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Meiosis is a specialized cell division for producing haploid gametes in sexually reproducing organisms. In
this study, we have independently identified a novel meiosis protein male meiosis recombination
regulator (MAMERR)/4930432K21Rik and showed that it is indispensable for meiosis prophase I pro-
gression in male mice. Using super-resolution structured illumination microscopy, we found that
MAMERR functions at the same double-strand breaks as the replication protein A and meiosis-specific
with OB domains/spermatogenesis associated 22 complex. We generated a Mamerr-deficient mouse
model by deleting exons 3—6 and found that most of Mamerr~~ spermatocytes were arrested at
pachynema and failed to progress to diplonema, although they exhibited almost intact synapsis and
progression to the pachytene stage along with XY body formation. Further mechanistic studies revealed
that the recruitment of DMC1/RAD51 and heat shock factor 2—binding protein in Mamerr~~ sper-
matocytes was only mildly impaired with a partial reduction in double-strand break repair, whereas a
substantial reduction in ubiquitination on the autosomal axes and on the XY body appeared as a major
phenotype in Mamerr~/~ spermatocytes. We propose that MAMERR may participate in meiotic prophase
I progression by regulating the ubiquitination of key meiotic proteins on autosomes and XY chromo-
somes, and in the absence of MAMERR, the repressed ubiquitination of key meiotic proteins leads to
pachytene arrest and cell death.
Copyright © 2020, The Authors. Institute of Genetics and Developmental Biology, Chinese Academy of
Sciences, and Genetics Society of China. Published by Elsevier Limited and Science Press. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

recombination (HR) involving homologous pairing and strand ex-
change (Keeney and Neale, 2006; Baudat et al., 2010).

As a specialized type of cell division in sexually reproducing
eukaryotes, meiosis creates haploid germ cells from diploid pro-
genitors and guarantees their genetic diversity (Zickler and
Kleckner, 1999; Handel and Schimenti, 2010). Meiosis prophase I
starts with the programmed formation of DNA double-strand
breaks (DSBs) generated by the topoisomerase-like protein SPO11,
and the DSBs are then resected to produce 3’ single-stranded DNA
overhangs and subsequently repaired through homologous
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Multiple proteins take part in HR and drive the maturation of
crossovers or noncrossovers. The replication protein A (RPA)
complex (RPA1, RPA2, and RPA3) directly coats single-stranded
DNA to protect it from degradation and to remove secondary
structures (Wold, 1997; Ribeiro et al., 2016). The presence of
RAD51 and DMC1 on presynaptic filaments is essential for proper
strand invasion (Cloud et al., 2012), but the processes behind the
formation and stabilization of the RAD51/DMC1 nucleofilament
are still not completely understood. Recent studies have sug-
gested that heat shock factor 2—binding protein (HSF2BP) might
facilitate the recruitment of breast cancer susceptibility gene 2
(BRCA2), which in turn mediates the localization of recombinases
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Fig. 1. Expression and localization of MAMERR during meiosis prophase 1. A: Reverse transcription polymerase chain reaction (RT-PCR) detection of Mamerr in different tissues
indicated that Mamerr was specifically expressed in adult testes and E17.5 ovaries. B-actin was used as the internal control. B—D: SIM images of MAMERR localization on meiotic
chromosomes in Mamerr*/* and Mamerr~/~ spermatocytes. MAMERR (green signal) was located on the SYCP3 (red signal)-marked autosome and chromosome axes (arrows). The
enlarged view of the boxed area shows that MAMERR was localized on the X and Y chromosomes (D, arrows). E-G: In Mamerr~/~ spermatocytes, no MAMERR signal on chro-
mosomes was detected. The enlarged view of the boxed chromosomes shows that no MAMERR was detected on the X and Y chromosomes (G’). H: The numbers of MAMERR foci at
each meiotic stage. I-K: Chromosome spreads of oocytes from E17.5 Mamerr*/* and Mamerr~/~ ovaries were stained for MAMERR (green) and SYCP3 (red). MAMERR was located on
the chromosome axis from the leptotene to pachytene stages (arrows). MAMERR, male meiosis recombination regulator; SIM, structured illumination microscopy; SYCP3, syn-

aptonemal complex protein 3.



M. Li et al. / Journal of Genetics and Genomics 47 (2020) 451—465 453

RAD51 and DMC1 at the meiotic DSBs (Brandsma et al., 2019). This
notion was based on the finding that deletion of Hsf2bp led to the
failure of synapsis and abolished the localization of RAD51/DMC1
(Brandsma et al., 2019). The presynaptic filament searches for its
homologous sequence and invades the homologous chromosome,
leading to a structure known as a displacement loop (Zickler and
Kleckner, 2015). At this phase, meiosis-specific with OB domains
(MEIOB) and its cofactor spermatogenesis associated 22
(SPATA22) mediate second-end capture (Luo et al., 2013). The
DSBs are then processed to form crossovers or noncrossovers
(Baker et al., 1996). The prominent features at the pachytene stage
of prophase I include the partial synapsis of the X and Y chro-
mosomes at their pseudoautosomal regions (PARs), the formation
of the XY body, and meiotic sex chromosome inactivation (MSCI)
(Turner, 2007).

MEIOB and SPATA22 form an obligate complex during meiosis
(Luo et al., 2013; Hays et al., 2017), and the MEIOB/SPATA22 and the
RPA complexes colocalize on chromosomes during meiosis and
interact with each other (Xu et al., 2017). A recent study has shown
that HSF2BP also colocalizes with RPA and MEIOB/SPATA22 com-
plexes to facilitate RAD51/DMC1 recruitment (Brandsma et al.,
2019). These proteins are essential for HR and DSB repair, and
mice lacking these proteins present with meiosis arrest at the
zygotene stage with failed synapsis and DSB repair. However, the
mechanism how these recombination-related proteins appear,
degrade, and collaborate with each other so that the meiosis pro-
gression occurs properly remains poorly understood.

A recent study showed that ubiquitin is localized on the chro-
mosome axis and regulates the stabilization and degradation of
recombination factors to enable the proper occurrence of synapsis,
DSB repair, and crossover formation (Rao et al., 2017). In addition, the
ubiquitin-proteasome system coordinates with small ubiquitin-like
modifier modification to regulate cellular proteostasis (Reynolds
et al.,, 2013; Qiao et al,, 2014; Rao et al., 2017). In mice lacking the
polyubiquitin gene ubiquitin B (Ubb), spermatocytes exhibited
decreased ubiquitination and were arrested at the pachytene stage
(Ryuetal., 2008; Sinnaretal., 2011). Moreover, the germ line—specific
protein Scm polycomb group protein like 2 (SCML2) has been re-
ported to mediate the repression of genes by differentially regulating
histone H2A ubiquitination on autosomes and sex chromosomes
during meiosis and thereby regulating the germ line epigenome and
male reproduction (Hasegawa et al., 2015; Luo et al., 2015).

Here, we have independently identified a novel male germ
cell—specific protein in mice, male meiosis recombination regu-
lator (MAMERR), that regulates the recruitment of the meiotic
recombinases RAD51 and DMC1 and promotes the ubiquitination
of the autosomes and XY body. Male Mamerr”~ mice were
sterile, and the DMC1/RAD51 recruitment in Mamerr™~ sper-
matocytes was partially compromised, leading to some unre-
paired meiotic DSBs on autosomes. More importantly, Mamerr™~
spermatocytes showed substantially reduced ubiquitination on
the autosomes and XY body, accompanied by pachytene arrest
and germ cell death. In contrast, female Mamerr~/~ mice were
fertile. We propose that MAMERR plays an indispensable role in
guiding the progression of meiosis prophase I by regulating the
ubiquitination status of sex chromosomes and autosomes.

