertilization rate (Roldan et al., 1985; Roldan and Yanagimachi, 1989; Dean and Nachman, 2009; Martín-Coello et al., 2009). Furthermore, in those cases in which embryo culture was carried out, cleavage arrest or embryo degeneration was observed (Roldan et al., 1985). In our study, heterologous IVF was possible when the spermatozoa from Mus musculus had to fertilize the oocytes from Mus mattheyi and Mus pahari, demonstrating that the presence of Zp4 is not involved in the species-specific binding of sperm. This also means that a ZP formed of four glycoproteins is neither a physical nor biological barrier for the spermatozoa of species with a ZP formed of three glycoproteins, at least in in vitro conditions, indicating that Zp4 does not produce any steric hindrance that impedes the specific gamete interaction.




CONCLUSION

The present study provides new insights into the molecular evolution of Zp4 in rodents showing that Zp4 pseudogenization is restricted to the subgenus Mus, which diverged around 6 MYA. The use of murine species with four ZP proteins may therefore be suitable for studying the structure and functionality of ZP proteins from most species, including humans. These rodents must be considered a tool of great value due to the possibility of applying transgenesis and KO techniques to study the function of these proteins and because of their short reproduction cycle compared to other species.



METHODS


Ethical Approvals

All animal procedures were performed following the Spanish Animal Protection Regulation, RD 1201/2005 which conforms to European Union Regulation 2003/65. All animal experiments were approved by the institutional review board of the University of Murcia according to the guide for Care and Use of Laboratory Animals as adopted by the Society for the Study of Reproduction.



Animals

Adult females and males of four species of murine rodents were used: the house mouse (Mus musculus), Matthey's mouse [Mus mattheyi (subgenus Nannomys)], Gairdner's shrewmouse [Mus pahari (subgenus Coelomys)], and the southern multimammate mouse Gairdner's shrewmouse (Mastomys coucha). Mus musculus specimens were of the hybrid strain C57CBAF1, purchased from Harlan Ibérica, (Barcelona, Spain), while Mus mattheyi and Mus pahari were obtained from the “Institut des Sciences de l'Evolution de Montpellier” (Montpellier, France) and Mastomys coucha specimens were obtained from Hobbyzoo (Madrid, Spain), whose species were verified by PCR amplification of the cytochrome b. Animals were kept under standard laboratory mouse conditions in an environmentally controlled room with a 14 h light:10 h darkness photoperiod under constant temperature and relative humidity conditions. Animals were provided with food (Harlan Ibérica, Barcelona, Spain) and water, both available ad libitum. Animals to be used for the experiments were weaned when they were 4 weeks old. Males were kept in individual cages and were used when they were >12 weeks old; after weaning, females were housed together. Mus musculus females were used when they were 6–8 weeks old, and Mastomys coucha, Mus mattheyi, and Mus pahari females were used when they were 6–12 weeks old.



Collection of Mouse Ovaries

Ovaries were obtained from three different species of mouse: Mastomys coucha, Mus mattheyi, and Mus pahari. The animals were sacrificed by CO2 overdose, and the ovaries were obtained and frozen in liquid nitrogen and kept at −80°C (for molecular and proteomic analysis) or washed in PBS and used directly (to obtain the ZPs).



Collection of Mouse Oocytes

Before oocytes were obtained from Mastomys coucha, Mus mattheyi, Mus musculus, and Mus pahari, the animals were subjected to a hormonal treatment to induce superovulation. Females were injected intraperitoneally with 7.5 IU of equine Chorionic Gonadotrophin (eCG) (Sigma-Aldrich, St. Louis, USA), followed 48 h later by 5 IU of human Chorionic Gonadotrophin (hCG) (Lepori Pharma, Spain). The animals were sacrificed 14 h after hCG injection by cervical dislocation and their oviducts were removed. Cumulus-oocyte-complexes (COCs) were obtained from the ampulla of the uterine tube and placed in PBS (for proteomic analysis) or HTF medium (for IVF analysis), COCs were removed or not by gently pipetting into 0.5% hyaluronidase (Sigma-Aldrich, St. Louis, USA).



Zona Pellucida Isolation in Mastomys coucha

To obtain the isolated ZPs, animals were subjected to ovarian stimulation and the oocytes were obtained as explained above. Cumulus cells (CCs) were removed by using 0.5% hyaluronidase (Sigma-Aldrich, St. Louis, USA) in PBS, and the ZPs were obtained after vigorous pipetting of each oocyte using a narrow-bore micropipette in PBS, followed by four washes in PBS to eliminate the oocyte debris. ZPs were solubilized for 30 min at 65°C (Accu BlockTM, Labnet, USA), and kept at −20°C until use.



In vitro Fertilization

As mentioned above females of the four species were subjected to a hormonal treatment to induce superovulation. In vitro fertilization was performed as previously described by Hourcade et al. (2010). Males were killed by cervical dislocation. The epididymides and vasa deferentia were removed from males of the four mouse species and placed in 1,000 μl of M2 medium, and adipose tissue and blood vessels were removed. The clean structures were placed in a 500 μl drop of Human Tubular Fluid (HTF) medium (BSA supplemented) covered with mineral oil (Sigma-Aldrich, St. Louis, USA), from which spermatozoa were collected. Concentrations were determined with a Bürker hemocytometer. Spermatozoa were incubated in HTF for 30 min at 37°C with 5% CO2 in air for capacitation.

Fourteen hours after hCG injection, females were sacrificed by cervical dislocation and their oviducts were removed. COCs were obtained from the ampulla of the uterine tube and using a wide-bore pipette tip, placed in 500 μl of HTF medium. Each sample was inseminated with a final concentration of 1 × 106 spermatozoa/ml, and 30 min after, each well was observed under an inverted microscope to assess sperm-oocyte binding. Gametes were co-incubated for 5 h at 37°C under 5% CO2 in air, after which, remaining CCs and attached sperm were removed by washing in HTF medium with a fine pipette; oocytes were then washed three times in potassium simplex optimized medium (KSOMaa) and placed in culture drop for 24 h at 37°C under 5% CO2 in air. Nine hours after insemination, the extent of successful fertilization was assessed in a group of presumptive zygotes by pronucleus visualization under a microscope. Another group of presumptive zygotes was confirmed 24 h after, by analyzing 2-cell stage embryos.



Pronucleus Visualization

Nine hours after insemination, oocytes were incubated in a 100 μl drop of 10 pg Hoechst-33342 dye (bisbenzimide trihydrochloride, Sigma, Madrid, Spain), before being placed on a coverslip for viewing by a fluorescent microscope (Nikon Optiphot-2). The DNA + H-33342 complex was excited with UV at 355 nm light and epifluorescence emission at 465, and photographed. For this, a G 365 excitation filter, an FT 395 dichromatic beam splitter, and an LP 420 barrier filter were used. Both epifluorescent and brightfield photographs were taken using a Coolpix MDC Lens, Nikon, Japan.



Molecular Analysis


Samples and Genomic DNA Isolation

A total of 23 species of the subfamily Murinae were included in this study (Table 1). DNA was extracted from ethanol-preserved tissues obtained from the collection of Preserved Mammalian Tissues of the “Institut des Sciences de l'Evolution of Montpellier” and from mice of the “Conservatoire Génétique de Souris Sauvages de Montpellier” (Montpellier, France). Total DNA was extracted using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's recommendations.



Obtaining Ovarian RNA and cDNA Synthesis

Total RNA was isolated from ovaries of three species: Mus mattheyi, Mus pahari, and Mastomys coucha using RNAqueous® kit (Ambion, Austin Texas, USA) according to the manufacturer's instructions. The first-strand cDNA was synthesized with the SuperScript First-Strand Synthesis System kit for RT-PCR (Invitrogen-Life Technologies, Carlsbad, USA), according to the manufacturer's protocol.



Amplification and Sequencing of ZP Genes

PCR amplifications were made using genomic DNA or ovarian cDNA as templates. Primers were designed from Mus musculus Zp1 (NM_009580), Zp2 (NM_011775), and Zp3 (NM_011776) sequences; in the case of Zp4, primers were designed from conserved regions of Zp4 in Mus musculus (NR_027813) and Rattus norvegicus (NM_172330) (Supplementary Table 1). Overlapping fragments were analyzed to sequence the region of genomic DNA encompassing the exons 1–9 of the Zp4 genes, which is 4,513 bp long for Rattus norvegicus. PCR amplification for DNA amplification was carried out in 50 μl reaction volume containing 5 μl of DNA or 2 μl of DNA, 0.5 μM of each primer, 200 μM of each dNTP, 2 mM MgCl2, and 1 IU of Taq DNA Polymerase (Fermentas, Waltham, USA) or 2.5 U of polymerase AmpliTaq Gold (Applied Biosystems, California, USA). PCR was carried out using a Mastercycler personal thermocycler (Eppendorf, Hamburg, Germany) or a T300 thermocycler (Biometra, Germany) following an initial denaturation cycle of 3 min at 95°C, and then 30 cycles of 1 min at 95°C, followed by 1 min at annealing temperature (depending on the primers) and then 1 min at 72°C. The final extension time was 10 min at 72°C. PCR products were analyzed by electrophoresis on 1.5% agarose gels. Four microliters of the PCR reaction mixture were mixed with loading buffer (Fermentas, Waltham, USA) and separated for 60 min at 90 V before visualizing under UV light using ethidium bromide (Sigma-Aldrich, St. Louis, USA).

Amplicons were carefully excised from the agarose gels and purified with the QIAquick Gel Extraction Kit Protocol (Qiagen) or DNA gel extraction kit (Millipore) or directly purified with the DNA Clean and Concentrator TM-5 (Zymo) according to the manufacturer's instructions. Amplicons were automatically sequenced using a 3,500 Genetic Analyzer (Applied Biosystems, California, USA) or send to Genome Express (Meylan, France). The new sequences were submitted to GenBank under the accession numbers: MH822867, MH822868, and MH822871 for Mus mattheyi, Mus pahari, and Mastomys coucha, respectively, (mRNA) and to EMBL under the accession numbers: LR990796-LR990832 for the DNA sequences.




Bioinformatic Analysis

Sequences were analyzed to determine the degree of homology with other known sequences using the “BLAST program” (Basic Local Alignment Search Tool) (http://www.ncbi.nlm.nih.gov/blast/). Multiple sequence alignment was carried out using “Clustal Omega” (http://www.ebi.ac.uk/Tools/msa/clustalo/).

The amino acid sequences were analyzed using the software packages “signalP” (www.cbs.dtu.dk/services/SignalP/), “smart genome” (http://smart.embl-heidelberg.de/) to predict the signal peptide and different domains and “NetOGlyc” (www.cbs.dtu.dk/services/NetOGlyc) and “NetNglyc” (www.cbs.dtu.dk/services/NetNGlyc) to predict potential O-linked and N-linked glycosylation sites, respectively. The theoretical protein molecular weight and mature protein molecular weight were calculated with “PeptideMass” from “ExPASy” (http://web.expasy.org/peptide_mass/).



Phylogenetic Analysis

To complete the dataset, ZP4 sequences from different muroid rodents (Table 1) were retrieved from GenBank and Ensembl gene predictions.

All these predictions were checked manually to detect annotation errors especially close to splicing sites. Similarity searches were performed using BLAST and BLAT against assembled genomes in Ensembl followed by a manual compilation of data to predict further genes or exons missing from the Ensembl predictions. It was also checked that the new sequences corresponded to a syntenic region of the corresponding chromosome. Only the exonic portions were kept for the phylogenetic analysis. Translated sequences were aligned using Muscle in Seaview (Gouy et al., 2010). The pseudogene sequences were added afterwards to the nucleotide alignment and manually aligned. The best-fit model of evolution (SYM+G) was determined using the Akaike information criterion (AIC; Akaike 1973), as implemented in jModelTest v2.1.7 (Darriba et al., 2012). Phylogenetic trees were reconstructed using two probabilistic approaches: maximum likelihood (ML) and Bayesian inferences (BI). The ML phylogeny was reconstructed with PhyML (Guindon et al., 2010). The robustness of each node was assessed with 1,000 bootstrap replicates. BI was performed using MrBayes v3.2 (Ronquist et al., 2012). Four independent runs of 10,000,000 generations sampled every 500th generation were performed. A burn-in period was determined graphically using Tracer1.7 (Rambaut et al., 2018). It was also checked that the effective sample sizes (ESSs) were above 200 and that the average SD of split frequencies remained <0.05 after the burn-in threshold. We discarded 10% of the trees and visualized the resulting tree with FigTree v1.4 (Rambaut, 2016). The robustness of the nodes was estimated with Posterior Probabilities (PP).



Test for Evidence of Positive Selection

Selection analyses were made with the muroid datasets, modified to remove the pseudogene sequences, leading to the first alignment of 28 taxa with 711 bp (237 codons) and a second alignment with only the complete Zp4 sequences including 13 taxa (1,644 bp). The analyses were performed with CODEML from PAML4 (Yang, 2007). Data were analyzed under different models: M1a (neutral model), M2a (selection), M7 (beta distribution), and M8 (beta distribution and selection). The likelihood ratio test (LRT) of positive selection was performed on two pairs of models, M1a with M2a, and M7 with M8 (Yang, 2007).



Proteomic Analysis

The expression of ZP proteins was studied using proteomic analysis in Mastomys coucha, Mus mattheyi, and Mus pahari ZP. Ovaries were trimmed using small scissors and dissected to remove fat and connective tissue. The solubilized ZP was obtained according to the protocol previously described by our group (Izquierdo-Rico et al., 2009; Jiménez-Movilla et al., 2009). Solubilized ZP was also obtained from oocytes, for which oocyte ZP was solubilized at 65°C in PBS buffer for 30 min. The analysis was carried out on an HPLC-MS system consisting of an Agilent 1100 Series HPLC (Agilent Technologies, Santa Clara, CA) equipped with a μ-well-plate autosampler and a capillary pump, and connected to an Agilent Ion-Trap XCT Plus mass spectrometer (Agilent Technologies, Santa Clara, CA) equipped with an electrospray (ESI) interface.
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Human zona pellucida (ZP) matrix is composed of four glycoproteins designated as ZP glycoprotein -1 (ZP1), -2 (ZP2), -3 (ZP3), and -4 (ZP4). Mutations in the genes encoding human ZP glycoproteins are one of the causative factors leading to abnormal ZP matrix and infertility in women. Relevance of the human ZP glycoproteins in ‘sperm–oocyte’ binding has been delineated by using either transgenic animal models expressing human zona proteins or purified native/recombinant human zona proteins. Studies based on the purified native/recombinant human zona proteins revealed that ZP1, ZP3, and ZP4 primarily bind to the capacitated acrosome-intact human spermatozoa whereas ZP2 binds to acrosome-reacted spermatozoa. On the contrary, human spermatozoa binds to the eggs obtained from transgenic mouse lines expressing human ZP2 but not to those expressing human ZP1, ZP3, and ZP4 suggesting that ZP2 has an important role in human ‘sperm–oocyte’ binding. Further studies using transgenic mouse lines showed that the N-terminus of human ZP2 mediate the taxon-specific human sperm–oocyte binding. Both glycans and protein-protein interactions have a role in human gamete interaction. Further studies have revealed that the purified native/recombinant human ZP1, ZP3, and ZP4 are competent to induce acrosome reaction. Human sperm binds to the mouse transgenic eggs expressing human ZP1-4 instead of mouse ZP1-3 proteins, penetrated the ZP matrix and accumulated in the perivitelline space, which were acrosome-reacted suggesting that human ZP2 in transgenic mouse model also induce acrosome reaction. In humans N-linked glycosylation of zona proteins have been shown to play an important role in induction of the acrosome reaction. Hence in humans, based on studies using transgenic mouse model as well as purified native/recombinant zona proteins, it is likely that more than one zona protein is involved in the ‘sperm–oocyte’ binding and induction of the acrosome reaction.

Keywords: human zona pellucida glycoproteins, mutations in genes encoding human zona glycoproteins, zona proteins binding to sperm, ZP glycoproteins-mediated acrosome reaction, fertilization


BACKGROUND

Zona pellucida (ZP), an extracellular glycoproteinaceous coat surrounding human oocyte is composed of four glycoproteins designated as zona pellucida glycoprotein -1 (ZP1), -2 (ZP2), -3 (ZP3), and -4 (ZP4). ZP glycoproteins play a critical role in ‘oogenesis,’ taxon-specific binding of the spermatozoa to the oocyte and induction of acrosome reaction (AR) in the spermatozoa bound to the ZP thereby facilitating accomplishment of fertilization. In essence, the ZP matrix serves as a ‘gate-keeper’ to regulate sperm binding (Hartmann et al., 1972). The human sperm binds to the human egg and do not bind with the eggs from other sub-hominoid primates such as baboon, rhesus monkey, and squirrel monkey as well as non-primate eutherian species (Bedford, 1977). The only exception to which human sperm binds is the oocytes of Gorilla gorilla and Hylobates lar (gibbon). Whereas, mouse sperm can bind to eggs from a taxonomically diverse group of mammals, including humans (Bedford, 1977). ZP glycoproteins also have a role in the prevention of polyspermy and ZP matrix protects the growing embryo till implantation.

In all eutherian mammals studied so far, ZP matrix has both ZP2 and ZP3. However, ZP1 and ZP4, which are encoded by paralogous genes probably formed by duplication of a common ancestral gene may or may not be present in all eutherian mammals (Goudet et al., 2008). For example, the ortholog of the human ZP4 gene is present in the mouse genome as a pseudogene due to microdeletion of nucleotides leading to frame shift and appearance of a premature stop codon. Thus, functional ZP4 protein is not present in mouse ZP matrix (Lefievre et al., 2004; Goudet et al., 2008). Similarly, ZP1 has been identified as a pseudogene in the dog and bovine genome (Goudet et al., 2008). High resolution Scanning Electron Microscopy (SEM) studies with human oocytes revealed that ZP appears as a delicate meshwork of thin interconnected filaments (Familiari et al., 1992, 2006). The filaments are 0.1–0.4 μm in length and 10–14 nm in thickness as observed by Transmission Electron Microscopy (Familiari et al., 1992). In mouse ZP, the filaments are composed of ZP2 and ZP3 heterodimers, which are cross-linked by ZP1 homodimers (Greve and Wassarman, 1985; Green, 1997). The precise arrangement of ZP filaments in the human ZP matrix has not been deciphered. However, supramolecular structure based on the structural information of ZP glycoproteins has been proposed for human ZP (Bokhove and Jovine, 2018). It comprises of filaments with a structural repeat of ∼14 nm formed by alteration of ZP3 and either ZP2 or ZP4. ZP1 will be occasionally incorporated instead of ZP2/ZP4 and stabilizes the ZP by intermolecular cross-links between filaments (Bokhove and Jovine, 2018). Recently, it has been shown that ZP filaments are indeed cross-linked by ZP1 homodimers leading to the formation of a stable matrix (Nishimura et al., 2019). Meshwork of filaments leads to formation of the pores that appear larger at the outer surface of the zona than the inner surface. Ultrastructural cytochemical findings further suggested that the porous region of the human ZP is limited to ∼25% of the external region of the human ZP, while the compact region constitutes ∼75% of the total ZP. The amorphous spongy outer surface of zona with larger pores may facilitate sperm penetrability as human ZP with a more compact and smoother outer surface has been shown to be less penetrable (Familiari et al., 1988, 1992). On the contrary, no correlation was observed between the ZP morphology and success of in vitro fertilization (Magerkurth et al., 1999).

In this ‘review,’ characteristics of the respective human ZP glycoproteins will be briefly described. The role of mutations in the genes encoding human ZP glycoproteins leading to morphologically abnormal oocytes and infertility will be discussed. The relevance of human ZP glycoproteins for binding with human spermatozoa and their ability to induce AR as observed by using either transgenic animal models or purified native/recombinant proteins will be described.



EXPRESSION PROFILE OF THE ZP GLYCOPROTEINS IN HUMAN OOCYTES

Expression of human ZP3 has been observed in the oocytes of fetal ovary (Törmälä et al., 2008). By immunohistochemistry, expression of human ZP1, ZP2, and ZP3 has been observed in oocytes as well as granulosa cells of the primordial follicles (Gook et al., 2008). Expression of ZP4 has been described in the zona of mature oocytes (Lefievre et al., 2004). Contrary to these observations, employing highly specific mouse monoclonal antibodies raised against recombinant human ZP2, ZP3, and ZP4 and synthetic peptide (219–258 aa residues) corresponding to human ZP1, expression of human ZP1, ZP2, and ZP3 is observed in oocytes of growing and antral follicles (Bukovsky et al., 2008; Ganguly et al., 2010b). Expression of ZP4 is observed in oocytes of primordial, growing and antral follicles (Bukovsky et al., 2008). Expression of ZP1 and ZP2 though not observed in oocytes of primordial follicles but it is observed in oocytes of primordial follicles undergoing atresia (Bukovsky et al., 2008; Ganguly et al., 2010b). Employing human cumulus oocyte complexes, it has been shown that the expression of ZP1, ZP2, and ZP4 at the transcript level is higher in immature (Metaphase 1, M1/Germinal Vesicle, GV) oocytes as compared to mature (Metaphase II, MII) oocytes. This coincides with the smaller inner layer-ZP area and thickness in the mature as compared to immature oocytes (Canosa et al., 2017). These observations suggest that the nascent ZP glycoproteins are incorporated into the inner surface of the ZP matrix. Hence, thickening of the ZP matrix takes place from inside to the outside.



GENOMIC ORGANIZATION OF HUMAN ZP GLYCOPROTEINS AND FUNCTIONAL SIGNIFICANCE OF THE COMMON STRUCTURAL MOTIFS

The human genome contains four ZP genes: ZP1, ZP2, ZP3, and ZP4, which are located on chromosomes 10, 16, 7, and 1, respectively (Hughes and Barrat, 1999).


Human ZP1

The human ZP1 gene has 12 exons and encodes a polypeptide of 638 amino acid (aa) (Lefievre et al., 2004). Expression of ZP1 mRNA is low in the fetal as well as adult ovaries (Törmälä et al., 2008). Human ZP1 has a 25 aa long signal peptide, 41 aa long ‘trefoil domain,’ signature ‘ZP domain’ from 279 to 548 aa and consensus furin cleavage site (CFCS), RQRR, from 552 to 555 aa. ‘ZP domain’ of human ZP1 consists of two subdomains, ZP-N and ZP-C. From human ZP1-N subdomain, two ‘aggregation-prone’ peptides have been predicted that may be crucial for ZP protein polymerization as these peptides self-assemble into amyloid-like fibrils (Louros et al., 2013). In humans, filaments are cross-linked by ZP1-N subdomain of ZP1 leading to the formation of stable ZP matrix, which can be modulated by ZP1 fucosylation and zinc sparks (Nishimura et al., 2019). At aa level, human ZP1 has 47% identity with human ZP4 suggesting that these two proteins may have evolved from a common ancestral gene either by gene duplication or exon swapping.



Human ZP2

The human ZP2 gene has 19 exons and encodes a 745 aa long polypeptide. ZP2 has 38 aa long signal peptide, ‘ZP domain’ from 372-637 aa and CFCS, RHRR from 639 to 642 aa.



Human ZP3

The human ZP3 gene has 8 exons and encodes a 424 aa long polypeptide. It has a 22 aa long signal peptide, ‘ZP domain’ corresponding to aa residues 45–303 and CFCS, RNRR from 349 to 352 aa. In humans, second polymorphic locus for human ZP3 encoding a truncated protein corresponding to 372 aa residues in addition to full-length ZP3 has also been reported (van Duin et al., 1992). In addition, a bipartite RNA transcript encoded by POM-ZP3 gene that is derived from a gene homologous to rat POM121 (encode a nuclear pore membrane protein) and 4 C-terminal exons of human ZP3 has also been reported in humans (Kipersztok et al., 1995).



Human ZP4

The human ZP4 gene has 13 exons and encodes a 540 aa long polypeptide with 18 aa long signal peptide, ‘trefoil-domain’ corresponding to 141–183 aa residues, ‘ZP domain’ corresponding to 188–460 aa residues and CFCS, SRRR, from 463 to 465 aa residues. Self-assembly of peptides corresponding to a common interface of human ZP2, ZP3, and ZP4 into fibrils with distinct amyloid-like features have been reported. It suggests that ‘ZP domain’ plays an important role in polymerization and self-assembly of ZP glycolproteins (Louros et al., 2016).

The deduced amino acid (aa) sequence of the four human ZP glycoproteins revealed some common structural elements, which plays an important role in their secretion, incorporation in the ZP matrix, structure and function. All four human ZP glycproteins have N-terminal hydrophobic signal peptide that targets them to the secretory pathway through co-translational import into the endoplasmic reticulum and which ultimately gets cleaved from the mature proteins by signal peptidase present in the oocytes. Human ZP1 and ZP4 have ‘trefoil domain,’ which is absent in ZP2 and ZP3. ‘Trefoil domain’ has a characteristic pattern of 6 conserved cysteine in a trefoil-like arrangement and is found in a family of small peptides called the Trefoil family (Thim, 1989). The structural and/or functional significance of its presence in human ZP1 and ZP4 is not clear. All four human ZP glycoproteins share a motif designated as the ‘ZP domain,’ which consists of approximately 260 aa including 8 conserved cysteine residues and is predicted to have high β-strand content with additional conservation of hydrophobicity, polarity, and turn-forming tendency (Bork and Sander, 1992; Jovine et al., 2005). It has a bipartite structure with ZP-N and ZP-C subdomains separated by a protease-sensitive region. ‘ZP domain’ plays an important role in the polymerization of human zona proteins into filaments (Jovine et al., 2002). Immediately after ‘ZP domain’ all four human ZP glycoproteins have CFCS. Proteolytic cleavage at CFCS by proprotein convertase enzyme is critical for the secretion and assembly of human ZP3 in ZP matrix (Kiefer and Saling, 2002). The importance of CFCS in the secretion and assembly of other human zona proteins is still awaited. It is also not clear if the cleavage takes place either in the Golgi or at the egg plasma membrane. Downstream of CFCS, hydrophobic transmembrane-like domain (TMD) and short cytoplasmic tail is present in all the four human ZP glycoproteins. The functional significance of TMD and cytoplasmic tail for human ZP glycoproteins is not known. However, cytoplasmic tails of mouse ZP2 and ZP3 prevent their premature intracellular interaction and thus plays an important role in the incorporation of ZP2 and ZP3 into the ZP matrix (Jimenez-Movilla and Dean, 2011).



BIOCHEMICAL CHARACTERISTICS OF HUMAN ZP GLYCOPROTEINS

Iodination and subsequent two-dimensional SDS-PAGE analysis of the heat solubilized isolated zona pellucida (SIZP) from human eggs showed three acidic proteins with molecular weights ranging from 64 to 78 kDa (ZP2), 57 to 73 kDa (ZP3), and 90 to 110 kDa (ZP4; previously classified as ZP1) (Shabanowitz and O’Rand, 1988). Using antibodies generated against synthetic peptides, ZP2 has been characterized as 90–110 kDa and ZP3 as 53–60 kDa glycoproteins (Bauskin et al., 1999). Using highly specific mouse monoclonal antibodies raised against recombinant human ZP2, ZP3, and ZP4, these proteins have been purified from the human eggs by immunoaffinity column chromatography. The purified native human ZP2, ZP3, and ZP4 (also contaminated with ZP1) revealed ∼120, ∼58, and ∼65 kDa bands respectively in denaturing SDS-PAGE (Chiu et al., 2008b). Based on deduced aa sequence, the calculated molecular weight of human ZP1, ZP2, ZP3, and ZP4 is 57, 82, 47, and 59 kDa respectively. The higher molecular weight of the purified native human ZP2, ZP3, and ZP4 from the human eggs as compared to the calculated molecular weight of the respective protein may be due to glycosylation. Analyses of human ZP by 2-D SDS-PAGE and Western blots revealed that ZP2, ZP3, and ZP4 showed multiple isoforms, which may be due to varying extend of glycosylation (Bercegeay et al., 1995; Gupta et al., 1998). Using lectins, high concentration of D-mannose residues have been reported in the human ZP (Maymon et al., 1994). Further characterization using lectins and antibodies revealed the presence of sialyl-Lewisa, sialyl-Lewisx, Neu5Acα2-3Galβ1,4Glc-NAc, Galβ1,3GalNAc-Ser/Thr, Neu5Acα2,6Gal/GalNAc, fucosylated oligosaccharides, N-acetylgalactosamine residues, galactose residues, and N-acetylglucosamine residues in the ZP matrix of human oocytes (Jiménez-Movilla et al., 2004). Further analyses of purified human ZP2, ZP3, and ZP4 subsequent to either N-glycosidase-F treatment (removal of N-linked oligosaccharides) or alkaline reduction (removal of O-linked oligosaccharides) suggested that N-linked glycosylation occupies ∼37%, ∼27%, and ∼18% of the molecular mass of ZP2, ZP3, and ZP4, respectively (Chiu et al., 2008b). Human ZP2 has ∼8% and ZP3 has ∼9% O-linked glycosylation. Alkaline reduction of purified human ZP4 did not lead to any significant reduction in its electrophoretic mobility in denaturing SDS-PAGE suggesting that it either has no O-linked glycosylation or minimally O-linked glycosylated (Chiu et al., 2008b). These observations clearly show that human ZP glycoproteins have more N-linked as compared to O-linked glycosylation. Sialyl-Lewisxsequence [NeuACα2-3Galβ1-4(Fucα1-3)GlcNAc] is the most abundant terminal sequence on the N- and O-glycans as revealed by the mass spectrometric analysis of the human ZP (Pang et al., 2011).



MUTATIONS IN GENES ENCODING HUMAN ZONA PROTEINS: PROBABLE CAUSATIVE FACTOR FOR INFERTILITY IN WOMEN

Analysis of ZP1, ZP2, ZP3, and ZP4 genes in women whose eggs fail to fertilize using in vitro fertilization (IVF) as compared to those with successful fertilization following IVF as well as women with proven fertility showed 1.5-fold increase in sequence variation in ZP1 and ZP3 genes (Männikkö et al., 2005). An additional study in infertile women revealed sequence variations in genes encoding ZP2 and ZP3 (Pökkylä et al., 2011). Analysis of the nucleotide sequence of ZP1 gene from six members of the family (five sisters and one brother; four sisters diagnosed with primary infertility; two out of four sisters had eggs which were not surrounded with ZP matrix, other two sisters had no eggs) revealed homozygous frameshift mutations inherited in an autosomal recessive mode, which led to premature stop codon and resulted in a truncated ZP1 (404 aa residues), which was postulated to sequester ZP3 in the cytoplasm and prevented the formation of ZP matrix (Huang et al., 2014). Two mutations in the gene encoding ZP1 [one missense variant c.247T > C (p.W83R) and one nonsense variant c.1413G > A (p.W471X)] have also been reported from infertile women who had oocytes with morphological defects (Yang et al., 2017). The nonsense variant c.1413G > A is located in the ‘ZP domain’ and leads to premature stop codon resulting in truncation of the ZP1 protein from 638 aa to 471 aa (Yang et al., 2017). In the same study, another 33-year-old woman showed ZP2 variant c.1696T > C in exon 16 leading to change of cysteine with arginine at position 566 (p.C566R). In another 28-year-old woman, variant c.1599G > T in exon 15 of ZP2 that led to the replacement of arginine to serine (p.R533S) has also been reported (Yang et al., 2017). Two novel heterozygous mutations in ZP2 (c.2092C > T; arginine at 698th position replaced by a stop codon) and ZP3 (c.1045_1046 insT; arginine at 349th position replaced by L amino acid followed by a stop codon) from a woman and her family members with abnormal ZP have also been reported (Liu et al., 2017). Further studies in mouse model using CRISPR/Cas9 gene editing technology revealed that oocytes obtained from mice with either of the heterozygous mutations showed thinner ZP as compared to the oocytes obtained from wild mice. Interestingly, oocytes from female mice with both mutations showed even thinner ZP as compared to the ZP of oocytes with single mutation or absence of ZP suggesting that these mutations have dosage effect with respect to the formation of ZP (Liu et al., 2017). Both the mutant proteins failed to anchor on the oocyte membrane. A paternally transmitted heterozygous missense mutation of c.400 G > A (p.A134T) in ZP3 in women with empty follicle syndrome has also been reported. Immunofluorescence and histological analysis revealed degenerated oocytes and some of which were devoid of ZP matrix (Chen et al., 2017). In another recent study, seven patients belonging to six independent families with abnormal oocytes or those suffered from empty follicle syndrome revealed three homozygous mutations in ZP1 [c.1708G > A (p.V570M), c.1228C > T (p.R410W), c.507del (p.H170Iefs∗52)], two mutations in a compound heterozygous state in ZP1 [c.1430 + 1G > T (p.C478X), c.1775-8T > C (p.D592Gfs∗29)], a homozygous mutation in ZP2 [c.1115G > C (p.C372S)], and a heterozygous mutation in ZP3 [c.763C > G (p.R255G)]. Interestingly, expression studies of human ZP1, ZP2, and ZP3 with these mutations in CHO cells showed defects in their expression, secretion, and interaction suggesting that these mutations are responsible for the abnormal oocyte phenotype observed in these patients (Zhou et al., 2019). Two homozygous mutations in ZP2 [c.1695-2A > G and c.1691_1694dup (p.C566Wfs∗5)] have also been reported in women with a thin ZP and defective sperm binding to the oocyte from two unrelated consanguineous families (Dai et al., 2019). Expression studies in CHO cells led to truncated ZP2 protein. Whole-exome sequencing of ZP1 in two infertile sisters from a family with empty follicle syndrome revealed compound heterozygous mutations. Co-immunoprecipitation studies and homology modeling analysis showed that both mutated ZP1 disrupt the formation of oocyte ZP by interrupting the interaction among ZP1, ZP2, and ZP3 (Sun et al., 2019). These studies suggest that deleterious mutations in the genes encoding human ZP glycoproteins are one of the causative factors for female infertility due to defective ZP and leading to failure of fertilization.



ROLE OF HUMAN ZP GLYCOPROTEINS IN BINDING TO THE SPERMATOZOA AND INDUCTION OF ACROSOME REACTION

Human ZP matrix is composed of four glycoproteins whereas mouse ZP matrix is composed of three glycoproteins. It is pertinent to know, if the role of respective human ZP glycoproteins in sperm–oocyte binding and induction of AR is same as deciphered in mouse model or additional proteins are involved during these steps to accomplish fertilization. In mouse model, the function of individual ZP glycoproteins during fertilization has been elucidated with ‘loss-of-function’ by targeted mutagenesis of individual ZP genes in embryonic stem cells to generate null mutant mice defective for one of the zona proteins. Further, transgenic mouse lines expressing human ZP proteins have been developed to study the binding of human sperm to transgenic mouse eggs that is ‘gain-of-function’ (Avella et al., 2013). In addition to transgenic animal models, purified native/recombinant human ZP proteins have also been used to delineate their biological functions during sperm-egg binding and induction of AR (Gupta et al., 2012; Gupta, 2018). The salient findings with respect to the role of various ZP glycoproteins during sperm-egg binding and induction of AR will be described below using both these approaches.


Human ZP1


Studies Using Transgenic Mouse Model Revealed No Role of ZP1 in Sperm-Egg Binding

To delineate the role of ZP1 during fertilization, ZP1-null mouse lines have been developed by targeted mutagenesis of ZP1 in embryonic stem cells (Rankin et al., 1999). In ZP1 null mice, the ZP is composed of only mouse ZP2 and ZP3 and the matrix is more loosely organized than zonae around normal oocytes. These mice have perturbed folliculogenesis and after mating with males, fewer two-cell embryos are recovered from ZP1 null mice. Hence, mouse ZP1 is not essential for sperm binding or fertilization but it is required for structural integrity of the ZP matrix to minimize precocious hatching and reduced fecundity (Rankin et al., 1999). Subsequently, to delineate the role of human ZP1 in sperm-egg binding, transgenic mouse expressing human ZP1 was crossed with ZP1-null background mouse to produce transgenic mouse lines with zonae expressing human ZP1, mouse ZP2, and mouse ZP3 (Baibakov et al., 2012). The eggs obtained from these transgenic mice failed to bind human sperm suggesting that ZP1 may not be involved in human sperm-egg binding (Baibakov et al., 2012).



Recombinant Human ZP1 Binds to the Capacitated Human Spermatozoa and Induces AR

As of today, there is no report of purification of the human ZP1 from human eggs. However, human ZP1 (26–551 aa residues) without signal peptide sequence and till the CFCS has been expressed in E. coli as well as in insect cells (Ganguly et al., 2010b). Both baculovirus- and E. coli-expressed recombinant human ZP1 binds to the capacitated acrosome-intact human sperm (Table 1). In calcium ionophore-induced acrosome-reacted human sperm, ZP1 binding to the acrosomal cap is lost and its binding is restricted to the equatorial region only. In an additional study, the importance of ‘ZP domain’ of ZP1 for binding to the capacitated spermatozoa has also been shown (Ganguly et al., 2010a; Table 1). Baculovirus-expressed recombinant human ZP1 (273–551 aa residues) encompassing ‘ZP domain’ of ZP1, showed binding profile with capacitated acrosome-intact and acrosome-reacted human sperm similar to that observed with recombinant human ZP1 (26–551 aa residues). Interestingly, incubation of the capacitated human sperm with baculovirus-expressed recombinant human ZP1 (26–551 aa residues) as well as recombinant protein corresponding to ‘ZP domain’ of ZP1 (273–551 aa residues) led to a dose dependent significant increase in the AR (Ganguly et al., 2010a,b; Figure 1). Approximately 30% sperm undergo AR in presence of recombinant human ZP1 (26–551 aa residues; 10 μg/ml) and ∼40% in presence of ZP domain of ZP1 (5 μg/ml) as compared to ∼8% either spontaneous AR or in presence of Fetuin (Ganguly et al., 2010a,b). However, E. coli-expressed recombinant human ZP1 (26–551 aa residues), though binds to the capacitated spermatozoa but failed to induce any significant increase in the AR. These observations suggest that glycosylation of human ZP1 is important for induction of the AR. The studies using recombinant human ZP1 suggests that it has a role in human sperm-egg binding, which are contrary to the observations from transgenic mouse model (Table 2).


TABLE 1. Binding profile of human zona pellucida glycoproteins to the capacitated acrosome-intact and acrosome-reacted human sperm.
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FIGURE 1. Schematic diagram to depict the ability of human ZP glycoproteins to induce acrosome reaction. In humans, more than one zona protein is competent to induce AR. Incubation of capacitated human sperm with baculovirus-expressed recombinant ZP1, ‘ZP domain’ of ZP1 (273–551 aa residues), ZP3, C-terminal fragment of ZP3 (214–305 aa residues), and ZP4 led to a dose dependent increase in AR. Further, several studies have also shown that recombinant human ZP3 expressed in mammalian cells also induce AR. In addition, induction of AR has also been observed in presence of native ZP3 and ZP4 purified from human eggs. However, baculovirus-expressed recombinant ZP2 failed to induce AR.



TABLE 2. Salient findings on the role of human ZP glycoproteins in sperm-egg binding and induction of AR using either transgenic animal models or native/recombinant proteins.
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Human ZP2


Transgenic Mice Studies Revealed the Role of ZP2 in Sperm-Egg Binding

To delineate the role of ZP2 during fertilization, ZP2 knock-out transgenic mouse lines have been developed. In ZP2 null mice, a thin ZP matrix in early follicles with mouse ZP1 and ZP3 synthesis has been observed that could not be sustained in pre-ovulatory follicles (Rankin et al., 2001). The abnormal ZP matrix does not affect initial folliculogenesis, but there is a significant reduction in the number of antral stage follicles. No 2-cell embryos are recovered after mating ZP2 null females with normal male mice, suggesting that mouse ZP2 has a role during fertilization and early embryo development (Rankin et al., 2001). Further, transgenic mouse lines expressing mouse ZP1, mouse ZP3 and human ZP4 but not mouse ZP2 have also been developed with normal appearing ZP matrix (Avella et al., 2014). The eggs obtained from these transgenic mice lacking expression of mouse ZP2 failed to bind mouse sperm suggesting that mouse ZP2 is required for sperm-egg binding and fertility (Avella et al., 2014). In mice, post-fertilization ZP2 undergoes proteolytic cleavage by oocyte-specific ovastacin – a metalloendoprotease leading to changes in the supramolecular structure of the ZP matrix and thereby prevent polyspermy (Burkart et al., 2012). If the ovastacin cleavage site (166LA DE169) was mutated in transgenic mice or ovastacin was genetically ablated, ZP2 does not undergo cleavage and sperm continued to bind early embryo (Gahlay et al., 2010; Burkart et al., 2012). Additional experiments are needed to show whether ZP2 also has a role in avoidance of polyspermy during fertilization in humans.

Subsequently, transgenic mouse lines wherein mouse ZP2 and/or ZP3 were replaced with human homologs have been developed (Rankin et al., 2003). The eggs obtained from transgenic mice expressing human ZP2, mouse ZP1, and mouse ZP3 failed to bind human sperm (Rankin et al., 2003). However, eggs from these transgenic mice showed in vitro binding of mouse sperm leading to successful fertilization and formation of two-cell embryo. After fertilization, human ZP2 failed to be cleaved by ovastacin and mouse sperm showed continued binding with early rescued embryos (Rankin et al., 2003). Further, four transgenic mouse lines expressing human ZP1, ZP2, ZP3, and ZP4 were crossed to establish transgenic mouse line expressing human ZP1-4 in place of mouse ZP1-3 (Baibakov et al., 2012). In vitro sperm-egg binding assay revealed that human sperm bind to the transgenic zonae expressing human ZP2, mouse ZP1, and mouse ZP3 as well as transgenic zonae expressing human ZP1-4 proteins in place of mouse ZP1-3 (Baibakov et al., 2012; Avella et al., 2014; Figure 2). The failure to observe human sperm binding to the transgenic zonae expressing human ZP2, mouse ZP1 and mouse ZP3 in the previous study (Rankin et al., 2003) was due to the insufficient time allowed for capacitation of human sperm (Baibakov et al., 2012; Avella et al., 2014). In case of transgenic eggs expressing human ZP1-4, human sperm not only bind to the eggs but also penetrated ZP matrix and accumulated in the perivitelline space (Avella et al., 2014). The sperm accumulated in perivitelline space are acrosome-reacted. Using DNA recombinant technologies and pronuclear injection, transgenic mouse lines expressing human exons encoding human ZP2 (22–164 aa residues) and mouse exons encoding mouse ZP2 (18–156 aa residues) either as hu/moZP2 or mo/huZP2 configuration have been developed. In addition, zonae from the above transgenic mouse lines also expressed mouse ZP1 and ZP3. The ZP of the chimeric hu/moZP2 eggs reacted with human ZP2 N-terminus and mouse ZP2 C-terminus but not mouse ZP2 N-terminus recognizing monoclonal antibodies. The ZP surrounding the chimeric mo/huZP2 eggs reacted with antibodies to the N-terminus but not the C-terminus of mouse ZP2. Human sperm bind to the chimeric zonae expressing hu/moZP2 but not to those expressing mo/huZP2 chimeric protein thereby suggesting that the N-terminus of ZP2 mediate the taxon-specificity of human sperm binding to the ZP (Avella et al., 2014).
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FIGURE 2. Schematic diagram to illustrate binding of human sperm to transgenic mouse oocyte expressing human ZP2. No binding of human capacitated sperm is observed when incubated with mouse eggs expressing mouse ZP1, ZP2, and ZP3. However, zonae from transgenic mouse lines expressing either human ZP2, mouse ZP1, and mouse ZP3 or human ZP1-4 in place of mouse ZP1-3 or those expressing human ZP2 N-terminal fragment corresponding to 22–164 aa residues instead of mouse ZP2, showed binding with human sperm suggesting its important role in human sperm-egg binding. Agarose beads coated with human ZP2 peptide (39–154 aa residues) inhibited the binding of human sperm to transgenic mouse oocytes expressing human ZP2 (Baibakov et al., 2012; Avella et al., 2014, 2016).




Human ZP2 Protein/Fragment Binds to Either Capacitated or Acrosome-Reacted Human Sperm

Contradictory observations about the ability of native and/or recombinant human ZP2 for binding to the capacitated human spermatozoa have been reported. It has been demonstrated that agarose beads coated with recombinant human ZP2 peptides corresponding to either 39–154 or 39–267 aa residues bind specifically with human sperm (Baibakov et al., 2012; Avella et al., 2016). Interestingly, human ZP2 peptide (39–154 aa residues) coated beads prevented the binding and penetration of the human sperm to the transgenic eggs expressing human ZP2 in place of mouse ZP2 (Avella et al., 2016; Figure 2). Using immobilized baculovirus-expressed recombinant human ZP2 in a solid-phase immunoassay, binding of capacitated human sperm has been reported with ZP2, though it was lower as compared to immobilized ZP4 and ZP3 (Chirinos et al., 2011).

On the other hand, binding studies with E. coli-expressed N-terminal fragment of recombinant human ZP2 (39–242 aa residues, excluding signal peptide) revealed that it does not bind to the capacitated acrosome-intact human spermatozoa but showed binding to ∼63% of acrosome-reacted spermatozoa. The binding sites are observed in the region from the acrosome to the midpiece (Tsubamoto et al., 1999; Table 1). These observations are further confirmed by employing E. coli (38–645 aa)-/baculovirus (1–745 aa)-expressed recombinant human ZP2, wherein binding is observed only to the equatorial region of the acrosome-reacted human sperm (Chakravarty et al., 2008; Table 1). The native ZP2 purified from human eggs using immunoaffinity column binds over the equatorial region, post-acrosomal region and midpiece of the capacitated acrosome-intact human spermatozoa. In acrosome-reacted human sperm, ZP2 showed binding to the acrosome region as well as in the post-acrosome region, equatorial region and midpiece (Chiu et al., 2008b; Table 1). Incubation of capacitated human sperm with baculovirus-expressed recombinant human ZP2 does not lead to any significant increase in the AR as compared to spontaneous AR (Chakravarty et al., 2005; Figure 1). The role of human ZP2 as observed using either transgenic mice or purified native/recombinant proteins in human sperm-egg binding is summarized in Table 2.



Human ZP3


Transgenic Mice Studies Revealed That ZP3 Has No Role in Sperm–Oocyte Binding

To understand the role of ZP3 in sperm-egg binding and fertilization, using gene-targeting and embryonic stem cell technologies ZP3 null mouse cell lines have been developed. The ZP3 null mice have follicles with germinal vesicle intact oocytes but completely lack a ZP matrix and have a disorganized corona radiata (Liu et al., 1996; Rankin et al., 1996). The females of these mice are sterile and the developmental potential of their oocytes is highly compromised. Subsequently, using transgenesis mouse lines have been developed wherein mouse ZP3 has been replaced with human ZP3 thereby expressing human-mouse chimeric ZP (human ZP3, mouse ZP1, and mouse ZP2). As compared to ZP3 null mouse, it led to the restoration of ZP matrix (Rankin et al., 2003). The eggs with mosaic ZP (mouse ZP1, mouse ZP2, and human ZP3) failed to bind human sperm. However, the mouse sperm bind to these eggs and these transgenic mice are fertile (Rankin et al., 1998). In another additional study, it has been shown that human sperm fail to bind to the transgenic zonae expressing human ZP3 in place of mouse ZP3 (Baibakov et al., 2012). These studies using transgenic mice suggested that ZP3 is not involved in human sperm-egg binding.



Native/Recombinant Human ZP3 Binds to Capacitated Human Spermatozoa and Induces AR

To study the role of human ZP3 in sperm–oocyte binding and induction of AR, it has been expressed using both prokaryotic as well as eukaryotic expression systems (van Duin et al., 1994; Dong et al., 2001; Bray et al., 2002; Chakravarty et al., 2005; Caballero-Campo et al., 2006; Jose et al., 2010; Chirinos et al., 2011). Recombinant human ZP3 expressed in human ovarian teratocarcinoma (PA-1) cells showed dose-dependent inhibition of in vitro sperm-ZP binding in a hemizona assay (Dong et al., 2001). Baculovirus-expressed recombinant human ZP3 (1-424 aa residues) labeled with FITC binds to either acrosomal cap or equatorial region of the capacitated acrosome-intact sperm whereas its binding is restricted to the equatorial region only in the acrosome-reacted human sperm (Chakravarty et al., 2008; Table 1). E. coli-expressed recombinant human ZP3 (23–348 aa residues) also showed similar binding profile with spermatozoa (Table 1). Native human ZP3 (∼58 kDa) purified from human eggs also binds to the acrosomal region, equatorial region and midpiece of the capacitated acrosome-intact spermatozoa. However, binding of native ZP3 was restricted to midpiece of the acrosome-reacted spermatozoa (Chiu et al., 2008b; Table 1).

By and large, E. coli-expressed recombinant human ZP3 (devoid of glycosylation) failed to induce AR when incubated with capacitated human sperm (Chakravarty et al., 2005, 2008). However, ZP3 expressed using either baculovirus expression system or mammalian expression system leads to a dose and time dependent increase in AR. Studies by various investigators have shown that approximately 10–28% capacitated human sperm undergo AR (AR in presence of ZP3 minus spontaneous AR) when treated with recombinant ZP3 (van Duin et al., 1994; Dong et al., 2001; Bray et al., 2002; Chakravarty et al., 2005, 2008; Figure 1). These observations have been further consolidated by showing that the native human ZP3 purified from human eggs also induces dose dependent increase in AR (Chiu et al., 2008a; Figure 1). In presence of native human ZP3 (25 pmol/ml), ∼37% human sperm undergo AR as compared to ∼10% spontaneous AR. The maximal AR was observed after 15 min of incubation with ZP3 (Chiu et al., 2008a). The ability of human ZP3 to bind to the capacitated human spermatozoa and induction of AR resides in its C-terminal fragment corresponding to 214–305 aa residues (Bansal et al., 2009; Figure 1). However, in another study, E. coli-expressed recombinant human ZP3 peptides corresponding to 22–176 and 177–348 aa residues do induce AR that could be inhibited by pertussis toxin, EGTA and pimozide- a T-type calcium channel blocker (Ni et al., 2007).

