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Abstract
Background: Meiosis is a crucial process for germ cell devel-
opment. It consists of 1 round of DNA replication followed
by 2 rounds of chromosome segregation, producing haploid
gametes from diploid cells. During meiotic prophase, chro-
mosomes are organized into axis-loop structures, which un-
derlie meiosis-specific events such as meiotic recombination
and homolog synapsis. Meiosis-specific cohesin plays a piv-
otal role in establishing higher-order chromosome architec-
ture and regulating chromosome dynamics. Summary: No-
tably, sexually dimorphic properties of chromosome archi-
tecture are prominent during meiotic prophase, despite the
same axial proteins being conserved between male and fe-
male. The difference in chromosome structure between the
sexes gives sexual differences in the regulation of meiotic
recombination and crossover distribution. Key Messages:
This review mainly focuses on the sexual differences of mei-
osis from the viewpoint of chromosome structure in mam-
mals, elucidating the differences in meiotic recombination
and homolog synapsis between the sexes.
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Introduction

Meiosis is a crucial process for germ cell development,
which produces haploid gametes from diploid cells. Upon
stimulation by retinoic acid [Bowles et al., 2006; Koubova
et al., 2006], STRA8 and MEIOSIN direct the switching
from mitosis to meiosis in embryonic oocytes and in
postnatal spermatocytes [Baltus et al., 2006; Anderson et
al., 2008; Kojima et al., 2019; Ishiguro et al., 2020]. Meio-
sis consists of 1 round of DNA replication followed by 2
rounds of chromosome segregation. Meiotic entry is con-
comitant with pre-meiotic S phase and is followed by
meiotic prophase, a prolonged G2 phase, when meiosis-
specific chromosomal events sequentially occur. During
meiotic prophase, chromosomes are organized into axis-
loop structures, which provide the structural framework
for meiosis-specific events such as meiotic recombination
and homolog synapsis [Handel and Schimenti, 2010;
Zickler and Kleckner, 2015]. Interestingly, sex-specific
differences of chromosome architecture are observed
during meiotic prophase, despite the same axial proteins
being conserved between the sexes. Accumulating evi-
dence from genetic studies demonstrated that female
meiosis is more tolerant to deficiencies in meiotic factors
than male meiosis. The robustness of female meiosis is
brought at the cost of increased aneuploidy in the resul-
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Fig. 1. Schematic of chromosome dynamics during meiosis. a Mei-
otic prophase I is a prolonged G2 phase and is divided into 4 sub-
stages according to the chromosome morphology. During meiotic
prophase I, sister chromatids form an axial element (AE). Cohes-
ins load along sister chromatids. Double-strand breaks (DSBs) are
generated at leptotene. Homologous chromosomes undergo syn-
apsis through leptotene to zygotene. The synaptonemal complex

tant oocytes [Hunt and Hassold, 2002]. This review fo-
cuses on the sexual differences in chromosome structure,
meiotic recombination, and homolog synapsis in mam-
mals.

Sexual Differences in Meiotic Chromosome Axis and
Synaptonemal Complex

During meiotic prophase, homologous chromosomes
(homologs) undergo pairing/synapsis and meiotic re-
combination, yielding chiasmata whereby 2 homologs are
physically connected [Barzel and Kupiec, 2008; Keeney et
al., 2014; Hunter, 2015; Cahoon and Hawley, 2016]
(Fig. 1a). During meiotic prophase I, chromosomes are
organized into proteinaceous structures, termed axial el-
ement (AE) or chromosome axis, from which chromatin
loops are protruded. The AE appears at leptotene, which
is marked by its main components, SYCP2 [Yang et al,,
2006; Fujiwara etal., 2020] and SYCP3 [Yuan et al., 2002],
and develops into a continuous linear structure along the
sister chromatid axis (Fig. 1b). The AE provides a scatfold
to recruit meiotic recombination machineries that pro-
mote double-strand break (DSB) introduction and DSB
repair [Baudat et al., 2013]. The AE also underlies the
structural basis for the assembly of the synaptonemal
complex (SC) that mediates tight association of homolo-
gous chromosomes and promotes recombination (Fig. 2)
[Zickler and Kleckner, 2015; Cahoon and Hawley, 2016].
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(SC) is assembled between the homologous chromosomes at
pachytene. Meiotic recombination machineries load on the AE to
repair DSBs and generate crossovers between homologous chro-
mosomes, yielding physical linkages called chiasmata. At diplo-
tene, the SC is disassembled. b Immunostaining of SYCP1 (a
marker of SC), SYCP3 (a marker of SC), and yH2AX (a marker of
DSBs) on spread chromosomes of spermatocytes. Scale bar, 5 pm.