2. Results

2.1. MAMERR is a meiosis prophase I—specific protein in mouse
germ cells

We isolated and purified different types of male germ cells using
bovine serum albumin gradient sedimentation (Gan et al., 2013).
We performed mRNA sequencing of spermatogonia, leptotene/

zygotene spermatocytes, pachytene spermatocytes, round sperms,
the spleen, the kidney, and the liver, and we independently found
the gene coded by 4930432K21Rik, which we named Mamerr.
Mamerr was highly expressed in spermatocytes from leptotene/
zygotene and pachytene stages to round spermatids, but was
expressed at very low levels in spermatogonia and somatic organs
(Fig. S1A). This gene was initially published as one of the 104
meiosis prophase I—specific genes in mouse female germ cells by
David Page's laboratory (see Table S2 in the study by Soh et al,,
2015). Meanwhile, it was also identified as a testis-specific gene
through RNA sequencing in Professor Yoshinori Watanabe's labo-
ratory of the University of Tokyo, Japan (personal communication).
Reverse transcription polymerase chain reaction (RT-PCR) analysis
confirmed that Mamerr was specifically expressed in germ line
tissues, including adult testes and embryonic ovaries (Fig. 1A).
Amino acid sequence alignment showed that MAMERR is
conserved in mice, rats, and humans (Fig. S1B).

2.2. MAMERR protein was expressed as foci on the axes of
autosomes and sex chromosomes during meiosis prophase |

We performed immunofluorescence staining of MAMERR in
spread spermatocyte nuclei and detected the precise chromosomal
localization of MAMERR using super-resolution structured illumi-
nation microscopy (SIM). The MAMERR signal was found to be
localized on synaptonemal complex protein 3 (SYCP3)—stained
chromosome axes during meiosis prophase I (Fig. 1B—D, arrows).
MAMERR foci were also observed on XY chromosomes (Fig. 1D’,
arrows). As a negative control, no MAMERR expression was seen in
Mamerr~~ spermatocytes (Fig. 1IE—G, G', see the following section
for the generation of Mamerr~~ mice). The expression pattern of
MAMERR in meiotic chromosomes was very similar to other
recombinase-related proteins such as RPA2 (Shi et al., 2019), MEIOB
(Luo et al., 2013), and SPATA22 (La Salle et al., 2012).

At the leptotene stage, there was a mean of 189 MAMERR foci
per cell, and the number of foci reached a peak at the early
zygotene stage, with a mean of 250 foci per spermatocyte
(Fig. 1H). The number of MAMERR foci began to decrease at the
late zygotene (185 foci/cell) and early pachytene (155 foci/cell)
stages. It is worth noting that MAMERR expression persisted on
chromosomes at the late pachytene stage (Fig. 1H), which is in
contrast to RPA2 that is already absent by this stage (Shi et al.,
2019). We also performed chromosome spreading with embry-
onic day 17.5 (E17.5) ovaries and found a similar pattern of
MAMERR localization on chromosome axes of meiotic female
germ cells (Fig. 11-K, arrows).

2.3. MAMERR foci colocalized with RPA-MEIOB/SPATA22 complexes
and HSF2BP

To clarify whether the MAMERR localization is DSB dependent,
we first stained for MAMERR in Spo11** and Spo11~~ spermato-
cytes. We found that compared with Spo11** spermatocytes where
MAMERR foci were localized on the chromosome axis (Fig. 2A, ar-
rows), the MAMERR foci were abolished in Spo11~“ spermatocytes
(Fig. 2B). These results suggest that MAMERR recruitment only
occurs after the formation of DSBs. Considering the similar
expression patterns of MAMERR and RPA2, we performed the
MAMERR and RPA2 colocalization experiment and found that
MAMERR foci largely overlapped with RPA2 foci at the zygotene
stage as observed under SIM (Fig. 2C, D and D', arrows). We then
studied the colocalization of MAMERR with other meiosis and
recombinase-related proteins and found that MAMERR colocalized
with SPATA22 (Fig. 2E, F and F', arrows) and HSF2BP (Fig. 2G, H and
H', arrows), but did not colocalize with DMC1 foci (Fig. 2I, ] and J').
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Fig. 2. MAMERR colocalized with RPA/MEIOB/SPATA22 complexes and HSF2BP. A
and B: SIM images of MAMERR and SYCP3 immunostaining of chromosome spreads
from Spo11*/* and Spo11~/~ spermatocytes. MAMERR foci were absent in Spo11~7/~
zygotene-like spermatocytes. C and D: Colocalization of MAMERR (green) and RPA2
(red) in zygotene spermatocytes. The enlarged view of the boxed area shows
MAMERR colocalized with RPA2 (D’, arrows). E and F: Colocalization of MAMERR
(green) and SPATA22 (red) in zygotene spermatocytes. The enlarged view of the
boxed area shows that MAMERR colocalized with SPATA22 (F’, arrows). G and H:
Colocalization of MAMERR (green) and HSF2BP (red) in zygotene spermatocytes. The
enlarged view shows MAMERR colocalized with HSF2BP (H’, arrows). I and J:
Colocalization of MAMERR (green) and DMCI1 (red) in zygotene spermatocytes. The
enlarged view of the boxed area shows that MAMERR did not colocalize with DMC1
(J'). Arrows indicate DMC1 foci, and arrowheads indicate MAMERR foci. MAMERR,
male meiosis recombination regulator; SIM, structured illumination microscopy;
SYCP3, synaptonemal complex protein 3; RPA, replication protein A; MEIOB,
meiosis-specific with OB domains; SPATA22, spermatogenesis associated 22;
HSF2BP, heat shock factor 2—binding protein.

2.4. Deletion of Mamerr disrupted meiosis progression with most
male germ cells arrested at the pachytene stage

To study the functional roles of MAMERR, we generated a
Mamerr-deficient mouse model. The Mamerr gene is composed of
nine exons, with an ATG start codon in exon 2 and a TAA stop codon
in exon 9. The Mamerr-knockout mouse model carried a deletion of
the genomic DNA fragment covering exon 3 to exon 6 (Fig. S2A).
Western blot analysis confirmed the absence of MAMERR protein in
Mamerr~/~ testes (Fig. 3A).

Mamerr~~ males were found to be sterile with a reduced testis
size (Fig. 3B). Histological analysis showed that postnatal day 35
Mamerr*/* testes contained differentiated spermatocytes at various
stages and elongated spermatids (Fig. 3C, arrows), while Mamerr—/~
testes lacked postmeiotic spermatids (Fig. 3D, arrow), and sper-
matocyte nuclei with condensed chromatin were observed (Fig. 3D,
arrowhead). In contrast to males, the fertility of Mamerr~~ females
was normal.

