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Meiosis is a highly conserved and essential process in gametogenesis in sexually reproducing organisms. However, there are substantial sex-specific differences within individual species with respect to meiosis-related chromatin reorganization, recombination, and tolerance for meiotic defects. A wide range of murine models have been developed over the past two decades to study the complex regulatory processes governing mammalian meiosis. The present review article thus provides a comprehensive overview of the knockout mice that have been employed to study meiosis, with a particular focus on gene- and gametogenesis-related sexual dimorphism observed in these model animals. In so doing, we aim to provide a firm foundation for the future study of sex-specific differences in meiosis at the molecular level.
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INTRODUCTION

For mammalian species, life begins when haploid egg and sperm cells fuse with one another. These two types of gametes are generated from diploid precursor cells through tightly regulated processes including an initial round of DNA replication and two subsequent rounds of cellular division (meiosis I and II). Meiosis is a specialized form of cell division that occurs only in the context of gametogenesis wherein diploid cells give rise to genetically diversified haploid progeny (Bolcun-Filas and Handel, 2018). During the initial meiotic prophase I, sister chromatids undergo proteinaceous axial element (AE) structural organization along the chromosome axis to facilitate synaptonemal complex (SC) assembly (Zickler and Kleckner, 1999), after which homologous chromosome pairing (Gerton and Hawley, 2005; Barzel and Kupiec, 2008; Bhalla and Dernburg, 2008), synapsis (Cahoon and Hawley, 2016), and meiotic recombination occur to generate physical chiasmatic linkages between paired chromosomes (Handel and Schimenti, 2010; Baudat et al., 2013; Keeney et al., 2014; Lam and Keeney, 2014). These processes are subject to spatiotemporal regulation by telomeres anchored on the nuclear membrane (Ding et al., 2007). The end result of this process is the physical connection of homologous chromosomes by chiasmata that aid in subsequent chromosomal capture by microtubules from the opposing cellular poles during subsequent metaphase I (MI) (Sakuno et al., 2011). The chromosomes are then separated from one another during anaphase I, segregating to opposite cellular poles following chiasmatic dissolution (Buonomo et al., 2000; Kudo et al., 2006), thereby reducing the number of chromosomes by half in the daughter cells generated at the end of meiosis I (Watanabe, 2012).

While these processes are highly conserved, they also differ significantly in the context of male and female gametogenesis, a phenomenon known as sexual dimorphism in the mammalian meiosis (Hunt and Hassold, 2002). Such sexual dimorphism in meiosis has been studied in many previous reports, including a review prepared by Handel et al. highlighting sexual dimorphism as it pertains to the regulation of cell cycle progression and kinetics during meiosis (Handel and Eppig, 1998). Mammalian oocytes undergo synchronous meiosis during fetal development, followed by two rounds of arrest and resumption of these meiotic processes. In contrast, meiosis in males is a continuous process that occurs in waves throughout adulthood, with new germ cell populations being regularly recruited to undergo meiosis (Handel and Eppig, 1998). Sex chromosomes also impact patterns of meiosis-related transcriptional activity in males and females. In females, sex chromosomes undergo normal recombination and transcription, whereas meiotic sex chromosome inactivation (MSCI) occurs in males in the context of meiosis, as has been reviewed previously (Turner, 2015).

Sexually dimorphic regulatory processes also manifest during mammalian gametogenesis. For example, Morelli et al. have previously reviewed sex-specific differences in the processes of recombination, double-strand break (DSB) repair, and synapsis (Morelli and Cohen, 2005), detailing essential proteins known to be associated with these processes. Many recent advances in gene-editing technologies, however, have led to important breakthroughs in the study of meiotic processes in recent years. The present review was therefore formulated by searching the Pubmed database using “meiosis” and “knockout” as keywords to identify over 700 articles which were then surveyed to identify all proteins that play functionally important roles during meiosis (Supplementary Table 1). While many of these proteins have been studied in detail, mice in which others have been knocked out exhibit sex-specific differences in meiotic phenotypes that have not been discussed at length in prior reviews. By surveying these proteins and associated murine knockout model systems, we herein seek to provide novel insight into the sexual dimorphism of meiosis in order to guide future research efforts.