Notably, although the main components of the AE
are conserved between male and female, organization
of the AE and the loops shows sexually dimorphic prop-
erties in mouse and human [Morelli and Cohen, 2005;
Gruhn et al.,, 2013; Cahoon and Libuda, 2019]. While
the AE length is longer in female than in male, the aver-
age length of the loops which protrude from the AE is
shorter in female than in male (Fig. 2). Accordingly, the
SC length at pachytene is longer in female than in male
since the AE constitutes the lateral element (LE) of the
SC [Tease and Hulten, 2004]. In addition to the differ-
ence in SC length, it has been shown that organization
of the SCis different between male and female [Agostin-
ho etal., 2018]. The SC has a tripartite ladder-like struc-
ture where transverse filaments (TFs) connect the cen-
tral element (CE) to the LEs of each homolog (Fig. 2).
The super-resolution structured illumination micros-
copy (SIM) analysis demonstrated that the SC width
(the distance between the 2 SYCP3-labeled LEs) is nar-
rower in oocytes (~143 nm) than spermatocytes (~210
nm) (Fig. 2). Accordingly, the CE width was narrower
and the C-termini of the TF component SYCP1 inte-
grated more deeply into the LE in female SCs. Although
it is yet to be clarified how morphological differences in
the SC contribute to meiotic recombination and homo-
log synapsis, genetic studies revealed sexually different
requirements of the structural components of the SC. It
should be noted that sexual dimorphism is more evi-
dent in Sycp3 knockout (KO) mice. In Sycp3 KO male,
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Fig. 2. Schematic of sexual differences in
the axis-loop organization and synaptone-
mal complex (SC). Schematic of the SC in
male and female. When the SC is assem-
bled between homologous chromosomes,
the axial element (AE) is called lateral ele-
ment (LE). Transverse filaments link 2 LEs.
Cohesin locates at the most inner side of
the LE. Organization of the AE and the
loops is different between the sexes. The
length of the AE is longer in female than in
male. Average length of the loops which
protrude from the AE is shorter in female
than in male. Accordingly, the length of the
SC at pachytene is longer in female than in
male. The width of the SC is narrower in
oocytes than in spermatocytes.
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spermatocytes fail to progress beyond the pachytene
stage and are eliminated by apoptosis due to defective
SC assembly [Yuan et al., 2000]. In contrast, some pop-
ulations of Sycp3 KO oocytes progress through meiotic
prophase and reach metaphase I, where some univalent
chromosomes lacking chiasmata are observed with se-
verely reduced fertility [Yuan et al., 2002; Kouznetsova
etal., 2007]. Thus, the lack of SYCP3 for SC assembly is
more tolerated in female than in male meiosis, which
may be related to the less active checkpoint response in
oocytes. For another example, it has been shown that
FKBP6 which is known to be dispensable in female but
essential in male, although its exact function is unclear,
localizes along the SC [Crackower et al., 2003]. As de-
scribed later, the AE and the SC play a pivotal role in
recruiting meiotic recombination machineries, but it
remains largely elusive how sex-specific differences in
the AE/SC structure, such as chromosome axis-loop or-
ganization (Fig. 2), contribute to sexually dimorphic
properties of meiotic recombination and chromosome
dynamics in mammalian meiosis.

