

[image: image1]
Transcriptomics of Meiosis in the Male Mouse












	 
	MINI REVIEW
published: 05 March 2021
doi: 10.3389/fcell.2021.626020





[image: image]

Transcriptomics of Meiosis in the Male Mouse

Adriana Geisinger1,2*, Rosana Rodríguez-Casuriaga2 and Ricardo Benavente3

1Biochemistry-Molecular Biology, Facultad de Ciencias, Universidad de la República (UdelaR), Montevideo, Uruguay

2Department of Molecular Biology, Instituto de Investigaciones Biológicas Clemente Estable (IIBCE), Montevideo, Uruguay

3Department of Cell and Developmental Biology, Biocenter, University of Würzburg, Würzburg, Germany

Edited by:
Scott Keeney, Memorial Sloan Kettering Cancer Center, United States

Reviewed by:
Sue Hammoud, University of Michigan, United States
Satoshi H. Namekawa, University of California, Davis, United States

*Correspondence: Adriana Geisinger, adriana.geisinger@gmail.com

Specialty section: This article was submitted to Cell Growth and Division, a section of the journal Frontiers in Cell and Developmental Biology

Received: 04 November 2020
Accepted: 15 February 2021
Published: 05 March 2021

Citation: Geisinger A, Rodríguez-Casuriaga R and Benavente R (2021) Transcriptomics of Meiosis in the Male Mouse. Front. Cell Dev. Biol. 9:626020. doi: 10.3389/fcell.2021.626020

Molecular studies of meiosis in mammals have been long relegated due to some intrinsic obstacles, namely the impossibility to reproduce the process in vitro, and the difficulty to obtain highly pure isolated cells of the different meiotic stages. In the recent years, some technical advances, from the improvement of flow cytometry sorting protocols to single-cell RNAseq, are enabling to profile the transcriptome and its fluctuations along the meiotic process. In this mini-review we will outline the diverse methodological approaches that have been employed, and some of the main findings that have started to arise from these studies. As for practical reasons most studies have been carried out in males, and mostly using mouse as a model, our focus will be on murine male meiosis, although also including specific comments about humans. Particularly, we will center on the controversy about gene expression during early meiotic prophase; the widespread existing gap between transcription and translation in meiotic cells; the expression patterns and potential roles of meiotic long non-coding RNAs; and the visualization of meiotic sex chromosome inactivation from the RNAseq perspective.
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INTRODUCTION

The alteration of the meiotic program is at the basis of an important number of fertility problems (Handel and Schimenti, 2010; Hann et al., 2011; Geisinger and Benavente, 2016; Gheldof et al., 2019; Veitia, 2020) and other pathologies (e.g., Tsui and Crismani, 2019), including cancer (Feichtinger and McFarlane, 2019). Therefore, the need to improve the knowledge on the molecular groundwork of meiosis in mammals is obvious. However, the studies on the molecular bases of mammalian meiosis have been hampered by some intrinsic obstacles. In the first place, the lack of reliable and robust in vitro culture systems of mammalian meiotic cells (Handel et al., 2014; Sun et al., 2014; Komeya et al., 2018; Hayashi, 2019; Bharti et al., 2020) is an important drawback that raises the need to work with in vivo models. Besides, in females the main meiotic events take place during the embryonic phase, and the number of oocytes is scarce, which hinders molecular analyses (e.g., Hernández-López et al., 2020). Studies in males are more accessible as meiosis starts in the postnatal life, and the testes produce massive numbers of gametes; consequently, most studies have been performed in males. Notwithstanding this, male meiosis is part of the asynchronous and continuous spermatogenic process (Griswold, 2016), and therefore germ cells spanning all the different stages of spermatogenesis simultaneously coexist within adult testes, altogether with different types of testicular somatic cells. Testicular heterogeneity constitutes a challenge when trying to unravel the molecular program of a specific stage or cell type, as a pre-requisite is the availability of methods to allow profiling that specific cell type separately from the whole mix. Particularly, pachytene spermatocytes (PS) comprise about 5% in adult mice testicular cell suspensions (Soumillon et al., 2013, and our own observations).

As mouse is the most popular mammalian model because of its relatively easy maintenance and manipulation, in addition to its highly curated genome, most transcriptomic studies on mammalian meiosis have been carried out in mice. Nevertheless, despite the extensive similarities with human meiosis, it must be recalled that some notorious between-species differences exist, including the histological organization of the testis, duration of the seminiferous epithelium cycle, and germline-niche interactions, among others (Guo et al., 2018, 2020; Shami et al., 2020). This being said, mouse studies are significantly contributing to increase our understanding about human meiosis and its associated pathologies.

Microarray-based studies have been employed for profiling the transcriptome along spermatogenesis (e.g., Schultz et al., 2003; Maratou et al., 2004; Rossi et al., 2004; Shima et al., 2004; Pang et al., 2006; Chalmel et al., 2007; Fallahi et al., 2010; Waldman Ben-Asher et al., 2010; Bao et al., 2013; Sun et al., 2013; Liang et al., 2014), albeit these are being largely replaced by RNAseq due to its increased sensitivity, and to its ability to identify previously unknown transcripts and novel isoforms (Roy et al., 2011; Mutz et al., 2013).

In this mini-review, we will outline some interesting features that are starting to arise from transcriptomic studies of murine meiotic cells, mostly based on RNAseq (although some microarray results will be also included). As due to the above-mentioned constraints the vast majority of reports correspond to males, we will focus on male meiosis. A number of recent studies have addressed the analysis of gene expression in mouse meiotic precursor cells, to evaluate spermatogonial differentiation and/or mitosis-to-meiosis transition (Green et al., 2018; Hermann et al., 2018; La et al., 2018; Ernst et al., 2019; Grive et al., 2019; Law et al., 2019; Liao et al., 2019; Velte et al., 2019; Tan et al., 2020). Here, due to space limitations, we will only focus on the meiotic phase itself. Overall, transcriptomic analyses have shown that male meiotic (and post-meiotic) cells have an extremely complex transcriptome (Soumillon et al., 2013), expressing a panoply of mRNAs and splice variants, long non-coding RNAs (lncRNAs), and small non-coding RNAs (sncRNAs). Far from aiming to cover all the knowledge in the field, our objective is to illustrate how the methodologies that allow to isolate different specific meiotic cell populations or to profile individual cells, in combination with transcriptomic techniques, are contributing to our understanding of the molecular bases of meiosis. In particular, we will center on the different approaches that have been employed to enable profiling the transcriptome of isolated/individual murine meiotic cells, and on some novel aspects we have selected to develop, specifically concerning coding genes and lncRNAs. On the other hand, sncRNAs – including miRNAs and piRNAs – play essential roles for the control of meiosis and spermiogenesis progression (e.g., Gou et al., 2014; Goh et al., 2015; Dai et al., 2019), and certainly would deserve a chapter. However, as exhaustive reviews about them have been published elsewhere, and in order not to extend further, we will not elaborate on the subject here (for revisions on meiotic sncRNAs, see Bortvin, 2013; de Mateo and Sassone-Corsi, 2014; Kotaja, 2014; Yadav and Kotaja, 2014; Wang and Xu, 2015; Luo et al., 2016; Dai et al., 2020, among others).



STRATEGIES FOR THE OBTAINMENT OF MEIOTIC CELLS FOR RNAseq

Different studies have addressed the complexity of mammalian testicular gene expression through RNAseq, by analyzing bulk RNA from testes of pre-pubertal animals at increasing ages along the semi-synchronous first spermatogenic wave, where the new transcripts are attributed to the newly appeared cell types (e.g., Gong et al., 2013; Laiho et al., 2013; Weng et al., 2017). The disadvantages of these studies are that they do not allow undoubtedly assigning specific RNAs to a certain cell type, and fail in the characterization of transcripts from poorly represented cell types such as those from early meiotic prophase stages. Besides, they do not take into account the intricate cell-cell interactions within the testis (e.g., between spermatogenic and somatic Sertoli cells), where some cell types can change their expression patterns in contact with the newly appeared cell types (Green et al., 2018; Guo et al., 2020; Tan et al., 2020). As an attempt to partially overcome these limitations, some studies have combined the use of testes of individuals at increasing ages with a computational approach, in order to de-convolve the temporal expression profiles into cell type-specific expression profiles (Margolin et al., 2014; Ball et al., 2016).

The alternative approach has been the use of isolated testicular cell populations or (more recently) individual cells, to more accurately profile the transcriptome of specific stages along the spermatogenic process. Beyond the fact that differences between the first spermatogenic round and the following ones have been reported (Yoshida et al., 2006; Grive et al., 2019), either adult or pre-pubertal individuals at increasing ages have been used. Historically, the most classical methods for obtaining stage-specific spermatogenic cell populations from rodent testicles, have been STA-PUT (i.e., a gravimetric decantation in an albumin gradient; Lam et al., 1970; Go et al., 1971; Romrell et al., 1976; Bellvé, 1993) and centrifugal elutriation (Meistrich, 1977). Both methods have been employed for the obtainment of enriched cell populations for RNAseq (e.g., Gan et al., 2013b; Soumillon et al., 2013; Chalmel et al., 2014; Hammoud et al., 2014; Sin et al., 2015; Lin et al., 2016; Wichman et al., 2017). However, these methods only allow the obtainment of highly enriched but not pure cell populations (Meistrich, 1977; Soumillon et al., 2013), and only of certain specific cell types, while other cell types are obtained at low purity levels (Meistrich, 1977). Particularly concerning meiosis, PS have been mostly taken as the representative meiotic stage, as they constitute the only meiotic cell type that can be obtained with a significant enrichment because of their relative abundance and larger size/density (Meistrich, 1977).

Multi-parametric flow cytometry (FCM) has been used to analyze and sort different testicular cell populations based on DNA content together with differences in nuclear size, cellular size, complexity, and chromatin compaction (Geisinger and Rodríguez-Casuriaga, 2010). Besides the advantage of enabling the obtainment of highly pure stage-specific cell populations, it allows the discrimination and eventual classification of a higher number of cell populations (Malkov et al., 1998; Bastos et al., 2005). Taking advantage of the blue and red fluorescence of the vital dye Hoechst 33342 (Bastos et al., 2005; Getun et al., 2011), Fallahi et al. (2010) isolated spermatogonia, pre-leptotene (pre-L), leptotene-zygotene (L/Z), early-PS, middle-PS, late-PS, diplotene (D), and round spermatids (RS) from adult male mice with over 95% purity for each fraction, by fluorescence activated cell sorting (FACS). The sorted cell populations were used for transcriptome profiling by microarray analysis (Fallahi et al., 2010). In our laboratory, we have developed a protocol for the purification of testicular cell populations by FACS using Vybrant DyeCycle Green, a non-cytotoxic vital dye with the advantage over Hoechst 33342 that it is excited with a blue laser thus avoiding the need of a UV laser, which in turn minimizes potential damage to nucleic acids caused by UV light exposure (Rodríguez-Casuriaga et al., 2014; Geisinger and Rodríguez-Casuriaga, 2017). This protocol allowed the profiling of coding transcripts and lncRNAs along spermatogenesis through RNAseq, using highly pure (>95%) stage-specific cell populations (da Cruz et al., 2016; Trovero et al., 2020). These studies included the L/Z cell population, thus enabling for the first time to compare the transcriptomic profiles, as obtained through NGS, between early and medium/late meiotic prophase, and providing information on gene expression fluctuations along meiotic prophase (da Cruz et al., 2016). An optimized Hoechst-33342-based FCM protocol for sorting enriched leptotene (L) aside from zygotene (Z) cell populations (60–80% and 75–90% purity, respectively) from adult mouse testis has been described (Gaysinskaya et al., 2014) and used for genome-wide methylation analyses (Gaysinskaya et al., 2018), although no extensive transcriptome profiling studies using this protocol have been reported so far.