Initial classical studies done in mouse model showed ZP3 as the zona ligand for sperm-egg binding and induction of AR (Bleil and Wassarman, 1983; Beebe et al., 1992). Molecular genetic approaches based on exon swapping and site-directed mutagenesis revealed that the spermatozoa binding site of mouse ZP3 is encoded by exon 7 (Kinloch et al., 1995). Subsequently, O-glycans attached to Ser332 and Ser334 of ZP3 have been shown to be critical for its biological activity (Florman and Wassarman, 1985; Chen et al., 1998). However, mice deficient in glycosyl transferase were fertile suggesting that terminal galactose in alpha linkage is not critical for sperm-egg binding (Thall et al., 1995). Further studies showed that terminal galactose and N-acetylglucosamine of ZP3 are also not required for fertilization in mouse (Williams et al., 2007). O-linked glycosylation of Ser332 and Ser334 has not been observed in ZP3 purified from mouse eggs by mass spectrometry (Boja et al., 2003). Transgenic mouse lines with mutated serine residues of ZP3 have been developed (Liu et al., 1995). The eggs obtained from these transgenic mice showed normal sperm binding and mice were fertile when mated with normal male (Liu et al., 1995). Moreover, when ZP3 transgene with Ser332 to Ala332 and Ser334 to Ala334 mutations were introduced into ZP3 null mice, the resulting mice were fertile suggesting that sperm binding and AR took place in absence of normal mouse ZP3 (Gahlay et al., 2010).



Human ZP4


Transgenic Animal Models Suggests No Role for Human ZP4 in Taxon-Specific Sperm-Egg Binding

To investigate the role of ZP4 in taxon-specific sperm-egg binding, transgenic mouse lines have been developed that expressed human ZP4 in addition to the mouse ZP1, ZP2, and ZP3 in the ZP matrix of growing oocytes (Yauger et al., 2011). Mating studies of transgenic mice expressing human ZP4 with normal male mice resulted in litters with a size comparable with non-transgenic female mice. In vitro sperm binding assay revealed that only mouse sperm and not human sperm bind to the mouse eggs expressing human ZP4 (Yauger et al., 2011; Baibakov et al., 2012). The binding of mouse sperm to the transgenic mouse eggs is comparable to the non-transgenic mouse eggs. These studies suggested that ZP4 may not be sufficient for taxon-specific sperm binding to the egg (Yauger et al., 2011). Recently, the relevance of ZP4 in maintenance of appropriate ZP matrix and in vivo preimplantation development of the blastocyst has been shown in ZP4 knock out female rabbits. However, fertilization is not affected in the ZP4 knock out animals (Lamas-Toranzo et al., 2019). Thus, observations from transgenic mouse as well as rabbit model suggest that ZP4 may not have role in sperm-egg binding.



Native/Recombinant Human ZP4 Binds to Human Spermatozoa and Induce AR

The initial evidence that ZP4 may have a role in human ‘sperm–oocyte’ binding came by using recombinant human ZP4 (Chakravarty et al., 2008; Table 1). Interestingly, binding of both ZP3 and ZP4 to the same capacitated spermatozoon has been demonstrated by using triple staining, suggesting that these two proteins may have different binding sites on the spermatozoon. Higher percentage of sperm showed binding of ZP4 to the acrosome region of the capacitated acrosome-intact sperm as compared to ZP3 (Chakravarty et al., 2008). In another independent study using immobilized baculovirus-expressed recombinant human ZP2, ZP3, and ZP4, highest number of sperm bound to ZP4 followed by ZP3 and ZP2 (Chirinos et al., 2011). Binding of native human ZP4 purified from human eggs to the entire head of the capacitated acrosome-intact human spermatozoa has also been demonstrated, which disappears after acrosome reaction (Chiu et al., 2008b; Table 1). Studies from the other species also suggest that ZP4 may have a role in sperm-egg binding. In rabbits, recombinant ZP4 binds to the acrosome of rabbit sperm (Prasad et al., 1996). Similarly, in porcine (Yurewicz et al., 1998) and bovine (Kanai et al., 2007) heterocomplexes of ZP3 and ZP4 are responsible for sperm-egg binding. The salient findings on the role of human ZP4 in sperm-egg binding as observed by using either transgenic animal models or native/recombinant protein are summarized in Table 2.

As the case with baculovirus-expressed human ZP1 and ZP3, incubation of capacitated human sperm with baculovirus-expressed human ZP4 also led to a dose dependent increase in AR (Chakravarty et al., 2005, 2008; Caballero-Campo et al., 2006; Figure 1). Dose dependent studies with baculovirus-expressed recombinant human ZP4 revealed that as low as 1 μg/ml protein induced a significant increase in AR. The significant increase in AR is observed after 15 min treatment with the recombinant protein, which plateau at 60 min. Approximately 22% sperm undergo AR in presence of recombinant ZP4 (20 μg/ml) as compared to ∼9% spontaneous AR under similar experimental conditions (Chakravarty et al., 2005). Further, incubation of capacitated sperm with purified native human ZP4 also led to a dose-dependent increase in AR (Chiu et al., 2008a; Figure 1). Approximately 29% capacitated human sperm undergo AR when treated with native human ZP4 (25 pmol/ml) as compared to ∼10% spontaneous AR. Interestingly, simultaneous treatment of capacitated human sperm with native ZP3 and ZP4 lead to an increase in the percentage of sperm undergoing AR to about 38% (Chiu et al., 2008a). Two monoclonal antibodies (MA-1662, MA-1671) generated against human ZP4 significantly inhibited baculovirus-expressed recombinant ZP4-mediated AR. Using recombinant peptides expressed in E. coli, the minimal epitope of MA-1671 was mapped to 126–130 aa residues and MA-1662 was mapped to 256–260 aa residues. These observations suggest that both N- and C-terminal parts of human ZP4 may be relevant for induction of AR (Xu et al., 2012).



ROLE OF ZP GLYCANS IN HUMAN OOCYTE-SPERM BINDING AND INDUCTION OF ACROSOMAL EXOCYTOSIS


Oocyte-Sperm Binding

Both glycans as well as protein–protein interactions have been shown to play a role during human oocyte–sperm binding. The observations that E. coli-expressed recombinant human ZP1, ZP3, and ZP4 bind to the capacitated acrosome-intact sperm support the hypothesis that protein–protein interaction is sufficient for binding of the ZP proteins to the spermatozoa (Chakravarty et al., 2008; Ganguly et al., 2010b). Homozygous mutant mice expressing N-terminal mouse ZP2 sperm binding domain with N-glycan site mutated (moZP2N83Q) in a ZP2Null background showed normal mouse sperm binding to the oocytes suggesting that gamete recognition is glycan-independent (Tokuhiro and Dean, 2018). In the context of human sperm-egg binding, confirmation of these findings is still awaited from this group using gene-edited mice expressing human ZP2 N-terminal fragment with appropriate mutations in the glycosylation site(s).

On the contrary, mannose (which is present on human ZP glycoproteins) can inhibit in vitro human fertilization (Mori et al., 1989). Several oligosaccharides along with complex glycoconjugates bearing selectin-like ligands have been shown to be involved in human sperm-egg binding (Oehninger et al., 1998). In a hemizona binding assay, decrease in human sperm binding to human hemizona has been reported when sperm were pre-incubated with GlcNAc, mannose, fucose and galactose (Miranda et al., 1997). Periodate oxidation of human ZP suggested that sialic acid is also involved in human sperm-egg binding (Ozgur et al., 1998). Further, the sialyl-Lewisx present on N- and O-linked glycans of human ZP plays an important role in human sperm–oocyte binding as pre-incubation of human sperm with it or its conjugate with bovine serum albumin or antibodies against it leads to inhibition of human sperm–oocyte binding (Pang et al., 2011). In another independent study, it has been shown that human ZP matrix is coated with high density of complex type N-glycans terminated with the sialyl-Lewisx sequence. In hemizona assay, sialyl-Lewisxtetrasaccharide as well as neoglycoproteins terminated by sialyl-Lewisx showed significant inhibition of human sperm-ZP binding (Clark, 2013). By using chemoenzymatically synthesized highly complex triantennary N-glycans again confirmed that sialyl-Lewisx moiety is critical for human sperm-egg binding (Chinoy et al., 2018). On the other hand, eggs obtained from transgenic mice expressing human ZP2, mouse ZP1, and mouse ZP3 that bind human sperm do not show expression of sialyl-Lewisx expression suggesting that it may not be critical for sperm-egg binding (Avella et al., 2014).



Acrosome Reaction

As discussed in Section “Role of Human ZP Glycoproteins in Binding to the Spermatozoa and Induction of Acrosome Reaction,” E. coli-expressed recombinant ZP1, ZP3, and ZP4 by and large failed to induce AR in the capacitated human spermatozoa in spite of their binding to spermatozoa (Chakravarty et al., 2005, 2008; Ganguly et al., 2010b). Baculovirus-expressed recombinant human ZP3 and ZP4 deficient in N-linked glycosylation showed significant reduction in their ability to induce AR, whereas removal of O-linked glycosylation (by alkali treatment) has no adverse effect on their ability to induce AR (Chakravarty et al., 2008). Further, removal of N-linked glycosylation by N-glycosidase-F from native ZP3 and ZP4 purified from human eggs also significantly inhibited their ability to induce AR in capacitated human sperm as compared to untreated ZP3 and ZP4. As in case of baculovirus expressed recombinant proteins, removal of O-linked glycosylation of purified native ZP3 and ZP4 does not significantly decrease AR (Chiu et al., 2008a). These observations suggest that N-linked glycans of human zona proteins are more relevant than O-linked glycans for their ability to induce AR.



CONCLUDING COMMENTS

Using eggs from transgenic mouse lines expressing human ZP1, ZP2, ZP3, and ZP4, it has been demonstrated that ZP2 plays an important role in human sperm-egg binding whereas ZP1, ZP3, and ZP4 may not be relevant for sperm-egg binding. On the contrary, using purified native and/or recombinant proteins, it has been shown that human ZP1, ZP3, and ZP4 binds to the capacitated human spermatozoa and induce AR. There may be various probable reasons for failure of human sperm to bind to the mouse transgenic zonae expressing human ZP1, ZP3, and ZP4. One of the possibilities is that mouse ZP matrix (∼8 μm) is thinner than human ZP matrix (12 μm). It is possible that the stoichiometry of human ZP1, ZP3, and ZP4 incorporated in the transgenic mouse zonae may be different as compared to human zonae. Further, the epitopes/domains of the human zona proteins responsible for human sperm binding may not be accessible in the transgenic mouse zonae. Though based on mobility on SDS-PAGE, human proteins expressed in transgenic mice zonae are post-translationally modified to a similar extent as observed in native human zona proteins, but the possibility of differential glycosylation of human zona proteins in the transgenic mouse remains. If glycosylation plays an important role in human sperm-egg binding, it may be a critical factor and needs to be investigated. Further, contribution, if any from oligosacharides of ZP glycoproteins in imparting species specificity of ‘sperm–oocyte’ binding also needs investigations. It may be imperative to complement the non-binding of human sperm to mouse transgenic zonae expressing human ZP1, ZP3, and ZP4 with positive results showing human sperm binding by improving assay conditions for sperm-egg binding to support that transgenic mouse model physiologically mimics human gamete recognition. On the other hand, use of individual native/recombinant human zona proteins to study their binding characteristics with spermatozoa and/or induction of AR has a limitation that physiologically, spermatozoa binds to the ZP matrix that has all the four glycoproteins present in ZP matrix. Further, analyses of mutations in the gene encoding human zona proteins from infertile women suggest that ZP1, ZP2, and ZP3 have a role in fertility and assembly of ZP matrix.
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Premature ovarian insufficiency (POI) is a heterogeneous disorder and lacks effective interventions in clinical applications. This research aimed to elucidate the potential effects of recombinant human PEGylated growth hormone (rhGH) on follicular development and mitochondrial function in oocytes as well as ovarian parameters in POI rats induced by the chemotherapeutic agent. The impacts of rhGH on ovarian function before superovulation on follicles, estrous cycle, and sex hormones were evaluated. Oocytes were retrieved to determine oocyte quality and oxidative stress parameters. Single-cell sequencing was applied to investigate the latent regulatory network. This study provides new evidence that a high dosage of rhGH increased the number of retrieved oocytes even though it did not completely restore the disturbed estrous cycle and sex hormones. rhGH attenuated the apoptosis of granulosa cells and oxidative stress response caused by reactive oxygen species (ROS) and mitochondrial superoxide. Additionally, rhGH modulated the energy metabolism of oocytes concerning the mitochondrial membrane potential and ATP content but not mtDNA copy numbers. Based on single-cell transcriptomic analysis, we found that rhGH directly or indirectly promoted the balance of oxidative stress and cellular oxidant detoxification. Four hub genes, Pxmp4, Ehbp1, Mt-cyb, and Enpp6, were identified to be closely related to the repair process in oocytes as potential targets for POI treatment.
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INTRODUCTION

Premature ovarian insufficiency (POI) is characterized by the loss of ovarian function before 40 years of age with primary or secondary amenorrhea, increased follicle-stimulating hormone (FSH) and reduced estradiol (E2), and it affects about 1% of women worldwide (Liu et al., 2014; Ghahremani-Nasab et al., 2020). Chemotherapeutic agents, which are common causes of POI, exhibit strong reproductive toxicity by promoting the abnormal activation or deletion of primordial follicles and impairing the ovarian microenvironment (Chen et al., 2019). Consequently, ovarian function and oocyte quality are severely damaged owing to cellular metabolic disorders, DNA trauma, and oxidative stress (Khedr, 2015). The currently available POI therapies, which have a limited clinical application, include assisted reproductive technology, stem cell therapy, and hormonal replacement treatment. Therefore, improved therapeutic strategies are urgently needed.

Growth hormone (GH) is a critical peptide hormone secreted by the anterior pituitary. As a member of the growth factor family, it plays a vital role in regulating growth and development, the gonadal axis, metabolism, and the psychological status (Ben-Avraham et al., 2017; Nylander et al., 2018). Recently, it has been identified to be involved in attenuating the injury caused by chemotherapy via promoting hematopoietic recovery (Zhang et al., 2008) and repairing the intestinal mucosal barrier (Ortega et al., 2001). More importantly, it has also been shown to be associated with fertility and fecundity (Satoh et al., 2002). Patients benefit from GH supplementation during controlled ovarian hyperstimulation or in vitro maturation, and recombinant human PEGylated growth hormone (rhGH) improves the likelihood of pregnancy by affecting the oocyte and subsequent embryo quality (Yovich and Stanger, 2010; Weall et al., 2015). A research on mice has also confirmed, in POI treatment, the crucial role of the Notch-1 signaling pathway activated by GH at the tissue level (Liu et al., 2016). In addition, GH affects the maturation of germinal vesicle oocytes via promoting meiotic progression, balancing redox homeostasis of the microenvironment, and enhancing oocyte developmental competence (Li et al., 2019). In recent years, growing studies have observed some potential benefits under GH intervention for women with poor ovarian response (Dakhly et al., 2016; Chu et al., 2018; Cai et al., 2019), and it has already been written into the Chinese expert consensus as a recommended adjuvant therapy drug in 2015. Three studies of meta-analysis have successively evaluated the value of the usage of GH. One of the studies in 2010 in the Cochrane database concluded that GH addition could improve the clinical pregnancy rate and live birth rate (Duffy et al., 2010). Another study in 2015 revealed an increased the serum E2 level on the day of HCG, MII oocyte number, zygotes number with 2 pronuclei, and even obtained embryos although the implantation rate and clinical pregnancy rate did not differ after GH treatment (Yu et al., 2015). The third study in 2018 made similar conclusions besides a reduced use of gonadotropin during controlled ovarian stimulation cycles (Li et al., 2017). All these studies support the potential of GH for fertility improvement. However, most studies focused on individuals with poor ovarian response or aging, and no unified drug regimen on the timing and dosage of rhGH is available in clinical application for these patients. There is still insufficient evidence to ascertain the therapeutic effect of GH in POI, as the underlying mechanisms on oocytes remain not so clear.

Therefore, the principal objectives of this study were to investigate the therapeutic effects of the long-acting rhGH modified by drug PEGylation or polyethylene glycol recombinant human growth hormone, the structure of which is conjugated with polyethylene glycol moiety (a longer half-life, slower plasma clearance, and reduced immunogenicity than traditional GH) (Hou et al., 2016; Saenger and Mejia-Corletto, 2016) on ovarian function, especially oocyte quality, in POI rats induced by chemotherapeutic agent, and to explore the possible mechanisms associated with the improved outcomes.



MATERIALS AND METHODS


Animals and Study Design

Five weeks old female SD rats were purchased from Beijing Vital River Laboratory Animal Technology Corporation and experiments were carried out following the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals. The present study was performed with ethical approval from the Committee of Animal Experimentation of Peking Union Medical College Hospital, Chinese Academy of Medical Sciences & Peking Union Medical College. Rats were maintained for one week to aid acclimatization in specific pathogen-free conditions and were divided into five groups: (I) Wt (normal control rats); (II) Mo (rats intraperitoneally injected with 50 mg/kg cyclophosphamide (CTX) for the first time, followed by a 14-day consecutive injection of 8 mg/kg CTX to establish a POI animal model); (III) Tl (POI model rats injected with low dosage, 0.4 mg/kg rhGH); (IV) Tm (POI model rats injected with medium dosage, 0.8 mg/kg rhGH); and (V) Th (POI model rats injected with high dosage, 1.6 mg/kg rhGH). The former two groups were subcutaneously injected with PBS as a normal control or disease control. The latter three groups were subcutaneously injected with rhGH of different dosage, a long-acting agent, once per week for 28 days. Rats were housed in a temperature-controlled environment under a standard dark-light cycle and had free access to food and water. Among the experimental subjects, 12 rats from each group (60 in total) were finally used to collect tissue samples including ovaries and blood and 8 ones were arranged for oocyte induction for assessing the quality and mitochondria-relevant experiments.



Vaginal Cytology

Vaginal smears were obtained daily by flushing with 20 μl PBS and staining with Wright & Giemsa (Solarbio Life Science, Beijing, China), mixed with PBS solution for 3–5 min and rinsed subsequently with water. The estrous cycle was defined based on the cell types (nucleated cells, non-keratinized squamous cells, and leukocytes), observed under a microscope at ×100 magnification and was distinguished into proestrus (P), estrus (E), and meta-estrus (M) or diestrus (D) (Feng et al., 2019).



Morphological Observation and Follicle Counting

Ovaries harvested from each group were fixed with 4% paraformaldehyde overnight and then sectioned into 5 μm thick slices and mounted on glass slides for routine H&E staining for pathological analysis. To classify and enumerate follicles, 10 interval slices from one ovary were selected for each sample and only follicles containing an oocyte were counted in every slide. Follicles were classified as primary, secondary, and antral or preovulatory follicles according to the presence and distribution of granulosa cells, follicular antrum, or cumulus cells as previously described (Myers et al., 2004). Primary follicles were determined when oocytes covered with a single layer of granulosa cells of cuboidal shape. Secondary follicles were identified when there was more than one layer of granulosa cells. For antral follicles, they were characterized by an antral space formed by follicular fluid. Preovulatory follicles typically possessed a rim of cumulus cells.



Enzyme-Linked Immunosorbent Assay

Blood samples were extracted by heart puncture and isolated after centrifugation at 1,500 g/min for 15 min. The enzyme-linked immunosorbent assay (ELISA) panels (Cusabio, Wuhan, China) were used for E2 and FSH detection. E2 and FSH standards were diluted into 40–1,000 pg/ml and 0.17–10 mIU/ml, respectively. HRP-conjugate mixed solution was added into the samples and incubated at 37°C for 1 h. After washing thrice, the substrate was added into each well. The plate was kept away from drafts in the dark, followed by stop solution reaction. The kits used employed a competitive inhibition enzyme immunoassay technique, and the final results of optical density of each well were measured using a microplate reader set to 450 nm.



Apoptosis Assay

Ovarian slices were incubated with TUNEL FITC Apoptosis Detection Kit (Vazyme, Nanjing, China). Tissue permeability was enhanced by treatment with 20 μg/ml proteinase K for 10 min at room temperature. The slices were rinsed with PBS thrice for 5 min. For labeling and detection, slices were firstly covered with equilibration buffer for 20 min. Samples were then incubated with terminal deoxynucleotidyl transferase and FITC-12-dUTP Labeling Mix buffer in the dark. After washing with PBS, slices were further rinsed with clearing solution with 0.1% Triton X-100 and 5 mg/ml BSA. Tissue sections were observed for apoptotic cells with fragmented nuclei using a fluorescence microscope.



Quantitative Reverse Transcription Polymerase Chain Reaction Analysis

mRNA levels of respiratory-chain-related genes were determined using quantitative reverse transcription polymerase chain reaction (qRT-PCR), and total RNA was extracted from ovarian tissues with TRIzol Reagent (Takara, Japan). Reverse transcription was performed to generate cDNA strand preconditioned with gDNA Eraser (Takara, Japan). qRT-PCR was conducted using SYBR® Premix Ex TaqTM (Takara, Japan). PCR primer sequences were designed using the primer premier v6.0 software and blasted using Primer-Blast as listed in Table 1. Cycling conditions for the PCR machine were set as follows: 95°C for 3 s and 60°C for 30 s for 40 cycles in a 20 μl reaction volume. Gene amplification levels were quantified by the delta-delta CT method and standardized to that of the reference gene.


TABLE 1. Primers information.

[image: Table 1]


Ovulation Induction and Oocyte Incubation

Ovulation was induced as previously described, with modifications (Cornejo-Cortes et al., 2006). Briefly, after four-week GH treatment, rats were super-ovulated with 50 IU pregnant mare serum gonadotropin (ProSpec, Israel). After 48 h, 50 IU human chorionic gonadotropin (ProSpec, Israel) was administered intraperitoneally to trigger oocytes maturation. Oviducts were harvested 24 h after hCG administration. Oocytes were then released into pre-heated G-MOPSplus medium (Vitrolife, Sweden) by tearing oviducts with a needle. Cumulus-free oocytes were harvested from the oocyte-corona-cumulus complex after removing granulosa cells with the addition of 0.3 mg/ml hyaluronidase (Sigma-Aldrich). They were washed thrice with G-MOPSplus and finally incubated at 37°C in G-IVFplus medium (Vitrolife, Sweden).



Evaluation of Oocyte ATP Content

Each oocyte was transferred into a sterile tube with 100 μl lysis solution, as an independent sample, to release ATP from the oocytes. The average ATP content in each sample and the luminescence intensity were linearly dependent. According to the kit’s guide (Beyotime, Beijing, China), a standard curve including eight ATP concentrations, ranging from 1 to ∼5000 nM, was prepared for the analysis. Samples were immediately disposed to avoid enzymatic ATP hydrolysis, which were transferred onto a 96-well plate with 100 μl detection working fluid, and the ATP concentration was finally evaluated using a luminometer.



Mitochondrial Membrane Potential Assay With JC-1

The mitochondrial membrane potential (ΔΨm) was quantified as previously reported (Wu et al., 2009). The mitochondrial probe, JC-1 is a dual-emission and potential-sensitivity indicator for mitochondrial membrane potential that accumulates preferentially within the mitochondrial matrix to form J-aggregates (red fluorescence) when the potential is high, and conversely, disaggregates into monomers (green fluorescence) at a low potential. The oocytes retrieved were incubated in medium containing JC-1 at 37°C for 20 min (Beyotime, Beijing, China). After incubation, oocytes were rinsed with precooled JC-1 staining buffer solution twice and then transferred into confocal dishes with fresh medium. Finally, the distribution of JC-1 was determined using a confocal laser microscope. Captured images were processed using Image J software.



Quantification of Mitochondrial DNA Copy Number

Oocytes were transferred individually to a 200 μl tube containing 10 μl lysis buffers (50 mM Tris-HCl, 0.1 mM EDTA, 0.5% Tween-20 and 200 mg/ml proteinase K) and incubated at 55°C for 20 min and then at 95°C for 10 min sequentially to release the DNA. qPCR primers for rat mtDNA sequences (mtND2) (forward primer: CCTCATAGGGCCTGTAATCACT; reverse primer: GCTGCTTCAGTTGATCGTGG) were designed. Absolute quantification of the mtDNA copy number was performed, and template DNA was extracted from oocytes for the construction of the pESI-T vector, linked with mtND2 gene and validated with Sanger sequencing (Takeo et al., 2014, 2015; Hou et al., 2018). qRT-PCR was then performed to quantify the copy number of mtND2. PCR conditions were as follows: 95°C for 5 min and 40 cycles at 95°C for 10 s and 60°C for 30 s. A standard curve was plotted with eight 10-fold serial dilutions of the external standard for the determination of the mtDNA copy number.



Reactive Oxygen Species and MitoSOXTM Detection

Mitochondrial superoxide is the predominant reactive oxygen species (ROS) in mitochondria, generated as a byproduct of oxidative phosphorylation. It was assessed using a superoxide indicator, MitoSOXTM following the manufacturer’s instructions. Briefly, oocytes were incubated in 5 μM MitoSOXTM reagent working solution (Invitrogen) dissolved in the medium. Loaded cells were incubated for 10 min at 37°C in the dark and observed under a confocal microscope. Intracellular ROS was labeled by a fluorescence probe, DCFH-DA (Beyotime, Beijing, China). As recommended, live oocytes were cultured with 10 μM diluted DCFH-DA for 20 min at 37°C. Cells were then rinsed with medium thrice and evaluated using the confocal microscope.



Single-Cell RNA Sequencing and Bioinformatic Analysis

Every individual oocyte was placed into sterile 200 μl tubes for full-length mRNA amplification and DNA library construction for Illumina sequencing. Based on the results from the experiments above, oocytes were retrived from the group with the optimal dosage of rhGH (1.6 mg/kg) for further single-cell RNA sequencing analysis. Thus, a total of 89 cells from the Wt, Mo, and Th groups were collected and lysed with RNase inhibitor to release RNA, which were subsequently amplified to synthesize first-strand cDNA (PCR conditions were as follows: 42°C for 90 min and 70°C for 15 min) and the full-length cDNA depending on the template-switching activity of the reverse transcriptase (PCR conditions were as follows: 98°C for 1 min; 18 cycles at 98°C for 10 s, 65°C for 15 s, and 72°C for 6 min; 72°C for 5 min). Amplification products were purified using magnetic beads and evaluated with an Agilent 2100 bioanalyzer to determine the cDNA size distribution. To construct sequencing libraries for the Illumina platform, the transposase method was applied for “tagmentation” of the input (1 ng cDNA of initial mass), followed by strand displacement with adaptors and a limited-cycle PCR. Finally, the fragment library was purified using beads, and DNA molecules with lengths ranging from 300 to 700 bp were selected and quantified using Qubit according to the manufacturer’s instructions.

To determine the expression levels of genes among the groups, routine bioinformatic analysis was carried out, including quality control by FastQC and filtering of raw data to obtain high-quality clean reads were quantified based on the alignment of sequence data against the rat reference genome (Rattus_norvegicus.Rnor_6.0.dna) using Hisat2. The aligned data were further calculated to evaluate the distribution of the reads using the CollectRnaSeqMetrics module of Picard. The expected number of Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced (FPKM) method was applied to calculate the expression level of genes in each oocyte. Differentially expressed genes (DEGs) were then selected by limma package when meeting the criteria P < 0.05 and fold-change >1.5.



Statistical Analysis

Data were represented as mean ± SD. One-way analysis of variance was applied to evaluate significance using IBM SPSS Statistics software, version 22.0. Shapiro–Wilk test, combined with normality plots, was applied to determine the normal distribution. Results were recognized as statistically significant when P < 0.05.



RESULTS


Effects of rhGH Treatment on the Ovarian Function Affected by CTX

Rats were sacrificed after rhGH administration for further analysis. To evaluate the reparative actions of rhGH on ovarian function, we analyzed the pathologic changes, follicles development, estrous cycle, and serum hormones of the rats. The data demonstrated, as shown in Figure 1, that CTX could cause follicle depletion and organic lesions to a certain degree with reduced total follicles, especially primary or secondary follicles (Figures 1A,C,D), and ovarian index (0.45 ± 0.04 versus 0.52 ± 0.07 for the Mo and Wt groups, respectively) or ovarian weight (Figure 1B). After therapy, the ovarian weight of the rats in the Th and Tm groups increased; however, the ovarian index remained unchanged owing to the body of rats growing at the same pace. Additionally, the results also implied that high dosage of rhGH could promote the development of the surviving primary follicles to secondary follicles (Figure 1C). However, the number of total follicles showed no statistical difference among the groups (Figure 1D). We observed a hormonal disruption in the POI model, with increased FSH (42.50 ± 3.50 versus 25.4 ± 5.02 for the Mo and Wt groups, respectively. P < 0.01) and decreased E2 (260.40 ± 60.14 versus 338.67 ± 54.77 for the Mo and Wt groups, respectively. P < 0.05) levels; however, rhGH therapy did not reverse the condition (Figures 1E,F). To determine the estrous cycle, vaginal smears were performed daily until the animals were sacrificed. Typical images (proestrus, estrus, and meta-estrus, or diestrus) and the records of daily estrous cycles for each group were obtained (Supplementary Figures 1A,B). As expected, the estrous cycle of rats in the Mo group revealed an anomaly, which was that it was liable to be arrested in the diestrus stage when compared with that of the normal group (Supplementary Figure 1C).
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FIGURE 1. Effects of rhGH on ovarian function during POI treatment. (A) Hematoxylin-eosin staining for the ovarian tissues (a, b, c, d, and e for the Wt, Mo, Tl, Tm, and Th groups, respectively. n = 12, scale bar = 200 μm, ×100 magnification). (B) Ovarian weight (midnight-blue part) and ovarian index (yellow part) for each group (n = 12, ∗P < 0.05, ∗∗P < 0.01). (C) Different follicles including primary, secondary, antral, and preovulatory follicles counted after treatment (n = 12, ∗P < 0.05, ∗∗P < 0.01). (D) Half violin plot showed the total follicles from ovary enumeration (n = 12, #P = 0.08, ∗∗P < 0.01). Each dot represented a sample. (E,F) Notched boxplots recorded the concentrations of FSH and E2 in rat serum of the five groups, detected using ELISA kits. The nested scatter plot as well as the rug plot in the y-axis represented each sample (n = 6).




The Modulation of the Ovarian Microenvironment by rhGH

To evaluate the ovarian microenvironment, the TUNEL assay was conducted to determine the cellular apoptosis in ovarian tissue, and the expression levels of respiratory-chain-related genes including Atp5f1a, Ndufs3, Sdha, and Uqcrc2 were detected by qRT-PCR. Our results suggested that CTX injection clearly promoted the apoptosis of ovarian cells, mainly the granulosa cells, which played an indispensable role in follicular development by communicating directly or indirectly with oocytes and secreting various cytokines to support homeostasis in the ovarian environment. In contrast, rhGH eliminated these negative effects by protecting granulosa cells from chemotherapeutic toxicity. As shown, medium and high dosage of rhGH could apparently reduce the number of labeled positive cells or apoptotic cells (P < 0.01) (Figures 2A,B). Sdha was significantly down-regulated in the POI animal model groups compared to that of the Wt group (0.60 ± 0.16 versus 1.16 ± 0.71 for the Mo and Wt groups, P < 0.05); however, rhGH administration did not affect the expression level of this gene (Figure 2F). Atp5f1a, Ndufs3, and Uqcrc2 showed similar variations, but without statistical significance (0.99 ± 0.27 versus 1.69 ± 1.22, 0.70 ± 0.18 versus 1.16 ± 0.65, and 2.17 ± 1.17 versus 3.13 ± 4.10 for the Mo and Wt groups, respectively) (Figures 2C–E). These results hinted that rhGH might act on attenuating the toxicity of CTX by mainly reducing the apoptosis of ovarian tissue, potentially improving oxidative metabolism, and thus modulating the ovarian microenvironment.
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FIGURE 2. Improvement of the ovarian microenvironment after rhGH administration. (A,B) TUNEL assay for evaluation of the apoptosis of ovarian cells. The nuclei were labeled with DAPI staining (blue) and fragmented DNA were stained with FITC-12-dUTP (green), quantified by counting the number of FITC-labeled positive cells (n = 6, ∗∗P < 0.01, scale bar = 200 μm, ×100 magnification). (C–F) Expression levels of respiratory-chain-related genes, Atp5f1a, Ndufs3, Sdha, and Uqcrc2, respectively (n = 6, ∗P < 0.05).




Improved Quantity and Quality of the Retrieved Oocytes by rhGH

After ovulation induction, oocytes from each group were counted. As observed, the number of retrieved oocytes decreased dramatically (29.9 ± 6.4 for the Wt group and 16.6 ± 3.1 for the Mo group, P < 0.01) and a high dosage of rhGH could increase the number of oocytes obtained (20.9 ± 3.3, P < 0.05, compared with the Mo group) as shown in Table 2. To determine whether rhGH could improve oocyte quality, ROS and mitochondrial superoxide levels were measured in the retrieved oocytes from all groups. Results revealed that medium and high dosage of rhGH could both remarkably reduce these oxidative products when comparing with the model group (for ROS, 230.69 ± 66.88, 167.08 ± 85.06 and 45.45 ± 37.59; for mitochondrial superoxide, 650.61 ± 704.12, 126.72 ± 216.97 and 91.35 ± 63.66 for Mo, Tm and Th groups, respectively. P < 0.01). Conversely, CTX treatment would observably accumulate plenty of harmful agents, proved by ROS (Figures 3A,B) and MitoSOXTM indicators (Figures 3C,D).


TABLE 2. Retrieved oocytes after ovulation induction.
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FIGURE 3. Oxidative stress response to CTX and rhGH treatment. (A,B) Representative images of the contents of ROS (reflected by the intensity of green fluorescence. a, b, c, d, and e for the Wt, Mo, Tl, Tm, and Th groups, respectively. n ≥ 9, ∗∗P < 0.01, scale bar = 200 μm, ×40 magnification) from each group and quantitative analysis shown as the histogram. (C,D) Typical images of the contents of mitochondrial superoxide (reflected by the intensity of red fluorescence. f, g, h, i, and j for the Wt, Mo, Tl, Tm, and Th groups, respectively. n ≥ 8, ∗∗P < 0.01, scale bar = 25 μm, ×400 magnification).


Furthermore, we detected the mitochondrial membrane potentials by quantifying JC-1 either in the form of J-aggregates or monomers using the ratio of the red/green fluorescence intensity of every single oocyte from each group (Figure 4A). Our results showed that the intensity in the Wt group (1.45 ± 0.75) was more than twice that of the Mo group (0.66 ± 0.68) (Figure 4B). After treatment with high dosage of rhGH, the mitochondrial membrane potentials of oocytes in the group Th differed significantly (1.12 ± 0.33, P < 0.05). Regarding the ATP content, we found that medium and high dosage of rhGH could significantly promote ATP content (either increased energy production or decreased ATP consumption) (P < 0.01) when compared with that of the Mo group, even though no statistically significant difference was observed between the Wt and Mo groups (Figure 4C). We estimated the mitochondrial DNA copy number through the absolute quantification of the expression levels of ND2. The results varied greatly among oocytes, and there were no apparent differences among all groups. However, we noticed that the mitochondrial DNA copy number in the Mo group was relatively lower than that in the Wt group and that rhGH treatment did not significantly reverse the situation even though there exerted a possible improvement but without statistical difference (Figure 4D). In addition, we qualitatively evaluated the morphological changes of mitochondria, and the results showed that the organelles in the Mo group were swollen and enlarged with vague cristae, and with lower electron density in the matrix when compared to those of the Wt group. In the Tl group, the mitochondria did not differ much from the model group considering that the mitochondrial swelling was not well improved. In contrast, mitochondrial morphology changed significantly in the Tm and Th groups when compared with the Mo group, with a more uniform matrix and improved electron density (Figure 4E).


[image: image]

FIGURE 4. Mitochondrial quality and energy metabolism. (A,B) Mitochondrial membrane potential quantification, where J-aggregates or monomers were indicated by red or green fluorescence (n ≥ 10, ∗P < 0.05, ∗∗P < 0.01, scale bar = 25 μm, ×40 magnification). (C) ATP content of each group (n = 10, ∗∗P < 0.01). (D) mtDNA copy number in each oocyte (n = 10). (E) Mitochondrial status was evaluated under the electron microscope (a, b, c, d, and e for the Wt, Mo, Tl, Tm, and Th groups, respectively. Black arrows pointed to mitochondria. n = 8, scale bar = 10 μm, ×5,000 magnification).




Single-Cell Transcriptomics Analysis for the Differential Expression of mRNA

To confirm and explore the potential molecular mechanisms of the cytotoxic effects of CTX and the protective effects of rhGH on oocytes, we further identified the DEGs, based on single-cell full-length mRNA sequencing technology for each oocyte from the Wt, Mo, and Th groups, considering that rhGH effects mainly occurred at high dosage. The heatmap in Figure 5A showed the relative expression of genes among groups. Among these genes, 44 were down-regulated and 34 up-regulated in the POI model group, compared with the Wt group, and the top 10 DEGs were labeled (Figure 5B). Besides, 217 genes were up-regulated, and 58 genes were down-regulated after rhGH treatment, when compared with the Mo group (Figure 5C). Several genes among the top DEGs varied with the opposite trends after CTX treatment and after rhGH intervention (the Mo group versus the Wt group; the rhGH treatment group versus the Mo group) including Pxmp4, Ehbp1, Mt-cyb, and Enpp6. Following this analysis, we identified all the DEGs based on the inclusion criterion. The DEGs were screened for further functional enrichment, and DAVID online database was utilized to determine gene functions and obtain a visualization of the results. As for GO analysis and KEGG pathways for CTX treatment compared with the normal group, we observed some items that were closely associated with energy metabolism such as cellular response to calcium ion in the biological process category; respiratory chain complex IV, respiratory chain or mitochondrion in the cellular component category; and cytochrome-c oxidase activity in the molecular function category (Figure 5D). Additionally, oxidative phosphorylation was marked by a red frame as a core modulatory signal (displayed in Figure 5E). After rhGH intervention, similar changes caused by rhGH or its downstream metabolites were detected, with cellular oxidant detoxification and response to peptide hormone in the biological process category. Additionally, the mitochondrion was the main cellular component for these DEGs. In the molecular function category, glutathione peroxidase activity, and insulin-like growth factor binding played a crucial part (Figure 5F). As expected, glutathione metabolism and oxidative phosphorylation pathways were enriched after rhGH therapy, as shown in Figure 5G. Furthermore, protein–protein interaction (PPI) analysis using the online analytical database, STRING was conducted to clarify the interactive relation among DEGs, the results of which were further visualized using Gephi software (Supplementary Figure 2A). All the DEGs from the above-mentioned modules were selected and labeled with the same color and size. The connecting lines represented the interactive relationship. The results showed, similar to those described above, that oocytes were severely affected by the CTX agent as evidenced by aberrant mitochondrial function, and that rhGH, directly or through its metabolites, improved the detoxification competence of oocytes with improved energy supply, thus restoring oocytes status.
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FIGURE 5. Single-cell mRNA sequencing and bioinformatics analysis. (A) Heatmap of DEGs. (B,C) Volcano plots of DEGs (left panel for comparison between the Mo and Wt groups; right panel for comparison between the Th and Mo groups); the top 10 up-regulated and down-regulated DEGs were labeled with their names. BP, CC, and MF stand for biological process, cellular component and molecular function, respectively. (D,E) GO enrichment [(left panel), including biological process, molecular function and cellular component] and KEGG pathway (right panel) of DEGs and the core parts were marked with red frame, comparing the Mo group with Wt group. (F,G) Comparison between the Th and Mo groups as described above.




HubGenes Identification and Modulation Network Establishment

To identify the hub genes of the gene regulatory network structure, incorporated with prior knowledge about the DEGs, lasso-penalized regression in combination with generalized linear regression analysis was applied for integration analysis. In DEGs of the Mo group versus the normal control group, four genes were identified based on lasso-penalized analysis (Supplementary Figures 3A,B), namely Tmem232, RGD1308750, Sdf2l1, and Pxmp4, the expression levels of which were presented in a heatmap (Supplementary Figure 3C). At the same time, to uncover the connections among the four hub genes, we calculated the correlation coefficient among all the genes, and the results showed that genes shared a significant correlation (P < 0.05) as shown in Supplementary Figure 3D. After filtration, we plotted a nomogram based on the generalized linear regression analysis to predict the chance of POI. The higher the total number of points, the higher the chance (Supplementary Figure 3E). Consistent with the nomogram, a forest plot illustrated the odds ratio of the whole set of genes for POI chance. Sdf2l1 and Pxmp4 were shown to act as protective factors, and the remaining genes as hazardous factors that might increase the chance (Supplementary Figure 3F).

In the case of DEGs for the treatment group versus the model group, 14 genes were finally screened (Figures 6A,B). Among them, five genes were up-regulated after rhGH treatment (AABR07045485.1, Ehbp1, Pxmp4, S100b, and Abhd14b) and nine genes were down-regulated (Pacsin1, Cd180, LOC103690137, Dcbld2, Enpp6, Mrps10, Mt-cyb, Gda, and AABR07046731.1) as presented in the heatmap with expressional correlation (Figures 6C,D). Next, a nomogram and forest plot were also obtained based on the regression analysis. The total points to predict the chance of recovery from POI were calculated according to the cumulative points corresponding to gene expression level and the results indicated that some hub genes such as Pxmp4, Gda, Mrps10, Ehbp1, Cd180, and Pacsin1, were related to the progression and recovery of POI, acting as latent prognostic factors (Figures 6E,F).


[image: image]

FIGURE 6. Regulatory network establishment based on DEGs after rhGH treatment, compared with the model group. (A) Lasso coefficient profiles of the rhGH-treatment-related mRNAs. Each curve corresponded to a gene. (B) Partial likelihood deviance was calculated by the cross-validation for the best lambda to determine the minimum mean cross-validated error. (C) Expression heatmap of the 14 hub genes. (D) Expression correlation among the 14 genes. Color and size of dots indicated the degree of relevance among each gene (in other words, the larger the size, the higher the correlation), which were retained only when the P-value of correlation coefficient was less than 0.05. (E) Nomogram of the hub genes. The total points were applied for evaluating the possibility of the improvement of oocyte quality. (F) Forest plot for the odds ratio for recovery from POI of the 14 hub genes, selected by regression analysis.




DISCUSSION

Chemotherapeutic agents pose a threat to ovarian function, depending on the drug type and dosage (Chen et al., 2010; Roness et al., 2014). To date, the agents or adjuvants used to assist POI patients in fertility recovery or preservation are limited in clinical application. The decline in the oocyte quality caused by POI is a crucial factor affecting female fertility, which is often accompanied by abnormal quantity and dysfunction of oocyte mitochondria (Zhu et al., 2020). Growing studies have supported the perspective that mitochondria are vital indicators of oocyte quality (Schatten et al., 2014; Qi et al., 2019). Not only can mitochondrion, acting as an intracellular energy factory, provide ATP for oocyte maturation and fertilization, but it will also interact with the nucleus in multiple crucial biological processes, which are essential for oocyte competence and early embryo development or implantation by promoting the formation and the maintenance of spindles fertilization (Benkhalifa et al., 2014; Matilainen et al., 2017). On the contrary, disrupted mitochondrial function has been verified to cause oocyte aging (Hou et al., 2018). Recent studies have shown that GH can reverse senescence and improve the reproductive outcomes (Hou et al., 2018; Fahy et al., 2019). However, whether this will be a promising agent in protecting ovarian function and oocyte development competence from POI damage remains unclear.

As previously reported, CTX was shown to be detrimental to follicle development by inducing apoptosis of granulosa cells, disturbing the indispensable environment for oocyte maturation, and finally causing prolonged and severe damage to ovaries (Song et al., 2016; Pascuali et al., 2018; Peng et al., 2019). Consistent with these studies, we found that CTX seriously affected ovarian structure and function by promoting excessive activation and subsequent deletion of oocytes with decreased primary or secondary follicles and disrupted estrous cycles (Fu et al., 2017; Hou et al., 2018). Also, we investigated the effects of CTX on endocrinology function by examining serum FSH and E2. E2 originated from granulosa cells is regulated under the control of FSH and aromatase. The decreased E2 level in the blood will, in a feedback loop, stimulate the pituitary gland to secrete more FSH. Currently, we explored the effect of rhGH on POI. Growing studies have revealed the potential role of rhGH treatment or pretreatment during IVF/ICSI cycles in patients with aging, poor ovarian response or even polycystic ovary syndrome (Bayoumi et al., 2015; Lan et al., 2019; Gong et al., 2020). We did not observe significant changes in these phenotypes after treatment, but rhGH indeed increased the number of retrieved secondary oocytes at the high dosage and increased ovarian weight at the medium and high dosages. This result is encouraging. Once patients with POI can benefit from rhGH intervention to gain more oocytes during IVF/ICSI cycles, it will possibly increase the chance of pregnancy or live birth, which requires further clinical verification. Apart from these direct indicators of ovarian function, we also noticed that the microenvironment associated with oocyte maturation changed considerably after rhGH administration. As reported, CTX could trigger great cytotoxicity on either mitotic non-luteinized or non-mitotic luteinized granulosa cells in vitro (Yuksel et al., 2015) and it would induce the activation of some proapoptotic gene, ROS generation as well as glutathione depletion (Tsai-Turton et al., 2007). Here, we also noticed that rhGH intervention could attenuate CTX-induced the apoptosis of granulosa cells, especially for medium and high dosage of rhGH. Follicles are the basic units of ovarian function, and granulosa cells are essential for oocyte development, maturation, ovulation, and atresia (Gilchrist et al., 2004) and connect with oocytes through intercellular connection, nutritional support or direct regulation of follicular microenvironment as an organic whole (Su et al., 2009). CTX also inhibited respiratory chain complex genes, especially Sdha, which codes for a flavoprotein subunit of the succinate dehydrogenase complex in the mitochondrial respiratory chain (Pantaleo et al., 2014). Together with that of the other three genes (Atp5f1a, Ndufs3, and Uqcrc2), Sdha expression showed similar trends, suggesting that an imbalance of oxidative metabolism homeostasis may be involved in the disturbance of ovarian function. In the present study, we did observe increased trends, to some extent, of the expression level of these respiratory chain complex genes in ovaries after rhGH treatment but without statistical difference. These results hinted that the improvement of oxidative metabolism of the whole ovaries in POI rats might be a potential target of rhGH intervention and it is indeed necessary to analyze in depth with more convincing evidence. Additionally, rhGH in this research was proved to be unable to directly recover the damaged ovarian function in POI rats to an ideal status but it might come into effect in an indirect way by eliminating the apoptosis of granulosa cells, indispensable for follicular development.

Our results showed that a high dosage of rhGH increased the number of retrieved oocytes, and that medium and high concentrations of rhGH even reduced the accumulation of reactive oxidative products. Mammalian oocytes are extremely sensitive to ROS, and an imbalance of intracellular oxidation and antioxidation can disrupt oocyte development and maturation or even fertilization (Duan et al., 2015). Additionally, ATP consumption is an indispensable process from growth to fertilization of oocytes. ATP synthesis is highly correlated with impaired oocyte maturation and even embryonic development after fertilization, and strongly dependent on mitochondrial membrane potential and the quality and copy number of the organelle (Wilding et al., 2001; Van Blerkom et al., 2006). Therefore, in the present study, we explored the effects of different concentrations of rhGH on the mitochondria (Wang et al., 2019). As expected, high dosage of rhGH sustained the mitochondrial membrane potential, and medium and high concentrations of rhGH promoted ATP content to meet the energy supply requirements for oocytes. Our results also indicated that rhGH improved mitochondrial function mainly by changing the mitochondrial morphology. Mitochondrial DNA copy number in oocytes has been reported to be correlated with the developmental potential of oocytes. Consistent with previous reports, the mitochondrial DNA copy number varied, but showed a possible trend to increase with higher concentrations of rhGH. These results fully support the notion that rhGH directly or indirectly modulates the oocyte quality mainly by improving the mitochondrial state and increasing the stability of the energy metabolism, thus relieving the oxidative stress in oocytes resulting from POI toxicity. Additionally, it is worth noting that high dosage of rhGH (1.6 mg/kg) will perform more effectively in most cases in POI rats when it comes to the improved outcomes related to oocytes quality in comparison with the medium or low dosage. Thus, evidence from this study is inclined to support an appropriately higher dosage in future clinical application may be more significant but waiting for sufficient clinical data.

Our single-cell full-length mRNA sequencing analysis demonstrated that CTX treatment disturbed the respiratory chain in oocytes and led to oxidative stress bursts. rhGH attenuated these deleterious effects directly or through its metabolites and promoted detoxification. Subsequently, glutathione metabolism, along with glutathione peroxidase activity was facilitated. Intracellular oxidative phosphorylation was modulated to ameliorate the situation. It is important to note that some hub genes such as Pxmp4, Ehbp1, Mt-cyb, and Enpp6, were involved in both the injury and repair processes. Pxmp4 encodes a 24 kDa protein that belongs to the peroxisomal membrane protein Pxmp2/4 family with unclear function although some studies have established a crucial role of peroxisomes in catalyzing a series of indispensable metabolic processes such as glyoxylate detoxification, fatty acid oxidation, and ether phospholipid biosynthesis (Visser et al., 2007). The expression level of Pxmp4 was significantly down-regulated after CTX treatment and was increased after rhGH intervention. As shown in the nomograms and forest plots, under-expression of this gene would increase the chance of POI and vice versa. However, the underlying mechanism of this gene in the reproductive system remains unclear, which has only been reported in some cancers. As for Ehbp1, it can encode an Eps15 homology domain-binding protein, which has much to do with endocytic trafficking to the actin cytoskeleton, endosomal tubulation and GLUT4 transport (Guilherme et al., 2004b; Wang et al., 2016). Likewise, over-expression of EHBP1 tended to increase the chance of recovery from POI under the treatment of rhGH. EHBP1 is known to co-localize with the actin cytoskeleton, and overexpression of EHBP1 triggers abundant actin reorganization (Guilherme et al., 2004a). In the process of oocyte maturation, the spindle will migrate from the geometric center, as reported previously, to beneath the oocyte surface, which often depend on an actin meshwork (Sakamoto et al., 2020). The results demonstrated that rhGH might affect oocyte maturation by modulating actin reorganization to help POI rats to retrieve oocytes of improved quality. Mt-cyb encodes a protein which is part of the ubiquinol-cytochrome c reductase complex in the respiratory chain that participates in generating an electrochemical potential coupled to ATP synthesis. The mutation of this gene is highly related to NLRP3-inflammasome activation and can also cause severe respiratory chain enzyme deficiency (Blakely et al., 2005; Cordero et al., 2016). Defects in Mt-cyb are a rare etiological factor of mitochondrial dysfunction underlying different myopathies or multisystem disorder such as prominent exercise intolerance and hypertrophic cardiomyopathy (Hagen et al., 2013; Carossa et al., 2014). In this study, we found that the expression level of Mt-cyb was up-regulated after CTX treatment. As for Enpp6, it is involved in regulating extracellular nucleotide metabolism and producing phosphocholine from the matrix vesicle membrane (Stewart et al., 2018). The encoded preproprotein of Enpp6 undergoes proteolysis to generate a glycosylphosphatidylinositol-anchored membrane protein, which hydrolyzes choline-containing lysophospholipids such as glycerophosphocholine (Morita et al., 2016). Mt-cyb and Enpp6 altered in similar trends as the top DEGs, which might be a compensatory regulation mechanism of oocyte itself to relieve the disturbance of oxidative metabolism caused by the chemotherapeutic agent. On the whole, the four genes are closely correlated with the phenotypes of ovarian damage and fertility repair and are thus potential targets for POI treatment. The effects of these genes on the development and metabolism of oocytes need to be further studied, considering that ovaries from either animal or human beings may not response similarly to CTX and rhGH due to the metabolic difference among species. It remains to verify the consistent trends or indicative action of the four hub genes in POI animals and patients after treatment with rhGH.