Sex-Specific Difference in Meiotic
Chromosome

Sexually Different Requirements of Meiosis-Specific
Cohesin Complex

The emergence of SYCP2 and SYCP3 in the nucleus is
preceded by the loading of cohesin on the chromatins
during the pre-meiotic S phase or early leptotene. Nota-
bly, the cohesin complex in meiosis differs from that in
mitosis [Ishiguro, 2019]. In mammalian germ cells, there
are 2 types of meiosis-specific cohesin complexes, one
that contains REC8 [Eijpe et al., 2003; Lee et al., 2003] and
another that contains RAD21L [Ishiguro et al., 2011; Lee
and Hirano, 2011] (Fig. 3a).

In meiosis, the cohesin complex plays crucial roles not
only in sister chromatid cohesion but also in numerous
meiosis-specific chromosomal dynamics such as homo-
log pairing/synapsis and meiotic recombination. The
“cohesin axial core” is pre-formed between sister chro-
matids, which subsequently acts as a framework for the
formation of the AE (Fig. 3b). The “cohesin axial core” is
formed even in the absence of a major AE component
SYCP2 [Fujiwara et al., 2020] or SYCP3 [Pelttari et al.,
2001; Fujiwara et al., 2020] (Fig. 3c).
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Fig. 3. The meiosis-specific cohesin underlies chromosome axis.
a Sister chromatids are held together by cohesin complexes in mi-
tosis and meiosis. The cohesin complex consists of 4 core subunits,
and the composition differs between meiosis and mitosis. In mito-
sis, it consists of SMCla, SMC3, the kleisin family protein RAD21
(also known as SCC1), and SA1 (also known as STAGI) or SA2
(also known as STAG2). In meiosis of mammalian germ cells, it
consists of SMC1f, SMC3, meiosis-specific kleisin subunits REC8
or RAD21L, and SA3 (also known as STAG3). b Schematic model
of REC8 and RAD21L loaded on the chromatin during meiotic
prophase. Chromatins are shown in blue. REC8- and RAD21L-
cohesins are shown in red and green circles, respectively. AE com-

Disruption of either REC8 [Bannister et al., 2004; Xu
et al., 2005] or RAD21L [Herran et al., 2011; Ishiguro et
al., 2014] leads to impaired formation of the AE. In Rec8
KO spermatocytes, the length of the AE is shorter com-
pared to wild type. In Rad21L KO spermatocytes, AE be-
comes discontinuous and fragmented. These results indi-
cate that RAD21L- and REC8-cohesin complexes differ-
ently contribute to the formation of the AE. As shown by
mostly abolished formation of AE in Rec8/Rad21L double
KO [Llano etal., 2012] [Ishiguro et al., 2014], the meiotic
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ponents SYCP2 and SYCP3 are shown in orange and light orange
rectangles, respectively. In meiotic prophase, REC8- and RAD21L-
cohesins localize along the chromosomes before or during pre-
meiotic DNA replication (preleptotene) and leptotene, and persist
throughout the first meiotic division. REC8 and RAD21L show
mutually exclusive localization along the chromosomes. The “co-
hesin axial core” is pre-formed along the chromosomes and sub-
sequently acts as a framework for the formation of AE. ¢ The “co-
hesin axial core” is formed even in the absence of a major AE com-
ponent SYCP2. Meiotic recombination factor (IHO1) shows foci
along the AE in WT spermatocyte. AE, axial element.

“cohesin axial core” assembled by REC8- and RAD21L-
type cohesin complexes plays an essential role in AE for-
mation.

It was shown that the components of the AE (SYCP2
and SYCP3) and meiotic cohesin complexes coordinate
the formation of the axis-loop [Novak et al., 2008]. In the
absence of SYCP3, the length of “cohesin axial core” is
extended with reciprocal shortening of the chromatin
loop. This suggests that the “cohesin core axis” is longitu-
dinally compacted by the AE component (SYCP3). In the
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our previous study [Takemoto et al., 2020].