Fluorescence activated cell sorting can be combined with antibodies to sort additional cell types, mainly specific populations of spermatogonia. As an example, Zhu et al. (2016) used a combination of FACS and Magnetic Activated Cell Sorting (MACS) to classify spermatocytes, spermatids, and undifferentiated spermatogonia from human testicular biopsies, for RNAseq. Another strategy for generating germ cell-specific transcriptome profiles from human biopsies, where the amount of material is very limiting, has been individual-cell laser capture microdissection (LCM). This method allowed the selection and transcriptome profiling of six distinct germ cell subtypes based on morphology, location in the seminiferous tubular cross-section, and germ cell associations at the various stages of the seminiferous epithelium; concerning meiotic cells, L/Z, early PS, and late PS were profiled (Jan et al., 2017).

A completely different approach has been the use of “meiotic-like” immortalized mouse cell lines. GC-1 cells (American Type Culture Collection [ATCC], Manassas, VA, United States) were created by transformation of type B spermatogonia with pSV3-neo, and are claimed to exhibit the characteristics of a stage between type B spermatogonia and primary spermatocytes, while GC-2 cells (ATCC) originated by transformation of spermatocytes with SV40 large T antigen, are arrested at a pre-meiotic stage, and are claimed to exhibit the characteristics of primary spermatocytes. A couple of reports compared the transcriptomes of these cell lines (Zhang et al., 2013; Hong et al., 2018). Notwithstanding, to what extent their transcriptomic profiles resemble those of pre-meiotic and meiotic prophase cells, is highly doubtful. In fact, a microarray comparison with whole testis profiles showed that a very small proportion of the testis-specific mRNAs and lncRNAs were detected in these cell lines (Hong et al., 2018), thus indicating that they have a limited usefulness.

Recently, single cell RNA sequencing (scRNAseq) has gained much attention, as it enables to profile the transcriptome of thousands of single cells in a population. Pseudotime ordering allows arranging cells along a continuous path that represents the evolution of a process. Thus, scRNAseq permits to capture the continuity of spermatogenesis, rather than artificially chosen stages. Moreover, it allows characterize the existing heterogeneity at any given phase, as well as the RNA content of rare cell populations (Suzuki et al., 2019; Soraggi et al., 2020). Various laboratories have addressed the characterization of RNA fingerprints from human testicular samples (Guo et al., 2018; Hermann et al., 2018; Wang et al., 2018; Shami et al., 2020) and mouse testes (Green et al., 2018; Hermann et al., 2018; Lukassen et al., 2018; Ernst et al., 2019; Grive et al., 2019; Jung et al., 2019) through scRNAseq (for a revision on the different used methodologies for scRNAseq and data-analysis, see Suzuki et al., 2019; Soraggi et al., 2020). In general, these studies coincide that spermatogenesis progresses as a continuum, with no clear-cut changes between the transcriptomes of successive cell types (Green et al., 2018; Guo et al., 2018; Hermann et al., 2018; Lukassen et al., 2018; Jung et al., 2019). One aspect to note, is that while in the methods relying on the isolation of cell populations cell type-assignment is generally based on the analysis of an aliquot of each sorted population (microscopical observation, immune labeling for cell type-specific protein markers), in unsorted scRNAseq studies deduction of cell type/subtype is done through the expression of marker genes. However, due to the pronounced uncoupling between transcription and translation along spermatogenesis (see below), we consider that this criterion may be misleading for staging purposes. For a more accurate cell-type assignment, some have compared the expression profiles of single cells from total testis dissociation, to those of stage-specific cells purified by FACS or STA-PUT (Hermann et al., 2018; Jung et al., 2019) or to available data sets from isolated cells of known identity (e.g., Ernst et al., 2019).

Chen et al. (2018) combined transgenic labeling by means of Vasa-dTomato (expressed in spermatogenic cells) and Lin28-YFP (expressed in undifferentiated spermatogonia), with synchronization of the cycle of the seminiferous epithelium using WIN 18,446/retinoic acid (Hogarth et al., 2013) for FACS sorting and scRNAseq. This allowed the profiling of 20 different cell subtypes from synchronized testicular tissues. Thus far this has been the most complete RNAseq study in isolated cells, as it included some previously unpurified cell types. Concerning meiotic cells, L, Z, early-PS, middle-PS, late-PS, D, metaphase I, and metaphase II were profiled (Chen et al., 2018). Anyway, it must be recalled that spermatogenesis was manipulated, and although no overt differences in appearance, fertility, or gene expression between synchronized and unsynchronized testes have been detected (Romer et al., 2018), some gene expression differences with the normal, asynchronous process cannot be excluded.

Altogether, despite the diversity of approaches and methodologies, the different studies are allowing to reach some common conclusions that shed light on the transcriptomic landscape of the complex meiotic process. On the other hand, in some other cases results are not conclusive as different studies have reached controversial results, leaving the questions remain open. In the next sections we will go over only a few of the many interesting aspects that are emerging from these studies, trying to highlight some of the common findings, as well as some of the controversial points where more research is still needed.



GENE EXPRESSION IN EARLY MEIOTIC PROPHASE

Early studies measuring the incorporation of [H3]uridine or [H3]cytidine had suggested null (Monesi, 1964) or very low (Kierszenbaum and Tres, 1974) transcription levels in mouse testes during early meiotic prophase (i.e., L and Z), and even during early pachytene (P), in comparison to later prophase stages. This was supported by Page et al. (2012), who observed low levels of RNA polymerase II and the active-chromatin marker H3K9ac (histone H3 acetylated at lysine 9) in L, Z, and early PS, but a strong increase in mid-PS, while the marker for gene silencing and heterochromatin H3K9me3 (histone H3 trimethylated at lysine 9), showed the opposite pattern.

As noted above, transcriptomic studies in the short L and Z stages have been long relegated compared to those in PS. Now, experiments including isolated early meiotic prophase cells are allowing to address gene expression during L/Z. In general, the different reports agree that murine early spermatocytes present a low complexity transcriptome (Chen et al., 2018; Ernst et al., 2019), and this would stand true for humans as well (Jan et al., 2017). In spite of that, the power of RNAseq technology in combination with the use of isolated L/Z spermatocytes, reveal that important genes are differentially expressed during early meiotic prophase.

Using a highly pure L/Z cell population, we have shown the existence of a set of genes that are upregulated in L/Z, with almost half of them exhibiting a marked expression peak in these early stages. This group of genes that peak in L/Z, to decay before the P stage, includes genes related to meiotic processes (gene ontology [GO] terms “meiosis,” “synaptonemal complex,” “meiotic recombination,” “chromosome condensation,” “meiotic chromosome segregation”), among others (da Cruz et al., 2016). The study by Chen et al. (2018), whose 20 different isolated spermatogenic cell types allowed very fine discrimination, also showed an expression peak during early prophase, and a decrease in PS, for the representative terms “meiotic DNA double-strand break formation” and “meiotic chromosome segregation.” Moreover, differentially expressed genes in the categories “meiotic cell cycle,” “DNA repair,” and “DNA recombination,” appeared downregulated after L/Z (Chen et al., 2018). This would be also the case for human testes, where the expression of genes involved in meiotic recombination, homologous synapsis, synaptonemal complex, and compaction of chromatin, were detected as upregulated in L/Z (Jan et al., 2017; Wang et al., 2018). Besides, germ cell-specific transcriptomic profiles indicated that the genes contained within the GO terms “reciprocal meiotic recombination” and “meiotic chromosome segregation” were highly conserved between mouse and human, and mainly expressed in human L/Z spermatocytes (Jan et al., 2017).

Of course, it is very likely that at least some of the transcripts we detect with a marked expression peak in L/Z were already present in a sub-population of spermatogonia/pre-L cells. In fact, different studies indicate that the commitment to meiosis takes place in pre-meiotic cells, with meiotic genes being turned on before meiosis onset (e.g., Evans et al., 2014; Jan et al., 2017; Chen et al., 2018), and it seems that this could be the case for female meiosis as well (Soh et al., 2015). Anyway, transcriptomic studies make it clear that a group of genes related to male meiotic processes present an expression peak during early prophase, to decay later on in PS.



THE LAG BETWEEN TRANSCRIPTION AND TRANSLATION

Post-transcriptional regulation and particularly translational delay are a hallmark of spermatogenesis; their massiveness can be evidenced through transcriptome profiling.

As stated above, we and others have reported an expression peak in L/Z for genes within GO terms related to early meiotic events, but also for others related to late meiotic events such as “meiotic chromosome segregation,” both for mouse (da Cruz et al., 2016; Chen et al., 2018) and human (Jan et al., 2017). Furthermore, many of the significantly expressed genes within those categories, were already up in pre-L (Chen et al., 2018). Curiously, some genes whose protein products play their roles in post-meiotic stages, are also differentially expressed in L/Z (da Cruz et al., 2016), or even earlier. These include genes coding for proteins related to sperm function and motility such as Hspa5, Tex101, Ly6k (da Cruz et al., 2016), Odf2, Cabyr, Tcp11, and Hook1 (Jan et al., 2017), to name a few. Notably, an RNAseq analysis of mice mutant for Prdm9 (that encodes a histone methyltransferase expressed in L/Z and required for the activation of recombination), showed that although the mutant testes were cytologically arrested in a late-L/Z stage, they nevertheless developed gene expression signatures characteristic of later developmental substages (Fine et al., 2019).

Despite the uncoupling between transcription and translation in PS is known, especially striking is the finding that the P transcriptome reveals widespread early expression of genes related to post-meiotic processes. Concurring with a couple of previous microarray studies (Fallahi et al., 2010; Waldman Ben-Asher et al., 2010; Figures 1A,a,b), our RNAseq analyses detected a global expression switch in the testicular transcriptome during the progression from Z to P (da Cruz et al., 2016; Figure 1A,c). Moreover, this switch coincides with the turning off of a high number of meiotic genes, and the turning on of spermiogenesis-related ones (da Cruz et al., 2016). Specifically, terms related to “spermatid differentiation and development,” “fertilization,” “cilium and flagellum assembly and motility,” “sperm-egg recognition,” and “binding of sperm to zona pellucida,” were among the most significantly represented GO categories within the differentially expressed genes at the L/Z-to-P transition (da Cruz et al., 2016; see Figure 1A,c), thus indicating that the spermiogenesis programs are turned on as early as during meiotic prophase. This is consistent with the results from Soumillon et al. (2013), who found that a gene cluster strongly upregulated in spermatocytes and spermatids, was significantly enriched with genes involved in spermatogenesis, gamete generation, sperm motility, and fertilization. Similar results were reported in the scRNAseq study from Jung et al. (2019). Also coinciding with other reports, Hermann et al. (2018) observed that although the expression of some genes for products of the spermatozoon such as sperm-specific glycolytic isozymes (Gapdhs, Ldhc, Pgk2, etc.) peaks in RS, their transcription starts in primary spermatocytes. Even studies using whole testes of individuals of increasing ages, either with deconvolution (Ball et al., 2016) or without it (Laiho et al., 2013), showed an enrichment in the expression of genes related to microtubule and cilia, spermiogenesis, and fertilization, at ages corresponding to the appearance of P/D spermatocytes (Figure 1A,d). The expression of sperm-related genes in meiotic prophase, has been also reported for men (Jan et al., 2017; Hermann et al., 2018).
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FIGURE 1. (A) Examples from reports showing a switch in gene expression patterns, and the expression of spermiogenesis-specific programs during mouse meiotic prophase. (a) Heat map representing the clustering of 790 differentially expressed sequences derived from a microarray study in testes of animals of increasing age, from 7 days post-partum (d7) to 17 days post-partum (d17). Columns represent the expression profile of all the sequences for the indicated post-natal ages, while rows represent expression of specific genes over time (low expression levels are shown in purple, and high expression levels in yellow). Note the overall change from d12 to d14, coinciding with pachytene onset. A tree representing clustering by resemblance of expression profiles across the indicated post-natal ages is shown below. The figure is reproduced from Waldman Ben-Asher et al. (2010), with permission from John Wiley and Sons (license number 5014730359883). (b) Heat map showing the relative expression levels of 5,281 microarray probe sets divided into 8 K-means clusters, in different spermatogenic cell populations purified by FACS. Each horizontal line corresponds to a probe set (high expression in yellow, low expression in blue). The switch in the transcriptome between L/Z and mid-P is evident. Reprinted from Fallahi et al. (2010), under the Creative Commons Attribution License. (c) Heat map of expression levels and hierarchical clustering for the global differential gene expression in four FACS-sorted spermatogenic cell populations, profiled through RNAseq (2C, spermatogonia and somatic testicular cells; LZ, leptotene/zygotene; PS, pachytene spermatocytes; RS, round spermatids). High expression: red; low expression: green. To the right, the main enriched GO terms for biological process category (BP) of the upregulated genes in PS are shown. The heat map evidences a switch in gene expression patterns from L/Z to PS, while the GO analysis shows enrichment in spermiogenesis-related terms. Reproduced from da Cruz et al. (2016), under the Creative Commons Attribution License. (d) Pie charts showing enriched BP and cellular component (CC) GO terms among upregulated genes in the testes of animals at post-natal day 14 compared to those of post-natal day 7 (PND7/14), obtained from an RNAseq study. Note the upregulation of spermiogenesis-related terms both for BP and CC categories. The figure is reproduced from Laiho et al. (2013), under the Creative Commons Attribution License. (e) GO term enrichment analysis for downregulated transcripts in PS of Sox30–/– mice compared to WT, as assessed through RNAseq of STA-PUT-isolated stage-specific spermatogenic cells. Reprinted from Bai et al. (2018), with permission from The Company of Biologists Ltd.; permission conveyed through Copyright Clearance Center, Inc. (B) Diagram representing the three main spermatogenic phases, and the timing of mouse spermatogenesis. The different cell types and the onset of some of them (days postpartum) are indicated. The substitution of histones – first by transition proteins (TNPs) and then by protamines – is shown as well. GC, gonocytes; SPG, spermatogonia; PL, preleptotene; L, leptotene; Z, zygotene; PS, pachytene; D, diplotene; M, meiotic divisions; 1–16 represent the different spermatid stages. Adapted from Trovero et al. (2020), under the Creative Commons Attribution License.