THE ONSET OF MEIOTIC PROPHASE

The onset and regulation of meiosis differ significantly between male and female mice (Figure 1; Handel and Eppig, 1998). Oocyte meiosis begins by embryonic day 13 in these animals, whereas testicular germ cell division at this same time point exhibits stagnation in the mitotic phase. Factors that ultimately govern these sexually dimorphic meiotic initiation phenotypes include retinoic acid (RA) inhibition in male germ cells and the regulation of germ cell entry into a meiosis-competent state.


[image: image]

FIGURE 1. Sexual dimorphism in the initiation and kinetics of meiosis. Both germ cell-derived internal factors and somatic cell-derived external factors regulate meiotic initiation. The expression of CYP26B1 by somatic cells of the embryonic testis suppresses RA-induced meiotic entry, while cAMP/cGMP and LH control oocyte-specific meiotic arrest and resumption.


Both germ cell-intrinsic factors and somatic cell-derived external factors ultimately influence meiotic initiation in mice. In order to enter into meiosis, germ cells must first enter a meiosis-competent state. This state, in turn, is regulated by the Dazl gene (Nicholls et al., 2019), which encodes a highly conserved RNA-binding protein that is specifically expressed within germ cells (Seligman and Page, 1998). In murine embryos lacking DAZL expression, primordial germ cells (PGCs) arrive at the gonad but do not undergo appropriate developmental differentiation, instead proliferating and persisting in their expression of pluripotency factors without initiating spermatogenesis or oogenesis at the proper time points (Lin et al., 2008; Chen et al., 2014; Nicholls et al., 2019). While the loss of DAZL interferes with meiosis in both male and female mice, the effects of knocking out this protein were sex-specific. The loss of DAZL disrupted oogenesis prior to the onset of meiosis, whereas spermatogenesis was arrested during the G0 phase of meiosis, with limited SYCP3 expression being evident at this time point (Lin et al., 2008). This suggests that different regulatory mechanisms ultimately govern the entry of male and female germ cells into a meiosis-competent state. Prior work has shown BCAS2 to function as a post-transcriptional regulator of spermatocyte meiosis initiation such that the conditional knockout of BCAS2 in male germ cells results in impaired spermatogenesis and male infertility. While spermatagonia in these Bcas2 conditional knockout mice appear normal, they rarely enter meiosis prophase I or subsequent phases of meiosis (Liu et al., 2017). The alternative splicing of 245 genes, including Dazl, has also been detected in Bcas2 -null testes. Despite its central role in spermatocyte meiosis, BCAS2 is dispensable in the context of oocyte meiosis (Liu et al., 2017).

The vitamin A derivative RA is produced by somatic cells in the kidneys and gonads, and functions as an important external regulator of meiotic initiation (van Pelt and de Rooij, 1991; Anderson et al., 2008; Endo et al., 2017), serving as a key inducer of meiosis in many contexts (Bowles et al., 2006; Koubova et al., 2006). Stra8 is a protein that is upregulated in response to RA (Baltus et al., 2006), and that is expressed at high levels in germ cells immediately following the initiation of meiosis only to be rapidly downregulated during subsequent stages of this process. As a transcriptional regulator, STRA8 can bind to the promoter regions of thousands of different genes including those associated with meiotic prophase I, the G1-S cell cycle transition, and mitotic program inhibition thereby regulating their expression to orchestrate appropriate meiotic cell division (Kojima et al., 2019). While both spermatogonial cells and oocytes are exposed to RA during embryonic development, such exposure is not sufficient to initiate meiosis in male germ cells. This is believed to be due to the presence of certain meiosis-preventing factors within the fetal and neonatal testis, and experimental studies using testicular extracts and organ cultures lend credence to such a hypothesis (Moor and Warnes, 1979; Gondos et al., 1996). Indeed, recent work has shown that CYP26B1, which is expressed in the fetal testes, can degrade RA and thereby prevent STRA8 upregulation and consequent meiotic initiation (Koubova et al., 2006). The expression of CYP26B1 has been detected in developing seminiferous cord tissues (Bowles et al., 2006; Koubova et al., 2006; Sedlmeier et al., 2014), and Cyp26b1-deficient embryos exhibit ectopic STRA8 expression and meiotic initiation within germ cells in the fetal testis (Bowles et al., 2006; MacLean et al., 2007; Sedlmeier et al., 2014). These data thus suggest that CYP26B1-expressing cells serve as a barrier to the exogenous RA-mediated initiation of germ cell meiosis in male mice.