absence of SMC1p, a subunit specific to meiotic cohesin
complexes (Fig. 3a), the “cohesin axial core” is shortened
with reciprocal extension of the chromatin loop size. This
suggests that the meiotic cohesin complexes on the chro-
mosome axis act for the formation of the loops. In
Smc1B/Sycp3 double KOs, the length of the meiotic “co-
hesin axial core” is restored to the levels comparable to
wild type, further suggesting that the AE components act
in longitudinal axial compaction of the “cohesin axial
core”. Thus, the balance between meiotic cohesins and
AE components determines the architecture of the AE-
chromatin loop during meiotic prophase. It is possible
that more loading of cohesin on the chromosomes gives

Sex-Specific Difference in Meiotic
Chromosome

rise to longer “cohesin axial core” in oocytes, which in
turn gives longer AE formation in female than in male.
RAD21L- and REC8-cohesin complexes play distinct
roles in homolog pairing/synapsis during meiosis [Ishig-
uro, 2019]. Both Rad21L KO and Rec8 KO spermatocytes
are arrested at zygotene stage with aberrant recombina-
tion and SC formation, but the outcomes are different
between the 2 KOs. Both spermatocytes show an accumu-
lation of DMC1 and RAD51 foci, suggesting that the re-
combination process is initiated but the DSB repair pro-
cess is impaired. In Rec8 KO spermatocytes, the SC as-
sembly occurs between sister chromatids but not between
homologs. In the Rad21L KO spermatocytes, the SC is
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aberrantly assembled even between non-homologous
chromosomes. Notably, sexual dimorphism is observed
in Rad21L KO mice [Herran et al., 2011; Ishiguro et al.,
2014]. In Rad21L KO mice, spermatocytes fail to progress
beyond pachytene stage without any crossover (CO) re-
combination and consequently are eliminated by apopto-
sis. In contrast, Rad21L KO oocytes reach a pachytene-
like stage where most of the homologs are successfully
synapsed and CO recombination is partially achieved.
Thus, lack of RAD21L is tolerated in oocytes for homolog
synapsis compared to spermatocytes. This could be be-
cause the role of RAD21L-type cohesin is partly substi-
tuted by REC8-type cohesin, or it plays less critical roles
in AE formation and homolog interaction in female mei-
otic prophase. Similar sexual dimorphism is also ob-
served in Smclf KO [Revenkova et al., 2004] where sper-
matocytes are arrested at pachytene stage, while oocytes
are able to pass through meiotic prophase and reach
metaphase I. SMCla-containing mitotic cohesin com-
plex may partly compensate the role of SMC1pB-containing
cohesin in female meiotic prophase but not in male. Thus,
the contribution of meiotic cohesins to AE formation, ho-
molog synapsis, and CO recombination is differently
weighted between male and female meiotic prophase.

Sexual Dimorphism in the Regulation of Meiotic
Homologous Recombination

Meiotic recombination is initiated by the introduction
of DSB [Baudat et al., 2013; Lam and Keeney, 2014] by
SPO11 [Baudat et al., 2000; Romanienko and Camerini-
Otero, 2000] and TOPO6BL [Robert et al., 2016; Vri-
elynck et al., 2016] and is completed by subsequent ho-
mologous recombination-mediated repair using homo-
logs instead of sister chromatids as templates [Neale and
Keeney, 2006; Handel and Schimenti, 2010; Baudat et al.,
2013]. DNA ends at the breaks are resected to form 3’-ex-
tended single-stranded DNA (ssDNA) for the invasion
into the homologous template. In meiotic prophase, ss-
DNA is coated by multiple ssDNA-binding proteins
(RPA, MEIOB, SPATA22) to prevent degradation and
secondary structure formation [Wold et al., 1998; La Sal-
le et al., 2012; Luo et al., 2013; Souquet et al., 2013; Xu et
al,, 2017]. Subsequently, RAD51 and DMCI recombinas-
es promote the removal of ssDNA-binding proteins from
the ssDNA and facilitate the invasion of the 3'-extended
strand into the duplex of the homolog (Fig. 4c) [Shino-
hara and Shinohara, 2004; Cloud et al., 2012]. Since the
AE and the SC play a pivotal role in recruiting the factors
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for meiotic recombination, it is possible that sexually dif-
ferent chromatin architectures affect the processes of
meiotic recombination.