It is interesting that a transcriptome analysis of STA-PUT–fractionated cells from Sox30–/– infertile mice, revealed SOX30 as a testis-specific transcription factor essential for activating haploid differentiation programs during the later stages of meiotic prophase. Loss of SOX30 resulted in the downregulation of a set of genes in PS (Figure 1A,e), and these downregulated genes were related to spermatogenesis, spermatid development, sperm motility, fusion of sperm to egg plasma membrane, and sperm capacitation (Bai et al., 2018).

In the same line of evidence, a microarray study showed that loss of A-MYB (MYBL1) – a male-specific master regulator of several meiotic processes that is expressed in PS (Bolcun-Filas et al., 2011) and is essential for the production of piRNAs and piRNA-pathway proteins (Li et al., 2013) – not only results in misregulation of meiotic genes, but also in the downregulation of genes whose transcripts are translated post-meiotically and involved in post-meiotic functions (Bolcun-Filas et al., 2011). A novel finding indicates that A-MYB is a key regulator of meiotic super-enhancers (i.e., regions of the genome comprising multiple enhancers that regulate important genes for cell identity) (Maezawa et al., 2020). Interestingly, many genes that are adjacent to meiotic super-enhancers and would be regulated by A-MYB, are known to be critical for late spermatogenesis (Maezawa et al., 2020). One such critical genes is PIWIL1, for which a human transcriptomic study indicated that its expression peaks in PS (Jan et al., 2017), and whose product, besides functioning in transposon silencing, has been shown to exert a role in the post-transcriptional regulation of mRNAs encoding spermatid-specific proteins (e.g., Gou et al., 2014; Dai et al., 2019).

The switch in gene expression programs could be facilitated by genome-wide changes leading to the de novo formation of accessible chromatin (Maezawa et al., 2018), and the extensive reprogramming of chromatin 3D architecture that takes place in meiotic cells (Alavattam et al., 2019; Patel et al., 2019; Vara et al., 2019; Wang et al., 2019; Luo et al., 2020). An integration of Hi-C (high-throughput genome-wide chromatin conformation capture) and RNA-seq from purified mouse spermatogenic cell populations, showed a switching in a subset of B (inactive) compartments to A (active) compartments in the chromatin of PS; the number of genome regions in A compartments was higher in PS, suggesting that PS chromatin is in a more transcriptionally active state. Notably, a number of genes that were originally located in compartment B regions in primitive spermatogonia and switched to compartment A regions in PS, and at same time increased their expression, have a function in DNA DSBs repair, but also in cilium formation, critical for normal sperm physiology (Luo et al., 2020).

The temporal uncoupling between transcription and translation in testicular germ cells, would be related to the need for extensive post-transcriptional regulation. During the last stages of spermiogenesis, histones are sequentially replaced first by transition proteins and then by protamines (Figure 1B), which results in transcriptional silencing (e.g., Braun, 1998; Kleene, 2001; Legrand and Hobbs, 2018). Extensive early transcription and RNA sequestration for its delayed translation (that in some cases takes place several days, or even weeks, after transcription), are viewed as a strategy to regulate the time of synthesis for proteins required in the transcriptionally inert elongating and elongated spermatids. The mRNAs for transition proteins and protamines themselves, although attaining their expression peak in RS, would start to be transcribed as early as in P/D (da Cruz et al., 2016), thus being stored for weeks before translation. Moreover, it is known that their premature translation is related to spermiogenesis arrest and infertility (Lee et al., 1995; Tseden et al., 2007). Furthermore, contrasting the results from proteomic studies with those of transcriptomic studies also supports the widespread translational repression in PS (Gan et al., 2013a).

Meiotic and early post-meiotic cells have developed diverse regulatory mechanisms to achieve these unusually high levels of post-transcriptional regulation (Kleene, 2001, 2013). These mechanisms include binding of repressor proteins (e.g., Idler and Yan, 2012) and sequestration of mRNAs as free ribonucleoprotein particles (Iguchi et al., 2006); manipulation of the length of 3’UTRs (Li et al., 2016); regulation through sncRNAs (Yadav and Kotaja, 2014) and lncRNAs (see below): sequestration of mRNAs in the chromatoid body of post-meiotic cells (Meikar et al., 2011, 2014; de Mateo and Sassone-Corsi, 2014; Lehtiniemi and Kotaja, 2018), and others. Particularly, an RNAseq study of purified mouse male germ cells indicates that coordinated intron retention is a mechanism of male meiotic cells to produce stable, long-lived transcripts that are preserved for days before their timely translation in transcriptionally inert post-meiotic cells. Moreover, intron-retention genes were specifically enriched in functional categories related to the late spermiogenic phase, thus revealing a meiosis-specific mechanism for the uncoupling between transcription and translation (Naro et al., 2017).

Finally, in the recent years an important role for post-transcriptional regulation has been also revealed at the transition from mitotic divisions to meiotic program, both in males and females, which would take place through a complex of MEIOC (Abby et al., 2016; Soh et al., 2017) and the RNA helicase YTHDC2 (Bailey et al., 2017; Hsu et al., 2017; Wojtas et al., 2017; Jain et al., 2018). Diverse approaches including microarrays (Abby et al., 2016) and different RNAseq studies (Bailey et al., 2017; Hsu et al., 2017; Soh et al., 2017; Wojtas et al., 2017; Jain et al., 2018) suggest that this – in turn mediated via a complex between the meiotic initiator MEIOSIN and STRA8 (Ishiguro et al., 2020) – would be accomplished by controlling mRNA stability, either stabilizing meiotic transcripts (Abby et al., 2016), destabilizing transcripts of mitotic cell cycle genes (Bailey et al., 2017; Hsu et al., 2017; Soh et al., 2017; Wojtas et al., 2017), or maybe both (Jain et al., 2018).



MEIOTIC LONG NON-CODING RNAs (lncRNAs)

An RNAseq study indicated that the testes exhibit substantially higher expression of both genic and intergenic sequences than any other organ, in different mammalian species (Soumillon et al., 2013). Moreover, this widespread testicular transcription is especially prevalent in meiotic spermatocytes and post-meiotic RS, and has been proposed to be a consequence of the extensive chromatin remodeling, which would promote a permissive chromatin state (Soumillon et al., 2013). Remarkably, this higher expression in testis is especially notorious for lncRNAs (Cabili et al., 2011; Derrien et al., 2012; Soumillon et al., 2013; Necsulea et al., 2014; Hong et al., 2018; Darbellay and Necsulea, 2020); therefore, here we will specifically focus on lncRNAs.

By definition, lncRNAs are RNAs longer than 200 nucleotides (as opposed to sncRNAs) that lack protein-coding potential (Kapranov et al., 2007; Atkinson et al., 2012; Rinn and Chang, 2012), despite some of them might actually encode short functional peptides (Li et al., 2017). They are mostly transcribed by RNA polymerase II, in general show lower expression levels than coding genes, tend to be lowly conserved, and exhibit high tissue- and developmental-specific expression patterns (Cabili et al., 2011; Derrien et al., 2012; Ulitsky and Bartel, 2013; Necsulea et al., 2014; Quinn and Chang, 2016). LncRNAs have been implicated in the regulation of diverse biological processes (Ma et al., 2013; Fatica and Bozzoni, 2014; Wu and Du, 2017; Kopp and Mendell, 2018; Barman et al., 2019; Yao et al., 2019), and some of them have been related to the development of different diseases (Wu and Du, 2017; Sanchez Calle et al., 2018; Barman et al., 2019; Tsagakis et al., 2020), including ovarian and testicular pathologies (Lü et al., 2015; Liu et al., 2017; Das et al., 2018; Li et al., 2018; Zhang et al., 2018; Salemi et al., 2019).

Given its high numbers of expressed lncRNAs, the testis is an ideal system for their study. Moreover, it is believed that at least a subset of them may play important regulatory roles in spermatogenesis (e.g., Luk et al., 2014). A few transcriptomic studies have identified and partially characterized lncRNAs to variable extents in isolated spermatogenic cell types through microarrays (Liang et al., 2014) or strand-specific RNAseq (essential for the accurate identification of antisense lncRNAs), in mouse (Soumillon et al., 2013; Lin et al., 2016; Wichman et al., 2017; Chen et al., 2018; Trovero et al., 2020) and human (Rolland et al., 2019). Most of these studies reported the highest lncRNA numbers in meiotic, and mainly in post-meiotic cells (Soumillon et al., 2013; Lin et al., 2016; Chen et al., 2018; Rolland et al., 2019; Trovero et al., 2020). Interestingly, Chen et al. (2018), whose scRNAseq profiling of discrete cell subtypes was the only study to include D and metaphase I, found very high expression levels of lncRNAs in those cells, which allows to suspect that a high number of lncRNAs might be upregulated at those late meiotic stages.

Concerning meiotic lncRNAs, curiously Chalmel et al. (2014) reported that in rat they are longer than those differentially expressed in other stages due to greater exon length, and this was also reported for human (Rolland et al., 2019), although it was not corroborated for mouse (Trovero et al., 2020).

At least some of the meiotic lncRNAs would most probably be involved in the regulation of meiotic processes, despite few examples are available thus far. One such examples is Mrhl (meiotic recombination hot-spot locus), which is downregulated in spermatogonia upon the activation of the Wnt-signaling pathway (Arun et al., 2012). Mrhl inactivation would cause its release from the promoter of Sox8 (that encodes a developmentally important transcription factor), thus leading to Sox8 upregulation and the expression of genes required for meiotic commitment (Kataruka et al., 2017). LncRNA Tesra, which is transcribed from the Prss/Tessp locus mainly (although not exclusively) in PS, has been shown to bind the promoter of Prss42/Tessp-2 – that encodes an important serine-protease for meiotic progression – and increase its activity (Satoh et al., 2019). Gm2044, which is transcriptionally activated by A-MYB (see above), has been shown to regulate the expression of the synaptonemal complex component-coding gene Sycp1 by acting as a microRNA-sponge in mouse spermatocyte-derived GC-2 cells (Liang et al., 2020). R53, a SINE-containing lncRNA, is associated to meiotic metaphase chromatin and apparently would play an indispensable role for spermatogenesis progression, as its knockdown revealed a remarkable reduction of post-meiotic cells and irregular upregulation of several post-meiotic genes (Nakajima et al., 2017). Similarly, a role for meiosis progression has been suggested for Tsx, an X-linked lncRNA differentially expressed in PS, as knockout mice show increased PS apoptosis (Anguera et al., 2011). On the other hand, 2193 lncRNA has been identified by means of scRNAseq, and shown to play an important role in porcine oocyte maturation through epigenetic modification (Yang et al., 2020).

