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Abstract 

Meiotic recombination is a molecular process in which the induction and repair of 

programmed DNA double-strand breaks (DSBs) creates genetic exchange between 

homologous chromosomes and thus increases genetic diversity and ensures chromosome 

segregation.  

Breast cancer susceptibility gene 2 (BRCA2) is a potent cancer suppressor and is required for 

DSB repair by homologous recombination (HR) in mitosis. However, due to the embryonic 

lethality of the Brca2 knockout (KO) mice, the role of BRCA2 in meiotic HR is less well 

defined.  

In our work, we have identified two novel meiosis-specific proteins, MEILB2 (meiotic 

localizer of BRCA2) and BRME1 (BRCA2 and MEILB2-associating protein 1) that form a 

ternary complex with BRCA2 and shed light on BRCA2 and its co-factors' roles during 

meiotic HR. 

In Meilb2 KO male mice, the localization of the recombinases RAD51 and DMC1, which 

catalyze the homology-directed repair of DSBs, is almost totally abolished, leading to errors 

in meiotic DSB repair and subsequent sterility. Moreover, MEILB2 binds directly to BRCA2 

and is responsible for BRCA2 localization at the meiotic DSBs.  

BRME1 functions as a stabilizer of MEILB2 by binding to the α-helical N-terminus of 

MEILB2 and preventing MEILB2 self-association. In Brme1 KO mice, the BRCA2-MEILB2 

complex is destabilized, leading to defects in DSB repair, homolog synapsis, and crossover 

formation. Persistent DSBs in Brme1 KO spermatocytes reactivate the somatic-like DNA-

damage response (DDR), which repairs DSBs but cannot complement the crossover 

formation defects. Further, MEILB2-BRME1 is activated in many human cancers, and 

somatically expressed MEILB2-BRME1 impairs mitotic HR.  

Finally, we solved the crystal structure of the MEILB2-BRCA2 complex and showed that 

disruption of the MEILB2-BRCA2 interface compromises the recruitment of both MEILB2 

and BRCA2 to recombination sites in mouse spermatocytes, thus demonstrating their inter-

dependent localization mechanism in meiosis. 

Taken together, our results show that the meiotic BRCA2 complex plays a central role during 

meiotic HR, and its misregulation is implicated in human infertility, miscarriage, and cancer 

development. 

Keywords: meiosis, DSB, cancer, BRCA2, HR, MEILB2, BRME1, RAD51, DMC1, DDR 
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Introduction  

1. Mitosis and meiosis 

The cell cycle has two major phases – interphase, which is the preparatory phase for cell 

division, and M phase, which is the division phase, where M stands for either mitosis or 

meiosis (CP Leblond, 1998).  

Mitosis occurs in somatic cells, where replicated sister chromatids are divided into two 

genetically identical daughter cells. The major functions of mitosis are organism growth and 

replacing damaged cells (MT Hayashi, 2013). 

Meiosis, in contrast, occurs exclusively in reproductive cells and involves two successive cell 

divisions, meiosis I and meiosis II. During meiosis I, homologous chromosomes are paired, 

recombined, and divided into two daughter cells, whereas in meiosis II, sister chromatids are 

divided to produce genetically different haploid germ cells (the sperm or egg). This procedure 

increases genetic diversity (D Zickler, 2016). 

The characteristic events during meiosis are the pairing and recombination of homologous 

chromosomes in prophase I, which ensure proper crossover (CO) formation as well as 

accurate chromosome segregation of homologous chromosomes in subsequent processes 

(Fig. 1). 

 

Figure 1. Mitosis and meiosis.  

During mitosis, replicated sister chromatids are divided into two daughter cells. In contrast, 

during meiosis I, homologous chromosomes are paired, recombined, and divided into two 

daughter cells. During meiosis II, sister chromatids are divided without being replicated, thus 

producing haploid germ cells (the sperm or egg). 
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2. DNA damage and repair pathways 

DNA preserves and transmits genetic information across generations (A Ciccia, 2010). 

However, DNA is constantly being attacked by endogenous factors (e.g., hydrolytic and 

oxidative reaction) and exogenous agents (e.g., UV radiation, ionizing radiation, and 

mutagenic chemicals). The DNA lesions formed from these insults can lead to errors during 

DNA replication and transcription, which result in cell cycle arrest, cell death, aging, cancer, 

and genetic diseases. Therefore, the proper repair of DNA damage is essential for the 

maintenance of genomic integrity (A Ciccia, 2010) (SP Jackson, 2009).  

To counteract the threats caused by DNA damage, at least five major DNA repair pathways 

can be activated to specifically repair different types of DNA lesions (Table 1). Notably, 

some lesions can be recognized by multiple repair pathways (T Helleday, 2008). Thus, 

efficient DNA repair can occur either in a damage-specific or in a collaborative manner in 

order to protect DNA integrity and promote survival (A Ciccia, 2010) (SS Ambekar, 2017). 

Table 1:  DNA damage and repair pathways 

DNA repair pathway Damaging agents Examples 

Mismatch repair (MMR) DNA replication errors A-G mismatches, 

insertions, deletions 

Base excision repair (BER) Reactive oxygen species, 

X-rays, alkylating agents, 

spontaneous chemical 

reactions 

Oxidation (8oxoG), 

uracil, single-strand 

breaks 

Nucleotide excision repair 

(NER) 

UV radiation and 

polycyclic aromatic 

hydrocarbons 

Pyrimidine dimers, 

bulky adducts, intra-

strand crosslinks 

Non-homologous end joining 

(NHEJ) and Homologous 

recombination (HR) 

Ionizing radiation, anti-

tumor agents 

Double strand breaks, 

inter-strand crosslinks 

 

3. DNA double-strand break (DSB) repair pathways  

Among the aforementioned DNA damages, DSBs are extremely toxic and are the most 

complicated to repair. As Table 1 illustrates, the two major pathways, homologous 

recombination (HR) and non-homologous end-joining (NHEJ) are responsible for repairing 

DNA DSBs (A Tubbs, 2017) (A Shibata, 2017) (R Ceccaldi, 2016). 

