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A distinguishing feature of meiotic DNA double-strand breaks (DSBs), compared to DSBs in somatic cells, is the fact that they are induced in a programmed and specifically orchestrated manner, which includes chromatin remodeling prior to DSB induction. In addition, the meiotic homologous recombination (HR) repair process that follows, is different from HR repair of accidental DSBs in somatic cells. For instance, meiotic HR involves preferred use of the homolog instead of the sister chromatid as a repair template and subsequent formation of crossovers and non-crossovers in a tightly regulated manner. An important outcome of this distinct repair pathway is the pairing of homologous chromosomes. Central to the initial steps in homology recognition during meiotic HR is the cooperation between the strand exchange proteins (recombinases) RAD51 and its meiosis-specific paralog DMC1. Despite our understanding of their enzymatic activity, details on the regulation of their assembly and subsequent molecular organization at meiotic DSBs in mammals have remained largely enigmatic. In this review, we summarize recent mouse data on recombinase regulation via meiosis-specific factors. Also, we reflect on bulk “omics” studies of initial meiotic DSB processing, compare these with studies using super-resolution microscopy in single cells, at single DSB sites, and explore the implications of these findings for our understanding of the molecular mechanisms underlying meiotic HR regulation.
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INTRODUCTION

Meiotic prophase I in vertebrates begins with programmed induction of DNA double-strand breaks (DSBs) in leptotene [reviewed by Lam and Keeney (2015)]. Somewhat later, coalignment, or pairing, of the homologous chromosomal axes (axial elements) at a distance of ∼400 nm from each other can be observed [reviewed by Zickler and Kleckner (2015)]. As prophase progresses to zygotene, these paired homologs are drawn closer to each other through the assembly of the synaptonemal complex (SC), which physically connects the chromosomal axes at a distance of approximately ∼200 nm (Schücker et al., 2015). The progression of homologous chromosome pairing and synapsis is functionally linked to the concomitant progression of DSBs repair by the specialized meiotic homologous recombination (HR) pathway. By pachytene, the SC assembly (synapsis) along the homologs is complete, and toward the end of pachytene (almost) all meiotic DSBs have been repaired.

Until now, the molecular details of the precise events that lead from meiotic DSB repair to homologous chromosome synapsis have remained obscure. However, advancements in whole-genome analyses and the complementary application of super-resolution microscopy have revealed a plethora of novel information regarding the localization and function of several proteins that are critical to meiotic HR repair and subsequent chromosome pairing in mice (Hinch et al., 2019; Shi et al., 2019; Paiano et al., 2020; Slotman et al., 2020). In this review, we aim to integrate these novel findings to better understand the initial steps of meiotic HR in mice.



RECOMBINATION INITIATION DURING MEIOTIC PROPHASE I

In mouse, recombination initiation is triggered by the generation of DSBs by SPO11 and TOPOVIBL in early leptotene (Bergerat et al., 1997; Keeney et al., 1997; Robert et al., 2016a, b). This topoisomerase complex requires several accessory proteins (HORMAD1/REC114/MEI4/MEI1/IHO1/ANKRD31) to ensure (efficient) DSB formation (Kumar et al., 2015, 2018; Stanzione et al., 2016; Boekhout et al., 2019; Papanikos et al., 2019; Acquaviva et al., 2020). According to the model proposed by Kleckner (2006), DSBs occur in chromatin loops after they have become tethered to the chromosomal axis. This axis association of DSB formation is thought to be critical for converting local DNA repair interactions to whole chromosome coalignment during pairing (Zickler and Kleckner, 2015).

Recombination initiation by SPO11/TOPOVIBL is non-random, as was clearly shown by ChIP-seq analyses of meiotic recombinases along with SPO11-oligo sequencing (DNA fragments covalently attached to SPO11 after initial DSB-processing), which have revealed the locations of the many recombination hotspots (Smagulova et al., 2011; Brick et al., 2012). These hotspots are defined by H3K4me3/H3K36me3 signatures, induced by the meiosis-specific histone methyltransferase PRDM9 (Hayashi et al., 2005; Baudat et al., 2010; Berg et al., 2010; Parvanov et al., 2010; Powers et al., 2016). In Prdm9 knockout mice, DSBs are still induced at other H3K4me3 modified sites, such as enhancers, and the chromatin environment at these aberrant locations may contribute to the impaired DSB repair, causing sterility or reduced fertility depending on genetic background (Hayashi et al., 2005; Brick et al., 2012; Mihola et al., 2019).



END PROCESSING AND ASSEMBLY OF ssDNA BINDING PROTEINS AT THE BREAK SITE

Our understanding of break processing following SPO11-mediated recombinase initiation is based on yeast data, in which, Mre11-Rad50-Xrs2 (MRE11-RAD50-NBS1 in M. musculus or so-called the MRX/MRN complex) along with Sae2 endonuclease nick the Spo11 bound strand (Mimitou and Symington, 2008; Cannavo and Cejka, 2014). This serves as an entry point for Mre11 mediated 3′–5′ resection and Exo1 and Dna2 mediated 5′–3′ resection, resulting in the release of Spo11 bound oligos and generation of 3′ resected single-stranded DNA (ssDNA) (Neale et al., 2005; Mimitou and Symington, 2008; Zhu et al., 2008; Zakharyevich et al., 2010; Garcia et al., 2011; Keelagher et al., 2011; Cannavo and Cejka, 2014; Mimitou et al., 2017). In mice, DSB processing is thought to be similar with a conserved role for MRN/MRX complex. However, EXO1 appears to be redundant with other long range resection mechanisms (Zhang B. et al., 2020; Paiano et al., 2020; Yamada et al., 2020).

The resulting ssDNA is then bound by the RPA complex and meiosis-specific ssDNA binding proteins SPATA22 and MEIOB (La Salle et al., 2012; Luo et al., 2013; Souquet et al., 2013; Hays et al., 2017). These proteins colocalize extensively when foci first appear in leptotene, their numbers peak in zygotene, and subsequently decline in early pachytene (Souquet et al., 2013; Ishishita et al., 2014; Hays et al., 2017). In fact, MEIOB and SPATA22 form an obligate complex, which facilitates its interaction with subunits of the RPA complex (Xu et al., 2017). However, the functional significance of these interactions is not completely clear, and the recruitment of both RPA and MEIOB/SPATA22 to DSB foci can occur independently (Shi et al., 2019). Interestingly, the absence of MEIOB/SPATA22 has no impact on recombinase recruitment in leptotene (Luo et al., 2013; Ishishita et al., 2014), while in absence of RPA, recombinase loading at meiotic breaks is completely abrogated (Shi et al., 2019). Thus, of these ssDNA binding proteins, only the RPA complex is indispensable for initial recombinase assembly at meiotic DSBs. However, despite normal recombinase recruitment in leptotene, the absence of MEIOB/SPATA22 is associated with a dramatic reduction in RAD51 and DMC1 foci numbers in late zygotene (Souquet et al., 2013; Ishishita et al., 2014). This phenotype is most likely due to a failure to maintain recombinase proteins at the DSBs and not because of faster repair, since the number of RPA foci remains high in Meiob and Spata22 knockout spermatocytes (Luo et al., 2013; Ishishita et al., 2014).



REGULATION OF RECOMBINASE ASSEMBLY AT MEIOTIC DSBs

As meiosis progresses, ssDNA binding proteins at meiotic DSBs are gradually replaced by the recombinases RAD51 and DMC1 (Moens et al., 2002). Homology search and strand exchange in meiosis are thought to be performed by the meiosis-specific DMC1 while RAD51 plays an accessory role (Cloud et al., 2012; Da Ines et al., 2013; Hong et al., 2013). This idea is mainly based on functional genetic analyses in yeast. Similarly, in mouse, knockout of Dmc1 leads to a failure to repair meiotic DSBs, causing aberrant and incomplete synapsis in both sexes. Still, RAD51 foci accumulation appears normal (Pittman et al., 1998; Yoshida et al., 1998). Knockout of RAD51 leads to an embryonic lethal phenotype (Lim and Hasty, 1996; Tsuzuki et al., 1996), but an in vivo knockdown approach provided indications that DMC1 plays a more dominant role in meiotic DSB repair compared to RAD51 (Dai et al., 2017).