Of special interest, Ding et al. (2012, 2019) identified lncRNAs that accumulate at their respective gene loci in the fission yeast Schizosaccharomyces pombe, and mediate homologous recognition and robust pairing during meiotic prophase. So far, we ignore whether a similar mechanism may be operative in mammalian meiosis. No doubt, the years to come will shade light on the roles of lncRNAs, including their participation in the regulation of the unique meiotic processes.



MEIOTIC SEX CHROMOSOME INACTIVATION (MSCI) VIEWED FROM THE TRANSCRIPTOMIC PERSPECTIVE

Meiotic sex chromosome inactivation is the epigenetic silencing of the sex chromosomes that takes place in male mammals during meiotic prophase I. It is considered to avoid recombination between non-homologous regions of the sex chromosome pair, and is followed by partial transcriptional reactivation in RS (reviewed in Yan and McCarrey, 2009; Checchi and Engebrecht, 2011; Sin and Namekawa, 2013; Lu and Yu, 2015; Turner, 2015; Daish and Grützner, 2019).

Massive gene expression analyses allow to visualize MSCI in a very graphical way (Figure 2), and hence most transcriptomic studies along spermatogenesis have evaluated the dynamics of X chromosome inactivation and reactivation (Namekawa et al., 2006; Fallahi et al., 2010; Soumillon et al., 2013; Margolin et al., 2014; Sin et al., 2015; Ball et al., 2016; da Cruz et al., 2016; Wichman et al., 2017; Chen et al., 2018; Green et al., 2018; Lukassen et al., 2018; Ernst et al., 2019; Grive et al., 2019; Jung et al., 2019; Shami et al., 2020), which in turn is useful as a means to confirm the robustness of the employed cell-type classification methods and the reliability of the obtained transcriptomic data.


[image: image]

FIGURE 2. Heat maps from different transcriptomic studies evidencing MSCI in mouse. (A) Relative expression levels of 874 X-linked genes, as obtained by microarray analysis, and ordered relative to their chromosome location from centromere to telomere. The different spermatogenic cell populations were purified by FACS. High expression is shown in yellow, and low expression in blue. The figure is reproduced from Fallahi et al. (2010), under the Creative Commons Attribution License. (B) Relative expression levels of X-linked protein-coding genes for FACS-sorted testicular cell populations, resulting from RNAseq analysis (cell-type abbreviations are the same as in Figure 1A,c). The genes are ordered according to their position on the chromosome from p to q. High expression: red; low expression: green. The figure is reproduced from da Cruz et al. (2016), under the Creative Commons Attribution License. (C) Differentially expressed X- and Y-linked mRNAs and lncRNAs between spermatogonia vs. PS, and PS vs. RS, on a red-to-blue scale. The cell populations were purified by STA-PUT, and transcriptomic profiles were obtained through RNAseq. Reprinted from Wichman et al. (2017), with permission from Oxford University Press (license number 4933230295359). (D) Expression patterns of sex chromosome-linked genes along 20 developmental stages, obtained through scRNAseq of synchronized spermatogenic cells (Concerning meiotic cells, L, leptotene; Z, zygotene; eP, early pachytene; mP, middle pachytene; lP, late pachytene; D, diplotene; MI, metaphase I; MII, metaphase II). The genes are grouped according to: MSCI PMSC (post-meiotic sex chromatin silencing), MSCI/escape PMSC, escape MSCI, RS-specific, and other. Colors from yellow to blue represent high to low relative expression levels. The figure is reproduced from Chen et al. (2018), under the Creative Commons Attribution License.


All the above-cited reports agree that gene expression from the sex chromosomes is massively silenced during the P stage. However, while it is accepted that MSCI in primates is less complete than in mice (de Vries et al., 2012; Shami et al., 2020), controversy exists about the extent of mouse MSCI. A number of transcriptomic studies have reported that a few X-linked mRNAs with high expression levels during late meiotic prophase I, would escape MSCI (Soumillon et al., 2013; da Cruz et al., 2016; Wichman et al., 2017; Chen et al., 2018). Contradicting these findings, a couple of recent scRNAseq analyses did not detect MSCI escapees during P/D in mouse (Jung et al., 2019; Shami et al., 2020). On the other hand, it is fairly accepted that a subset of microRNAs escape MSCI (Song et al., 2009; Sosa et al., 2015), albeit this has been controverted as well (Royo et al., 2015). Concerning lncRNAs, although no enough information is available yet, it has been suggested that X- and Y-linked lncRNAs would be mostly subject to MSCI, with a few of them escaping inactivation (Wichman et al., 2017).

In relation to MSCI and the partial post-meiotic reactivation (e.g., Namekawa et al., 2006; Mueller et al., 2008), an interesting finding is the establishment of active epigenetic marks on enhancers and promoters of silent sex chromosomes during meiosis, which would act as epigenetic memory, poising genes for their subsequent activation in RS (Sin et al., 2012; Adams et al., 2018). This would probably be in agreement with a previous observation that specific regions of the sex chromosomes during P retain active chromatin marks (Khalil and Driscoll, 2007). On the other hand, Ernst et al. (2019) reported that in PS, the promoters of spermatid-specific genes on the X chromosome carry high levels of the repressive chromatin mark H3K9me3, which would decrease in RS (observing at least for an analyzed example, a bivalent chromatin state), and suggested that these high H3K9me3 levels could be necessary to prevent premature transcription of X-linked spermatid-specific genes.

In addition, it has been reported that in spite of transcriptional silencing, MSCI would be accompanied by the massive de novo formation of accessible chromatin in the sex chromosomes in PS (Maezawa et al., 2018). In fact, genome-wide chromatin studies (Hi-C, ChIP-seq), some of them in combination with RNAseq, reveal a distinct higher-order chromatin structure in the sex chromosomes during MSCI (Alavattam et al., 2019; Patel et al., 2019; Vara et al., 2019; Wang et al., 2019).



CONCLUSION

Genome-wide characterization of the gene expression programs underlying the unique events that take place along meiotic prophase, and how they are regulated, is essential for the comprehensive understanding of meiosis groundwork. Deepening the knowledge of this extraordinary and highly complex process is indispensable for the development of therapeutic approaches, as the alteration of meiotic events is at the base of numerous pathologies including a high number of idiopathic infertility cases. Methodological advances to allow the analyses of specific cell types among the complex testicular tissue, together with modern omics techniques, provide a broad picture, while starting to disclose a detailed molecular landscape of the different stages of spermatogenesis in mouse, and also in human. These studies, carried out through different approaches and platforms, have often reached some confluent results, and revealed that meiotic spermatocytes, as well as post-meiotic spermatids, have highly complex transcriptomes. Here, we have focused on some of these results, and particularly concerning meiotic prophase gene expression. In synthesis, we highlight that despite early meiotic prophase cells have lower overall expression levels and a less complex transcriptome than other spermatogenic cell types, they differentially express a set of genes related to male meiosis, and in a few cases even to post-meiosis. We point out that transcriptomic analyses allow to appreciate the real magnitude of post-transcriptional regulation and translational delay along the process, showing their massiveness, as well as the switch in gene expression programs during meiotic prophase (particularly the P stage); in turn, this would be accompanied by extensive and sophisticated regulatory mechanisms to guarantee the perfect execution timing of the spermatogenic programs, which is essential for the production of healthy sperm. Transcriptomic studies have also provided an easy way to visualize massive meiotic-specific processes such as MSCI, and compare its extension between different species. Besides, transcriptomic studies have revealed the existence of a higher number of lncRNAs in spermatogenic cells than in any other analyzed cell type or tissue. Important regulatory roles are starting to be revealed for some of these lncRNAs in relation to meiosis, although, no doubt, we have only just begun to see the tip of the iceberg.



AUTHOR CONTRIBUTIONS

AG wrote most of the manuscript. RR-C and RB participated in the design, conception and writing, corrected the manuscript, and approved it for publication. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Comisión Sectorial de Investigación Científica (CSIC), UDELAR (Uruguay), under an I + D Groups 2018 grant to AG and RB.



REFERENCES

Abby, E., Tourpin, S., Ribeiro, J., Daniel, K., Messiaen, S., Moison, D., et al. (2016). Implementation of meiosis prophase I programme requires a conserved retinoid-independent stabilizer of meiotic transcripts. Nat. Commun. 7:10324. doi: 10.1038/ncomms10324

Adams, S. R., Maezawa, S., Alavattam, K. G., Abe, H., Sakashita, A., Shroder, M., et al. (2018). RNF8 and SCML2 cooperate to regulate ubiquitination and H3K27 acetylation for escape gene activation on the sex chromosomes. PLoS Genet. 14:e1007233. doi: 10.1371/journal.pgen.1007233

Alavattam, K. G., Maezawa, S., Sakashita, A., Khoury, H., Barski, A., Kaplan, N., et al. (2019). Attenuated chromatin compartmentalization in meiosis and its maturation in sperm development. Nat. Struct. Mol. Biol. 26, 175–184. doi: 10.1038/s41594-019-0189-y

Anguera, M. C., Ma, W., Clift, D., Namekawa, S., Kelleher, R. J. I. I. I., and Lee, J. T. (2011). Tsx produces a long noncoding RNA and has general functions in the germline, stem cells, and brain. PLoS Genet. 7:e1002248. doi: 10.1371/journal.pgen.1002248

Arun, G., Akhade, V. S., Donakonda, S., and Rao, M. R. (2012). mrhl RNA, a long noncoding RNA, negatively regulates Wnt signaling through its protein partner Ddx5/p68 in mouse spermatogonial cells. Mol. Cell. Biol. 32, 3140–3152. doi: 10.1128/MCB.00006-12

Atkinson, S. R., Marguerat, S., and Bähler, J. (2012). Exploring long non-coding RNAs through sequencing. Semin. Cell Dev. Biol. 23, 200–205. doi: 10.1016/j.semcdb.2011.12.003

Bai, S., Fu, K., Yin, H., Cui, Y., Yue, Q., Li, W., et al. (2018). Sox30 initiates transcription of haploid genes during late meiosis and spermiogenesis in mouse testes. Development 146:dev179978. doi: 10.1242/dev.179978

Bailey, A. S., Batista, P. J., Gold, R. S., Chen, Y. G., de Rooij, D. G., Chang, H. Y., et al. (2017). The conserved RNA helicase YTHDC2 regulates the transition from proliferation to differentiation in the germline. eLife 6:e26116. doi: 10.7554/eLife.26116

Ball, R. L., Fujiwara, Y., Sun, F., Hu, J., Hibbs, M. A., Handel, M. A., et al. (2016). Regulatory complexity revealed by integrated cytological and RNA-seq analyses of meiotic substages in mouse spermatocytes. BMC Genomics 17:628. doi: 10.1186/s12864-016-2865-1

Bao, J., Wu, J., Schuster, A. S., Wu, J., Schuster, A. S., Hennig, G. W., et al. (2013). Expression profiling reveals developmentally regulated lncRNA repertoire in the mouse male germline. Biol. Reprod. 89:107. doi: 10.1095/biolreprod.113.113308

Barman, P., Reddy, D., and Bhaumik, S. R. (2019). Mechanisms of antisense transcription initiation with implications in gene expression, genomic integrity and disease pathogenesis. Noncod. RNA 5, 11. doi: 10.3390/ncrna5010011