3.1 NHEJ  

NHEJ is considered to be a relatively simple pathway because it does not rely on any 

template and can remain active throughout the entire cell cycle. When the NHEJ machinery 

encounters DNA damage, the broken ends are trimmed through a series of protein complexes, 

including Ku70/80 heterodimer, DNA-dependent protein kinase catalytic subunit (DNA-

PKcs), and the nuclease Artemis. Eventually, the compatible ends are sealed by XRCC4 

DNA ligase 4. Although this pathway is effective, it is inherently prone to generating 

mutations (I Brandsma, 2012) (Fig. 2).
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3.2 HR 

In contrast, HR uses the sister chromatid as the repair template to ensure the high-fidelity 

transmission of the genetic information. However, HR can only take place when sister 

chromatids are present. Therefore, HR only occurs in the S and G2 phases of the cell cycle.

  

During HR, the proteins that encounter the damaged DNA are the MRE11-RAD50-NBS1 

(MRN) complex and C-terminal-binding protein-interacting protein (CtIP). These complexes 

function together to resect the broken ends of the damaged double-stranded DNA and 

generate 3′ single-stranded DNA (ssDNA) overhangs (EP Mimitou, 2009). The ssDNA is 

first coated by the replication protein A (RPA) complex, which is an ssDNA binding protein. 

Subsequently, the RAD51 recombinase replaces RPA and forms nucleoprotein filaments on 

the ssDNA with the help of BRCA2 (RB. Jensen, 2010) (W Zhao, 2015). These RAD51 

nucleoprotein filaments then perform the homology search and catalyze DNA strand 

exchange between sister chromatids in order to carry out the homology-directed repair (Fig. 

2).   

 

 

 

Figure 2. NHEJ and HR. 

During NHEJ, the broken ends are recognized by the Ku70/80 heterodimer and recruited 

DNA-PKcs and Artemis, finally ligated by XRCC4-DNA ligase IV-XLF ligation complex. In 

contrast, the HR pathway starts with resection of the broken ends by the MRN-CtIP complex 

to generate ssDNA. The ssDNA is coated by RPA and subsequently replaced by RAD51 

recombinase with the help of BRCA2. These RAD51 nucleoprotein filaments mediate strand 

invasion using sister chromatids. Finally, the extension of the displacement loop (D-loop) and 

the capture of the second end leads to the repair of the lesion. This figure is adapted from 

(Inger Brandsma, 2012). 
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3.3 Balance between NHEJ and HR  

Because both NHEJ and HR contribute to the repair of DNA DSBs, regulatory factors must 

be involved to determine which pathway should be used.  

One of the main factors is the cell cycle phase, and, as mentioned above, HR only functions 

in S/G2 after DNA replication because the sister chromatid is necessary as the repair 

template, whereas NHEJ can repair DSBs throughout the entire cell cycle (LS Symington, 

2011). 

The second factor that has been well studied is the DSB end structure. As an example, in S 

phase, because of the lack of a partner for the DSB end, one-ended DSBs are mainly repaired 

by HR. In contrast, in G2 phase, when two-ended DSBs are induced by ionizing radiation, 

70% of the DSBs will be rapidly repaired by NHEJ (A Shibata, 2017) (JR Chapman, 2012). 

In addition, an antagonistic relationship has been found between p53-binding protein 1 

(53BP1) and breast cancer susceptibility gene 1 (BRCA1) regarding the choice of the DSB 

repair pathways. Phosphorylation of 53BP1 by ataxia telangiectasia mutated (ATM) 

promotes the recruitment of the effector molecule RIF1 to the DSB site, which blocks the 

loading of the CtIP-BRCA1 complex and thus inhibits DNA resection and drives the repair 

through the NHEJ pathway. In turn, BRCA1-CtIP removes 53BP1 and Ku70/80 from the 

break site and facilities the end resection by the MRN complex through the HR pathway. It 

has been shown that loss of 53BP1 can rescue the viability in Brca1-deficient mice (L Cao, 

2009) (JR Chapman, 2012).  

During early meiotic prophase I, NHEJ is inhibited and HR ensures the repair of DSBs in 

order to ensure genetic exchange between homologous chromosomes. However, a recent 

study showed that NHEJ can be activated in response to exogenously induced DNA damage 

during the late stages of meiotic prophase I. This finding provides new insights into the 

transitions between the two different DSB repair pathways in mouse meiotic prophase I (A 

Enguita-Marruedo, 2019). 

  

3.4 DDR 

The DNA damage response (DDR) is a signal transduction pathway that senses DNA damage 

and activates a series of protein kinases. When DSBs occur, the first regulator that engages in 

this pathway is the MRN complex, which forms an activation loop together with ATM for 

detecting the damaged DNA. Deficiency in any component of the MRN complex leads to 

defects in ATM signaling (BJ Lamarche, 2010). ATM and Rad3-related (ATR) are activated 

upon the activation of ATM and functions together with DNA-PKcs to carry out the second 

wave of phosphorylation. Thus, the downstream checkpoint kinases CHK1 and CHK2 act as 

the key regulators of the inhibition of the CDC25 phosphatases. This in turn suggests the 

connection between DNA damage signaling and cell cycle regulation (AM Heijink, 2013). 