CONCLUSION

We conclude that long-acting rhGH is a promising intervention or adjuvant for fertility protection in POI, and mainly exerts its effects by modulating the ovarian microenvironment with the elimination of granulosa cells apoptosis and injury from oxidative stress, and directly or indirectly improving the energy metabolism or oxidative detoxification of oocytes. However, there is still an urgent need for further studies to evaluate the safety and efficacy of rhGH for future clinical application.
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Supplementary Figure 1 | Daily records of the estrous cycle. (A) Representative pictures of different stages of the estrous cycle: proestrus (P) (a), estrus (E) (b), meta-estrus (M) (c) and diestrus (D) (d). scale bar = 200 μm, × 100 magnification. (B) Typical dynamic trends of the estrous cycle for each group. (C) Enumeration of the estrous cycle ranging from the initiation of rhGH treatment to the fourth week after therapy.

Supplementary Figure 2 | Protein-protein interaction network of DEGs. (A) The interactive relationship was identified, and genes belonging to different functional modules were distinguished by various colors.

Supplementary Figure 3 | Model establishment of DEGs after CTX treatment. (A) Lasso coefficient profiles of CTX-treatment-related mRNAs. (B) Partial likelihood deviance was calculated by the cross-validation for the best lambda to determine minimum mean cross-validated error. (C) Expression heatmap of the four selected hub genes. (D) Expression correlation among the four genes. (E) Nomogram of the hub genes. The total points were applied for evaluating the chance of the POI. (F) Forest plot odds the odds ratio of the four hub genes by regression analysis.



REFERENCES

Bayoumi, Y. A., Dakhly, D. M., Bassiouny, Y. A., and Hashish, N. M. (2015). Addition of growth hormone to the microflare stimulation protocol among women with poor ovarian response. Int. J. Gynaecol. Obstet. 131, 305–308. doi: 10.1016/j.ijgo.2015.05.034

Ben-Avraham, D., Govindaraju, D. R., Budagov, T., Fradin, D., Durda, P., Liu, B., et al. (2017). The GH receptor exon 3 deletion is a marker of male-specific exceptional longevity associated with increased GH sensitivity and taller stature. Sci. Adv. 3:e1602025. doi: 10.1126/sciadv.1602025

Benkhalifa, M., Ferreira, Y. J., Chahine, H., Louanjli, N., Miron, P., Merviel, P., et al. (2014). Mitochondria: participation to infertility as source of energy and cause of senescence. Int. J. Biochem. Cell Biol. 55, 60–64. doi: 10.1016/j.biocel.2014.08.011

Blakely, E. L., Mitchell, A. L., Fisher, N., Meunier, B., Nijtmans, L. G., Schaefer, A. M., et al. (2005). A mitochondrial cytochrome b mutation causing severe respiratory chain enzyme deficiency in humans and yeast. FEBS J. 272, 3583–3592. doi: 10.1111/j.1742-4658.2005.04779.x

Cai, M. H., Liang, X. Y., Wu, Y. Q., Huang, R., and Yang, X. (2019). Six-week pretreatment with growth hormone improves clinical outcomes of poor ovarian responders undergoing in vitro fertilization treatment: a self-controlled clinical study. J. Obstet. Gynaecol. Res. 45, 376–381. doi: 10.1111/jog.13823

Carossa, V., Ghelli, A., Tropeano, C. V., Valentino, M. L., Iommarini, L., Maresca, A., et al. (2014). A novel in-frame 18-bp microdeletion in MT-CYB causes a multisystem disorder with prominent exercise intolerance. Hum. Mutat. 35, 954–958. doi: 10.1002/humu.22596

Chen, H., Xiao, L., Li, J., Cui, L., and Huang, W. (2019). Adjuvant gonadotropin-releasing hormone analogues for the prevention of chemotherapy-induced premature ovarian failure in premenopausal women. Cochrane Database. Syst. Rev. 3:CD008018.

Chen, J. H., Nie, K., Bahri, S., Hsu, C. C., Hsu, F. T., Shih, H. N., et al. (2010). Decrease in breast density in the contralateral normal breast of patients receiving neoadjuvant chemotherapy: MR imaging evaluation. Radiology 255, 44–52. doi: 10.1148/radiol.09091090

Chu, K., Pang, W., Sun, N., Zhang, Q., and Li, W. (2018). Outcomes of poor responders following growth hormone co-treatment with IVF/ICSI mild stimulation protocol: a retrospective cohort study. Arch. Gynecol. Obstet. 297, 1317–1321. doi: 10.1007/s00404-018-4725-5

Cordero, M. D., Alcocer-Gomez, E., Marin-Aguilar, F., Rybkina, T., Cotan, D., Perez-Pulido, A., et al. (2016). Mutation in cytochrome b gene of mitochondrial DNA in a family with fibromyalgia is associated with NLRP3-inflammasome activation. J. Med. Genet. 53, 113–122. doi: 10.1136/jmedgenet-2015-103392

Cornejo-Cortes, M. A., Sanchez-Torres, C., Vazquez-Chagoyan, J. C., Suarez-Gomez, H. M., Garrido-Farina, G., and Meraz-Rios, M. A. (2006). Rat embryo quality and production efficiency are dependent on gonadotrophin dose in superovulatory treatments. Lab. Anim. 40, 87–95. doi: 10.1258/002367706775404471

Dakhly, D. M., Bayoumi, Y. A., and Gad Allah, S. H. (2016). Which is the best IVF/ICSI protocol to be used in poor responders receiving growth hormone as an adjuvant treatment? A prospective randomized trial. Gynecol. Endocrinol. 32, 116–119. doi: 10.3109/09513590.2015.1092136

Duan, X., Wang, Q. C., Chen, K. L., Zhu, C. C., Liu, J., and Sun, S. C. (2015). Acrylamide toxic effects on mouse oocyte quality and fertility in vivo. Sci. Rep. 5:11562.

Duffy, J. M., Ahmad, G., Mohiyiddeen, L., Nardo, L. G., and Watson, A. (2010). Growth hormone for in vitro fertilization. Cochrane Database Syst. Rev. 2010:CD000099.

Fahy, G. M., Brooke, R. T., Watson, J. P., Good, Z., Vasanawala, S. S., Maecker, H., et al. (2019). Reversal of epigenetic aging and immunosenescent trends in humans. Aging Cell 18:e13028.

Feng, P., Li, P., and Tan, J. (2019). Human menstrual blood-derived stromal cells promote recovery of premature ovarian insufficiency via regulating the ECM-dependent FAK/AKT signaling. Stem Cell Rev. Rep. 15, 241–255. doi: 10.1007/s12015-018-9867-0

Fu, X., He, Y., Wang, X., Peng, D., Chen, X., Li, X., et al. (2017). Overexpression of miR-21 in stem cells improves ovarian structure and function in rats with chemotherapy-induced ovarian damage by targeting PDCD4 and PTEN to inhibit granulosa cell apoptosis. Stem Cell Res Ther. 8:187.

Ghahremani-Nasab, M., Ghanbari, E., Jahanbani, Y., Mehdizadeh, A., and Yousefi, M. (2020). Premature ovarian failure and tissue engineering. J. Cell. Physiol. 235, 4217–4226. doi: 10.1002/jcp.29376

Gilchrist, R. B., Ritter, L. J., and Armstrong, D. T. (2004). Oocyte-somatic cell interactions during follicle development in mammals. Anim. Reprod. Sci. 82-83, 431–446. doi: 10.1016/j.anireprosci.2004.05.017

Gong, Y., Luo, S., Fan, P., Jin, S., Zhu, H., Deng, T., et al. (2020). Growth hormone alleviates oxidative stress and improves oocyte quality in Chinese women with polycystic ovary syndrome: a randomized controlled trial. Sci. Rep. 10:18769.

Guilherme, A., Soriano, N. A., Bose, S., Holik, J., Bose, A., Pomerleau, D. P., et al. (2004a). EHD2 and the novel EH domain binding protein EHBP1 couple endocytosis to the actin cytoskeleton. J. Biol. Chem. 279, 10593–10605. doi: 10.1074/jbc.m307702200

Guilherme, A., Soriano, N. A., Furcinitti, P. S., and Czech, M. P. (2004b). Role of EHD1 and EHBP1 in perinuclear sorting and insulin-regulated GLUT4 recycling in 3T3-L1 adipocytes. J. Biol. Chem. 279, 40062–40075. doi: 10.1074/jbc.m401918200

Hagen, C. M., Aidt, F. H., Havndrup, O., Hedley, P. L., Jespersgaard, C., Jensen, M., et al. (2013). MT-CYB mutations in hypertrophic cardiomyopathy. Mol. Genet. Genomic Med. 1, 54–65. doi: 10.1002/mgg3.5

Hou, H. Y., Wang, X., Yu, Q., Li, H. Y., Li, S. J., Tang, R. Y., et al. (2018). Evidence that growth hormone can improve mitochondrial function in oocytes from aged mice. Reproduction 157, 345–358. doi: 10.1530/rep-18-0529

Hou, L., Chen, Z. H., Liu, D., Cheng, Y. G., and Luo, X. P. (2016). Comparative pharmacokinetics and pharmacodynamics of a PEGylated recombinant human growth hormone and daily recombinant human growth hormone in growth hormone-deficient children. Drug Des. Devel. Ther. 10, 13–21. doi: 10.2147/dddt.s93183

Khedr, N. F. (2015). Protective effect of mirtazapine and hesperidin on cyclophosphamide-induced oxidative damage and infertility in rat ovaries. Exp. Biol. Med. 240, 1682–1689. doi: 10.1177/1535370215576304

Lan, K. C., Lin, P. Y., Chang, Y. C., Chen, Y. J., Tsai, Y. R., Ismaeil Mohamed, I. S., et al. (2019). Growth hormone supplementation may improve the pregnancy rate and endometrial receptivity among women aged more than 40 years undergoing in vitro fertilization. Biomed J. 42, 411–416. doi: 10.1016/j.bj.2019.05.003

Li, X. L., Wang, L., Lv, F., Huang, X. M., Wang, L. P., Pan, Y., et al. (2017). The influence of different growth hormone addition protocols to poor ovarian responders on clinical outcomes in controlled ovary stimulation cycles: a systematic review and meta-analysis. Medicine 96:e6443. doi: 10.1097/md.0000000000006443

Li, Y., Liu, H., Yu, Q., Liu, H., Huang, T., Zhao, S., et al. (2019). Growth hormone promotes in vitro maturation of human oocytes. Front. Endocrinol. 10:485. doi: 10.3389/fendo.2019.00485

Liu, T., Huang, Y., Zhang, J., Qin, W., Chi, H., Chen, J., et al. (2014). Transplantation of human menstrual blood stem cells to treat premature ovarian failure in mouse model. Stem Cells Dev. 23, 1548–1557. doi: 10.1089/scd.2013.0371

Liu, T. E., Wang, S., Zhang, L., Guo, L., Yu, Z., Chen, C., et al. (2016). Growth hormone treatment of premature ovarian failure in a mouse model via stimulation of the Notch-1 signaling pathway. Exp Ther Med. 12, 215–221. doi: 10.3892/etm.2016.3326

Matilainen, O., Quiros, P. M., and Auwerx, J. (2017). Mitochondria and Epigenetics - Crosstalk in Homeostasis and Stress. Trends Cell Biol. 27, 453–463. doi: 10.1016/j.tcb.2017.02.004

Morita, J., Kano, K., Kato, K., Takita, H., Sakagami, H., Yamamoto, Y., et al. (2016). Structure and biological function of ENPP6, a choline-specific glycerophosphodiester-phosphodiesterase. Sci. Rep. 6:20995.

Myers, M., Britt, K. L., Wreford, N. G., Ebling, F. J., and Kerr, J. B. (2004). Methods for quantifying follicular numbers within the mouse ovary. Reproduction 127, 569–580. doi: 10.1530/rep.1.00095

Nylander, E., Zelleroth, S., Nyberg, F., Gronbladh, A., and Hallberg, M. (2018). The protective and restorative effects of growth hormone and insulin-like growth factor-1 on methadone-induced toxicity in vitro. Int. J. Mol. Sci. 19:3627. doi: 10.3390/ijms19113627

Ortega, M., de Segura, I. A., Vazquez, I., Lopez, J. M., and De Miguel, E. (2001). Growth hormone and nutrition as protective agents against methotrexate induced enteritis. Rev. Esp. Enferm. Dig. 93, 148–155.

Pantaleo, M. A., Astolfi, A., Urbini, M., Nannini, M., Paterini, P., Indio, V., et al. (2014). Analysis of all subunits, SDHA, SDHB, SDHC, SDHD, of the succinate dehydrogenase complex in KIT/PDGFRA wild-type GIST. Eur. J. Hum. Genet. 22, 32–39. doi: 10.1038/ejhg.2013.80

Pascuali, N., Scotti, L., Di Pietro, M., Oubina, G., Bas, D., May, M., et al. (2018). Ceramide-1-phosphate has protective properties against cyclophosphamide-induced ovarian damage in a mice model of premature ovarian failure. Hum. Reprod. 33, 844–859. doi: 10.1093/humrep/dey045

Peng, H., Zeng, L., Zhu, L., Luo, S., Xu, L., Zeng, L., et al. (2019). Zuogui pills inhibit mitochondria-dependent apoptosis of follicles in a rat model of premature ovarian failure. J. Ethnopharmacol. 238:111855. doi: 10.1016/j.jep.2019.111855

Qi, L., Chen, X., Wang, J., Lv, B., Zhang, J., Ni, B., et al. (2019). Mitochondria: the panacea to improve oocyte quality? Ann. Transl. Med. 7:789. doi: 10.21037/atm.2019.12.02

Roness, H., Kalich-Philosoph, L., and Meirow, D. (2014). Prevention of chemotherapy-induced ovarian damage: possible roles for hormonal and non-hormonal attenuating agents. Hum. Reprod. Update 20, 759–774. doi: 10.1093/humupd/dmu019

Saenger, P. H., and Mejia-Corletto, J. (2016). Long-acting growth hormone: an update. Endocr. Dev. 30, 79–97. doi: 10.1159/000439333

Sakamoto, R., Tanabe, M., Hiraiwa, T., Suzuki, K., Ishiwata, S., Maeda, Y. T., et al. (2020). Tug-of-war between actomyosin-driven antagonistic forces determines the positioning symmetry in cell-sized confinement. Nat. Commun. 11:3063.

Satoh, K., Ohyama, K., Nakagomi, Y., Ohta, M., Shimura, Y., Sano, T., et al. (2002). Effects of growth hormone on testicular dysfunction induced by cyclophosphamide (CP) in GH-deficient rats. Endocr. J. 49, 611–619. doi: 10.1507/endocrj.49.611

Schatten, H., Sun, Q. Y., and Prather, R. (2014). The impact of mitochondrial function/dysfunction on IVF and new treatment possibilities for infertility. Reprod. Biol. Endocrinol. 12:111. doi: 10.1186/1477-7827-12-111

Song, D., Zhong, Y., Qian, C., Zou, Q., Ou, J., Shi, Y., et al. (2016). Human umbilical cord mesenchymal stem cells therapy in cyclophosphamide-induced premature ovarian failure rat model. Biomed. Res. Int. 2016:2517514.

Stewart, A. J., Leong, D. T. K., and Farquharson, C. (2018). PLA2 and ENPP6 may act in concert to generate phosphocholine from the matrix vesicle membrane during skeletal mineralization. FASEB J. 32, 20–25. doi: 10.1096/fj.201700521r

Su, Y. Q., Sugiura, K., and Eppig, J. J. (2009). Mouse oocyte control of granulosa cell development and function: paracrine regulation of cumulus cell metabolism. Semin Reprod Med. 27, 32–42.

Takeo, S., Abe, T., Shirasuna, K., Kuwayama, T., and Iwata, H. (2015). Effect of 5-aminoimidazole-4-carboxamide ribonucleoside on the mitochondrial function and developmental ability of bovine oocytes. Theriogenology 84, 490–497. doi: 10.1016/j.theriogenology.2015.03.013

Takeo, S., Sato, D., Kimura, K., Monji, Y., Kuwayama, T., Kawahara-Miki, R., et al. (2014). Resveratrol improves the mitochondrial function and fertilization outcome of bovine oocytes. J. Reprod. Dev. 60, 92–99. doi: 10.1262/jrd.2013-102

Tsai-Turton, M., Luong, B. T., Tan, Y., and Luderer, U. (2007). Cyclophosphamide-induced apoptosis in COV434 human granulosa cells involves oxidative stress and glutathione depletion. Toxicol. Sci. 98, 216–230. doi: 10.1093/toxsci/kfm087

Van Blerkom, J., Cox, H., and Davis, P. (2006). Regulatory roles for mitochondria in the peri-implantation mouse blastocyst: possible origins and developmental significance of differential DeltaPsim. Reproduction 131, 961–976. doi: 10.1530/rep.1.00458

Visser, W. F., van Roermund, C. W., Ijlst, L., Waterham, H. R., and Wanders, R. J. (2007). Metabolite transport across the peroxisomal membrane. Biochem. J. 401, 365–375. doi: 10.1042/bj20061352

Wang, P., Liu, H., Wang, Y., Liu, O., Zhang, J., Gleason, A., et al. (2016). RAB-10 promotes EHBP-1 bridging of filamentous actin and tubular recycling endosomes. PLoS Genet. 12:e1006093. doi: 10.1371/journal.pgen.1006093

Wang, Q., Stringer, J. M., Liu, J., and Hutt, K. J. (2019). Evaluation of mitochondria in oocytes following gamma-irradiation. Sci. Rep. 9:19941.

Weall, B. M., Al-Samerria, S., Conceicao, J., Yovich, J. L., and Almahbobi, G. (2015). A direct action for GH in improvement of oocyte quality in poor-responder patients. Reproduction 149, 147–154. doi: 10.1530/rep-14-0494

Wilding, M., Dale, B., Marino, M., di Matteo, L., Alviggi, C., Pisaturo, M. L., et al. (2001). Mitochondrial aggregation patterns and activity in human oocytes and preimplantation embryos. Hum. Reprod. 16, 909–917. doi: 10.1093/humrep/16.5.909

Wu, F., Wang, J., Wang, Y., Kwok, T. T., Kong, S. K., and Wong, C. (2009). Estrogen-related receptor alpha (ERRalpha) inverse agonist XCT-790 induces cell death in chemotherapeutic resistant cancer cells. Chem. Biol. Interact. 181, 236–242. doi: 10.1016/j.cbi.2009.05.008

Yovich, J. L., and Stanger, J. D. (2010). Growth hormone supplementation improves implantation and pregnancy productivity rates for poor-prognosis patients undertaking IVF. Reprod. Biomed. Online 21, 37–49. doi: 10.1016/j.rbmo.2010.03.013

Yu, X., Ruan, J., He, L. P., Hu, W., Xu, Q., Tang, J., et al. (2015). Efficacy of growth hormone supplementation with gonadotrophins in vitro fertilization for poor ovarian responders: an updated meta-analysis. Int J Clin Exp Med. 8, 4954–4967.

Yuksel, A., Bildik, G., Senbabaoglu, F., Akin, N., Arvas, M., Unal, F., et al. (2015). The magnitude of gonadotoxicity of chemotherapy drugs on ovarian follicles and granulosa cells varies depending upon the category of the drugs and the type of granulosa cells. Hum. Reprod. 30, 2926–2935.

Zhang, Y., Chen, J., Liang, D., Yuan, Y., and Wu, X. (2008). Effects of human growth hormone on haematopoietic recovery of rats receiving chemotherapy. Chemotherapy 54, 447–455. doi: 10.1159/000159270

Zhu, Z., Li, Y., Liang, M., Wang, L., Wang, L., Rizak, J. D., et al. (2020). piRNAs regulated by mitochondria variation linked with reproduction and aging in Caenorhabditis elegans. Front. Genet. 11:190. doi: 10.3389/fgene.2020.00190


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Feng, Xie, Liu, Guo, Tang and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 29 March 2021
doi: 10.3389/fcell.2021.647892





[image: image]

Transcriptome Profiling of the Ovarian Cells at the Single-Cell Resolution in Adult Asian Seabass
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Single-cell RNA sequencing (scRNA-seq) is widely adopted for identifying the signature molecular markers or regulators in cells, as this would benefit defining or isolating various types of cells. Likewise, the signature transcriptome profile analysis at the single cell level would well illustrate the key regulators or networks involved in gametogenesis and gonad development in animals; however, there is limited scRNA-seq analysis on gonadal cells in lower vertebrates, especially in the sexual reversal fish species. In this study, we analyzed the molecular signature of several distinct cell populations of Asian seabass adult ovaries through scRNA-seq. We identified five cell types and also successfully validated some specific genes of germ cells and granulosa cells. Likewise, we found some key pathways involved in ovarian development that may concert germline-somatic interactions. Moreover, we compared the transcriptomic profiles across fruit fly, mammals, and fish, and thus uncovered the conservation and divergence in molecular mechanisms that might drive ovarian development. Our results provide a basis for studying the crucial features of germ cells and somatic cells, which will benefit the understandings of the molecular mechanisms behind gametogenesis and gonad development in fish.
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INTRODUCTION

Sexually reproducing organisms transmitted their genetic information from one generation to the next via gametogenesis, a physiological procedure initiated with the primordial germ-cell (PGC) specification and migration (Kunwar and Lehmann, 2003). Traditionally, light and electron microscopy have been used to discriminate PGCs from somatic cells during early embryonic stages and examine their morphological characteristics (Xu et al., 2010). In recent years, based on molecular and cellular techniques, several identified germ cell markers such as vasa, dazl, and ziwi are known to play essential roles in germ cell development across the animal kingdom (Kehkooi et al., 2009; Leu and Draper, 2010; Aduma et al., 2019). However, the identification of germ cells in many species was ambiguous due to the absence of germ cells or somatic marker genes, especially for female germ cells in ovary.

The ovary is a highly conserved transcriptionally tissue across animal taxa from invertebrates to vertebrates (Edwards, 1965; Zagalsky et al., 1967; Pedersen and Peters, 1968; Thomson et al., 2010). Female germ cell development is a complex multifactorial regulated process in that embryonic germ cells are driven to become oogonia stem cells through a series of statuses including cell proliferation, apoptosis, and differentiation, then subsequently generate ootid through oogenesis (Sánchez and Smitz, 2012). Moreover, the female germ cell fate mainly relies on the ovarian environments established by somatic cells rather than the sex chromosomes in germ cells (Evans et al., 1977). Likewise, oogenesis has been extensively documented via the anatomical and histological analysis (Grier et al., 2017; Teh et al., 2018; Pierson, 2019); however, the molecular basis of germ cells is still largely unclear in fish species. Therefore, it is necessary to precisely define the various cell types in order to well understand the mechanism underlying ovarian development.

Single cell RNA sequencing (scRNA-seq) approaches have recently been applied to study the embryo development and gametogenesis due to its high accuracy in detecting the variations across cell lineages and heterogeneity or predict developmental trajectories (Li L. et al., 2017; Wagner et al., 2018). In contrast to the traditional transcriptome analysis, transcriptome profiling at the single-cell level crosses the limitation of obscured molecular heterogeneity among and between varied gametogenic cells, which provides comprehensive understanding and significant new biological insights (Suzuki et al., 2019). Developmental trajectories during zebrafish embryogenesis via scRNA-seq analysis provides a new approach to reconstruct the specification trajectories of many developmental systems without the need for prior knowledge of gene expression profiles, fatemaps, or lineage trajectories (Farrell et al., 2018). In human adult ovaries, the maps of the molecular signature of growing and regressing follicular populations constructed using scRNA-seq highlight the significance of mapping whole adult organs at the single-cell level, and this is also paramount to understand the mechanisms of (in)fertility (Fan et al., 2019). scRNA-seq analysis in human oocytes and corresponding somatic follicles provided new insights into understandings on the crucial features of transcriptional machinery, transcription factor networks, and reciprocal interactions between oocytes and somatic follicular compartments (Zhang et al., 2018). In adult Drosophila testis, the transcriptome profiles of genetic novelties in various cell types across spermatogenesis was elucidated by scRNA-seq analysis, offering significant clues for understanding how the testis maintains its core reproductive function while being a hotbed of evolutionary innovation (Witt et al., 2019). The scRNA-seq analysis has been widely applied to studying the germ cells or gonadal development in organisms in recent years. However, up to now, most investigations on ovarian transcriptome focus mainly on limited species, including human (Liu et al., 2009; Zhang et al., 2018), monkey (Wang et al., 2020), mouse (Dean, 2002; Zhao et al., 2020), zebrafish (Zhu et al., 2018), and fly (Slaidina et al., 2020), which revealed the remarkable interspecies variations and conservations during ovarian development across phyla.

Lates calcarifer, also named Asian sea bass or barramundi, is an important economic species owing to its delicious taste and high nutritional value and has been successfully cultivated in saltwater throughout the Asian-Pacific region for more than 20 years (Mohd-Yusof et al., 2010; Talpur, 2014). Asian sea bass is hermaphroditic with male-first-matured that matures into a functional male at 2–4 years and then reverses into a female at subsequent spawning season. However, little is known about its molecular and cellular mechanisms behind the sex reverse of male-to-female in animals, including fish. In this study, scRNA-seq analysis was performed and aimed to profile the gene expression of all cell types in Asian seabass ovary. Here, five distinct types of cells including one germ cell and four somatic cells were classified. Likewise, a series of new candidate marker genes were detected, and this would facilitate identifying and isolating the various types of ovarian cells in Asian sea bass in our future studies. Also, several potential biological processes and signaling pathways involved in germ cells development and differentiation were figured out. Additionally, a comparative analysis on gene expression profiles during folliculogenesis were conducted, and some conserved genes and species-specific genes associated with the development of female germ cells were identified between mammals and fish. Here, we identified both germ cells and ovarian somatic cells, and successfully demonstrated the first single-cell transcriptomic atlas of seabass adult ovary. Therefore, this study would pave the way for the further extensive investigations on gene expression profiles in fish ovarian cells, and shed new insights into understanding the conservation and divergence in the mechanisms behind the germ cells differentiation across phyla.



MATERIALS AND METHODS


Single-Cell Isolation of Ovary

Adult Asian sea bass at age of 4 + years old were collected from a fish farm at Hainan Haikou. The ovarian cells of various types were isolated for single cell transcriptomics analysis as previously described (Xu et al., 2018; Hochane et al., 2019; Witt et al., 2019). Briefly, after being washed 2–3 times with 1 × phosphate buffer saline (PBS) and cut into pieces, the ovarian tissue was successively digested with 1 mg/ml Collagenase Type I (LS004196, Worthington) and 0.25% Trypsin-EDTA (TLS003703, Worthington) for about 10 min at 28°C. Subsequently, the digestion of tissue pieces was stopped using 10% fetal bovine serum (FBS) (Gibco) in PBS, and then the cells were filtered through the Φ40 μm cell strainer followed by 10 min centrifugation at 300 × g, and washed 2–3 times with 1 × PBS. Then, 3 ml single cell suspensions was mixed with 5 ml 0.4% dye trypan blue solution to measure the total cell numbers as well as the ratio of live cells using the automated cell counter (Logos Biosystems). Then cells were diluted to the final concentration using 1 × PBS with 200 μg/mL bovine albumin (BSA) (NEB, cat # B9000S) for subsequent Drop-seq.



Single Cell Capture, cDNA Library Preparation and Sequencing

cDNA Libraries were prepared following the McCarroll Lab Dropseq protocol as previously described (Macosko et al., 2015). Cells were resuspended in PBS with 0.01% BSA and loaded at a concentration of either 150 or 300 cells/μL. Cells were then captured by microfluidic technology in which a single microsphere with a unique molecular identifier (UMI) and a single cell was wrapped in a droplet. The cell capture rate conformed to Poisson distribution, and the best capture rate was about 10%. The cell cleaved in the droplet and released mRNA, which could be captured by microspheres in the same droplet owing to Oligo beads (ChemGenes) that contained the original Drop-seq polyT primer with a VN anchor at the 3′ end (TTTTTTTAAGCAGTGGTATCAACGCAGAGTACJJJJJJJJJ JJJNNNNNNNNVTTTTTTTTTTTTTTTTTTTTTTTTTTTTT TVN). The reverse transcription reaction was performed with 25 nt oligo (dT) primer anchored with a 16 nt cell-specific barcode and 10 nt UMIs. Subsequently, the second-strand cDNAs were amplified by PCR. The PCR condition was as follows: 95°C for 30 s; 11 cycles at 95°C for 10 s, 55°C for 30 s, 72°C for 30 s; followed by 72°C for 5 min. The RNA-Seq libraries were sequenced on Illumina NextSeq 500.



Classification of Cell Types and Sequencing Analysis

Raw RNA-Sequencing data was analyzed using R package Seurat, v 2.2.0 (Butler et al., 2018). Cell Ranger was performed to output “filtered gene-barcode” count matrix, which was used for multiple downstream analysis. To start, several parameters were used to filter low quality cells according to the expression of mitochondrial genes and cell cycle genes: the total number of expressed genes/cell ranged from 200 to 2500; the total number of UMIs/cell ranged from 300 to 15000; and the percentage of UMIs mapping to mitochondrial genes to total genes was lower than 5%. Moreover, cells were normalized using the “Function NormalizeData” procedure in Seurat. t-SNE was performed through the run_t-SNE function (dims.use = 1:10, max_iter = 2,000) to calculate tSNE plot. Louvain algorithm was performed using Seurat-based workflow. The multiple t-test was performed to obtain the statistical significance of DEGs, and only the genes with significant p-values less than 0.05 with a fold change of log2 transformed FPKM larger than 1.5 were considered as the DEGs. In addition, Function FindMarkers from R package was applied to analyze marker genes between the cells of a cluster and the rest of the cells in the dataset.

To annotate the DEGs function, GO (Gene Ontology) enrichment analysis was implemented by the top GO R packages. Moreover, Gene Set Enrichment Analysis (GSEA1) and were used to perform the KEGG pathway enrichment analysis (Subramanian et al., 2005). The core genes involved in the significantly enriched pathways were performed to generate a heatmap using function heatmap.2 in R package gplots v3.0.1.



In situ Hybridization

In order to verify the scRNA-seq data, three germ cell genes and two somatic genes were validated by in situ hybridization on sections (SISH) as previously reported by Li W. et al. (2017). The ovarian tissues were fixed with 4% paraformaldehade in PBS at 4°C overnight. After washing with PBS (pH 7.0) three times, the samples were immersed in 30% saccharose-PBS buffer overnight at 4°C, and then embedded in O.C.T. (Optimal Cutting Temperature, Germany) and sectioned at 10 μm with frozen microtome (Leica, Germany). The cryostat sections were 37°C for 1 h and then stored at –70°C. For antisense probe synthesis, T7 RNA polymerase promoter was added to the 5′ end of reverse primers using DIG RNA labeling kit (Roche, Germany). Primers sequences for probe synthesis were designed and synthesized according to mRNA sequences in NCBI database (dnd1: XM_018694390.1; nanos3: XM_018664710.1; zar1: XM_018669829.1; hsd17b1: XM_018702509.1; dnajb1: XM_018679787.1) using software Primer 5.0. The primer sequences of these selected genes have given in Supplementary Table 1. Then the RNA probes were synthesized using RNasefree TURBO DNase and purified with LiCl according to the manual of the mMESSAGE mMACHINE kit (cat# AM1340; Ambion). Signal was stained using BCIP/NBT substrates and nuclear was counterstained with propidium iodide (PI). Images were obtained by Zeiss Axio Observer A1 inverted microscope (Leica, Germany).



Conservative and Species Specific Analysis Across Fly, Human, and Asian Sea Bass

Fly and human homologous gene data retrieved from GEO home in National Center for Biotechnology Information Search database (Mahadevaraju et al., 2019, GEO: GSE125948; Zhang et al., 2018, GEO: GSE107746), as well as our data in this study (SRR13619334) were used for the comparative analysis. Housekeeping genes were retrieved as the normalization factor of genes expression from Human Protein Atlas. The common expressed genes among three species were screened using Power Query function in excel and housekeeper genes were picked out from the common genes.




RESULTS


Global Transcriptome Profile of Ovarian Cells in Asian Sea Bass

To construct comprehensive single-cell atlases, single cells were freshly isolated from Asian seabass ovary and the cells were collected using two-step procedure of enzymatic digestion and physical filtering (Valli et al., 2014), then were used for sequencing and for global transcriptome analysis using the Illumina NextSeq 500 platform (Figure 1A). The morphology of different cells in adult ovarian suspension was shown (Figure 1B). The large oocytes were separated and deposited at the bottom of the suspension, and the remaining complex contained a number of small oocytes and somatic cells attached to the tissue membrane. Multiple types of cells were mixed together for transcriptome analysis. After standard quality control dataset filters, a total of 1,204 dynamically expressed genes were isolated from 11,094 cells and were retained for downstream analysis (Supplementary Table 2). Saturation analysis revealed that the sequencing depth detection of gene expression was sufficient for further data analysis (Figure 1C).
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FIGURE 1. Profiling global expression patterns of Asian sea bass ovary with single-cell RNA sequencing. (A) Schematic illustration of the experimental workflow in this study. (B) Photomicrographs of different type of cells in adult ovary. The arrows indicate cells less than 50 μm. (C) Saturation analysis of the RNA-Seq data.




Single Cell Transcriptome Profiling of Asian Sea Bass Ovary

To identify distinct cell populations captured and highly variable genes in Asian sea bass ovary, Louvain algorithm was performed using Seurat-based workflow, and the results were visualized via the non-linear dimensionality reduction algorithm t-distributed stochastic neighbor embedding (tSNE) (van der Maaten and Hinton, 2008). As shown in Figure 2A, five clusters of cells were obtained. To display the distinction and similarities across these cell types, the data was filtered using quality control parameters in R package Seurat and the Seurat Violin plots were shown in Supplementary Figure 1. Moreover, the selected genes could clearly be classified the cells into five classes as shown in Figure 2B.
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FIGURE 2. Single cell transcriptome profiling of Asian sea bass ovary. (A) Two-dimensional t-SNE and clustering analysis of single-cell transcriptome data. Colors represent different cell types. tSNE, t-distributed stochastic neighbor embedding. (B) Heatmap of positive marker genes and negative marker genes in all five clusters.


Furthermore, to investigate the biological functions and key pathways of DEGs, Gene Ontology (GO) and the gene set enrichment analysis (GSEA) in Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed using WEB-based GEne SeT AnaLysis Toolkit. For GO analysis, “cellular nitrogen compound biosynthetic process,” “cytosol,” and “structural molecule activity” were most enriched GO terms in the category “biological process,” “cellular component,” and “molecular function,” respectively, supporting high levels of cellular activity (Supplementary Figures 2, 3). Importantly, for all five clusters of cells, a total of eight pathways were found, such as biosynthesis of unsaturated fatty acids, ferroptosis, PPAR signaling pathway, progesterone-mediated oocyte maturation, and so on using KEGG analysis (Figure 3A and Supplementary Table 4). Notably, the identified functional pathways in this study were reported to be significantly involved in oocytes including the pathway of progesterone-mediated oocyte maturation in described in the previous report (Lutz et al., 2000). In humans, the progesterone-mediated oocyte maturation was significantly overrepresented both in oocytes and granulosa cells of primary stage, suggesting the mediating function in transition from primordial to primary (Lutz et al., 2000). Interestingly, the upregulated genes involved in the eight KEGG pathways including asc15, kras, sqstm1, acox1, and cdk1 were highly expressed in germ cell cluster or granulosa cell cluster (Figure 3B), which indicated that these genes might play significant roles in oocyte maturation or concert germline-granulosa cells interactions.


[image: image]

FIGURE 3. Signaling pathways enriched in five clusters by KEGG analysis. (A) GSEA enrichment plots of KEGG signaling pathways of five clusters. (B) Heatmap of the upregulated genes involved in the eight KEGG pathways.




Validation of Single Cell Transcriptome Profiling of Asian Sea Bass Ovary

The dendrogram result that cluster 3 was in lineage A and the remaining four cell types were grouped into lineage B suggests that cluster 3 might have distinct gene expression profiles from those of the other four cell types (Figure 4A). Subsequently, several known cell-type-specific marker genes were used to infer the predominant cell type within each cluster. The expression ddx4, dazl, dnd1, piwil, mre11, rad50 was always considered as a molecular signature for germ cells, and these genes play critical roles in the transition from the primordial to the primary stage during germ cell development or differentiation (Yang et al., 2012; Lotan et al., 2014; Jean et al., 2015; Zhang et al., 2018). Clusters most enriched in kdsr, wt1, and hspg2 were inferred to be granulosa cells as described in previous reports (Zhang et al., 2018). The expression heatmap of these selected genes revealed that most germ cell markers were grouped into cluster 3 while some somatic cell markers were grouped into other four clusters, which confirmed the validity of the tSNE classification (Figure 4B and Supplementary Table 5). Thus, we defined cluster 3 as germ cells and cluster 5 as granulosa cells, respectively. The other three cell types were unknown cells due to the lack of reported marker genes; thus, we temporarily defined cluster 1, 2, and 4 as ovarian somatic cells.
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FIGURE 4. (A) Dendrogram of the Louvain algorithm performed using Seurat-based workflow between five cell clusters. Y-axis represents the distance of the five cell clusters. (B) Heatmap of well-known marker genes of ovarian germ cell and somatic cell. The color key from yellow to blue indicates the relative gene expression level from low to high.


Moreover, the expression profiles of the known germline-specific markers including dmc1, dnd1, nanos3, zar1, piwil2, rad50, msh2, sycp3, ddx4, gdf9, figla, and dazl were all enriched in cluster 3, being consistent with the classification of cell types determined in this study (Figure 5A). To further verify the cellular distribution of these marker genes in five clusters, three germ cell related genes, and two somatic cell genes were validated though the in situ hybridization (CISH) on ovarian cryo-sections. The results showed that dnd1 transcripts were detected only in germ cells and absent in surrounding somatic cells, indicating that dnd1 was a germ cell specific gene in Asian sea bass (Figure 5B). Nanos3 was localized predominantly in the cytoplasm and weakly in the nucleus of oogonia, which was consistent with previous study on zebrafish (Figure 5B; Yamaji et al., 2010). The zar1 transcripts were richly distributed in cytoplasm of oogonia and rarely in somatic cells (Figure 3B). Cluster 5 was highly expressed marker genes hsd17b1 (Figure 5C), which has been documented to be enriched in granulosa cells in previous reports (Liu et al., 2009). Likewise, in situ hybridization showed that the hsd17b1 transcript were localized to perinuclear cytoplasm of somatic cells inter/peri-oocytes (Figure 5D). Dnajb1 mRNA signal was mainly detected in the somatic cells surrounding the oocytes and undetectable in oocytes (Figure 5D).
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FIGURE 5. Gene transcriptional characteristics in the ovary of Asian sea bass. (A) The expression profiles of the known germline-specific markers. logFold change represents the gene expression level. (B) ISH analysis of several marker genes transcription in germ cell cluster (cluster 3). The arrows indicate the signals of germ cell marker genes. (C) The expression profiles of the known somatic cell-specific markers. logFold change represents the gene expression level. (D) ISH analysis of several marker genes transcription in somatic cell cluster (cluster 5 and cluster 1). The arrows indicate the signals of somatic cell marker genes.


Subsequently, to further identify and characterize the germ cells and the granulosa cells, the zar1 transcripts enriched cells (zar1+) as germ cells and dnajb1 cells (dnajb1+) as granulosa cells were sorted out respectively. Totally, 345 cells were sorted out, including 103 cells enriched with dnajb1 expression and 242 cells highly expressing zar1 cells (Supplementary Table 6). Principal component analysis (PCA) performed in R software showed that these cells were obviously clustered into two groups (Figure 6A). Subsequently the transcriptome profiles of these two cell populations were comparatively analyzed, and it was showed that 44 genes were found to be biased in granulosa (dnajb1+) cells, and 596 genes were exclusively expressed in germ cells (zar1+), while 124 genes were common in both populations of cells (Figure 6B and Supplementary Table 6). Especially of the 44 granulosa cell biased genes, 29 genes were new and the first time to be identified in this study (Supplementary Table 7). These differentially expressed genes would be used as biomarkers to trace the interactions between granulosa cells and germ cells during fish ovary developing, and even sex reversing. More importantly, the granulosa cells had also been documented to possess the potency of producing iPSCs, and even oocytes via chemical reprogramming (Mao et al., 2014; Tian et al., 2019). Therefore, the specific cell transcriptome profiles of germ cells and granulosa cells would provide the basic knowledge for further studying the endocrine and fertility functions of the ovarian cells, including granulosa cells and germ cells in fish.
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FIGURE 6. Characteristics of zar1 transcripts enriched cells (zar1+) and dnajb1 transcripts enriched cells (dnajb1+). (A) Principal component analysis (PCA) of the highly expressed genes in zar1 transcripts enriched germ cells (zar1+) and dnajb1 transcripts enriched granulosa cells. Oo and Gra represent zar1 transcripts enriched germ cells (zar1+) and dnajb1 transcripts enriched granulosa cells, respectively. (B) Significantly KEGG signaling pathways of the highly expressed genes in zar1 transcripts enriched germ cells (zar1+) and dnajb1 transcripts enriched granulosa cells. (C) Heatmap of the highly expressed genes in zar1 transcripts enriched germ cells (zar1+) and dnajb1 transcripts enriched granulosa cells. Oo and Gra represent zar1 transcripts enriched germ cells (zar1+) and dnajb1 transcripts enriched granulosa cells, respectively.


Furthermore, GO and KEGG analyses were applied to investigate the key pathways of granulosa (dnajb1+) cells and germ (zar1+) cells. For granulosa cell cluster, “gene expression,” “cytoplasmic part,” and “structural molecule activity” were most enriched GO terms (Supplementary Figure 3). For germ cell cluster, the most enriched GO terms were “cellular nitrogen compound biosynthetic process,” “protein-containing complex,” “heterocyclic compound binding,” and “organic cyclic compound binding” (Supplementary Figure 3). It was found that “Ribosome” was the most significant pathway in both granulosa (dnajb1+) cells and germ (zar1+) cells, and “Spliceosome,” “Cell cycle,” “DNA replication,” and “Proteasome” was significant only in germ (zar1+) cells (Figure 6C).



Comparative Analysis of the Ovary Transcriptome Profile Across Phyla Examined

To further investigate the interspecific complexity across fruit fly, human, and Asian sea bass, we compared the ovarian transcriptome profiles of Asian sea bass with previously reported RNA-seq datasets of fruit fly (GEO) home in National Center for Biotechnology Information Search database2 and human (Zhang et al., 2018). The single-cell data from stages of human oocyte human were merged in order to compare with scRNA-seq data of Asian sea bass ovary and fly oocytes. At last, a total of 26,364 genes expressed in human, 1,709 genes expressed in fly oocytes, and 11,094 genes expressed in Asian sea bass ovarian cells were analyzed. As shown in Figure 7A, there were 151 genes overlapped across fly, human, and Asian sea bass while 5,673 genes shared by human and Asian sea bass, and only 152 genes shared by fly and Asian sea bass. The GO analysis of co-expressed genes was similar with previous investigation (Zhang et al., 2018) that none of these genes were specific or related to folliculogenesis, indicating unique molecular mechanisms underlying the modulation of oocyte development occurred in Asian sea bass (Figure 7B).
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FIGURE 7. Comparison of human, fly, and Asian sea bass oocyte transcriptomic profiles. (A) Venn diagram of total expressed genes in human oocytes, fly oocytes, and Asian sea bass oocytes. (B) Significantly enriched GO terms of co-expressed DEGs among human oocytes, fly oocytes, and Asian sea bass oocytes. (C) Heatmap of several well-known marker genes in different stages of Human folliculogenesis, fly, and Asian sea bass. The color key from yellow to blue indicates the relative gene expression level from low to high, respectively.


In addition, the conserved and divergent in expression patterns of several oocyte development marker genes such as bmp15, dnd1, patl2, slbp, dmc1, nanos3, piwil1, piwil2, sycp3, ddx4, gdf9, dazl, ybx2 (in mouse, biased expression in adult testis), zar1, and rac1 were defined among human, fish, and fly. Of these genes, only rac1 was detected common in fly, human, and Asian sea bass, the other genes existed only in human and Asian sea bass (Figure 7C), implying that the expression profiles of germ cell genes in fish are more similar with those in human than in fly. Moreover, the common genes shared by Asian sea bass and human also exhibited distinct dynamics expression during oogenesis. As shown in Figure 7C, most genes were relatively expressed at a higher level in human than in Asian sea bass except for nanos3 and zar1. Nanos3 was expressed higher in Asian sea bass than that of key stages of human follicular development in vivo, from primordial to preovulatory stage, while the expression level of zar1 in Asian sea bass was higher than that of human primordial, primary, and preovulatory stages but lower than that of secondary and antral stages. Thus, these findings well documented the conservation and divergence of the shared genes in germ cells across invertebrates and vertebrates and provided a new way to accurately define germ cell and elucidate the mechanism of gonadal development.




DISCUSSION

In the last decade, single-cell transcriptome sequencing has been extensively performed to reveal the molecular signature of generative cells across gametogenesis in invertebrates such as Drosophila (Karaiskos et al., 2017; Li H. et al., 2017) and mammals such as human, monkey, and mouse (Guo et al., 2013; Knouse et al., 2014; Tsioris et al., 2015; Wang et al., 2020); however, little was reported in lower vertebrates, such as fish, especially the sex reverse species. Both the sex reverse (male-to-female) and ovary development are a complex process in animals, including the Asian sea bass, and thus a full understanding of its regulation requires the integration of multiple data collected from various ovarian cell types. Many studies have shown various interactions or bidirectional communication between female germ cells and surrounding somatic cells (Kloc, 2017), but these kind of data on cellular communications between the somatic cells and oocyte majorly comes from the investigations of mammalian oocytes. Therefore, in this study, we conducted a scRNA-seq analysis to define the signature transcriptome profiles of ovarian cells in Asian seabass adult female, and we identified five cell types, including one type of germ cells and four types of somatic cells. Generally, the transcripts expression profile of ovarian cells in Asian seabass were similar to those discovered in other species. Our study showed that the number of genes or UMIs were more in germ cells than those in somatic cells, which is consistent with the results from fly (Slaidina et al., 2020) and human (Li L. et al., 2017). These findings proved that more transcripts existed in germ cells in gonads. Moreover, in many multicellular organisms, including fish, lots of mRNAs are transcribed during oogenesis and stored in the maternal cytoplasm, providing essential factors for oocyte growth and cell viability, and the mRNAs also are actively translated to regulate embryonic polarity and cell fate during embryogenesis (Olszańska and Borgul, 1993; Seydoux, 1996). It is therefore, critical for precise regulation of the accumulation of proteins implying that a large number of ribosomes must accumulate in the germ cell to translate these messages (Wallace and Selman, 1990). Likewise, the amplification of ribosomal genes allows synthesis of sufficient rRNA to supply the growing oocyte. Besides, most germ cell markers are RNA binding proteins, such as Vasa, Dazl, and Ziwi1 (Kehkooi et al., 2009; Leu and Draper, 2010; Aduma et al., 2019). RNA regulation is, therefore, crucial in the germ line of virtually all organisms and plays a variety of prominent roles. These would be the explanations for the findings of this study: there are many ribosome related genes (rps) were identified in ovarian cells (Supplementary Table 2). Accordingly, the top enriched Go terms include “peptide metabolic process,” “peptide biosynthetic process,” “cellular translation,” “ribonucleoprotein complex,” “RNA binding,” and so on.

Furthermore, it is well known that granulosa cells are the most important somatic cells in the ovary, which play important roles in female germ cell development and in the formation of primordial follicles (Kissel et al., 2000). Therefore, it is pivotal to distinguish the granulosa cells and germ cells for further investigations on oogenesis. In our study, we found the zar1 RNA is exclusively expressed in germ cells (Figure 5B), while dnajb1 is specifically expressed in granulosa cells surrounding oocytes (Figure 5C). Likewise, zygote arrest-1 (zar1) was identified in mice and is considered one of the earliest identified oocyte-specific maternal effect gene that functions during MZT (Wu et al., 2003a). Zar1 was also proved to be required for oocyte meiotic maturation by regulating the maternal transcriptome and mRNA translational activation (Rong et al., 2019). Additionally, zar1 is documented to be evolutionarily conserved and expressed in vertebrate ovaries (Wu et al., 2003b). Therefore, we confirmed that the cells expressed zar1 should be germ cells and could be picked out for further analysis. On the other hand, it was reported that the DnaJ-1/Hsp70 chaperone complex regulates border cells (BCs) migration by modulating PVR function during Drosophila oogenesis (Cobreros et al., 2008). Likewise, the germ cells genes were barely detected in the dnajb1 mRNA positive cells surrounding the oocytes, so the dnajb1+ cells were selected as granulosa cells, then the differentially and common genes or pathways were identified between germ cells and granulosa cells in Asian seabass ovary. This would facilitate the investigations on the cellular communications or interactions between somatic cells and germ cells during sex-reversing and/or oogenesis in fish.

Intriguingly, in this study, we also found many cell specific genes, such as hes1 highest in cell cluster C1 in this study, was reported to be highly expressed in granulosa cells and progenitor theca cells in monkey ovary (Zhao et al., 2020). Gdf 9 (highest in cell cluster C3 here) was documented to exhibit high expression level in the oogenesis phase FGCs, which could promote the production of Desert hedgehog (DHH) and Indian hedgehog (IHH) in granulosa cells in monkey ovary (Zhao et al., 2020). The hsd17b1 was found to be enriched in cell cluster C1 and exclusively expressed in most of ovarian somatic cells in our study. The HSD17B1 has been shown to be expressed in fetal human ovaries (Vaskivuo et al., 2005), and the over-expression of human HSD17B1 in mice results in masculinization of the external and internal genitalia of females (Saloniemi et al., 2009); thus, the findings imply that HSD17B1 is likely to contribute in the maintenance of normal sex steroid balance during gonad development. This indicates that hsd17b1 maybe is involved in sex reverse and gonad development in Asian seabass. However, to address this issue, it needs more extensive investigations conducted in the future.