Bastos, H., Lassalle, B., Chicheportiche, A., Riou, L., Testart, J., Allemand, I., et al. (2005). Flow cytometric characterization of viable meiotic and postmeiotic cells by Hoechst 33342 in mouse spermatogenesis. Cytometry A 65A, 40–49. doi: 10.1002/cyto.a.20129

Bellvé, A. R. (1993). Purification, culture, and fractionation of spermatogenic cells. Methods Enzymol. 225, 84–113. doi: 10.1016/0076-6879(93)25009-q

Bharti, D., Jang, S. J., Lee, S. Y., Lee, S. L., and Rho, G. J. (2020). In vitro generation of oocyte like cells and their in vivo efficacy: how far we have been succeeded. Cells 9:557. doi: 10.3390/cells9030557

Bolcun-Filas, E., Bannister, L. A., Barash, A., Schimenti, K. J., Hartford, S. A., Eppig, J. J., et al. (2011). A-MYB (MYBL1) transcription factor is a master regulator of male meiosis. Development 138, 3319–3330. doi: 10.1242/dev.067645

Bortvin, A. (2013). PIWI-interacting RNAs (piRNAs) - a mouse testis perspective. Biochemistry 78, 592–602. doi: 10.1134/S0006297913060059

Braun, R. E. (1998). Post-transcriptional control of gene expression during spermatogenesis. Semin. Cell Dev. Biol. 9, 483–489. doi: 10.1006/scdb.1998.0226

Cabili, M. N., Trapnell, C., Goff, L., Koziol, M., Tazon-Vega, B., Regev, A., et al. (2011). Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific subclasses. Genes Dev. 25, 1915–1927. doi: 10.1101/gad.17446611

Chalmel, F., Rolland, A. D., Niederhauser-Wiederkehr, C., Chung, S. S., Demougin, P., Gattiker, A., et al. (2007). The conserved transcriptome in human and rodent male gametogenesis. Proc. Natl. Acad. Sci. U.S.A. 104, 8346–8351. doi: 10.1073/pnas.0701883104

Chalmel, F., Lardenois, A., Evrard, B., Rolland, A. D., Sallou, O., Dumargne, M. C., et al. (2014). High-resolution profiling of novel transcribed regions during rat spermatogenesis. Biol. Reprod. 91:5. doi: 10.1095/biolreprod.114.118166

Checchi, P. M., and Engebrecht, J. (2011). Heteromorphic sex chromosomes: navigating meiosis without a homologous partner. Mol. Reprod. Dev. 78, 623–632. doi: 10.1002/mrd.21369

Chen, Y., Zheng, Y., Gao, Y., Lin, Z., Yang, S., Wang, T., et al. (2018). Single-cell RNA-seq uncovers dynamic processes and critical regulators in mouse spermatogenesis. Cell Res. 28, 879–896. doi: 10.1038/s41422-018-0074-y

da Cruz, I., Rodríguez-Casuriaga, R., Santiñaque, F. F., Farías, J., Curti, G., Capoano, C. A., et al. (2016). Transcriptome analysis of highly purified mouse spermatogenic cell populations: gene expression signatures switch from meiotic-to-postmeiotic-related processes at pachytene stage. BMC Genomics 17:294. doi: 10.1186/s12864-016-2618-1

Dai, P., Wang, X., Gou, L. T., Li, Z. T., Wen, Z., Chen, Z. G., et al. (2019). A translation-activating function of MIWI/piRNA during mouse spermiogenesis. Cell 179, 1566.e16–1581.e16. doi: 10.1016/j.cell.2019.11.022

Dai, P., Wang, X., and Liu, M. F. (2020). A dual role of the PIWI/piRNA machinery in regulating mRNAs during mouse spermiogenesis. Sci. China Life Sci. 63, 447–449. doi: 10.1007/s11427-020-1632-5

Daish, T., and Grützner, F. (2019). Evolution and meiotic organization of heteromorphic sex chromosomes. Curr. Top. Dev. Biol. 134, 1–48. doi: 10.1016/bs.ctdb.2019.01.009

Darbellay, F., and Necsulea, A. (2020). Comparative transcriptomics analyses across species, organs, and developmental stages reveal functionally constrained lncRNAs. Mol. Biol. Evol. 37, 240–259. doi: 10.1093/molbev/msz212

Das, M. K., Furu, K., Evensen, H. F., Haugen, ØP., and Haugen, T. B. (2018). Knockdown of SPRY4 and SPRY4-IT1 inhibits cell growth and phosphorylation of Akt in human testicular germ cell tumours. Sci. Rep. 8:2462. doi: 10.1038/s41598-018-20846-8

de Mateo, S., and Sassone-Corsi, P. (2014). Regulation of spermatogenesis by small non-coding RNAs: role of the germ granule. Semin. Cell. Dev. Biol. 29, 84–92. doi: 10.1016/j.semcdb.2014.04.021

de Vries, M., Vosters, S., Merkx, G., D’Hauwers, K., Wansink, D. G., Ramos, L., et al. (2012). Human male meiotic sex chromosome inactivation. PLoS One 7:e31485. doi: 10.1371/journal.pone.0031485

Derrien, T., Johnson, R., Bussotti, G., Tanzer, A., Djebali, S., Tilgner, H., et al. (2012). The GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene structure, evolution, and expression. Genome Res. 22, 1775–1789. doi: 10.1101/gr.132159.111

Ding, D. Q., Okamasa, K., Katou, Y., Oya, E., Nakayama, J. I., Chikashige, Y., et al. (2019). Chromosome-associated RNA-protein complexes promote pairing of homologous chromosomes during meiosis in Schizosaccharomyces pombe. Nat. Commun. 10:5598. doi: 10.1038/s41467-019-13609-0

Ding, D. Q., Okamasa, K., Yamane, M., Tsutsumi, C., Haraguchi, T., Yamamoto, M., et al. (2012). Meiosis-specific noncoding RNA mediates robust pairing of homologous chromosomes in meiosis. Science 336, 732–736. doi: 10.1126/science.1219518

Ernst, C., Eling, N., Martinez-Jimenez, C. P., Marioni, J. C., and Odom, D. T. (2019). Staged developmental mapping and X chromosome transcriptional dynamics during mouse spermatogenesis. Nat. Commun. 10:1251. doi: 10.1038/s41467-019-09182-1

Evans, E., Hogarth, C., Mitchell, D., and Griswold, M. (2014). Riding the spermatogenic wave: profiling gene expression within neonatal germ and sertoli cells during a synchronized initial wave of spermatogenesis in mice. Biol. Reprod. 90:108. doi: 10.1095/biolreprod.114.118034

Fallahi, M., Getun, I. V., Wu, Z. K., and Bois, P. R. J. (2010). A global expression switch marks pachytene initiation during mouse male meiosis. Genes 1, 469–483. doi: 10.3390/genes1030469

Fatica, A., and Bozzoni, I. (2014). Long non-coding RNAs: new players in cell differentiation and development. Nat. Rev. Genet. 15, 7–21. doi: 10.1038/nrg3606

Feichtinger, J., and McFarlane, R. J. (2019). Meiotic gene activation in somatic and germ cell tumours. Andrology 7, 415–427. doi: 10.1111/andr.12628

Fine, A. D., Ball, R. L., Fujiwara, Y., Handel, M. A., and Carter, G. W. (2019). Uncoupling of transcriptomic and cytological differentiation in mouse spermatocytes with impaired meiosis. Mol. Biol. Cell 30, 717–728. doi: 10.1091/mbc.E18-10-0681

Gan, H., Cai, T., Lin, X., Wu, Y., Wang, X., Yang, F., et al. (2013a). Integrative proteomic and transcriptomic analyses reveal multiple post-transcriptional regulatory mechanisms of mouse spermatogenesis. Mol. Cell. Proteomics 12, 1144–1157. doi: 10.1074/mcp.M112.020123

Gan, H., Wen, L., Liao, S., Lin, X., Ma, T., Liu, J., et al. (2013b). Dynamics of 5-hydroxymethylcytosine during mouse spermatogenesis. Nat. Commun. 4:1995. doi: 10.1038/ncomms2995

Gaysinskaya, V., Miller, B. F., De Luca, C., van der Heijden, G. W., Hansen, K. D., and Bortvin, A. (2018). Transient reduction of DNA methylation at the onset of meiosis in male mice. Epigenet. Chromatin 11:15. doi: 10.1186/s13072-018-0186-0

Gaysinskaya, V., Soh, I. Y., van der Heijden, G. W., and Bortvin, A. (2014). Optimized flow cytometry isolation of murine spermatocytes. Cytometry A 85, 556–565. doi: 10.1002/cyto.a.22463

Geisinger, A., and Benavente, R. (2016). Mutations in genes coding for synaptonemal complex proteins and their impact on human fertility. Cytogenet. Genome Res. 150, 77–85. doi: 10.1159/000453344

Geisinger, A., and Rodríguez-Casuriaga, R. (2010). Flow cytometry for gene expression studies in mammalian spermatogenesis. Cytogenet. Genome Res. 128, 46–56. doi: 10.1159/000291489

Geisinger, A., and Rodríguez-Casuriaga, R. (2017). Flow cytometry for the isolation and characterization of rodent meiocytes. Methods Mol. Biol. 1471, 217–230. doi: 10.1007/978-1-4939-6340-9_11

Getun, I. V., Torres, B., and Bois, P. R. (2011). Flow cytometry purification of mouse meiotic cells. J. Vis. Exp. 50:2602. doi: 10.3791/2602

Gheldof, A., Mackay, D. J. G., Cheong, Y., and Verpoest, W. (2019). Genetic diagnosis of subfertility: the impact of meiosis and maternal effects. J. Med. Genet. 56, 271–282. doi: 10.1136/jmedgenet-2018-105513

Go, V. L. W., Vernon, R. G., and Fritz, I. B. (1971). Studies on spermatogenesis in rats. I. Application of the sedimentation velocity technique to an investigation of spermatogenesis. Can. J. Biochem. 49, 753–760. doi: 10.1139/o71-106

Goh, W. S., Falciatori, I., Tam, O. H., Burgess, R., Meikar, O., Kotaja, N., et al. (2015). piRNA-directed cleavage of meiotic transcripts regulates spermatogenesis. Genes Dev. 2, 1032–1044. doi: 10.1101/gad.260455.115

Gong, W., Linlin, P., Qiang, L., Yuanyuan, Z., Chengqi, X., Xiaomin, Y., et al. (2013). Transcriptome profiling of the developing postnatal mouse testis using next-generation sequencing. Sci. China Life Sci. 56, 1–12. doi: 10.1007/s11427-012-4411-y

Gou, L. T., Dai, P., Yang, J. H., Xue, Y., Hu, Y. P., Zhou, Y., et al. (2014). Pachytene piRNAs instruct massive mRNA elimination during late spermiogenesis. Cell Res. 24, 680–700. doi: 10.1038/cr.2014.41

Green, C. D., Ma, Q., Manske, G. L., Shami, A. N., Zheng, X., Marini, S., et al. (2018). A comprehensive roadmap of murine spermatogenesis defined by single-cell RNA-Seq. Dev. Cell 46, 651.e10–667.e10. doi: 10.1016/j.devcel.2018.07.025

Griswold, M. D. (2016). Spermatogenesis: the commitment to meiosis. Physiol. Rev. 96, 1–17. doi: 10.1152/physrev.00013.2015

Grive, K. J., Hu, Y., Shu, E., Grimson, A., Elemento, O., Grenier, J. K., et al. (2019). Dynamic transcriptome profiles within spermatogonial and spermatocyte populations during postnatal testis maturation revealed by single-cell sequencing. PLoS Genet. 15:e1007810. doi: 10.1371/journal.pgen.1007810

Guo, J., Grow, E. J., Mlcochova, H., Maher, G. J., Lindskog, C., Nie, X. C., et al. (2018). The adult human testis transcriptional cell atlas. Cell Res. 28, 1141–1157. doi: 10.1038/s41422-018-0099-2

Guo, J., Nie, X., Giebler, M., Mlcochova, H., Wang, Y., Grow, E. J., et al. (2020). The dynamic transcriptional cell atlas of testis development during human puberty. Cell Stem Cell 26, 262–276. doi: 10.1016/j.stem.2019.12.005