The highly conserved DMRT family of transcription factors harbor the unique DM domain DNA binding motif, and serve as key regulators of meiotic initiation. Specifically, DMRT1 can simultaneously suppress the initiation of meiosis while promoting mitotic proliferation, as evidenced by the results of chromatin immunoprecipitation (ChIP) and transcriptomic studies of mutant cells demonstrating the ability of this transcription factor to regulate STRA8 and CYP26B1 expression (Matson et al., 2010). The expression of DMRT6 is also evident in type A, intermediate, and type B differentiating spermatogonia wherein it coordinates the differentiation of these cells by orchestrating the appropriate transition from the mitotic spermatogonial program to a meiotic spermatocytic program (Zhang et al., 2016). While the DNA binding characteristics and genetic targets of DMRT6 are very similar to those of DMRT1, these two transcription factors have opposing impacts on gene expression. While DMRT1 can promote spermatogonial division and differentiation, DMRT6 instead functions by terminating mitotic division and promoting meiotic entry (Zhang et al., 2014). Notably, DMRT1/6 function as regulators of these meiotic processes specifically in testicular tissues (Zhang and Zarkower, 2017), underscoring the sexually dimorphic regulatory roles of these transcription factors in the context of murine gametogenesis.

Both internal and external factors ultimately regulate germ cell entry into meiosis. The observed sex-specific differences in Dazl-knockout-related phenotypes and in the testicular-specific expression of BCAS2 underscore the sexually dimorphic regulation of germ cell entry into a meiosis-competent state. Somatic cell-derived RA, in contrast, serves as an external factor that promotes meiotic entry, whereas DMRT1/CYP26B1 suppress these RA-induced effects in spermatogonia but not oocytes, thereby disrupting the initiation of meiosis in a sex-specific manner (Figure 1).



OOCYTE MEIOSIS ARREST AND RESUMPTION DURING PROPHASE I

Spermatocyte meiosis is a continuous and ongoing process in mammals, but the same is not true for oocytes, which undergo initial meiotic progression during embryonic development, only to arrest at the diplotene stage of prophase I (Figure 1). Such arrest persists until immediately prior to ovulation, at which time a preovulatory luteinizing hormone (LH) surge induces oocyte maturation by promoting meiotic resumption and progression to metaphase II (MII). After the reinitiation of meiosis I in these cells, organized nuclear envelope breakdown occurs through a process known as germinal vesicle breakdown (GVBD), after which chromosome condensation, spindle formation, and first polar body (PB) extrusion occur. Oocytes then enter meiosis II only to arrest at MII until fertilization occurs.

The orchestration of oocyte maturation upon gonadotropin stimulation is tightly regulated through bidirectional signaling between oocytes and somatic cells (Hsieh et al., 2007; Conti et al., 2012). The accumulation of cyclic AMP (cAMP) generated through GPR3/12 signaling suppresses maturation-promoting factor expression and thereby promotes oocyte arrest at meiotic prophase I (Conti et al., 2012). The knockout of Gpr3 interferes with this arrest, resulting in premature oocyte meiosis and a consequent reduction of the oocyte reserve. The absence of GPR3 expression in aging mice leads to markedly reduced fertility as evidenced by an increase in the observed numbers of non-developing embryos following spontaneous ovulation and the large quantities of fragmented oocytes detected following the induction of superovulation (Ledent et al., 2005). The production of follicle-stimulating hormone (FSH) prior to the LH surge served to additionally promote mural granulosa cells (mGCs) to secrete natriuretic peptide precursor type C (CNP/NPPC), which regulates cumulus cell-mediated cyclic GMP (cGMP) production to maintain meiotic arrest in oocytes (Zhang et al., 2010). By entering these cells through gap junctions, cGMP inhibits the activity of the cAMP-degrading enzyme PDE3A in oocytes, thereby furthering meiotic arrest (Richard et al., 2001; Vaccari et al., 2009). The knockout of Pde3a can rescue GPR3 deficiency-related abnormal meiotic arrest and premature follicular failure (Vaccari et al., 2008).