Except accurately distinguishing germ cells from somatic cells, the identifications of the stage-specific genes may provide a valuable clue for the functional studies on gonadal cells or genes, thus illustrating the mechanism behind the gonadal development. The identification of stage-specific marker genes would benefit the understanding of the characterization of cell heterogeneity. In the human ovary, the identification of specific gene signatures of oocytes and granulosa cells in a particular stage may reflect developmental competency and ovarian reserve (Zhang et al., 2018). In adult human testes, the specific marker genes used to identify four undifferentiated spermatogonial (SPG) clusters provide a blueprint of the developing human male germline and supporting somatic cells (Sohni et al., 2019). In the mouse, dynamic changes in the transcriptomes of spermatogenic cells were observed based on the expression level of key cell type-specific markers (Grive et al., 2019; Suzuki et al., 2019). So far, numerous efforts made to identify biomarkers are mainly focused on mammals; few marker genes have been identified in lower vertebrate such as fish, and their specificity is still largely unclear. In this study, we identified germ cell and somatic cell populations based on several reported candidate biomarkers (Figure 2). We also detected a set of new candidate genes (Supplementary Table 2), which would provide a basic and valuable index for demonstrating the ovarian development, and also are critical for developing related bio-techniques, such as isolating, culturing, and identifying the germ cells in fish or other vertebrates. We uncovered several functional signaling pathways that significantly represented those associated with oocyte meiosis, including progesterone-mediated oocyte maturation (Figure 3). Genes involved in these functional pathways were highly expressed in germ cells (cluster 3) or granulosa cells (cluster 5), indicating that these functional pathways may concert germline-somatic interactions. Hsp90ab1 gene in progesterone-mediated oocyte maturation pathway has been demonstrated to be required for male fertility, sex determination, and metabolic homeostasis through interaction with Kdm3a (Ioannis et al., 2014). Moreover, ccna2, ccnb1, ccnb3, cdk1, cdc26, kras, and plk1 were involved in multiple signal pathways. The connection and interaction of genes indicated that the ovarian development was a complex process mediated by multiple factors and pathways.

Understanding the transition from mitosis to meiosis in early oogenesis is essential for investigating ovary development and the application of induced gametes. In previous reports, it has been found that the oocyte transcriptome is variable across animal kingdom (Biase, 2017; Gahurova et al., 2017). For example, strong transcriptional activity and considerable variability were uncovered in both human and mouse oocytes (Sylvestre et al., 2013). In the present study, we compared gene expression dynamics of invertebrate fruit flies, lower vertebrate Asian sea bass, and human ovarian cell transcriptome, and we found distinction in gene expression profiles across these three species with less difference between Asian sea bass and humans than that between Asian sea bass and fruit flies. On the other hand, a certain degree of similarity in gene expression was also detected among these three species, and the further function analysis of the conserved genes may provide key insights in reproductive biology and fertility in metazoans. Therefore, our research on ovarian cell transcriptome of Asian sea bass can provide basis for further studies on the molecular mechanisms associated with ovarian development in other fish, even in human.

In summary, this study is the first comprehensive single-cell transcriptomic atlas of fish ovary, especially a hermaphrodite fish. The cell identities and cell-type-specific gene signatures in the fish ovary were defined; likewise, the findings lay a foundation for the future investigations on the identification and isolation of ovarian cells in fish. More importantly, the findings offer new insights into understanding the conservation and divergence in the molecular mechanisms underlying ovarian cells development across phyla.
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Nitric oxide, a key regulatory molecule in the follicular fluid, has been suggested as a possible biomarker to predict ovarian response in stimulated cycles and the potential of the retrieved oocytes for developing high-quality embryos. Nevertheless, a consensus on whether or not nitric oxide can help in this context has not been reached. We simultaneously measured the oxidation products of nitric oxide, nitrite, and nitrate, via high-performance liquid chromatography (HPLC)-UV in follicular fluid samples from 72 oocyte donors. We found no associations of follicular fluid nitrite, nitrate, total nitric oxide, or nitrate/nitrite ratio with total or metaphase II (MII) oocyte yield. However, nitrite and nitrate levels were related to the yield of MII oocytes when this outcome was expressed as a proportion of all oocytes retrieved. The adjusted MII proportion in the lowest and highest nitrite levels were 68% (58–77%) and 79% (70–85%), respectively (p, linear trend = 0.02), whereas the adjusted MII proportion in extreme tertiles of nitrate levels were 79% (70–85%) and 68% (57–77%) (p, linear trend = 0.03). In addition, nitrate levels showed a suggestive inverse correlation with embryos with maximum or high potential of implantation (p = 0.07). These results suggest that the follicular fluid concentrations of nitrite and nitrate may be a useful tool in predicting how healthy oocyte donors respond to superovulation and the implantation potential of the embryos produced from their oocytes.
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INTRODUCTION

A large number of couples of reproductive age struggle with infertility issues, the causes of which are not always clear (Agarwal and Allamaneni, 2004). For this reason, several studies have tried to identify new biochemical markers that can affect gamete and embryo quality and may predict the outcome of infertility treatment with in vitro fertilization (IVF) (Yalçınkaya et al., 2013).

Nitric oxide (NO) has emerged as a candidate predictor of ovarian response and IVF outcomes (Barroso et al., 1999). Apart from being a well-known regulator of vasodilation and neurotransmission (Pacher et al., 2007), NO has also been linked to the granulosa cell function (Basini et al., 1998), meiotic resumption (Romero-Aguirregomezcorta et al., 2014), and prevention of oocyte aging (Goud et al., 2005), as well as ovulation (Anteby et al., 1996). However, when investigating the relation of intrafollicular levels of NO with oocyte recruiting, fertilization potential, embryo quality, implantation, and pregnancy rates in patients undergoing IVF, the results are contradictory. On one hand, evidence suggests that NO levels in the follicular fluid (FF) are inversely associated with the fertilization of mature oocytes and the ability of the subsequent embryo to cleave normally (Barrionuevo et al., 2000). Furthermore, a negative correlation between FF NO levels and embryo morphology was identified (Barroso et al., 1999; Battaglia et al., 2006). On the other hand, other studies found no differences in relation to oocyte and embryo quality (Lee et al., 2000; Yalçınkaya et al., 2013). The relationship between FF, NO, and pregnancy outcome is also uncertain (Lee et al., 2000; Kim et al., 2004; Yalçınkaya et al., 2013).

The controversy among these data might reside in the unstable nature of NO, which makes its direct measurement difficult (Manau et al., 2000). NO has a short biological half-life that can be influenced by different factors, such as its concentration, the presence or not of NO scavengers (Hakim et al., 1996), and the cellular redox state (Rosselli et al., 1998). NO itself can act as a free radical scavenger and prevent cell toxicity by inactivating the superoxide anion. Under specific conditions, however, this interaction can generate peroxynitrite, a potent oxidant (Rosselli et al., 1998). Additionally, NO is oxidized in blood and tissues leading to the formation of two stable end-products, nitrite (NO2) and nitrate (NO3) (Lundberg et al., 2008), which are a suitable to quantify indirectly NO synthesis (Romitelli et al., 2007). However, the methods for NO2 and NO3 detection have limitations such as the time required for the analysis, interference from other ions, or the difficulty to detect NO2 and NO3 at the same time and in minor concentrations (Croitoru, 2012). The simultaneous detection of low NO2 and NO3 concentrations has been described in mammal blood, urine, and in plant samples by high-performance liquid chromatography (HPLC)-UV (Croitoru, 2012). This study aims, first of all, to apply this method with some modifications to determine the FF levels of NO2, NO3, total NO (NOx), and NO3/NO2 ratio in oocyte donors. Subsequently, it aims to further clarify any associations between these parameters, ovarian response, and quality of the embryos derived from oocytes of healthy women undergoing ovarian stimulation as part of their participation in an oocyte donation program.



MATERIALS AND METHODS


Ethics

This study was approved by the Ethics Review Committee of CEIC Hospital General Universitario Jose Maria Morales Meseguer (Murcia, Spain) (Approval No. EST: 06/17) and registered at https://clinicaltrials.gov/ (ID: NCT03307655). Women participating in the gamete donation program at IVI-RMA Global (Murcia, Spain) were invited to participate in the study. All the donors who accepted provided their written informed consent.



Clinical and Lifestyle-Related Data

The following data regarding the donation cycle were collected from IVI-RMA Global (Murcia, Spain) for all participants: total and metaphase II (MII) oocyte yield, number of stimulation days, 17β-estradiol (E2) peak, total dose of follicle-stimulating hormone (FSH), oocyte fate (fresh transfer, vitrified and mixed), and quality of the blastocyst derived from their oocytes. Donors who enrolled in the study were asked to report their demographic and lifestyle characteristics over the previous year such as age, body mass index (BMI), sleep time, diet, coffee and alcohol consumption, smoking history, leisure physical activity, and sedentary behavior. The smoking history was classified in three different categories (ever smoker, self-reported exposure to secondhand smoke) and physical activity in Leisure time vigorous/moderate physical activities, hours/week, and Sedentary behavior hours/week. BMI was calculated as weight (kg) divided by height squared (m2). The sleep was evaluated distinguishing the hours of sleep per day and the napping time. The mean number of servings per week of several food items was recorded using a food frequency questionnaire adapted to meet specific study objectives. Special attention was given to specific vegetables known by its high mean nitrate content, like spinach (Lidder and Webb, 2013). Later, according to Panagiotakos et al. (2007), all the listed food items were rearranged in different groups presumed to be close to Mediterranean dietary pattern, namely, the non-refined cereals, fruits, vegetables, legumes, olive oil, fish, and potatoes group. For example, the vegetables group was formed by the sum of cabbage, cauliflower, broccoli, cooked or raw, artichokes, asparagus, carrot, spinach or cooked chard, lettuce, endives, onion, cooked green beans, aubergines, zucchini, cucumbers, peppers, boiled corn, and tomato. A different score scale (0–5 for never, rare, frequent, very frequent, weekly, and daily consumption) was assigned to each group. Subsequently, the Mediterranean diet score (on a scale of 0–55) was calculated by summing up the corresponding scores of these groups. To calculate the total intake, the alcohol content for specific items was summed and multiplied by weights proportional to the frequency of use of each item.



Superovulation of Oocyte Donors and Oocyte Retrieval

Superovulation was achieved by means of a human recombinant follicle-stimulating hormone and a gonadotrophin-releasing hormone antagonist, as previously described (Melo et al., 2009). When the follicles reached an average diameter of 17.5–18 mm, a gonadotropin-releasing hormone (GnRH) agonist was administered to induce ovulation (Melo et al., 2009). Approximately 36 h later, dominant follicles were punctured transvaginally under ultrasound guidance, and FF was aspirated together with the oocyte in Sequential FertTM medium (Origio®, CooperSurgical Fertility and Genomic Solutions, Målov, Denmark).



Intracytoplasmic Sperm Injection and Embryo Culture

After retrieval, the oocytes of 72 donors were washed in Sequential FertTM medium. The removal of cumulus cells was performed by gently pipetting the oocytes in a solution of 80 IU/ml hyaluronidase in Sequential FertTM medium. Oocytes were cultured in fertilization medium (Gems®, Genea Biomedx, Sydney, NSW, Australia) at 5% CO2, 37°C, and atmospheric O2 for 3 h. After that, the oocytes were placed in a microdrop of fertilization medium for performing intracytoplasmic sperm injection (ICSI). Sperm samples were obtained from ejaculates without oligo-asteno-teratozoospermia and selected by density gradient 45/90% (SIP100, Sil-Select Plus, FERTIPRO NV, Belgium), diluted in a solution of 10% polyvinylpyrrolidone (PVP) in Sequential FertTM medium, and placed in a microdrop for performing ICSI. Immediately after ICSI, the zygotes were transferred to the pre-equilibrated embryo culture medium Cleavage MediumTM (Gems®, Genea Biomedx, Sydney, NSW, Australia) and covered with mineral oil (LifeGuard®, Genomicks Sdn Bhd, Petaling Jaya, Malaysia) and cultured for 5 days. Several parameters were analyzed in the embryos: the fertilization rate (%), embryo rate (%) – percentage of embryos that cleaved – and quality of the embryos at day 5. Embryo quality was evaluated by morphological scoring at day 5 of culture (blastocyst stage) by experienced technicians according to the standardized criteria of the Spanish Association for the Study of the Biology of Reproduction (ASEBIR) (Hurtado de Mendoza et al., 2015; Cuevas Saiz et al., 2018; Figure 1). The morphological parameters considered for this evaluation were the size and cellular cohesion of the blastomeres in the inner cell mass (ICM) and the homogeneity, cohesion, and number of cells of the trophectoderm (TE). According to these criteria, embryos were classified in four grades (A–D) summarized in Table 1. Degenerated or dead oocytes and embryos were excluded from the study. The retrieved oocytes of 72 donors were used for one respective recipient. However, since three of those 72 donors had donated an elevated amount of MII oocytes, their oocytes were used for more than one recipient and, consequently, were inseminated with spermatozoa of different men. Therefore, we present a total n = 75 of embryo data.
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FIGURE 1. Morphological classification of blastocysts in day 5 of in vitro development according to the criteria established by the Spanish Association for the Study of the Biology of Reproduction (ASEBIR) based on the morphological evaluation of the inner cell mass (ICM) and trophectoderm (TE) (Hurtado de Mendoza et al., 2015; Cuevas Saiz et al., 2018). The implantation potential of blastocysts according to this classification is established as follows: grade (A), maximum; grade (B), high; grade (C), medium; grade (D), low (see Table 1). Scale bar represents 25 μm.



TABLE 1. Spanish Association for the Study of the Biology of Reproduction (ASEBIR) scoring for blastocyst stage in day 5 of embryo development according to morphological evaluation of the inner cell mass (ICM) and trophectoderm (TE) (Hurtado de Mendoza et al., 2015; Cuevas Saiz et al., 2018).
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FF Samples

Following the oocyte retrieval, the FF samples were centrifuged at 4°C during 15 min at 1500 × g. The supernatant was filtered using 0.22-μm filter units (Merck KGaA, Darmstadt, Germany) to remove cellular debris, then aliquoted and stored at −20°C until use. Before and after centrifugation, an aliquot from 26 FF samples was used to determine hemoglobin (Hb) levels with a HemoCue Plasma/Low Hb System (Ängelholm, Sweden). This was done to ensure that the puncture procedure did not affect the Hb levels in the fluid, which, if present after the FF has been processed, can cause NO2 reduction or oxidation (Lundberg et al., 2008).



NO2 and NO3 Measurements in FF

Nitrite and NO3 levels in FF samples were measured by HPLC-UV, using a method previously described by Croitoru (2012) with some changes, namely, in the column used, flowrate, duration, and without any derivatization step. In detail, the analysis was carried out on an Agilent 1100 Series HPLC System (Agilent Technologies, Santa Clara, CA, United States) equipped with a thermostated microwell plate autosampler, a quaternary pump, and a multiple wavelength absorbance detector. Standards and samples (40 μl) were injected into an Agilent Zorbax Eclipse XDB-C18 HPLC column (4.6 mm × 150 mm, 5 μm), thermostated at 25°C, and eluted at a flowrate of 400 μl/min during the whole separation. Mobile phase A consisted of 5 mM tetrabutylammonium hydroxide pH 2.5 (Sigma-Aldrich Química S.A., Madrid, Spain) and 8% v/v acetonitrile (VWR Chemicals, Barcelona, Spain) in water, while mobile phase B was methanol (VWR Chemicals, Barcelona, Spain). The gradient elution program was 100% solvent A for 10 min, a linear gradient from 0 to 50% solvent B for 20 min, and 10 min at constant 100% solvent B. The column was equilibrated with the starting composition of the mobile phase for 15 min before each analytical run. The 206 nm absorbance signal was recorded.

High-performance liquid chromatography standards were prepared in Milli-Q water using reagent grade sodium nitrite and sodium nitrate (Sigma-Aldrich Química S.A., Madrid, Spain). Both standards were prepared at a concentration of 1 mM, and serial dilutions from 100 to 0.1 μM were used to obtain the calibration curve for the analysis. FF samples were thawed and filtered through Amicon 3K centrifugal units (Merck KGaA, Darmstadt, Germany) to eliminate proteins. The centrifugal units were first rinsed with Milli-Q water to equilibrate the membrane and then centrifuged for 10 min at 14,000 × g. The receiver tube was replaced with a new one, and 400 μl of the sample was added to the centrifugal unit and centrifuged for 60 min at 14,000 × g. The clean filtrates were used for the analysis. The UV chromatograms at 206 nm from both standards and samples were analyzed with Chemstation Rev B.01.03.SR2 (Agilent Technologies, Santa Clara, CA, United States). The NO2 and NO3 peak areas in the standard solutions were used for the calculation of the calibration curve, from which the concentration in samples was obtained. The measurements were performed in duplicate, and the sum of mean values of NO2 and NO3 levels was used to calculate NOx concentration (Ratajczak-Wrona et al., 2013). The ratio between mean values of NO3 and NO2 levels was also determined.



Statistical Analysis

Descriptive statistics were calculated for demographic, lifestyle, first donation cycle characteristics in the entire cohort, plus embryo production and quality by percentiles of NO2, NO3, NOx, and NO3/NO2 ratio. The presence of any associations was evaluated by using ANOVA and chi-square tests for continuous and categorical variables, respectively. These data were presented as mean (standard deviation, SD) or number of women (%). Multivariable mixed Poisson and logistic regression models with random slopes to account for repeated observations within a woman were used to compare total and MII oocyte yields, as well as the proportion of MII oocytes, across tertiles of NO2, NO3, NOx, and NO3/NO2 ratio. Categorical covariables were included using indicators for missing covariates when necessary. Multivariable-adjusted models included terms for age, body mass index, sleep time, coffee intake, smoking history, and leisure physical activity as potential confounders of the relation between NO metabolites and measures of ovarian response to hyperstimulation. Correlations (Spearman’s rho) between NOx levels and dietary pattern variables were also evaluated, namely, the Mediterranean diet score, the consumption of vegetables in general or specifically the ones with high NOx content like spinach. Tests for linear trend were conducted by modeling the tertiles of each metabolite, using the median analyte concentration values in each tertile, as a continuous linear term. For embryo development and quality, continuous variables were summarized by arithmetic mean, SD, range, and selected percentiles, including the median. Spearman’s rank correlation coefficients were used to explore the relationship between NO2, NO3, NOx, NO3/NO2 ratio, and embryonic parameters. All analyses were performed in SAS 9.4 (SAS Institute) and IBM SPSS 25.0 (IBM Corporation, Armonk, NY, United States).




RESULTS

Seventy-two women participating in the oocyte donation program at IVI-RMA Global Murcia (Spain), between February 2017 and September 2018, were included in our cohort. FF was obtained at oocyte retrieval in 93 oocyte donation cycles to measure NO2 and NO3 levels by HPLC-UV (Figure 2). The first peak, located at 10.2 min was identified as NO2, while the peak at 31.6 min was identified as NO3. When analyzing the chromatogram from different FF samples, we observed the same peaks with the same retention times (Figure 2).
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FIGURE 2. High-performance liquid chromatography (HPLC)-UV chromatogram. The peak located at 10.2 min was identified as nitrite (NO2), while the peak at 31.6 min was identified as nitrate (NO3). The peak areas of each compound in the standard solutions were used for the calculation of the calibration curve, from which the concentrations in follicular fluid samples (e.g., samples 1 and 2) were obtained.


The FF concentrations of NO2, NO3, NOx, and the NO3/NO2 ratio are reported in Table 2. NO2 levels ranged from 0.7 to 96.1 μM, NO3 levels ranged from 4.9 to 39.7 μM, NOx levels ranged from 5.6 to 109.5 μM, and NO3/NO2 ratio ranged from 0.1 to 31.5. NO2 and NO3 concentrations were unrelated to each other (r = −0.01). NO2 was positively correlated with NOx and negatively correlated with the NO3/NO2 ratio (Table 2).


TABLE 2. Follicular fluid levels of nitrite (NO2), nitrate (NO3), total nitric oxide (NOx), NO3/NO2 ratio, and Pearson correlation coefficients between these parameters.

[image: Table 2]No significant differences were found when analyzing the following variables across tertiles of NO2 and NO3: age at egg donation, BMI, Mediterranean diet score, coffee and occasional alcohol intake, secondhand exposure to smoke, and sedentary behavior (Table 3). On the other hand, women with higher FF NO2 levels were more likely to sleep less [mean (SD) of 7.0 (2.0) h/day] and spend more time per week in leisure activities [mean (SD) of 3.7 (6.0) h/week]. Moreover, higher NO2 and NO3 concentrations were present in donors who smoked (22.2 and 23.6%, respectively), either at the time of the study or in the past. No significant correlations between NOx levels and vegetables intake were observed (Supplementary Tables 1, 2). The characteristics of the first donation cycle, such as the number of stimulation days, total dose of FSH, and the oocyte fate, were similar across tertiles of NO2 and NO3, but donors with low FF NO2 levels likely had a higher E2 peak [mean (SD) of 2004.2 (1140.8) pg/mL].


TABLE 3. Demographic, lifestyle, and first cycle characteristics by nitrite (NO2) and nitrate (NO3) tertiles of healthy women undergoing ovarian stimulation as part of their participation in an oocyte donation program (n = 72).

[image: Table 3]Follicular fluid NO2 and NO3 were unrelated to total or mature oocyte yield (Table 4). The multivariable-adjusted MII yield (95% CI) for women in the lowest and highest tertiles of NO2 was 12.4 (10.2, 15.1) and 13.2 (10.9, 16.0) (p, linear trend = 0.38) and 14.1 (11.7, 17.1) and 12.2 (9.9, 15.0) for NO3 (p, linear trend = 0.14), respectively. When MII oocytes were considered as the proportion of total oocytes, however, the proportion of MII oocytes increased with increasing FF NO2 levels but decreased with increasing NO3 levels. The adjusted proportion (95% CI) of MII oocytes for women in the lowest and highest FF levels of NO2 were 68% (58–77%) and 79% (70–85%) (p, linear trend = 0.02), whereas the proportion of MII oocytes for women in extreme tertiles of FF NO3 levels were 79% (70–85%) and 68% (57–77%) (p, linear trend = 0.03). NOx and the NO3/NO2 ratio were unrelated to the total and mature oocyte yield, whether expressed in absolute or relative terms (Table 4). Summary statistics for embryo development and quality are shown in Table 5.


TABLE 4. Association between nitric-oxide-related parameters and the adjusted oocyte yield, number, and proportion of MII oocytes in of healthy women undergoing ovarian stimulation as part of their participation in an oocyte donation program.
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TABLE 5. Summary statistics for embryo development and quality from oocytes of healthy women undergoing ovarian stimulation as part of their participation in an oocyte donation program (n = 75).

[image: Table 5]A suggestive (borderline) inverse correlation between NO3 levels and the number of embryos type A + B on day 5 (p = 0.07) and embryo cleavage rate on day 5 (p = 0.08) were observed (Figure 3 and Table 6).


TABLE 6. Correlation between NO2, NO3, NOx, ratio NO3/NO2, and embryo development and quality of healthy women undergoing ovarian stimulation as part of their participation in an oocyte donation program (n = 75).
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FIGURE 3. Distribution of grade A and B embryos (maximum and high potential of implantation, respectively) at day 5 of development according to the NO3 levels in the follicular fluid of healthy women undergoing ovarian stimulation as part of their participation in an oocyte donation program (n = 75).




DISCUSSION

One of the factors associated with successful pregnancy during IVF is oocyte quality (Lee et al., 2000). The oocyte development takes place in a dynamic microenvironment, where the complex composition of the FF is very important (Vignini et al., 2008). Among other molecules, FF contains free radicals, like NO, which is actively synthesized by the granulosa cells (Lee et al., 2000). This means that NO and/or its by-products may be potential biomarkers for IVF outcome, and several studies tested this hypothesis in patients undergoing fertility treatment (Barroso et al., 1999; Barrionuevo et al., 2000; Lee et al., 2000; Battaglia et al., 2006; Vignini et al., 2008; Zhao et al., 2010; Goud et al., 2014).

The assessment of NO concentration can be performed indirectly by assaying two anions, i.e., NO2 and NO3 (Revelli et al., 2009). In the present work, we described how a previously validated technique for measuring simultaneously these ions (Croitoru, 2012) can also be applied in FF samples.

The levels of NO2 and NO3, described in our cohort, did not predict the total number of oocytes recovered from the donors or the MII oocytes count. Other studies described similar findings. Yalçınkaya et al. (2013) reported the absence of a correlation when evaluating the relationship between NO and IVF parameters such as the number of mature oocytes, fertilization rate, and embryo grading. Lee et al. (2000) found no significant differences between FF NO levels and the maturity and quality of the oocyte. Moreover, the NO2/NO3 concentrations measured in both serum and FF were not good markers of ovarian response or pregnancy in IVF cycles (Manau et al., 2000).

Interestingly, our data suggest that the FF concentrations of NO2 and NO3 are associated with the proportion of MII oocytes; particularly, the latter was related directly to NO2 levels and inversely to NO3 levels. Even though these stable ions derive from NO, previous research reports evidenced that they can be physiologically recycled to form again NO (Lundberg et al., 2008), likely to be employed for protein S-nitrosylation during maturation process of the oocyte (Romero-Aguirregomezcorta et al., 2014). According to our results, FF NO2 levels appear to be more representative for NO formation, as shown by the Pearson correlation coefficients. The formation of NO2 takes place, for instance, by NO auto-oxidation, NO3 reduction (Lundberg et al., 2008), or through a reaction catalyzed by the multicopper oxidase ceruloplasmin (Shiva et al., 2006), which is also a FF component (Suchanek et al., 1990; Gonzalès et al., 1992; Gentry et al., 2000). It has been shown that its levels depend on the ovarian stimulation protocol (Suchanek et al., 1990), and it was described as an indicator of oocyte maturation, since the ceruloplasmin concentration was higher in follicles containing a mature egg (Gulamali-Majid et al., 1987) and that later underwent cleavage (Gonzalès et al., 1992). NO2 formation via ceruloplasmin also produces nitrous acid (Shiva et al., 2006). Both these species can be converted back into NO in the presence of ascorbate (reviewed by Lundberg et al., 2008), which has been identified in the FF (Cigliano et al., 2002; Khan and Das, 2011).

On the other hand, our work suggests an inverse relation between NO3 levels in FF and the potential of embryos to implant in the uterus. Higher FF NO3 levels were found to be consistent with the presence of nitrotyrosine in granulosa cells, which is indicative of peroxynitrite synthesis (Goud et al., 2014). The synthesis of peroxynitrite takes place when NO interacts with the superoxide anion (Burton and Jauniaux, 2011). The latter species is physiologically produced during folliculogenesis, but lifestyle factors can lead to an unbalance in its regulation (Agarwal et al., 2012). In turn, the peroxynitrite causes lipid peroxidation and cellular damage (Radi et al., 1991). Goud et al. (2014) reported increased FF NO3 levels in women with versus without endometriosis. Additionally, the affected women who achieved a pregnancy had significantly lower FF NO3 levels. The authors, therefore, suggested that the presence of high concentrations of NO3 and peroxynitrite in the oocyte microenvironment may contribute to a poor follicular health, oocyte quality, embryo quality, and potential embryo implantation. This might justify the negative correlation between the proportion of MII oocytes and embryo quality and the NO3 levels reported in our study.

In conclusion, the direct measurement of NO in biological fluids is problematic because of its short-lived nature. Nonetheless, different techniques can be used to determine NO2 and NO3 levels, but in some cases, it is not possible to simultaneously detect these ions, and complex derivatization procedures might be involved. HPLC-UV represents a valid alternative, as it is a rapid, sensitive, and selective method to detect NO2 and NO3, besides from having already been used in plant and animal samples. In this study, we successfully tested this method with human FF samples, which allowed us to investigate how the NO2 and NO3 levels in this fluid correlate with the ovarian response and embryo quality in human oocyte donors. We detected an association between the FF levels of these species and the proportion of MII oocytes and, possibly, with the quality and implantation potential of embryos derived from those oocytes. However, we have not detected an association between NO2 and NO3 levels in FF and the total and MII oocyte yield. This absence of a correlation with total oocyte counts may reflect a lack of association of the NO2/NO3-mediated pathway with the ovarian reserve. Although there is no correlation between NO2 and NO3 with the ovarian reserve, their levels could indicate the maturation of the oocytes (NO2 above all) and embryo quality (NO3 above all), and both NO2 and NO3 are representative for the formation of NO. It is unclear to what extent differences in MII oocyte proportion and embryo quality due to different FF levels of NO2 or NO3 could impact downstream outcomes like pregnancy and birth rates. Further studies should address these questions in the patients who received the oocytes obtained from our cohort of donors.
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Effects of Porcine Immature Oocyte Vitrification on Actin Microfilament Distribution and Chromatin Integrity During Early Embryo Development in vitro
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Vitrification is mainly used to cryopreserve female gametes. This technique allows maintaining cell viability, functionality, and developmental potential at low temperatures into liquid nitrogen at −196°C. For this, the addition of cryoprotectant agents, which are substances that provide cell protection during cooling and warming, is required. However, they have been reported to be toxic, reducing oocyte viability, maturation, fertilization, and embryo development, possibly by altering cell cytoskeleton structure and chromatin. Previous studies have evaluated the effects of vitrification in the germinal vesicle, metaphase II oocytes, zygotes, and blastocysts, but the knowledge of its impact on their further embryo development is limited. Other studies have evaluated the role of actin microfilaments and chromatin, based on the fertilization and embryo development rates obtained, but not the direct evaluation of these structures in embryos produced from vitrified immature oocytes. Therefore, this study was designed to evaluate how the vitrification of porcine immature oocytes affects early embryo development by the evaluation of actin microfilament distribution and chromatin integrity. Results demonstrate that the damage generated by the vitrification of immature oocytes affects viability, maturation, and the distribution of actin microfilaments and chromatin integrity, observed in early embryos. Therefore, it is suggested that vitrification could affect oocyte repair mechanisms in those structures, being one of the mechanisms that explain the low embryo development rates after vitrification.

Keywords: vitrification, embryo development, immature oocytes, porcine (pig) model, actin microfilaments, chromatin, in vitro fertilization-embryos


INTRODUCTION

Currently, vitrification is mostly used to cryopreserve gametes and embryos. It is intended to maintain cell viability, functionality, and developmental potential when they are stored at low temperatures (Chian et al., 2004; Casillas et al., 2018). In recent years, vitrification has been a useful tool for assisted reproduction techniques (ART), so that the scientific and technical progress in this field has been developed for female gametes. In humans, it is considered an important resource in the treatment of reproductive conditions and infertility (Khalili et al., 2017), as well as to improve the reproductive capacity and gamete quality in economically important and endangered species (Mullen and Fahy, 2012). The cryoprotectant agents (CPAs) are substances that protect cells during cooling and warming. However, their use in high concentrations increases the risk of osmotic damage caused by their chemical components (Chian et al., 2004). Although substantial progress has been made to improve vitrification protocols by the use of co-culture systems (Jia et al., 2019), the Cryotech method (Angel et al., 2020; Nowak et al., 2020), the reduction of the volume of cryopreservation cell devices, and CPA selection (Sun et al., 2020), the recovery of intact morphophysiological gametes after vitrification are still low due to the damage generated in cell structures, mainly the plasma membrane, cytoplasm, nucleus, and DNA (Chang et al., 2019). In this regard, it was reported that the extent of the cell damage depends on the nuclear cell stage (Somfai et al., 2012; Egerszegi et al., 2013).

During vitrification, the addition of CPAs is required for cell protection, and it depends on the animal species, the cell type, and the chemical nature of the CPAs to select an appropriate vitrification procedure. In pigs, vitrification can cause alterations in actin microfilaments (MF) and chromatin (CHR), affecting oocyte viability, maturation, fertilization, and embryo development (ED). Previous studies have evaluated the effect of vitrification on germinal vesicle (GV), metaphase II (MII) oocytes, zygotes, and blastocysts in the same stage of development (Egerszegi et al., 2013). Other studies evaluated the role of MF and CHR based on the fertilization and ED rates, but they did not determine the alterations of these structures (Rajaei et al., 2005; Egerszegi et al., 2013). Therefore, this study was designed to evaluate how the vitrification of porcine immature oocytes affects early ED according to the distribution of actin MF and CHR integrity.



MATERIALS AND METHODS


Ethics Statement and Animal Care

This study was approved under the regulations of the Ethics Committee for care and use of animals, Metropolitan Autonomous University-Iztapalapa Campus.



Experimental Design

Five replicates were performed for all experiments. After selection, the cumulus–oocyte complexes (COCs) were divided into two groups: (a) control group, fresh GV oocytes underwent in vitro maturation (IVM), and subsequently fertilized in vitro (IVF) for early ED (two to four blastomeres) through 40 h and (five to eight blastomeres) through 68 h. (b) Experimental group, vitrified GV oocytes, then IVM in a co-culture with fresh granulosa cells, followed by IVF and early ED. In both groups, the viability in oocytes and embryos was evaluated by methyl tetrazolium (MTT) staining. IVM, IVF, and ED were evaluated by bisbenzimide (Hoechst 33342) staining. The analysis of actin MF distribution was carried out using phalloidin–fluorescein isothiocyanate conjugate (phalloidin–FITC), and CHR by Hoechst staining (Rojas et al., 2004).



Chemicals, Culture Media, and Culture Conditions

Unless otherwise stated, all reagents were purchased from Sigma Chemical Co. (St. Louis, MO, United States), and different culture media were prepared in the laboratory. For COCs collection and washing, Tyrode’s medium containing 10 mM HEPES, 10 mM sodium lactate, and 1 mg/ml of polyvinyl alcohol (TL-HEPES-PVA) were used (Abeydeera et al., 1998).

For oocyte vitrification and warming, TCM-199-HEPES medium was supplemented with 0.5 mM L-glutamine and 0.1% 200 PVA (VW medium). To perform IVM, the maturation medium (MM) consisted of TCM 199 with Earle’s salt medium, supplemented with 26.2 mM sodium bicarbonate, 0.1% PVA, 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, and 10 ng/ml of EGF (In Vitro, Mexico).

The medium for fertilization was Tris-buffered (mTBM) containing 3 mM KCl, 13.1 mM NaCl, 7.5 mM CaCl2, 20 mM Tris, 11 mM glucose, and 5 mM sodium pyruvate, 0.4% fraction V bovine serum albumin (BSA), and 2.5 mM caffeine (Abeydeera and Day, 1997).

The medium for early embryo culture was North Carolina State University-23 (NCSU-23) medium supplemented with 0.4% BSA (Petters and Wells, 1993). All culture media and samples were incubated under mineral oil at 38.5°C with 5% CO2 in air and humidity at saturation.



Oocyte Collection

Porcine ovaries were obtained from pre-pubertal Landrace gilts at “Los Arcos” slaughterhouse, Edo. de México and transported to the laboratory in 0.9% NaCl solution at 25°C. The slaughterhouse is registered in health federal law authorization under the number 6265375. For COCs collection, ovarian follicles between 3 and 6 mm in diameter were punctured using an 18-gauge needle set to a 10-ml syringe. Oocytes with intact cytoplasm and surrounded by cumulus cells were selected for the assays.



Vitrification and Warming

For vitrification, COCs were washed twice in VW medium and equilibrated in the first vitrification solution containing 7.5% dimethylsulfoxide (DMSO) and 7.5% ethylene glycol (EG) for 3 min. Then, COCs were exposed to the second vitrification solution containing 16% DMSO, 16% EG, and 0.4 M sucrose for 1 min, and at least nine oocytes were immersed in a 2-μl drop and loaded into the Cryolock (Importadora Mexicana de Materiales para Reproducción Asistida S. A. de C.V. Mexico). Finally, in less than 1 min, the Cryolock was plunged horizontally into liquid nitrogen at −196°C, then COCs were vitrified for 30 min (Casillas et al., 2014). For warming, the one-step method was performed (Sánchez-Osorio et al., 2010). For COCs recovery, the Cryolock was immersed vertically in a four-well dish containing 800 μl of VW medium with 0.13 M sucrose. Immediately, oocytes were incubated in the same medium for 5 min, then recovered for IVM (Sánchez-Osorio et al., 2008).



In vitro Maturation

Control and vitrified-warmed COCs were washed in 500 μl of MM three times. Afterward, 30–40 oocytes were randomly distributed in a four-well dish (Thermo-Scientific Nunc, Rochester NY) containing 500 μl of MM with 0.5 μg/ml of LH and 0.5 μg/ml of FSH (Ducolomb et al., 2009) for 44 h (Casas et al., 1999). Vitrified oocytes were matured in MM with a co-culture with fresh granulosa cells for 44 h (Casillas et al., 2014). The total numbers of evaluated cells in the control and vitrification groups were 256 and 143, respectively.



In vitro Fertilization

After IVM, oocytes were denuded mechanically with a 100-μl micropipette. Then, the oocytes were washed three times in MM and three times in mTBM in 500-μl drops covered with mineral oil. For IVF, 40–60 oocytes were placed in 50-μl drops of mTBM covered with mineral oil and incubated at 38.5°C with 5% CO2 and humidity at saturation for 1 h until insemination (Ducolomb et al., 2009).

Semen was obtained by the gloved hand method on a commercial farm; a 1:10 dilution was made with boar semen extender (MR-A, Kubus, S.A.) and transported to the laboratory at 16°C. Five microliters of semen was diluted in 5 ml of PBS-Dulbecco, Gibco, 1:1 dilution, supplemented with 0.1% BSA fraction V, 0.1 μg/ml of potassium penicillin G, and 0.08 μg/ml of streptomycin sulfate. It was centrifuged at 61 × g at 25°C for 5 min. The supernatant was diluted 1:1 with PBS-Dulbecco and centrifuged at 1,900 × g for 5 min. The supernatant was removed and suspended in 10 ml of PBS-Dulbecco and centrifuged at 1,900 × g for 5 min. The pellet was suspended with 100 μl of mTBM. From this solution, 10 μl was diluted 1:1,000 with mTBM to calculate a final concentration of 5 × 105 spermatozoa/ml. Finally, 50 μl of the sperm suspension was co-incubated for 6 h with the matured oocytes for fertilization at 38.5°C (Ducolomb et al., 2009). The fertilization rate was determined through pronuclei (PNs) formation, and the total numbers of evaluated cells in the control and vitrification groups were 126 and 95, respectively.



Embryo Development

After co-incubation, oocytes were washed three times in 50-μl drops of NCSU-23 medium (Petters and Wells, 1993) supplemented with 0.4% fatty acid–free BSA and placed in drops of 500 μl of the same medium covered with mineral oil in a four-well dish and incubated for 16 h. The evaluation of early ED was performed after 40 and 68 h of incubation (Ducolomb et al., 2009). The total numbers of evaluated cells in the control and vitrification groups were 241 and 151, respectively.



Evaluation of Oocytes and Embryo Viability

Viability was analyzed in oocytes and embryos with MTT staining at T 0 h after oocyte collection, and vitrification, after 44 h of IVM, and after 40 and 68 h of early ED (Mosmann, 1983). Oocytes and embryos were stained with 100-μl drops of 0.5 mg/ml of MTT diluted in mTBM. After 1.30 h, oocytes and embryos were observed under a light microscope (Zeiss Axiostar). Cells showing a purple stain were considered alive, and those colorless were considered dead (Figure 1A). The total numbers of evaluated cells in the control and vitrification groups were 386 and 381, respectively.
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FIGURE 1. Oocyte and embryo viability evaluation by methyl tetrazolium (MTT) staining in control and vitrified groups: (A) representative image for oocyte viability evaluation criteria (continuous arrows show purple living cells, and dotted arrows show colorless dead cells); 10×, scale bar = 50 μm; (B) percentage of oocyte viability at T 0 h, after T 44 h-IVM and early embryos after T 40 and 68 h-ED; the total numbers of evaluated cells in the control and vitrification groups were 386 and 381, respectively. *Significant difference vs. control. P < 0.05.




Evaluation of Oocyte Maturation

Maturation was evaluated by Hoechst stain. Oocytes were stained with 10 μg/ml of Hoechst for 40 min using a confocal scanning laser microscope (Zeiss, LSM T-PMT) for observation. Maturation was evaluated at 44 h of incubation; oocytes with a germinal vesicle (GV) or in metaphase I (MI) were considered as immature and those in metaphase II (MII) with the first polar body as mature (Figure 2A).
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FIGURE 2. Oocyte in vitro maturation (IVM) evaluation by Hoechst staining in control and vitrified groups: (A) representative image for oocyte IVM evaluation criteria (oocytes were classified as: arrowhead shows germinal vesicle (GV), continuous arrow shows metaphase I (MI), continuous arrow shows metaphase II (MII), and the dotted arrow show the polar body; 400×, scale bar = 30 μm; (B) percentage of oocyte IVM; the total numbers of evaluated cells in the control and vitrification groups were 256 and 143, respectively. ∗Significant difference vs. control. P < 0.05.




Evaluation of in vitro Fertilization

Zygotes and embryos were stained with 10 μg/ml of Hoechst for 40 min using Zeiss, LSM T-PMT for observation. To evaluate fertilization, oocytes with one pronucleus (PN) were considered activated (ACT) (Figure 3Aa) and those with two pronuclei as monospermic (MSP) (Figure 3Ab), and more than two decondensed sperm heads (DH) or more than two-pronuclei were considered polyspermic (PP) (Figure 3Ac). Oocytes in MII (first polar body) were considered as not fertilized (UF) (Figure 3Ad).
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FIGURE 3. Oocyte in vitro fertilization (IVF) evaluation by Hoechst staining in the control and vitrified groups. (A) Representative images for IVF evaluation criteria: (a) activated oocyte, arrow shows one PN; (b) monospermic zygotes, arrows show two PN; (c) polyspermic oocyte, arrows show decondensed sperm heads, and (d) unfertilized oocytes, arrow shows the metaphase I; pronuclei (PN), decondensed sperm heads (DH), metaphase (MP); (B) percentage of oocyte IVF; activated (ACT), monospermic (MSP), polyspermic (PP), and unfertilized oocytes (UF); the total numbers of evaluated cells in the control and vitrification groups were 126 and 95, respectively; 200×, scale bar = 30 μm. ∗Significant difference vs. control. P < 0.05.




Evaluation of Embryo Development

Early ED was evaluated 40 h after IVF, two to four cell embryos (Figure 4Aa), and 68 h after IVF five to eight cell embryos (Figure 4Ac).
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FIGURE 4. Early embryo development (ED) evaluation by Hoechst staining in the control and vitrified groups. (A) Representative images for early ED evaluation criteria; (a,c) blastomeres stained with Hoechst; (b,d) clear field showing embryos blastomeres; (N) nucleus; the total numbers of evaluated cells in the control and vitrification groups were 241 and 151, respectively; 200×, scale bar = 30 μm; (B) percentage of early ED [two to four cells, five to eight cells, and non-divided (No Div)]; *Significant difference vs. control. P < 0.05. **Significant differences between groups. P < 0.05.




Hoechst Staining and Immunocytochemistry (Actin Microfilaments and Chromatin)

For CHR evaluation, embryos were stained with Hoechst and, for actin MF, by immunofluorescence with phalloidin-FITC, 1:350 in PBS. After 40 and 68 h of incubation, early embryos were washed three times to 500-μl drops of PBS-BSA; then, 300 μl of Hoechst was added and kept at 4°C for 45 min; afterward, 200 μl of 4% paraformaldehyde fixative solution was added and kept at 4°C overnight. After, 200 μl of PBS–Triton X-100 1% permeabilizing solution was added at 4°C for 2 h and washed. Next, 200 μl of blocking solution was added, with 0.02 g/ml of PBS–BSA, 0.02 g/ml of skimmed milk, and 0.011 g/ml of glycine diluted in PBS, for 1 h at room temperature. For MF labeling, 200 μl of the phalloidin–FITC was added and kept at 4°C for 2 h, then, transferred three times to 500-μl drops. All the incubations were performed in the dark. The washing of the embryos was made with PBS–BSA. The slide mounting was performed with PBS/glycerol 1:9 on slides and covered with a coverslip and sealed with transparent nail polish (Rojas et al., 2004).

Images were obtained using Zeiss, LSM T-PMT. The analysis was carried out capturing Z stack series, through four sections covering the whole embryo. MF visualization (green) was by Phalloidin–FITC with an excitation wavelength of 490 nm and an emission of 525 nm. For CHR (blue), Hoechst had an excitation of 350 nm and an emission of 470 nm. The evaluation of images was performed using the Image J Processor.

For actin MF distribution evaluation, embryos were classified as embryos with cortical actin (CA) (Figure 5Aa), disperse actin (DA) (Figure 5Ab), and dispersed cortical actin (DCA) (Figure 5Ac). Embryos showing CA were considered with good quality and high developmental potential (Figure 5Aa); DCA was considered as a medium quality embryo indicator (Figure 5Ac) and DA as a low embryo quality, with less developmental potential (Figure 5Ab). For CHR evaluation, two classifications in both groups were considered: embryos without damage (ND) and with damage (D) (Figure 6A). The ND CHR embryos presented well-defined nuclei (Figure 6Aa). D CHR embryos were considered when one or more abnormal chromatin (ACHR) structures were identified (Figure 6Ab). ND CHR embryos are related to good quality with a high probability of successful ED. D CHR embryos have less embryo development potential. For MF evaluation, the total numbers of evaluated cells in the control and vitrification groups were 61 and 35, respectively. For CHR evaluation, the total numbers of evaluated cells in the control and vitrification groups were 64 and 33, respectively.
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FIGURE 5. Evaluation of actin microfilaments (MF) in early embryos by phalloidin-fluorescein isothiocyanate (FITC) staining in the control and vitrified groups; (A) representative images for actin microfilament evaluation criteria in early ED: (a) white arrows show cortical actin (CA); (b) white star shows dispersed actin (DA), and (c) white star shows dispersed cortical actin (DCA); the total numbers of evaluated cells in the control and vitrification groups were 61 and 35, respectively; 200×, scale bar = 30 μm; (B) percentage of actin microfilaments in early ED. ∗Indicate significant difference vs. control. P < 0.05.
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FIGURE 6. Chromatin (CHR) evaluation in early ED by Hoechst staining in control and vitrified groups. (A) representative images for CHR evaluation criteria in early ED; (a) 2-Cell embryo, white arrows show nucleus without damage (ND), and (b) 3-Cell embryo, white arrows show abnormal chromatin (ACHR); the total numbers of evaluated cells in the control and vitrification groups were 64 and 33, respectively; 200×, scale bar = 30 μm; (B) percentage of CHR in early ED. ∗Significant difference vs. control. P < 0.05.




Statistical Analysis

Statistical analyses were carried out using GraphPad Prism 8.2.1 (Graphpad Software Inc.). Data from vitrified and control groups were compared with non-parametric Mann–Whitney U test with a confidence level of P < 0.05, and percentage data are presented as mean ± standard deviation (SD) values.



RESULTS


Evaluation of Oocytes, Embryo Viability, and Oocyte Maturation

After collection (T 0 h), 97% of the control oocytes were alive, but this percentage was reduced significantly (78%) after vitrification (P < 0.05). Oocyte viability after 44 h of in vitro maturation in the control was 89%, while in the vitrified group, it was 63% (P < 0.05). After 40 h of embryo development, 94% of embryos were alive in the control and decreased significantly in the vitrified group up to 54% (P < 0.05). After 68 h of embryo development, viability decreased up to 42% (P < 0.05) in the vitrification group compared with that of the control (Figure 1B).

Figure 2B shows the percentage of oocytes in vitro maturation in both groups. Maturation (metaphase II-first polar body) was significantly lower in the vitrification group 40% compared with the control 79% (P < 0.05). A higher germinal vesicle rate (58%) was obtained in the vitrification group (P < 0.05) compared with that of the control (12%). Also, the percentage of metaphase I oocytes was significantly lower in the vitrification group (P < 0.05) compared with that of the control (4 and 12%, respectively).



Evaluation of in vitro Fertilization and Embryo Development

In vitro fertilization results indicated that vitrified oocytes displayed a higher percentage (P < 0.05) of activated (one-pronucleus) and unfertilized (without pronuclei formation) rates compared with that of the control (42 vs. 27%, 20 vs. 13%, respectively); however, polyspermic fertilization (more than two-pronuclei) in vitrified oocytes was significantly lower (P < 0.05) than that of the control (8 vs. 36%, respectively). Meanwhile, monospermic fertilization (two-pronuclei) had no significant difference between both groups (P > 0.05) (36% control vs. 31% vitrified) (Figure 3B).

The percentage of early embryo development at 40 and 68 h of incubation in both groups are shown in Figure 4B. In the control group, a higher percentage of embryos with two to four cells (58%) was found compared with the vitrification group (33%) (P < 0.05). In vitrified oocytes, a higher percentage of undivided embryos (No Div) (63%) was obtained compared with that in the control (33%) (P < 0.05). However, both groups were not statistically different in the production of five to eight cell embryos (P > 0.05) (9% control vs. 4% vitrified). Also, the percentage of embryos that reached five to eight cells was significantly lower after vitrification than the two to four cells (P > 0.05).



Evaluation of Actin Microfilament Distribution and Chromatin Integrity in Early Embryos

Results in the control group showed a higher percentage of embryos with cortical actin compared with the vitrification group (P < 0.05) (67 vs. 29%). In the vitrified group, higher percentages of dispersed actin (32 vs. 11%) and dispersed cortical actin (40 vs. 23%) were obtained compared with the control (P < 0.05) (Figure 5B).

For chromatin evaluation, results indicate that in the control, a higher percentage of embryos with chromatin without damage, with well-defined nuclei was obtained compared with the vitrification group (P < 0.05) (77 and 41%, respectively). Also, there was a greater percentage of embryos in the vitrification group with chromatin damage, with one or more scattered chromatin structures and without embryo division (61 and 23%, respectively) (Figure 6B).

