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During the pachytene stage in mammalian meiosis, the X and Y chromosomes
remain largely unsynapsed outside the pseudoautosomal region, while autosomes
are fully synapsed. Then, the sex chromosomes are compartmentalized into a “sex
body” in the nucleus and are subjected to meiotic sex chromosome inactivation
(MSCI). For decades, the formation and functioning of the sex body andMSCI have
been subjects worth exploring. Notably, a series of proteins have been reported to
be located on the sex body area and inferred to play an essential role in MSCI;
however, the proteins that are actually located in this area and how these proteins
promote sex body formation and establish MSCI remain unclear. Collectively, the
DNA damage response factors, downstream fanconi anemia proteins, and other
canonical repressive histone modifications have been reported to be associated
with the sex body. Here, this study reviews the factors located on the sex body area
and tries to provide new insights into studying this mysterious domain.
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Introduction

Mammalian meiosis is a complex and continuous differentiation process to generate
haploid sperm cells in males. Programmed formation and repair of DNA double-strand breaks
(DSBs) catalyzed by the topoisomerase-like protein SPO11 are the basis for the dynamic
chromosomal behavior during meiosis prophase I (Keeney et al., 1997). Once produced, the
DSBs are protected by the heterotrimeric RPA (replication protein A) complex, followed by the
loading of the RAD51 recombinase and DNA meiotic recombinase 1 (DMC1), thus enabling
strand invasion of the duplex DNA for homolog pairing and recombination (Wold, 1997;
Yoshida et al., 1998; Cloud et al., 2012). At the pachytene stage, autosomes gradually complete
the synapsis and DSB repair, while the heterologous X and Y chromosomes remain
unsynapsed, and they only stably pair at a small homologous region called the
pseudoautosomal region (PAR) and are subject to the formation of a specialized structure
called the XY body or sex body (Burgoyne et al., 2009; Handel and Schimenti, 2010). Along
with the sex body formation, the extensive asynapsis triggers transcriptional silencing–meiotic
sex chromosome inactivation (MSCI) (Turner, 2007; Turner, 2015). The formation of the sex
body and establishment ofMSCI are required for the successful completion of spermatogenesis
(Royo et al., 2010; Turner, 2015). These two events are tightly associated and may have a
reciprocal causation relationship. The formation, maintenance, and disassembly of the sex
body are dynamic processes of the meiosis prophase I stage; it is important to know what
factors are located on the sex body area, either dependent on or independent of the sex body
formation. In fact, the sex body contains X and Y chromosomes and includes axes, loops, and
other liquid-like protein mixtures. Interestingly, the localizations of these proteins are of three
types: restricted on the axes, diffused exactly in the whole sex body area, or of both which
usually represents a dynamic process, spreading from the axes to loops. Is the sex body simply a
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repository for these proteins or do these proteins shape the sex body?
This review elucidates the proteins that are located on the sex
chromosome axes or sex body areas and tries to find new insights
into studying the sex body.