In humans, a higher number of RAD51 foci is ob-
served in oocytes than in spermatocytes, suggesting that
a higher number of recombination-intermediates is gen-
erated in females [Gruhn et al., 2013]. Interestingly, re-
cent studies suggest sexually different mechanisms for the
recruitment of RAD51 and DMC1 recombinases onto the
ssDNA. It has been shown that meiosis-specific factors
MEILB2 (HSF2BP) [Brandsma et al., 2019; Zhang et al.,
2019] and BRME1 (C190RF57) [Felipe-Medina et al.,
2020; Shang et al., 2020; Takemoto et al., 2020; Zhang et
al., 2020] together with BRCA2 form a ternary complex
and promote the loading of RAD51 and DMCI1 recombi-
nases onto the DSB sites (Fig. 4a). This process is medi-
ated by at least 3 layers of protein-protein interactions:
between BRCA2 and the MEILB2-BRMEI1 complex, be-
tween BRCA2 and RAD51, and between the ssDNA-
binding proteins and the MEILB2-BRME1 complex. In
Brmel KO or Meilb2 KO spermatocytes, localization of
ssDNA-binding proteins (RPA, MEIOB, SPATA22) was
elevated, and reciprocally the loading of RAD51 and
DMCI was decreased (Fig. 4b). This suggests that the re-
moval of the ssDNA-binding proteins was delayed in the
absence of the MEILB2-BRME1 complex. Consequently,
Brmel KO and Meilb2 KO mice show severe defects in
homolog synapsis and meiotic recombination, leading to
impaired male fertility. Thus, in spermatocytes, the MEI-
LB2-BRME1 complex may initially bind to the ssDNA-
binding proteins at the resected DNA ends and then fa-
cilitate the recruitment of the BRCA2-RAD51 complexes
onto the DSB sites by replacing the ssDNA-binding pro-
teins with RAD51 (Fig. 4c¢).

Notably, although both MEILB2 and BRMEI are ex-
pressed in oocytes, they are dispensable for female fertil-
ity. Thus, the requirement of MEILB2 and BRME1 for
recruiting the recombinases is less strict in females. One
possibility is that the checkpoint response may be less ac-
tive in oocytes, which tolerates the absence of MEILB2
and BRMEL. Alternatively, redundant mechanisms may
exist to compensate the function of MEILB2 and BRME1
in oocytes. In somatic cells, DSS1 interacts with BRCA2
and facilitates RPA-RAD51 exchange on the ssDNA dur-
ing homologous recombination [Marston et al., 1999;
Zhao et al, 2015]. Although it is yet to be examined
whether DSS1 or other factors compensate the function
of MEILB2 and BRMEL1 in meiotic recombination in fe-
male, such redundant mechanisms may account for why
MEILB2 and BRMEI are not necessarily essential for fe-
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male fertility. Taken together, these lines of evidence sug-
gest the difference in meiotic DSB processing between
spermatocytes and oocytes.

Sexual Dimorphism in Crossovers

While excessive numbers of DSBs are initially gener-
ated, at least one of those DSBs is repaired as a CO and
the other majorities are repaired as non-COs. COs gener-
ate bivalent chromosomes during meiotic recombina-
tion, whereby 2 homologous chromosomes are physical-
ly connected by chiasmata. Although the exact mecha-
nism of how DSBs are assigned to CO-processing or
non-CO-processing is still under extensive study, several
layers of regulation and various factors involved in this
process are now being elucidated [Hunter, 2015].