Figure 7 shows the merged images from microfilaments and chromatin evaluation in early embryos. Pictures a, b, and c correspond to the control group and images d, e, and f to the vitrification group. Some embryos show damaged blastomeres, and others did not divide. It seems that the cortical distribution of actin microfilaments and the integrity of the chromatin are related to embryo quality. Oocytes with dispersed actin also showed abnormal chromatin distribution and even the absence of cell division (Figure 7a). In contrast, control embryos showed normal chromatin conformation (ND), with cortical actin, or with some degree of actin dispersion (Figures 7a,c).
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FIGURE 7. Representative merged images of actin microfilaments (green) and chromatin (blue) in early ED. (a–c) Images correspond to embryos from fresh oocytes, and (d–f) images correspond to embryos from vitrified oocytes. (a) Cortical actin without damage (CA/ND); (b) dispersed actin without damage (DA/ND); (c) dispersed cortical actin without damage (DCA/ND); (d) cortical actin with damage (CA/D); (e) dispersed actin with damage (DA/D); (f) dispersed cortical actin with damage (DCA/D); 200×, scale bar = 30 μm.




DISCUSSION

Over the past years, several methods for cryopreservation have been developed through the vitrification of immature (Casillas et al., 2018) and mature oocytes (Casillas et al., 2020) as well as for embryos in different developmental stages. In general, studies have shown that embryos have greater probabilities of survival after vitrification than immature and mature oocytes.

Immature oocyte vitrification in women is important because ovarian hyperstimulation can be avoided. Also, in other mammalian species, it is possible to recover a greater number of GV oocytes than MII. It has been reported that vitrification success in immature oocytes depends on the species and so different strategies are used. To evaluate the quality of embryos produced in vitro from vitrified immature oocytes, several aspects must be considered through the oocyte maturation, fertilization, as well as ED, like CPAs, containers, warming procedures, and recently the use of cumulus cell–oocyte co-culture (Casillas et al., 2015; Kopeika et al., 2015; de Munck and Vajta, 2017).

Although there is great progress in the knowledge of oocyte vitrification, the rate of embryos reaching morulae and blastocyst stages remains low; therefore, a few births of live offspring from vitrified immature oocytes are reported (Somfai et al., 2010). Several studies have used different approaches to explain the possible causes for the decrease in viable embryos produced from vitrified oocytes. One of the main parameters affected by vitrification is oocyte viability. After 44 h of IVM, in the vitrification group, it was 63% lower than that of the control group, which was 89% (Casillas et al., 2014). According to the literature, this is the first study that directly evaluates the viability of embryos derived from vitrified immature oocytes. In several species, studies reported only the percentage of ED to consider this parameter (Rajaei et al., 2005; Somfai et al., 2010; Chatzimeletiou et al., 2012; Fernández-Reyes et al., 2012). In the present study, results indicate that viability decreased significantly in embryos derived from vitrified oocytes compared with that of the control group (54 vs. 94%, respectively). This indicates that vitrification affects oocyte differentiation and ED in vitro. Although oocytes survived during this process, they were affected to carry out an optimal ED. However, the percentage of fertilized oocytes was similar in both groups. The percentage of polyspermy was lower in vitrified oocytes compared to the control.

In this study, there was a decrease in the IVM rate in vitrified oocytes compared with the control group. Similar results were previously reported (Casillas et al., 2020). According to the literature, studies evaluating IVM in vitrified oocytes have reported different results. This may be due to the oocyte maturation stage before vitrification (GV), cell containers, types of cryoprotectants, temperatures, or different cooling and warming procedures (Fernández-Reyes et al., 2012; Casillas et al., 2014; Wu et al., 2017). In addition, Somfai et al. (2010) reported 77% of IVM in the control vs. 22% in the vitrified oocytes using the solid surface vitrification method. These results are similar to those obtained in the present study; however, they use maturation media supplemented with porcine follicular fluid.

Actin is an essential component of the cytoskeleton that achieves functions such as cell migration and division, and the regulation of gene expression, which are basic processes for ED. Besides, microfilaments rearrange the organelles involved in fertilization (Sun and Schatten, 2006), such as extrusion of the second polar body and reorganization of the smooth endoplasmic reticulum for the generation of intracellular Ca2+ during oocyte activation (Chankitisakul et al., 2010; Bunnell et al., 2011; Gualtieri et al., 2011; Egerszegi et al., 2013; Martin et al., 2017). In mammals, the cortical distribution of actin microfilaments in mature oocytes is polarized, which is evidenced by swelling near the metaphase axis and less in the opposite cortical domain. In immature oocytes, the actin microfilament distribution does not appear polarized. This indicates that F-actin has a restructuration for polymerization during oocyte maturation (Coticchio et al., 2014, 2015b). Some studies have evaluated the effect of oocyte vitrification in the cytoskeleton, showing an interruption in the cortical microfilaments network, as well as disorganization of the microtubule spindle, which led to chromosomal dispersion (Rojas et al., 2004; Chatzimeletiou et al., 2012).

These data could explain the possible mechanism of damage derived from immature oocyte vitrification. Our results showed significant differences in the percentage of early embryos with actin dispersion. Vitrification inhibits the correct polymerization of G-actin, reflected in an MF breakdown in the cytoplasm and its disruption in the cortical area (Baarlink et al., 2017; Misu et al., 2017).

In the vitrification group, there was a high rate of No Div embryos. The percentage of embryos that reached five to eight cells was also lower after vitrification than the two to four cells. This could be related to the lack of damage repair mechanisms in the oocytes. Some blastomeres in the early embryos showed lower cortical actin compared with that of the control group. Besides, some disrupted actin polymerization (dispersed actin and dispersed cortical actin). An increase in blastomere DNA fragmentation in blastocyst is attributed to the cryoprotectants (Rajaei et al., 2005). Also, it was reported that the cytotoxicity of these agents occurs in a greater proportion of cells with high metabolic activity as immature oocytes or embryos (Lawson et al., 2011). Cryoprotectants interrupt the cortical microfilament network, causing spindle depolymerization and disorganization, which leads to chromosomal dispersion that may trigger aneuploidies during the ED (Rojas et al., 2004; Chatzimeletiou et al., 2012).

Actin microfilaments also are involved in the immobilization of mitochondria to the cell cortex or sites with high ATP utilization (Boldogh and Pon, 2006). Depolarization and disorganization of the cytoskeleton will prevent the externalization of the meiotic organization toward the cortical zone and the alignment of the chromosomes on the equatorial axis in the oocytes (Gualtieri et al., 2011).

DNA is susceptible to a variety of chemical compounds and physical agents causing alterations in its conformation as a result of errors produced during replication, recombination, and repair (Coticchio et al., 2015a). Changes in chromatin are a result of histones modifying enzymes, which alter its post-transcription activities and ATP-dependent chromatin remodeling complexes (Farrants, 2008). Reduced production of ATP in human vitrified oocytes can be associated with depolymerization of actin microfilaments, causing failure in the DNA repair system, leading to chromatin disorders (Manipalviratn et al., 2011). In the present study, this mechanism may explain the high proportion of embryos derived from vitrified oocytes showing some type of damage in the chromatin affecting the DNA repair system.

It is important to highlight that several studies reported in the literature have evaluated the effect of vitrification in GV and MII oocytes, zygotes, and blastocysts at the same stages of development in which they were vitrified. In this study, the effect of vitrification was evaluated in the further early ED. Previous studies in zygotes or blastocysts analyzed only the role of actin microfilaments and chromatin in the success of the fertilization and embryo production (Wu et al., 2006; Somfai et al., 2010; Egerszegi et al., 2013); however, the distribution and the morphological characteristics of these structures in early ED blastomeres has not been evaluated. Therefore, the present study provides important information that reveals the damage caused by vitrification in immature oocytes and their further early ED.



CONCLUSION

In conclusion, the results of this study indicate that the damage generated by the vitrification of immature oocytes affects viability, maturation, and the distribution of actin MF and CHR integrity, as observed in early embryos.
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Premature ovarian insufficiency (POI) is the loss of normal ovarian function before the age of 40 years, a condition that affects approximately 1% of women under 40 years old and 0.1% of women under 30 years old. It is biochemically characterized by amenorrhea with hypoestrogenic and hypergonadotropic conditions, in some cases, causing loss of fertility. Heterogeneity of POI is registered by genetic and non-genetic causes, such as autoimmunity, environmental toxins, and chemicals. The identification of possible causative genes and selection of candidate genes for POI confirmation remain to be elucidated in cases of idiopathic POI. This review discusses the current understanding and future prospects of heterogeneous POI. We focus on the genetic basis of POI and the recent studies on non-coding RNA in POI pathogenesis as well as on animal models of POI pathogenesis, which help unravel POI mechanisms and potential targets. Despite the latest discoveries, the crosstalk among gene regulatory networks and the possible therapies targeting the same needs to explore in near future.
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INTRODUCTION

Premature ovarian insufficiency (POI) is characterized by deficient ovarian sex hormones and decreased ovarian reserve, which together lead to an accelerated reduction in ovarian function and an early onset of menopause (Wesevich et al., 2020).

Premature ovarian insufficiency is a medical condition in which ovarian follicles are depleted and cease to function normally both as reproductive organs and endocrine organs in women under 40 years old (Welt, 2008; Jankowska, 2017). It is characterized by deficient ovarian sex hormones and decreased ovarian follicles that accelerate the onset of menopause (Wesevich et al., 2020). This condition often results in subfertility or infertility, as it is associated with hypoestrogenism, which causes menstrual irregularities and pregnancy failures (Ebrahimi and Akbari Asbagh, 2011). The decrease in estrogen secretion also causes a myriad of menopausal symptoms, such as hot flashes, night sweats, and insomnia. In addition, long-term consequences of premature loss of ovarian function increase the lifetime risk of skeletal fragility and cardiovascular and neurocognitive disorders (Wesevich et al., 2020).

Delayed diagnosis of POI can be attributed to mild clinical symptoms and a relative lack of awareness. POI is mostly diagnosed after menarche; however, if it occurs before menarche, it should be distinguished from gonadal dysgenesis, in which ovaries are morphologically and histologically different (Taylor et al., 2019). Despite recent progress in the field of reproductive endocrinology, various mechanisms underlying ovarian dysfunction remain vague; and the process of regulating and maintaining ovarian follicle quality and quantity needs to be further investigated. Thus, we review the histology and possible causes of POI, as well as the recent advances in elucidating the molecular intricacies of POI, along with mouse models to study this condition.



CLINICAL ASPECT OF POI


Diagnosis of POI

Premature ovarian insufficiency is diagnosed when a woman presents amenorrhea before 40 years of age (Torrealday et al., 2017) with an elevated serum level of pituitary gonadotropin follicle-stimulating hormone (FSH) with low levels of estradiol (E2). Serum levels of FSH and E2 are measured on at least two separate occasions with more than 4 weeks of interval, and patients that present with continuously elevated FSH levels (greater than 25 IU/L) are diagnosed with POI (Wesevich et al., 2020). Although this condition was previously referred to as premature ovarian failure (POF), some patients are known to have residual ovarian function that seldom leads to pregnancy. Therefore, the term POI was adopted by an American consensus meeting and by the European Society of Human Reproduction and Embryology (ESHRE) consensus (Welt, 2008). POI occurs in approximately 1% of the women who have not reached 40 years of age. Study of Women’s Health Across the Nation (SWAN) reported a 1.1% prevalence of POI among women; by ethnicity, 1% of Caucasian, 1.4% of African American, 1.4% of Hispanic, 0.5% of Chinese, and 0.1% of Japanese women experienced POI, and the difference in frequency among these ethnic groups was statistically significant (Wesevich et al., 2020). The prevalence of POI was higher in countries with medium and low human development indexes (Jankowska, 2017). The frequency is roughly 4–8% in women experiencing secondary amenorrhea and 10–28% in cases of primary amenorrhea (Allshouse et al., 2015). The estimated incidence rate ratio varies with age; the ratio is 1:100 cases by the age of 40 years, 1:250 cases at the age of 35 years, 1:1000 cases by 30 years, and 1:10,000 cases during the age of 18–25 years. Epidemiological studies have shown that POI incidence also depends on ethnicity (Rebar, 2009; Rudnicka et al., 2018).



Clinical View of POI

The clinical findings in women with POI are highly variable. These symptoms are indistinguishable from those associated with menopause. They include having difficulty conceiving, and experiencing new-onset menstrual irregularity after pregnancy or after ceasing the use of birth control pills. Amenorrhea in a healthy woman for three consecutive months requires further investigation, with POI being a probable differential (Torrealday et al., 2017). Hot flashes, dyspareunia, night sweats, dry eyes, and decreased sexual desire are other typical symptoms which resemble those experienced in a menopausal or an estrogen-deficient state. However, women experiencing primary amenorrhea may never experience symptoms of hypoestrogenism. Women with POI occasionally show signs of Turner syndrome, such as short stature, webbed neck, short fourth and fifth metacarpal bones, shield-like chest, wide carrying angle elbow, low set ears, and low hairline. Turner syndrome is the most common genetic cause of POI, with these cases being usually clinically evident before menarche (Torrealday et al., 2017).

Familial syndromes with unusual features are at times associated with POI. Such manifestations include dwarfism, hearing loss, and eyelid tumors (Torrealday et al., 2017). Clinical outcomes of certain autoimmune diseases such as thyroid and adrenal autoimmunity have also been linked to POI (Kovanci and Schutt, 2015). They include patchy loss of skin pigmentation, premature graying of hair, spot baldness, candidiasis, and nail dystrophy. These women may also have symptoms of adrenal insufficiency, such as hyperpigmentation, orthostatic hypotension, salt craving, anorexia, abdominal pain, and loss of hair in the axillary and pubic areas. Importantly, there are signs of thyroid disease, such as bulging eyes, goiter, and increased or decreased heart rate. During pelvic examination, ovaries are commonly not palpable, with evidence of atrophic vaginitis, although women with enough estrogen to maintain normal vaginal mucosa have also been observed (Torrealday et al., 2017). In some other cases, the ovaries are enlarged.



Histology of Ovaries in POI

Ovarian morphology and histology in POI can be distinguished from those in gonadal dysgenesis. Ovarian follicles in gonadal dysgenesis deplete during embryogenesis or the first few years after birth; and ovaries do not have follicles but only stroma, appearing as fibrous streaks (Taylor et al., 2019). On the other hand, the ovaries of women with POI contain follicles, though these are resistant to high doses of gonadotropins (Figure 1).
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FIGURE 1. Folliculogenesis and ovulation in normal ovary versus POI ovary (impaired folliculogenesis). Under the regulation of intraovarian factors and gonadotropins, primary follicles develop into preantral and early antral follicles, which are the most susceptible to atresia, or follicle death. Then, they become preovulatory follicles, resulting in oocyte release and corpora lutea formation. Defects in folliculogenesis (e.g., decrease in primordial follicles, increase in atresia, and altered follicular maturation) causes POI. Selected genes that are involved in ovarian follicle activation, maturation, and death and the effect of POI on health (see also in Table 2 and section “Clinical view of POI”) are shown. AMHR2, anti-Müllerian hormone receptor 2; BMP15, bone morphogenic protein 15; BMPR2, bone morphogenetic protein receptor 2; FMR1, fragile X mental retardation; FSHR, follicle-stimulating hormone receptor; FOXO3A, forkhead box O3; FOXL2, forkhead box L2; GDF-9, growth differentiation factor 9; KHDRBS1, heteronuclear ribonucleoprotein particle K homology domain RNA binding S1; LHX8, LIM homeobox 8; NOBOX, newborn ovary homeobox; NR5A1, nuclear receptor subfamily 5 group A member 1; PGRMC1, progesterone receptor membrane component 1; POLR3H, RNA polymerase III subunit H; SOHLH1, spermatogenesis and oogenesis specific basic helix–loop–helix 1.


Ovarian histology varies according to the phenotypes of POI. However, most antral follicles are histologically abnormal; follicles are atretic, ranging from partial sloughing to total absence of granulosa cells (Meduri et al., 2007). The detectability of serum anti-Müllerian hormone (AMH) in POI patients could be significantly correlated with the presence of 15 or more follicles in their ovaries (Meduri et al., 2007; Yoon et al., 2013; Alvaro Mercadal et al., 2015). Although the number of cases in each group was not statistically sufficient, the mean serum AMH level was 2.16 ng/ml in women with 15 or more follicles and 0.42 and 0.33 ng/ml in women without follicles and those with five or fewer follicles, respectively. Although ovarian follicles are not visible on ultrasonography, assessing serum AMH could screen POI patients who are more likely to possess follicles that can eventually grow (Yoon et al., 2013; Alvaro Mercadal et al., 2015).

Ovarian histology in POI is a definitive method of evaluating follicle conditions and ovarian reserve (Massin et al., 2004). Studying the morphological changes in this condition can help understand the extent of follicular reserve impairment and growth, and help describe the type of POI and determine the actual etiology (Massin et al., 2004). Two types of POI can be found according to histological studies: those presenting with small ovaries, deprived of follicles, and those presenting with normal-sized ovaries with partial follicular maturation. Even though atretic follicles and active primordial follicles are absent in the follicular type, the ovaries still have stroma and corpora albicantia, which consist of an eosinophilic mass surrounded by a collagen-rich connective tissue capsule. In contrast, the follicular type contains many active primordial follicles without growing follicles. Lymphoplasmacytic infiltration is sometimes observed around the primordial follicles.

Using light and transmission electron microscopy, dense connective tissue and a few corpora albicantia can be observed in the ovaries of women with POI (Zhang et al., 2019). Under light microscopy, the inner portion of the ovary, known as the medulla, and the outer cortical region are united without a clear demarcation. The distribution of fibrillar elements and cells is not homogeneous. Electron transmission microscopy shows a high concentration of fibroblasts and collagen fibers in the ovarian stroma. Furthermore, in this compartment, cells are not homogeneously distributed some regions show greater collagen deposition, while others have more cellular elements (Zhang et al., 2019). Inside corpora albicantia as well as in their periphery, fibroblasts present a high concentration of cytoplasmic myofilaments. Ultrasound scans have revealed that multiple blood vessels mixed with collagen, and few primordial follicles and active fibroblasts are distributed heterogeneously in the ovaries of women with POI (Haidar et al., 1994; Maclaran and Panay, 2011; Cox and Liu, 2014).



PREGNANCY IN POI

Spontaneous pregnancies are extremely scarce in patients with POI. Women experiencing POI have menstrual irregularities that hinder their fertility. Some patients with idiopathic POI present an intermittent ovarian function and hence, their chance of conceiving spontaneously and having an uneventful pregnancy course is approximately 5% (Baek, 2018). POI is different from menopause in that ovarian insufficiency may not be permanent. Among the 25% of POI patients who can ovulate, only 5–10% can conceive (Schover, 2008; Torrealday et al., 2017). POI can be reversed depending on whether amenorrhea is primary or secondary. Primary amenorrhea is more serious than secondary amenorrhea, making reversal easier in the latter. Laboratory test results for FSH, estradiol, and inhibin B can predict the chance of POI reversal (Caroppo and D’Amato, 2012). Oocyte donation is the recommended treatment for infertility due to POI, as it has been proven to achieve a 70–80% successful pregnancy rate, although it may not be available in some countries (Torrealday et al., 2017). Immature egg cell donation is also indicated to women born with Turner syndrome, but only after undergoing cardiovascular control, as they are prone to cardiovascular mortality during pregnancy. Fertility preservation strategies, such as the cryopreservation of oocytes, ovarian tissues, and embryos, are suitable alternatives. Gonadal function can also be protected by surgically changing the position of the ovaries out of the pelvis. Ovarian cryopreservation is another option for women who have hormone-sensitive malignancies and for those who will undergo hematopoietic stem cell transplantation for aplastic anemia, sickle cell anemia, and thalassemia major. Furthermore, a new approach known as in vitro activation (IVA) of dominant follicles has gained relevance in the treatment of infertility (Torrealday et al., 2017). IVA disrupts the Hippo signaling pathway and stimulates phosphatidylinositol-3-kinase (PI3K) to activate dominant primordial follicles in patients with POI (Lee and Chang, 2019).



HORMONE REPLACEMENT THERAPY IN PREMATURE OVARIAN INSUFFICIENCY

Careful counseling of women with POI to provide emotional support is crucial since POI has been associated with physiological distress (Faubion et al., 2015). Along with this, it is important to minimize the sequelae of hypogonadism through continuous evaluation and medical treatment. Low levels of serum estrogen may cause low bone mass and be a predisposing factor for coronary heart disease. Appropriate physiological estrogen/progestin therapy is regarded as the conventional management of POI, as it ameliorates the health complications resulting from this condition, such as menopause-associated symptoms, loss of bone mineral density, fractures, and dry eye syndrome (Fenton, 2015). Hormone replacement therapy (HRT) involves the prescription of hormones to replace those that normally would be present, but are actually deficient (Fenton, 2015). HRTs include the administration of bioidentical and non-bioidentical estrogens and progestins such as norgestrel and progesterone, as well as compounding for women that require multiple hormones (Vujovic et al., 2010). Estrogen deficiency is the primary ovarian hormone deficiency in women with POI. Therefore, unless estrogen-based hormone therapy is contraindicated, estrogen treatment is required to replace the depleted estrogen. Physiological estrogen levels can be achieved with oral (micronized estradiol 1–2 mg daily or conjugated equine estrogens 0.625–1.25 mg daily) or transdermal estrogen regimens (0.1 mg daily) (Ratner and Ofri, 2001). Moreover, additive continuous or cyclic progesterone is required if women have a uterus to protect their endometrium. For cyclic therapy, a progestogen (micronized progesterone 200 mg daily or medroxyprogesterone acetate 10 mg daily for 12–14 days in a month) could be administered additively if the patient is pursuing pregnancy (Crofton et al., 2010). HRT use is not recommended in women with a history of breast and ovarian cancer, in breast-feeding mothers (as it can cause neonatal jaundice and neonatal breast enlargement), and in patients that have reached the age of 50 years, although the decision to stop HRT depends on many factors (Panay and Kalu, 2009).

Before prescribing hormone pills, POI patients should be educated to understand that their hormone therapy differs from postmenopausal hormone therapy. Many health risks increase with the use of estrogen/progestin therapy, including those of breast cancer, stroke, and cardiovascular diseases (Dragojević-Dikić et al., 2009). However, potential risks and benefits of HRTs are different in these two populations; since POI patients are generally younger than postmenopausal women, their risks of cardiovascular disease and breast cancer are significantly lower. Estrogen formulations are superior to synthetic ethinyl estradiol in terms of their benefits to bone mineral density unless a patient opts for contraception (Panay and Kalu, 2009). Estrogen-based hormone therapy should be continued up to the age of 50 years, which marks the onset of natural menopause (Panay and Kalu, 2009).



CAUSES OF POI (GENETIC, IATROGENIC, AUTOIMMUNE, METABOLIC, INFECTIOUS, OR ENVIRONMENTAL)

Premature ovarian insufficiency is usually designated as spontaneous or idiopathic POI because its etiology is mostly underdetermined (Rudnicka et al., 2018). It has been suggested that POI is prompted by underlying mechanisms such as early follicular depletion, blockage of follicular maturation or destruction of the oocyte pool, and resistant ovarian syndrome (Fraison et al., 2019). The identified causes of POI, potentially involved in those mechanisms, have been grouped into two categories: genetic and non-genetic causes. Genetic causes entail various genetic abnormalities, while non-genetic causes include autoimmune and metabolic disorders, infections, environmental factors, and iatrogenic procedures (Woad et al., 2006; Jiao et al., 2017; Rudnicka et al., 2018; Table 1).


TABLE 1. Causes of premature ovarian insufficiency (POI).
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Genetic Aspect of POI


Chromosomal Abnormality and Genetic Mutations

Genetic causes of POI are highly heterogeneous and may involve interactions of various genetic defects. First-degree relatives of approximately 10–30% of idiopathic POI cases also have this condition, strongly supporting the association of POI etiology with genetics (Chapman et al., 2015; Qin et al., 2017)(Table 2). Chromosomal abnormalities, genetic polymorphisms, and single-gene mutations have been recognized as causes of POI (Wesevich et al., 2020). X-chromosomal defects linked to POI indicate that this chromosome is vital to normal ovarian function, as these defects cause POI development. X-chromosome abnormalities comprise of duplications, deletions, and translocation of the X chromosome, whereas Turner syndrome consists of total or partial deletion of one X-chromosome, which causes oocyte loss during childhood (Chapman et al., 2015; Kirshenbaum and Orvieto, 2019). Trisomy X, especially the 47XXX genotype, is associated with hypogonadotropic ovarian insufficiency (Dawood et al., 2018). Another congenital abnormality resulting in POI is the presence of CGG repeats (in the range of approximately 55–199 repeats) in the fragile-X mental retardation (FMR1) gene, which is also linked to Martin-Bell syndrome, which occurs in men (Allen et al., 2007; Oostra and Willemsen, 2009; Chapman et al., 2015). Alterations in the newborn ovary homeobox (NOBOX) and the factor in germline alpha (FIGLA), both oocyte-specific transcription factors, are involved in POI. NOBOX gene mutations cause oocyte loss after birth, while FIGLA mutations impair the regulation of zona pellucida genes, thus causing postnatal loss in primordial follicles (Zhao et al., 2008). Other mutations associated with POI are those occurring in forkhead box L2 (FOXL2) (Park et al., 2014), WT1 (Wilms tumor 1), NR5A1 (nuclear receptor subfamily 5 group A member1) (Lourenço et al., 2009), the transcription factors affecting folliculogenesis, are associated with POI. Abnormalities in bone morphogenetic protein 15 (BMP15) (di Pasquale et al., 2004), growth differentiation factor 9 (GDF-9), transforming growth factor-β superfamily, is also critical for POI (Rajkovic et al., 2004; Woad et al., 2006; Lourenço et al., 2009; Jiao et al., 2017; Qin et al., 2017). Mutations of the FSH receptor cause amenorrhea in the POI. It is also associated with FSH resistance hence raise serum FSH.


TABLE 2. Causative genes in POI.
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The steroidogenic factor 1 gene (SF-1, NR5A1) is important for gonadal differentiation and controls steroidogenesis by regulating steroidogenic acute regulatory protein (StAR) (Jehaimi et al., 2010), cytochrome P450, family 19, subfamily A, polypeptide 1 (CYP19A1) (Kim et al., 2011), lutropin-choriogonadotropic hormone receptor (LHR) (Simpson, 2008), and inhibin alpha subunit (INHA) genes (Dixit et al., 2004), which function in the hypothalamic–pituitary–steroidogenesis axis (Chapman et al., 2015). Recent discoveries have shown a link between POI development and spermatogenesis and oogenesis-specific basic helix-loop-helix (SOHLH) 1 and 2 sequence-specific DNA-binding factors (Dixit et al., 2004; Watkins et al., 2006; Gallardo et al., 2008; Zhao et al., 2015; Patiño et al., 2017b). These mutations cause infertility and loss of follicles.



Genome-Wide Association Study in POI

Genome-wide association study (GWAS), also known as whole-genome association study (WGAS), in POI involves genome-wide approaches to search for susceptible loci or genes that cause the disease (Qin et al., 2015b). GWAS is applied to investigate common genetic variants in different individuals to understand the association of a genetic component with POI in similar ethnicities. Owing to limited sample sizes and POI being rarer than PCOS or endometriosis, it has been difficult to identify plausible genetic candidates for POI (Jiao et al., 2018). Recent approaches using whole-genome sequencing and next-generation sequencing (NGS) have led to the identification of some causative genes from large POI pedigrees or shared genetic factors between POI and either natural age menopause or early menopause (Qin et al., 2015b). These causal genes from GWAS are marked with asterisks in Tables 2, 3 and are as follows: known POI candidates (SOHLH1 (Zhao et al., 2015), FSHR (Aittomäki et al., 1995; Huang et al., 2019); DNA damage repair-, homologous recombination-, and meiosis-related [stromal antigen 3 (STAG3)] (Heddar et al., 2019), synaptonemal complex central element protein 1 (SYCE1) (de Vries et al., 2014), scaffolding protein involved in DNA repair (SPIDR) (Smirin-Yosef et al., 2017), PSMC3 interacting protein (PSMC3IP) (Zangen et al., 2011), ATP-dependent DNA helicase homolog (HFM1) (Zhe et al., 2019), MutS protein homolog 4 and 5 (MSH4 and MSH5) (Carlosama et al., 2017; Guo et al., 2017; Wang et al., 2020), minichromosome maintenance component 8 and 9 (MCM8 and MCM9) (Wood-Trageser et al., 2014; AlAsiri et al., 2015; Desai et al., 2017), fusion protein (CSB-PGBD3) (Qin et al., 2015a), and nucleoporin 107 kDa (NUP107) (Weinberg-Shukron et al., 2015); and mRNA transcription- and translation-related [eukaryotic translation initiation factor 4E nuclear import factor 1 (eIF4ENIF1) (Zhao et al., 2019), and KH Domain-Containing, RNA-Binding, Signal Transduction-Associated Protein 1 (KHDRBS)] (Jiao et al., 2018). These data will allow further elucidation of the genetic mechanism underlying POI.


TABLE 3. Common POI-related genes in humans and mice.
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Non-coding RNA in POI

The role of non-coding RNAs (ncRNAs) in biology has become an area of intense focus, since they have already been extensively studied for the determination of altered protein function in various diseases (Carninci et al., 2005; Elgar and Vavouri, 2008; Djebali et al., 2012). RNAs that do not encode conventional proteins are collectively referred to as ncRNAs, which function as epigenetic regulators. MicroRNAs (miRNAs) are endogenously present in mammalian ovaries (Ahn et al., 2010) and their expression patterns are altered throughout ovarian development and folliculogenesis (Veiga-Lopez et al., 2013), implying their functional roles in the ovarian cycle. The list of miRNA-related POI studies is presented in Table 4.


TABLE 4. List of miRNA-related POI studies.
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Recently, the mechanism of lncRNA HCP5 was reported to be responsible for human POI, that is, HCP5 regulated MSH5 expression and granulosa cell function by directly binding with YB1 and modulating its subcellular localization. This study also discovered a novel lncRNA HCP5 that contributes to dysfunctional granulosa cells by transcriptionally regulating MSH5 and DNA damage repair via YB1, providing a novel epigenetic mechanism for POI pathogenesis (Wang et al., 2020). Multiple studies have reported that downregulation of nc-RNAs has also been found in POI women, which may lead to new clinical markers to identify POI, as well as potential therapeutics for POI. Nc-RNA has provided a novel foundation for the discovery of markers for specific diseases, and therapeutics have developed pipelines for treating POI. An improved understanding of ncRNA biology and the development of a delivery system will contribute to the identification and treatment of multiple diseases in patients.



Non-genetic Causes of Premature Ovarian Insufficiency: Autoimmune, Iatrogenic, Metabolic, Infectious, or Environmental Factors

Autoimmunity is responsible for 4–30% of the cases of POI (Silva et al., 2014; Ebrahimi and Akbari Asbagh, 2015). Systemic pro-inflammatory conditions have a negative impact on follicular dynamics, leading to an alteration of ovarian homeostasis (Kirshenbaum and Orvieto, 2019). Although the main targets for attack by autoimmunity are the steroid-producing cells in the pre-ovulatory follicles and corpora lutea, sometimes follicular depletion, fibrosis, and abnormal activation of epithelial cells are observed (Warren et al., 2014; Sullivan et al., 2016; Kirshenbaum and Orvieto, 2019). The occurrence of other autoimmune disorders, such as lymphocytic oophoritis and the presence of anti-ovary antibodies, is an indication of autoimmune etiology in POI (Bakalov et al., 2005; Fenton, 2015; Kirshenbaum and Orvieto, 2019). Lymphocytic oophoritis is more commonly seen in Addison’s disease and adrenal immunity-associated POI than in isolated POI (Hoek et al., 1997). Evidence of lymphocytic oophoritis is histopathologically found in ovarian biopsies of women with normal karyotypes experiencing amenorrhea (Falorni et al., 2014). Hypothyroidism, autoimmune adrenal insufficiency, autoimmune polyglandular syndrome, and autoimmune Addison’s disease are the most common autoimmune diseases associated with POI. Pelvic tuberculosis has been found to cause POI in 3% of patients. In addition, smoking can generate POI through polycyclic hydrocarbons in smoke. The most frequent iatrogenic causes of POI are both chemotherapy and radiotherapy. whose effects on the ovary are highly variable depending on gonad toxicity (Fenton, 2015). Metabolic causes of POI include galactosemia, myotonic dystrophy, and hydroxylase deficiency. Lastly, prolonged use of gonadotropin-releasing hormone (GnRH) therapy may also lead to ovarian suppression.



ANIMAL MODELS FOR UNDERSTANDING POI

Mouse and rat models are used to identify the genetic and molecular mechanisms involved in POI as well as to gain insights for the development of novel therapeutics. Both animals have a high degree of similarity with humans with respect to ovarian developmental processes and functions, and exhibit a similar genetic pathway regulation responsible for POI, except for some variations and physical differences, including ovulation time and mono versus polyovulation (Na and Kim, 2020). The most common animal models of POI have been generated by chemical induction with cyclophosphamide, busulfan, cisplatin, and murine ZP3 330–342 peptides (ZP3) (Table 5), which can be administered via intraperitoneal (i.p.) or tail-vein (intravenous, i.v.) injection (Na and Kim, 2020). Ovarian failure can be confirmed using vaginal smears (Na and Kim, 2020).


TABLE 5. Chemical and peptide-induced animal model of POI.
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A naturally aged model (NOA) was also used to study the mechanisms of the premature termination of ovarian function. Mice or rats aged 12–14 months showed an ovarian failure and decreased follicles (Li et al., 2017). Ovariectomized (OVX) models have been employed as well, as ovarian surgical injury causes a premature termination of ovarian function (Erler et al., 2017).

Some of the results of the genetic studies on POI in mice were later confirmed in human cases of POI, including those related to NOBOX (Rajkovic et al., 2004; Qin et al., 2007; Jiao et al., 2017; Table 3). In addition to the numerous genes that have been already demonstrated to be linked to human POI, other target genes have been discovered after investigations in animal models, including follitropin receptor KO (FORKO) (POI developmental model) and Bax KO (ovarian function enhancer model) mice (Na and Kim, 2020). Most of the genes related to POI in mice have shown a particular phenotypic change. To date, many of the gene mutations reported to cause POI in humans are common with those determined in the mouse models of POI. A list of candidate genes and their observed phenotypes in the mouse models are included in Table 4.

In POI etiology, complex inheritance may also have a critical role, but this remains difficult to prove. To date, all known genetic causes of POI have been monogenic and Mendelian. Although NGS has accelerated the identification of the genes involved, the complex inheritance of POI and the possible genetic or environmental factors remain to be explored. A complex inheritance with a proper gene regulation network may be involved in POI signaling and studying a large amount of sequencing data of POI patients could help explore this possibility. Several studies have also reported ovarian failure induced by exogenous treatments, including radiation and chemotherapy. These studies showed that POI is fully rescued in mice by the transplantation of human mesenchymal stem cells derived from menstrual blood, cord blood, or exosomes isolated from different human tissues (Dang J. et al., 2015; Lai et al., 2015). Other potential treatments for POI, which were first applied to mice, are Hippo pathway disruption by mechanical ovarian fragmentation and AKT pathway activation by chemical drug administration. After showing promise in mouse models, the therapy was also attempted in POI patients, resulting in a live birth (Kawamura et al., 2013). With advances in NGS and gene editing techniques, the generation of mouse models has been made easier, promoting the study of potential therapies for genetics-based POI. Therapies may be designed for specific mutations or specific gene defects.



SMALL EXTRACELLULAR VESICLES MAY ALLOW RECOVERY FROM POI

Small extracellular vesicles (sEVs) derived from stem cells play a role in tissue regeneration and hence, are postulated to have therapeutic value for damaged ovaries (Igboeli et al., 2020; Liu M. et al., 2020; Zhang et al., 2021). Stem cells are therapeutic because of their ability to multiply indefinitely and differentiate into different types of cell lineages.

Small extracellular vesicles have been shown to function in POI, triggering several signaling pathways including PI3K/AKT, sirtuin (SIRT) 4, and SIRT7 (Ding et al., 2020a,b; Liu M. et al., 2020; Yang et al., 2020). The PI3K/AKT pathway is important in the activation of primordial follicles, which are important for folliculogenesis as well as proliferation of granulosa cells by regulating apoptosis (Chen et al., 2020). Embryonic stem cell-derived sEVs (ESC-sEVs) have been shown to restore E2, FSH, and AMH, increase the number of normal follicles, and decrease the number of atretic follicles upon transplantation in a CTX and BUS-induced POI mouse model, which functioned to recover ovarian function (Liu M. et al., 2020). ESC-sEVs lead to reduction in the expression of apoptosis-related proteins, such as Bax and caspase-3 and increase in the expression of Bcl-2 (da Silveira et al., 2017). Yang et al. (2020) also demonstrated that human umbilical cord mesenchymal stem cell-derived (HucMSC)-sEVs stimulate primordial follicles by activating the oocyte PI3K/mTOR pathway by carrying functional miRNAs such as miR-146a-5p or miR-21-5p. Activation of the oocyte PI3K/mTOR signaling pathway results in stimulation of primordial follicles and acceleration of follicular development after kidney capsule transplantation. Intrabursal injection of HucMSC-exosomes in aged female mice was shown to promote recovery from defects in fertility with increased oocyte production and improved oocyte quality. A recent study suggested that miR-17-5p from HucMSC-sEVs improves ovarian function in POI by regulating SIRT7 (Ding et al., 2020b). The numbers of antral and total follicles increased significantly in the ovaries of the exosome-treated CTX-POI mice. HucMSC-derived exosomal miR-320a regulates ADP/ATP translocase 2 (ANT2), AMP-dependent kinase (AMPK), and long form of OPA1 (L-OPA1) via SIRT4, which prevents reactive oxygen species production (Ding et al., 2020a). Introduction of anti-miR-320a in a CTX-induced POI mouse model led to downregulation of SIRT4 target genes. Overall, sEVs from stem cells have been suggested as signaling regulators in POI, which could be a therapeutic strategy against the disease.



CONCLUSION

There has been a gradual increase in the occurrence of POI, which is highly heterogeneous with known causative genes and influences a variety of biological activities, including hormonal signaling, metabolism, development, DNA replication, DNA repair, and immune function. Only a small percentage of patients can be accounted for by the presently known POI genes; a larger number of the patients remain without a genetic diagnosis. Recognizing the genetic origin of POI can pose a major advantage for patients and their families. Screening of family members can be achieved when the genetic cause has been pinpointed, thus facilitating timely intercession with HRT to reduce the requirement for the cryopreservation of ova and to increase future fertility potential. Improving prognosis and fertility potential is possible when there is a better understanding of the genetic causes of POI. This understanding would also facilitate better patient guidance and management. Crucial insights for the development of therapies necessary for ovarian function may be obtained by discerning new genes and pathways that play vital roles in POI development, and may lead to new drug therapies. The promotion of widespread awareness should be upheld to inform women with POI on reducing the risk factors for cardiac illnesses by avoiding smoking, having regular routine exercise, and having a healthy weight. Annual monitoring of patients should be carried out, especially in terms of smoking history, healthy weight, and blood pressure abnormalities, which should serve as the key cardiovascular assessment parameters. The centerpiece of POI treatment is appropriate counseling, psychological support, and HRT, which should be recommended for all women with POI. Additionally, promising methods for screening for POF are currently being developed.
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Fertilization is a key process in biology to the extent that a new individual will be born from the fusion of two cells, one of which leaves the organism in which it was produced to exert its function within a different organism. The structure and function of gametes, and main aspects of fertilization are well known. However, we have limited knowledge about the specific molecules participating in each of the steps of the fertilization process due to the transient nature of gamete interaction. Moreover, if we specifically focus in the fusion of both gametes’ membrane, we might say our molecular knowledge is practically null, despite that molecular mechanisms of cell-to-cell adhesion are well studied in somatic cells. Moreover, between both gametes, the molecular knowledge in the egg is even scarcer than in the spermatozoon for different reasons addressed in this review. Sperm-specific protein IZUMO1 and its oocyte partner, JUNO, are the first cell surface receptor pair essential for sperm–egg plasma membrane binding. Recently, thanks to gene editing tools and the development and validation of in vitro models, new oocyte molecules are being suggested in gamete fusion such as phosphatidylserine recognition receptors. Undoubtedly, we are in a new era for widening our comprehension on molecular fertilization. In this work, we comprehensively address the proposed molecules involved in gamete binding and fusion, from the oocyte perspective, and the new methods that are providing a better understanding of these crucial molecules.
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INTRODUCTION

To generate a new, unique, and diploid individual with the totipotent capacity to develop a species-specific organism, two highly differentiated haploid cells from each progenitor, the egg, and the sperm, must recognize themselves and bind and fuse. This event, termed fertilization, results into the generation of a zygote and involves several stages in which different molecular processes must trigger the cellular activity of the gametes. So once the sperm has reached the egg, the first contact for gamete recognition is mediated by the extracellular matrix surrounding ovulated eggs, termed zona pellucida (ZP). Initial contact ensures species-specific gamete recognition and triggers a cascade of reactions in the sperm required to penetrate through the glycoprotein coat to reach the perivitelline space and meet with the egg membrane, referred to as the oolemma. To bind and fuse, gamete’s membranes must adhere to both surfaces, and membrane proteins on each of the cells must properly recognize each other. Finally, a series of distinct membrane events must occur for two cells to fuse and merge their cytoplasmic content. All these phenomena entail the involvement of specific molecules and the activation of molecular cascades that appropriately coordinate all the cellular events that gamete recognition, binding, and fusion involve. In this mini review, we will overview these receptors with special emphasis on those located on the female gamete and participating more specifically on membrane binding and fusion.



OOCYTE RECEPTORS IN MAMMALIAN FERTILIZATION

Despite that cell-to-cell signaling is a fundamental biological process that has been well studied in many type of cells of a single organism (Waters and Bassler, 2005; Mathieu et al., 2019), most of the specific molecules involved in fertilization and the underlying mechanisms behind the recognition and fusion of gamete’s membranes remain largely unknown in mammals. Research in the reproduction field, and most specifically the one focused on fertilization studies based on the female gamete, has several drawbacks. For instance, egg retrieval and its use in research have bioethical implications; studies on eggs imply, in many cases, a surgical intervention or animal sacrifice; and the number of samples obtained is insufficient to carry out profound and detailed biochemical and molecular studies. Moreover, extrapolating results obtained in the fertilization process in more taxa across the tree of life, where the experimental approaches and designs are simpler, has provided interesting candidates in the fertilization process in mammals (Carlisle and Swanson, 2020). However, sequences of reproductive proteins tend to be highly divergent in closely related species and often show signatures of positive Darwinian selection (Swanson et al., 2001a,b; Swanson and Vacquier, 2002; Clark and Swanson, 2005; Clark et al., 2006; Grayson, 2015), which makes it difficult to extrapolate potential protein candidates. Moreover, in mammals, the cell-to-cell fusion process occurs among a limited number of cell types, i.e., the sperm and oocyte during fertilization, trophoblasts during placenta formation, macrophages forming giant cells, osteoclast formation, and myoblasts in the formation of myofibers and myotubes (Horsley and Pavlath, 2004). So the molecular basis of cell-to-cell fusion appears to be very specific to a small group of cell types that have also contributed to the fact that currently only a few proteins have been confirmed as essential in the mammalian oocyte fertilization.

As mentioned, recognition of gametes involves a first contact and binding of the sperm with the ZP receptors surrounding the oocyte. Although this brief review is not focused on these receptors of the first stage of fertilization but on those located at oolemma, ZP proteins will be briefly mentioned. There has been some controversy over the molecular activity of each ZP protein (ZP1–ZP4) in eutherian mammals (Wassarman, 2008), but the latest and most conclusive results using gene-deficient/modified mice indicate that the successful binding of the sperm to this extracellular egg coat is dependent on the ZP2 protein in mice and humans (Avella et al., 2013, 2014). In addition, the N-terminus of the ZP2 domain required for sperm binding regulates taxon-specific gamete recognition and is not dependent on glycosylation (Tokuhiro and Dean, 2018; Gabriela Hamze et al., 2020).


Oolemma Receptors

Once the sperm cross the entire ZP and enter the space between the matrix and the oocyte membrane, known as the perivitelline space, they face the molecules responsible for the binding and fusion of membranes for fertilization. The first molecule in the oolemma described as essential for fertilization was CD9 (Le Naour et al., 2000; Miyado et al., 2000), a cell surface protein belonging to the tetraspanin superfamily, which participates in cell migration, adhesion, proliferation, differentiation, and signal transduction (Table 1). The tetraspanins are associated with several molecules located in the cell surface such as β1 integrins (Le Naour et al., 2000), and CD9 might be implicated in the assembly or the stabilization of these adhesion molecules (Kaji et al., 2000). To study the role of this protein in fertilization, CD9-deficient mice were generated (CD9–/–) and ZP-enclosed oocytes collected and inseminated in vitro to elucidate in which step of fertilization the failure occurred. Whereas the ZP was penetrated by wild-type sperm, it was unable to fuse with the oolemma, penetrate into ooplasm, and form pronuclei (Miyado et al., 2000). Insemination of CD9–/– ZP-free oocytes was then performed observing the same pattern as with ZP-enclosed oocytes and yielding 98% fusion rates for CD9+/+ ZP-free oocytes and 4% for CD9–/– ZP-free oocytes. When the sperm were injected into oocytes, however, similar implantation and embryo development rates were obtained from eggs derived from wild-type and CD9–/– mice, thus confirming the implication of CD9 in sperm–egg fusion (Miyado et al., 2000). Later, it would be discovered that CD9 is enriched on the oocyte microvillar membrane, generating fusion-competent sites for fertilization (Jégou et al., 2011), and it is crucial for a normal shape and distribution of the membrane microvilli (Runge et al., 2007). Indeed, a recent analysis of CD9 crystal structure suggests that the highly asymmetric shape of this tetraspanin is directly involved in the clustering-induced curvature generation and its localization at high curvature regions (Umeda et al., 2020), whereas a large extracellular loop would be responsible for the critical role of CD9 in the sperm–egg fusion (Zhu et al., 2002; Umeda et al., 2020).


TABLE 1. Summary of oocyte’s receptors involved in mammalian fertilization known to date.

[image: Table 1]The oocytes express more tetraspanins in addition to CD9. For instance, CD81 has been described in mouse and human oocytes (Takahashi et al., 2001), and CD151 is also present in human eggs (Ziyyat et al., 2006). CD81-deficient female mice (CD81–/–) presented a 40% reduction in fertility, and in vitro fertilization (IVF) assays suggested that this phenotype is due to a failure in sperm–egg fusion. CD9 and CD81 might play a complementary role in gamete fusion since double knockout mice (CD9–/– and CD81–/–) were completely infertile (Rubinstein et al., 2006; Ohnami et al., 2012). The presence of CD9 and CD81 has been recently described also in the sperm head, over the acrosome and in the plasma membrane, respectively, suggesting once more the critical role of these proteins in sperm–egg fusion (Frolikova et al., 2018). Also CD9 and CD81 have been detected in bovine and porcine oocytes’ plasma membrane, and their role in fertilization has been studied by in vitro approaches blocking these receptors with antibodies (Jankovicova et al., 2019). The crystal structure of CD81 has revealed that cholesterol binds CD81 within the intramembrane cholesterol-binding pocket, thus modulating conformation of the molecule (Zimmerman et al., 2016). CD81 may exist in both close and open conformations, and the equilibrium between both shifted toward the close state when cholesterol is bound, disfavoring its binding to CD19 partner (Zimmerman et al., 2016). This conformational change has also been proposed for CD9, and molecular dynamics simulation suggests that binding lipid molecules to the central cavity may disturb structural conformation, affecting binding partner affinity to EWI-2 (Umeda et al., 2020). Undoubtedly, the role of these proteins, whose activity can be modulated by their binding to oolemma components, is essential to mediate the gamete membrane binding and fusion processes for a successful fertilization.

In 2014, more than a decade after was discovered, a glycosylphosphatidylinositol (GPI)-anchored protein was identified in the oocyte as vital for fertilization (Bianchi et al., 2014). This protein encoded by the Folr4 gene was known as Folate receptor 4 due to its putative function in folate uptake. The expression of this protein in mice CD4+CD25+ regulatory T-lymphocytes, as well as its function as a mediator of responses to dietary folate and its use in anti-tumor therapy, had been widely studied, but its presence and function in mammalian oocytes were unknown until 2014. In this study, it was demonstrated that Folr4 protein was unable to bind folate, but it was essential for fertilization, so the authors renamed this protein “JUNO,” in honor of the fertility and marriage Roman goddess (Bianchi et al., 2014). In this work, the key role of JUNO in the interaction between the sperm membrane and the oolemma was assessed by IVF assays in mice. Firstly, when IVF was performed pre-incubating for 10 min zona-free eggs with an anti-JUNO antibody, no fertilization occurred. Secondly, female JUNO-deficient mice (JUNO–/–) were generated, being infertile. No differences were observed in the oocyte’s morphology nor in the number of ovulated oocytes when compared with wild-type mice. However, eggs from JUNO–/– mice were not fertilized after natural mating nor IVF. Moreover, ZP-free-JUNO–/– oocytes were also tested in IVF, obtaining the same result. Altogether, these experiments confirmed the involvement of JUNO in sperm–egg binding. Another interesting observation from Bianchi and Wright’s study (Bianchi et al., 2014) was that JUNO seems to be involved in the block of polyspermy occurring after fertilization by protein shedding from the oolemma within 40 min after sperm penetration.

Two years after JUNO’s identification as the IZUMO1 binding partner in the sperm, several research groups revealed the tertiary structure of JUNO and JUNO–IZUMO1 complex, thus allowing the identification of the precise amino acids involved in this recognition through van der Waals interactions, suggesting that W148 of IZUMO1 interacts with L81, L82, M83, and P84 of JUNO and that W62 of JUNO interacts with R160, K161, S162, and Y163 of IZUMO1, being responsible for sperm–oocyte plasma membrane interaction (Aydin et al., 2016; Han et al., 2016; Kato et al., 2016; Ohto et al., 2016; Inoue, 2017). Besides, studies focused on knowing the precise time of JUNO expression during oocyte maturation have been performed in mice, concluding that JUNO expression starts when the oocyte reaches 13- to 22-μm diameter (Suzuki et al., 2017), coincident with the time that oocytes gain the ability to fuse with the sperm, at 20 μm (Zuccotti et al., 1994). It was also found that JUNO was expressed at the prophase I, germinal vesicle stage; and its expression continued at similar levels until metaphase II stage, thus being accumulated in oolemma during oocyte maturation (Suzuki et al., 2017). Also in humans, a recent study confirmed that JUNO is involved in human gamete recognition via interaction with human IZUMO1 and that its expression progressively increases during oocyte maturation, starting at prophase I and significantly increasing through metaphase I and II stages (Jean et al., 2019). In order to determine how CD9 and JUNO cooperate, a recent work performed a detailed analysis of the area where the sperm–egg fusion occurs, revealing that whereas CD9 is still fully present, JUNO disappears from the oocyte’s surface in concentric circles, suggesting that the molecular dynamics of CD9 and JUNO are differentially regulated (Inoue et al., 2020). Moreover, JUNO localization was abnormal in oocytes obtained from CD9–/– mice since JUNO was localized in the cortical actin cap region lacking microvilli, whereas it was nearly absent from the cortical actin cap in the wild-type oocytes, suggesting that CD9 may play a crucial role in the molecular compartmentalization of GPI-anchored proteins (Inoue et al., 2020).