DDR proteins

As mentioned, the DNA damage response (DDR) proteins are
thought to be the important machinery in regulating theMSCI and sex
body formation, and they usually function in two key steps. First, the
asynapsis is detected by “sensors,” which are localized to the axial
elements. Subsequently, “effectors” spread over the chromatin loops
and cause gene silencing and sex body configuration. HORMAD1/2
(HORMA domain-containing protein 1/2) are presented and
restricted on the unsynapsed axes of the X and Y chromosomes
during the pachytene stage, which are essential for DSB formation
and synapsis (Wojtasz et al., 2009; Daniel et al., 2011). Without
HORMAD1/2, the DDR signals are inhibited on the XY
chromosomes, thus HORMAD1/2 are upstream of DDR (Wojtasz
et al., 2009; Daniel et al., 2011). BRCA1 (breast cancer 1), an important
DDR protein, accumulates on the axes of the sex chromosomes and is
proposed to recruit the ATR (ataxia telangiectasia and Rad3-related)
kinase to phosphorylate H2AX at Ser139 termed γH2AX on a single
chromosome axis (Fernandez-Capetillo et al., 2003; Turner et al., 2004;
Royo et al., 2013; Broering et al., 2014). At the early pachytene stage,
ATR is only enriched on the axis together with its activator protein
TOPBP1 (topoisomerase II-binding protein 1). Following the binding
ofMDC1 (mediator of DNA damage checkpoint protein 1) to γH2AX,
TOPBP1-ATR is further activated and confined to the sex body and
promotes the γH2AX signal spread to the protruding loops of the
chromatin at the mid-pachytene stage (Ichijima et al., 2011; ElInati
et al., 2017). BRCA1 is a primary component of four complexes:
RAP80-containing BRCA1-A, BACH1-harboring BRCA1-B, the CtIP-
holding BRCA1-C complex, and the BRCA1/PALB2 (also known as
FANCN)/BRCA2 complex in the somatic cells (Her et al., 2016). The
elements of the BRCA1-A complex, namely, CCDC98, RAP80
(receptor-associated protein 80), and MERIT40 (mediator of
Rap80 interactions and targeting 40 kd) are observed on the axes of
the sex chromosomes to facilitate the loading of RAD51 to the DSB
sites (Liu et al., 2007; Feng et al., 2009; Wu et al., 2012; Lu et al., 2013).
CtIP from the BRCA-C complex is specifically localized to the
unsynapsed axes of the sex body, while BRCA1-B is not observed
on the sex chromosomes (Yu and Chen, 2004; Sartori et al., 2007). The
BRCA1/PALB2 (also known as FANCN)/BRCA2 complex is discussed
below. TheDDR proteins are reported to be potential phase-separating
proteins which have a high content of IDR (intrinsically disordered
regions) and might regulate sex body formation by driving phase
separation (Xu and Qiao, 2021).

RNF8/RAD18/53BP1 pathway and
ubiquitin modifications

RNF8 has been shown to participate in the DNA damage response
by interacting with MDC1 in somatic cells (Huen et al., 2007). During
meiosis, RNF8 is essential for protein ubiquitination in the sex body,
which is not important forMSCI but indispensable for the replacement

of histones by protamine during spermiogenesis (Lu et al., 2010). The
downstream proteins of RNF8, RAD18 (RAD18 E3 ubiquitin protein
ligase), and 53BP1(transformation-related protein 53-binding protein
1) are localized to the entire sex chromosomes (van der Laan et al.,
2004). However, it has been reported that either RAD18 or 53BP1 does
not affect fertility in mice (Ward et al., 2003; Sun et al., 2009).
Ubiquitinated proteins, detected by the monoclonal antibody FK2
(ub-FK2), and RNF8-dependent ubiquitinated H2A (ub-H2A,
detected by monoclonal antibody E6C5) are localized on the sex
body area (Lu et al., 2010). K48- and K63-linked poly-ubiquitins
are enriched in the XY body (Lu et al., 2010). The role of
ubiquitination around the XY body requires further investigation
since suppression of ubiquitination shows no effect on the meiosis
process. SUMOylation (small ubiquitin-like modifier) is another
ubiquitination-like protein modification at the DNA damage sites.
SUMO1 and SUMO2/3 are enriched in the XY body over the sex
chromosomes (La Salle et al., 2008). The SCML2 (sex comb onmidleg-
like 2)–USP7 (ubiquitin-specific peptidase 7) pathway could regulate
ubiquitination on sex body areas (Luo et al., 2015). SCML2 is an X
chromosome–encoded polycomb protein, which is associated with
γH2AX and localized to the XY body in spermatocytes (Hasegawa
et al., 2015; Luo et al., 2015). The loss of SCML2 in mice causes
defective spermatogenesis, resulting in sharply reduced sperm
production (Hasegawa et al., 2015; Luo et al., 2015).
SCML2 recruits deubiquitinase USP7 to the XY body in
spermatocytes. In the absence of SCML2, USP7 fails to accumulate
on the XY body, whereas ub-H2A dramatically augments in the XY
chromatin (Luo et al., 2015). Neither ubiquitination nor SUMOylation
is directly involved in sex body formation, which is more a result of sex
chromosome compartmentalization.