Here, the following three distinct cell cycle checkpoints are activated upon the detection of 

DNA damage; the G1/S checkpoint, which prevents cells from entering S phase and 

precludes the replication of damaged DNA. The intra-S checkpoint, which delays and inhibits 

the ongoing replication of damaged DNA, and the G2/M checkpoint, which prevents cells 

from entering into mitosis (AM Heijink, 2013).  

In addition, chromatin modification is one of the key events detected after DNA damage, 

where the histone variant H2AX becomes phosphorylated at its C-terminal Ser-139 residue 

by the ATM, ATR, and DNA-PK kinases to form γH2AX. Subsequently, chromatin 
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modification stabilizes the interactions among other DNA damage signaling proteins such as 

53BP1, BRCA1, and NBS1 at the break site (A Grabarz, 2012) (K Rothkamm, 2015).                   

4. Meiotic HR 

Meiotic recombination is the most important feature of meiosis. During meiotic HR, 

abundant DSBs are intentionally introduced by the activation of the meiosis-specific 

endonuclease SPO11 (S Keeney, 2006) (B de Massy, 2013) (I Lam, 2014). For the quick 

repair of the abundant meiotic DSBs, the coordinated action of the RAD51 recombinase and 

its meiosis-specific paralog DMC1 is required (DL Pittman, 1998) (A Shinohara, 2004) (J 

Dai, 2017) (Fig. 3). 

 

 

Figure 3. Meiotic HR. 

Meiotic programmed DSBs are abundantly distributed throughout the genome (about 300 per 

nucleus in mice) and are introduced by the activation of the meiosis-specific endonuclease 

SPO11. The MRN complex resects the 5’ ends to produce 3’-ssDNA overhangs. The ssDNA 

overhangs are recognized by RPA and subsequently replaced by the RAD51 recombinase and 

its meiosis-specific paralog DMC1. The coordinated action of these two distinct 

recombinases mediates strand invasion between the homologous chromosomes, but not sister 

chromatids, and promotes the formation of double Holliday junctions (dHJs). Finally, 

dHJs are resolved yielding COs. 

4.1 Mitotic vs. Meiotic HR 

Meiotic and mitotic HR share many common features; for example, MRN, RPA, and RAD51 

are all involved in both processes. However, there are three major differences (Table 2). 

First, homologous chromosomes are used as the repair template in meiotic HR instead of the 

sister chromatid that is used in mitotic HR. Second, the ultimate goal of meiotic HR is to 

form beneficial product COs, which are essential for increasing genetic diversity and for 

ensuring accurate chromosome segregation during anaphase I, while the purpose of mitotic 

HR is to repair DNA damages (KP Kim, 2010) (H Guillon, 2015). Third, DSBs are 

intentionally introduced in meiosis by the meiosis-specific endonuclease SPO11 and are 
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distributed throughout the genome, while in mitosis DSBs are usually generated by accident 

(S Keeney, 1997) (J Lange, 2016). 

Table 2: Summary of the differences between mitotic HR and meiotic HR 

 

4.2 The synaptonemal complex 

The synaptonemal complex (SC) is a meiosis-specific and evolutionarily conserved structure 

that is required for the stabilization of synapses between homologous chromosomes and that 

further facilitates homology-directed recombination and CO formation (J Fraune, 2012). The 

ladder-like structure of the SC is composed of two lateral elements (LEs), also known as axial 

elements (AEs) (before chromosome synapsis), which are held together by transverse 

filaments (TFs) and a number of central elements (CEs) (Fig.4). 

In mice, the major protein components of the AEs/LEs are cohesin complexes as well as 

SYCP3 and SYCP2. Sycp3-deficient males are sterile, with failure to form complete SCs and 

chromosomal synapsis. Meanwhile, the absence of SYCP3 negatively affects the loading of 

HR proteins, such as RAD51 and RPA. SYCP2 binds to SYCP3 through a conserved coiled-

coil domain and forms heterodimers with SYCP3 both in vitro and in vivo. Sycp2 mutant 

males are also infertile due to failure to form AEs/LEs and chromosomal synapsis (M 

Spindler, 2019) (L Yuan, 2000) (F Yang, 2006) (K Winkel, 2009). 

The TF protein SYCP1 plays a central role in SC assembly, and the interaction between 

SYCP1 and SYCP2 has been confirmed in both yeast two-hybrid (Y2H) assay and 

immunoprecipitations (IP) using meiotic cell extracts. Further, SYCP2 acts as a linker 

between SYCP1 and SYCP3 by directly binding to SYCP3, and SYCP1 is crucial for 

recruiting the CE protein components SYCE1, SYCE2, SYCE3, TEX12, and SIX6OS1 in 

sequential order (A Castro, 2005) (A Hernández-Hernández, 2016) (L Gómez-H, 2016). 
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Figure 4. The synaptonemal complex. 

The SC is a protein structure formed by LEs (SYCP2 and SYCP3), CEs (SYCE1, SYCE2, 

SYCE3, TEX12, and SIX6OS1), and TFs (SYCP1). This figure is adapted from (A Castro, 

2005), which was originally adapted from (SL Page, 2004). 