To determine the cause of the meiotic defects in Mamerr~~
mice, we performed chromosome spreading and analyzed the
progression of meiosis prophase I in Mamerr~~ male germ cells by
staining for synaptonemal complex protein 1 (SYCP1) and SYCP3. To
look into the chromosomal structure and stability of the synapto-
nemal complex in Mamerr~~ spermatocytes in greater detail, we
stained for the N-terminus of SYCP1. We found that in Mamerr~/~
spermatocytes, SYCP1—N was localized in the midline of the syn-
aptonemal complex in both Mamerr*/* (Fig. S2B—D and B'—D', ar-
rows) and Mamerr~~ mice (Fig. S2E—G and E'—G', arrowheads).
Similar to Mamerr*/* spermatocytes, in Mamerr”~ pachytene
spermatocytes, the autosomes achieved full synapsis as indicated
by the SYCP1 signal (Fig. S2F and F', arrowheads). This is supported
by a concurrent study in which a subpopulation of Mamerr (Brme1)-
knockout spermatocytes ‘indeed showed a pachytene morphology,
whose 19 pairs of autosomal axes were apparently fully synapsed’
in a knockout mouse model wherein a complete deletion of exons
3—9 of the Mamerr/4930432K21rik gene was performed (Takemoto
et al., 2020). The morphologically normal synapsis in Mamerr~'~
spermatocytes in this study and in the study by Takemoto et al.,
2020 was different from that seen in another study using a par-
tial knockout mouse model wherein exon 7 and part of exon 8 of
Mamerr were deleted (Zhang et al., 2020). This incomplete
knockout strategy might affect the phenotypes because a partial
MAMERR protein encoded by intact exons 1—6 of the Mamerr gene
may still exist (Zhang et al., 2020).

We also observed that similar to Mamerr*/* cells (Fig. S2C), the
sex chromosomes in Mamerr~/~ pachytene cells were partially
synapsed in the PAR (Fig. S2F, white-dashed circle). Thus, the
observed Mamerr~~ spermatocytes had progressed to the pachy-
tene stage. We quantified the number of spermatocytes at different
prophase stages using testes from 8-week-old mice. In Mamerr*/*
mice, cells at the pachytene stage represented 55% of the total cell
counts, and 29% of the cells had entered the diplotene stage
(Fig. 3E). In contrast, in Mamerr~”~ mice, there was a higher pro-
portion of pachytene spermatocytes (68%) (Fig. 3E, arrow), whereas
the proportion of diplotene cells was low (4%) (Fig. 3E). No meta-
phase I spermatocytes were seen in Mamerr~~ mice. These results
show that progression of meiosis prophase I from leptotene to
diplotene stages in Mamerr~'~ mice was slower, with most of the
germ cells being arrested at the pachytene stage (Fig. 3E, arrow).

2.5. DSB repair and crossover formation are mildly defective in
Mamerr~~ mice

Considering the seemingly normal synapsis but pachytene arrest
in Mamerr~~ spermatocytes, we analyzed DSB repair and crossover
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formation in Mamerr~~ spermatocytes. In Mamerr / zygotene
spermatocytes, YH2AX signals were observed at a comparable in-
tensity as in Mamerrt/* spermatocytes (Fig. 3F and 1). In Mamerr*/*
pachytene and diplotene stages, the YH2AX signal was restricted to
sex chromosomes (Fig. 3G and H, white-dashed circles). However, in
Mamerr~/~ spermatocytes at the pachytene and diplotene stage, in
addition to the strong YH2AX signals on the XY body (Fig. 3] and K,
white-dashed circles), YH2AX remained as specific foci scattered
across the autosomes, as shown by SIM (Fig. 3], J' and K, yellow ar-
rows). We then immunostained for MutL homolog 1 (MLH1) to
identify crossover maturation in the pachytene stage (Edelmann et al.,
1996). We found normal MLH1 foci in Mamerr*/* pachytene sper-
matocytes (Fig. 3L, arrows, and N), but this was reduced to a mean of
10 MLH1 foci in pachytene Mamerr~~ spermatocytes (Fig. 3M, ar-
rowheads, and N). These results show that DSBs were produced
normally in Mamerr”~ spermatocytes but were only partially
repaired, with compromised crossover maturation.

2.6. Localization of MAMERR foci on chromosomes is dependent on
the RPA-MEIOB/SPATA22 complex, but not vice versa

To determine the functional relationships between MAMERR
and other known DSB-associated meiotic proteins, including RPAs,
SPATA22, RAD51, and DMC1, we detected the presence and locali-
zation of these proteins in Mamerr~/~ spermatocytes. We found
that at the zygotene stage, the numbers of RPA2 foci were similar
between Mamerr*/* (Fig. 4A, arrows) and Mamerr—/~ (Fig. 4B, ar-
rows) spermatocytes (Fig. 4G, zygotene). In Mamerr/~ pachytene
spermatocytes, there were more RPA2 foci (Fig. 4D, arrows) than
Mamerr*/* spermatocytes (Fig. 4C, arrows). At the diplotene stage,
RPA2 foci had disappeared in Mamerrt/* cells (Fig. 4E), whereas
RPA2 foci were still detected in Mamerr~~ cells (Fig. 4F, arrows).
We found a mean of 15 persistent RPA2 foci on each chromosome
(Fig. 4G, diplotene). In Mamerr=~ spermatocytes, the numbers of
SPATA22 foci were comparable with Mamerr'/* spermatocytes
during the zygotene to pachytene stage (Fig. S3A-E, arrows). These
results showed that the formation and loading of the RPA2 and
MEIOB/SPATA22 complex on DSBs are independent of MAMERR. It
is likely that MAMERR only plays a regulatory role in prophase I
rather than being an indispensable component for forming the
RPA2 and MEIOB/SPATA22 complex.

To determine whether MAMERR localization was dependent on
the RPA2 and MEIOB/SPATA22 complex, we next stained for
MAMERR in Rpa1 conditional knockout mice (referred to as Rpa1<®
mice). Defective zygotene-like spermatocytes were present in
Rpa1?© testes as indicated by a lack of synapsis and unusually
strong YH2AX signals (Fig. 41, blue signal) as we previously reported
(Shi et al., 2019). We found that in contrast to the abundant
MAMERR expression in wild-type cells (Fig. 4H, arrows), in Rpa1<®
zygotene-like spermatocytes, MAMERR foci were completely ab-
sent on chromosomes (Fig. 4I). We then analyzed MAMERR
expression in Meiob™* (Fig. 4], arrows) and Meiob~/~ spermato-
cytes (Luo et al.,, 2013) and found that MAMERR foci were also
completely absent in Meiob™~ spermatocytes (Fig. 4K). Thus, the
localization of MAMERR foci on chromosomes is dependent on the
RPA and MEIOB/SPATA22 complex, but RPA2 and SPATA22 locali-
zation is independent on MAMERR.

2.7. Deletion of Mamerr partially impairs recruitment of DMC1 and
RAD51

As meiosis progresses, the recruited meiotic recombinases
DMC1 and RADS51 displace RPA and promote the search for a ho-
mologous chromosome. We found that DMC1 and RAD51 recruit-
ment in Mamerr~/~ spermatocytes was partially defective. As

shown in Fig. 5E, there was a significant reduction in DMC1
recruitment in Mamerr~”~ spermatocytes from the zygotene to
pachytene stages (Fig. 5C and D) compared with Mamerr*/+ sper-
matocytes (Fig. 5A and B). It is worth noting, however, that the
recruitment of DMC1 in Mamerr™/~ spermatocytes was not
completely abolished (Fig. 5E). In Mamerr~/~ spermatocytes at the
zygotene and pachytene stages, there were still a mean of 60 and 20
DMC1 foci, respectively (Fig. 5E). Moreover, compared with
Mamerr*/* spermatocytes (Fig. 5F and G), the number of RAD51 foci
in Mamerr/~ spermatocytes decreased at the zygotene and
pachytene stages (Fig. 5H and I). RAD51 was, however, still found to
be recruited to chromosomes, with an average of 92 foci at the
zygotene stage and 34 foci at the pachytene stage (Fig. 5]).