Hammoud, S. S., Low, D. H., Yi, C., Carrell, D. T., Guccione, E., and Cairns, B. R. (2014). Chromatin and transcription transitions of mammalian adult germline stem cells and spermatogenesis. Cell Stem Cell 15, 239–253. doi: 10.1016/j.stem.2014.04.006

Handel, M. A., and Schimenti, J. C. (2010). Genetics of mammalian meiosis: regulation, dynamics and impact on fertility. Nat. Rev. Genet. 11, 124–136. doi: 10.1038/nrg272

Handel, M. A., Eppig, J. J., and Schimenti, J. C. (2014). Applying “Gold Standards” to in vitro-derived germ cells. Cell 157, 1257–1261. doi: 10.1016/j.cell.2014.05.019

Hann, M. C., Lau, P. E., and Tempest, H. G. (2011). Meiotic recombination and male infertility: from basic science to clinical reality? Asian J. Androl. 13, 212–218. doi: 10.1038/aja.2011.1

Hayashi, K. (2019). In vitro reconstitution of germ cell development. Biol. Reprod. 101, 567–578. doi: 10.1093/biolre/ioz111

Hermann, B. P., Cheng, K., Singh, A., Roa-De, La Cruz, L., Mutoji, K. N., et al. (2018). The mammalian spermatogenesis single-cell transcriptome, from spermatogonial stem cells to spermatids. Cell Rep. 25, 1650.e8–1667.e8. doi: 10.1016/j.celrep.2018.10.026

Hernández-López, D., Geisinger, A., Trovero, M. F., Santiñaque, F. F., Brauer, M., Folle, G. A., et al. (2020). Familial primary ovarian failure associated with a SYCE1 point mutation: defective meiosis elucidated in humanized mice. Mol. Hum. Reprod. 26, 485–497. doi: 10.1093/molehr/gaaa032

Hogarth, C. A., Evanoff, R., Mitchell, D., Kent, T., Small, C., Amory, J. K., et al. (2013). Turning a spermatogenic wave into a tsunami: synchronizing murine spermatogenesis using WIN 18,446. Biol. Reprod. 88:40. doi: 10.1095/biolreprod.112.105346

Hong, S. H., Kwon, J. T., Kim, J., Jeong, J., Kim, J., Lee, S., et al. (2018). Profiling of testis-specific long noncoding RNAs in mice. BMC Genomics 19:539. doi: 10.1186/s12864-018-4931-3

Hsu, P. J., Zhu, Y., Ma, H., Guo, Y., Shi, X., Liu, Y., et al. (2017). Ythdc2 is an N6 -methyladenosine binding protein that regulates mammalian spermatogenesis. Cell Res. 27, 1115–1127. doi: 10.1038/cr.2017.99

Idler, R. K., and Yan, W. (2012). Control of messenger RNA fate by RNA-binding proteins: an emphasis on mammalian spermatogenesis. J. Androl. 33, 309–337. doi: 10.2164/jandrol.111.014167

Iguchi, N., Tobias, J. W., and Hecht, N. B. (2006). Expression profiling reveals meiotic male germ cell mRNAs that are translationally up- and down-regulated. Proc. Natl. Acad. Sci. U.S.A. 103, 7712–7717. doi: 10.1073/pnas.0510999103

Ishiguro, K. I., Matsuura, K., Tani, N., Takeda, N., Usuki, S., Yamane, M., et al. (2020). Meiosin directs the switch from mitosis to meiosis in mammalian germ cells. Dev. Cell. 52, 429–445. doi: 10.1016/j.devcel.2020.01.010

Jain, D., Puno, M. R., Meydan, C., Lailler, N., Mason, C. E., Lima, C. D., et al. (2018). Ketu mutant mice uncover an essential meiotic function for the ancient RNA helicase YTHDC2. eLife 7:e30919. doi: 10.7554/eLife.30919

Jan, S. J., Vormer, T. L., Jongejan, A., Röling, M. D., Silber, S. J., de Rooij, D. G., et al. (2017). Unraveling transcriptome dynamics in human spermatogenesis. Development 144, 3659–3673. doi: 10.1242/dev.152413

Jung, M., Wells, D., Rusch, J., Ahmed, S., Marchini, J., Myers, S., et al. (2019). Unified single-cell analysis of testis gene regulation and pathology in 5 mouse strains. eLife 8:e43966. doi: 10.7554/eLife.43966

Kapranov, P., Cheng, J., Dike, S., Nix, D. A., Duttagupta, R., Willingham, A. T., et al. (2007). RNA maps reveal new RNA classes and a possible function for pervasive transcription. Science 316, 1484–1488. doi: 10.1126/science.1138341

Kataruka, S., Akhade, V. S., Kayyar, B., and Rao, M. R. S. (2017). Mrhl long noncoding RNA mediates meiotic commitment of mouse spermatogonial cells by regulating Sox8 expression. Mol. Cell Biol. 37:e00632-16. doi: 10.1128/MCB.00632-16

Khalil, A. M., and Driscoll, D. J. (2007). Trimethylation of histone H3 lysine 4 is an epigenetic mark at regions escaping mammalian X inactivation. Epigenetics 2, 114–118. doi: 10.4161/epi.2.2.4612

Kierszenbaum, A. L., and Tres, L. L. (1974). Nucleolar and perichromosomal RNA synthesis during meiotic prophase in the mouse testis. J. Cell Biol. 60, 39–53. doi: 10.1083/jcb.60.1.39

Kleene, K. C. (2001). A possible meiotic function of the peculiar patterns of gene expression in mammalian spermatogenic cells. Mech. Dev. 106, 3–23. doi: 10.1016/s0925-4773(01)00413-0

Kleene, K. C. (2013). Connecting cis-elements and trans-factors with mechanisms of developmental regulation of mRNA translation in meiotic and haploid mammalian spermatogenic cells. Reproduction 146, R1–R19. doi: 10.1530/REP-12-0362

Komeya, M., Sato, T., and Ogawa, T. (2018). In vitro spermatogenesis: a century-long research journey, still half way around. Reprod. Med. Biol. 17, 407–420. doi: 10.1002/rmb2.12225

Kopp, F., and Mendell, J. T. (2018). Functional classification and experimental dissection of long noncoding RNAs. Cell 172, 393–407. doi: 10.1016/j.cell.2018.01.011

Kotaja, N. (2014). MicroRNAs and spermatogenesis. Fertil. Steril. 101, 1552–1562. doi: 10.1016/j.fertnstert.2014.04.025

La, H. M., Mäkelä, J. A., Chan, A. L., Rossello, F. J., Nefzger, C. M., Legrand, J. M. D., et al. (2018). Identification of dynamic undifferentiated cell states within the male germline. Nat. Commun. 9:2819. doi: 10.1038/s41467-018-04827-z

Laiho, A., Kotaja, N., Gyenesei, A., and Sironen, A. (2013). Transcriptome profiling of the murine testis during the first wave of spermatogenesis. PLoS One 8:e61558. doi: 10.1371/journal.pone.0061558

Lam, D. M. K., Furrer, R., and Bruce, W. R. (1970). The separation, physical characterization, and differentiation kinetics of spermatogonial cells of the mouse. Proc. Natl. Acad. Sci. U.S.A. 65, 192–199. doi: 10.1073/pnas.65.1.192

Law, N. C., Oatley, M. J., and Oatley, J. M. (2019). Developmental kinetics and transcriptome dynamics of stem cell specification in the spermatogenic lineage. Nat. Commun. 10:2787. doi: 10.1038/s41467-019-10596-0

Lee, K., Haugen, H. S., Clegg, C. H., and Braun, R. E. (1995). Premature translation of protamine 1 mRNA causes precocious nuclear condensation and arrests spermatid differentiation in mice. Proc. Natl. Acad. Sci. U.S.A. 92, 12451–12455. doi: 10.1073/pnas.92.26.12451

Legrand, J. M. D., and Hobbs, R. M. (2018). RNA processing in the male germline: mechanisms and implications for fertility. Semin. Cell Dev. Biol. 79, 80–91. doi: 10.1016/j.semcdb.2017.10.006

Lehtiniemi, T., and Kotaja, N. (2018). Germ granule-mediated RNA regulation in male germ cells. Reproduction 155, R77–R91. doi: 10.1530/REP-17-0356

Li, L. J., Leng, R. X., Fan, Y. G., Pan, H. F., and Ye, D. Q. (2017). Translation of noncoding RNAs: focus on lncRNAs, pri-miRNAs, and circRNAs. Exp. Cell Res. 361, 1–8. doi: 10.1016/j.yexcr.2017.10.010

Li, W., Ning, J. Z., Cheng, F., Yu, W. M., Rao, T., Ruan, Y., et al. (2018). MALAT1 Promotes cell apoptosis and suppresses cell proliferation in testicular ischemia-reperfusion injury by sponging miR-214 to modulate TRPV4 expression. Cell. Physiol. Biochem. 46, 802–814. doi: 10.1159/000488738

Li, W., Park, J. Y., Zheng, D., Hoque, M., Yehia, G., and Tian, B. (2016). Alternative cleavage and polyadenylation in spermatogenesis connects chromatin regulation with post-transcriptional control. BMC Biol. 14:6. doi: 10.1186/s12915-016-0229-6

Li, X. Z., Roy, C. K., Dong, X., Bolcun-Filas, E., Wang, J., Han, B. W., et al. (2013). An ancient transcription factor initiates the burst of piRNA production during early meiosis in mouse testes. Mol. Cell 50, 67–81. doi: 10.1016/j.molcel.2013.02.016

Liang, M., Li, W., Tian, H., Hu, T., Wang, L., Lin, Y., et al. (2014). Sequential expression of long noncoding RNA as mRNA gene expression in specific stages of mouse spermatogenesis. Sci. Rep. 4:5966. doi: 10.1038/srep05966

Liang, M., Wang, H., He, C., Zhang, K., and Hu, K. (2020). LncRNA-Gm2044 is transcriptionally activated by A-MYB and regulates Sycp1 expression as a miR-335-3p sponge in mouse spermatocyte-derived GC-2spd(ts) cells. Differentiation 114, 49–57. doi: 10.1016/j.diff.2020.05.004

Liao, J., Ng, S. H., Luk, A. C. S., Suen, A. H. C., Qian, Y., Tu, J., et al. (2019). Revealing cellular and molecular transitions in neonatal germ cell differentiation using single cell RNA sequencing. Development 146:dev174953. doi: 10.1242/dev.174953

Lin, X., Han, M., Cheng, L., Chen, J., Zhang, Z., Shen, T., et al. (2016). Expression dynamics, relationships, and transcriptional regulations of diverse transcripts in mouse spermatogenic cells. RNA Biol. 13, 1011–1024. doi: 10.1080/15476286.2016.1218588

Liu, Y. D., Li, Y., Feng, S. X., Ye, D. S., Chen, X., Zhou, X. Y., et al. (2017). Long noncoding RNAs: potential regulators involved in the pathogenesis of polycystic ovary syndrome. Endocrinology 158, 3890–3899. doi: 10.1210/en.2017-00605

Lu, L. Y., and Yu, X. (2015). Double-strand break repair on sex chromosomes: challenges during male meiotic prophase. Cell Cycle 14, 516–525. doi: 10.1080/15384101.2014.998070

Lü, M., Tian, H., Cao, Y. X., He, X., Chen, L., Song, X., et al. (2015). Downregulation of miR-320a/383- sponge-like long noncoding RNA NLC1-C (narcolepsy candidate-region 1 genes) is associated with male infertility and promotes testicular embryonal carcinoma cell proliferation. Cell Death Dis. 6:e1960. doi: 10.1038/cddis.2015.267

Luk, A. C., Chan, W. Y., Rennert, O. M., and Lee, T. L. (2014). Long noncoding RNAs in spermatogenesis: insights from recent high-throughput transcriptome studies. Reproduction 147, R131–R141. doi: 10.1530/REP-13-0594