Loading of meiotic recombinase at DSBs sites require several proteins in both somatic and meiotic cells. Here, we restrict ourselves to the components that are most directly involved in the actual transfer of the recombinases onto the ssDNA. Similar to HR in mitotic cells, recombinase loading in meiosis is thought to be directly mediated by BRCA2 (reviewed by Zelensky et al., 2014). However, details of the precise meiotic roles of BRCA2 are missing as knockout of the gene is embryonic lethal (Hakem et al., 1998; Gudmundsdottir and Ashworth, 2004). Nevertheless, Brca2 knockout mice expressing human BRCA2 rescues embryonic lethality, but the lack of expression in meiotic cells impairs recombinase recruitment and synapsis (Sharan et al., 2004). This confirms the critical role of BRCA2 in recombinase loading in meiosis. In addition, in vitro analyses have shown direct interaction between BRCA2 and DMC1 (Dray et al., 2006; Thorslund et al., 2007; Martinez et al., 2016). Thus, it is plausible that the mediator model established in somatic HR is applicable in meiotic HR: BRCA2 delivers RAD51 and DMC1 to meiotic DSBs and facilitates orderly replacement of the ssDNA-binding proteins with the recombinase nucleoprotein filaments. Still, it is unclear how the mediator function of BRCA2 extends to the meiosis-specific ssDNA binding proteins MEIOB/SPATA22 and even to DMC1, as a Brca2 point mutation affecting the residue essential for BRCA2-DMC1 interaction in vitro did not result in the expected meiotic defect (Biswas et al., 2012). Another BRCA2 interactor, SWSAP1, and its partner in the Shu complex SWS1, are both essential for mouse meiosis (Matsuzaki et al., 2019). In absence of either Shu component, RAD51 and DMC1 foci numbers are strongly reduced, which may well be due to reduced stability of the filaments (Abreu et al., 2018; Matsuzaki et al., 2019).

In somatic cells, stable accumulation of RAD51 also requires direct interactions of BRCA2 with its “partner and localizer” PALB2 (Xia et al., 2006). Mouse spermatocytes with a Brca2 mutation impairing PALB2-BRCA2 interaction displayed a reduced number of RAD51 foci (Hartford et al., 2016). PALB2 forms a complex with the tumor suppressor protein BRCA1, which is thought to help in the accumulation of PALB2 at damage sites (Zhang et al., 2009a, b). Indeed, recombinase accumulation is also impaired in Brca1 mutant mice (Xu et al., 2003). We and others have recently identified a novel, germ cell specific BRCA2 associated protein complex comprising HSF2BP (or MEILB2) and BRME1 (or MEIOK21/C19orf57), and proposed that this complex functions as meiotic BRCA2 localizer, analogous to the function of PALB2 (Zhang et al., 2019; Brandsma et al., 2019; Felipe-Medina et al., 2020; Shang et al., 2020; Takemoto et al., 2020; Zhang J. et al., 2020). Consistent with this hypothesis, Hsf2bp (Brandsma et al., 2019; Zhang et al., 2019) and (to a lesser extent) Brme1 knockout mice (Zhang J. et al., 2020; Felipe-Medina et al., 2020; Shang et al., 2020) show a strong reduction in meiotic recombinase RAD51/DMC1 foci numbers, associated with severe meiotic defects in males. Interestingly, these proteins are critical only for male fertility while their absence in females has only minor consequences (Zhang et al., 2019; Brandsma et al., 2019; Felipe-Medina et al., 2020; Shang et al., 2020; Takemoto et al., 2020; Zhang J. et al., 2020). This suggests that recombinase loading might be differentially regulated in female mice.

Detection of RPA, SPATA22 and MEIOB in HSF2BP and/or BRME1 co-immunoprecipitates has led to the suggestion that HSF2BP and BRME1 may act as adaptors between BRCA2 and the ssDNA binding protein-coated 3′ overhang of the resected DSB, again not unlike the PALB2 paradigm (Murphy et al., 2014). How PALB2, HSF2BP, and BRME1 divide their BRCA2 localizer roles in meiosis among each other, and how these combine with the intrinsic DNA-binding activity of BRCA2, and its ability to autonomously stimulate recombinases in vitro remains to be established. Alternatively, an observed inhibitory effect of HSF2BP on somatic HR caused by its stimulation of proteasomal degradation of BRCA2 (Sato et al., 2020), suggests that HSF2BP (also) affects BRCA2 turnover. The precise functions and regulation of BRCA2 in meiosis may be revealed when better antibodies or other (live) imaging tools for reliable monitoring of BRCA2 abundance and localization in meiocytes become available. An obviously required specialization of BRCA2 in meiosis is the need to assemble RAD51 as well as DMC1 in functional filaments, so it might be speculated that HSF2BP and BRME1 are involved in regulating the meiosis-specific transition from RPA/MEIOB/SPATA22 loaded ssDNA to appropriately assembled RAD51 and DMC1 filaments. But what is the precise molecular organization of these proteins on the ssDNA?



MOLECULAR ARRANGEMENT OF RPA, RAD51, and DMC1 FILAMENTS IN NANOFOCI AT MEIOTIC DSBs

RPA and the recombinases RAD51 and DMC1 are sequentially loaded on the processed ssDNA ends of a DSBs. In this process, the recombinases are thought to replace RPA in the first steps toward strand invasion events. In addition, once strand invasion has been successful, RPA is thought to accumulate on the displaced strand (D-loop). The organization of RPA, RAD51 and DMC1 on meiotic repair intermediates has been analyzed using two different approaches in the mouse. On the one hand, specific ChIP-seq approaches (Smagulova et al., 2011; Hinch et al., 2019, 2020) have been used to study, in bulk cell data, the accumulation of these proteins on ssDNA. On the other hand, there is single cell, and even single repair focus data from fluorescent super-resolution microscopy approaches (Brown et al., 2015; Yoon et al., 2018; Slotman et al., 2020). Fluorescent super-resolution microscopy techniques (for example SIM, STED, dSTORM, and expansion microscopy) bypass the diffraction limit, which restricts the resolution of light microscopy to ∼250 nm (see Figure 1).
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FIGURE 1. Most commonly used fluorescent super-resolution microscopy techniques in meiosis research. (A) Structured illumination microscopy (SIM) – SIM uses a movable diffraction grating in combination with widefield microscopy. By exciting the sample and simultaneously translating and rotating the grid, an interference pattern—also called a Moiré pattern—occurs which contains more detailed information. Using mathematical tools these images are converted to one image with a lateral resolution up to ∼115 nm (Guerra, 1995; Gustafsson, 2000). (B) Stimulated emission depletion (STED) – In addition to the excitation laser, STED microscopy includes a second laser that generates a donut shaped STED beam of a longer wavelength that induces stimulated emission of any fluorophore that is not located at the center of the STED beam. This physically narrows the point spread function and therefore increases the lateral resolution up to ∼70 nm (Galbraith and Galbraith, 2011). (C) Direct Stochastic optical reconstruction microscopy(dSTORM) – dSTORM microscopy can provide high resolution images with a lateral resolution of ∼20 nm. Fluorophores are stochastically activated by increasing the switch between active and dark-state using an oxygen-reducing buffer and high laser power. Images are generated by combining individual localization signals which are recorded over time (Rust et al., 2006). It should be noted that although single molecules can be detected, the exact number of target proteins present cannot be quantified due to the indirect detection method, using fluorescent antibodies. (D) Expansion microscopy (ExM) – Expansion microscopy is a method to increase resolution by enlargement of the sample. This enlargement makes use of a swelling polymer that expand (swelling polymer) samples directly or indirectly (Chen et al., 2015). ExM can be combined with other microscopy techniques resulting in ExM-SIM, ExSTORM or ExSTED with a resolution increase of ∼3–4x fold (Gao et al., 2018; Wang et al., 2018; Xu et al., 2019; Zwettler et al., 2020).