It was apparent that the DMC1/RAD51 complexes were still
recruited to Mamerr~~ chromosomes, indicating that the recom-
binase recruitment in mutant spermatocytes was only mildly
disturbed. In the absence of MAMERR, DMC1/RAD51 could still be
partially recruited, implying that MAMERR might play a facilitating
role rather than a direct recruiting function for DMC1 and RAD51.

2.8. MAMERR localization is fully dependent on HSF2BP, and
HSF2BP recruitment is partially disrupted in Mamerr~/~
spermatocytes

HSF2BP was reported to bind to BRCA2 and was hypothesized to
recruit BRCA2 to DSBs (Brandsma et al., 2019), where BRCA2 re-
cruits RAD51 and DMC1 (Thorslund et al., 2007; Jensen et al., 2010).
The colocalization experiment by high-resolution SIM has shown
that MAMERR signals overlapped with HSF2BP foci (Fig. 2G, H and
H', arrows). We next detected MAMERR expression in Hsf2bp*/*
cells and found that compared with the MAMERR foci observed in
Hsﬂbp” * spermatocytes (Fig. 5K, arrows), MAMERR foci at DSBs in
Hsf2bp/~ spermatocytes were completely abolished (Fig. 5L). This
shows that MAMERR localization on DSBs is fully dependent on
HSF2BP. We next found that compared with the numbers of HSF2BP
foci in Mamerr™* germ cells (Fig. 5M, N and Q), the number of
HSF2BP foci decreased by 40% and 38% in Mamerr~/~ zygotene and
pachytene spermatocytes, respectively (Fig. 50—Q). These results
suggest that the localization of MAMERR on DSBs is dependent on
HSF2BP, whereas the localization of HSF2BP on DSBs is not fully
dependent on MAMERR. It is thus likely that MAMERR modifies
HSF2BP and regulates the function of HSF2BP in the context of
RAD51/DMC1 recruitment.

2.9. MAMERR is found in the same protein complex with HSF2BP
and RPA2 in vitro

Based on the aforementioned results, we hypothesized that
MAMERR and HSF2BP exist in the same functional protein complex.
We tested this hypothesis in HEK 293T cells, where no endogenous
MAMERR was expressed. HEK 293T cells were cotransfected with
pCAG-Gfp-Mamerr and pcDNA3.1-Hsf2bp-His constructs. By per-
forming immunoprecipitation (IP) with a green fluorescent protein
(GFP) antibody, we found that HSF2BP-His coprecipitated with
GFP-MAMERR (Fig. S4B). These results supported our hypothesis
that MAMERR and HSF2BP occur in the same protein complex and
that there are interactions between them.

To identify the amino acid (aa) regions that are essential for
associating MAMERR in the same complex with HSF2BP, we con-
structed a series of truncated Gfp-Mamerr constructs (Fig. S4A).
Starting by splitting the protein into two fragments (MAMERR
1—-300 aa and MAMERR 301—-600 aa) and four fragments (MAMERR
1—150 aa, 151—300 aa, 301—450 aa, and 451—-600 aa), we found that
the MAMERR 301-600 aa (Fig. S4D) and 451—600 aa regions
(Fig. S4H) could be immunoprecipitated with HSF2BP in HEK
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Fig. 3. MAMERR is indispensable for maintaining male fertility. A: Western blotting showed that MAMERR was deleted in PD30 Mamerr~/~ testes compared with Mamerr*/* testes.
B-actin was used as the loading control. B: Mamerr/~ male mice had a reduced testis size at PD35 compared with Mamerr*/* mice. C and D: Hematoxylin and eosin staining of
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tubule’s lack of postmeiotic spermatocytes. E: Percentages of spermatocytes at different stages of meiosis prophase I in 8-week-old Mamerr*/+ and Mamerr~/~ testes. The numbers
marked above the bars show the percentages of cells at the indicated meiosis stage. F-K: Chromosome spreads of spermatocytes from Mamerr*/* and Mamerr/~ males were
stained with SYCP3 (red) and YH2AX (green). (F and I). Representative images of spermatocytes at the zygotene stage are shown. G and J: Representative images of spermatocytes at
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293 cells, as indicated by the green lines in Fig. S4A. To further
locate the interacting domain of MAMERR, we shortened the
MAMERR 451-600 aa construct further into six truncated con-
structs (Fig. S4A). MAMERR 451-575 aa (Fig. S4K), 476—600 aa
(Fig. S4L), 501—600 aa (Fig. S4M), and 526—600 aa (Fig. S4N) could
immunoprecipitate with HSF2BP (Fig. S4A, green lines), whereas
MAMERR 451-525 aa (Fig. S41) and 451—550 aa (Fig. S4]) showed
no coprecipitation with HSF2BP (Fig. S4A, red lines). Thus, we
concluded that the 50-aa region (526—575 aa) in MAMERR is
responsible for interacting with or forming the protein complex
with HSF2BP (Fig. S4A, arrow).

Because we found that RPA2 remained on chromosomes at the
diplotene stage in Mamerr~~ spermatocytes, we speculated that
MAMERR may interact with the RPA complex. HEK 293T cells were
cotransfected with mouse pCAG-Gfp-Mamerr and pcDNA3.1-Rpa2-
Flag constructs. By performing IP with a GFP antibody, we found
that RPA2-FLAG protein was coprecipitated with GFP-MAMERR
(Fig. S5A), suggesting that MAMERR interacts with RPA2.

2.10. The Mamerr~'~ XY body shows substantially suppressed
ubiquitination

Mamerr~/~ spermatocytes progressed to the pachytene stage
with successful formation of the XY body (Fig. S2F, white-dashed
circle). Considering the persistent expression of MAMERR on sex
chromosomes and the pachytene arrest phenotype in Mamerr~/~
spermatocytes, we hypothesized that MAMERR plays a role in the
pachytene XY body in addition to its regulating/modifying role in
mediating DMC1/RAD51 recruitment at the zygotene stage.

To this end, we tested whether ubiquitin modification of sex
chromosomes was altered in Mamerr~~ male germ cells. We first
used an antibody clone FK2 that recognizes mono and lysine (K)-
29-, K-48-, and K-63-linked polyubiquitinylated conjugates (Lu et
al., 2010). Similar to previous studies (Ichijima et al., 2011; Lu
et al., 2013), we found that the FK2 ubiquitin antibody did not
recognize any ubiquitin signals along autosomes but recognized
ubiquitin signals on sex chromosomes (Fig. 6A and B). We observed
accumulated FK2 ubiquitin signals along the axes of the sex chro-
mosomes at the early pachytene stage (Fig. 6A, white-dashed cir-
cle). At mid to late pachytene, the FK2 ubiquitin signal became
more abundant and spread to the entire XY body in Mamerr*/+
spermatocytes (Fig. 6B, white-dashed circle). In Mamerr~~ sper-
matocytes, however, no ubiquitin signal was detected by the FK2
antibody in the XY body at the early pachytene stage (Fig. 6C,
white-dashed circle). In mid to late pachytene Mamerr~~ sper-
matocytes, the ubiquitin signal was completely absent in 75% of the
observed cells (Fig. 6D, n = 20) and was very low in the remaining
25% of the cells observed (Fig. 6D', n = 20). These results indicated
that MAMERR promotes ubiquitination of the XY body in
pachytene-stage spermatocytes.