Notably, sexual dimorphism in COs have been found
in humans and mice [Kongetal., 2010; Gruhn et al., 2013;
Liu et al., 2014; Bherer et al., 2017]. Pachytene oocytes
show increased number of COs that are indicated by
MLHLI foci (Fig. 5a), compared to spermatocytes [Gruhn
et al., 2013]. Moreover, the distribution of the COs differ
between the sexes. Whereas in male, the MLHI foci are
most likely placed at the regions distal to the centromere,
in female they are placed at the interstitial region between
the centromere and the telomere. Consistently, genetic
maps in human and mouse suggest that recombination
events are decreased in sub-telomeric regions in females
relative to males [Liu et al., 2014; Bherer et al., 2017], in-
dicating distal COs are disfavored in oocyte meiosis. Fur-
thermore, gene variants that encode SC proteins or mei-
otic recombination factors cause sex-specific changes in
the rates and the distribution of the COs in humans [Hall-
dorsson et al., 2019], which underlies the difference in
genome-wide CO recombination levels between male
and female.

Sexually Different Epigenetic Status Contributes to
Sex-Biased DSB Hotspots

In humans and mice, most COs occur in limited ge-
nomic regions termed DSB hotspots, where DSBs are fre-
quently generated. Notably, recent studies suggest that
the increased number of COs in female is not simply due
to an increased number of DSBs [de Boer et al., 2015;
Brick et al., 2018]. In mice, although more DSBs are gen-
erated at the sub-telomeric regions in females than in
males, in females COs at distal regions are rather sup-

Sex-Specific Difference in Meiotic
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Fig. 5. Crucial role of chiasma position along a chromosome. a Im-
munostained pachytene spermatocyte (8 weeks old) and oocyte
(E18.5) are shown. The CO sites are detected by MLH1 foci. CO
confers the future position of chiasmata along the chromosomes.
Scale bar, 5 um. Numbers of MLH1 foci are presented in a scatter
plot with medians on the right. The data was adopted from our
previous study [Ishiguro et al., 2014]. b Meiotic cohesins (yellow
dots) play a role in holding the chiasmata to ensure that 2 homo-
logs are physically connected as bivalents. Distal chiasma raises the
risk for producing achiasmate univalent because sister chromatid
cohesions are gradually released at the regions distant from the
centromere (red circles) during the prophase arrest in oocytes, and
the decreased levels of cohesins at the distal arm regions cannot
prevent chiasmata from moving and slipping off the chromosome.
In addition to the arm cohesion being attenuated with age, the cen-
tromeric cohesion also becomes attenuated with age in mice and
humans. CO, crossover.

pressed [Brick et al., 2018]. Thus, DSB frequency is not
the primary cause of sex-specific differences in distal CO
density.

PRDM?9 defines most of the DSB hotspots by introduc-
ing histone 3 trimethylation at lysine 4 and lysine 36 res-
idues (H3K4me3 and H3K36me3) [Baudat et al., 2013;
Diagouraga et al., 2018]. DSBs can be assessed by DMC1-
ChIP that detects ssDNAs bound to DMC1, which is an
early intermediate of meiotic recombination [Brick et al.,
2012]. The hotspots defined by DMC1-ChIP-seq corre-
late with H3K4me3 signals. One of the differences be-
tween the sexes is that the DMC1-ChIP signal at a hotspot
is narrower in females than in males [Brick et al., 2018].
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The narrower DMC1-ChIP signals in females may reflect
shorter DSB ends, DMCI1 loading over a shorter distance,
or differences in the dynamics of repair between the sex-
es, which all imply the difference in meiotic DSB process-
ing between the sexes.