To date, only the few proteins in the oolemma mentioned above have been demonstrated to be crucial for gamete binding, thus contributing to fertilization process. Almost all of them have been described thanks to the use of gene editing technologies by generating gene-deficient/modified mice. However, we could define the criterion of “essentiality” too strict to be able to address the molecules that may be involved in fertilization process mainly due to a redundant effect of the participating molecular cascades and that some candidates may have a complex and fundamental activation in other cellular processes so that its deficiency makes the organism unviable. This may be the case of the proteins involved in the membrane fusion process, where no candidate with a specific function in fusion has been described in the oocyte and that is totally essential (Bianchi and Wright, 2020). Indeed, recently, it has been defined that the role of a phosphatidylserine (PtdSer) is exposed on the head region of the sperm as a key player in sperm–egg fusion (Rival et al., 2019). Interestingly, the authors in this study have found similarities in gene expression pattern between proteins involved in cell fusion on skeletal myoblasts and egg, so that several PtdSer receptors described in myoblast have been detected in oocytes, i.e., CD36, brain-specific angiogenesis inhibitor 1 (BAI1), brain-specific angiogenesis inhibitor 3 (BAI3), T-cell immunoglobulin and mucin domain containing 4 (Tim-4), and Mer tyrosine kinase (Mer-TK). Using antibodies that bind to PtdSer (BAI1/BAI3- and CD36) or to PtdSer-binding domain (Annexin V) and single- or double-knockout mice (for Tim-4, BAI1, and Mer-TK), this study concludes that even with the considerable redundancy among the PtdSer receptors, they contribute to sperm–egg fusion.



New Methods to Study Mammalian Molecular Fertilization

Despite extensive research, the identity and presence of oolemma receptors and fusogens remain ambiguous, and our comprehension of the exact mechanisms mediating gamete binding and fusion is incomplete due to the transient nature of the binding event and the highly orchestrated and dynamic fusion mechanism. Therefore, the concomitant use of different methods can better inform us about the role of a specific molecule involved in fertilization. The methods used up to now can be classified into in vivo models, i.e., gene-edited animals, and in vitro models, i.e., solubilized, purified, and recombinant proteins (Caballero-Campo et al., 2006; Chiu et al., 2008; Bhandari et al., 2010), and antibodies against the protein of interest (Jankovicova et al., 2019). Undoubtedly, gene-edited mice have been of the outmost importance to reveal new molecules involved on the different fertilization stages. However, this technology is expensive, time-consuming, and not easily transferrable to livestock species, where it is not as much developed as in the murine model. So alternative strategies for studying molecular fertilization have been used. We anticipate that numerous candidates may emerge thanks to application of high-sensibility new screening strategies such as low-input proteomics (Virant-Klun et al., 2016), large-scale mutagenesis screens, and protein-homology analysis from diverse taxa. However, efficient and low-time-consuming experiments should be applied to optimize the experimental conditions to recapitulate gamete binding and fusion. The most recent technology applied to screen the binding and fusion of gametes is here reviewed.


Binding Studies: AVEXIS and Protein-Coated Beads

Direct interaction between JUNO (in the egg) and IZUMO1 (in the sperm) was showed using AVEXIS (AVidity-based EXtracellular Interaction Screen), an ELISA-style assay designed to identify low-affinity interactions between extracellular proteins (Bushell et al., 2008). Direct protein interactions can be detected with the bait protein immobilized in microtiter plates or glass slides and can be scaled to systematically test many thousands of interactions in parallel (Wright and Bianchi, 2016). The advantages of this approach are based on two principles: (i) the increase of the overall binding activity by the use a short peptide sequence, which has the intrinsic property of forming pentamers, thereby increasing the local concentration of the expressed ectodomains, thus permitting their detection; and (ii) the ectodomains are expressed in mammalian cells to ensure correct folding of the ectodomain region. This assay also helped to confirm that the IZUMO–JUMO interaction is conserved within mammals due to the existence of IZUMO1 and JUNO orthologs in all sequenced mammalian genomes. Since gamete binding requires a multiplicity of receptor–ligand interactions, these flat assays are an interesting and very useful tool to screen protein–protein interactions. However, physiological conditions are not fully recapitulated, since fertilizing sperm interact with a spherical egg, which is surrounded by a multilayer of cumulus oophorus cells at the fertilization time. Therefore, the use of three-dimensional (3D) complementary approaches is needed to expand our knowledge on the molecules involved in fertilization. In this sense, agarose or sepharose beads coated with the protein of interest are an extremely valuable tool to recreate the oocyte’s size, shape, and surface. For instance, in mice, agarose beads coated with recombinant ZP2 peptide have been used to select human sperm in vitro, decoy mouse sperm in vivo, and provide reversible contraception (Avella et al., 2016). Our group scaled this 3D model by using sepharose beads coated with an internal layer of recombinant ZP glycoproteins and a second external layer of cumulus cells (Hamze et al., 2019; Figure 1). This more physiological 3D model might help to address some of the limitations derived by the scarcity of eggs in some species, the ethical concerns in harvesting eggs, and the high cost of producing gene-edited animals. Thanks to the ability of the 3D model to decoy the sperm, the protein profile of the fertilizing bound sperm can be studied in a simple way, and in the near future, it might be useful as a new tool to select the sperm with high fertilizing capacity, to unmask subfertile animals in livestock breeding centers, or to perform toxicological studies (Hamze et al., 2020a). In fact, we have recently shown that the sperm binding to JUNO protein-coated beads is directly related to in vitro sperm penetrability becoming a potential tool to predict bull sperm fertilizing ability (Hamze et al., 2020b). In addition, ZP2-coated beads improve the efficiency of porcine IVF, increasing the rate of monospermic fertilization (Gabriela Hamze et al., 2020).


[image: image]

FIGURE 1. Three-dimensional (3D) model for studying gamete interaction. (A) Protein-coated beads and native (porcine) denuded oocyte observed under a stereomicroscope. (B) Confocal microscopy images of beads conjugated to recombinant JUNO protein incubated with anti-FLAG antibody. Uniform coating of bead surface and sperm bound to the 3D model after a 2-h-period co-incubation with sperm observed. Sperm DNA is stained with Hoechst (blue). (C) 3D model enrichment by binding cumulus cells observed under stereomicroscope. (D) Fluorescence microscopy images showing cumulus cells stained with Hoechst (blue) tightly adhered to the protein-coated beads.




Fusion Studies: COS-7 Cells and C2C12 Myoblasts

Gamete membrane fusion is the capstone of fertilization; but unlike binding, fusion studies are more complex since the evidence of cell-to-cell fusion is key to verify the role of possible candidates, and it is essential in the use of cellular systems. In this sense, membrane fusion evidence has been performed by the observation of syncytia formation induced by ectopical expression of recombinant protein candidates in insect or mammalian cells such as COS-7 cells (adherent monkey kidney fibroblasts) (Inoue et al., 2015) and C2C12 mouse myoblasts (Rival et al., 2019). In the study by Inoue et al. (2015), IZUMO1 and JUNO were ectopically expressed in COS-7 cells; and whereas cell adhesion occurred, no cell fusion was recorded, thus indicating that the IZUMO1–JUNO interaction solely ensures membrane gamete adhesion but is not sufficient to induce membrane gamete fusion. More recently, a new model for cell-to-cell fusion with potential application in sperm–egg fusion has been proposed by the incubation of caudal epididymal mouse sperm with C2C12 myoblasts (Rival et al., 2019). In this study, the fusion of the sperm with skeletal myoblasts required PtdSer on the sperm and BAI1/3, ELMO2, and RAC1 in myoblasts. A series of experiments led to conclude that PtdSer on the sperm and the PtdSer recognition receptors on the oocyte (BAI1/3, CD36, Tim-4, and Mer-TK) can promote gamete membrane fusion. Moreover, the authors suggest that this fusion would occur via the ELMO–RAC1 signaling pathway since sperm entry was disturbed in oocytes lacking the cytoplasmic ELMO1 or having a functional disruption of RAC1.

The current hypothesis for sperm–egg binding and fusion extracted from the above studies is that the IZUMO1–JUNO interaction provides the initial strong gamete binding, and this would be followed by the interplay between PtdSer on the sperm and the PtdSer receptors on oocyte. At this point, the BAI1/3–ELMO–RAC1 module, along with CD9 and other oocyte molecules linked to fertilization, would help in achieving a complete and stable gamete fusion. Undoubtedly, we are in a new era for widening our comprehension on molecular fertilization, and in the near future, these new study methods will shed light on the identification and function of new oocyte receptors.



CONCLUSION

Our current knowledge on the identity of specific molecules involved in different stages of fertilization in mammals is very limited despite that the cell-to-cell communication process is well studied in other cell types. Nowadays, just a few of these molecules are known in gametes, being JUNO (oocyte) and IZUMO1 (sperm), the only pair of proteins described. Gene-edited animals have provided useful information about the different receptors and their function, but emerging approaches are casting new potential molecules to study in the near future.
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The Calcium-Sensing Receptor (CASR) is a G protein-coupled receptor of the C family that reportedly promotes maturation of porcine oocytes. However, its role in cumulus expansion of cumulus-oocyte complexes (COCs) is not well known. This study was conducted to determine the role of CASR and potential mechanisms involved during in vitro maturation (IVM) of porcine COCs. After culture of COCs in follicle-stimulating hormone (FSH)-supplement maturation medium for 24 h, the time of breakdown of the germinal vesicle (GVBD), indicative of initiation of meiotic maturation, resulted in an increased (p < 0.05) CASR mRNA expression level in cumulus cells. Moreover, IVM of COCs in 10 μM of the CASR agonist NPS R-568 promoted (p < 0.05) cumulus expansion but only in FSH-containing medium. Conversely, 20 μM of the CASR inhibitor NPS2390 precluded cumulus expansion. We next tested the effect of the CASR agonist/inhibitor on the expression of cumulus expansion-related genes. The CASR agonist significantly upregulated the expression of hyaluronan acid synthase 2 (HAS2), whereas the CASR inhibitor downregulated the expression of all HAS2, prostaglandin-endoperoxide synthase 2 (PTGS2), and tumor necrosis factor a-induced protein 6 (TNFAIP6). Altogether, these results suggest that CASR activity is involved in FSH-stimulated porcine cumulus expansion.

Keywords: CASR, cumulus expansion, FSH, in vitro maturation, pig


INTRODUCTION

During follicular development, mammalian oocytes undergo a series of important changes induced by the pre-ovulatory surge of gonadotropins (Eppig, 1996). The endogenous luteinizing hormone (LH) peak initiates the meiotic resumption of oocytes arrested in the dictyate stage of meiotic prophase. The meiosis resumption is defined by the occurrence of germinal vesicle breakdown and is accompanied by transformation of the cumulus oophorus surrounding the oocyte, known as “expansion” (Eppig, 1979b).

The components of in vitro maturation medium play an essential role in the degree of cumulus cell expansion and oocyte maturation (Qian et al., 2003; Appeltant et al., 2016). For instance, FSH enhances cumulus expansion during in vitro culture of canine (Lee et al., 2007) and mouse (Eppig, 1979a) cumulus-oocyte complexes (COCs). Epidermal growth factor (EGF) can also stimulate cumulus expansion in vitro in mouse (Downs, 1989; Boland and Gosden, 1994) and bovine (Lorenzo et al., 1994). Moreover, FSH (Nagyová et al., 1999) and EGF (Procházka et al., 2000; Jezová et al., 2001)-induced cumulus expansion correlated with the synthesis of hyaluronan by porcine cumulus cells and its accumulation. Notably, the expression of genes involved in the production of hyaluronic acid and its organization in the extracellular matrix, such as hyaluronan acid synthase 2 (HAS2), prostaglandin-endoperoxide synthase 2 (PTGS2), and tumor necrosis factor a-induced protein 6 (TNFAIP6), is increased preceding cumulus expansion in mouse COCs (Park et al., 2004).

Calcium (Ca2+), the most universal second messenger, is modulated through numerous cell-surface receptors to activate multiple cytoplasmic signaling proteins (Berridge et al., 2000). In this context, Ca2+ signaling pathways play crucial roles in gamete development and maturation as well as fertilization and early embryonic development (Wakai and Fissore, 2013). The Calcium-Sensing Receptor (CASR), a member of the G protein-coupled receptors, is an important regulator of (Ca2+)0 concentrations (Brown, 2013; Tyler Miller, 2013). Calcium-Sensing Receptor (CASR) activation in cells results in intracellular Ca2+ mobilization, regulation of intracellular cAMP levels and activation of multiple protein kinases (Ellinger, 2016). Studies indicate that expression of CASR has been detected in human, equine and porcine oocytes (Dell’Aquila et al., 2006; De Santis et al., 2009; Liu et al., 2015), and rat testicular tissue and sperm (Mendoza et al., 2012). Moreover, it was suggested that CASR participated in gonadotropin-induced porcine oocyte nuclear maturation (Liu et al., 2015), but its potential role in cumulus expansion was not determined. Therefore, the objective of this study was to investigate the effect of CASR on FSH-induced cumulus expansion and the consequent expression of expansion-related genes, namely HAS2, PTGS2, and TNFAIP6, in in vitro cultured porcine COCs.



MATERIALS AND METHODS

All chemicals for this study were purchased from Sigma Chemicals Co. (St. Louis, MO), unless otherwise stated. The present study was approved by the Institutional Animal Care and Use Committee of China Agricultural University.


Cumulus Oocyte Complex (COC) Collection

Ovaries were collected from prepubertal Landrace gilts at a local slaughterhouse, transported to the laboratory within 2 h from slaughter and washed three times with 37°C 0.9% (w/v) NaCl containing 65 mg/l potassium penicillin G and 50 mg/l streptomycin sulfate. COCs were aspirated from antral follicles (3–8 mm diameter) with an 18-gauge needle fitted to a 10-ml disposable syringe. Aspirates were flushed with pre-warmed Tyrode’s medium (TLH) containing 0.1% (w/v) polyvinyl alcohol (PVA) (TLH-PVA) (Funahashi et al., 1997). Those with uniform cytoplasm and at least four layers of intact, compact cumulus cells were selected under a microscope (SZ61, Olympus, Tokyo, Japan).



Immunofluorescence and Confocal Microscopy

Some available COCs were used immediately after collection for immunofluorescence studies. According to Liu et al. (2015), COCs were fixed in 4% paraformaldehyde for at least 30 min at room temperature and thoroughly washed three times. Then they were permeabilized in Dulbecco’s phosphate buffered saline (DPBS, Gibco, Grand Island, NY) containing 1% Triton X-100 for 1 h at 37°C and blocked in DPBS containing 2% BSA at 37°C for 30 min. COCs were incubated with anti-CASR primary antibody (sc-32181, Santa Cruz Biotechnology, Santa Cruz, CA, United States) diluted 1:25 in blocking buffer at 37°C for 2 h. After washing three times, samples were incubated with DyLightTM 488-conjugated AffiniPure Rabbit anti-Goat IgG (Jackson ImmunoResearch, West Grove, PA) diluted 1:35 in blocking buffer at 37°C for 1 h (in the dark). Nuclear DNA was counterstained with DAPI (sc-24941, Santa Cruz Biotechnology, Santa Cruz, CA, United States) for 10 min. Then samples were mounted on glass slides and examined with a confocal laser-scanning microscope (FLUOVIEW FV1000, Olympus, Tokyo, Japan). The excitation lasers were set at 488 nm and 405 nm for green and blue fluorescence, respectively.



Western Blot Analysis

According to previous study (Liu et al., 2015), total protein was extracted from 200 denuded oocytes and the corresponding cumulus cells immediately after collection. For protein extraction, samples were treated in 2 × Laemmli sample buffer and boiled for 10 min followed by cooling on ice. Total proteins were separated by SDS-PAGE and transferred to nitrocellulose filter membranes (0.45-μm pore size, Bio-Rad Laboratories, Richmond, CA, United States). The membrane was blocked in Tris-buffered saline Tween-20 (TBST, TBS with 0.05% Tween 20) containing 5% (w/v) non-fat dry milk for 2 h, and then incubated with the anti-CASR (1:300 dilution, sc32181, Santa Cruz Biotechnology, Santa Cruz, CA) or anti-β actin (1:1,000 dilution, TA-09, ZSGB, Beijing, China) primary antibodies in TBST containing 5% (w/v) non-fat dry milk for 2 h at room temperature. After three 10-min washes in TBST, membranes were incubated with horseradish peroxidase (HRP)-conjugated donkey anti-goat IgG (1:10,000) and goat anti-rabbit IgG (1:2,000) secondary antibodies for CASR and ACTIN, respectively, for 1 h at room temperature. Immunoreactive signals were detected with an enhanced chemiluminescence kit (Merck Chemical Co., Darmstadt, Germany) according to the manufacturer’s instructions.



In vitro Maturation (IVM)

The basic maturation medium was tissue culture medium 199 (TCM199, Gibco, Grand Island, NY, United States) with Earle’s salts supplemented with 0.57 mM cysteine, 0.91 mM sodium pyruvate, and 0.1% (w/v) PVA (Yuan and Krisher, 2010). According to the study by Liu et al. (2015), either the CASR agonist NPS R-568 (Tocris Bioscience Bristol, Bristol, United Kingdom) or antagonist NPS2390 was added to the basic medium supplemented with or without 0.01 U/ml FSH (Sioux Biochemical, Sioux Center, IA). The treatment was as follows: (1) Basic medium (FSH-free); (2) Addition of CASR agonist (5 or 10 μM) to basic medium (FSH-free + A); (3) Addition of CASR antagonist (10 or 20 μM) to basic medium (FSH-free + I); (4) Addition of 0.01 U/ml FSH to basic medium (FSH, control group); (5) Addition of CASR agonist (5 or 10 μM) to (4) (FSH + A); (6) Addition of CASR antagonist (10 or 20 μM) to (4) (FSH + I).

Groups of 80–100 COCs were washed three times with pre-equilibrated IVM medium and cultured in 500 μl IVM medium at 39°C in an atmosphere of 5% CO2 and saturated humidity. After incubation for 24 h, cumulus cells were removed by gently pipetting in TLH-PVA medium containing 0.1% (w/v) hyaluronidase and then washed with TLH. COCs in each group were used to determine the degree of cumulus cell expansion and gene expression.

After the cumulus cells and oocytes were completely separated, the cumulus cells were centrifuged for 5 min (800 g), washed twice with phosphate-buffered saline (PBS), and then plated into a 24-well plate. The cells were cultured in DMEM/F12 (Gibco), 1% penicillin and streptomycin (HyClone) and 10% fetal bovine serum (Biological Industries, Kibbutz Beit Haemek) and placed in a 38.5°C incubator with 5% CO2.



RNA Interference

Cumulus cells cultured in 24-well plates were transfected with small interfering RNA (siRNA) against CASR (CASR-siRNA) or negative control siRNA (NC-siRNA) using Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. Briefly, 10 μM negative control siRNA (NC-siRNA) or CASR siRNA (CASR-siRNA) were diluted and mixed with Lipofectamine RNAiMAX Reagent. After mixing and incubation for 20 min, the transfection mixture was added to the cells cultured in DMEM/F12. The siRNAs were synthetized by GenePharma (GenePharma). The siRNA sequences are shown in Supplementary Table 1.



RNA Isolation, Reverse Transcription PCR (RT-PCR) and Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA was isolated from 100 COCs (for measuring HAS2, PTGS2 and TNFAIP6) and the cumulus cells of 100 COCs (for measuring CASR) using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). RNA concentration and purity were quantified using a Nanodrop ND-1000 Spectrophotometer (Biolab, Scoresby, Victoria, Australia). After isolation, RNA from each treatment group was reverse transcribed into cDNA (High-Capacity cDNA RT kit, Applied Biosystems, Foster City, CA, United States).

RT-PCR for CASR was performed according to the manufacturer’s instructions (Tiangen Biotech, Beijing, China) and fragments generated were visualized by gel electrophoresis. qRT-PCR for CASR and expansion-related genes expression was performed by adding 1 μl of cDNA to a mixture of SYBR premix qPCR SuperMix (Qiagen, Valencia, CA).



RNA Isolation, Reverse Transcription PCR (RT-PCR) and Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA was isolated from 100 COCs (for measuring HAS2, PTGS2 and TNFAIP6) and the cumulus cells of 100 COCs (for measuring CASR) using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). RNA concentration and purity were quantified using a Nanodrop ND-1000 Spectrophotometer (Biolab, Scoresby, VIC, Australia). After isolation, RNA from each treatment group was reverse transcribed into cDNA (High-Capacity cDNA RT kit, Applied Biosystems, Foster City, CA, United States).

RT-PCR for CASR was performed according to the manufacturer’s instructions (Tiangen Biotech, Beijing, China) and fragments generated were visualized by gel electrophoresis. qRT-PCR for CASR and expansion-related genes expression was performed by adding 1 μl of cDNA to a mixture of SYBR premix qPCR SuperMix (Qiagen, Valencia, CA, United States), forward and reverse primers (10 μM) and RNase-free water, in a final volume of 20 μl using an ABI 7,500 real-time PCR instrument (Applied Biosystems, Foster City, CA, United States). Cycling conditions were: 94°C for 30 s; 40 cycles at 94°C for 5 s and 60°C for 34 s. The mRNA level of each sample was normalized to ACTIN mRNA level. Relative transcriptional levels of target genes were calculated using the 2–△△Ct method (Livak and Schmittgen, 2001). PCR primers used for real-time PCR are listed in Table 1.


TABLE 1. Primers used for real-time PCR.
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Evaluation of Cumulus Expansion

At the end of incubation after 24 h, the degree of cumulus cell expansion was assessed by light microscopy. For this purpose, digital images of COCs on a stage micrometer were captured at 400× magnification (Nikon, Tokyo, Japan). Briefly, the diameter of each COC was calculated by averaging the largest and smallest diameters (except for a few COCs in which diameters could not be determined from the images) (Koike et al., 2010) using Image J analysis (Supplementary Figure 1).



Statistical Analysis

The data were analyzed using Kruskal-Wallis test, Mann-Whitney U-test and independent t-test from SPSS (version 17, Chicago, IL, United States), except for the qRT-PCR results of CASR inhibitor treatment using two-tailed t-tests in Microsoft Excel. p < 0.05 was considered statistically significant.



RESULTS


Expression and Localization of CASR in Porcine Cumulus Cells

CASR protein (a single ∼160 kDa protein band, Figure 1A) and mRNA (expected length 263 bp, Figure 1B) were detected in porcine cumulus cells and denuded oocytes. Immunofluorescence results showed that in addition to localizing in oocytes, CASR was expressed in cumulus cells of porcine COCs (Figure 1C).


[image: image]

FIGURE 1. Expression and localization of CASR in porcine cumulus cells. Cumulus-oocyte complexes (COCs) or oocytes in the germinal vesicle (GV) stage (intact nucleus) were used immediately after collection. Identification of CASR protein (A) and mRNA (B) in porcine cumulus cells and denuded oocytes; negative control without cDNA. (C) Immunofluorescence results showed that CASR protein (green) was expressed in cumulus cells of porcine COCs. Chromatin was stained with DAPI (blue). Negative controls show no staining for CASR. In the negative control group, the first antibody was replaced by 2% BSA, with the other steps being the same. Scale bar = 50 μm. CASR, Calcium-Sensing Receptor.




Expression of CASR mRNA in Cumulus Cells

Next, the effect of IVM with and without FSH on CASR expression was tested. Culture of COCs for 24 h in FSH-containing medium upregulated the expression of CASR mRNA in cumulus cells (p < 0.05; Figure 2).


[image: image]

FIGURE 2. Relative expression of CASR mRNA in porcine cumulus cells from COCs matured in the presence or absence of FSH for 24 h by qRT-PCR. Data are presented as means ± SEM (*p < 0.05) from three independent experiments. (*) indicates significance between groups. Significance was determined by independent t-test. CASR, Calcium-Sensing Receptor.




Effect of CASR Activity on Cumulus Expansion

To determine whether CASR was involved in cumulus expansion in vitro and, if so, whether the presence of FSH was critical, either the CASR agonist NPS R-568 or inhibitor NPS2390 were added to the maturation medium in different treatments. Notably, absence of FSH precluded adequate cumulus cell expansion to a level lower than that observed in the presence of FSH (p < 0.05; Figure 3). Adding either 5 μM CASR agonist or 10 μM CASR inhibitor to FSH-containing medium, the relative level of cumulus expansion had no significant variation, as shown in Figure 3 (p > 0.05). Further, addition of 10 μM CASR agonist in FSH-containing medium promoted cumulus expansion (p < 0.05). Conversely, addition of 20 μM CASR inhibitor significantly prevented cumulus expansion of COCs cultured in FSH-containing medium (p < 0.05). However, under the premise of free of FSH in the medium, compared to the FSH-free group, neither 10 μM CASR agonist nor 20 μM inhibitor had an effect on cumulus expansion when added in FSH-free medium (Figure 3). Following from these results, 10 μM CASR agonist and 20 μM CASR inhibitor were chosen for the next set of experiments. In order to identify the observed effect mediated specifically by CASR, the experiment with combination of the agonist and inhibitor was performed. The result showed that the effect of the CASR agonist observed with the COCs was significantly inhibited by the CASR inhibitor (Supplementary Figure 2).
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FIGURE 3. Effects of CASR activation or inhibition on cumulus cell expansion during IVM of porcine COCs. COCs were cultured in base IVM medium supplemented with FSH (0.01 U/ml), and/or the CASR agonist NPSR-568 (5 or 10 μM, A) and/or the CASR inhibitor NPS2390 (10 or 20 μM, I) for 24 h. FSH group was taken as a unit. Statistically significant differences are examined by independent t-test. Data are expressed as mean ± SEM from three independent experiments (*p < 0.05). CASR, Calcium-Sensing Receptor; A, CASR agonist NPSR-568; I, CASR inhibitor NPS2390.


Additionally, the mRNA expression of CASR in porcine cumulus cells was inhibited with small interfering RNA (siRNA). The results showed that small interfering RNA against CASR (CASR-siRNA) reduced the expression of CASR mRNA, especially for the siRNA-1. Then we observed the proliferation ability of cumulus cells to reflect the cumulus expansion after CASR was inhibited by siRNA. The result showed that the number of cells had no significant variation between control group and CASR-siRNA group after 24 h (p > 0.05), however, the number of cells in CASR-siRNA group was significantly lower than that in control group when treated for 36 h (p < 0.05; Figure 4).
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FIGURE 4. Effects of CASR activation inhibited by siRNA on cumulus cell proliferation. Cumulus cells treated by negative control siRNA (NC-siRNA) and three kinds of small interfering RNA against CASR (CASR-siRNA) were collected. (A) The relative CASR mRNA expression levels in the CASR-siRNA- and NC-siRNA-treated groups were determined by RT-qPCR. ACTIN mRNA was used as internal control. (B) The proliferation ability of cumulus cells was tested to reflect the cumulus expansion after CASR was inhibited by siRNA for 24 h and 36 h. CASR: Calcium-Sensing Receptor. The data represent means ± SEM (*p < 0.05) from at least two independent experiments. (*) indicates significance between groups. Significance was determined by Student-Newman-Keuls (A) or two-tailed t-tests (B).




Effect of CASR Activity on the Expression of Genes Involved in Cumulus Expansion

We next investigated the relative expression levels of expansion-related genes (HAS2, PTGS2, and TNFAIP6), which are known to participate or regulate cumulus expansion, in COCs cultured in the presence or absence of FSH with or without the addition of the CASR agonist (10 μM) or inhibitor (20 μM). Following 24 h of culture, the presence of the CASR agonist increased the expression of HAS2 (p < 0.05; Figure 5A), without affecting expression levels of PTGS2 and TNFAIP6 (Figures 5B,C), but only in FSH-containing medium. Conversely, compared with the control group (FSH group), addition of the CASR inhibitor to the IVM medium significantly downregulated expression levels of all three genes (p < 0.05; Figures 5D–F). However, the CASR agonist or inhibitor had no effect in the level of expression of these three genes in FSH-free groups (Figure 5).
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FIGURE 5. Relative expression of genes related to cumulus cell expansion in porcine COCs cultured under different conditions. COCs were cultured in medium supplemented with the CASR agonist NPSR-568 (10 μM, A–C) or inhibitor NPS2390 (20 μM, D–F) in the presence or absence of FSH for 24 h. ACTIN mRNA was used as internal control. HAS2: hyaluronan synthase 2; PTGS2: prostaglandin-endoperoxide synthase 2; TNFAIP6: tumor necrosis factor a-induced protein 6; CASR: Calcium-Sensing Receptor. The data represent means ± SEM (*p < 0.05) from at least two independent experiments. (*) indicates significance between groups; (ns) indicates no significance between groups. Significance was determined by Kruskal-Wallis test and Mann-Whitney U-test (A–C) or two-tailed t-tests (E,F).




DISCUSSION

The study aimed to investigate the expression and influence of the CASR on cumulus expansion during maturation of porcine COCs. We demonstrate that CASR is expressed both at the mRNA and protein levels in porcine cumulus cells, in addition to oocytes (Liu et al., 2015). Expression was previously reported in equine and human COCs yielding a single 130 kDa protein and a 130/120 kDa protein doublet for oocytes and cumulus cells, respectively (Dell’Aquila et al., 2006; De Santis et al., 2009). In contrast, a single band of 160 kDa was detected in porcine cumulus cells, which is consistent with a previous study (Liu et al., 2015). This may reflect different levels of protein glycosylation among different species (Bai et al., 1996; Brown and MacLeod, 2001; Bai, 2004).

Importantly, we showed that the activity of the CASR contributed to FSH-stimulated cumulus expansion during initiation of meiotic resumption. A previous study had shown that CASR activity was pivotal for oocyte maturation by mediating the effects of gonadotropins (Liu et al., 2015); however, the potential effects of CASR on cumulus cells were not investigated. Given that FSH promotes cumulus expansion during IVM in canine (Lee et al., 2007), pig (Singh et al., 1993), and rat (Phillips and Dekel, 1982), we hypothesized that CASR should contribute to this effect also. Therefore, we first showed that CASR transcript levels were upregulated in cumulus cells when COCs were cultured in FSH-containing medium. Moreover, when porcine COCs were cultured in the presence of a CASR protein agonist (NPS R-568) or inhibitor (NPS2390) cumulus expansion was significantly enhanced or inhibited, respectively. Interestingly, the stimulatory effects of the CASR agonist were not observed in medium devoid of FSH. Altogether, these results suggest that the CASR depends upon FSH to promote cumulus expansion.

We next investigated changes in expression of genes related to hyaluronic acid synthesis and maintenance. Interestingly, the presence of a CASR activator in the COC culture medium significantly upregulated the expression of HAS2, a gene regulated by gonadotropins and required for cumulus expansion (Kimura et al., 2002; Nagyova et al., 2012). HAS2 gene encodes hyaluronan synthase enzyme which is involved in synthesis of hyaluronan. FSH stimulated cumulus expansion correlated with the synthesis of hyaluronan by porcine cumulus cells (Nagyová et al., 1999), and upregulated CASR expression. Then, CASR may be involved in FSH-induced cumulus expansion by increasing the synthesis of hyaluronan via the upregulated expression of HAS2. However, CASR activator supplementation did not change PTGS2 and TNFAIP6 expressions. It will be difficult to propose at this moment that whether PTGS2 or TNFAIP6 expression is regulated by some other mechanism (Chaubey et al., 2018). Moreover, the presence of the CASR inhibitor in the medium also significantly downregulated genes related to hyaluronic acid synthesis and cumulus expansion. Notably, as above, the effects of the CASR activator/inhibitor were only observed in FSH-containing medium. These data may provide a link between the effects of FSH-CASR-mediated cumulus expansion during maturation of porcine COCs. As gap junctional communications may play a role in cumulus expansion and gap junction (GJ) inhibitor Carbenoxolone (CBX) reduced the extent of cumulus expansion during the first 20 h of IVM (Appeltant et al., 2015), CASR may affect cumulus expansion through gap junction in the current study. Receptor activity-modifying proteins (RAMPs) is necessary to become the immature CASR into fully glycosylated prior to delivery to the plasma membrane (Bouschet et al., 2005). The mature CASR in the plasma membrane may be used as a marker of oocyte maturation. Given that CASR may have some interactions between cumulus cells and oocytes through gap junction, it leads to the redistribution of CASR to the plasma membrane in oocytes and further contributes to oocyte maturation. Indeed, activation of the mitogen activated protein kinase (MAPK) pathway in cumulus cells is essential for cumulus expansion of FSH-primed mouse COCs (Su et al., 2002). This pathway is also important for the expression of cumulus expansion-related genes during gonadotropin-induced maturation of porcine oocytes (Yamashita et al., 2009; Prochazka et al., 2012) as well as for FSH-induced cumulus expansion of mouse COCs (Diaz et al., 2006). Therefore, we hypothesize that CASR may affect FSH-stimulated porcine cumulus expansion through a MAPK signaling pathway in cumulus cells. In turn, MAPK may stimulate expression of EGF-like factors which impact on cumulus expansion and oocyte maturation (Yamashita et al., 2009). However, these hypotheses require further investigation.



CONCLUSION

Our results support a role for CASR during cumulus expansion in porcine COCs, which can be regulated by FSH and promotes FSH-stimulated cumulus expansion. Whether CASR can act as a potent regulator of cumulus expansion requires further study.
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Germ–Somatic Cell Interactions Are Involved in Establishing the Follicle Reserve in Mammals
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Mammalian females are born with a finite reserve of ovarian follicles, the functional units of the ovary. Building an ovarian follicle involves a complex interaction between multiple cell types, of which the oocyte germ cell and the somatic granulosa cells play a major role. Germ–somatic cell interactions are modulated by factors of different cell origins that influence ovarian development. In early development, failure in correct germ–somatic cell communication can cause abnormalities in ovarian development. These abnormalities can lead to deficient oocyte differentiation, to a diminished ovarian follicle reserve, and consequently to early loss of fertility. However, oocyte–granulosa cell communication is also extremely important for the acquisition of oocyte competence until ovulation. In this paper, we will visit the establishment of follicle reserve, with particular emphasis in germ–somatic cell interactions, and their importance for human fertility.
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INTRODUCTION

Mammalian females have a finite reproductive reserve of oocytes, established during fetal life (human) or perinatally (mouse). This reserve is composed of a large number of primordial follicles (PF), in which the oocyte is enclosed by a small number of somatic cells—pre-granulosa cells (Rodrigues et al., 2009; Clarke, 2017). It is during PF formation that the ovarian follicle reserve is established (Pepling and Spradling, 2001; Rodrigues et al., 2009). The oocyte is the essential component of female reproduction and it must undergo growth and development within the environment of an ovarian follicle (Chang et al., 2017). This environment includes bidirectional communication that is absolutely critical for survival of the oocyte and the companion granulosa cells. The oocyte receives nutrients, metabolites, and extrafollicular signals from the surrounding granulosa cells directly influencing its differentiation. The oocyte also signals to the surrounding granulosa cells, inducing their proliferation and survival. This reciprocal communication between oocyte and somatic cells within the follicle is essential to support full oocyte development (Li and Albertini, 2013; Coticchio et al., 2015; McGinnis et al., 2018; review Wang et al., 2017).

Across reproductive life, the initial PF reserve gradually diminishes until it is exhausted, over months (mouse) and decades (human) of attrition (Wang et al., 2017; McGinnis et al., 2018). Unfortunately, 1% of women worldwide suffer early loss of their reserve, a condition termed premature ovarian insufficiency (POI), in which the PF reserve is exhausted before women reach 40 years old (Grive and Freiman, 2015). It has been suggested that POI may be due to a combination of multiple genetic mutations (Bouilly et al., 2015). Therefore, understanding how the follicle reserve is established may shed light on the female reproductive lifespan.

This review will focus on ovarian follicle assembly with particular emphasis on somatic–germ cell communication and its role in establishment of the follicle reserve and, consequently, mammalian female fertility.



OVARIAN FOLLICLE ASSEMBLY

In the mouse model, traditional views hold that oogonia proliferate within a cluster, through a series of incomplete mitosis, due to the speed of cell divisions (Pepling and Spradling, 1998; Rodrigues et al., 2009). These clusters are surrounded by mesonephros-derived somatic cells that form the ovigerous or rete cords, continuous with the surface epithelium of the ovary (Byskov, 1986; McLaren, 2003; Guigon and Magre, 2006). Within the ovigerous cords, at around fetal 15.5 in mice, and 11–12 weeks gestation in humans, oogonia enter into prophase of the first meiotic division and arrest in diplotene stage (van den Hurk and Zhao, 2005; Jones and Pepling, 2013; Grive and Freiman, 2015). Follicular histogenesis is initiated through a process of fragmentation of the ovigerous cords, alignment of epithelial pre-granulosa cells to surround individual primordial oocytes, and the attraction of mesenchymal cells to the follicle’s nascent basement membrane (van den Hurk and Zhao, 2005; Guigon and Magre, 2006). This coordinated interaction, between these different cell types, results in the formation of the lifetime pool of PF, known as the ovarian follicular reserve (Figure 1A).
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FIGURE 1. Ovarian follicle assembly and folliculogenesis. (A) The ovarian follicles are regulated by germ–somatic cell interaction. When this communication is disrupted, follicle assembly is impaired, leading to early follicle reserve loss (Irx3/5; Nobox, Notch2) or inability to acquire meiotic competence (GDF9). (B) Folliculogenesis occurs with oocyte growth, mainly due to a bidirectional communication between the oocyte and granulosa cells through TZPs. If this communication is disrupted, follicle development may arrest at different stages: primordial (Nobox), primary (GDF9/Cx43), or secondary (FSHβ).


This period of PF assembly, and establishment of the follicular reserve is associated with a significant germ cell loss, mostly by apoptosis (Rodrigues et al., 2009; Wang et al., 2020). However, other mechanisms of germ cell loss have been implicated in this process, like autophagy and oocyte shedding through the nascent ovarian epithelium (Rodrigues et al., 2009). Follicle assembly occurs during human’s fetal life, while in the mouse, follicle assembly occurs postnatally (Guigon and Magre, 2006).

The process of cluster breakdown starts in the medullary region of the ovary and progresses to the cortical area with follicle growth (Wang et al., 2017). This movement is supported by two different waves of pre-granulosa cell activation, giving rise to two different classes of PF (Mork et al., 2012; Zheng et al., 2014a). The first wave of pre-granulosa cells contributes to the formation of the first class of PFs in the medulla area and will be the follicles contributing to the onset of puberty (Zheng et al., 2014a, b; Wang et al., 2017), whereas the second wave of differentiating pre-granulosa cells contributes to the formation of the PFs involved in the second class of follicles that will start to grow within the ovarian cortex and support the female reproductive life in its end (Zheng et al., 2014a, b; Wang et al., 2017). Using single-cell RNA sequencing during PF assembly, at E16.5 (mouse) pre-granulosa cell differentiation and second wave initiation, an increase in the expression of stem cell markers Wnt4 and Aldh1a1 was detected, which are essential for retinoic acid biosynthesis (key regulator of meiosis) (Zhang et al., 2018; Wang et al., 2020). Interestingly, it was suggested that instead of meiosis entry, the geographic location of the PF within the ovary may have a greater influence in determining which PF will activate first (Cordeiro et al., 2015). Through design of a triple transgenic mouse for MVH/GDF9/ZP3, the authors observed that the ventral side of the ovary has an earlier onset of meiosis, but the first PF formed and activated were located in the dorsal region (Cordeiro et al., 2015).

Interestingly, two members of the Iroquois homeobox transcription factor gene family (involved in patterning and embryogenesis), Irx3 and Irx5, are fundamental for correct PF formation (Fu et al., 2018). Deleting both factors in mice caused defects in both oocyte and granulosa cells during primordial follicle assembly (Fu et al., 2018). These results show that communication between all the cells involved is essential for proper germ cell cluster breakdown and PF assembly (Fu et al., 2018; Wang et al., 2020).



GERM–SOMATIC CELL INTERACTION

Cell-to-cell communication is an important driving force during mammalian embryonic development, inducing cell movement, rearrangement, shape changing, etc., of which the ovarian follicle assembly is no exception (Wang et al., 2017). The bidirectional communication between germ cells and somatic cells is fundamental for follicle assembly and adequate follicle environment for acquisition of oocyte competence (Li and Albertini, 2013; Zhang et al., 2018).

The interactions between germ cells (oogonia and oocytes) and somatic cells (granulosa, theca, and stromal cells), vasculature, and extracellular matrix (ECM) are all essential components enabling follicle formation, growth, ovulation, and luteinization. Direct communication between an oocyte and its surrounding companion granulosa cells requires transzonal projections (TZPs) that extend from the granulosa cells closest to the oocyte (corona radiata cells), through the zona pellucida, and reaching all the way to the surface of the oocyte (Albertini et al., 2001; Combelles et al., 2004; review Li and Albertini, 2013). TZPs, containing actin filaments and/or microtubules (Li and Albertini, 2013), connect with the oocyte membrane (oolemma) via intercellular gap junctions and adherens junctions. Thus, the TZPs with open gap junctions provide the basis for germ–somatic cell crosstalk (Li and Albertini, 2013; Clarke, 2017; Wang et al., 2020).

Gap junctions are formed by groups of connexin proteins that interlock to form a pore in the cell membrane. The size of the molecules that pass through is regulated by the size of the pore, which depends on the specific gap junctions involved. The primary connexin found in granulosa cells is CX43 (GJA1), although others are also present (Simon et al., 2006; Wang et al., 2020). The primary connexin in the oocyte is CX37 (GJA4) (Simon et al., 1997). The two types of connexins form heterodimeric gap junctions between the TZPs and the oolemma, enabling the necessary cross-communication and passage of critical molecules that support development and survival of both the oocyte and the granulosa cells. Since Cx37 forms one of the smallest pores in the gap junction family, it is the oocyte that regulates the size of molecules that can pass between these two cell types.

Previously, we observed that Cx37 and Cx43 are present in all follicle stages, including primordial (Rodrigues, 2016; Figures 2A–C). We found Cx43 to be impaired in GDF9 and FSHβ knockout mice [Rodrigues, 2016; Figures 2D,E (GDF9) and Figures 2F,G (FSHβ)]. Moreover, in the absence of Cx37 in female mice, the primordial germ cells fail to achieve meiotic competence. In the adult, there is no formation of ovulatory follicles (Simon et al., 1997, 2006), which reinforces the importance of gap junctions in normal ovary function. TZPs are impaired and cell–cell communication is compromised when both Irx3 and Irx5 are disrupted, leading to POI in mice (Fu et al., 2018).
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FIGURE 2. Connexin 43 cell–cell communication regulation in GDF9 and FSHβ knockout mice model. (A) Connexin 37 expression (green dots) in the oocyte of a secondary (white arrows) and primordial (white arrowhead) follicle of a P20 C57 female mouse ovary. Connexin 43 (green dots) distribution in C57 6 days post-birth (P6) (B) and 42 days postnatal (P42) (C), double stained for actin (white). Connexin 43 (red) distribution with double staining for tubulin (green) in GDF9 heterozygous P6 (D) and homozygous (E) female. Connexin 43 (red) distribution with double staining for tubulin (green) in FSHβ P42, in heterozygous (F) and homozygous (G) female. Bars = 20 μm. Image adapted from Rodrigues (2016).



Oocyte Factors

Most of what is known today in mammalian ovarian development results from morphological descriptions of ovaries at different ages in various models and targeted disruption of genes in the mouse models (Roy and Matzuk, 2006). Transgenic animal models have enabled researchers to identify the regulators of ovarian function and to better understand human disorders, in particular those affecting reproduction.

The transforming growth factor β (TGF-β) super family, which, during development, mediates several cell behaviors, including proliferation, differentiation, ECM production, and cell death, includes some members implicated in follicle growth (Pangas and Matzuk, 2004; Sanfins et al., 2018). One member, Growth differentiation factor 9 (GDF9), is a germ cell-specific factor previously identified in growing oocytes (McGrath et al., 1995; Elvin et al., 1999a). The importance of this growth factor during early folliculogenesis was first demonstrated when Dong et al. (1996) inactivated the mouse GDF9 gene. Female mice lacking a functional GDF9 gene are infertile due to the arrest of folliculogenesis at the primary follicle stage (Dong et al., 1996; Elvin et al., 1999a, b; Sanfins et al., 2018; Figures 2D,E). Interestingly, Wang and Roy (2006) discovered that GDF9 was essential for the formation of PF in the hamster. They also found that FSH indirectly regulates oocyte GDF9 gene expression, implying that FSH regulates oocyte gene expression and primordial follicle formation. Recently, GDF9 expression in oocytes at all stages of development including primordial oocytes was confirmed through single-cell RNA sequencing (Wang et al., 2020).

Bone morphogenic protein 15 (BMP15) is another member of the TGF-β gene family. It is an X-linked gene, encoding an oocyte-specific protein (Dube et al., 1998; Sanfins et al., 2018). BMP15 is expressed in oocytes from primary follicles onward (Dube et al., 1998). It is very closely related with GDF9, in both protein structure and gene expression (Yan et al., 2001). In fact, double mutant mice (BMP15–/–GDF9–/–) show early oocyte loss, whereas BMP15 null females are sub-fertile (Yan et al., 2001). The synergy between both factors was demonstrated by improving oocyte quality and granulosa cell regulation with in vitro produced heterodimers GDF9-BMP15 (cumulin; Peng et al., 2013). BMP15 is also involved in regulating gene expression of Cx43, in human granulosa cells (Chang et al., 2017; Sanfins et al., 2018).

Another oocyte factor, involved in the germ–somatic cell communication is Nobox (Newborn Ovary Homeobox), an oocyte-specific homeobox gene expressed early in development within germ cell clusters, as well as primordial and growing follicles (Suzumori et al., 2002; Rajkovic et al., 2004). In the absence of Nobox, there is an accelerated postnatal oocyte loss (Suzumori et al., 2002). Mutations in the Nobox gene are associated with POI, as well as a delay in germ cell cluster breakdown (Rajkovic et al., 2004; Qin et al., 2007; Lei et al., 2010; Bouilly et al., 2015; Figure 1A).

Although there are more contributors, these oocyte factors are examples of the central importance of oocyte in the bidirectional communication necessary to establish an adequate reserve of ovarian follicles. Most importantly, they illustrate that it is not just one factor, or one cell type involved, but rather a combination of factors and communicating cell types.



Somatic Cell Factors

Germ cell cluster breakdown is a well-coordinated process and one that demands intercommunication between germ and pre-granulosa cells for efficient PF formation and, with it, establishment of the ovarian follicle reserve (Wang et al., 2020). For example, when Notch 2 is conditionally mutated in granulosa cells, multi-oocyte follicles are formed, thus indicating an impaired germ cluster breakdown. The Notch pathway is an important signaling pathway during embryo development and Notch2 has been reported in both pre-granulosa and granulosa cells (Xu and Gridley, 2013; Wang et al., 2017; Figure 1A). Furthermore, a model of the conditional granulosa cell mutant for Notch2 also showed diminished oocyte apoptosis, increased oocyte survival, but significantly fewer normal PF due to the formation of multi-oocyte follicles (Xu and Gridley, 2013).

As mentioned above, important structures involved in germ–somatic cell interactions are the TZPs, which form gap junctions between the oolemma and the tip of the TPZ extended from the granulosa cell (Simon et al., 2006; Li and Albertini, 2013). The inability to produce pups in the absence of intracellular communication between germ and somatic cells in Cx37 null female mice (Simon et al., 1997), as well as the follicular arrest at primary follicle stage in Cx43 null females (Simon et al., 2006) are significant demonstrations of the importance of this cell–cell communication.

As mentioned previously, loss of IRx3 and IRx5 in female mice caused defects in granulosa cells, particularly in the mis-location of gap junction proteins, resulting in a premature oocyte loss (Fu et al., 2018). Interestingly, Irx5 expression was observed exclusively in granulosa cells while Irx3 alternated between the granulosa and the oocyte during PF assembly (Fu et al., 2018).




OTHER FACTORS IN OVARIAN FOLLICLE DEVELOPMENT

It is well known that adult ovary events, such as antral follicle growth, maturation, ovulation, and luteinization are primarily controlled by two gonadotropins: follicle stimulating hormone (FSH) and luteinizing hormone (LH), secreted by the pituitary gland. In turn, the pituitary is controlled by gonadotropin-releasing hormone (GnRH), produced in the hypothalamus (Gougeon, 1996; McGee and Hsueh, 2000). Interestingly, Cx43 expression in granulosa cell is hormonally regulated by both gonadotrophins (FSH and LH) (Granot and Dekel, 1998; Chang et al., 2017; Figures 2A,B,F,G).

FSH receptors (FSHr) are transmembrane G-protein-coupled receptors that localize in granulosa cells in the ovary (Kumar et al., 1997, 1999; Oktay et al., 1997; Burns et al., 2001). Primordial follicle activation and the first phases of follicle development are independent of FSH, as evidenced by the presence of preantral follicles in FSH receptor-null and FSHβ-null female mice (Danilovich et al., 2000; Kumar, 2005). Apparently, loss of FSH receptor or FSHβ did not prevent primordial follicle formation or pre-antral follicle development; however, follicular development was arrested at the preantral stage (Kumar, 2005). There is contradictory evidence for the role of FSH in formation of PF. As mentioned earlier, Wang and Roy (2006) found that FSH activity was essential to PF formation in the hamster, and more recently, it was reported that FSH promotes PF formation in mice through activin stimulation (Lei et al., 2010). This suggests the possibility that other proteins or signaling pathways can compensate for loss of FSH, depending on the research model. Interestingly, 17β-estradiol (E2), which regulates FSH action, was found to inhibit cluster breakdown when added to mouse neonatal ovary cultures (Grive and Freiman, 2015).

Together, oocyte and somatic factors contribute to ovarian follicle reserve establishment and demonstrate how this is a process of cooperation between different cell types within the ovary.