In meiosis, initial super-resolution microscopy data was mostly focused on the molecular platform of meiotic DSB repair; the SC (Schücker et al., 2015; Agostinho et al., 2018; Zwettler et al., 2020) and the associated meiotic cohesion components (Agostinho et al., 2016; Ishiguro and Watanabe, 2016; Rong et al., 2016). Structured illumination microscopy (SIM), with a resolution of ∼115 nm (Gustafsson, 2005), is a perfect tool to resolve the lateral elements of the SC, which was not possible with confocal microscopy but earlier shown with electron microscopy (Solari and Moses, 1973; Moses et al., 1975). Using this technique, RPA localization relative to the axial (unsynapsed) and lateral elements of the SC was analyzed by Yoon et al. (2018). They observed that in zygotene, many of the RPA foci localized on the inner side of the still unsynapsed SYCP3 axial elements, and between the synapsed lateral elements in pachytene. These were proposed to represent sites where RPA is associated with D-loops, as also suggested from the ChIP-seq analyses of ssDNA by Hinch et al. (2020). The SIM analyses also allowed a more precise measurement of the foci size which was estimated between 170–270 nm (Yoon et al., 2018). Other super-resolution techniques like STED and dSTORM can obtain even higher resolution, and can visualize relative protein distributions inside the classical repair foci (Hell and Wichmann, 1994; Rust et al., 2006). A further ∼3–4 fold increase in resolution can be achieved by combining expansion microscopy with the above mentioned super-resolution techniques (see Figure 1; Gao et al., 2018; Wang et al., 2018; Xu et al., 2019).

Localization patterns of RAD51 and DMC1 have been investigated in different species, using different methods. Standard widefield and confocal microscopy imaging have indicated colocalization of RAD51 and DMC1 in mouse meiocytes (Tarsounas et al., 1999; Moens et al., 2002; Carofiglio et al., 2018), but in A. thaliana, non-overlapping RAD51/DMC1 foci were observed (Kurzbauer et al., 2012). This has led to the hypothesis that RAD51 and DMC1 were loaded on opposite ends of DSBs. In C. elegans, that lacks DMC1, ∼60% of RAD51 was observed in paired foci using 3D-SIM (Woglar and Villeneuve, 2018). Interestingly, in yeast, the appearance of partially overlapping RAD51-DMC1 co-foci has been reported (Brown et al., 2015). Subsequent analyses of RAD51 and DMC1 nanofoci using single color dSTORM, indicated that variable combinations of relatively short (∼100 nm length) RAD51 and DMC1 filaments might be present within a single focus (Brown et al., 2015). However, in mice, high resolution ssDNA ChIP-seq of DMC1 and RAD51 indicated highly organized and symmetric loading of DMC1 near the 3′ ends and RAD51 signal closer to the dsDNA (Hinch et al., 2020). This spatial organization of RAD51 and DMC1 agreed with the SIM data reported by the same group, which showed partially overlapping RAD51-DMC1 foci in close proximity to the SC, where RAD51 was closest (Hinch et al., 2020). Dual color dSTORM analyses in combination with 3D-SIM of mouse spermatocytes also showed that DMC1 is further away from the axis than RAD51 (Slotman et al., 2020). In yeast, this organization was already suggested by the inferred preference of RAD51 to form filaments in 3′–5′ direction, while that of DMC1 would be in 5′–3′ (see Figure 2A, left) from in vitro data analysis of directionality in a four-strand reaction (reviewed in Brown and Bishop, 2014). Although the microscopy data at present cannot be translated into an actual organization of filaments on the DNA, combined with the ssDNA ChIP-seq analyses it might be speculated that DMC1 coated ssDNA end has more freedom of movement compared to the RAD51 coated region closer to the dsDNA (and thus to the SC), when searching for homology (Zickler and Kleckner, 2015; Hinch et al., 2020; Slotman et al., 2020). However, contrary to the ChIP-seq data, our super-resolution analysis revealed much less strict-organized RAD51 and DMC1 structures. A bit more than half of the foci in leptotene contain a single DMC1 and a single RAD51 nanofocus (termed D1R1). The second most frequent structure (∼20%) contained two DMC1 nanofoci, and a single, more elongated RAD51 structure (termed D2R1). In addition, the pairing of two RAD51-DMC1 co-foci (two D1R1,D2R1, or other, in any combination) was hardly observed (Slotman et al., 2020). Still, a lack of clear observation of co-foci might be explained if two ends of a DSB are at variable distances. This interpretation would best fit with the expected occurrence of co-foci that each consist of a single DMC1 and RAD51 nanofocus based on the ssDNA ChIP-seq analyses. In addition, or alternatively, (some of the) foci might represent one end of a DSB while the other end is “invisible” because it is still unresected, or associated with other DNA repair factors such as RPA (Paiano et al., 2020). We also cannot exclude that in some foci, the two ends of the DSBs are too close together to be separated even by dSTORM (see Figure 2B). It might be that recombinase loading patterns as described by Hinch et al. (2020) are a consequence of the signal averaging effect that bulk cell analysis could yield (see Figure 2A, combine hypothetical variable recombinase loading patterns shown on the left, with the subsequent expected outcome of ChIP-seq analyses shown on the right). The actual RAD51 and DMC1 loading patterns at individual sites might be more stochastic and thus highly variable (see Figures 2A,B). Nonetheless, both microscopic and omic approaches are consistent with the observation that RAD51 and DMC1 generally form spatially separate structures (Brown et al., 2015; Hinch et al., 2020; Slotman et al., 2020). This implies that BRCA2 somehow loads separate cargos of these proteins on the resected ends. However, the precise mechanism driving this process is still elusive.
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FIGURE 2. Schematic models interpreting bulk and single-cell data on recombinase loading at individual DSBs in mouse meiosis. (A) (left)The location of initial RAD51 and DMC1 loading on ssDNA might be random. The suggested directionality to their filament formation (Brown and Bishop, 2014) could subsequently lead to the RAD51 filaments extending in 3′–5′ direction while DMC1 filaments extending in 5′–3′ direction. The resulting ssDNA would then be occupied with a varying composition of RAD51 and DMC1 recombinases as represented in 1–3. It is equally possible that multiple short stretches of RAD51 and DMC1 filaments are assembled on ssDNA as shown in 4. (right) is a schematic drawing of putative RAD51 and DMC1 ChIP-seq reads corresponding to their loading on individual break sites as depicted in 1–4. The bulk cell nature of ChIP-seq analysis would then yield density plots as indicated in the cartoon, inspired from the RAD51 and DMC1 ChIP-seq analysis from Hinch et al. (2020). (B) Super-resolution imaging of DSB repair foci in mice revealed various configurations of DMC1 (D, red oval) and RAD51 (R, green oval). The most frequent configuration, D1R1, can be interpreted in three ways: Assuming that the recombinase foci with a preferred nearest neighbor distance of around ∼800 nm (Slotman et al., 2020) represent two ends of DSB, D1R1 can be interpreted as DMC1-RAD51 pairs loaded symmetrically across two ends of DSB. Alternatively, D1R1 configuration might also be the result of two ends of DSB each loaded with DMC1-RAD51 pairs that end up so close (<50 nm) that they could not be resolved even with super-resolution microscopy. It is equally possible that one end of DSB might be occupied by other ssDNA binding proteins or is being processed while the other end is loaded with DMC1-RAD51 pair. Secondly, based on the paired foci observed in other species and according to ChIP-seq data, a D2R2 can be interpreted as a subset of D1R1 loaded ends of a DSB that lie within the ROI (<600 nm). However, this configuration is rare. Besides these configurations, other configurations such as D2R1 and D1R2 (of which D2R1 is the second most frequent configuration) consisting of a smaller DMC1 or RAD51 foci along with a D1R1 have been observed rather frequently. These configurations may be interpreted as the presence of a single DMC1 or RAD51 focus on the other end of DSB occupied by a D1R1, or an extra focus on the same ssDNA accommodating a D1R1. Other interpretations of these recombinase configurations are also possible. ROI: region of interest Scale bar representing 250 nm. Binary super-resolution images of RAD51 and DMC1 configurations are derived from Slotman et al. (2020).