4.3 Chromosomal events of meiotic prophase I 

During meiotic prophase I, chromosome organization consists of 4 different stages – 

leptotene, zygotene, pachytene, and diplotene – that are defined by SC dynamics and 

homologous axis morphogenesis (N Hunter, 2015). 

Leptotene starts with the loading of AEs along the length of sister chromatids, and this is 

coincident with DSB formation. During zygotene, homologous chromosomes start to synapse 

and the SC begins to form. The presence of a complete SC determines the entering of 

pachytene, while COs appear at the end of pachytene. Finally, during diplotene, the SC is 

disassembled and homologs become compacted and connected by chiasmata (N Hunter, 

2015) (Fig. 5). 

 

Figure 5. Chromosomal events of meiotic prophase I.  

Spermatocytes stained for AEs/LEs (SYCP3, red), CEs (SYCE3, green, but appears yellow 

because of signal overlap), and DAPI. Leptotene (L), zygotene (Z), pachytene (P), and 

diplotene (D). This figure is adapted from Paper II. 
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4.4 Key players and steps during meiotic HR 

4.4.1 SPO11 and the formation of DSBs 

It has been well studied that DSB formation during meiotic recombination in mice is 

catalyzed by the meiosis-specific endonuclease SPO11 and its binding partner TOPOVIBL. 

Spo11-/- spermatocytes exhibit synapsis defects, including incomplete synapsis as well as 

partner switches, which are indicators of nonhomologous synapsis. Moreover, the 

localization of recombinases RAD51 and DMC1 is abolished due to the loss of DSB 

induction. Germ cells undergo massive apoptosis resulting in infertility in both genders of 

Spo11-/- mice (F Baudat, 2013). In addition, TOPOVIBL is required for meiotic DSB 

formation and is essential for spermatocyte and oocyte development (T Robert, 2016). 

SPO11 activity requires the coordinated involvement of other pro-DSB factors, for instance, 

meiosis-specific 4 homolog (MEI4), REC114, and IHO1. Mei4-/- mice exhibit deficiency in 

DSB formation and homologous synapses (R Kumar, 2010). Moreover, MEI4 forms a 

complex with REC114 and IHO1 in mouse spermatocytes, and Rec114-/- and Iho1-/- mice 

show similar phenotypes as Mei4-/- mice (R Kumar, 2018) (M Stanzione, 2016). 

Additionally, ANKRD31, HORMAD1, and IHO1 function in organizing those pro-DSB 

factors on meiotic chromosomes (M Boekhout, 2019) (F Papanikos, 2019) (K Daniel, 2011) 

(M Stanzione, 2016). All these studies suggest that SPO11-TOPOVIBL as well as its partner 

proteins are essential for the induction of meiotic DSBs. 

4.4.2 The MRN complex and end processing 

DNA end resection is a prerequisite for producing the extensive 3’-ssDNA overhangs that 

provide a platform for recruiting ssDNA-binding proteins. Multiple factors are involved in 

this process, including the MRN complex, CtIP, exonuclease 1 (EXO1), DNA replication 

helicase/nuclease 2 (DNA2), and Bloom syndrome protein (BLM) (F Baudat, 2013) (T Liu, 

2014) (N Hunter, 2011) (F Zhao, 2020).  

The MRN complex consists of three molecules – MRE11, RAD50, and NBS1. MRE11 

functions as a catalytic subunit with both endonuclease and exonuclease activities (H 

Tsubouchi, 1998). RAD50 contains a coiled-coil domain, which is important for tethering the 

complex to free DNA ends and for regulating MRE11’s endonuclease/exonuclease activities 

(M Chansel-Da Cruz, 2020). NBS1 is a multifunctional protein that is involved in DNA 

damage signaling through the activation of the ATM kinase and by recruiting CtIP to DSBs 

through its FHA domain (F Zhao, 2020). In addition, CtIP plays indispensable roles in 

promoting resection and embryonic development. It works as the interacting partner of the 

MRN complex and is required for catalyzing the 5’-3’ DNA resection (F Polato, 2014). Upon 

initiation of MRN-CtIP–mediated end resection, EXO1, DNA2, and BLM carry out their 

nuclease and helicase activities and are responsible for the extensive end resection (BJ 

Lamarche, 2010) (T Liu, 2014) (F Zhao, 2020).  

4.4.3 The RPA complex, SPATA22, and MEIOB 

The resected 3’-ssDNA is rapidly bound by the trimeric RPA complex to prevent degradation 

and secondary structure formation (MS Wold, 1997). The RPA heterotrimer consists of three 

different subunits – RPA1 (70 kDa), RPA2 (32 kDa), and RPA3 (14 kDa). Because of the 

embryonic lethality of the mutant mice, the role of the RPA heterotrimer in meiotic HR has 

remained unknown. However, a recent study using testis-specific Rpa1 conditional knockout 

(cKO) mice showed that RPA complex is essential for the loading of RAD51 and DMC1 as 

well as the proper CO formation in mouse spermatocytes. In addition, the stability of RPA2 
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and RPA3 depends on RPA1. Taken together, RPA1 appears to function in both recombinase 

recruitment and CO formation during meiotic HR (B Shi, 2019). 

MEIOB was identified from the meiotic chromatin-associated protein screening, and it 

contains an OB-fold domain with homology to one of the RPA1 OB-folds. MEIOB can thus 

directly bind to ssDNA. Meiob-/- mice exhibit a reduction in both RAD51 and DMC1 

focus counts, synapse defects, and unrepaired DSBs with the persistence of γH2AX and RPA 

signals, consequently leading to impairment of CO formation and infertility in both genders 

(B Souquet, 2013) (M Luo, 2013). SPATA22 forms an obligate complex with MEIOB and 

Spata22 deficient mice phenocopies Meiob deficient mice. The localization of MEIOB and 

SPATA22 at sites of meiotic recombination is interdependent, and they are recruited to DSBs 

as a complex (S La Salle, 2012) (S Ishishita, 2014). 