FOLLICLE RESERVE AND ACQUISITION OF OOCYTE COMPETENCE

Like PF formation and ovarian follicular reserve assembly, intercellular communication is fundamental for acquisition of oocyte competence (Coticchio et al., 2015; McGinnis et al., 2018).

Briefly, the ovarian follicle reserve is established early in development, and the primordial oocyte, arrested in prophase I of meiosis I, can stay dormant for most of female fertile life. However, periodically, some PFs are recruited to start growing. This follicle growth also initiates oocyte hypertrophy, for storage of macromolecules and organelles in oocyte cytoplasm in order to sustain the first embryonic developmental stages (Li and Albertini, 2013; Clarke, 2017; McGinnis et al., 2018). Following puberty, it is from the pool of growing follicles that some follicles are periodically selected to ovulate a mature oocyte (Coticchio et al., 2015; McGinnis et al., 2018). Communication between oocyte and granulosa cells continues throughout follicle growth, until the LH surge, which triggers the closing of gap junctions and loss of direct communication (Norris et al., 2009). The oocyte nucleus remains arrested at prophase of meiosis I until the LH surge and the closing of gap junctions. This loss of communication triggers changes in oocyte intracellular signaling and the resumption of meiosis, to arrest again at metaphase of meiosis-II (MII) (Rodrigues et al., 2008; McGinnis et al., 2018; Figure 1B).

The stockpiling and follicle growth do not occur if germ–somatic cell interaction is impaired, ultimately leading to female infertility (Li and Albertini, 2013; Clarke, 2017). For example, the GDF9 null mouse ovaries exhibit a reduction of TZPs with altered position, parallel to the oocyte rather than perpendicular, resulting in arrest of follicle development at primary stage and no ovulation (Carabatsos et al., 1998; Sanfins et al., 2018; Figures 1B, 2E,F). In human, GDF9 is essential for cumulus expansion and normal ovulation (Chang et al., 2017). Moreover, a significantly higher number of TZPs were observed in the oocyte–granulosa interface of FSHβ-deficient mice, implying FSH antagonist action toward TPZs in the zona pellucida (Combelles et al., 2004; Clarke, 2017).



CONCLUDING REMARKS

This review highlights the importance of germ–somatic cell communication for not only primordial follicle assembly and establishment of the ovarian follicle reserve, but ultimately building a foundation for an optimal female reproductive lifespan.

Although some of these aspects are known, many more are not understood. The future for complete understanding and the possibility of creating solutions to various infertility situations will involve transcriptome analysis and research of uncovered pathways of specific signature genes. Such studies must be complemented with basic cellular research and/or gene disruption. A clear example is the recent uncovering, using RNA sequencing, of specific gene signatures and key pathways for human oocytes and the surrounding granulosa cells. Among these were five different pathways involved in primordial follicle activation, which, if investigated, may shed some light in the treatment of women with POI (Zhang et al., 2018).
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Fertilization by multiple sperm leads to lethal chromosomal number abnormalities, failed embryo development, and miscarriage. In some vertebrate and invertebrate eggs, the so-called cortical reaction contributes to their activation and prevents polyspermy during fertilization. This process involves biogenesis, redistribution, and subsequent accumulation of cortical granules (CGs) at the female gamete cortex during oogenesis. CGs are oocyte- and egg-specific secretory vesicles whose content is discharged during fertilization to block polyspermy. Here, we summarize the molecular mechanisms controlling critical aspects of CG biology prior to and after the gametes interaction. This allows to block polyspermy and provide protection to the developing embryo. We also examine how CGs form and are spatially redistributed during oogenesis. During egg activation, CG exocytosis (CGE) and content release are triggered by increases in intracellular calcium and relies on the function of maternally-loaded proteins. We also discuss how mutations in these factors impact CG dynamics, providing unprecedented models to investigate the genetic program executing fertilization. We further explore the phylogenetic distribution of maternal proteins and signaling pathways contributing to CGE and egg activation. We conclude that many important biological questions and genotype–phenotype relationships during fertilization remain unresolved, and therefore, novel molecular players of CG biology need to be discovered. Future functional and image-based studies are expected to elucidate the identity of genetic candidates and components of the molecular machinery involved in the egg activation. This, will open new therapeutic avenues for treating infertility in humans.
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INTRODUCTION

Sexual reproduction requires the interaction of gametes, cells highly specialized for fertilization. To this end, the egg controls the male gamete entry to prevent genetic abnormalities caused by supernumerary sperm (polyspermy), which results in failed embryo development and miscarriage (Hassold et al., 1980; Evans, 2020). Polyspermy can occur in mammalian eggs by a low percentage, generally between 1 and 2% under in vivo conditions (Rothschild, 1954). To ensure monospermy, the female reproductive tract in mammals acts as an effective barrier or selector to the sperm. This reduces the concentration and number of viable male gametes that reach the egg (Bianchi and Wright, 2016). If polyspermy occurs, the formed zygote undergoes spontaneous abortion. Nonetheless, it has been reported that triploid and tetraploid pregnancies can progress to birth. In this case, the infants show a variety of malformations including cardiac anomalies, syndactyly (fingers or toes that are joined), hypotonia, among others (Uchida and Freeman, 1985; Sherard et al., 1986; Shiono et al., 1988; Dean et al., 1997).

Another failure of gamete interaction is the inability of either the sperm to fertilize the female gamete, or the egg to interact with the sperm, causing infertility. The World Health Organization (WHO) defines infertility as “A disease of the male or female reproductive system defined by the failure to achieve a pregnancy after 12 months or more of regular unprotected sexual intercourse” (WHO-ICMART revised Glossary). In humans, the infertility rate is around 15% worldwide, and near of 50% is caused by male fecundity alterations (Cui, 2010). It is well established that fertility decreases with age. Specifically, women’s fertility starts to decline over 32 years old. However, such a decrease becomes steep and critical after 37 years old (American College of Obstetricians and Gynecologists Committee on Gynecologic Practice and Practice Committee, 2014). On the other hand, male fertility starts to decline after 35 years old (Mathieu et al., 1995). In fact, several studies show that women, between 16 and 26 years old, show significantly higher pregnancy probabilities than those of 35–40 years old. Concomitantly, women’s infertility ratio increases with age: 15, 22–24, and 29% ranging in age from 19–26, 27–34, and 35–39 years old, respectively (Dunson et al., 2004). Currently, in vitro fertilization (IVF) is one of several alternatives to treat infertility in humans. However, the success of this technique relies on ovarian stimulation, complete oocyte maturation, concentration of sperm, and the patient’s age (van der Ven et al., 1985). Therefore, a better understanding of how fertilization is regulated may facilitate the development of diagnostic tools to assess gamete quality used in IVF practices, and its improvement.

Following sperm-egg recognition and fusion, the egg has evolved several activation mechanisms to avoid cytogenetic defects. Thus, the event of egg activation provides prevention of polyspermy, but also protection of the fertilized egg/embryo until implantation or hatching. Also, and together with fertilization, determines the transition from oogenesis to embryogenesis.

Monospermic fertilization involves the function of a primary barrier given by the female tract, the cumulus cellular layer (jelly coat or the egg jelly in marine invertebrates), an extracellular glycoprotein matrix surrounding the egg known as zona pellucida (ZP) in mammals (vitelline envelope in amphibians and Drosophila, and chorion in fish), and the egg plasma membrane (PM) (Claw and Swanson, 2012). However, in species with external fertilization, polyspermy blockade referred to as the fast and slow blocks, is critical (Rothschild and Swann, 1952). The fast or electrical block to polyspermy involves changes to the egg PM that have been well characterized in frogs and sea urchin (Jaffe and Cross, 1984), but not well understood in other animals. In most vertebrates, the slow or mechanical block to polyspermy is a key event and involves the exocytosis of cortical granules (CGs). After it is initiated, the subsequent elevation of the extracellular coat or the modification of the ZP becomes unreceptive to the sperm (Wessel et al., 2001).

The release of calcium (Ca2+) at fertilization results in a cascade of events that includes exocytosis of CGs (Figure 1). These secretory vesicles are egg-specific membrane-bound organelles that, upon egg activation, fuse with the PM and release their content into the extracellular space. This content includes proteases, glycoproteins, and structural proteins (see Section “Modification of ZP Proteins by the CG Content” for more details) (Wessel et al., 2001). CG exocytosis (CGE) is executed after fertilization and functions to prevent polyspermy, and regulate the early embryo’s developmental progression. To facilitate this immediate response, CGs become localized at the PM during oocyte maturation. In several organisms studied, it has been proposed that the Ca2+ signal is transduced to control the activity of maternal determinants. These factors allow then the exocytosis of CG content to the extracellular space (Matson et al., 2006; Mei et al., 2009; Fuentes et al., 2020). Although cytosolic Ca2+ increases during egg activation, the factors that regulate CG biology, as well as the block to polyspermy, remain largely unknown. Here, we discuss the significant progress made in linking animal phenotypes and genetics (phenogenetics) to elucidate the molecular identity and functionality of factors regulating CGE and fertilization.
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FIGURE 1. Schematic representation of universal molecular regulators acting in intracellular calcium signaling at egg activation and fertilization. To promote CG exocytosis, calcium signaling is triggered by the sperm at fertilization. Then, the generation of phosphatidylinositol 4,5-bisphosphate (PIP2), 1,2-diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3) is mediated by phospholipase C (PLC). Finally, IP3 through the binding to the IP3 receptor (IP3R) releases Ca2+ from intracellular stores. Thus, calmodulin (Cam) binds Ca2+ to participate in egg activation progression, including meiosis resumption. In the mammalian egg, Ca2+-specific channels mediate the ion influx from the extracellular space and modulate Ca2+ oscillations. CG, cortical granule.




GENERAL MECHANISMS FOR POLYSPERMY BLOCKADE

Polyspermy generates a non-diploid zygote and causes embryonic lethality in most sexual species (Rothschild, 1954; Eisen et al., 1984; Evans, 2020). Initial studies in rats and rabbits have shown that there is a time frame in which the gametes can optimally interact. Accordingly, the incidence of polyspermy sharply increases when fertilization is delayed after ovulation (Austin and Braden, 1953). Mechanical and molecular mechanisms have been described as regulators of polyspermy avoiding in different species (Wessel et al., 2001). However, the mechanisms leading to polyspermy blockade in mammals have not been completely understood (Schuel, 1978; Wong and Wessel, 2006). Currently, they are few known molecular factors regulating polyspermy prevention. These have been described in animal species such as sea urchin and frogs, as well as their function mediating fast and slow blockade (Wozniak and Carlson, 2020).

Changes in membrane potential associated with the fast blockade of the polyspermy, were initially described in echinoderms and amphibians (Jaffe and Cross, 1986). Early studies in Strongylocentrotus purpuratus (pacific sea urchin) indicate that this mechanism involved changes in the PM potential, leading to a depolarization that electrically prevents further fertilization from other sperm (Jaffe, 1976). This mechanism is mediated by Ca2+ influx, through voltage-gated Ca2+ channels, and Ca2+-dependent changes in membrane potential (Chambers and de Armendi, 1979; Swann et al., 1992; McCulloh et al., 2000). In amphibian, Ca2+- activated chloride channels, mediates the fast blockade of polyspermy (Cross and Elinson, 1980). These channels were recently identified as TMEM16A in Xenopus laevis oocytes (Wozniak et al., 2018). Given that echinoderms and amphibians are part of the deuterostome taxonomic group and are closely related to humans, it was rational to test whether the “fast polyspermy blockade” strategy is present in mammalian eggs.

Electrophysiological measurements of the PM potential in ZP-free hamster eggs show short hyperpolarization transients at fertilization. These, depending on the number of events, were associated with single-entry sperm or continuous series without any long pause when polyspermy occurs (Miyazaki and Igusa, 1981). In rabbit eggs with or without ZP, changes in the PM potential were recorded after insemination. The fertilization responses included a slow depolarization and additional “insemination potentials” were observed. Also, these are transients composed of short hyperpolarizations followed by slow depolarizations. These changes were detected only in eggs where sperms were added in the culture media, and were too slow and small to account for a PM block (McCulloh et al., 1983). Mouse eggs do not show an electrical response when fertilized (Igusa et al., 1983; Jaffe et al., 1983).

The slow or mechanical blockade of the polyspermy has been related to the cortical reaction, which includes CGE and subsequently, the extracellular coat remodeling (Fahrenkamp et al., 2020). It has been reported the presence of CG close to the PM in the cytosol of a variety of species, including sea urchin eggs (Anderson, 1968). These eggs are surrounded by an external coat known as a vitelline layer, which mediates a specific fertilization acting as a barrier to exogenous sperm from other species (Summers and Hylander, 1975).

Both CGs and the vitelline layer are critical structures participating in the polyspermy blockade. First, in sea urchins, the initial contact of the sperm with the egg triggers the formation of the “fertilization membrane,” creating an area between this membrane and the egg. This area is called perivitelline space. Second, the content of CGs is released to the perivitelline space, and just before the completion of the cortical reaction, the gametes fuse. Third, the egg forms the “fertilization cone.” Finally, and after ∼8 min of the initiation of the CG release, the hyaline layer is formed and become thicker as the fertilized egg matures. At that time, ∼14 min after insemination, the fertilization membrane is referred as chorion (Anderson, 1968).

Similar sequence of events have been observed in other invertebrate species such as starfish (Chambers, 1930; Holland, 1980; Schroeder and Stricker, 1983; Longo et al., 1995). Structurally, the extracellular coats of vertebrate eggs are composed of long, interconnected filaments that are made up of highly conserved proteins (Litscher and Wassarman, 2007). The most extensively characterized extracellular coat is the mammalian ZP, and its general characteristics have been revised in Section “Modification of ZP Proteins by the CG Content.”

As mentioned above, the exocytosis of CGs depends on the rise of intracellular Ca2+ ([Ca2+]i) (Figure 1) (see Section “Dynamics of the Ca2+ Levels in Animal Eggs”). The increase of ([Ca2+]i as periodic oscillations, or as a single transient, is the first signal of fertilization in all species studied so far (Kashir et al., 2013). The link between the increase of [Ca2+]i and CG biology has not been fully studied. In Section “Cortical Granule Exocytosis (CGE) in Eggs: Models for a Calcium-Driven Factors Release Determining Monospermic Fertilization,” we will focus on the CGE-Ca2+ signaling link as the main cellular association ensuring successful fertilization in animals.

Oocytes are surrounded by granulosa cells, which provide essential metabolites and molecules (Eppig, 1979). Granulosa cells extend thin processes that penetrate the ZP to reach the oocyte, called transzonal projections (TZPs). The tip of these projections exhibits a foot-like structure that increases the contact area (Macaulay et al., 2014). TZPs are actin- and microtubule-rich structures contacting the oocyte (Albertini and Rider, 1994) through gap junctions (Anderson and Albertini, 1976), and transport essential molecules participating in oocyte maturation (Eppig, 1979; Norris et al., 2009; Macaulay et al., 2016). Furthermore, the number of these structures diminishes throughout oocyte maturation by TZPs retraction (Liu et al., 2020). It has been shown that there is a relationship between TZP integrity and the perivitelline space size (Yuan et al., 2017). Notably, the perivitelline space size is related to polyspermy prevention (Yoshida and Niimura, 2011). It has been shown that TZPs are involved in polyspermy blockade since an abnormal TZP retraction allows polyspermy. Liu et al. (2020) proposed that the expantion of the perivitelline space is necessary to sever the TZP, close the pores of ZP and prevent sperm penetration on the ZP. Thus, avoiding polyspermy (Liu et al., 2020).



CORTICAL GRANULE BIOLOGY


CG Biosynthesis

Cortical granules were first described in sea urchin eggs 112 years ago (Harvey, 1909). In mammals, C. R. Austin was the first researcher characterizing them in hamster oocytes using phase-contrast microscopy (Austin, 1956). These secretory vesicles can be visualized as soon as the early stages of oocyte development (Gulyas, 1980). The formation of CGs in rat and hamster oocytes occurs in association with several small Golgi complexes, showing a similar morphology and size, ranging from 0.2 to 0.6 μm (Austin, 1956; Gulyas, 1980; Cherr et al., 1988). During the early stages of oogenesis, Golgi units hypertrophy and proliferate. At this stage, the formation of CGs from the Golgi complexes can be observed for the first time, migrating toward the subcortical region of the oocytes (Gulyas, 1980). From hypertrophied Golgi, small vesicles are synthesized and fused into larger ones, thus forming mature CGs that eventually separate from the Golgi complexes, and migrate to the surface or clump together in small groups (Gulyas, 1980; Liu, 2011).

In mice, the total number quantification of CGs per oocyte is higher in mature oocytes than in activated oocytes, but lower than the germinal vesicle (GV) oocytes (Figure 2). This number decreases from 8,000 to ∼4,000 CGs at Metaphase of Meiosis II (MII), when the oocyte completes its maturation (Ducibella et al., 1988b, 1990). The greater number of CGs in GV compared to mature oocytes (MII) is due to their loss through the first polar body extrusion, premature exocytosis, and biochemical modifications (Nicosia et al., 1977; Ducibella et al., 1988a). Also, by the activity of factors that have not been identified yet. However, a constant increase in peripheral CG density following oocyte maturation has been reported in mouse oocytes (Ducibella et al., 1988a, 1994). In contrast, in in vitro matured pig oocytes, it has been shown that the mean value of the peripheral density of CGs during mid-oogenesis was less than in early oocytes (Kulus et al., 2020). This suggests that the acquisition of meiotic competence and progression correlates with a decrease in the number of CGs per 100 μm2 of the ooplasmic cortex (Figure 2).
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FIGURE 2. Schematic representation of cortical granule spatial localization and number reduction during oogenesis. Colored CGs (green) are shown. In the early oocyte, their biogenesis takes place and accumulate around the nucleus (N). Then, CGs move away of the germinal vesicle (GV) and translocate to oocyte periphery during mid oogenesis. In the late oocyte, CGs anchor to the cortex until their exocytosis soon after fertilization or egg activation. The null accumulation of cortical granules to one pole of the oocyte establishes the CG free domain (CGFD), present in some animal species. After CG biogenesis begins, their number decay exponentially as oogenesis proceeds. Thus, CGs number display an about 2-fold decrease at the end of oogenesis. CG, cortical granule.


Cortical granule release has also been described in human oocytes. It was demonstrated that CG exocytosis increases in oocytes that acquired meiotic competence and their content released to the perivitelline space (Rousseau et al., 1977). Using eggs that were not fertilized during IVF procedures, Ducibella et al. (1995) demonstrated that these unfertilized eggs showed CG loss and a biochemically modified ZP (Ducibella et al., 1995). It was also shown that human eggs have two populations of CG with different diameter and density, G1 and G2. The G2 population is secreted during all stages of oocyte maturation (Hinduja et al., 1990). Additionally, CGE occurs following Intracytoplasmic sperm injection (ICSI) in fertilized and activated eggs (Ghetler et al., 1998). As shown in other species, human oocytes also undergo cytoplasmic rearrangements during maturation, including CG migration to the cortex (Trebichalska et al., 2021).



Modification of ZP Proteins by the CG Content

The initiation of fertilization relies on the binding of the sperm to the ZP, a glycoprotein matrix that surrounds the oocyte. In mice, it was first observed in primary follicles growing during oocyte maturation (Odor and Blandau, 1969). The ZP is composed of three highly conserved proteins: ZP1 (180 kDa), ZP2 (120–140 kDa), and ZP3 (83 kDa). These factors represent 36, 47, and 17% of the mouse ZP proteins, respectively (Bleil and Wassarman, 1980a; Wassarman, 1988). Expression of ZP genes is tightly regulated by the FIGα gene, which has functional homologs in humans and zebrafish (Huntriss et al., 2002; Zhao et al., 2008; Wang et al., 2009; Qin et al., 2018). Mice lacking FIGα do not express ZP genes and are sterile (Soyal et al., 2000). A fourth ZP protein, ZP4, has been reported in humans (Lefievre et al., 2004) and rabbits (Stetson et al., 2012), but it is considered a pseudogene in mice (Spargo and Hope, 2003). Female rabbits lacking ZP4 showed a reduction in litter size, as well as a disorganized and thinner ZP (Lamas-Toranzo et al., 2019).

The ZP proteins are synthesized as precursors in the oocyte, which are then glycosylated to be secreted into the perivitelline space (Bleil and Wassarman, 1980b; Epifano et al., 1995; Boja et al., 2003). Structurally, ZP2 and ZP3 proteins consist of an N-terminal secretory signal peptide, a conserved ZP domain comprised of ∼260 amino acids, highly glycosylated since contains highly conserved cysteines, and a C-terminal propeptide with a single-spanning transmembrane domain (Bork and Sander, 1992). The extracellular coat is referred to as the chorion or vitelline envelope in fish and amphibians, respectively. Phylogenetically, the extracellular coat proteins of these species are similar to those in mammals, suggesting high evolutionary conservation (Monne et al., 2006). Although it has been shown that polyspermy prevention relies mostly on CGE, there are still additional mechanisms that needs to be better investigated (i.e., electrical polyspermy blockade in mammals, specific recognition between the sperm and egg that can certainly affect the polyspermy blockade, among others). Additionally, less is known about how the contents of CGs modify the extracellular coat and interact with ZP-proteins to ensure a definitive sperm blocking.

The content of CGs in mammals is estimated to be ∼100–350 picograms of proteins (Green, 1997). Several studies have demonstrated the presence of glycosylated components, proteinases, ovoperoxidase, calreticulin, N-acetylglucosaminidase, p32, and peptidylarginine deiminase (Hoodbhoy and Talbot, 1994; Liu, 2011). The release of the CG content promotes the modification of the ZP by chemically modifying its proteinaceous components. A key component of the CG content is ovastacin (Figure 3), an oocyte-specific zinc metalloendopeptidase encoded by the mouse Astl gene (Burkart et al., 2012). This protein is initially stored in the CGs and then exocytosed to the perivitelline space after fertilization. The target glycoprotein of ovastacin function is the ZP2, particularly the domain ZP251–149, which is essential for both gamete binding and female fertility (Avella et al., 2014). Once the sperm binds to ZP2, it triggers the acrosome reaction. The migration of CGs to the cortex is critical for posterior CGE. Next, the gametes fuse, and the CGs exocytose their content (Wessel et al., 2001; Ducibella et al., 2002; Wong and Wessel, 2006; Vogt et al., 2019). Ovastacin cleaves ZP2 and mutants lacking its activity show that the sperm binds to the ZP even in a 2-cell stage embryo (Hinsch and Hinsch, 1999; Gahlay et al., 2010; Burkart et al., 2012). These results highlight the importance of CG-derived factors for successful ZP remodeling and monospermic fertilization.
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FIGURE 3. Schematic representation of major steps and molecular regulators for cortical granule biogenesis, translocation, and exocytosis in the zebrafish (A) and mouse (B). In the early oocyte, CGs are formed from the Golgi as immature secretory vesicles. In zebrafish, their maturation is regulated by Suf/Spastizin. During mid and late oogenesis, mature CGs are recruited and translocated to the oocyte cortex. This process is coordinated by an actin-based network and several maternal factors including Rab27a and Rab11a. Ultimately, MATER functions to anchor CGs at the cell cortex. By egg activation/fertilization, their content is exocytosed. This process is regulated by maternally-loaded molecules such as Brb/HnRNP I, Ybx1, Dachsous 1b, Aura/Mid1p1l in the zebrafish egg, and Rab3a, Rabphilin 3A, Rab6a, and the SNARE complex in the mouse egg. Notice that shaded proteins represent those maternally-loaded molecules that could also be present in the zebrafish female gamete. CG, cortical granule; SCMC, subcortical maternal complex.




CG Transport and Cortex Accumulation

In mammals, CGs are constantly formed during early oogenesis, but their spatial localization changes as meiosis progresses (Liu, 2011). In zebrafish, CG localization at the PM is thought to be due to displacement by yolk proteins accumulating in the center of the oocyte (Selman et al., 1993; Fernandez et al., 2006). In frog and mouse, CG localization depends on their transport along actin filaments, but independent of the microtubule cytoskeleton, as occurs in mammals and sea urchin oocytes (Wessel et al., 2001, 2002).

In pigs, CGs are distributed in the center of the early oocyte. Yet, during mid-oogenesis, a concentration twice higher of these secretory vesicles can be found at the cell periphery, suggesting their translocation from the central region toward the cortex. Moreover, CG translocation to the cortical area is associated with a high meiotic competence (Kulus et al., 2020). By analyzing fixed mouse oocytes, it has been shown that CG transport to the PM is a microfilament-dependent process (Connors et al., 1998; Wessel et al., 2002). In both mouse and sea urchin oocytes, it has been suggested that CGs bind to the actin cytoskeleton at the beginning of meiotic maturation. Then, they migrate through the oocyte without a microtubule-based contribution (Wessel et al., 2002; Cheeseman et al., 2016). In this context, CGs move along a cytoplasmic actin network in a process regulated by Rab27a, whose function allows their translocation to the PM (Figure 3). Additionally, Rab27a mutants have shown an increase in polyspermy due to a total absence of CG recruitment to the oocyte cortex (Cheeseman et al., 2016). It has also been shown that CG transport to the PM is controlled by Rab11a. It transiently binds to CGs and increases their translocation speed toward the cortex in a myosin Vb-dependent manner (Schuh, 2011; Cheeseman et al., 2016). On the other hand, the CG anchor in the egg cortex has been associated with the maternal gene MATER (Figure 3). Thus, MATER, located at the subcortical maternal complex (SCMC), determines their docking at the egg cortex and controls the cortical actin clearance promoting CGE (Vogt et al., 2019).

The distribution of CGs at the egg cortex varies between species. For example, areas where CGs are not present (CG free domain, CGFD) have been described in hamster (Szollosi, 1967; Okada et al., 1986), mouse (Ducibella et al., 1990), and rat oocytes (Szollosi, 1967) (Figure 2). In mice, the formation of distinct CGFD was associated with metaphase I and metaphase II chromosomes (Connors et al., 1998). Apparently, this region was first described as exclusive in rodents, since oocytes from felines, equines, bovines, pigs, and humans lack this domain (Liu, 2011). However, zebrafish eggs also lack CGs at the so-called animal pole, which gives rise to the developing embryo (Nelsen, 1953). Rab6a is one of the proteins functioning in CGFD formation. In fact, Rab6a knock-down mice exhibit a 50% reduction of CGFD formation (Ma et al., 2016). This indicates that the formation of a well-defined CG-free cytoplasmic domain is a conserved and Rab proteins-mediated mechanism of oocyte behavior for fertilization preparation. It has been hypothesized that the function of CGFD is to protect the maternal chromatin. This hypothesis is supported by the fact that sperm-egg fusion occurs in a low frequency in this area (Johnson et al., 1975). However, the CGFD physiological significance and its function at fertilization remain elusive.




CORTICAL GRANULE EXOCYTOSIS (CGE) IN EGGS: MODELS FOR A CALCIUM-DRIVEN FACTORS RELEASE DETERMINING MONOSPERMIC FERTILIZATION


Overview of the Role of Ca2+ Signaling in Egg Activation

In sexual reproductive organisms, the fusion of female and male gametes is a critical step to trigger a series of events that will lead to embryo development. These occur during a developmental frame window known as egg activation, and are characterized by several sequential steps, including two main events: CGE and cytoplasmic reorganization (Fuentes et al., 2018, 2020; Wakai et al., 2019). The egg, in response to fertilization, displays several transient elevations of [Ca2+]i, known as calcium oscillations, which promote CGE and cytoplasmic movements. Calcium oscillations are accompanied by synthesis and posttranslational modifications of new proteins (Potireddy et al., 2006; Roux et al., 2006), maternal mRNAs degradation, de novo transcription of zygotic RNAs (Hamatani et al., 2004), among other key events necessaries for early pre-implantation development [for review (Krauchunas and Wolfner, 2013)]. Moreover, the number of sperm-heads that fuse at fertilization determines the frequency of Ca2+ oscillations, increasing with the number of sperms fertilizing. Thus, in polyspermic eggs Ca2+ starts oscillating earlier than in monospermic ones (Faure et al., 1999).

It is well-established that a rise in [Ca2+]i is universally required for egg activation. Thus, in all animals, it appears that the rise in [Ca2+]i release involves activation of the phosphoinositide (PI) pathway, which results in the production of inositol 1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG) (Figure 1). IP3 then binds to its receptor (IP3R) on the ER, promoting the release of Ca2+ (Miyazaki et al., 1992; Xu et al., 1994; Sharma and Kinsey, 2008). An important downstream effector of this Ca2+ signaling is Ca2+/calmodulin-dependent kinase II (CaMKII), which also controls egg activation in most of the organisms studied up to date (Markoulaki et al., 2003; Knott et al., 2006; Backs et al., 2010).

Genetically, the study of Ca2+ signaling and its role in egg activation has revealed that CGE relies on maternally inherited molecules [reviewed in Fuentes et al. (2018)]. However, the identity of most of the Ca2+-dependent regulators and mechanisms orchestrating egg activation in animals remains unknown. We will discuss current knowledge of maternal factors implicated in CGE in Section “Genetic Regulation of CG Biology During the Oocyte-to-Embryo Transition: Lessons From Mouse and Zebrafish Model Systems.”



Dynamics of the Ca2+ Levels in Animal Eggs

In sea urchin and Xenopus, fertilization triggers several key events that promote the egg-to-embryo transition. The sperm contribution does not consist of DNA only, since it also delivers phospholipase Cγ (PLCγ) to the haploid egg (Lee and Shen, 1998; Carroll et al., 1999; McDougall et al., 2000; Sato et al., 2006; Bates et al., 2014). This enzyme converts the phosphatidylinositol 4,5-bisphosphate (PIP2) present in the PM into IP3 (Ciapa et al., 1992; Snow et al., 1996). The rise of IP3 concentration induces Ca2+ release from the ER through the activation of IP3 receptor (IP3R); thus, increasing the [Ca2+]i (Steinhardt et al., 1977; Kubota et al., 1987; Runft et al., 1999). Microinjection of heparin, an IP3R antagonist, decreases the rate of increase in [Ca2+]i and the propagation speed throughout the fertilized egg in sea urchin (McDougall et al., 2000). Ryanodine receptor (RyR), a Ca2+ channel sensitive to Ca2+ ions and caffeine, is also involved in its release from the ER during fertilization in these eggs. Ruthenium red, another and unspecific RyR antagonist does not entirely block Ca2+ release from the ER. However, when ruthenium red and heparin are co-administered into sea urchin eggs, the increase of Ca2+ is completely blocked (Galione et al., 1993). In sea urchin, the Ca2+ wave initiates and propagates throughout the cell in ∼20–30 s after the sperm-egg interaction (McDougall et al., 2000). The elevation of [Ca2+]i consists of a single peak that propagates across the cell and lasts for ∼2–3 min (Steinhardt et al., 1977). This increase in the [Ca2+]i is sufficient to resume the cell cycle (Steinhardt and Epel, 1974). This signaling mechanism is also conserved in X. laevis eggs (Larabell and Nuccitelli, 1992; Nuccitelli et al., 1993; Runft et al., 1999).

The increase of [Ca2+]i in response to fertilization in Xenopus eggs involves Ca2+ release from the ER mediated by the activation of the IP3R. Furthermore, in this vertebrate organism, microinjection of IP3 is sufficient to induce the Ca2+ waves throughout the egg cortex (Busa et al., 1985). The Ca2+ wave in X. laevis is not homogeneously distributed throughout the egg, showing lower Ca2+ concentration in the cytoplasm compared to the cortex. Moreover, the speed Ca2+ propagation also varies. Thus, the cortical wave travels faster (8.9 μm/s) than the cytoplasmic (5.7 μm/s) Ca2+ wave to the center of the egg (Fontanilla and Nuccitelli, 1998). In addition to the Ca2+ dynamics, a protein kinase C (PKC) wave has also been detected during Xenopus egg activation (Larabell et al., 2004). This wave is triggered by the production of DAG as a product of PIP2 hydrolysis. DAG activates PKC, producing a wave that follows the Ca2+ one, which propagates at the same speed and it is critical to CGE (Larabell et al., 2004).

In zebrafish, the released Ca2+ is necessary and sufficient for many egg activation events, including CGE (Mei et al., 2009; Fuentes et al., 2018). There are two regionalized Ca2+ waves that originate at the point of sperm-egg interaction, or animal pole, and culminate at the vegetal pole (Sharma and Kinsey, 2008). Also, the formation of well-defined cytoplasmic domains during oogenesis spatially restricts signaling components such as Src family kinases (SFKs) and PLCγ. These molecules participate in providing the molecular basis of egg activation in this species (Sharma and Kinsey, 2006; Fuentes et al., 2018). Ultimately, the study of genetic models (i.e., maternal-effect mutants; see Section “Insights Into the Maternally Regulated Mechanism of ZP and Perivitelline Space Formation”) has revealed egg components regulating its activation, Ca2+ dynamics, and CG biology (Mei et al., 2009; Kanagaraj et al., 2014; Li-Villarreal et al., 2015; Eno et al., 2016).

Monitoring of Ca2+ in real-time with luminescence and either fluorescent probes or tagged associated proteins has been a valuable approach for the study of egg activation in vivo. These tools have revealed how [Ca2+]i behaves in a given developmental period during early embryogenesis (Miyazaki et al., 1986; Whitaker, 2006; Sharma and Kinsey, 2008). [Ca2+]i waves can last over as short as seconds, or more sustained signals as hours (Kashir et al., 2013). Spatially, these can either be visualized cortically or invading the central region of the zebrafish egg (Sharma and Kinsey, 2008). Such behavior might be possible thanks to internal Ca2+ release, mainly from the ER (Mei et al., 2009; Machaty et al., 2017), although it is known that the maintenance of the Ca2+ oscillations in mouse oocytes is depending on extracellular Ca2+ (Kline and Kline, 1992).

Finally, in mammals, [Ca2+]i oscillations are fundamental for three critical processes taking place during egg activation. First, initial Ca2+ oscillations are responsible for the resumption of the cell cycle. Specifically, the egg finishes meiosis II, inhibiting the Maturation or M-Phase promoting factor (MPF) through a CamK II process. MPF is a protein complex form by the cyclin B-Cdk1 dimer (Arion et al., 1988; Dunphy et al., 1988; Gautier et al., 1988; Draetta et al., 1989; Labbe et al., 1989; Meijer et al., 1989; Gautier et al., 1990) and great wall kinase (Gwl) (Hara et al., 2012). Second, Ca2+ oscillations are involved in the pronucleus formation by reducing the activity of mitogen-activated protein kinase (MAPK). After the pronucleus formation during the first interphase, Ca2+ oscillations cease. Third, Ca2+ oscillations induce the release of CG. The CGE is finished between the first hour after sperm-egg fusion (Stewart-Savage and Bavister, 1991; Tahara et al., 1996).

During the fusion of gametes, mammalian sperm releases PLCζ (Saunders et al., 2002; Kouchi et al., 2004). This protein hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP2) to IP3 and DAG. The incorporation of PLCζ into the oocyte triggers the production of IP3 and the release of Ca2+ from the ER through the activation of the IP3R (Miyazaki et al., 1993; Saunders et al., 2002; Kurokawa et al., 2004) (Figure 1). Thus, sperms displaying a down-regulated PLCζ expression exhibit a reduction or an absence of Ca2+ oscillations (Knott et al., 2005). Interestingly, mice lacking PLCζ produces sperms that are not able to trigger Ca2+ oscillations, showed severely reduced fertility. However, they are not completely infertile, suggesting an additional mechanism(s) to ensure fertility. Fertilized eggs with null-PLCζ showed a higher rate of polyspermy, confirming the role of Ca2+ oscillations in monospermic fertilization (Hachem et al., 2017; Nozawa et al., 2018). Ca2+ oscillations last for hours (Cuthbertson and Cobbold, 1985; Miyazaki et al., 1986); however, to be maintained, Ca2+ influx from the extracellular media is needed (Kline and Kline, 1992; Wakai et al., 2011). Ca2+-permeable channels are expressed in the oocyte during the maturation process, and at the MII stage (Carvacho et al., 2018). These channels are responsible for replenishing the intracellular ER stores during oocyte maturation and would contribute to the Ca2+ influx during egg activation (Miao et al., 2012; Carvacho et al., 2013, 2016, 2018; Bernhardt et al., 2018) (Figure 1).



Dynamics of Ca2+-Dependent Proteins During CGE in Animal Eggs

Spatiotemporal organization of maternally-inherited molecules and Ca2+-dependent protein functions are fundamental to orchestrate egg activation. Several mutant and knock-down animals, displaying abnormal phenotypes during the oocyte and egg development, have flourished our knowledge of the factors regulating this process (Mei et al., 2009; Kanagaraj et al., 2014; de Paola et al., 2015; Li-Villarreal et al., 2015; Cheeseman et al., 2016; Eno et al., 2016; Vogt et al., 2019). Also, as spatially restricted molecular profiles are also perturbed in maternal-effect mutants, it is possible to dissect functional relevance and genotype–phenotype associations during the oocyte-to-egg transition, including those associated with CG behavior (Figure 3). To study them, a combination of imaging and pharmacological tools has been pivotal to decipher Ca2+-dependent mechanisms during egg activation (Mei et al., 2009; Kanagaraj et al., 2014; Li-Villarreal et al., 2015; Eno et al., 2016). These approaches are expediting the description of cellular, molecular, and physiological phenotypes during CG biology in animal species.

In sea urchin eggs, CGE is controlled by a protein complex sensitive to Ca2+ called SNARE (Soluble N-ethylmaleimide sensitive-factor attachment protein receptor). This complex is composed of proteins attached to the membrane enclosing the secretory vesicle (vSNARE), and present in the target membrane such as the PM (tSNARE). To allow a rapid release of the CG content after fertilization, these vesicles are docked to the PM through the interaction of vSNARE with tSNARE proteins. The vSNARE protein expressed in sea urchin eggs is synaptobrevin (also called VAMP) (Avery et al., 1997). The tSNARE proteins expressed in these eggs are syntaxin and SNAP-25 (Avery et al., 1997; Conner et al., 1997; Coorssen et al., 2002).

Another critical protein for CGE present into CGs is synaptotagmin-1 (syt1) (also known as p65) (Leguia et al., 2006). Syt1 contains two motifs that are sensitive to Ca2+ ions, C2A and C2B, that are important for exocytosis (Perin et al., 1990, 1991). Also, synaptobrevin, syntaxin, and SNAP-25 interact to form a molecular zipper allowing CG docking to the PM (Gao et al., 2012; Yoon and Munson, 2018). This conformation forms a trans-SNARE complex and when [Ca2+]i increases, the ions bind to the C2 domain of syt1. This binding favors the association of this protein to the SNARE complex (Leguia et al., 2006). This interaction also induces conformational changes that trigger the zippering of the SNARE complex; thus, promoting the fusion of CGs with the PM (Gao et al., 2012). In addition, the sec1 and munc18 proteins (also known as SM proteins) also regulate CG fusion with the PM through the binding to syntaxin (Leguia and Wessel, 2004). This molecular contact stabilizes syntaxin in the SNARE complex (Dulubova et al., 1999).

On the other hand, Xenopus eggs exocytose CGs in a Ca2+-independent manner to block polyspermy. In fact, the activation of the isoform η of the protein kinase C (PKCη) is crucial to initiate CGE (Bement and Capco, 1989; Gundersen et al., 2002). Thus, the inhibition of PKCη by retinoid acid blocks egg activation in frogs. In addition, it has been shown that myosin 1e is expressed in Xenopus oocytes and eggs, and upon CGE stimulation, it relocalizes and associates with the vesicles. Functionally, disruption of this motor protein inhibits CGE (Schietroma et al., 2007).

In zebrafish, the spatial and temporal localization of maternally-deposited Ca2+ effectors within the egg would be critical for its activation progression (Mei et al., 2009; Kanagaraj et al., 2014; Li-Villarreal et al., 2015; Eno et al., 2016). These factors are spatially restricted and functioning into cortical and central cytoplasmic domains (Fuentes et al., 2018; Fuentes et al., 2020) (Figure 3A). As in mammals, a cortical Ca2+ wave triggers the exocytosis of CGs in zebrafish, while the central wave promotes the actin-dependent reorganization of the cytoplasm (Fuentes and Fernandez, 2010; Ajduk et al., 2011; Fuentes et al., 2018; Shamipour et al., 2019). Additionally, the organization and function of the actin cytoskeleton has also been studied in the zebrafish egg, where it plays a critical role in CGE (Becker and Hart, 1999; Mei et al., 2009). Whether an actin network participates in CG translocation during zebrafish oogenesis has to be demonstrated.

In mammalian MII eggs, one of the tSNARE proteins expressed is syntaxin 4, which is localized in the PM together with the CGs (Iwahashi et al., 2003). Nonetheless, its participation in CGE has not been shown. Ikebuchi et al. (1998) showed that SNAP-25 critically functions in CGE in mouse eggs, since its cleavage by botulinum neurotoxin A blocks this process (Ikebuchi et al., 1998). In contrast, Mehlmann et al. (2019) showed that SNAP-23, but not SNAP-25, is expressed in mouse MII eggs (Mehlmann et al., 2019). This group also found that SNAP-23 plays a role in CGE at the PM. In addition, incubation of eggs with a specific antibody against this protein inhibits its function and prevents CGE (Mehlmann et al., 2019). The unspecificity of the antibodies used by Ikebuchi et al. (1998) could explain the discrepancy between these studies (Ikebuchi et al., 1998) (Figure 3B).

VAMP is also expressed in GV and MII mouse oocytes and eggs. Particularly, VAMP1 and VAMP3 mRNAs are present and translated into proteins in MII eggs. Both isoforms, but not VAMP2, are critical for CGE since microinjection of the light chain of tetanus toxin or anti-VAMP1 and anti-VAMP3 antibodies impairs this process (de Paola et al., 2021) (Figure 3B).

The protein complex that determines CG docking in the egg cortex senses the increase in the [Ca2+]i that triggers their exocytosis (Zhu et al., 2019). However, most of the molecular aspects of the signal transduction regulating this process remain to be discovered. Mammalian syt1 plays an important role in the exocytosis pathway. Syt1 has been described as associated with synaptic vesicles of neurons (Geppert et al., 1994) and chromaffin granules (Schonn et al., 2008). As in sea urchin eggs, syt1 also interacts with SNARE proteins; thus allowing the fusion of the CG membrane with the egg’s PM. In addition, it has been shown that knocking down Syt1 in mice results in both the inhibition of [Ca2+]i and CGE impairment (Zhu et al., 2019) (Figure 3B).

Another important factor regulating CG biology is the GTPase Rab3A. This GTPase colocalizes with CG in mouse oocytes and is not expressed peripherally after their exocytosis. The injection of an antibody against Rab3A blocks CGE in a concentration-dependent manner, indicating a critical role of this factor in this process (Bello et al., 2016). Rabphilin-3A, a Rab3A interactor partner, is also expressed in mouse oocytes. Rabphilin-3A has within its structural features, C2 domains homologous to the synaptotagmin C2 domains. These domains specifically bind Ca2+ (Shirataki et al., 1993), as well as Rab3A-GTP, alpha-actinin, and ß-adducin (Yamaguchi et al., 1993; Miyazaki et al., 1994; Kato et al., 1996). It has also been shown that Raphilin-3A spatially localizes at the cortical region of the oocyte and is involved in Ca2+-dependent CGE. This is believed since the injection of either the N- or C-terminal region of Rabphilin-3A into mouse oocytes inhibits the exocytosis pathway (Masumoto et al., 1996) (Figure 3B). Rab3a is also expressed in sea urchin eggs (Avery et al., 1997). In fact, microinjection of the effector peptide of this factor into these cells prevent CGE. Co-microinjection of the effector peptide with IP3 also blocked CGE, suggesting that Rab3a functions after the docking of the CGs to the PM (Conner and Wessel, 1998). Once CGs undergo exocytosis and release their content, the complex turns into a cis-SNARE configuration (Stein et al., 2009).

It has been shown that α-SNAP, γ-SNAP, and NSF are expressed in mouse GV and MII oocytes. However, only α-SNAP and NSF are essential for CGE since the microinjection of either antibodies against them or their mouse mutant versions, impairs this process (de Paola et al., 2015). Whether other factors regulating SNARE function participate in CGE is still unknown, and remains to be explored.




GENETIC REGULATION OF CG BIOLOGY DURING THE OOCYTE-TO-EMBRYO TRANSITION: LESSONS FROM MOUSE AND ZEBRAFISH MODEL SYSTEMS


Overview of the Maternally Controlled Egg Activation

One of the first steps in animal development is the transition from the oocyte to a developmentally active and totipotent early embryo –the oocyte to embryo transition (Whitaker, 2006). This critical developmental window relies on the expression of the maternal genome in the oocyte and the function of its gene products in the developing embryo. Thus, maternally-provided factors contribute to executing dramatic changes at the molecular level in the fertilized/activated egg and zygote, and by doing so, it conducts essential activities by the early embryo. These include the correct regulation of the cell cycle, synchronic cleavage divisions, axis patterning, and ultimately, dramatic changes in the zygotic genome structure organization (Fuentes et al., 2020).

The oocyte is a highly differentiated and transcriptional silent cell type and, prior to the initiation of maturation, it is arrested at the prophase of meiosis I. Following release from arrest, the oocyte resumes meiosis I and begins meiosis II. Then it is arrested again at metaphase II until fertilization. With the multitude of functions that regulate mRNAs and proteins prior to gametes interaction to form a zygote, the maternal genetic program also triggers the initiation of complex and spatially distributed cellular responses in preparation for egg activation (Clift and Schuh, 2013).

The egg activation events, such as cortical reaction and cytoplasmic reorganization, are largely driven by the function of maternal gene products. These functions underlie the importance of the exact timing and the amount of their production during oogenesis and prior fertilization to control this process (Fuentes et al., 2020). However, knowledge of the molecular identity of most of these maternal factors remains incomplete. Also, the post-translational regulation, action, and functional significance of these maternal factors in determining egg activation and embryogenesis progression are poorly understood.

In this section, we discuss why the zebrafish and mouse emerge as phenogenetic model systems to study maternal gene function during the oocyte-to-embryo transition. Additionally, maternal-effect mutants represent a unique tool to understand how fundamental aspects of egg activation are regulated and coordinated. This maternal control of egg activation is critical for the onset of zygote formation and proper embryogenesis. Further gene discovery by using these tools will be pivotal to understand the evolutionary conservation of the mechanisms governing egg activation. It will also provide new insights into egg activation failures, and help to understand human infertility from a molecular and phenotypic perspective.



Insights Into the Maternally Regulated Mechanism of ZP and Perivitelline Space Formation

As we discussed earlier, the ovulated mammalian egg is surrounded by an extracellular coat called the ZP, known as the chorion in fish species. For the egg to be fertilized, sperm first penetrate the corona radiata (or granulosa cells). Then, it binds to the ZP (Avella et al., 2014) and is specifically recognized by the egg receptor Juno (Bianchi et al., 2014). The acrosomal reaction allows the sperm to penetrate the cumular cells and the ZP, and finally, fuse with the egg’s PM (Kim et al., 2008).

In most teleost species, such as zebrafish, sperm lack an acrosome and enter the egg through a funnel-shaped structure called the micropyle (Hart and Yu, 1980; Wong and Wessel, 2006; Yanagimachi et al., 2017). As a result, the sperm does not need to bind directly to the ZP, and it is proposed that ZP proteins in zebrafish are purely structural (Wang and Gong, 1999; Onichtchouk et al., 2003; Aagaard et al., 2006). The study of maternal-effect mutants suggests that gene expression products modulate the separation of the chorion from the egg’s PM to form the perivitelline space or chamber (Mei et al., 2009; Kanagaraj et al., 2014; Eno et al., 2016; Hau et al., 2020). These molecules are supplied by the mother during oogenesis. Genetic screens in zebrafish have identified a small set of mutant genes acting in CG biology (Mei et al., 2009; Kanagaraj et al., 2014; Li-Villarreal et al., 2015; Eno et al., 2016; Sun et al., 2018). For instance, maternal-effect brom bones (brb)/heterogeneous nuclear ribonucleoprotein I (hnRNP I) mutants are ventralized, and display CGE and a chorion elevation defect. It indicates that this gene is required for egg activation (Mei et al., 2009). Remarkably, activated mutant eggs have disrupted the ER IP3-dependent Ca2+ release. Also, increases in [Ca2+]i at fertilization are required for CGE and actin remodeling. These findings suggest an additional role for brb/hnRNP I, as a regulator of the actin cytoskeleton-based kinetics of CGE in a Ca2+-dependent manner (Mei et al., 2009). The association between actin filaments function and CGE pathway has also been demonstrated by studying additional mutant phenotypes such as dachsous1b and aura/mid1ip1l (Figure 3A) (Li-Villarreal et al., 2015; Eno et al., 2016).

Another maternal factor, Souffle (Suf), is also required for controlling CG function during egg activation (Kanagaraj et al., 2014). In suf mutant oocytes, CGs are smaller and do not exocytose in the egg. Interestingly, mutant eggs also display defects in the perivitelline space formation and remodeling of the egg surface, likely due to alterations of the rate of actin polymerization (Kanagaraj et al., 2014). The mutant gene encodes the Spastizin protein, which modulates secretory granule maturation and it is implicated in Hereditary Spastic Paraplegia disease in humans (Hanein et al., 2008; Slabicki et al., 2010; Hirst et al., 2013). Therefore, Suf/Spastizin functions to form CGs from immature secretory granules and to control their fusogenic activity during oogenesis and egg activation, respectively (Figure 3A) (Kanagaraj et al., 2014). Recently, it was found that maternal ybx1 crispant oocytes fail to mature. In addition, mutant eggs display severe CG accumulation, thus exhibiting a penetrant chorion elevation defect phenotype (Sun et al., 2018). These findings have revealed a new factor acting in vertebrate oocyte maturation and egg activation. Ybx1 regulates protein translation, therefore, further analyses of the maternal-effect ybx1 mutant would shed light into the translational state of proteins orchestrating CGE and chorion elevation after fertilization (Figure 3A).

In mammals, the ZP is important for species-specific sperm-egg binding (Bianchi and Wright, 2020). A low percentage of immature oocytes from ZP1-null mice, show ectopic granulosa cells in the perivitelline space, which is accentuated in MII eggs likely due to the lack of ZP integrity. Interestingly, female mice showed only decreased fertility (Rankin et al., 1999). The ZP of ZP2-null mice is thinner compared to a wild-type egg, since it fails to form and stabilize the matrix generating a complete lack of the ZP. The females are infertile and do not produce early embryos and live birth mice (Rankin et al., 2001). Additionally, it has been demonstrated that ZP2 mediates sperm binding to the egg (Avella et al., 2014). This protein is the direct substrate of ovastacin factor that cleaves the N-termini domain of ZP2 (Gahlay et al., 2010; Burkart et al., 2012; Avella et al., 2014; Tokuhiro and Dean, 2018). Intriguingly, ovastacin-null mice (Astlnull) are subfertile, suggesting still unknown additional mechanisms regulating polyspermy blockade in mammals.