Based on in vitro analysis and (non-fluorescent) super-resolution imaging in somatic cells, both RAD51 and DMC1 nucleoprotein filament sizes on resected ssDNA could be measured (Lee et al., 2005; Sheridan et al., 2008; Hilario et al., 2009; van Mameren et al., 2009; Candelli et al., 2014; Sanchez et al., 2017; Haas et al., 2018). This data suggests that RAD51 and DMC1 nucleoprotein filaments would occupy ∼100 nt each in yeast meiocytes, which is only a fraction of the estimated 800 nt resected DNA (Brown et al., 2015). Likewise, in mice, simulations based on dSTORM data estimated the average length of RAD51 and DMC1 filaments to be around 140 nm (Slotman et al., 2020). Given the fact that primary and secondary antibodies decorating the underlying protein may add up to 20–40 nm to the resulting image (Mikhaylova et al., 2015; Pleiner et al., 2018), the actual length of each RAD51 and DMC1 filaments would be around 100 nm. Since each nm of recombinase foci corresponds to 2 nt (Ristic et al., 2005; Sheridan et al., 2008; Short et al., 2016), recombinase filaments in mice would occupy around 400 nt of resected DNA. This suggests that only part of 1–2 kb of resected DNA is covered by recombinases (Hinch et al., 2020; Paiano et al., 2020; Yamada et al., 2020). Assuming that the occupation of resected DNA by meiotic recombinase is partial, it can be speculated that RPA, or the other meiosis-specific ssDNA binding proteins (MEIOB/SPATA22) might be simultaneously bound to the rest of ssDNA (Brown et al., 2015; Slotman et al., 2020). However, it cannot be excluded that the actual filament length might be underestimated due to its 3D organization of chromatin in the cell. Measurements related to recombinase occupancy in vitro on ssDNA filaments (Sheridan et al., 2008) perhaps cannot be directly “translated” to what is observed in vivo, where RAD51 and/or DMC1 loaded DNA might adopt a higher order, or different configuration.



CONCLUDING REMARKS

In this review, we provide an overview of recent data on RAD51 and DMC1 recruitment, which raises several key issues. First, the recently discovered meiotic proteins HSF2BP and BRME1 are critical for BRCA2-mediated loading of RAD51 and DMC1 (Zhang et al., 2019; Zhang J. et al., 2020; Brandsma et al., 2019; Felipe-Medina et al., 2020; Shang et al., 2020; Takemoto et al., 2020). However, key evidence that directly couples BRCA2 localization and activity to that of HSF2BP and BRME1 is still missing. High-resolution imaging of endogenous BRCA2 localization in relation to its proposed recruiters (HSF2BP and BRME1), or genetic experiments that specifically remove interactions between BRCA2 and these proteins are therefore essential.

Second, despite their proposed role in BRCA2 recruitment, the fact that the absence of BRME1 and HSF2BP have only minor consequences in female meiosis is puzzling. This asks for further genetic, biochemical and microscopic analyses of early recombination intermediates in mouse oocytes and comparison with observations in mouse spermatocytes. Third, regarding the differential loading of RAD51 and DMC1, the seemingly strict organization of one DMC1 filament at the 3′ end, and one RAD51 filament further upstream, on both sides of the DSB observed in ChIP-seq data by Hinch et al. (2020), is at odds with the huge diversity of RAD51 and DMC1 nanofoci configurations in super-resolution microscopy (dSTORM) analyses in yeast (Brown et al., 2015) and mice (Slotman et al., 2020). However, the super-resolution microscopy data discussed above is limited by being a 2D snapshot of a dynamic 3D process. Further analysis of recombinases in combination with synaptonemal complex components or even ssDNA using 3D super-resolution techniques could help. Also, it is expected that single cell omics technology involving protein-DNA analyses, will become available, allowing a better comparison of these two types of data. Finally, the development of systems to track a single DSB over time would be another crucial next step to truly unravel the dynamics of the repair process. A recent example of such an approach in somatic cells involved precisely timed and targeted induction of a single DSB, followed by live imaging of repair protein accumulation (Liu et al., 2020). Together, these technical innovations and new approaches will help to make important steps toward our understanding of meiotic recombinase recruitment mechanisms and their functions.



AUTHOR CONTRIBUTIONS

AM wrote the draft of the manuscript and designed Figure 2. LK critically reviewed the draft, added text, designed Figure 1, and improved Figure 2. AZ critically reviewed the draft and added text. ABH contributed to the concepts and critically reviewed and adapted the manuscript. WB supervised writing of the draft, and critically reviewed and adapted the manuscript. All authors agreed on the final version of the manuscript.



REFERENCES

Abreu, C. M., Prakash, R., Romanienko, P. J., Roig, I., Keeney, S., and Jasin, M. (2018). Shu complex SWS1-SWSAP1 promotes early steps in mouse meiotic recombination. Nat. Commun. 9:3961. doi: 10.1038/s41467-018-06384-x

Acquaviva, L., Boekhout, M., Karasu, M. E., Brick, K., Pratto, F., Li, T., et al. (2020). Ensuring meiotic DNA break formation in the mouse pseudoautosomal region. Nature 582, 426–431. doi: 10.1038/s41586-020-2327-4

Agostinho, A., Kouznetsova, A., Hernandez-Hernandez, A., Bernhem, K., Blom, H., Brismar, H., et al. (2018). Sexual dimorphism in the width of the mouse synaptonemal complex. J. Cell Sci. 131:jcs212548. doi: 10.1242/jcs.212548

Agostinho, A., Manneberg, O., Van Schendel, R., Hernandez-Hernandez, A., Kouznetsova, A., Blom, H., et al. (2016). High density of REC8 constrains sister chromatid axes and prevents illegitimate synaptonemal complex formation. EMBO Rep. 17, 901–913. doi: 10.15252/embr.201642030

Baudat, F., Buard, J., Grey, C., Fledel-Alon, A., Ober, C., Przeworski, M., et al. (2010). PRDM9 is a major determinant of meiotic recombination hotspots in humans and mice. Science 327, 836–840. doi: 10.1126/science.1183439

Berg, I. L., Neumann, R., Lam, K. W., Sarbajna, S., Odenthal-Hesse, L., May, C. A., et al. (2010). PRDM9 variation strongly influences recombination hot-spot activity and meiotic instability in humans. Nat. Genet. 42, 859–863. doi: 10.1038/ng.658

Bergerat, A., De Massy, B., Gadelle, D., Varoutas, P. C., Nicolas, A., and Forterre, P. (1997). An atypical topoisomerase II from archaea with implications for meiotic recombination. Nature 386, 414–417. doi: 10.1038/386414a0

Biswas, K., Das, R., Eggington, J. M., Qiao, H., North, S. L., Stauffer, S., et al. (2012). Functional evaluation of BRCA2 variants mapping to the PALB2-binding and C-terminal DNA-binding domains using a mouse ES cell-based assay. Hum. Mol. Genet. 21, 3993–4006. doi: 10.1093/hmg/dds222