Moreover, the MEIOB-SPATA22 complex physically associates with the RPA heterotrimeric 

complex. However, the localization of RPA does not require both MEIOB and SPATA22, 

and RPA can still form foci in the absence of either MEIOB or SPATA22. Furthermore, both 

MEIOB and SPATA22 foci are still present in Rpa1 cKO mice (Y Xu, 2017) (B Shi, 2019). 

These findings suggest that the RPA complex and MEIOB-SPATA22 complex independently 

bind to ssDNA while there is a protein-protein interaction between these two complexes. 

In addition to their canonical function of 3’-ssDNA binding at DSBs, RPA, MEIOB, and 

SPATA22 might be involved in the stabilization of the D-loop seeing that these complexes 

colocalize with each other and form bright foci in late zygotene and early pachytene, where 

DSBs are gradually repaired and matured into D-loops (M Luo, 2013). MEIOB and 

SPATA22 may also contribute to the second-end capture after removing 3’-flaps and thus 

result in dHJ (B Souquet, 2013). 

4.4.4 RAD51, DMC1, and D-loops 

RAD51 and its meiosis-specific paralog DMC1 are members of the RecA family, which form 

nucleoprotein filaments that carry out the homology search and strand invasion and that result 

in the production of D-loop structures (DL Pittman, 1998) (A Shinohara, 2004) (DK Bishop, 

1994). After stabilization of the D-loop and DNA synthesis, an intermediate is formed that is 

called single-end invasion (SEI) (N Hunter, 2001). Further processing of the SEI in 

subsequent repair steps generates two distinct products, non-crossovers (NCOs) and COs. 

The synthesis-dependent strand annealing (SDSA) pathway contributes to most of the NCOs, 

where the invading strand is displaced from the D-loop to dissolve the SEI and is annealed to 

the complementary DNA sequences on the other end of the DSB. Finally, the process ends 

with the formation of NCOs (N Hunter, 2001). Alternatively, during the CO-forming 

pathway, the SEI can be stabilized to capture the second 3’ DSB end, which results in the 

formation of a dHJ. The resolution of the dHJ yields COs that contribute to the formation of 

chiasmata (A Schwacha, 1995). dHJ resolution can also result in NCO formation depending 

on the cleavage orientation of each HJ (N Hunter, 2001) (Fig.6). 

The recruitment of RAD51 and DMC1 to the meiotic DSB site requires specific modulators 

or mediators to overcome the inhibitory effect of the heterotrimeric RPA (A Shinohara, 2004) 

(JS Martinez, 2016). Several factors function as modulators of RAD51 and DMC1. In the 

mouse model, the HOP2-MND1 heterodimer can physically interact with both RAD51 and 

DMC1 recombinases and can stimulate their activity to form D-loops. Notably, this 

stimulatory effect in the case of DMC1 can be up to 35-fold. In the absence of HOP2-MND1, 

homology search and strand invasion will be delayed, leading to inter-homolog 

recombination, synapsis defects, and meiotic arrest (GV Petukhova, 2005). 
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Figure 6. Pathways of D-loop resolution. 

After forming the D-loop, the joint molecule will proceed through either dHJ or SDSA. In 

dHJ (the left branch), the second DSB end is captured to form dHJ which is then resolved 

into COs or NCOs. Alternatively, in SDSA (the right branch), the newly synthesized strand is 

dissociated from the template and annealed to the other end. Followed gap-filling and ligation 

yields NCOs. This figure is adapted from (DV Bugreev, 2010).  

4.4.5 MLH1 and crossover formation 

The final product of the meiotic HR is the formation of COs, which are essential for 

increasing genetic diversity and for establishing the physical connections between 

homologous chromosomes that ensure proper segregation during meiosis I. Errors in CO 

formation will result in aneuploidy, which can lead to infertility, miscarriages, or birth 

defects, for instance, Down syndrome (N Hunter, 2015) (TT Saito, 2017). 

Two different classes of COs have been identified, namely class I and class II. The majority 

of COs (90–95% in mice) belong to class I, which are regulated mainly by the ZMM proteins 

and MutLγ complex. Class I COs were first identified in budding yeast, and the deletion of 

the ZMMs caused defects in SC and Class I CO formation (N Hunter, 2015) (S Gray, 2016).  

The ZMMs consist of the following proteins and complexes. ZIP1 is the TF protein in 

budding yeast, and SYCP1 in mammals is believed to be an ortholog of ZIP1 based on 

functional similarities (FAT de Vries, 2005). ZIP2 (MZIP2 in mammals), ZIP4 (TEX11 in 

mammals), and SPO16 form a trimeric complex and function in the stabilization of the joint 

molecules (K Arora, 2019) (F Yang, 2015) (Q Zhang, 2018) (Q Zhang, 2019). ZIP3 (RNF212 

in mammals), an E3 ligase, can catalyze SUMO conjugation and is required for the 

localization of other ZMMs (A De Muyt, 2014) (A Reynolds, 2013). MER3 (HFM1 in 
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mammals) is required to complete synapsis and to ensure the correct number of COs (MF 

Guiraldelli, 2013). Finally, the MutSγ components MSH4 and MSH5 are involved in 

stabilizing dHJ intermediates (SS de Vries, 1999) (B Kneitz, 2000).  