An LH surge that occurs proximal to the time of birth can suppress the expression of NPPC/NPR2, thus disrupting the synthesis of cGMP (Sun et al., 2009). LH can also induce the production of key epidermal growth factor (EGF)-like growth factors by mGCs including amphiregulin, beta-cellulin, and epiregulin, which in turn activate cumulus cell EGF receptor signaling and promote the degradation of cGMP in response to the activation of PDE5 and the inactivation of NPR2. These regulatory changes facilitate subsequent oocyte maturation. LH additionally activates ERK1/2 signaling to prevent GC proliferation while inducing GC luteinization (Park et al., 2004). While abnormal meiotic recovery typically results in female infertility (Supplementary Table 1), few studies regarding the role of LH regulation in this process have been conducted using knockout mouse models, highlighting promising directions for future research.



TELOMERE ATTACHMENT AND MOVEMENT

Telomere attachment to the nuclear envelope (NE) is a relatively conserved meiotic process. Chromosomal movement during meiotic prophase I, homologous chromosome pairing, synapsis, and recombination all depend on appropriate telomere attachment, which is therefore regulated by multiple telomere binding protein complexes (Zickler and Kleckner, 2016). A shelterin complex covers the chromatin telomeres of most eukaryotic cells (Palm and de Lange, 2008), protecting these structures from degradation, which would trigger irreversible checkpoint activation, senescence, and/or apoptotic death (Palm and de Lange, 2008). The primary protein components of the shelterin complex include TRF1, TRF2, TIN2, POT1, TPP1, and RAP1 (Palm and de Lange, 2008). Of these, TRF1/2 serve as the core shelterin complex proteins. Conditional TRF1 deletion in spermatocytes has been shown to result in a failure of telomere attachment and fusion between telomeres (Wang et al., 2018). Reductions in TRF2 expression can similarly drive abnormal telomere attachment (Hua et al., 2019). In contrast, Rap1 knockout does not adversely impact telomere attachment or bouquet formation (Scherthan et al., 2011). Further research is necessary to determine whether the other protein components of the shelterin complex play an important role in telomere anchoring during meiosis.

In addition to the shelterin complex, the TERB1-TERB2- MAJIN protein complex is important for the establishment of a second physical linkage for telomere attachment to the NE (Shibuya et al., 2014, 2015). Mutated of these three proteins impairs telomere attachment to the NE and causes infertility in both male and female mice (Shibuya et al., 2014, 2015). TERB1 serves as a molecular scaffold, interacting with both TERB2 as well as the shelterin complex protein TRF1 (Shibuya et al., 2014, 2015; Long et al., 2017). MAJIN is predicted to be a transmembrane protein that localizes to the inner NE surface where it can bind to the SUN Domain protein (Shibuya et al., 2015). The SUN Domain protein, together with the KASH Domain protein, in turn form the linker of nucleoskeleton and cytoskeleton (LINC) complex (Ding et al., 2007), which provides sites for telomere anchoring at the NE and permits NE linkage to the cytoplasm in order to facilitate the force generation necessary to achieve chromosomal movement (Hiraoka and Dernburg, 2009; Tapley and Starr, 2013). By interacting with one another, these proteins generate a robust telomere anchoring complex. Cyclin-dependent kinase 2 (Cdk2) is also known to be important for telomere binding to the inner NE during meiosis (Viera et al., 2015), as is the atypical Cdk activator Speedy A/RingoA, which rapidly induces G2/M progression in oocytes (Mikolcevic et al., 2016; Tu et al., 2017). However, further research will be necessary to understand the precise mechanisms whereby these kinases regulate this stage of meiotic progression.

FBXO47 is an F-box protein that regulates the telomeric shelterin complex necessary for telomere-NE attachment during meiotic prophase I. FBXO47 binds to TRF2 and thereby localizes to telomeres anchored to the nuclear membrane, thereby suppressing TRF2 ubiquitination and degradation. The expression of FBXO47 is testis-specific, suggesting that it plays no role in regulating meiotic prophase I in oocytes and that other compensatory proteins may play a similar role in this context (Hua et al., 2019). Ubiquitination during telomere attachment and movement also differ between the sexes as a consequence of this sex-specific FBXO47 expression pattern.