Boekhout, M., Karasu, M. E., Wang, J., Acquaviva, L., Pratto, F., Brick, K., et al. (2019). REC114 partner ANKRD31 controls number, timing, and location of meiotic DNA breaks. Mol. Cell 74, 1053–1068. doi: 10.1016/j.molcel.2019.03.023

Brandsma, I., Sato, K., Van Rossum-Fikkert, S. E., Van Vliet, N., Sleddens, E., Reuter, M., et al. (2019). HSF2BP interacts with a conserved domain of BRCA2 and is required for mouse spermatogenesis. Cell Rep. 27, 3790–3798. doi: 10.1016/j.celrep.2019.05.096

Brick, K., Smagulova, F., Khil, P., Camerini-Otero, R. D., and Petukhova, G. V. (2012). Genetic recombination is directed away from functional genomic elements in mice. Nature 485, 642–645. doi: 10.1038/nature11089

Brown, M. S., and Bishop, D. K. (2014). DNA strand exchange and RecA homologs in meiosis. Cold Spring Harb. Perspect. Biol. 7:a016659. doi: 10.1101/cshperspect.a016659

Brown, M. S., Grubb, J., Zhang, A., Rust, M. J., and Bishop, D. K. (2015). Small Rad51 and Dmc1 complexes often Co-occupy both ends of a meiotic DNA double strand break. PLoS Genet. 11:e1005653. doi: 10.1371/journal.pgen.1005653

Candelli, A., Holthausen, J. T., Depken, M., Brouwer, I., Franker, M. A., Marchetti, M., et al. (2014). Visualization and quantification of nascent RAD51 filament formation at single-monomer resolution. Proc. Natl. Acad. Sci. U. S. A. 111, 15090–15095. doi: 10.1073/pnas.1307824111

Cannavo, E., and Cejka, P. (2014). Sae2 promotes dsDNA endonuclease activity within Mre11-Rad50-Xrs2 to resect DNA breaks. Nature 514, 122–125. doi: 10.1038/nature13771

Carofiglio, F., Sleddens-Linkels, E., Wassenaar, E., Inagaki, A., Van Cappellen, W. A., Grootegoed, J. A., et al. (2018). Repair of exogenous DNA double-strand breaks promotes chromosome synapsis in SPO11-mutant mouse meiocytes, and is altered in the absence of HORMAD1. DNA Repair (Amst.) 63, 25–38. doi: 10.1016/j.dnarep.2018.01.007

Chen, F., Tillberg, P. W., and Boyden, E. S. (2015). Optical imaging. Expansion microscopy. Science 347, 543–548. doi: 10.1126/science.1260088

Cloud, V., Chan, Y. L., Grubb, J., Budke, B., and Bishop, D. K. (2012). Rad51 is an accessory factor for Dmc1-mediated joint molecule formation during meiosis. Science 337, 1222–1225. doi: 10.1126/science.1219379

Da Ines, O., Degroote, F., Goubely, C., Amiard, S., Gallego, M. E., and White, C. I. (2013). Meiotic recombination in Arabidopsis is catalysed by DMC1, with RAD51 playing a supporting role. PLoS Genet. 9:e1003787. doi: 10.1371/journal.pgen.1003787

Dai, J., Voloshin, O., Potapova, S., and Camerini-Otero, R. D. (2017). Meiotic knockdown and complementation reveals essential role of RAD51 in mouse spermatogenesis. Cell Rep. 18, 1383–1394. doi: 10.1016/j.celrep.2017.01.024

Dray, E., Siaud, N., Dubois, E., and Doutriaux, M. P. (2006). Interaction between Arabidopsis Brca2 and its partners Rad51, Dmc1, and Dss1. Plant Physiol. 140, 1059–1069. doi: 10.1104/pp.105.075838

Felipe-Medina, N., Caburet, S., Sanchez-Saez, F., Condezo, Y. B., De Rooij, D. G., Gomez, H. L., et al. (2020). A missense in HSF2BP causing primary ovarian insufficiency affects meiotic recombination by its novel interactor C19ORF57/BRME1. Elife 9:e56996. doi: 10.7554/eLife.56996

Galbraith, C. G., and Galbraith, J. A. (2011). Super-resolution microscopy at a glance. J. Cell Sci. 124, 1607–1611. doi: 10.1242/jcs.080085

Gao, M., Maraspini, R., Beutel, O., Zehtabian, A., Eickholt, B., Honigmann, A., et al. (2018). Expansion stimulated emission depletion microscopy (ExSTED). ACS Nano 12, 4178–4185. doi: 10.1021/acsnano.8b00776

Garcia, V., Phelps, S. E., Gray, S., and Neale, M. J. (2011). Bidirectional resection of DNA double-strand breaks by Mre11 and Exo1. Nature 479, 241–244. doi: 10.1038/nature10515

Gudmundsdottir, K., and Ashworth, A. (2004). BRCA2 in meiosis: turning over a new leaf. Trends Cell Biol. 14, 401–404. doi: 10.1016/j.tcb.2004.07.002

Guerra, J. M. (1995). Super-resolution through illumination by diffraction-born evanescent waves. Appl. Phys. Lett. 66:3555. doi: 10.1063/1.113814

Gustafsson, M. G. (2000). Surpassing the lateral resolution limit by a factor of two using structured illumination microscopy. J. Microsc. 198, 82–87. doi: 10.1046/j.1365-2818.2000.00710.x

Gustafsson, M. G. (2005). Nonlinear structured-illumination microscopy: wide-field fluorescence imaging with theoretically unlimited resolution. Proc. Natl. Acad. Sci. U. S. A. 102, 13081–13086. doi: 10.1073/pnas.0406877102

Haas, K. T., Lee, M., Esposito, A., and Venkitaraman, A. R. (2018). Single-molecule localization microscopy reveals molecular transactions during RAD51 filament assembly at cellular DNA damage sites. Nucleic Acids Res. 46, 2398–2416. doi: 10.1093/nar/gkx1303

Hakem, R., De La Pompa, J. L., and Mak, T. W. (1998). Developmental studies of Brca1 and Brca2 knock-out mice. J. Mammary Gland Biol. Neoplasia 3, 431–445. doi: 10.1023/a:1018792200700

Hartford, S. A., Chittela, R., Ding, X., Vyas, A., Martin, B., Burkett, S., et al. (2016). Interaction with PALB2 Is essential for maintenance of genomic integrity by BRCA2. PLoS Genet. 12:e1006236. doi: 10.1371/journal.pgen.1006236

Hayashi, K., Yoshida, K., and Matsui, Y. (2005). A histone H3 methyltransferase controls epigenetic events required for meiotic prophase. Nature 438, 374–378. doi: 10.1038/nature04112

Hays, E., Majchrzak, N., Daniel, V., Ferguson, Z., Brown, S., Hathorne, K., et al. (2017). Spermatogenesis associated 22 is required for DNA repair and synapsis of homologous chromosomes in mouse germ cells. Andrology 5, 299–312. doi: 10.1111/andr.12315

Hell, S. W., and Wichmann, J. (1994). Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-depletion fluorescence microscopy. Opt. Lett. 19, 780–782. doi: 10.1364/ol.19.000780

Hilario, J., Amitani, I., Baskin, R. J., and Kowalczykowski, S. C. (2009). Direct imaging of human Rad51 nucleoprotein dynamics on individual DNA molecules. Proc. Natl. Acad. Sci. U. S. A. 106, 361–368. doi: 10.1073/pnas.0811965106