Alternatively, another implication of the DMC1-ChIP
is that sex biases in recombination is already established
before DSB formation. Notably, only a few hotspots are
used uniquely in either sex. However, it has been suggest-
ed that sex-biased usage of the hotspots contributes to the
differences in meiotic recombination between male and
female [Brick et al., 2018]. Intriguingly, male-biased, fe-
male-biased, and unbiased hotspots defined by DMCI1-
ChIP locate in clusters along the chromosomes. The sex-
biased usage of hotspots is partly explained by the differ-
ent epigenetic status between male and female germ cells.
When DSBs are initiated, meiotic chromatins are mark-
edly different between the sexes, showing genome-wide
demethylation of the DNA in oocytes but not in sper-
matocytes [Saitou et al., 2012]. It is well known that DNA
methylation alters the site preferences for DNA-binding
proteins. Indeed, in males, the PRDM9-binding sites are
frequently methylated at male-biased hotspots, while
DNA methylation is increased in the region + 75 bp adja-
cent to the PRDM9-binding sites at the female-biased
hotspots [Brick et al., 2018]. When the overall DNA meth-
ylation level is decreased in male mice with non-function-
al DNMT3L, the female-biased hotspots become stronger
than in the wild type, whereas male-biased hotspots recip-
rocally get weaker. This suggests that decreasing the DNA
methylation level in males leads to an increase in DSBs at
female-biased hotspots and reduction at male-biased
hotspots. Correspondingly, H3K4me3 signals are in-
creased at the female-biased hotspots compared to male-
biased hotspots in Dnmt3L mutant male. This indicates
that in male, DNA methylation suppresses PRDM9 bind-
ing and DSB generation at female-biased hotspots but
promotes those events at male-biased hotspots.

Distinct methylation patterns between the sexes mod-
ulate sex-specific usage of the hotspot. However, given
that DNA is grossly demethylated in oocytes when mei-
otic recombination is initiated, it is unlikely that DNA
methylation solely controls CO distribution in female.
Thus, another underlying mechanism for CO positioning
should exist. As mentioned above, sex-biased hotspots
cluster along the chromosomes, and sex bias in recombi-
nation is already established prior to DSB formation. It is
possible that sexual difference in the chromosome archi-
tecture itself underlies the sex-biased hotspots during
meijosis.
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Crucial Role of Chiasma Position for Proper
Chromosome Segregation in Oocytes

What is the physiological meaning of sex-specific dif-
ference in CO distribution? A crucial point regarding CO
distribution is that specific CO sites, together with mei-
otic cohesins, confer the future position of chiasmata
along the chromosomes (Fig. 5b). This is particularly im-
portant for stably positioning the chiasma during the long
prophase arrest in oocytes. Chiasma plays an essential
role in placing the homologous chromosomes in an ori-
entation to face the spindle poles so that they are captured
by the microtubules from opposite poles and are segre-
gated evenly during metaphase I [Watanabe, 2012]. At
anaphase I, although REC8-cohesins are maintained at
the centromere regions until meiosis II, they are cleaved
by separase along the chromosome arms, allowing the
resolution of the chiasmata and consequently the release
of the homologous chromosomes [Buonomo et al., 2000;
Kudo et al., 2006]. Then the homologous chromosomes
are segregated toward the opposite poles of the spindle
with the dissolution of chiasmata. Thus, in meiosis I, ho-
mologous chromosomes rather than sister chromatids
are segregated into the opposite directions to reduce the
chromosome number by half.

It is known that distal chiasma raises the risk for
chromosome mis-segregation during meiosis I, as
shown by increased incidence of improper chromo-
some alignment in the homologs due to loss of chiasma.
Indeed, this is the case for aged human and mouse oo-
cytes [Liu and Keefe, 2008; Chiang et al., 2010; Hunt
and Hassold, 2010; Lister et al., 2010; Nagaoka et al.,
2012; Tsutsumi et al., 2014; Sakakibara et al., 2015; Zie-
linska et al., 2015]. It has been shown that the level of
chromosome-bound RECS8 is reduced on the chromo-
some arms in both naturally aged mouse oocytes [Chi-
ang et al., 2010; Lister et al., 2010] and senescence-ac-
celerated mouse oocytes [Liu and Keefe, 2008]. These
observations imply that REC8 cohesin has dissociated
from the chromosomes during prophase arrest in the
aged cells. Also, aged oocytes exhibit a high incidence
of distally connected homologous chromosomes [Lister
et al., 2010]. This is probably because decreased levels
of arm cohesion cannot prevent chiasmata from mov-
ing and slipping off the chromosome (Fig. 5b), which
leads to a significant reduction in bivalents with chias-
mata. Thus, gradual loss of sister chromatid cohesion
along the chromosome arm leads to destabilization of
the physical linkage between the homologs in aged oo-
cytes. Therefore, distal COs could be a sign of a risk of
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chromosome segregation errors in aged oocytes, result-
ing in aneuploidy. Maybe suppression of distal COs will
be beneficial for oocytes to minimize age-related chro-
mosome segregation errors.