2.11. H2A ubiquitination is substantially suppressed in Mamerr—/~
XY bodies

Chromosomes are made up of structures of nucleosomes, which
are composed of a segment of DNA wrapped around eight core
histones (H2A, H2B, H3, and H4) in eukaryotes (Kornberg et al.,

1974). H2A ubiquitination is highly enriched in XY bodies during
the pachytene stage of meiotic prophase I, and this is believed to be
associated with gene silencing (Baarends et al., 2005). Thus, we
tested whether the dramatic reduction in the ubiquitination of the
XY body in Mamerr~/~ spermatocytes is due to reduced ubiquityl-
H2A (Ub-H2A) by using the antibody clone E6C5 that recognizes
monoubiquitination of H2A at K119. As shown in Fig. GE, in
Mamerr*/* spermatocytes, Ub-H2A signals were present on sex
chromosomes at pachytene (Fig. 6E, white-dashed circle). In
Mamerr~~ spermatocytes, the Ub-H2A signals in the XY body were
much lower than in the XY bodies of Mamerr*/" spermatocytes
(Fig. 6F, white-dashed circle). Thus, the reduced Ub-H2A was likely
to be at least partly responsible for the dramatically reduced
ubiquitination indicated by the reduced FK2 signal (Fig. 6C and D).
It is thus likely that ubiquitination of other proteins is also reduced
in the XY body of Mamerr/~ spermatocytes. The exact ubiquitin
signal densities as measured by the FK2 and E6C5 antibodies were
not quantitatively comparable.

2.12. Ubiquitin signals are reduced on autosomes of Mamerr—/~
spermatocytes

We also tested a rabbit K48-specific ubiquitin antibody clone
Apu2-07 that is reported to recognize K-48 ubiquitin chains on
autosomes (Rao et al., 2017). K48-linked polyubiquitin chains target
proteins for degradation via proteolysis (Hicke, 2001). By immu-
nofluorescence, we found that in control Mamerr*/* germ cells, the
K48-linked ubiquitin (Ub-K48) signal was located on the autosomal
axes at late zygotene (Fig. 6G, arrows) and pachytene (Fig. 6H and
H', arrows) stages, and this was in agreement with previous results
(Rao et al, 2017). Ub-K48 antibody—detected ubiquitin signals
were also observed on the XY body at the pachytene stage (Fig. 6H,
white-dashed circle). Nevertheless, in sharp contrast, the Ub-K48
signal was almost completely absent on autosomes at the late
zygotene and pachytene stages (Fig. 61, ] and |') and on XY bodies in
Mamerr™~ spermatocytes (Fig. 6], white-dashed circle). These re-
sults indicated that the absence of MAMERR in male germ cells not
only resulted in substantially reduced ubiquitination of the XY
body, but also led to reduced ubiquitination on autosomes. The
substantially reduced ubiquitination on autosomes and XY chro-
mosomes is likely an important reason for the observed pachytene
arrest and apoptotic cell death in Mamerr~~ spermatocytes.

To summarize, the aforementioned data suggested that
MAMERR not only regulates ubiquitination of XY bodies that may
be of significance in controlling MSCI but also participates in HR
and DSB repair by regulating the ubiquitination of autosomes.

2.13. MAMERR is not an E3 ligase or a substrate for ubiquitination

We next studied whether MAMERR per se is a possible E3
ubiquitination ligase or is a substrate for ubiquitination. HEK293T
cells were cotransfected with pCMV6-Mamerr-Myc-Flag and pCMV-
HA-ubiquitin expression constructs, and the cells were harvested
for protein extraction 24 h after transfection. Ectopic MAMERR in
whole-cell extract (WCE) was immunoprecipitated using an anti-
FLAG antibody, and the eluted proteins were subjected to West-
ern blotting for HA-ubiquitin analysis. In WCE transfected with HA-

the pachytene stage are shown (the white-dashed circle indicates the XY body). The enlarged view of the boxed area shows no YH2AX on chromosomes in Mamerr*/* sper-
matocytes (G') and the persistent YH2AX on chromosomes in Mamerr~/~ spermatocytes (J', yellow arrows). H and K: Representative images of spermatocytes at the diplotene stage
(the white-dashed circle indicates the XY body). L and M: Mamerr*/* and Mamerr~/~ spermatocytes immunostained for SYCP3 (red) and MLH1 (green, arrows and arrowheads). N:
Mamerr~~ spermatocytes had decreased numbers of MLH1 foci compared with Mamerr*/* spermatocytes. Each dot represents the number of MLH1 foci per cell, with black dots
indicating Mamerr*/* spermatocytes and red dots indicating Mamerr~/~ spermatocytes. Solid lines show the means and standard deviations of the number of foci in each group of
spermatocytes. The P-value was calculated using Student's t-test. MAMERR, male meiosis recombination regulator; SYCP3, synaptonemal complex protein 3; PD35, postnatal day 35;

MLH1, MutL homolog 1.
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synaptonemal complex protein 3; RPA, replication protein A; MEIOB, meiosis-specific with OB domains; SPATA22, spermatogenesis associated 22.
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Fig. 5. MAMERR facilitates recruitment of RAD51/DMCT to DSB sites by regulating HSF2BP localization. A—D: Immunostaining for SYCP3 (red) and DMC1 (green) in Mamerr*/* and
Mamerr~/~ spermatocytes. Representative images of spermatocytes at zygotene (A and C) and pachytene (B and D) stages are shown. (E) Mamerr~/~ spermatocytes had decreased
numbers of DMC1 foci compared with Mamerr*/* spermatocytes from the zygotene to pachytene stages. F—I: Immunostaining for SYCP3 (red) and RAD51 (green) in Mamerr*/* and
Mamerr~/~ spermatocytes. Representative images of spermatocytes at the zygotene (F and H) and pachytene (G and I) stages are shown. J: Mamerr/~ spermatocytes had decreased
numbers of RAD51 foci compared with Mamerr*/* spermatocytes from the leptotene to pachytene stages. K and L: SIM images of chromosome spreads of spermatocytes from
Hsf2bp*/* and Hsf2bp~/~ mice were stained for MAMERR (green) and SYCP3 (red). MAMERR foci were absent in Hsf2bp~/~ zygotene-like spermatocytes (L). M—P: Immunostaining
for SYCP3 (red) and HSF2BP (green) was performed in Mamerr*/* and Mamerr~/~ spermatocytes. Representative images of spermatocytes at the zygotene (M and 0) and pachytene
stages (N and P) are shown. Q; Mamerr~/~ spermatocytes had decreased numbers of HSF2BP foci compared with Mamerr*/* spermatocytes at the zygotene and pachytene stages.
Each dot represents the number of indicated protein foci per cell, with black dots indicating Mamerr*/* spermatocytes and red dots indicating Mamerr—~~ spermatocytes. Solid lines
show the means and standard deviations of the number of foci in each group of spermatocytes. P-values were calculated using Student's t-test. MAMERR, male meiosis recom-
bination regulator; SIM, structured illumination microscopy; SYCP3, synaptonemal complex protein 3; HSF2BP, heat shock factor 2—binding protein; DSB, double-strand break.