Overall, patterns of telomere attachment and movement are largely similar in males and females, but data pertaining to FBXO47 suggest that further research into sexual dimorphism during this stage of the meiotic process is warranted.



DNA DOUBLE-STRAND BREAK AND REPAIR

DSB formation and DSB repair are key processes that occur during prophase I over the course of 7–8 or 4–5 days in murine spermatocytes and oocytes, respectively (Baudat et al., 2013). Such DSB repair depends upon the initial alignment and recombination of homologous chromosomes, which are governed by homologous DNA recombination and by the synaptonemal complex (SC). Many prior articles have already discussed meiotic recombination in detail, and this topic will thus not be discussed at length in the present review (Zickler and Kleckner, 1999; Roig and Keeney, 2008; Lichten and de Massy, 2011; Baudat et al., 2013). Interestingly, significant sexual dimorphism has been reported with respect to the regulation of chromatin organization, recombination, and meiotic defect tolerance in male and female germ cells (Figure 2). Complete meiotic failure typically arises in male mice harboring mutations that interfere with synapsis or recombination such that cells are unable to progress past the zygotene or pachytene stages, thereby causing spermatocyte apoptosis and consequent infertility. In contrast, these same mutations can result in a spectrum of phenotypes in females ranging from decreased fertility to infertility, ovarian dysgenesis, or embryo loss, likely as a consequence of aneuploidy.
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FIGURE 2. The roles of sex-specific regulatory proteins in meiosis. Owing to overlap in the timing of telomere attachment and movement, double-strand break (DSB) repair, and MSCI, the knockout of proteins associated with these meiotic processes often results in multiple complex phenotypes. Spermatocytes have additionally evolved to express many different sex-specific proteins (shown in boxes). Proteins marked in red indicate the presence of a meiotic phenotype after knockout in both spermatocytes and oocytes, although these phenotypes are not consistent in these two cell types.


A wide array of proteins serve as essential regulators of DSB formation and repair in the context of meiosis, including SPO11, which is specifically expressed during prophase I and is thought to exert type II DNA topoisomerase-like activity to form DSBs (Keeney et al., 1997). These DSB sites then undergo further processing, potentially through the activity of other regulatory proteins, to generate overhangs that serve as substrates for the RECA homolog single-stranded binding proteins DMC1 and RAD51, which in turn facilitate strand invasion and the formation of double Holliday junctions (Masson and West, 2001). This leads to the interaction of homologous chromosomes. The RAD51 paralog XRCC2 has also been identified as a key driver of RAD51-mediated homologous recombination (Chun et al., 2013). In both humans and mice, a recessive mutation (c.41T > C/p.Leu14Pro) in XRCC2 results in meiotic arrest, azoospermia, and infertility. Notably, however, studies of Xrcc2L14P/rm L14P mice revealed that while these meiotic and fertility defects were universal in male mice, they affected only half of Xrcc2L14P/rm L14P female mice, with the remainder of these animals instead exhibiting reduced reproductive capacity (Yang et al., 2018).

After homologous chromosomes interact with one another, a series of structural proteins promote their further stabilization and the initiation of SC formation. The cohesion complex is a ring-shaped structural protein complex that entraps pairs of sister chromatids following replication until the initiation of anaphase at which time the separase-mediated cleavage of the α-kleisin subunits RAD21 or REC8 (during mitosis and meiosis, respectively) results in the opening of the ring structure. This complex serves as an essential recombination scaffold, and is critical for appropriate recombination, synapsis, and chiasmata formation during meiosis. The α-kleisin RAD21L is highly conserved even in non-mammalian species, and is able to interact with the cohesion subunits SMC1, SMC3, and STAG3. The knockout of Rad21l in male mice results in defective synapsis during prophase I, in turn causing zygotene arrest, complete azoospermia, and consequent infertility. In contrast, Rad21l -deficient females suffer from an age-dependent loss of fertility. SYCE1 and SYCE3 also connect lateral elements via SYCP1 at zygonema, after which TEX12 and SYCE2 loading promotes SC propagation (Fraune et al., 2012). The SC component protein FKBP6 is exclusively expressed in males such that the knockout of this protein impairs spermatocyte meiosis and causes zygotene-like stage arrest in these cells, whereas oocytes are unaffected by the loss of its expression (Crackower et al., 2003; Noguchi et al., 2008).