Hinch, A. G., Becker, P. W., Li, T., Moralli, D., Zhang, G., Bycroft, C., et al. (2020). The configuration of RPA, RAD51, and DMC1 binding in meiosis reveals the nature of critical recombination intermediates. Mol. Cell 79, 689–701. doi: 10.1016/j.molcel.2020.06.015

Hinch, A. G., Zhang, G., Becker, P. W., Moralli, D., Hinch, R., Davies, B., et al. (2019). Factors influencing meiotic recombination revealed by whole-genome sequencing of single sperm. Science 363:eaau8861. doi: 10.1126/science.aau8861

Hong, S., Sung, Y., Yu, M., Lee, M., Kleckner, N., and Kim, K. P. (2013). The logic and mechanism of homologous recombination partner choice. Mol. Cell 51, 440–453. doi: 10.1016/j.molcel.2013.08.008

Ishiguro, K., and Watanabe, Y. (2016). The cohesin REC8 prevents illegitimate inter-sister synaptonemal complex assembly. EMBO Rep. 17, 783–784. doi: 10.15252/embr.201642544

Ishishita, S., Matsuda, Y., and Kitada, K. (2014). Genetic evidence suggests that Spata22 is required for the maintenance of Rad51 foci in mammalian meiosis. Sci. Rep. 4:6148. doi: 10.1038/srep06148

Keelagher, R. E., Cotton, V. E., Goldman, A. S., and Borts, R. H. (2011). Separable roles for Exonuclease I in meiotic DNA double-strand break repair. DNA Repair (Amst.) 10, 126–137. doi: 10.1016/j.dnarep.2010.09.024

Keeney, S., Giroux, C. N., and Kleckner, N. (1997). Meiosis-specific DNA double-strand breaks are catalyzed by Spo11, a member of a widely conserved protein family. Cell 88, 375–384. doi: 10.1016/s0092-8674(00)81876-0

Kleckner, N. (2006). Chiasma formation: chromatin/axis interplay and the role(s) of the synaptonemal complex. Chromosoma 115, 175–194. doi: 10.1007/s00412-006-0055-7

Kumar, R., Ghyselinck, N., Ishiguro, K., Watanabe, Y., Kouznetsova, A., Hoog, C., et al. (2015). MEI4 – a central player in the regulation of meiotic DNA double-strand break formation in the mouse. J. Cell Sci. 128, 1800–1811. doi: 10.1242/jcs.165464

Kumar, R., Oliver, C., Brun, C., Juarez-Martinez, A. B., Tarabay, Y., Kadlec, J., et al. (2018). Mouse REC114 is essential for meiotic DNA double-strand break formation and forms a complex with MEI4. Life Sci. Alliance 1:e201800259. doi: 10.26508/lsa.201800259

Kurzbauer, M. T., Uanschou, C., Chen, D., and Schlogelhofer, P. (2012). The recombinases DMC1 and RAD51 are functionally and spatially separated during meiosis in Arabidopsis. Plant Cell 24, 2058–2070. doi: 10.1105/tpc.112.098459

La Salle, S., Palmer, K., O’brien, M., Schimenti, J. C., Eppig, J., and Handel, M. A. (2012). Spata22, a novel vertebrate-specific gene, is required for meiotic progress in mouse germ cells. Biol. Reprod. 86:45. doi: 10.1095/biolreprod.111.095752

Lam, I., and Keeney, S. (2015). Mechanism and regulation of meiotic recombination initiation. Cold Spring Harb. Perspect. Biol. 7:a016634. doi: 10.1101/cshperspect.a016634

Lee, M. H., Chang, Y. C., Hong, E. L., Grubb, J., Chang, C. S., Bishop, D. K., et al. (2005). Calcium ion promotes yeast Dmc1 activity via formation of long and fine helical filaments with single-stranded DNA. J. Biol. Chem. 280, 40980–40984. doi: 10.1074/jbc.M505896200

Lim, D. S., and Hasty, P. (1996). A mutation in mouse rad51 results in an early embryonic lethal that is suppressed by a mutation in p53. Mol. Cell Biol. 16, 7133–7143. doi: 10.1128/mcb.16.12.7133

Liu, Y., Zou, R. S., He, S., Nihongaki, Y., Li, X., Razavi, S., et al. (2020). Very fast CRISPR on demand. Science 368, 1265–1269. doi: 10.1126/science.aay8204

Luo, M., Yang, F., Leu, N. A., Landaiche, J., Handel, M. A., Benavente, R., et al. (2013). MEIOB exhibits single-stranded DNA-binding and exonuclease activities and is essential for meiotic recombination. Nat. Commun. 4:2788. doi: 10.1038/ncomms3788

Martinez, J. S., Von Nicolai, C., Kim, T., Ehlen, A., Mazin, A. V., Kowalczykowski, S. C., et al. (2016). BRCA2 regulates DMC1-mediated recombination through the BRC repeats. Proc. Natl. Acad. Sci. U. S. A. 113, 3515–3520. doi: 10.1073/pnas.1601691113

Matsuzaki, K., Kondo, S., Ishikawa, T., and Shinohara, A. (2019). Human RAD51 paralogue SWSAP1 fosters RAD51 filament by regulating the anti-recombinase FIGNL1 AAA+ ATPase. Nat. Commun. 10:1407. doi: 10.1038/s41467-019-09190-1

Mihola, O., Pratto, F., Brick, K., Linhartova, E., Kobets, T., Flachs, P., et al. (2019). Histone methyltransferase PRDM9 is not essential for meiosis in male mice. Genome Res. 29, 1078–1086. doi: 10.1101/gr.244426.118

Mikhaylova, M., Cloin, B. M., Finan, K., Van Den Berg, R., Teeuw, J., Kijanka, M. M., et al. (2015). Resolving bundled microtubules using anti-tubulin nanobodies. Nat. Commun. 6:7933. doi: 10.1038/ncomms8933

Mimitou, E. P., and Symington, L. S. (2008). Sae2, Exo1 and Sgs1 collaborate in DNA double-strand break processing. Nature 455, 770–774. doi: 10.1038/nature07312

Mimitou, E. P., Yamada, S., and Keeney, S. (2017). A global view of meiotic double-strand break end resection. Science 355, 40–45. doi: 10.1126/science.aak9704

Moens, P. B., Kolas, N. K., Tarsounas, M., Marcon, E., Cohen, P. E., and Spyropoulos, B. (2002). The time course and chromosomal localization of recombination-related proteins at meiosis in the mouse are compatible with models that can resolve the early DNA-DNA interactions without reciprocal recombination. J. Cell Sci. 115, 1611–1622.

Moses, M. J., Counce, S. J., and Paulson, D. F. (1975). Synaptonemal complex complement of man in spreads of spermatocytes, with details of the sex chromosome pair. Science 187, 363–365.