460 M. Li et al. / Journal of Genetics and Genomics 47 (2020) 451—465

Mamerr™™*

Mamerr™'-

Sy S um
Pachytene —

Mamerr**

Mamerr='~-

Late-zygotene,

K
IP: FLAG
HA-Ubiquitin -+
HA(Ubiquitin
( 1 ) 100 kDa
=70 kDa
“l- 50 kDa
1
FLAG (MAMERR)

100 kDa

Fig. 6. Ubiquitination of the XY body and autosomes is substantially suppressed in Mamerr~/~ spermatocytes. A—D: Immunostaining for SYCP3 (red) and ubiquitin (Clone FK2)
(green) was performed in Mamerr*/* (A and B, white-dashed circles indicating the XY body) and Mamerr~~ (C—D’, white-dashed circles indicating the XY body) spermatocytes.
Representative images of spermatocytes at the early and mid-late pachytene stages are shown. Early and mid-late pachytene stages were distinguished based on the XY body



M. Li et al. / Journal of Genetics and Genomics 47 (2020) 451—465 461

ubiquitin, ubiquitinated targets of different molecular weights were
detected compared with WCE without HA-ubiquitin (Fig. 6K, red
frame). When immunoprecipitating using the anti-FLAG antibody,
little HA-tagged ubiquitin was precipitated with the ectopic
MAMERR protein (Fig. 6K). In other words, no ubiquitinated species
of MAMERR were detected in the in vivo ubiquitination assay.
Therefore, we conclude that MAMERR is likely not an E3 ligase or a
substrate for ubiquitylation.

In summary, we showed that MAMERR is a male-specific
meiosis recombination regulator that facilitates meiosis prophase
I in males. Deletion of Mamerr caused partially disrupted recruit-
ment of the recombination factors HSF2BP and DMC1/RAD51,
persistent DSBs, decreased crossover formation, and more notice-
ably the suppressed ubiquitination of autosomes and XY bodies,
thus resulting in pachytene arrest and infertility in males (Fig. 7). It
is likely that MAMERR plays some regulatory roles in modifying
HSF2BP and other meiotic proteins and thus regulates their re-
cruitments and functions. The mechanisms behind the regulation
of meiosis prophase I by MAMERR in male germ cells remain un-
clear (Fig. 7).

3. Discussion

In recent years, epigenetic factors regulating meiosis prophase
I have attracted the attention of researchers (Reynolds et al.,
2013; Qiao et al.,, 2014; Luo et al., 2015; Xu et al.,, 2016; Rao
et al., 2017; Hirota et al., 2018; Li et al., 2019). In this study, we
report a new meiosis prophase I—specific gene Mamerr that is
indispensable for meiosis prophase I and fertility in male mice
and that likely regulates meiosis prophase 1 by regulating
recombination proteins and by modulating the ubiquitination
status on autosomes and XY chromosomes. Mamerr—/~ sper-
matocytes suffered from pachytene arrest with substantially
reduced ubiquitination on the sex body and autosomes, and this
was accompanied by mildly defective DSB repair and partially
impaired crossover formation.

Compared with other reported mouse models lacking meiosis
prophase I—specific proteins, such as Rpa1®®, Meiob-, Spata22-,
and Hsf2bp-deficient mice, the phenotype of Mamerr~~ mice is
distinct. The Rpal®©, Meiob-, Spata22-, and Hsf2bp-knockout
spermatocytes were all completely arrested at the zygotene stage,
with failed synapsis and crossover formation, showing that these
proteins may act as indispensable components of the recombina-
tion complex for progression to the pachytene stage of meiosis
prophase I (La Salle et al., 2012; Luo et al., 2013; Ribeiro et al., 2016;
Brandsma et al, 2019). In Mamerr~/~ spermatocytes, however,
chromosome synapsis occurred generally normally, DMC1/RAD51
could be partially recruited, the XY body formed normally, and
some recombination sites matured into crossovers. The Mamerr—/~
spermatocytes were mostly arrested at the pachytene stage, and
only 4% of spermatocytes could progress to the diplotene stage. The
phenotypes in Mamerr~/~ spermatocytes seem milder and thus do
not support the hypothesis that MAMERR participates in prophase |
in a similar fashion as RPA, MEIOB, SPATA22, or HSF2BP. Based on
our results that foci of RPA2, SPATA22, HSF2BP, and RAD51/DMC1
were still present at DSBs in Mamerr—/~ spermatocytes, we propose
that MAMERR might play a modifying role, rather than a

constructing role, for the recombination-related complex.
MAMERR is likely to function as a protein that modifies other
proteins, most likely epigenetically, during HR and DSB repair. Our
results also raised an interesting point whether Mamerr mutations
may be a reason for the meiosis arrest in azoospermic men
(Enguita-Marruedo et al., 2019).

In Mamerr~'~ mice, the ubiquitin signal was absent or very low
in XY bodies in pachytene spermatocytes, and the role of ubiqg-
uitination during meiosis progression represents an extremely
important topic (Bose et al., 2014; Rao et al., 2017; Uckelmann and
Sixma, 2017). At the pachytene stage, the transcriptionally silenced
XY body is marked by accumulated ubiquitin and Ub-H2A signals
(Baarends et al., 2005; Lu et al., 2010; Luo et al., 2015; Maezawa et
al., 2018). Ubb~/~ spermatocytes exhibited decreased ubiquitina-
tion and were arrested at the pachytene stage (Ryu et al., 2008), and
the Ub-H2A signal was found to be decreased in the XY body of
Ubb~/~ spermatocytes; thus, Ub-H2A has been suggested to be
essential for maintaining silencing of the asynapsed chromosomes
(Ryu et al., 2008; Sinnar et al., 2011). Therefore, the reduced ubiq-
uitination signal in XY bodies of the Mamerr~~ spermatocytes
seems to be responsible for the pachytene arrest and subsequent
cell death.

In addition to the XY body, we also found that the ubiquitination
signal was decreased on autosomes at the late zygotene and
pachytene stages in Mamerr~/~ spermatocytes. In a study by Rao
et al. (2017), it was reported that the number of RAD51/DMC1
foci during meiosis prophase I was aberrant in spermatocytes
treated with a ubiquitin inhibitor, suggesting that ubiquitination
regulates the recombination process (Rao et al., 2017). HEI10, which
has ubiquitin-ligase activity, was reported to be localized on
chromosome axes in a synapsis and recombination-dependent
manner (Qiao et al., 2014). The persistent DSB foci on autosomes
in Mamerr-deficient spermatocytes resemble the phenotype of the
Heil0-deficient mouse model wherein ubiquitination was
repressed on autosomes (Qiao et al., 2014; Rao et al., 2017). The
persistence of RPA2 in Mamerr”~ spermatocytes at the pachytene
stage might be the result of decreased ubiquitination on autosomes
because K48-linked polyubiquitin chains function in protein
degradation via proteolysis (Hicke, 2001). K48-linked polyubiquitin
chains are also involved in transcription regulation, and this might
affect the recombination-related protein expression (Oh et al.,
2020). Taken together, our results suggest that defective ubiquiti-
nation on the autosomes and XY body might be the reason for the
pachytene arrest and other related defects in Mamerr~~ sper-
matocytes. Our data showed that MAMERR is likely not an E3 ligase
or a substrate for ubiquitylation, and we speculate that MAMERR
might function in association with E1 or E2 or, in some other way, to
regulate the ubiquitination indirectly.