Yeast model assays have revealed that following strand invasion by one end, strand displacement occurs followed by D-loop formation and invading 3′-end elongation. The other end is then able to interact with the D-loop or the elongated invading strand in respective crossover and non-crossover pathways. PMS2 is a DNA mismatch repair gene homolog, and stabilizing MLH1 levels prior to its critical crossing over function with MLH3. When PMS2 is deleted, complete spermatocyte arrest is similarly observed without any corresponding impact on the development of oocytes (Baker et al., 1995).

A wide range of other DSB–related proteins have been shown to exhibit sexually dimorphic functionality in mammals. For example, TEX15 is an essential regulator of chromosomal synapsis and meiotic recombination, but the knockout of this protein only results in meiotic arrest in male mice without having a corresponding effect on females (Yang et al., 2008). The F–box–like NIPA protein is an E3 ligase and SCF complex member that results in male sterility in conditional knockout models as a consequence of spermatogenesis arrest during meiotic prophase due to improper synapsis, disrupted DSB repair, and abnormal SC formation. In contrast, female Nipa–/– mice remain fertile albeit with a ∼50% reduction in litter size (Illert et al., 2012). Meiosis-related sexual dimorphism also extends to epigenetic regulatory processes. For example, the H3K4me3-responsive ZCWPW1 protein is necessary for the progression of prophase I in male mice whereas it is dispensable in the context of female murine gametogenesis. Zcwpw1 knockout in male mice results in the complete disruption of synapsis, causing meiotic arrest at the zygotene/pachytene stage, impaired DSP repair, crossover failure, and infertility. Knockout of ZCWPW1 in oocytes, in contrast, only partially slows the progression of meiotic prophase I, and Zcwpw1–/– female mice retail normal fertility through mid-adulthood (Li et al., 2019). As the loss of many proteins can result in multi-faceted impacts on meiotic processes, it is important to note that it can be challenging to clearly distinguish between the key regulators of these processes. As such, additional in-depth molecular analyses of these putative regulatory proteins and their targets will be essential to fully appreciate their roles in the context of gametogenesis.



MEIOTIC METAPHASE

Following the completion of diploid meiotic recombination, germ cells enter a state of transient diakinesis after which spermatocytes/oocytes enter meiotic metaphase to complete the process of meiotic division. Chromosomal alignment at the metaphase plate and subsequent segregation during the initial round of meiotic division are essential to ensure successful meiosis. Several proteins exhibit sexual dimorphism during metaphase. For example, ZMYM3 is a member of the MYM-type zinc finger protein family and a component of an LSD1-containing transcriptional repressor complex. Spermatogenesis in Zmym3-knockout mice was arrested during the metaphase of the first meiotic division (MI). ZMYM3 knockout resulted in elevated numbers of apoptotic germ cells and MI spermatocytes that are positive for BUB3, which is a key factor associated with the spindle assembly checkpoint (SAC). In contrast, female Zmym3-knockout mice remain fertile (Hu et al., 2017).

The SAC serves as the central regulator of appropriate chromosomal segregation. In a previously published review, Lane et al. have discussed the sexual dimorphism of the meiotic SAC (Lane and Kauppi, 2019), highlighting multiple important proteins that have been studied in the context of metaphase in spermatocytes or/and oocytes. Lower levels of some SAC proteins and more SAC permissiveness in females may result in a higher incidence of meiotic aneuploidy in oocytes relative to spermatocytes.