The MutLγ complex acts downstream of ZMM proteins, consists of MLH1 and MLH3, and 

their endonuclease activities are essential for the resolution of dHJ intermediates. Because 

they perfectly localize at Class I CO sites in a number of organisms, therefore, MLH1 and 

MLH3 are the most commonly used markers for Class I CO (S M Baker, 1996) (SM Lipkin, 

2002) (N Hunter, 1997) (S Santucci-Darmanin, 2002). 

Besides, other proteins such as HEI10, CNTD1, PRR19 and CDK2 are also engaged in Class 

I CO formation regulation (differentiation and maturation) (H Qiao, 2014) (JK Holloway, 

2014) (A Bondarieva, 2020). In addition to Class I COs, a small subset of COs (5–10% in 

mice), called Class II COs, are generated through the MUS81-MMS4 pathway (EK Schwartz, 

2012), while the detailed molecular mechanism underlying the biogenesis is less understood 

compared to that of Class I COs. 

From a global perspective, three principles have been discovered for governing COs – 

assurance, interference, and homeostasis. CO assurance provides at least one CO to each 

homologous chromosome, interference ensures that the COs are widely spaced with other 

COs on the same chromosome, and homeostasis ensures that the number of COs is 

independent of DSB numbers (M Shinohara, 2008) (TT Saito, 2017). 

 

5. BRCA2  

BRCA2 was first identified in 1995 and has been the subject of intensive research over the 

past 25 years (R Wooster, 1995). This is because BRCA2 acts as a potent cancer suppressor 

gene, and germline mutations in BRCA2 predispose to a variety of adult and pediatric cancers 

in humans. During mitosis, the primary function of BRCA2 is thought to be the repair of 

DSBs by the HR pathway (A Fradet-Turcotte, 2016). As described earlier, BRCA2 facilitates 

the loading of the RAD51 recombinase through direct binding to both ssDNA and RAD51 

(RB Jensen, 2010) (G Chatterjee, 2016). In addition to RAD51, other interacting partners of 

BRCA2 have also been identified, including DSS1, which is essential for the stability of 

BRCA2 and for delivering BRCA2-RAD51 to RPA-bound ssDNA (J Li, 2006) (W Zhao, 

2015), BRCA1, which functions upstream of BRCA2 in response to DNA damage (F Zhang, 

2009), and PALB2, which acts as a linker between BRCA1 and BRCA2 and is essential for 

BRCA2 functioning in HR (B Xia, 2006). 

However, due to the embryonic lethality of Brca2-/- mice, the role of BRCA2 in meiosis has 

been relatively poorly studied (K Gudmundsdottir, 2004), although some breakthroughs have 

been made in recent years. BRCA2 is initially expressed during spermatogenesis, specifically 

during meiotic prophase (F Connor, 1997). BRCA2 is then thought to colocalize with 

BRCA1 and RAD51 on the meiotic chromosome axis (J Chen, 1998). Moreover, deletion of 

the COOH-terminal domain of BRCA2 exhibits no apparent meiotic defects (KA McAllister, 

2002). Brca2-null mice carrying a human BAC with the human BRCA2 gene show 

spermatocytes arrested in early prophase I with unrepaired DSBs, incomplete synapses, and 

reduced numbers of RAD51 foci (SK Sharan, 2004).  

Despite these previous findings, the detailed mechanism of BRCA2 in DSB repair and 

meiotic recombination remains poorly understood.  
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6. BRCA2 and sporadic cancers 

While the mutation of BRCA2 is a major cause of familial breast cancer cases, the 

misregulation of BRCA2-interacting proteins is thought to be a cause of sporadic cancers (H 

Daum, 2018). For example, depletion of the BRCA2 binding protein DSS1 leads to 

hypersensitivity to DNA damage (J Li, 2006), and overexpression of SYCP3 in somatic cells 

impairs the function of BRCA2 in mitotic HR by forming a complex with BRCA2 (N 

Hosoya, 2011). Further, overexpression of EMSY impairs the BRCA2-RAD51 pathway 

specifically in sporadic cancers (I Cousineau, 2011). These results highlight the role of 

BRCA2 interactors in the development of sporadic cancers, thus necessitating the 

identification of BRCA2 cofactors to fully understand the role of BRCA2 as a cancer 

suppressor.  
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Results   

Paper I 

MEILB2 is a novel regulator of meiotic HR 

In this paper, we used an in vivo electroporation technique to express GFP-fusion proteins in 

mouse testes in order to examine the subcellular localization of meiotically upregulated genes 

of unknown function. One of the candidates, HSF2BP, showed punctate signals along the 

chromosome axes. We renamed this protein as meiotic localizer of BRCA2 (MEILB2). By 

reverser transcription (RT) PCR, we confirmed the germ cell-specific mRNA expression of 

Meilb2. 

MEILB2 is a 338 amino acid protein that is composed of an N-terminal coiled-coil domain 

and a C-terminal armadillo repeat domain. Consistent with the localization of the GFP-fusion 

protein, endogenous MEILB2 showed a characteristic localization pattern specifically in 

early prophase I in which punctate signals formed along the chromosome axes. These 

MEILB2 foci colocalized with known meiotic HR factors, such as RPA2 and SPATA22, 

proving that MEILB2 is a novel meiotic HR protein. 