Murphy, A. K., Fitzgerald, M., Ro, T., Kim, J. H., Rabinowitsch, A. I., Chowdhury, D., et al. (2014). Phosphorylated RPA recruits PALB2 to stalled DNA replication forks to facilitate fork recovery. J. Cell Biol. 206, 493–507. doi: 10.1083/jcb.201404111

Neale, M. J., Pan, J., and Keeney, S. (2005). Endonucleolytic processing of covalent protein-linked DNA double-strand breaks. Nature 436, 1053–1057. doi: 10.1038/nature03872

Paiano, J., Wu, W., Yamada, S., Sciascia, N., Callen, E., Paola Cotrim, A., et al. (2020). ATM and PRDM9 regulate SPO11-bound recombination intermediates during meiosis. Nat. Commun. 11:857. doi: 10.1038/s41467-020-14654-w

Papanikos, F., Clement, J. A. J., Testa, E., Ravindranathan, R., Grey, C., Dereli, I., et al. (2019). Mouse ANKRD31 regulates spatiotemporal patterning of meiotic recombination initiation and ensures recombination between X and Y sex chromosomes. Mol. Cell 74, 1069–1085.e11. doi: 10.1016/j.molcel.2019.03.022

Parvanov, E. D., Petkov, P. M., and Paigen, K. (2010). Prdm9 controls activation of mammalian recombination hotspots. Science 327:835. doi: 10.1126/science.1181495

Pittman, D. L., Cobb, J., Schimenti, K. J., Wilson, L. A., Cooper, D. M., Brignull, E., et al. (1998). Meiotic prophase arrest with failure of chromosome synapsis in mice deficient for Dmc1, a germline-specific RecA homolog. Mol. Cell 1, 697–705. doi: 10.1016/s1097-2765(00)80069-6

Pleiner, T., Bates, M., and Gorlich, D. (2018). A toolbox of anti-mouse and anti-rabbit IgG secondary nanobodies. J. Cell Biol. 217, 1143–1154. doi: 10.1083/jcb.201709115

Powers, N. R., Parvanov, E. D., Baker, C. L., Walker, M., Petkov, P. M., and Paigen, K. (2016). The meiotic recombination activator PRDM9 trimethylates Both H3K36 and H3K4 at recombination hotspots in vivo. PLoS Genet. 12:e1006146. doi: 10.1371/journal.pgen.1006146

Ristic, D., Modesti, M., Van Der Heijden, T., Van Noort, J., Dekker, C., Kanaar, R., et al. (2005). Human Rad51 filaments on double- and single-stranded DNA: correlating regular and irregular forms with recombination function. Nucleic Acids Res. 33, 3292–3302. doi: 10.1093/nar/gki640

Robert, T., Nore, A., Brun, C., Maffre, C., Crimi, B., Bourbon, H. M., et al. (2016a). The TopoVIB-Like protein family is required for meiotic DNA double-strand break formation. Science 351, 943–949. doi: 10.1126/science.aad5309

Robert, T., Vrielynck, N., Mezard, C., De Massy, B., and Grelon, M. (2016b). A new light on the meiotic DSB catalytic complex. Semin. Cell Dev. Biol. 54, 165–176. doi: 10.1016/j.semcdb.2016.02.025

Rong, M., Matsuda, A., Hiraoka, Y., and Lee, J. (2016). Meiotic cohesin subunits RAD21L and REC8 are positioned at distinct regions between lateral elements and transverse filaments in the synaptonemal complex of mouse spermatocytes. J. Reprod. Dev. 62, 623–630. doi: 10.1262/jrd.2016-127

Rust, M. J., Bates, M., and Zhuang, X. (2006). Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM). Nat. Methods 3, 793–795. doi: 10.1038/nmeth929

Sanchez, H., Paul, M. W., Grosbart, M., Van Rossum-Fikkert, S. E., Lebbink, J. H. G., Kanaar, R., et al. (2017). Architectural plasticity of human BRCA2-RAD51 complexes in DNA break repair. Nucleic Acids Res. 45, 4507–4518. doi: 10.1093/nar/gkx084

Sato, K., Brandsma, I., Van Rossum-Fikkert, S. E., Verkaik, N., Oostra, A. B., Dorsman, J. C., et al. (2020). HSF2BP negatively regulates homologous recombination in DNA interstrand crosslink repair. Nucleic Acids Res. 48, 2442–2456. doi: 10.1093/nar/gkz1219

Schücker, K., Holm, T., Franke, C., Sauer, M., and Benavente, R. (2015). Elucidation of synaptonemal complex organization by super-resolution imaging with isotropic resolution. Proc. Natl. Acad. Sci. U. S. A. 112, 2029–2033. doi: 10.1073/pnas.1414814112

Shang, Y., Huang, T., Liu, H., Liu, Y., Liang, H., Yu, X., et al. (2020). MEIOK21: a new component of meiotic recombination bridges required for spermatogenesis. Nucleic Acids Res. 48, 6624–6639. doi: 10.1093/nar/gkaa406

Sharan, S. K., Pyle, A., Coppola, V., Babus, J., Swaminathan, S., Benedict, J., et al. (2004). BRCA2 deficiency in mice leads to meiotic impairment and infertility. Development 131, 131–142. doi: 10.1242/dev.00888

Sheridan, S. D., Yu, X., Roth, R., Heuser, J. E., Sehorn, M. G., Sung, P., et al. (2008). A comparative analysis of Dmc1 and Rad51 nucleoprotein filaments. Nucleic Acids Res. 36, 4057–4066. doi: 10.1093/nar/gkn352

Shi, B., Xue, J., Yin, H., Guo, R., Luo, M., Ye, L., et al. (2019). Dual functions for the ssDNA-binding protein RPA in meiotic recombination. PLoS Genet. 15:e1007952. doi: 10.1371/journal.pgen.1007952

Short, J. M., Liu, Y., Chen, S., Soni, N., Madhusudhan, M. S., Shivji, M. K., et al. (2016). High-resolution structure of the presynaptic RAD51 filament on single-stranded DNA by electron cryo-microscopy. Nucleic Acids Res. 44, 9017–9030. doi: 10.1093/nar/gkw783

Slotman, J. A., Paul, M. W., Carofiglio, F., De Gruiter, H. M., Vergroesen, T., Koornneef, L., et al. (2020). Super-resolution imaging of RAD51 and DMC1 in DNA repair foci reveals dynamic distribution patterns in meiotic prophase. PLoS Genet. 16:e1008595. doi: 10.1371/journal.pgen.1008595

Smagulova, F., Gregoretti, I. V., Brick, K., Khil, P., Camerini-Otero, R. D., and Petukhova, G. V. (2011). Genome-wide analysis reveals novel molecular features of mouse recombination hotspots. Nature 472, 375–378. doi: 10.1038/nature09869

Solari, A. J., and Moses, M. J. (1973). The structure of the central region in the synaptonemal complexes of hamster and cricket spermatocytes. J. Cell Biol. 56, 145–152. doi: 10.1083/jcb.56.1.145

Souquet, B., Abby, E., Herve, R., Finsterbusch, F., Tourpin, S., Le Bouffant, R., et al. (2013). MEIOB targets single-strand DNA and is necessary for meiotic recombination. PLoS Genet. 9:e1003784. doi: 10.1371/journal.pgen.1003784

Stanzione, M., Baumann, M., Papanikos, F., Dereli, I., Lange, J., Ramlal, A., et al. (2016). Meiotic DNA break formation requires the unsynapsed chromosome axis-binding protein IHO1 (CCDC36) in mice. Nat. Cell Biol. 18, 1208–1220. doi: 10.1038/ncb3417

Takemoto, K., Tani, N., Takada-Horisawa, Y., Fujimura, S., Tanno, N., Yamane, M., et al. (2020). Meiosis-specific C19orf57/4930432K21Rik/BRME1 modulates localization of RAD51 and DMC1 to DSBs in mouse meiotic recombination. Cell Rep. 31:107686. doi: 10.1016/j.celrep.2020.107686

Tarsounas, M., Morita, T., Pearlman, R. E., and Moens, P. B. (1999). RAD51 and DMC1 form mixed complexes associated with mouse meiotic chromosome cores and synaptonemal complexes. J. Cell Biol. 147, 207–220. doi: 10.1083/jcb.147.2.207

Thorslund, T., Esashi, F., and West, S. C. (2007). Interactions between human BRCA2 protein and the meiosis-specific recombinase DMC1. EMBO J. 26, 2915–2922. doi: 10.1038/sj.emboj.7601739

Tsuzuki, T., Fujii, Y., Sakumi, K., Tominaga, Y., Nakao, K., Sekiguchi, M., et al. (1996). Targeted disruption of the Rad51 gene leads to lethality in embryonic mice. Proc. Natl. Acad. Sci. U. S. A. 93, 6236–6240. doi: 10.1073/pnas.93.13.6236

van Mameren, J., Gross, P., Farge, G., Hooijman, P., Modesti, M., Falkenberg, M., et al. (2009). Unraveling the structure of DNA during overstretching by using multicolor, single-molecule fluorescence imaging. Proc. Natl. Acad. Sci. U. S. A. 106, 18231–18236. doi: 10.1073/pnas.0904322106