Mice lacking the Zp3 gene do not show a zona matrix and are sterile (Liu et al., 1996; Rankin et al., 1996). ZP3-null females can ovulate a low percentage of eggs without ZP, but early embryos do not develop (Rankin et al., 1996). Loss-of-function experiments show that ZP2 and ZP3 are necessary molecules for ZP and the perivitelline space formation, allowing normal fertilization and early embryo development (Liu et al., 1996; Rankin et al., 1996).

ZP proteins are heavily glycosylated (Bork and Sander, 1992). Initially, it was suggested that sperm attaches to the ZP3 through O-glycosylation sites (Florman and Wassarman, 1985). However, it was shown that O-glycans are not required for neither sperm binding nor fertilization (Williams et al., 2007). In fact, using ZP mutants, it was shown that CGE, modification of the ZP2 and polyspermy prevention are glycan-independent gamete recognition processes (Tokuhiro and Dean, 2018).

On the other hand, N-glycosylation emerges as a critical post-translational modification for embryo development (Yonezawa et al., 1995; Nakano et al., 1996; Shi et al., 2004). To date, there is only one known regulator of N-glycosylation during vertebrate oogenesis, the Mgat1 factor (Shi et al., 2004). It functions in the medial Golgi to modify the target polypeptide chain by adding glycans (Kumar et al., 1990). When Mgat1 is deleted in mammalian ovaries, it causes a lack of complex or hybrid N-glycans, thinner ZP, and reduced perivitelline space. Furthermore, female mutants have decreased fertility and a percentage of the embryos showed a retarded embryonic development (Shi et al., 2004). These altered phenotypes suggest that N-linked glycosylation acts as a regulatory mechanism during oogenesis. Whether Mgat1-mediated post-translational regulation controls CG biology and the function of associated factors during the oocyte-to-embryo transition, remains still unresolved.

As we mentioned earlier, during meiotic maturation and prior to fertilization, there is an early release of a small number of CGs (Nicosia et al., 1977; Ducibella et al., 1988a). The ovastacin-mediated premature cleavage of ZP2 hardens the ZP and prevents sperm binding to the egg (Burkart et al., 2012). Nonetheless, this proteolytic activity is inhibited by micromolar concentrations of the liver-derived plasma protein Fetuin-b. This highly specific inhibitor of ovastacin prevents the ZP hardening before fertilization (Dietzel et al., 2013; Korschgen et al., 2017; Karmilin et al., 2019). Fetuin-b is a member of the cystatin superfamily encoded by the FETUB gene in humans and mice, sharing 61% homology (Olivier et al., 2000). Fetuin-b is produced by the liver and is secreted to the peripheral tissues through the circulatory system (Denecke et al., 2003). Fetuin-b-null mice are infertile due to the premature cleavage of ZP2 (Dietzel et al., 2013). Thus, when fertilization occurs, CGs release a large amount of ovastacin that overcomes inhibition by fetuin-b and promotes the ZP hardening, and subsequent polyspermy blockade (Dietzel et al., 2013; Stocker et al., 2014) (Figure 3B).



Insights Into the Maternally Regulated Mechanism of Ca2+-Influx and CGE

Several Ca2+-permeable channels are expressed in mouse eggs. One of them is the voltage-gated Ca2+ channel 3.2 (Cav3.2) that belongs to the T-type family (Ramirez et al., 2017). It exhibits low-threshold voltage activation and it has been shown to be expressed in the mouse egg (Peres, 1987; Bernhardt et al., 2015). Cav3.2 channels contribute to the accumulation of Ca2+ in the ER during maturation (Bernhardt et al., 2015). Alternatively, the TRPV3 channel, a Ca2+ channel that belongs to the vanilloid subfamily of the Transient Receptor Potential (TRP) channel family, is differentially expressed during mouse oocyte maturation, reaching its higher PM expression prior to fertilization (Carvacho et al., 2013; Lee et al., 2016). The activation of TRPV3 can trigger massive Ca2+ influx leading to parthenogenetic activation (Carvacho et al., 2013). Additionally, TRPM7, a TRP channel that belongs to the melastatin subfamily, has been identified in mouse oocytes, eggs, and also in 2-cell stage embryos (Carvacho et al., 2016). TRPM7 activity can be regulated by voltage, pH, magnesium, spermine (Kozak et al., 2002, 2005), and PIP2 (Runnels et al., 2002). In addition, it has been shown that TRPM7 promotes Ca2+ influx, contributing to replenishing the ER stores and modulating Ca2+ oscillations during fertilization (Bernhardt et al., 2018). Finally, Cav3.2 and TRPV3 double KO have shown decreased fertility, altered oocyte ER Ca2+ dynamics (fill and re-fill), and severely impaired Ca2+ oscillations in response to fertilization (Mehregan et al., 2021).

As discussed above, [Ca2+]i dynamics are also important to regulate actin cytoskeleton remodeling, which promotes CG movement toward the PM to release their content. The release of Ca2+ from the ER triggers the increase in the [Ca2+]i and the binding of Ca2+ to calmodulin (Cam). It is a 17 kDa protein involved in multiple biological processes, including egg activation (Figure 1). In fact, Cam inhibitors induce a delay in meiosis resumption (Xu et al., 1996). One of the targets of Cam is myosin light chain kinase (MLCK) (Blumenthal et al., 1985). This kinase phosphorylates Myosin II, targeting either amino acids Ser19 or Ser19/Thr18 of its light chain (Colburn et al., 1988; Singer, 1990). Therefore, it promotes the binding of myosin II to actin filaments and CG translocation and spindle rotation (Matson et al., 2006). Ultimately, the inhibition of MLCK by ML-7 blocks CGE in mouse and human eggs (Lee et al., 2020). Another target of Cam is CamKII (Johnson et al., 1998; Tatone et al., 2002; Markoulaki et al., 2003). The activity of this kinase during egg activation oscillates following the periodicity of [Ca2+]i increases (Markoulaki et al., 2004). The role of CamKII is important in CG traffic since eggs exposed to KN-93, an antagonist of this protein that inhibits CG release (Tatone et al., 1999).

In addition to unanchored CG from the actin cytoskeleton, it is necessary to control the rate of actin filaments polymerization to allow CGs to be prepared for exocytosis. It has been shown that MATER factor is critical in this step since there is no actin clearance in this protein null eggs (Figure 3B). In addition, the activity of myosin IIA is also required to depolymerize actin filaments before CGE (Vogt et al., 2019). Furthermore, stabilization of actin cytoskeleton by jasplakinolide prevents CG content release (Terada et al., 2000). These findings show and confirm that CGE is an actin remodeling-dependent process.




PHYLOGENETIC DISTRIBUTION OF FACTORS REGULATING CGE DURING EGG ACTIVATION IN ANIMALS

Currently, the use of animal models follows easy experimental protocols to isolate and manipulate the oocyte and egg. This represents an important tool to identify molecular factors involved in egg activation. In the previous sections, we have highlighted the function of a handful of these molecules, and indicated their roles in regulating CGE. From an evolutionary perspective, no information on the presence of these factors throughout animal phylogeny is reported. However, the availability of free access genome data from the main taxonomic groups of vertebrates and beyond (Dunn and Ryan, 2015), allows a survey to determine the phylogenetic distribution of these factors in animals (Figure 4).


[image: image]

FIGURE 4. Phylogenetic distribution of molecular factors involved in cortical granule biology in animals. Protein presence or absence are indicated by black and white circles, respectively. Whilst proteins present in some, but not all, species surveyed are depicted by half-filled circles. Main taxonomy groups are indicated by red circles in the cladogram. The cladogram to the left represents the currently accepted phylogenetic relationships among animal taxa, focusing on vertebrate species. CGE, cortical granule exocytosis.


This survey indicates that several molecular factors are well conserved across animal taxa. For instance, Rab proteins, which are known to play critical roles underlying cellular transport of vesicles (Martinez and Goud, 1998), are present in most species. Equivalently, SNARE complex proteins (i.e., SNAPs and synaptobrevin); a large protein superfamily comprising more than 60 members, can be found in several species (Figure 4) (Ungar and Hughson, 2003; Han et al., 2017). Additional molecular factors distributed widely in different taxa are Synaptotagmin-1 and Spastizin. The first, is a Ca2+ sensor located at the pre-synaptic axon terminal and responsible for triggering rapid exocytosis (Chapman, 2008). The latter is essential for the proper establishment of the motor neuron axonal network and CG maturation (Martin et al., 2012; Kanagaraj et al., 2014). In addition, hnRNAP I is also present in most animal species. It appears that some of the regulatory mechanisms underlying CGE during egg activation are shared in vertebrate and non-vertebrate species. However, this assertion needs to be further investigated because these proteins participate in a myriad of biological processes and in a variety of cell types.

Nonetheless, there are other molecular factors with a phylogenetic restricted distribution: Ovastacin, MATER, Feutin-b, and Ybx1 (Figure 4). This uneven distribution suggests that there are species-specific mechanisms underpinning the regulation of CGE in animals. Feutin-b and Ovastacin have a function in CG biology restricted to eutherians or placental mammals, indicating a possible co-evolution between these two proteins. Yet, their evolutionary history remains uninvestigated. Similarly, MATER is present in placental mammals, but also in marsupials, which suggests a possible conserved role of this protein across therian species. On the other hand, Ybx1 is restricted only to teleost species, with a putative role in CG accumulation (Sun et al., 2018). This species-specific distribution might be related to the evolutionary innovation of a chorion, the egg envelope in teleost species (Murata et al., 2014).

The phylogenetic distribution of molecular factors shown here (Figure 4) corresponds to a brief representation of the known group of proteins underpinning CGE in animal species. However, their actual contribution needs to be expanded in future investigations. Emerging molecular, physiology and phenogenomic tools are greatly impacting our understanding of reproductive biology. Therefore, we foresee that embracing the species comparative approach will answer long-standing questions about the evolution and fate of critical maternal factors and genetic control of CG biology.



DISCUSSION

The biogenesis and re-organization of the cellular organelles during the oocyte-to-embryo transition, including CGs, rely on the function of maternal factors and complex protein interactions. In this scenario, it is not surprising that the same cellular, molecular, and physiological principles controlling secretory vesicles biology are replicated in animal oocytes and eggs. Additionally, the use and combination of available experimental systems to study CG behavior, allows systematic multi-scale analysis of phenogenetic associations during oogenesis, egg activation, and fertility defects.

Egg activation triggers increase in [Ca2+]i in all species studied to date (Kashir et al., 2013). CGE is Ca2+-dependent process and it is critical for polyspermy blockade in several animal species. Despite several years of investigations of these processes, surprisingly, little is known about the molecular actors orchestrating [Ca2+]i rise.

Early events in development also involve other critical divalent ions. Interestingly, another ion that contributes to the ZP hardening is zinc (Zn2+). This cation is incorporated into the granules of the oocyte during its maturation (Que et al., 2015). These Zn2+-containing granules are located near the PM, and exocytosed after fertilization (Que et al., 2015). The release of this ion to the extracellular media is known as “Zn2+ sparks” and follows the Ca2+ oscillation patterns (Kim et al., 2011). For instance, Que et al. (2017) demonstrated that after fertilization, the Zn2+ concentration in the ZP increases by 300% and modulates its structure by augmenting its density. Moreover, when the ZP is exposed to this metal, the number of sperms interacting with the egg is reduced, indicating that ZP’s structural change caused by Zn2+ exposure is part of the polyspermy blockade mechanism (Que et al., 2017). These findings demonstrate a potential interplay between Ca2+ and Zn2+ to regulate secretory vesicle exocytosis and ZP hardening in the mammal egg.

TRPM7 also localizes in intracellular vesicles regulating Zn2+ release in somatic cells (Abiria et al., 2017). On the other hand, Mg2+ has been identified to be critical during early development, and TRPM7 channel is indicated to be critical player in Mg2+ homeostasis (Komiya et al., 2014). Moreover, conditional Trpm7-intestine deficient pups display high mortality by P10. Mutants are deficient in uptaking divalent cations, demonstrating the importance of these ions in early development. Dietary Zn2+ supplementation in Trpm7-intestine deficient mothers increases the survival curve of KO pups during pregnancy and breastfeeding (Mittermeier et al., 2019). Further, extracellular Mg2+ determines the frequency of Ca2+ oscillations during fertilization, most likely mediated by TRPM7 expression (Bernhardt et al., 2018). Future functional experiments in other vertebrate organisms will allow deciphering whether Zn2+, Mg2+, and other cations, physiologically control CG biology during egg activation and fertilization. This, will represent a significant advance in the knowledge of how to prepare the female gamete to start embryogenesis.

Maternally-loaded factors function in the transport, docking, and fusion. Such a function has also been described in other cell types. For example, the SNARE complex is critical for docking and fusion of neurotransmitters containing vesicles in neurons. At the cellular level, Spastizin is involved in intracellular trafficking and secretory vesicle maturation in the oocyte (Kanagaraj et al., 2014). Intriguingly, siRNA-mediated Spastizin knockdown displays a similar perturbed phenotype, revealing biological and physiological relevance of this factor in mammalian cells (Hirst et al., 2013). On the other hand, although fishes do not have ovastacin coding sequence, they do encode the astacin family protein alveolin, which is also involved in the hardening of the ZP (Shibata et al., 2012). This indicates that it is possible to track how conserved or lost functions during the oocyte-to-embryo transition and different reproductive strategies have evolved among animal species. Hence, the study of maternal-effect mutants and knockdown animals, displaying defects during CG biogenesis and exocytosis, will be highly informative for illuminating the function of maternal factors in the vertebrate oocyte and egg.

The cellular and molecular underpinnings of CG biology regulation can be comprehensively deciphered in vertebrate oocytes and eggs, which offer a myriad of advantages. These include easy experimental manipulation and culturing, optical properties, and single-cell analysis. Also, in the last decades, open access availability of complete genome sequences from different organisms has been pivotal to reveal the identity of key factors functioning during the oocyte-to-egg transition. Therefore, examining the one-cell female gamete by using high-throughput molecular and imaging phenotyping resources, will inform us about novel biological markers of reproduction and fertilization. In this way, zebrafish and mouse model systems can be integral to the study of vertebrate CG biology. This, will allow establish oocyte and egg quality selection criteria and potential therapies in human assisted reproductive technologies.
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transcript

GenBank
accession
number

Primers

Amplicon T, (°C)
length (bp)

CASR

HAS2

PTGS2

TNFAIPE

ACTIN

NM_001278748

NM_214053

NM_214321

NM_001159607

QBQAQT

F: 5-GCAGGATAAGCA
ATAGCTCCA-3'

R: 5'-AAAGTTTAAGTG
CCGTAGGTG-3'

F: 5-GAAGTCATGGG
CAGGGACAATTC-3
R: 5-TGGCAGGCCC
TTTCTATGTTA-3'

F:5'-TCGACCAGAGCA
GAGAGATGAGAT-3'
R: 5-ACCATAGAGC
GCTTCTAACTCTGC-3'

F: 5/-GAAGCACGGTC
GGGCAAG-3

R: 5'-CATCCACCCAG
CAGCACAG-8'

F: 5'-GCTTCTAGGCG
GACTGTTAG-3

R: 5'-ACCTTCACCGTT
CCAGTTTT-3

263 57

407 55

260 55

141 57

189 57

CASR, Calcium-sensing receptor; HASZ2, hyaluronan synthase 2; PTGS2,
prostaglandin-endoperoxide synthase 2; TNFAIPE, tumor necrosis factor a-induced
protein 6; ACTIN, beta actin.
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Oogenesis
Transcription factors
Cell cycle genes

Homologous recombination repair during
meiosis
DNA-damage

Acute regulation of steroid hormone
synthesis

Growth factor beta

Caseinolytic mitochondrial matrix peptidase
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miRNAs

miR-146

miR-196a2

miR-146

miR-23a

miR-22-3p

miR-379-5p

miR-21

miR-127-5p

Association with POI

Putative gene-gene interaction
between miR-146 and miR-196a2
may be involved in POF
development of Korean women.

MiR-146aC > G and
miR-196a2T > C change the
mRNA expression patterns in
granulosa cells.

The expression of miR-146a in
plasma and in ovarian granulosa
cells of patients with POl was
significantly upregulated.

Mir-23a may play important roles in
regulating apoptosis via decreasing
XIAP expression in human ovarian
granulosa cells of POI patients.

The decreased expression of
miR-22-3p in plasma of POI
patients may reflect the diminished
ovarian reserve and be a
consequence of the pathologic
process of POL.

MiR-379-5p, PARP1, and XRCC6
were differentially expressed in
granulosa cells of biochemical POI.

Low expressions of miR-21 and
Peli1 were detected in autoimmune
POI mice and patients.

The upregulation of miR-127-5p
was also detected in plasma of
bPOI (biochemical POI) individuals.

Reference

Rah et al., 2013

Cho et al., 2017

Chen et al., 2015

Yang et al., 2012

Dang Y. et al., 2015

Dang et al., 2018

Lietal., 2020

Zhang et al., 2020
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Genetic causes Trisomy X (47 XXX or mosaic) (Allen et al., 2007; Chapman
et al., 2015; Dawood et al., 2018; Kirshenbaum and
Orvieto, 2019; Wesevich et al., 2020)

Deletion of X chromosome (Allen et al., 2007; Chapman
et al., 2015; Dawood et al., 2018; Kirshenbaum and
Orvieto, 2019; Wesevich et al., 2020)

Turner mosaic (45X0/46XX) (Allen et al., 2007; Chapman
et al., 2015; Dawood et al., 2018; Kirshenbaum and
Orvieto, 2019; Wesevich et al., 2020)

Turner syndrome (Torrealday et al., 2017)

Fragile X premature (Allen et al., 2007; Chapman et al.,
2015; Dawood et al., 2018; Kirshenbaum and Orvieto,
2019; Wesevich et al., 2020)

Autoimmune polyglandular syndrome (1 and 2)
Blood syndrome

BPES

Ataxia telangiectasia
Fanconi anemia
Autoimmune oophoritis
Enzyme deficiency

o Galactosemia

e 17%-hydroxylase deficiency
o Aromatase deficiency
Infectious diseases

e Shigelosis

e Chickenpox

e Mumps oophoritis

e Tuberculosis

o Malaria

e Cytomegalovirus infection

Induced/Others Chemotherapy
Alkylating agents

e Cyclophosphamide, dacarbazine, chlorambucil,
[-2.5pt] melphalan, busulphan, nittogen mustard, and
anthracyclines (doxorubicin)

Substituted hydrazine (procarbazine)

Bilateral oophorectomy

Bilateral ovarian cystectomy

Radiation

Environmental toxins

Pelvic vessel embolization

Blepharophimosis-Epicanthus inversus syndrome
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Gene

LHX8

SOHLH1*
FOXO3A

NOBOX(7g35)
FMR1(Xq27)

PGRMC1 (Xg22-¢24)

POLR3H

GDF9(5g31.1)

BMP15(Xp11.2)

BMPR2

AMH(19p13.3)

AMHR2(12¢13)

FOXL2(3q23)

WT1(11p13)

NR5A1(9033)
FSHR (2p21-p16)

KHDRBS1

FIGLA (2p13.3)

INHA variants

ESR1

LHR

*Identified from GWAS.

N.A., not available.

Mutation rate (%)

N.A.

N.A.
2.2

1.0-8.0

0.5-6.7

0.5-1.5

1.5

0.5-4.7

1.0-10.5

N.A.

2.0

1.0-2.4

1.0-2.9

0.5

0.3-2.3
0.1-42.3

N.A.

0.5-2.0

Functional category

Transcription factor

Transcription factor
Transcription factor

Transcription factor
highly polymorphic CGG repeat in

the 5" untranslated region (UTR) of
the exon 1

Heme-binding protein
RNA polymerase Il subunit H

Growth factor

Growth factor

BMP receptor
Anti-MUllerian hormone
AMH receptor
Transcription factor
Transcription factor

Transcription factor
Receptor

Signal transduction activator

bHLH transcription factor

Growth factor
Estrogen receptor

Lutropin-choriogonadotropic
hormone receptor

Regulatory mechanism

Germ-cell-specific critical regulator
of early oogenesis

Early folliculogenesis

Regulating primordial follicle growth
activation

Follicle development
Transcriptional regulation

Regulation of apoptosis
Regulation of cell cycle, cell growth,
and differentiation

Growth and differentiation of
granulosa cell proliferation
Growth and differentiation of
granulosa cells (GCs)

Signal transduction between
oocytes and somatic cells
Control of the formation of primary
follicles by inhibiting excessive
follicular recruitment by FSH
AMH signal transduction
Differentiation and growth of
granulosa cells

Granulosa cell differentiation and
oocyte—granulosa cell interaction
Steroidogenesis in ovaries
Follicular development and ovarian
steroidogenesis

Alter mRNA expression level and
alternative splicing

Regulation of multiple
oocyte-specific genes, including
genes involved in folliculogenesis
and those that encode the zona
pellucida

Maturation of ovarian follicles by
FSH inhibition

Regulation of follicle growth and
maturation and oocyte release
Regulation of ovarian follicle
maturation, steroidogenesis, and
ovulation
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Oocyte receptor Location Species Sperm ligand Main function Assay performed References
ZP2 P Mouse, human, pig Unknown Gamete recognition, Gene-edited animals, Baibakov et al., 2012;
sperm binding, and in vitro approaches Avella et al., 2014; Gabriela
polyspermy prevention Hamze et al., 2020
CD9 Oolemma Mouse, human, Unknown Sperm-egg Gene-edited animals Le Naour et al., 2000;
cow, pig binding/fusion, Miyado et al., 2000;
structural role Jankovicova et al., 2019
CD36 Oolemma Mouse, human PtdSer Sperm-egg fusion? In vitro approaches Rival et al., 2019
CcD81 Oolemma, ZP Mouse, human, Unknown Sperm-egg Gene-edited animals, Takahashi et al., 2001;
cow, pig binding/fusion in vitro approaches Ohnami et al., 2012;
Jankovicova et al., 2019
Folate receptor 4 Oolemma Mouse, human (any 1ZUMO1 Gamete recognition, Gene-edited animals, Bianchi et al., 2014; Jean
(JUNO) mammalian sperm binding, and in vitro approaches etal, 2019
species?) polyspermy prevention
BAI1 Oolemma Mouse, human PtdSer Sperm-egg fusion? Gene-edited animals, Rival et al., 2019
in vitro approaches
BAI3 Oolemma Mouse, human PtdSer Sperm-egg fusion? In vitro approaches Rival et al., 2019
Tim-4 Oolemma Mouse PtdSer Sperm-egg fusion? Gene-edited animals, Rival et al., 2019
in vitro approaches
Mer-TK Oolemma Mouse PtdSer Sperm-egg fusion? Gene-edited animals, Rival et al., 2019

in vitro approaches

Main function, partner protein in the sperm and type of assay performed to describe the protein main functions are shown. ZR Zona Pellucida; BAI1, Brain-specific
angiogenesis inhibitor 1; BAIS, Brain-specific angiogenesis inhibitor 3; Tim-4, T-cell immunoglobulin and mucin domain containing 4, Mer-TK, Mer tyrosine kinase; PtdSer,
Phosphatidylserine.
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Chemical, dose, and duration

Cyclophosphamide (120 mg/kg), a
single i.p. injection for 2 weeks*
Busulfan (20 mg/kg) or (12 mg/kg)
and cyclophosphamide (70 mg/kg)
or (200 mg/kg), a single i.p.
injection for 2 weeks*

Murine ZP3 330-342 peptides
(NSSSSQFQIHGPR) (1 mg/mL),
injection twice every 2 weeks*
(autoimmune POl model)

cisplatin (5 mg/kg), a single i.p.
injection for 2 weeks*

Reference

Nguyen et al., 2019; Ding et al.,
2020a

Mohamed et al., 2018; Yang et al.,
2019

Lietal., 2020

Nguyen et al., 2019

*Dose and time of injection vary between studies.
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n cycles/n donors

Oocyte yield, n'

MIl oocytes, n!

MiIl oocyte proportion (%)?2

NO, 93/72

1st tertile 31/25 18.2 (15.0, 22.1) 12.4 (10.2, 15.1) 68 (58, 77)
2nd tertile 31/23 18.5 (15.1, 22.6) 14.0 (1.4, 17.1) 78 (69, 85)
3rd tertile 31/24 18.3 (15.1, 22.1) 13.2 (10.9, 16.0) 79 (70, 85)
p, linear trend® 0.94 0.38 0.02
NO3 93/72

1st tertile 30/24 18.5 (15.4, 22.4) 14.1 (1.7, 17.1) 79 (70, 85)
2nd tertile 32/24 18.1(15.0, 21.9) 13.2 (10.9, 16.1) 78 (70, 85)
3rd tertile 31/24 18.3 (15.0, 22.5) 12.2 (9.9, 15.0) 68 (57, 77)
p, linear trend® 0.88 0.14 0.03
NOx 93/72

1st tertile 30/26 19.2 (16.0, 23.1) 13.7 (11.4, 16.5) 74 (65, 81)
2nd tertile 31/20 21.2(17.3, 25.8) 15.2 (12.4, 18.6) 77 (68, 84)
3rd tertile 32/26 16.4 (13.7, 19.7) 12.2 (10.1, 14.6) 77 (69, 84)
p, linear trend® 0.14 0.31 0.41
NO3/NO; ratio 93/72

1st tertile 31/23 21.7 (16.7, 28.1) 14.1 (10.7, 18.6) 68 (52, 80)
2nd tertile 31/23 16.8 (13.8, 20.6) 12.9 (10.4, 15.9) 82 (73, 88)
3rd tertile 31/26 17.2 (13.4, 22.2) 12.6 (9.6, 16.5) 74 (61, 84)
p, linear trend® 0.18 0.54 0.42

NOgy, nitrite; NOg, nitrate; NOx, nitric oxide. Models were run using 1Poisson regression with log link and 2binomial regression with logit link. All data are presented as
least square means (95% Cl), adjusted for age, body mass index, sleep time, coffee intake, smoking history, and leisure physical activity. 3p, linear trend was calculated
by modeling the tertiles of each metabolite, using the median analyte concentration values in each tertile as a continuous linear term.
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Mean (SD) Minimum Selected percentiles Maximum
5th 25th 50th 75th 95th

Number of inseminated oocytes 13.8 (6.1) 6 7.8 10 13 16 24 37
Fertilization rate (%) 72.7 (16.9) 6. 36.7 62.5 73.3 85.7 100 100
Number of embryos obtained (cleaved) 10.1 (4.5) 1 4.8 74 9 12 21.4 24
Embryo rate (%) (cleaved) 61.8 (29.6) 0 8.9 39.1 66.7 87.5 100 100
Number of embryos on day 5 4 (4.6) 0 0,8 3 6 8 17 24
Embryos A + B 8(2.8) 0 0 2 3 5 9 14
Embryos C 9(1.2 0 <1 <1 <1 1 3.2 5

Embryos D 2(1.6) 0 <1 <1 b 2 B 8

Embryo quality was classified according to the Spanish Association for the Study of the Biology of Reproduction (ASEBIR), which established the potential of embryo

implantation as: A, maximum; B, high; C, medium; D, low (see Table 1).
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N02 N03 NOx Ratio N03/N02

F p value r p value F p value r p value
Number of inseminated oocytes 0.05 0.68 -0.12 0.29 —0.01 0.92 —0.07 0.57
Fertilization rate (%) 0.13 0.25 —0.02 0.84 0.11 0.34 —-0.17 0.16
Number of embryos obtained (cleaved) 0.06 0.61 —0.11 0.35 0.02 0.88 —0.11 0.33
Embryo rate (%) (cleaved) —0.05 0.65 —0.20 0.08 —-0.18 0.11 —0.02 0.87
Number of embryos on day 5 0.01 0.91 -0.19 0.10 —0.11 0.33 —0.08 0.49
Embryos A+ B 0.08 0.50 —0.20 0.07 —0.08 0.51 -0.15 0.29
Embryos C —0.05 0.65 —0.11 0.37 —0.08 0.48 0.02 0.86
Embryos D —0.02 0.88 0.03 0.81 0.02 0.90 0.06 0.62

Embryo quality was classified according to the Spanish Association for the Study of the Biology of Reproduction (ASEBIR), which established the potential of embryo
implantation as: A, maximum; B, high; C, medium; D, low (see Table 1). r, Spearman’s rank correlation coefficient.
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Inner cell mass (ICM) Trophectoderm (TE) Embryo quality Potential of implantation

Embryo grade Blastomeres size Cellular cohesion

A 3800-1900 um? Compacted Homogeneous, cohesive, many cells 1st or optimus Maximum
B 3800-1900 wm? Loose Homogeneous, not many cells 2nd or good High

c 1900 pm? Any Few cells 3rd or medium Medium
D Ongoing degeneration Any Ongoing degeneration 4th or bad Low

E (excluded) Degenerated Any Degenerated 5th or degenerated None
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Minimum Maximum Mean (SD) NO»> NO;3; NOx NO3/NO ratio
NO» 0.7 96.1 14.7 (12.3) 1.00 —0.01 0.89 —0.40
NO3 4.9 39.7 17.3(6.3) 1.00 0.45 0.14
NOx 5.6 109.5 31.9(13.7) 1.00 -0.29
NO3z/NO> ratio 0.1 31.5 2.6 (4.4 1.00

Minimum, maximum, and mean (standard deviation) concentrations of NO», NOs, and NOx are expressed as WM. The values are representative of 93 follicular fluid

samples.
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Demographic and lifestyle?
Age at egg donation, years
Body mass index, kg/m?
Sleep time/day, h

Mediterranean diet score
(Panagiotakos et al., 2007)

Coffee intake, servings/week
Occasional alcohol intake, N (%)
Ever smoker, N (%)

Self-reported exposure to
second hand smoke, N (%)

Leisure moderate/vigorous
activity, h/week

Sedentary behavior, h/week
First cycle characteristics?
Number of stimulation days, N
E2 peak, pg/mL

FSH total dose, IU/L

Qocyte fate, N (%)
Fresh transfer
Vitrified

Mixed

NO, NO3
1st tertile, 2nd tertile, 3rd tertile, p value? 1st tertile, 2nd tertile, 3rd tertile, p value?

n=25 n=23 n=24 n=24 n=24 n=24
24.9 (4.9) 23.7 (3.9) 24.6 (4.0) 0.83 23.6 (4.2) 246 (4.2 25.1 (4.4) 0.22
22.4(3.1) 22.7 (2.6) 23.2 (3.3) 0.35 23.6 (3.1) 22.3(2.9) 22.3(2.9) 0.12
8.7(1.9) 8.6(1.1) 7.0 2.0) 0.01 7.6(2.5) 8.1 (2.1) 82(1.2) 0.45
34.1 (6.1) 31.6 (6.8) 32.6 (7.5) 0.53 31.2(7.6) 35.7 (5.6) 32.0 (6.5) 0.80
42(10.9) 22(3.0) 8.2 (9.0) 0.15 4.7 (8.5) 3.8(6.2) 6.7 (10.1) 0.46
14 (19.4) 12(16.7) 12 (16.7) 0.91 11(15.3) 13(18.1) 14 (19.4) 0.68
15 (20.8) 5(6.9) 16 (22.2) 0.00 11 (156.3) 8(11.1) 17 (23.6) 0.03
6(11.3) 6(11.3) 6(11.3) 0.93 8 (15.1) 4 (7.6) 6(11.3) 0.37
0.7(1.8 1.4 (2.8) 3.7 (6.0 0.04 2.4 (2.9) 1.2 (2.6) 2.2(5.8 0.96
25.4 (28.4) 23.2(11.6) 30.3 (21.6) 0.52 28.0 (21.2) 23.2 (28.0) 28.0 (16.4) 0.95
9.9(1.8) 9.8(1.1) 9.7 (1.1) 0.76 9.7 (1.2) 9.5 (1.0) 10.2(1.8) 0.32
2004.2 1474.7 1328.1 0.02 1619.4 1748.6 1635.3 0.78

(1140.9) (668.5) (667.1) (726.6) (1275.1) (678.1)
1450.5 1413.3 1649.6 0.19 1398.1 15616.5 1604.2 0.19

(395.0) (631.0) (453.1) (670.7) (352.3) (429.5)
0.65 0.58

12 (22.6) 6(11.3) 7(13.2) 7(13.2) 8 (15.1) 10 (18.9)

3(65.7) 1(1.9 3(5.7) 4(7.6) 2(3.8) 1(1.9

6(11.3) 7(18.2) 8(15.1) 6 (11.3) 8(156.1) 7(138.2)

1Data are presented as mean (standard deviation) or number of women (%).
2Dijfferences across categories were tested using an ANOVA test for continuous variables and a chi-square test for categorical variables.
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+ \ — No binding

Mouse egg Human sperm

+ —

Mouse egg expressing human Human sperm Sperm-egg binding

ZP2 along with mouse ZP1 and
ZP3 or human ZP1-4 in place of
mouse ZP1-3 or N-terminal
fragment of human ZP2 (22-164
aa residues)

+ — No binding

Mouse egg expressing Human sperm
human ZP2, mouse ZP1, "

and mouse ZP3 Beads coated with
human ZP2 peptide (39-154 aa)
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Human Zona Protein

E. coli-/baculovirus-expressed recombinant ZP1
(26-551 aa)

Baculovirus-expressed recombinant ‘ZP domain’ of
ZP1 (273-551 aa)

E. coli-expressed recombinant ZP2 (39-242 aa)

E. coli (38-645 aa)-/baculovirus (1-745
aa)-expressed recombinant ZP2

Native ZP2 purified from human eggs

E. coli (23-348 aa)-baculovirus (1-424
aa)-expressed recombinant ZP3

Native ZP3 purified from human eggs

Baculovirus-expressed recombinant ZP3 fragments
(23-175, 1-370, 214-348, 214-305 aa)

E. coli (22-463 aa)- and baculovirus (1-540
aa)-expressed recombinant ZP4

Native ZP4 purified from human eggs

Binding profile of ZP protein with

Capacitated acrosome-intact
sperm

Acrosomal cap, Equatorial region

Acrosomal cap, Equatorial region

No specific binding
No specific binding

Equatorial and post-acrosomal
regions, Midpiece

Acrosomal cap, Equatorial region
Acrosomal and Equatorial regions,
Midpiece

Anterior head, Equatorial region

Acrosomal cap, Equatorial region

Head region

Capacitated acrosome-reacted
sperm

Equatorial region

Equatorial region

Head, Midpiece
Equatorial region

Acrosomal, equatorial and
post-acrosomal regions, Midpiece
Equatorial region

Midpiece

Equatorial region

Equatorial region

No binding to head region

References

Ganguly et al., 2010b

Ganguly et al., 2010a

Tsubamoto et al., 1999
Chakravarty et al., 2008

Chiu et al., 2008b

Chakravarty et al., 2008

Chiu et al., 2008b

Bansal et al., 2009

Chakravarty et al., 2008

Chiu et al., 2008b
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Human zona
pellucida protein

ZPA1

P2

ZP3

ZP4

Functional aspect of human ZP glycoproteins by using

Transgenic animals

Eggs from transgenic mouse lines with zonae expressing human ZP1,
mouse ZP2, and mouse ZP3 failed to bind human sperm suggesting no
role for human ZP1 in sperm-egg binding

Eggs from transgenic mouse lines with zonae expressing human ZP2,
mouse ZP1, and mouse ZP3 as well as those expressing human ZP1-4
in place of mouse ZP1-3 bind human sperm and sperm accumulated in
perivitelline space have undergone AR. The spermatozoa binding site
resides in the N-terminal fragment of ZP2. ZP2 plays an important role
in sperm-egg binding.

Eggs from transgenic mouse lines with zonae expressing human ZP3,
mouse ZP1, and mouse ZP2 do not bind human sperm suggesting that
ZP8 has no role in sperm-egg binding.

Eggs from transgenic mouse lines with zonae expressing human ZP4,
mouse ZP1-3 failed to bind human sperm suggesting no role for human
ZP4 in taxon-specific sperm-egg binding

Purified proteins

Baculovirus-expressed recombinant human ZP1 binds
to the capacitated human spermatozoa and induce
dose-dependent AR

Human sperm bind to beads coated with recombinant
human ZP2 peptide (39-154 aa residues). Other
studies using native/recombinant protein revealed ZP2
binding to acrosome-reacted human spermatozoa and
its inability to induce AR in capacitated human sperm.

Native/recombinant ZP3 binds to the capacitated
human spermatozoa and numerous studies showed
that it induces AR in capacitated human spermatozoa.
Native/recombinant ZP4 binds to the capacitated
human spermatozoa and induce AR.
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Peptides Score SPI Sequence n

Mus mattheyi

zP1

HIPCMVKGSPKEACQQAGCCYDSAK 326 586 234-258 2
GDNYRTQUAIDK 337 90,6 474-486 3
zP4

GSHYVMMVSMQEVDVAGNMTGTRER 5.68 781 105-129 12
FSIAVSRNATSPPLRLDSLHLVFR 431 506 202-225 1
RRKSELHFETTTSISSKGPLILLQATK 3.48 562 471-497 1
LLKCPLDLRAPDAPSAEVCSPVPVK 3.54 64.2 130-154 1
DKSYGSYYGSDAYPLVK 338 63.6 331-347 1
KSELHFETTTSISSKGPLILLQATK 747 575 473-497 2
TSSPFPSHHQRFSIDTFSFMSAVR 7.03 568 412-435 1
FSIDTFSFMSAVREK 5.04 64.9 423-437 1
TQPGPLSLELQIAKDK 374 586 317-332 1
RKSELHFETTTSISSKGPLILLOATK 3.60 541 472-497 1
CTREGRFSIAVSRNATSPPLR 430 509 196-216 1
CTREGRFSIAVSR 428 86.1 196-208 1
Mus pahari

zP1

FTIATFTLLDSSSQNALR 4.58 625 498-515 1
SGYFTLWSQETALTHGYMLDNVR 573 707 275298 2
zP4

CPVDLHTTDASNAEVCSPVPVK 6.7 60.2 133-154 3
LLKGPVDLHTTDASNAEVCSPVPVK 334 5.4 130-154 1
AVYENELVAIRDVQAWGRSSITR 591 709 260-282 1
ERLLKCPVDLHTTDASNAEVCSPVPVKER 3.44 60.8 128-156 2
RIPVQKASSPFPSHHQRFSIA 539 62.8 406-426 4
RERLLKCPVDLHTTDASNAEVCSPVPVK 403 52.8 127-154 1
Mastomys coucha

zP1

QAVLPNGRVDTAQDVTLICPKPDRIVTRDPYLAPPTTPEPFTPHTFALHPIT 13.63 81.6 109-160 2
GLAGPTVPHPQWGTLEPWELTEMDSY 11.05 712 195-220 1
EPWELTEMDSVGTHLPQERCRVASGHIPCMVKGS 11.01 66 210-243 1
VPHPQWGTLEPWELTEMDSVGTHLPQERC 10.76 66.3 201-229 1
MALTHGVMLDNVHLAYAPNGCPPTQ 10.42 67.7 287-311 1
IATFTLLDSSSQNALRGQVYFFCSASACHPVGSKTCSTTCD 925 58.4 501-641 1
CDSGIARRRRSSGHHNS 7.42 88 540-556 1
FTIATFTLLDSSSQNALRGQVYFFCSASACHPVGSKTCSTTCDSGIARRRR 873 67.4 499-549 1
RSSGHHNSTIQALNIVSSPGAVGFEDAAKLEPSGSSANSSSR 7.7 63.4 549-500 2
GQUYFFCSASACHPVGSKTCSTTCDSGIARR 7.4 66,6 517-547 1
RRSSGHHNSTIQALNIVSSPGAVGFEDAAKLEPSGSSR 6.16 66.8 548-685 1
SSGHHNSTIQALNIVSSPGAVGFEDAAKLEPSGSSR 557 575 550-585 1
zP2

LNAYIKSHSSPVASVKPGPLQLVLQTYPDKS 12.38 782 467-497 1
TWTSMNSLSLPQSA 12.28 889 27-41 1
PCGRSIYRLLSLLFTWTSMNSLSLPQSANSAFPGTLICDKDGVRVEF 122 714 13-60 1
MDPNSYGITKDIAKDIASKTLGAVAALVGLAWIGF 1186 752 664-700 1
TFSSKAICVPDLSVACNATHMTLTIPEFPGKLKS 11.71 79.4 248-281 1
KFPYKTCTLKVIGGYQMNIRVGDTS 11.28 83.2 96-120 1
TCTLKVIGGYQMNIRVGDTSTDVRGKDDMHHFFCPAIQAEAHETSEIVWCMEDLISFSFPQ  11.28 882 101-161 1
QFYLSSLKLTFYFQGDMVSTVIDPECHCESPVSIDELCAQ 1142 433 328-367 1
SLDSPLCSVTCPAPLRSKREASKDDTMTV 11.01 65.1 617-645 1
QGDMVSTVIDPECHCESPVSIDELCAQDGFMDFEVYSHQTKP 1073 69 341-382 1
WENPPSNIVFRNSEFR 1069 629 238-453 1
KITFSSKAICVPDLSVACNATHMTLTIPE 1068 758 246-274 1
HSSPVASVKPGPL 10.36 88.2 474-486 1
SMINSLSLPQSANSAFPGTLICDKDGVRVEFSSRFDMEKWNPAVVDTFGNEILNCTYAL 1033 829 31-88 1
DDTMTVSLPGPILLLSDDSSSKGY 10.12 69.2 640-663 5
SSYLYTVQLKLLFSIPGQKITF 1002 69.8 228-249 1
DDTMTVSLPGPILLLSDDSSSKGVMDPNSYG! 9.36 62.3 640-671 1
NSLSLPQ 751 67.7 33-39 1
SLDSPLCSVTCPAPLRSKREASKDDTMTVSLPG 75 100 617-649 1
IDSQKITLHVPANATGVAHYVQESSYLYTVQLK 5.73 92.6 205-237 1
LLSLLFTWTSMNSLSLPQSANSAFPGTLICDKDGVRVEFSSR 1098 659 21-63 1
NDPNIKLALDDCWATSSEDPASVPQUQIVMDGCAYELDNYR 998 87.6 507-567 2
DEYPVRYLRQPIYMEVTVLNRNDPNIKLALDDCWATSSEDPASVPQWQIVMD 9.68 68.4 505-567 1
GCAYELDNYR

VQSLGLARFHIPLNGCGTQQKFEGDKVIYENEIHGLWENPPSNIVFANSEFR 9.14 83.1 402-453 1
VIYENEIHGLWENPPSNIVFRNSEFRMTVR 88 441 428-457 3
REASKDDTMTVSLPGPILLLSDDSSSKGYMDPNSYGITKDIAK 855 613 635-678 1
VEFSSRFDMEKWNPAVWDTFGNEILNCTYALDMEK 8.26 34.1 58-92 1
REASKDDTMTVSLPGPILLLSDDSSSK 7.91 62.2 635-661 1
MARWQRKESVNPPCGRSIYRLLSLLFTWTSMNSLSLPQSANSAFPGTLICDK 7.86 70.5 1-68 1
DGVRVEFSSRFDMEK

ITFSSKAICVPDLSVACNATHMTLTIPEFPGK 7.84 839 247-278 1
DEYPWRYLRQPIYMEVTVLNR 7.54 54.4 505-626 1
FILKFPYKTCTLKVIGGYQMNIRVGDTSTDVR 7.47 69.8 93-124 1
TFAFVSEARRLNSLIYFHCSALICNQVSLDSPLCSVTCPAPLR 695 481 590-632 1
SKREASKDDTMTVSLPGPILLLSDDSSSKGVMDPNSYGITK 679 62 633-673 1
DDTMTVSLPGPILLLSDDSSSKGVMDPNSYGITKDIAKDIASK 59 85.2 640-683 1
SKREASKDDTMTVSLPGPILLLSDDSSSKGVMDPNSYGITKDIAK 583 85.6 633-678 1
LADENQNVSEMGWIKIGNGTR 55 80.8 166-187 6
TTFHSAGSSVAHSGHYQRFDVK 43 87.1 568-589 1
zP3

FRATVSSEEKLAFSLRLMEENWNTEKSSPTFHLGEVAHLOAEVQTGSHL 12.86 66.9 149-215 1
PLQLFVDYCVATPSPAPD

VDSHGCLVDGLSESFSAFQVPRPRPEMLQFTVDVFHFANSSANTLYITCHL 836 72 225-275 1
TVGPLIVLGNANDQTVEGWTSSAQTSMALGLGLVTMAFLTLAA 639 9.6 352-394 1
ITCHLKVAPANQIPDKLNKACSFNKTSQSWLPVEGDADICDOOSH 55 100 271815 1
zP4

QEVDVAGNMTRTRERLLKCPL 12.46 64.1 115-135 1
GGQVYLHCSASVCQPAGMPSCMIICPASRRRRKSELYFENT 12.25 33.7 443-483 1
PSPISRGDCEEVGCCYSSEEEEAGSCYYGNTVTSHCTREGGFS! 11.98 66.4 154-206 1
GSHYVMMVGMQEVDVAGNMTRTRERLLKCPLDLPSKAPDAPSAEVCSPVPIKERL 11.63 70.6 105-159 1
QPAGIMPSCMIICPASRRRRKSELYFENTTS 1113 746 456-485 1
TREGGFSIWSRNATSPPLRLDSLRLVSR 10.6 59.7 199-227 1
VNIRVLALPPPIPKTQPGPLS 8.68 615 305-325 1
QULGGQVYLHCSASVCQPAGMPSCMICPASRR 869 60 440-472 2
LVSANNSGCDPYMTTSTFVLFQFPFSSCGTTRAITGDQALYENELVAIQDVQA 863 80 224-201 1
WGRSSITRDSNFRLR

QVLGGQVYLHCSASVCQPAGMPSCMIICPASR 72 36.7 440-471 1
GDCEEVGCCYSSEEEEAGSCYYGNTVISHCTREGGFSIVVSR 6.87 816 169-210 1
LDSLALVSRNNSGCOPYMTTSTFVLFQFPFSSCGTTRR 684 51.1 219-256 1
QRFSIATFSFMSAVR 5.41 75.4 423-437 2

Peptides with a score higher than 5 and percentage-scored peak (SP)) intensity of 60%, which are the threshold criteria for a positive identification, are shown in italics. “n” represents
the number of times that the peptide has been detected.
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Oocytes of

Mus musculus (0 = 26)
Mus pahari (n = 15)

Mus mattheyi (n = 12)
Mastomys coucha (n = 4)

Mus musculus (n = 6)

79.16 (0 = 216)
67.5 (1= 40)
1.7 (n=34)
0(n=44)

Percentage of fertilization with spermatozoa of

Mus pahari (n = 3)

6.1(n=98)
35(n=28)
0n=2

Percentage of fertilization with spermatozoa of

Mus mattheyi (n = 2)

322(n=93
0n=7)
0n=6)

Mastomys coucha (n = 2)

67.14(n=70)

081 (n=129)

Oocytes with cumulus cells of Mus musculus Mus pahari Mus mattheyi Mastomys coucha
Mus musculus 81.25 (1 = 160) 870 (1 = 46) 4.76 (= 63) 67.14 (1= 70)

Mus pahari 56.52 (0 = 23) 0(n=15) = -

Mus mattheyi 11.73 (0= 34) 0n=2 0(n=6) -

Mastomys ocucha 0(n = 44) = = 0.81 (n=129)
Oocytes without cumulus cells of

Mus musculus 73.21 (0 = 56) 385 (1= 52) 0(n=230) -

Mus pahari 82.35 (1= 17) 760 (1= 13) 0pn=17) -

Mus mattheyi - - - -

First part of the table is a summary of the oocytes used with and without cumulus cells.
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Model code

28 sequences, 711 sites
Mia (NearlyNeutral)

M2a (PositiveSelection)
M7 (beta)

M8 (botade > 1)

13 sequences, 1,644 sites

M1a (NearlyNeutral)
M2a (PositiveSelection)

M7 (beta)
M8 (betasa)

The numbers in bold correspond to positis

Log-likelihood

—4431.388215

—4427.068269

—4435.034712

—4429.655890

—8045.827139

—8040.634099

—8048.563689
—8042.002294

rely selected sites with P > 95%.

Parameters estimates

o =0.66320, wo = 0.18102,
wi=1

Ppo =0.65668, py = 0.33691,
wo =0.18357, w1 = 1, w, =
486401

p = 0.56075, g = 0.72347

Ppo =0.99203, p = 0.60009, q
= 0.78536, w, = 4.35054

Ppo = 0.55934, wo = 0.12004,
wi=1

Ppo =0.55158, p; = 0.43982,
Wo = 0.12076, wy = 1, wz =
5.14829

p=020653, g =0.31182

o =0.99002, p = 0.31394, q
= 0.33456, w; = 4.73038

Positively selected sites (BEB)

141R, 2258

P.578,124M,141R, 225 S

141 R, 293 R, 41958, 439V, 444L, 547 L

4Q,43Q,578, 105K, 112M, 115M, 123N, 127T,
141R, 145A, 146 P, 147S, 156V, 169 R, 198 R,
204 R, 219 R, 239M, 274 P, 277 Q, 281 R, 293 R,
339G, 4188, 4198, 439V, 4441, 467V, 468T,
506A, 508M, 514 R, 515T, 517V, 525 M, 547 L
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Gene

Ndufs3

Sdha

Uqcre2

Atpbfla

B-Actin

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GTATGAGAGGGAGGTCTGGGA
AGGGGCTGTTCAGGTCAAAC
AAGCTCCTGCCTCCGTGGTT

AGCGACACAGCAACACCGATG

CAACAACACCACCAGCCTCCT

ATAACATCTCCAGCCGCAGCAG
TAATGGCAAGCACGCTCTGA
AGCAGGCGAGAGTGTAGGTA

CTGTCCACCTTCCAGCAGATGT

GCTCAGTAACAGTCCGCCTAGA
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Group (n = 8) Wit Mo Tl Tm Th

Number 209+64 166+31 175+42 195+29 209433
P-value <0.012 - 0.68° 0.18° 0.05°

aComparison between the Wt and Mo groups.
bComparisons between the Mo and three rhGH-treated groups.
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