Disruption of Meilb2 results in synapsis defects and abrogates the localization of 

recombinases RAD51 and DMC1 

To address the function of MEILB2, we generated Meilb2 KO mice. We observed a smaller 

testis size in KO compared with WT littermates, and no mature sperm was found in the KO 

epididymis. Further, TUNEL assay detected numerous apoptotic cells at the periphery of the 

Meilb2-/- seminiferous tubules, suggesting that the germ cells were eliminated during the 

progression of meiotic prophase I. 

Moreover, by staining for the CE marker SYCE3 that marks the synapsed chromosome axes, 

we found that Meilb2-/- spermatocytes are arrested in the zygotene stage with incomplete 

synapsis. Surprisingly, the localization of the RAD51 and DMC1 recombinases is largely 

abolished in Meilb2-/- spermatocytes, leading to errors in meiotic DSB repair. 

MEILB2 binds to BRCA2 and recruits BRCA2 to sites of meiotic recombination  

We conducted a comprehensive Y2H screening using a mouse testis cDNA library, and 

BRCA2 was repeatedly identified as a MEILB2 binding protein. We also identified the 

MEILB2-binding domain (MBD) within BRCA2, which is necessary and sufficient for the 

interaction with MEILB2. We confirmed this specific interaction between MEILB2 and 

BRCA2-MBD by both Y2H and GFP pull-down assay. 

Furthermore, by overexpressing the GFP-BRCA2-MBD construct in mouse testes, we found 

that BRCA2-MBD formed punctate foci along the chromosome axis, which colocalized with 

the known meiotic HR makers. Notably, this localization of BRCA2-MBD was completely 

abolished in Meilb2 KO, which suggests MEILB2 functions as a localizer of BRCA2 in 

meiotic HR through the direct protein-protein interaction. 
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Paper II 

BRME1 interacts with MEILB2 and forms a ternary complex with MEILB2-BRCA2 

We identified BRME1 (BRCA2 and MEILB2-associating protein 1) by performing the 

MEILB2 Y2H screening. We also mapped the MEILB2 binding-domain (MBD) within 

BRME1. Y2H analysis confirmed that BRME1-MBD was indeed interacting with MEILB2. 

The FLAG pull-down assay from cultured cells co-expressing FLAG-tagged BRME1 

truncations (FLAG-BRME1) with MYC-tagged MEILB2 (MEILB2-MYC) also showed that 

BRME1-MBD is necessary and sufficient to interact with MEILB2. 

In addition, we expressed the GFP-tagged BRCA2 (GFP-BRCA2) truncations together with 
FLAG-BRME1 and MEILB2-MYC to perform the GFP pull-down assay. When all three proteins 

were co-expressed, we could detect the formation of a GFP-BRCA2-MEILB2-MYC-FLAG-

BRME1 ternary complex. In addition, BRME1-MBD and BRCA2-MBD were sufficient for 

the formation of the ternary complex with MEILB2. In conclusion, MEILB2 mediates the 

BRCA2–BRME1 interaction through its C- and N-termini, respectively. Moreover, the 

reciprocal BRCA2 and BRME1 IP from mouse testis extracts provided further evidence for 

the existence of BRCA2-MEILB2-BRME1 ternary complex in vivo. 

BRME1 is a meiosis-specific protein and a stabilizer of MEILB2 

Similar to Meilb2, we observed germ cell-specific expression of Brme1, and endogenous 

BRME1 formed dotty foci colocalized with the DSB marker RPA2. To address the function 

of BRME1, we generated Brme1 KO mice by CRISPR-Cas9. We found that in Brme1-/- 

spermatocytes both signal intensity and foci numbers of MEILB2 were reduced. Consistent 

with this, the protein level of MEILB2 was also decreased in Brme1-/- spermatocytes proving 

that BRME1 functions as a stabilizer of MEILB2 in vivo. Further, by collaborating with Dr. 

Davies lab, we purified recombinant MEILB2-BRME1 complex in vitro and showed that 

BRME1 functions as a stabilizer of MEILB2 by binding to the α-helical N-terminus of 

MEILB2 and preventing MEILB2 self-association. 

BRME1 is essential for normal meiosis progression, DSB repair, homologous synapsis, CO 

formation, and male fertility 

From the histological analysis, we found smaller testis size in Brme1-/- mice in comparison 

with WT, and spermatids were absent. Mature spermatozoa were also missing in the 

epididymis.   

Consistent with the reduction of MEILB2, we observed attenuated signal intensity of GFP-

BRCA2-MBD in Brme1-/- spermatocytes. As the downstream proteins, the foci numbers of 

both RAD51 and DMC1 were also significantly reduced in Brme1-/- spermatocytes. 

Moreover, we found the persistence of RPA2 and γH2AX staining until late prophase I 

(diplotene), which implied that the DSBs remained unrepaired. Further, various synapsis 

defects were found, and these were mainly in the pachytene stage. As a consequence, CO 

formation, seen by the staining of MLH1, was abrogated in some of the homologous pairs, 

which led to the appearance of univalent chromosomes misaligned in metaphase I. In 

addition, TUNEL assay showed two rounds of cell death in Brme1-/- testes, either in 

pachytene or metaphase I, suggesting that most of the germ cells were removed by synapsis 

and spindle assembly checkpoints, respectively. 