MAMERR was found to be colocalized with HSF2BP on DSBs, and
with in vitro biochemical experiments, we showed that MAMERR
can be immunoprecipitated with HSF2BP through its 526—575 aa
region in cell lines. At this stage, we cannot conclude that in meiosis
prophase I, MAMERR binds directly to HSF2BP and facilitates the
binding of BRCA2 and further recruits DMC1/RAD51 complexes to
DSBs owing to the limited reliability of in vitro experimental sys-
tems in mammalian cell lines and yeast 2-hybrid systems (Zhang
et al., 2020). Because HSF2BP can still localize normally on DSBs

morphology and SYCP3 staining. E and F: Immunostaining for SYCP3 (red) and Ub-H2A (Clone E6C5) (green) was performed in Mamerr*/* (E, white-dashed circles indicating the XY
body) and Mamerr~/~ (F, white-dashed circles indicating the XY body) pachytene spermatocytes. G-J: Immunostaining for SYCP3 (red) and Ub-K48 (green) was performed in
Mamerr*/* (G and H, arrows, white-dashed circles indicating the XY body) and Mamerr/~ spermatocytes (I and J, white-dashed circles indicating the XY body).
Representative images of spermatocytes at the late zygotene and pachytene stages are shown. The enlarged view of the boxed area shows a normal ubiquitination signal on
autosomes in Mamerr*/* spermatocytes (H’, arrows) and decreased signal in Mamerr~/~ spermatocytes (J'). K: The in vivo ubiquitylation assay showed that no HA-tagged ubiquitin
was immunoprecipitated with the MAMERR protein. MAMERR, male meiosis recombination regulator; SYCP3, synaptonemal complex protein 3; Ub-H2A, ubiquityl-H2A; IP,

immunoprecipitation; WCE, whole-cell extract.
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in the absence of MAMERR, although with decreased efficiency, the
possible binding of MAMERR to HSF2BP might not be essential for
prophase I progression. Even if MAMERR can pull down HSF2BP in
IP experiments with mouse testis lysates, this only means that
MAMERR is in the same complex with the recombination proteins.
It is most likely that MAMERR plays regulatory roles in modifying
the meiotic proteins and thus regulates their functions during DSB
repair. Our results suggest that MAMERR is not an E3 ligase or a
substrate for ubiquitylation, but MAMERR may function in associ-
ation with E1 or E2 or in some other way to regulate the ubiquiti-
nation on autosomes and XY chromosomes. The regulation of
ubiquitination by MAMERR during meiotic prophase I represents a
very interesting topic for our future studies. Our results suggest that
MAMERR plays a role in DSB repair and HR, which was supported
by an independent study with a reliable Mamerr-deficient mouse
model (Takemoto et al., 2020), but the details of the mechanism
behind this remain unclear.

To summarize, our work suggests that the novel meiosis pro-
phase I—specific protein MAMERR regulates the ubiquitination
status of autosomes as well as the XY body and thus functions as an
indispensable regulator for meiosis prophase I in male mice. We
propose that MAMERR might represent a novel epigenetic regu-
lator in male meiosis prophase I.

4. Materials and methods
4.1. Animals

All mice used in this article were in the C57BL/6 genetic back-
ground. The Mamerr-deficient mouse model was generated in Kui
Liu's laboratory by Cyagen Biosciences (Santa Clara, California,
USA). The genomic DNA fragment covering exon 3—6 was deleted
using the Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/CRISPR associated protein 9 (Cas9)-mediated
genome editing system. The genotypes of founders were
confirmed by PCR and DNA sequencing analysis. The mice were
housed under controlled environmental conditions with free access
to water and food, and illumination was on between 06:00 and
18:00. All animal breeding and experiments were approved by the
Regional Ethics Committee of the University of Hong Kong-
Shenzhen Hospital.

Genotyping was performed by PCR amplification of genomic
DNA extracted from mouse tails. PCR primers for the Mamerr
mutant allele were forward: 5'-ACCAGCCTAGCCTTCTTGTTGAA-3'
and reverse: 5'-GTGATGACCCAAGGCTTCCTG-3/, yielding a 599-bp
fragment. PCR primers for the Mamerr wild-type allele were for-
ward: 5'-TATACACTCTTAACTGCTAGGCTCTC-3’ and reverse: 5'-
GTGATGACCCAAGGCTTCCTG -3, yielding a 301-bp fragment.

The Hsf2bp-deficient and Spo11-deficient mouse models were
ordered from an existing mouse sperm bank of Cyagen Bio-
sciences (Santa Clara, California), which were generated by de-
leting the genomic DNA fragment covering exons 3—4 and exons
1—13 using the CRISPR/Cas9-mediated genome editing system,
respectively.

4.2. Production of the MAMERR antibody

A cDNA fragment encoding amino acids 1-231 of mouse
Mamerr was cloned into the pET-32a (+) vector (Novagene, Bei-
jing, China) and transformed into BL21-CodonPlus (DE3) Escher-
ichia coli competent cells. The cells were cultured to an ODggg of
0.6 at 37 °C and then induced in the presence of 0.2 pM isopropyl-
1-thio-B-D-galactoside (Sigma-Aldrich, Burlington, MA, USA) at
28 °C for 4 h. Bacterial cells were harvested by centrifugation and
resuspended in phosphate-buffered saline (PBS). The resuspended

cells were sonicated on ice and centrifuged for 30 min at 13,000 xg
at 4 °C. The supernatant was collected and incubated with Ni-NTA
Agarose (Qiagen, Shanghai, China) for purification of Mamerr. The
purification procedure was according to the manufacturer's in-
structions. The purified protein was dialyzed in PBS and used to
immunize rabbits complemented with Complete Freund's Adju-
vant or Incomplete Freund's Adjuvant (Sigma-Aldrich, Burlington,
MA), and the antiserum of immunized rabbits was affinity purified
on antigen-coupled CNBr-activated agarose (GE Healthcare, Chi-
cago, IL, USA).

4.3. Purification of male germ cells

The male germ cells were purified by bovine serum albumin
gradient sedimentation (Gan et al., 2013). The seminiferous tubules
were cut into several pieces and incubated with 0.2 mg/mL of
collagenase (17100017; Gibco, Waltham, MA, USA), 0.25% trypsin
(15050057, Gibco, Waltham, MA), and 1 mg/mL of DNase I. The
single-cell suspension was filtered through a 40 pm Nylon Cell
Strainer (BD Falcon, Franklin Lakes, NJ, USA) and loaded to a cell
separation apparatus with a 2—4% bovine serum albumin (BSA)
gradient in 600 mL of Dulbecco's Modified Eagle Medium (DMEM).
We checked the cell type and purity through the morphological
characteristics under a light microscope.

4.4. Tissue collection and histological analysis

Testes from more than three mice for each genotype were
dissected, fixed in Bouin's solution (P2210; Solarbio, Beijing,
China) for up to 24 h, dehydrated using graded ethanol,
embedded, and sectioned. The slides then underwent deparaffi-
nization and were stained with hematoxylin and eosin for histo-
logical analysis.