Wang, Y., Yu, Z., Cahoon, C. K., Parmely, T., Thomas, N., Unruh, J. R., et al. (2018). Combined expansion microscopy with structured illumination microscopy for analyzing protein complexes. Nat. Protoc. 13, 1869–1895. doi: 10.1038/s41596-018-0023-8

Woglar, A., and Villeneuve, A. M. (2018). Dynamic architecture of DNA repair complexes and the synaptonemal complex at sites of meiotic recombination. Cell 173, 1678–1691.e16. doi: 10.1016/j.cell.2018.03.066

Xia, B., Sheng, Q., Nakanishi, K., Ohashi, A., Wu, J., Christ, N., et al. (2006). Control of BRCA2 cellular and clinical functions by a nuclear partner, PALB2. Mol. Cell 22, 719–729. doi: 10.1016/j.molcel.2006.05.022

Xu, H., Tong, Z., Ye, Q., Sun, T., Hong, Z., Zhang, L., et al. (2019). Molecular organization of mammalian meiotic chromosome axis revealed by expansion STORM microscopy. Proc. Natl. Acad. Sci. U. S. A. 116, 18423–18428. doi: 10.1073/pnas.1902440116

Xu, X., Aprelikova, O., Moens, P., Deng, C. X., and Furth, P. A. (2003). Impaired meiotic DNA-damage repair and lack of crossing-over during spermatogenesis in BRCA1 full-length isoform deficient mice. Development 130, 2001–2012. doi: 10.1242/dev.00410

Xu, Y., Greenberg, R. A., Schonbrunn, E., and Wang, P. J. (2017). Meiosis-specific proteins MEIOB and SPATA22 cooperatively associate with the single-stranded DNA-binding replication protein A complex and DNA double-strand breaks. Biol. Reprod. 96, 1096–1104. doi: 10.1093/biolre/iox040

Yamada, S., Hinch, A. G., Kamido, H., Zhang, Y., Edelmann, W., and Keeney, S. (2020). Molecular structures and mechanisms of DNA break processing in mouse meiosis. Genes Dev. 34, 806–818. doi: 10.1101/gad.336032.119

Yoon, S., Choi, E. H., Kim, J. W., and Kim, K. P. (2018). Structured illumination microscopy imaging reveals localization of replication protein A between chromosome lateral elements during mammalian meiosis. Exp. Mol. Med. 50:112. doi: 10.1038/s12276-018-0139-5

Yoshida, K., Kondoh, G., Matsuda, Y., Habu, T., Nishimune, Y., and Morita, T. (1998). The mouse RecA-like gene Dmc1 is required for homologous chromosome synapsis during meiosis. Mol. Cell 1, 707–718. doi: 10.1016/s1097-2765(00)80070-2

Zakharyevich, K., Ma, Y., Tang, S., Hwang, P. Y., Boiteux, S., and Hunter, N. (2010). Temporally and biochemically distinct activities of Exo1 during meiosis: double-strand break resection and resolution of double holliday junctions. Mol. Cell 40, 1001–1015. doi: 10.1016/j.molcel.2010.11.032

Zelensky, A., Kanaar, R., and Wyman, C. (2014). Mediators of homologous DNA pairing. Cold Spring Harb. Perspect. Biol. 6:a016451. doi: 10.1101/cshperspect.a016451

Zhang, B., Tang, Z., Li, L., and Lu, L. Y. (2020). NBS1 is required for SPO11-linked DNA double-strand break repair in male meiosis. Cell Death Differ. 27, 2176–2190. doi: 10.1038/s41418-020-0493-4

Zhang, F., Fan, Q., Ren, K., and Andreassen, P. R. (2009a). PALB2 functionally connects the breast cancer susceptibility proteins BRCA1 and BRCA2. Mol. Cancer Res. 7, 1110–1118. doi: 10.1158/1541-7786.MCR-09-0123

Zhang, F., Ma, J., Wu, J., Ye, L., Cai, H., Xia, B., et al. (2009b). PALB2 links BRCA1 and BRCA2 in the DNA-damage response. Curr. Biol. 19, 524–529. doi: 10.1016/j.cub.2009.02.018

Zhang, J., Fujiwara, Y., Yamamoto, S., and Shibuya, H. (2019). A meiosis-specific BRCA2 binding protein recruits recombinases to DNA double-strand breaks to ensure homologous recombination. Nat. Commun. 10:722. doi: 10.1038/s41467-019-08676-2

Zhang, J., Gurusaran, M., Fujiwara, Y., Zhang, K., Echbarthi, M., Vorontsov, E., et al. (2020). The BRCA2-MEILB2-BRME1 complex governs meiotic recombination and impairs the mitotic BRCA2-RAD51 function in cancer cells. Nat. Commun. 11:2055. doi: 10.1038/s41467-020-15954-x

Zhu, Z., Chung, W. H., Shim, E. Y., Lee, S. E., and Ira, G. (2008). Sgs1 helicase and two nucleases Dna2 and Exo1 resect DNA double-strand break ends. Cell 134, 981–994. doi: 10.1016/j.cell.2008.08.037

Zickler, D., and Kleckner, N. (2015). Recombination, pairing, and synapsis of homologs during meiosis. Cold Spring Harb. Perspect. Biol. 7:a016626. doi: 10.1101/cshperspect.a016626

Zwettler, F. U., Spindler, M. C., Reinhard, S., Klein, T., Kurz, A., Benavente, R., et al. (2020). Tracking down the molecular architecture of the synaptonemal complex by expansion microscopy. Nat. Commun. 11:3222. doi: 10.1038/s41467-020-17017-7


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 Mhaskar, Koornneef, Zelensky, Houtsmuller and Baarends. 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



		High Resolution View on the Regulation of Recombinase Accumulation in Mammalian Meiosis



		INTRODUCTION



		RECOMBINATION INITIATION DURING MEIOTIC PROPHASE I



		END PROCESSING AND ASSEMBLY OF SSDNA BINDING PROTEINS AT THE BREAK SITE



		REGULATION OF RECOMBINASE ASSEMBLY AT MEIOTIC DSBS



		MOLECULAR ARRANGEMENT OF RPA, RAD51, AND DMC1 FILAMENTS IN NANOFOCI AT MEIOTIC DSBS



		CONCLUDING REMARKS



		AUTHOR CONTRIBUTIONS



		REFERENCES

















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








OPS/images/fcell-09-672191-g002.jpg
A Recombinase loading at Bulk analysis by ChIP-seq
individual ends of DSBs
A
1 R — 5
— 3/
___________________________________________ >
) WSy
—_—3 o
___________________________________________ go)
7 -O
3 RO — 5 z
—_ 0
:  NRRAARRA— 5
I 3[
\ distance from the break site D
. . . . . . \
B  Visualisation by Recombinase localisation at DSBs
super-resolution
microscopy ~ 800 nm







OPS/images/fcell-09-672191-g001.jpg
f

A
SIM
Resolution:
Sl \
\_ _ w,
B = N
STED beam
STED ‘
||
”
Resolution: ‘ >
~70 nm ' ‘
\_ _ J
(- _ )
C direct stochastic activation and localization of single molecules
dSTORM | " T e . (9
& 2 9
Resolution: o @ | 4 | . i
~20 nm | | | ) | )
L — — JdJL — _—_ 1L . _—
image 1 image 2 image n
. Y,
fD _ )
[ |
expansion . )
microscopy 5 1]
- g — / L —>
Resolution u ,‘
fold increase: m I
~3-4x







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