Reactivation of the somatic-like DDR pathway 

As mentioned above, RPA2 and γH2AX foci persisted until the diplotene stage in Brme1-/- 

spermatocytes. As an intriguing discovery, at late-pachytene, RAD51 foci, but not DMC1 
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foci, reaccumulated globally at DSB sites in Brme1-/- spermatocytes and colocalized with the 

remaining γH2AX foci. This phenomenon likely reflects the reactivation of the somatic-like 

DDR in late-pachytene, which only involves RAD51 but not DMC1 (A Enguita-Marruedo, 

2019), suggesting that there is a stage-specific transition from meiotic to somatic-like DDR 

pathway in Brme1-/- spermatocytes. 

MEILB2 and BRME1 inhibit mitotic HR 

In addition to their meiotic roles, we also provided insights into the somatic roles of MEILB2 

and BRME1. First, we showed that MEILB2 is able to localize to mitotic DSBs when 

overexpressed in somatic cancer cells. Second, this localization of MEILB2 on mitotic DSBs 

depended on its ability to bind to endogenous BRCA2. Third, BRME1 also localized to 

mitotic DSBs when overexpressed with MEILB2. Most importantly, the overexpression of 

MEILB2 and BRME1 in somatic cancer cells impaired the activation of the mitotic HR 

pathway. The inhibitory function of MEILB2 required its BRCA2-binding activity. These 

results suggest that MEILB2 and BRME1 are potential oncogenes, whose overexpression 

impairs mitotic HR. 

 

Paper III 

Disruption of the MEILB2-BRCA2 interface compromises the recruitment of both MEILB2 

and BRCA2 to recombination sites in mouse spermatocytes 

We illustrated that the localization of BRCA2 at meiotic recombination sites depends on the 

MBD of BRCA2 (Paper I). Furthermore, in Paper II, mouse MEILB287-end binding to 

BRCA2MBD resulted in a unique heterocomplex. In this paper, by collaborating with Dr. 

Nandakumar lab, we demonstrated that human MEILB283-end -BRCA2MBD formed a 4:2 

stoichiometric heterocomplex. By analyzing the crystal structure, we have identified amino 

acid residues essential for MEILB2-BRCA2 interaction, such as D2242 and D2265 in 

BRCA2 and W136, D272, D330, and R204 in MEILB2. By introducing point mutations to 

these residues and examining the subcellular localization of mutant proteins, we have 

concluded that the BRCA2 and MEILB2 interaction is indispensable for the localization of 

both MEILB2 and BRCA2 in mouse spermatocytes, proving their interdependent localization 

mechanism. 
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Concluding remarks  

BRCA2 is the most well-known cancer suppressor gene. People carrying mutations in 

BRCA1/2 are estimated to have a lifetime risk of 65%–80% for developing breast cancer, and 

up to 20%–45% of them develop ovarian cancers (H Daum, 2018). Around 1 in 400 people 

have a BRCA2 mutation that can be inherited from either parent, which largely increases the 

risk of both ovarian and breast cancers (N Petrucelli, 2010). 

Despite BRCA2 being important from clinical perspectives, the regulatory mechanisms of 

BRCA2 are still poorly understood especially in meiosis. Specifically, the embryonic 

lethality of the gene knockout limits the study of BRCA2 in meiotic HR. Therefore, it is 

essential to identify the BRCA2-interacting proteins. 

In working to determine the roles of BRCA2 and its co-factors, we identified MEILB2 

(Paper I) and BRME1 (Paper II) as meiosis-specific BRCA2-binding proteins. Through the 

functional analysis of MEILB2 and BRME1, we have acquired deeper insights into the 

functions of BRCA2 during meiotic HR. 

First, we found that the localization of BRCA2, as well as the downstream recombinases 

RAD51 and DMC1, are abolished in Meilb2-/- spermatocytes. These findings not only 

demonstrated how BRCA2 is recruited to sites of meiotic HR, but also defined the 

uniqueness of MEILB2 in meiotic HR. This meiosis-specific pathway may ensure the 

efficient and rapid repair of abundance meiotic DSBs. Clinically, mutations in the 

MEILB2/HSF2BP gene have recently been found in three homozygous carriers that suffer 

from infertility (Z Tang, 2017) (BV Halldorsson, 2019). 

Second, our data showed that BRCA2-MEILB2-BRME1 formed a ternary complex that is 

required for the normal progression of meiosis. Further, a novel 4:2 human MEILB283-end-

BRCA2MBD complex was identified, thus suggesting a synergistic mechanism for the 

recruitment of both proteins to meiotic DSBs. These findings have significantly broadened 

our vision of how BRCA2 is involved in meiotic HR and how BRCA2 is molecularly 

modified for its meiosis-specific purpose.  

Third, overexpressing MEILB2 and BRME1 in mitotic cancer cells disrupted the intrinsic 

BRCA2 function by binding directly to the protein and further blocking the RAD51 foci 

formation. Thus, the misregulation (upregulation/overexpression) of MEILB2 and BRME1 

could potentially contribute to the sporadic cancer development, as reported for the other 

BRCA2 interacting proteins. Therefore, it will be useful to examine the expression level of 

MEILB2 and BRME1 in human cancers and its correlation with the cancer malignancy, in 

order to investigate the possibility of these meiotic BRCA2 interactors being potential cancer 

drivers. These works can provide better diagnoses and potential treatments for sporadic 

cancers. 

Finally, the ongoing and further research conducted by both our group and our collaborators, 

including the crystal structural analysis of the ternary BRCA2-MEILB2-BRME1 complex as 

well as the analysis of Brca2 mutant mice lacking the MBD coding region, will provide more 

information regarding the molecular regulation of BRCA2 and its interactors. These findings 

will have multidisciplinary impacts in both cancer and reproductive biology fields. 
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