4.5. Immunocytology and antibodies

Spermatocyte and oocyte chromosome spreads were prepared
as described previously (Peters et al., 1997; Liu et al., 2019). Primary
antibodies used for immunofluorescence were as follows: rat anti-
MAMERR (1:100 dilution; homemade), rabbit anti-SYCP3 (1:500
dilution, #ab15093; Abcam, Cambridge, UK), mouse anti-SYCP3
(1:500 dilution, #ab97672; Abcam), rabbit anti-SYCP1(N-
terminal) (1:2000 dilution, #A12139; Abclonal, Woburn, MA,
USA), rat anti-RPA2 (1:100 dilution, #2208; Cell Signaling Tech-
nology, Danvers, MA, USA), rabbit anti-SPATA22 (1:200 dilution;
homemade), rabbit anti-HSF2BP (1:200 dilution; homemade),
rabbit anti-RAD51 (1:200 dilution, #PA5-27195; Thermofisher
Scientific, Waltham, MA, USA), mouse anti-DMC1 (1:100 dilution, #
67176-1-Ig; Proteintech, Wuhan, China), mouse anti-phospho-
Histone H2AX (pSer'3?) (1:300 dilution, #05—636; Millipore, Bur-
lington, MA, USA), mouse anti-MLH1 (1:50 dilution, #550838; BD
Biosciences, Franklin Lakes, NJ, USA), mouse anti-ubiquitinylated
proteins, clone FK2 (1:500 dilution, #04263; Millipore), mouse
anti-ubiquityl-histone H2A, clone E6C5 (1:500 dilution, #05678;
Millipore), and rabbit anti-ubiquitin antibody, Lys48-specific, clone
Apu2-07 (1:100 dilution, #051307; Millipore). Alexa Fluor 488-,
594-, or 647-conjugated secondary antibodies (1:500 dilution,
#ab150084, #ab150077, #ab150113, #ab150120, #ab150119,
#ab150165, and #ab150168; Abcam) were used to detect the pri-
mary antibody. The slides were washed three times with PBS and
mounted using VECTASHIELD antifade mounting medium with
4' 6-diamidino-2-phenylindole (DAPI) (# H-1200; Vector Labora-
tories, Burlingame, CA, USA).
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Fig. 7. An illustration of MAMERR regulating meiosis recombination in males. In Mamerr*/* spermatocytes, MAMERR colocalized with the RPA and MEIOB/SPATA22 complex.
MAMERR regulates ubiquitination on autosomes and XY chromosomes, thus facilitating recruitment of HSF2BP and RAD51/DMC1 proteins, leading to DSB repair and crossover
maturation. In Mamerr~/~ spermatocytes, HSF2BP and RAD51/DMC1 recruitment is mildly decreased accompanied by decreased ubiquitination on autosomes and the XY body.
Mamerr~/~ spermatocytes suffer from persistent DSBs and reduced crossover formation, resulting in pachytene arrest and male infertility. MAMERR, male meiosis recombination
regulator; RPA, replication protein A; MEIOB, meiosis-specific with OB domains; SPATA22, spermatogenesis associated 22; HSF2BP, heat shock factor 2—binding protein; DSB,

double-strand break.

4.6. RT-PCR

Total RNA was extracted from the testis, ovary, oviduct, uterus,
spleen, lung, muscle, thymus, liver and brain of wild-type adult
mice and embryonic ovaries. The PrimeScript RT reagent kit with
gDNA Eraser (Takara, Shiga, Japan) was used to synthesize cDNA,
and PCR was performed using Ex Taq (Takara). §-actin was ampli-
fied as the internal control. Forward and reverse primers were as
follows: Mamerr primer pair F 5'-TTC CCT CCC CAT GAC ATC AGA-3'
and R 5'-GCT ACT ACT GTC TTG AAC TGT GG-3' as well as $-actin F
5’-CAT CCG TAA AGA CCT CTA TGC CAA C-3’ and R 5'-ATG GAG CCA
CCG ATC CAC A-3'. All RT-PCR reactions were performed as follows:
an initial denaturation at 94 °C for 10 min followed by 30 cycles of
denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s, and
extension at 72 °C for 30 s, and a final extension at 72 °C for 5 min
using a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA).

4.7. Western blotting

Proteins were extracted from testes collected from male C57BL/
6 mice using lysis buffer (50 mM Tris-HCl, pH 8.0, 120 mM Na(Cl,
1 mM ethylenediaminetetraacetic acid (EDTA), 6 mM ethylene
glycol-bis(pB-aminoethyl ether)-N,N,N',N’'-tetraacetic acid (EGTA),

1% NP-40, 1 mM dithiothreitol (DTT), 10 mM NaF, 0.25 mM Na3VOy,
50 mM B-glycerolphosphate supplemented with Complete Prote-
ase Inhibitor [4693159001; Roche, Switzerland]) (Li et al., 2019).
The testes were homogenized thoroughly on ice and then centri-
fuged at 13,000 rpm for 25 min at 4 °C. The pellet was discarded,
and the supernatants were collected for Western blots. Primary
antibodies used for Western blotting were rabbit anti-MAMERR
antibody (Dia-an Biological Technology Incorporation, Wuhan,
China), rabbit anti-GFP antibody (#A11122; Invitrogen, Waltham,
MA), rabbit anti-FLAG antibody (#14793S; Cell Signaling Technol-
ogy), and mouse anti-His antibody (#66005-1-Ig; Proteintech).
Secondary antibodies used for Western blotting were horseradish
peroxidase—conjugated anti-mouse (dilution, #1721011; Bio-Rad),
anti-rabbit (#1706515; Bio-Rad), and anti-rat (#ab6734; Abcam)
antibodies. B-actin (#ab227387; Abcam) was used to standardize
the loading variations. Antibodies were detected by Clarity Western
ECL Substrate (#1705060; Bio-Rad) for film-based imaging.

4.8. IP and antibodies

HEK 293T cells were transiently transfected, with both recom-
binant plasmids expressing MAMERR and other indicated proteins.
The transfected cells were lysed in lysis buffer, and a total of 1 mg of
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cell lysate was supplemented with anti-tag antibody or the corre-
sponding IgG as the negative control and incubated for 12 h at 4 °C.
The immunocomplexes were isolated using mixed protein A/G
Sepharose beads (11719416001 and 11719408001; Roche) for 1 h at
4 °C. After washed five times, the beads were loaded onto 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) gels, and the separated proteins were detected by Western
blotting with the indicated antibodies. All Western blots were
repeated at least three times.

IP analyses were performed using mouse anti-GFP antibody
(#66002-1-Ig; Proteintech), mouse anti-FLAG antibody (#66008-3-
Ig; Proteintech), mouse anti-His antibody (#66005-1-Ig;
Proteintech), mouse IgG (#12—371; Millipore), and rabbit IgG
(#12—370; Millipore).

4.9. In vivo ubiquitylation assay

HEK293T cells were cotransfected with 3 pg of pCMV6-Mamerr-
myc-Flag and 3 pug of pCMV-HA-ubiquitin expression constructs. The
cells were harvested 24 h after transfection for protein extraction.
The collected cells were lysed in 200 pL of NETN buffer (20 mM
Tris-HCl [pH 8.0], 100 mM NacCl, 0.5% Nonidet P-40, and 1 mM
EDTA) supplemented with benzonuclease (Biotool, Loganholme,
Australia) for 5 min on ice, followed by addition of 800 uL of
denaturing buffer (20 mM Tris-HCI [pH 8.0], 50 mM NaCl, 0.5%
Nonidet P-40, 0.5% deoxycholate, 0.5% SDS, and 1 mM EDTA) and
boiling for 10 min. Ectopic MAMERR in these lysates was then
immunoprecipitated under denaturing conditions at 4 °C over-
night. Beads were washed with denaturing buffer and boiled in SDS
sample buffer. The eluted proteins were subjected to Western
blotting for analysis.

4.10. Imaging

Immunolabeled chromosome spreads were imaged using a Carl
Zeiss LSM 700 inverted confocal microscope driven by Zeiss Effi-
cient Navigation (ZEN) 2011 software (Carl Zeiss, Oberkochen,
Germany) for Windows 7 (64-bit). The projection images were then
prepared using ZEN 2012 Offline. Histology analysis was performed
using an epifluorescence microscope (BX52; Olympus, Tokyo,
Japan). Super-resolution images were captured using the Zeiss
ELYRA S1 Super Resolution Microscope (Carl Zeiss) driven by
Windows 7, ZEN 2.3 and equipped with a 60x/1.42 oil objective,
and the images were further processed for structured illumination
and maximum projection using Zen 2012 Offline (Carl Zeiss).

4.11. Statistical analysis

All data are presented as mean + standard deviation. The dif-
ferences between the mean values from two genotypes were
analyzed using Student's t-test with a paired, 2-tailed distribution.
Statistical significance was set when the P-value was less than 0.05.
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