After the separation of homologous chromosomes, spermatocytes undergo a second round of meiotic division, resulting in the production of four spermatids. However, after the first polar body (PB) is extruded into the space under the zona pellucida, oocytes arrest at MII until fertilization, at which time the second phase of meiotic division is triggered and the extrusion of the second PB occurs. Owing to these phases of regulated meiotic arrest, oocytes are never truly haploid given that their second meiotic division occurs only following fusion with a male germ cell harboring a haploid genome (Bolcun-Filas and Handel, 2018). Several phosphorylation signaling pathway proteins have been found to play important roles in maintaining MII phase arrest in oocytes. For example, MOS is an upstream activator of mitogen-activated protein kinase (MAPK) and, in mouse oocytes, and is responsible for MII arrest (Colledge et al., 1994; Hashimoto et al., 1994). The extracellular regulated kinase-1 and -2 (ERK1/2) cascade plays pivotal roles in regulating oocyte meiotic cell cycle progression. Ovulated Erk1/2-knockout oocytes exhibited poorly-assembled MII spindles, spontaneous PB 2 release, and were arrested at metaphase III (MIII). In addition, ERK1/2 deletion prevented male pronuclear formation after fertilization, resulting in female infertility (Zhang et al., 2015). Ppp2r1a encodes the scaffold subunit Aalpha of protein phosphatase 2A (PP2A), which is an important and ubiquitously expressed serine-threonine phosphatase family member. Depletion of PP2A-Aalpha facilitates germinal vesicle breakdown, causing elongation of the MII spindle and precocious separation of sister chromatids (Hu et al., 2014). As spermatocytes do not have a MII arrest, these proteins play a specific role only in oocytes.



SUMMARY

Meiosis is a tightly conserved mammalian biological process that is essential to the generation of male and female gametes, but a high degree of sexual dimorphism exists in the specific regulation of such gametogenesis. Clear differences in the regulation and characteristics of meiotic onset and duration are observed between the sexes (Figure 1). In addition, spermatocytes and oocytes regulate conserved processes through distinct mechanisms, and further exhibit differences in functional processes including unequal follicular cytoplasm differentiation and MSCI that ultimately give rise to these respective gametes (Figure 2). Studying specific proteins using knockout models offers a robust means of exploring their roles in the context of meiotic regulation, and the advent of novel gene-editing technologies has facilitated the identification of a wide array of sexually dimorphic phenotypes exhibited by particular knockout mice.

In this review, we have surveyed over 200 proteins related to meiosis and highlighted those that are functionally sexually dimorphic. However, there are still many other proteins the functions of which have only been reported in a single sex. As meiosis is a sexually dimorphic process, further study of these sex-related differences is warranted. Of the 200+ proteins discovered in this context to date, the molecular functions of many remain to be fully clarified. For example, some of the proteins that cause meiotic arrest in the zygotene and pachytene phases may lead to abnormalities in SC, repair, and telomere attachment. However, differentiation between causes and effects remains challenging. As protein profiling techniques continue to rapidly develop, further screening for protein-protein interactions, small molecule metabolites, and the construction of molecular interaction networks will be beneficial to our understanding of the molecular mechanisms governing meiosis.

By analyzing these sexually dimorphic proteins, we found that a number of spermatocyte-specific proteins are involved in the regulation of gene expression, including histone acetylation mediators, methylation mediators, and transcriptional enhancers/inhibitors. Interestingly, after these genes are mutated, spermatocytes primarily undergo arrest in the early pachytene phase. During the zygotene to pachytene transition, an autosomal transition from transcriptional inhibition to activation occurs. The specific gene expression regulatory proteins involved in the regulation of meiotic processes in spermatocytes suggest that there are distinct and complex gene expression regulatory mechanisms engaged in spermatocytes and oocytes. In addition, it is important to note that the spermatocyte-specific piRNA proteins and associated piRNA/mRNA modifications represent a further dimension regulating spermatocyte gene expression. Despite these advances, defining the purpose underlying observed mechanisms of mammalian germline sexual dimorphism remains challenging. Recent studies have described increasingly intricate technologies allowing for analyses of the regulation of gene expression, such as high-throughput/resolution chromosome conformation capture (Hi-C), Assay for Targeting Accessible-Chromatin with high-throughout sequencing (ATAC-seq), and Full-Length Isoform Sequencing. Additional comprehensive studies leveraging these technologies will aid in more thoroughly elucidating the mechanisms governing meiosis.
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