Lukassen, S., Bosch, E., Ekici, A. B., and Winterpacht, A. (2018). Characterization of germ cell differentiation in the male mouse through single-cell RNA sequencing. Sci. Rep. 8:6521. doi: 10.1038/s41598-018-24725-0

Luo, L. F., Hou, C. C., and Yang, W. X. (2016). Small non-coding RNAs and their associated proteins in spermatogenesis. Gene 578, 141–157. doi: 10.1016/j.gene.2015.12.020

Luo, Z., Wang, X., Jiang, H., Wang, R., Chen, J., Chen, Y., et al. (2020). Reorganized 3D genome structures support transcriptional regulation in mouse spermatogenesis. iScience 23:101034. doi: 10.1016/j.isci.2020.101034

Ma, L., Bajic, V. B., and Zhang, Z. (2013). On the classification of long non-coding RNAs. RNA Biol. 10, 925–933. doi: 10.4161/rna.24604

Maezawa, S., Sakashita, A., Yukawa, M., Chen, X., Takahashi, K., Alavattam, K. G., et al. (2020). Super-enhancer switching drives a burst in gene expression at the mitosis-to-meiosis transition. Nat. Struct. Mol. Biol. 27, 978–988. doi: 10.1038/s41594-020-0488-3

Maezawa, S., Yukawa, M., Alavattam, K. G., Barski, A., and Namekawa, S. H. (2018). Dynamic reorganization of open chromatin underlies diverse transcriptomes during spermatogenesis. Nucleic Acids Res. 46, 593–608. doi: 10.1093/nar/gkx1052

Malkov, M., Fisher, Y., and Don, J. (1998). Developmental schedule of the postnatal rat testis determined by flow cytometry. Biol. Reprod. 59, 84–92. doi: 10.1095/biolreprod59.1.84

Maratou, K., Forster, T., Costa, Y., Taggart, M., Speed, R. M., Ireland, J., et al. (2004). Expression profiling of the developing testis in wild-type and Dazl knockout mice. Mol. Reprod. Dev. 67, 26–54. doi: 10.1002/mrd.20010

Margolin, G., Khil, P. P., Kim, J., Bellani, M. A., and Camerini-Otero, R. D. (2014). Integrated transcriptome analysis of mouse spermatogenesis. BMC Genomics 15:39. doi: 10.1186/1471-2164-15-39

Meikar, O., Da Ros, M., Korhonen, H., and Kotaja, N. (2011). Chromatoid body and small RNAs in male germ cells. Reproduction 142, 195–209. doi: 10.1530/REP-11-0057

Meikar, O., Vagin, V. V., Chalmel, F., Sõstar, K., Lardenois, A., Hammell, M., et al. (2014). An atlas of chromatoid body components. RNA 20, 483–495. doi: 10.1261/rna.043729.113

Meistrich, M. L. (1977). Separation of spermatogenic cells and nuclei from rodent testes. Methods Cell Biol. 15, 15–54. doi: 10.1016/s0091-679x(08)60207-1

Monesi, V. (1964). Ribonucleic acid synthesis during mitosis and meiosis in the mouse testis. J. Cell Biol. 22, 521–532. doi: 10.1083/jcb.22.3.521

Mueller, J. L., Mahadevaiah, S. K., Park, P. J., Warburton, P. E., Page, D. C., and Turner, J. M. (2008). The mouse X chromosome is enriched for multicopy testis genes showing postmeiotic expression. Nat. Genet. 40, 794–799. doi: 10.1038/ng.126

Mutz, K. O., Heilkenbrinker, A., Lönne, M., Walter, J. G., and Stahl, F. (2013). Transcriptome analysis using next-generation sequencing. Curr. Opin. Biotechnol. 24, 22–30. doi: 10.1016/j.copbio.2012.09.004

Nakajima, R., Sato, T., Ogawa, T., and Okano, H. (2017). A noncoding RNA containing a SINE-B1 motif associates with meiotic metaphase chromatin and has an indispensable function during spermatogenesis. PLoS One 12:e0179585. doi: 10.1371/journal.pone.0179585

Namekawa, S. H., Park, P. J., Zhang, L. F., Shima, J. E., McCarrey, J. R., Griswold, M. D., et al. (2006). Postmeiotic sex chromatin in the male germline of mice. Curr. Biol. 16, 660–667. doi: 10.1016/j.cub.2006.01.066

Naro, C., Jolly, A., Di Persio, S., Bielli, P., Setterblad, N., Alberdi, A. J., et al. (2017). An orchestrated intron retention program in meiosis controls timely usage of transcripts during germ cell differentiation. Dev. Cell 41, 82.e4–93.e4. doi: 10.1016/j.devcel.2017.03.003

Necsulea, A., Soumillon, M., Warnefors, M., Liechti, A., Daish, T., Zeller, U., et al. (2014). The evolution of lncRNA repertoires and expression patterns in tetrapods. Nature 505, 635–640. doi: 10.1038/nature12943

Page, J., de la Fuente, R., Manterola, M., Parra, M. T., Viera, A., Berríos, S., et al. (2012). Inactivation or non-reactivation: what accounts better for the silence of sex chromosomes during mammalian male meiosis? Chromosoma 121, 307–326. doi: 10.1007/s00412-012-0364-y

Pang, A. L., Johnson, W., Ravindranath, N., Dym, M., Rennert, O. M., and Chan, W. Y. (2006). Expression profiling of purified male germ cells: stage-specific expression patterns related to meiosis and postmeiotic development. Physiol. Genomics 24, 75–85. doi: 10.1152/physiolgenomics.00215.2004

Patel, L., Kang, R., Rosenberg, S. C., Qiu, Y., Raviram, R., Chee, S., et al. (2019). Dynamic reorganization of the genome shapes the recombination landscape in meiotic prophase. Nat. Struct. Mol. Biol. 26, 164–174. doi: 10.1038/s41594-019-0187-0

Quinn, J. J., and Chang, H. Y. (2016). Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet. 17, 47–62. doi: 10.1038/nrg.2015.10

Rinn, J. L., and Chang, H. Y. (2012). Genome regulation by long noncoding RNAs. Annu. Rev. Biochem. 8, 145–166. doi: 10.1146/annurev-biochem-051410-092902

Rodríguez-Casuriaga, R., Santiñaque, F. F., Folle, G. A., Souza, E., López-Carro, B., and Geisinger, A. (2014). Rapid preparation of rodent testicular cell suspensions and spermatogenic stages purification by flow cytometry using a novel blue laser-excitable vital dye. Methods X 1, 239–243. doi: 10.1016/j.mex.2014.10.002

Rolland, A. D., Evrard, B., Darde, T. A., Le Béguec, C., Le Bras, Y., Bensalah, K., et al. (2019). RNA profiling of human testicular cells identifies syntenic lncRNAs associated with spermatogenesis. Hum. Reprod. 34, 1278–1290. doi: 10.1093/humrep/dez063

Romer, K. A., de Rooij, D. G., Kojima, M. L., and Page, D. C. (2018). Isolating mitotic and meiotic germ cells from male mice by developmental synchronization, staging, and sorting. Dev. Biol. 443, 19–34. doi: 10.1016/j.ydbio.2018.08.009

Romrell, L. J., Bellvé, A. R., and Fawcett, D. W. (1976). Separation of mouse spermatogenic cells by sedimentation velocity. A morphological characterization. Dev. Biol. 49, 119–131. doi: 10.1016/0012-1606(76)90262-1

Rossi, P., Dolci, S., Sette, C., Capolunghi, F., Pellegrini, M., Loiarro, M., et al. (2004). Analysis of the gene expression profile of mouse male meiotic germ cells. Gene Exp. Patterns 4, 267–281. doi: 10.1016/j.modgep.2003.11.003

Roy, N. C., Altermann, E., Park, Z. A., and McNabb, W. C. (2011). A comparison of analog and next-generation transcriptomic tools for mammalian studies. Brief. Funct. Genomics 10, 135–150. doi: 10.1093/bfgp/elr005

Royo, H., Seitz, H., ElInati, E., Peters, A. H., Stadler, M. B., and Turner, J. M. (2015). Silencing of X-linked microRNAs by meiotic sex chromosome inactivation. PLoS Genet. 11:e1005461. doi: 10.1371/journal.pgen.1005461

Salemi, M., Cannarella, R., Condorelli, R. A., Cimino, L., Ridolfo, F., Giurato, G., et al. (2019). Evidence for long noncoding RNA GAS5 up-regulation in patients with Klinefelter síndrome. BMC Med. Genet. 20:4. doi: 10.1186/s12881-018-0744-0

Sanchez Calle, A., Kawamura, Y., Yamamoto, Y., Takeshita, F., and Ochiya, T. (2018). Emerging roles of long non-coding RNA in cancer. Cancer Sci. 109, 2093–2100. doi: 10.1111/cas.13642

Satoh, Y., Takei, N., Kawamura, S., Takahashi, N., Kotani, T., and Kimura, A. P. (2019). A novel testis-specific long noncoding RNA, Tesra, activates the Prss42/Tessp-2 gene during mouse spermatogenesis. Biol. Reprod. 100, 833–848. doi: 10.1093/biolre/ioy230

Schultz, N., Hamra, F. K., and Garbers, D. L. (2003). A multitude of genes expressed solely in meiotic or postmeiotic spermatogenic cells offers a myriad of contraceptive targets. Proc. Natl. Acad. Sci. U.S.A. 100, 12201–12206. doi: 10.1073/pnas.1635054100

Shami, A. N., Zheng, X., Munyoki, S. K., Ma, Q., Manske, G. L., Green, C. D., et al. (2020). Single-cell RNA sequencing of human, macaque, and mouse testes uncovers conserved and divergent features of mammalian spermatogenesis. Dev. Cell 54, 529.e12–547.e12. doi: 10.1016/j.devcel.2020.05.010

Shima, J. E., McLean, D. J., McCarrey, J. R., and Griswold, M. D. (2004). The murine testicular transcriptome: characterizing gene expression in the testis during the progression of spermatogenesis. Biol. Reprod. 71, 319–330. doi: 10.1095/biolreprod.103.026880

Sin, H. S., Barski, A., Zhang, F., Kartashov, A. V., Nussenzweig, A., Chen, J., et al. (2012). RNF8 regulates active epigenetic modifications and escape gene activation from inactive sex chromosomes in post-meiotic spermatids. Genes Dev. 26, 2737–2748. doi: 10.1101/gad.202713.112

Sin, H. S., Kartashov, A. V., Hasegawa, K., Barski, A., and Namekawa, S. H. (2015). Poised chromatin and bivalent domains facilitate the mitosis-to-meiosis transition in the male germline. BMC Biol. 13:53. doi: 10.1186/s12915-015-0159-8

Sin, H. S., and Namekawa, S. H. (2013). The great escape: active genes on inactive sex chromosomes and their evolutionary implications. Epigenetics 8, 887–892. doi: 10.4161/epi.25672

Soh, Y. Q. S., Junker, J. P., Gill, M. E., Mueller, J. L., van Oudenaarden, A., and Page, D. C. (2015). A gene regulatory program for meiotic prophase in the fetal ovary. PLoS Genet. 11:e1005531. doi: 10.1371/journal.pgen.1005531

Soh, Y. Q. S., Mikedis, M. M., Kojima, M., Godfrey, A. K., de Rooij, D. G., and Page, D. C. (2017). Meioc maintains an extended meiotic prophase I in mice. PLoS Genet. 13:e1006704. doi: 10.1371/journal.pgen.1006704

Song, R., Ro, S., Michaels, J. D., Park, C., McCarrey, J. R., and Yan, W. (2009). Many X-linked microRNAs escape meiotic sex chromosome inactivation. Nat. Genet. 41, 488–493. doi: 10.1038/ng.338

Soraggi, S., Riera, M., Rajpert-De Meyts, E., Schierup, M. H., and Almstrup, K. (2020). Evaluating genetic causes of azoospermia: what can we learn from a complex cellular structure and single-cell transcriptomics of the human testis? Hum. Genet. 140, 183–201. doi: 10.1007/s00439-020-02116-8