Conclusion

Sex-specific differences in the regulation of meiotic re-
combination and chromosome dynamics attribute to dif-
ferent chromosome structures between the sexes. It is
well known that the most striking difference between
spermatocytes and oocytes is the sensitivity of the check-
point responses to the errors in DNA repair and homolog
synapsis [Morelli and Cohen, 2005]. Aberrations in the
components required for AE formation, SC assembly,
and meiotic recombination are somewhat more tolerated
in oocytes than in spermatocytes during meiosis, al-
though the underlying mechanisms that confer this dif-
ference remain poorly understood.

ATR kinase plays a crucial role in meiotic prophase
checkpoints in both sexes. ATR phosphorylates H2AX
along unsynapsed axes, thereby promoting meiotic si-
lencing of unsynapsed chromosomes (MSUC)/meiotic
sex chromosome inactivation (MSCI) [Burgoyne et al.,
2009; Turner, 2015]. In spermatocytes, most XY chromo-
some regions remain unsynapsed due to limited homol-
ogy and are silenced in the heterochromatic XY body as
marked with yH2AX. XY chromosome silencing is essen-
tial for the progression through pachytene and passing
the pachytene checkpoints in spermatocytes [Royo et al.,
2010]. HORMADI is required for SC formation and
plays a role in controlling the quality surveillance for ho-
molog alignment. HORMADI preferentially associates
with unsynapsed chromosome axes and recruits ATR to
asynapsed chromatin [Wojtasz et al., 2009; Shin et al.,
2010, 2013]. Notably, Hormadl KO mice show apparent-
ly opposite phenotypes in male and female. In Hormadl
KO male, spermatocytes are defective in XY body forma-
tion and consequently are eliminated by apoptosis due to
the rejection at the pachytene checkpoint [Daniel et al.,
2011]. In a Hormadl KO background, oocytes show rath-
er better survival even when SC is defective, suggesting in
the absence of HORMADI, oocytes may escape from
MSUC or persistent ATR activity and otherwise will be
eliminated at meiotic prophase checkpoint.

A similar sexual difference is also observed in the re-
sponse to heat stress [Hirano, Yoshida, and colleagues,
pers. commun]. In mammals, the testes are maintained at
lower temperature than the body core. Meiotic progres-

Sex-Specific Difference in Meiotic
Chromosome

sion in testes is sensitive to body core temperature, albeit
it is not in ovaries that reside in the abdominal cavity.

Besides the sex-specific differences in meiotic pro-
phase, sexual dimorphism in the mode of chromosome
dynamics is observed during meiosis I-meiosis II transi-
tion [Kim et al., 2015; Tanno et al., 2020]. In male, sper-
matocytes pass through a transient interphase-like state
with chromosome decondensation and reassembly of the
nuclear membrane after the completion of meiosis I. In
female, chromosomes are persistently condensed without
nuclear compartmentalization after the completion of
meiosis I until metaphase II. Although this is partly due
to different CDK activity at meiosis I-meiosis II transition
between the sexes, the underlying mechanism that gives
this difference is yet to be clarified. Furthermore, in oo-
cytes, chromosome segregation during meiotic division I
occurs in a different manner from that in spermatocytes
[Sakakibara etal., 2015; Yoshida et al., 2015; Kyogoku and
Kitajima, 2017], which gives the oocytes higher incidence
of error-prone meiotic chromosome segregation [Naga-
oka et al.,, 2012].

It still largely remains enigmatic how sex-specific dif-
ferences in the chromosome axis-loop organization con-
tribute to sexually dimorphic properties of meiotic re-
combination, homolog synapsis, and check point re-
sponse in mammalian meiosis. Future studies with
comparisons between spermatocytes and oocytes in mu-
tant mice will elucidate the underlying mechanisms that
give sex-specific regulation of chromosome dynamics in
mammalian meiosis.
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