Sosa, E., Flores, L., Yan, W., and McCarrey, J. R. (2015). Escape of X-linked miRNA genes from meiotic sex chromosome inactivation. Development 142, 3791–3800. doi: 10.1242/dev.127191

Soumillon, M., Necsulea, A., Weier, M., Brawand, D., Zhang, X., Gu, H., et al. (2013). Cellular source and mechanisms of high transcriptome complexity in the mammalian testis. Cell Rep. 3, 2179–2190. doi: 10.1016/j.celrep.2013.05.031

Sun, J., Lin, Y., and Wu, J. (2013). Long non-coding RNA expression profiling of mouse testis during postnatal development. PLoS One 8:e75750. doi: 10.1371/journal.pone.0075750

Sun, Y. C., Cheng, S. F., Sun, R., Zhao, Y., and Shen, W. (2014). Reconstitution of gametogenesis in vitro: meiosis is the biggest obstacle. J. Genet. Genomics 41, 87–95. doi: 10.1016/j.jgg.2013.12.008

Suzuki, S., Diaz, V. D., and Hermann, B. P. (2019). What has single-cell RNA-seq taught us about mammalian spermatogenesis? Biol. Reprod. 101, 617–634. doi: 10.1093/biolre/ioz088

Tan, K., Song, H. W., and Wilkinson, M. F. (2020). Single-cell RNAseq analysis of testicular germ and somatic cell development during the perinatal period. Development 147:dev183251. doi: 10.1242/dev.183251

Trovero, M. F., Rodríguez-Casuriaga, R., Romeo, C., Santiñaque, F. F., Benavente, R., Folle, G. A., et al. (2020). Revealing stage-specific expression patterns of long noncoding RNAs along mouse spermatogenesis. RNA Biol. 17, 350–365. doi: 10.1080/15476286.2019.1700332

Tsagakis, I., Douka, K., Birds, I., and Aspden, J. L. (2020). Long non-coding RNAs in development and disease: conservation to mechanisms. J. Pathol. 250, 480–495. doi: 10.1002/path.5405

Tseden, K., Topaloglu, Ö, Meinhardt, A., Dev, A., Adham, I., Müller, C., et al. (2007). Premature translation of transition protein 2 mRNA causes sperm abnormalities and male infertility. Mol. Reprod. Dev. 74, 273–279. doi: 10.1002/mrd.20570

Tsui, V., and Crismani, W. (2019). The Fanconi anemia pathway and fertility. Trends Genet. 35, 199–214. doi: 10.1016/j.tig.2018.12.007

Turner, J. M. (2015). Meiotic silencing in mammals. Annu. Rev. Genet. 49, 395–412. doi: 10.1146/annurev-genet-112414-055145

Ulitsky, I., and Bartel, D. P. (2013). LincRNAs: genomics, evolution, and mechanisms. Cell 154, 26–46. doi: 10.1016/j.cell.2013.06.020

Vara, C., Paytuvi-Gallart, A., Cuartero, Y., Le Dily, F., Garcia, F., Salva-Castro, J., et al. (2019). Three-dimensional genomic structure and cohesin occupancy correlate with transcriptional activity during spermatogenesis. Cell Rep. 28, 352.e9–367.e9. doi: 10.1016/j.celrep.2019.06.037

Veitia, R. A. (2020). Primary ovarian insufficiency, meiosis and DNA repair. Biomed. J. 43, 115–123. doi: 10.1016/j.bj.2020.03.005

Velte, E. K., Niedenberger, B. A., Serra, N. D., Singh, A., Roa-DeLaCruz, L., Hermann, B. P., et al. (2019). Differential RA responsiveness directs formation of functionally distinct spermatogonial populations at the initiation of spermatogenesis in the mouse. Development 146:dev173088. doi: 10.1242/dev.173088

Waldman Ben-Asher, H., Shahar, I., Yitzchak, A., Mehr, R., and Don, J. (2010). Expression and chromosomal organization of mouse meiotic genes. Mol. Reprod. Dev. 77, 241–248. doi: 10.1002/mrd.21139

Wang, L., and Xu, C. (2015). Role of microRNAs in mammalian spermatogenesis and testicular germ cell tumors. Reproduction 149, R127–R137. doi: 10.1530/REP-14-0239

Wang, M., Liu, X., Chang, G., Chen, Y., An, G., Yan, L., et al. (2018). Single-Cell RNA sequencing analysis reveals sequential cell fate transition during human spermatogenesis. Cell Stem Cell 23, 599.e4–614.e4. doi: 10.1016/j.stem.2018.08.007

Wang, Y., Wang, H., Zhang, Y., Du, Z., Si, W., Fan, S., et al. (2019). Reprogramming of meiotic chromatin architecture during spermatogenesis. Mol. Cell 73, 547.e6–561.e6. doi: 10.1016/j.molcel.2018.11.019

Weng, B., Ran, M., Chen, B., He, C., Dong, L., and Peng, F. (2017). Genome-wide analysis of long non-coding RNAs and their role in postnatal porcine testis development. Genomics 109, 446–456. doi: 10.1016/j.ygeno.2017.07.001

Wichman, L., Somasundaram, S., Breindel, C., Valerio, D. M., McCarrey, J. R., Hodges, C. A., et al. (2017). Dynamic expression of long noncoding RNAs reveals their potential roles in spermatogenesis and fertility. Biol. Reprod. 97, 313–323. doi: 10.1093/biolre/iox084

Wojtas, M. N., Pandey, R. R., Mendel, M., Homolka, D., Sachidanandam, R., and Pillai, R. S. (2017). Regulation of m6A transcripts by the 3’/5’ RNA helicase YTHDC2 is essential for a successful meiotic program in the mammalian germline. Mol. Cell 68, e312–e387. doi: 10.1016/j.molcel.2017.09.021

Wu, T., and Du, Y. (2017). LncRNAs: from basic research to medical application. Int. J. Biol. Sci. 13, 295–307. doi: 10.7150/ijbs.16968

Yadav, R. P., and Kotaja, N. (2014). Small RNAs in spermatogenesis. Mol. Cell. Endocrinol. 382, 498–508. doi: 10.1016/j.mce.2013.04.015

Yan, W., and McCarrey, J. R. (2009). Sex chromosome inactivation in the male. Epigenetics 4, 452–456. doi: 10.4161/epi.4.7.9923

Yang, C. X., Wang, P. C., Liu, S., Miao, J. K., Liu, X. M., Miao, Y. L., et al. (2020). Long noncoding RNA 2193 regulates meiosis through global epigenetic modification and cytoskeleton organization in pig oocytes. J. Cell Physiol. 235, 8304–8318. doi: 10.1002/jcp.29675

Yao, R. W., Wang, Y., and Chen, L. L. (2019). Cellular functions of long noncoding RNAs. Nat. Cell Biol. 21, 542–551. doi: 10.1038/s41556-019-0311-8

Yoshida, S., Sukeno, M., Nakagawa, T., Ohbo, K., Nagamatsu, G., Suda, T., et al. (2006). The first round of mouse spermatogenesis is a distinctive program that lacks the self-renewing spermatogonia stage. Development 133, 1495–1505. doi: 10.1242/dev.02316

Zhang, X., Hao, L., Meng, L., Liu, M., Zhao, L., Hu, F., et al. (2013). Digital gene expression tag profiling analysis of the gene expression patterns regulating the early stage of mouse spermatogenesis. PLoS One 8:e58680. doi: 10.1371/journal.pone.0058680

Zhang, X., Zhang, P., Song, D., Xiong, S., Zhang, H., Fu, J., et al. (2018). Expression profiles and characteristics of human lncRNAs in normal and asthenozoospermia sperm. Biol. Reprod. 100, 982–993. doi: 10.1093/biolre/ioy253

Zhu, Z., Li, C., Yang, S., Tian, R., Wang, J., Yuan, Q., et al. (2016). Dynamics of the transcriptome during human spermatogenesis: predicting the potential key genes regulating male gametes generation. Sci. Rep. 6:19069. doi: 10.1038/srep19069


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 Geisinger, Rodríguez-Casuriaga and Benavente. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Transcriptomics of Meiosis in the Male Mouse



		INTRODUCTION



		STRATEGIES FOR THE OBTAINMENT OF MEIOTIC CELLS FOR RNASEQ



		GENE EXPRESSION IN EARLY MEIOTIC PROPHASE



		THE LAG BETWEEN TRANSCRIPTION AND TRANSLATION



		MEIOTIC LONG NON-CODING RNAS (LNCRNAS)



		MEIOTIC SEX CHROMOSOME INACTIVATION (MSCI) VIEWED FROM THE TRANSCRIPTOMIC PERSPECTIVE



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Cell and Developmental Biology






OPS/images/fcell-09-626020-g001.jpg
a) b)

d7 d10 d12 d14

Spermatogonia

— 528l probesets

d7 d10 d12

d)

Biological process

di4 d17

fertilization;
RN 7 etabohc Protein PiRNA
i processes; ~folding; 13 metabolic
transport lO'\_\ 18 processes;
chromosome DNA
organization; methy lation;
31 s

DNA repair;
9

acrosome
assembly; 3

sperm
motility; 10

pre-Leptotene

+————— 20 meiotic samples ———»

c) Gotor Koy

1505 05 15
Row Z-Score

Leptotene/Zygotene
early Pachytene

mid Pachytene

late Pachytene
Round spermatids

Diplotene

Cluster
Probe set

#1:2048 ps

#2232 ps

#3544 ps

#4:520 ps

#5:450 ps

#6485 ps

#7:686 ps

#8:316 ps

0 | 5

PND 7/14 Early spermatocytes

Cellular component

male germ
cell nucleus;
7 flagellum; ——

10

nuclear
chromosome
art;

cilium part;

acrosomal
membrane; 4

nucleosome;
7
axoneme; 7

condensed %40‘?]?;%
nuclear :

chromosome
;6

centrosome;
25

reproductive process (148)

reproduction (154)
single organlsm reproduc1we process (1 47

cellular

roducti 138

gamete generation (1 25

exual reproduction (148

germ cell development (4

ciliumassembly (26’

ciliummorphogenesis (35,
spermats ogeness (123

fert 0N (40) ke

spermatld dlfferentlatlon (42

e)

Down-regulated genes in Sox307 PS

-Log10(P Value)

0 10 20 30
spermatogenesis
cell differentiation
sperm motility
multicellular organism development
fusion of sperm to egg plasma membrane
spermatid development

h

binding of sperm to zona pellucida
intracellular signal transduction
sperm capacitation

sperm-egg containing m‘CTO‘}’bU]e microtubule;
recognition; T-compl, associate; 21
7 plex;
g %
o e n b ok === - ukh
Lol o | 2]l ~|n] » |o|=|-lilaolv]=]e5|2]S]S2] 5 | 5 |

MITOSIS——MEIOSIS

Appearance 0
(days postpartum)

10-1112

28

25

21






OPS/images/fcell-09-626020-g002.jpg
sphew.adsg punoy

susyodi
QURAYDRY 18|
QudAYdEY PIW

QUK YR AlIBd
2U3108A7/3us10)da
suajoyde-aud

eluogoyewIads

Reactivation

MSCI

Abundance

mRNAs IncRNAs IncRNAs

mRNAs

Cc

ﬂm
il
ﬂw
i

OSINd
IOSIN

plieuLaas punoy
2 phewsads punoy
T phiewlads punoy
€ audlAydeq
T aualAyded
2 dudiAyoed

€ QudAyded
2 2udlAyded
T 2ualAyoed
¢ eluoborewsads
Z eluoborewsads
1 eluobolrewsads

€ pliewladas punoy

phiewads punoy
phewiads punoy
€ audlAyded |
Z 2udiAydeq
1 auaiAyded

€ dUaNYdBd
T auaAyoeq
2 SudlAyded
€ eluobolrewsads
Z eluoborewuads
1 eluobolrewsads

z-score (TPM, log2)

OSINd @deos3 11
1OSIN ISINEEINle}

+2

I
h

Row Z-Score
0

Ef%ssﬂgg








OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