Other DNA repair proteins: Fanconi
anemia pathway

Fanconi anemia (FA) is a genetic disease associated with bone
marrow failure, increased cancer susceptibility, and severe germline
defects (Soulier, 2011). The FA core complex is a multicomponent
ubiquitin ligase, comprising the catalytic component (FANC-B,
FANC-L, FAAP100), substrate adaptor (FANC-C, FANC-E, FANC-
F), and FANC-A, FANC-G, FANC-M, and FAAP20, which are
localized at the sites of DSBs (Benitez et al., 2018). FANC-M
accumulation on the sex chromosome axis begins in the early
pachytene stage and spreads on to the entire domain of the X and
Y chromosomes during the early diplotene stage (Alavattam et al.,
2016). FANC-M knockout mice have smaller testis and reduced
follicles (Bakker et al., 2009). FANC-B, another FA core protein,
accumulates on the sex chromosomes in the early pachytene stage
which is essential for male fertility and regulates H3K9me2 and
H3K9me3 on the sex chromosomes during meiosis (Kato et al.,
2015). FA core complex then catalyzes the monoubiquitination of
the FANCD2-FANCI heterodimer (Smogorzewska et al., 2007).
FANCI signals spread throughout the entire XY domain in the
early diplotene stage and regulate H3K9me2 and H3K4me2 on the
sex chromosome which is essential for male fertility without affecting
the sex body formation (Xu et al., 2021). The FANCD2 foci are
colocalized with RAD51(FANCR) on the DSB sites on both the
autosome and sex chromosome axes during meiosis (Alavattam
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et al., 2016). In addition, FANCD2 regulates H3K4me2
(H3K4 demethylation) and H3K9me3 (H3K9 accumulation) on the
XY chromatin together with RNF8 (Alavattam et al., 2016). The other
two FA proteins BRCA2 (FANCD1) and SLX4 (FANCP) also located
on the sex chromosomes dependent on the DDR and RNF8 pathways.
The localizations of BRCA2 in meiotic spermatocytes on the sex
chromosomes or sex body areas are not clear yet because of the
lack of an ideal BRCA2 antibody (Chen et al., 1998; Alavattam
et al., 2016). SLX4, a structure-specific endonuclease, is involved in
the repair of various DNA lesions, progressively increasing in intensity
as it spreads through the XY chromatin during the pachytene stages, as
seen in SLX4 knockout mice with reduced fertility (Holloway et al.,
2011; Alavattam et al., 2016). Taken together, FA proteins with
MDC1 and RNF8 might govern the behaviors of sex chromosomes
by regulating DDR and epigenetic programming during meiosis.

Heterochromatin-related proteins and
modifications

Following DDR, a histone H3-lysine-9 methyltransferase SETDB1
(SET domain bifurcated histone lysine methyltransferase 1) was
recruited to the sex chromosomes, which is responsible for
H3K9me3 modifications on the X chromosome and essential for
sex chromosome remodeling and silencing (Hirota et al., 2018).
TRIM28 (tripartite motif-containing 28) possibly bridged DDR to
SETDB1 and regulated transcription, and was also located around
the sex chromosomes during the pachytene stage (Hirota et al., 2018).
TRIM28-SETDB1 probably promote gene silencing through depositing
suppressed histone modifications on the sex chromosomes. Histone
methyltransferase SUV39H2 (suppressor of variegation 3-9 homolog
2) accumulates on the sex body region in pachytene spermatocytes to
modulate heterochromatin (O’Carroll et al., 2000). Heterochromatin
protein 1 (HP1), which binds to H3K9me3, is shown to be related to
chromatin condensation and transcription regulation. Two isoforms of
the HP1 proteins, HP1β and HP1γ, decorate the entire sex body at the
late pachytene stage in spermatocytes, indicating their potential roles in
condensing and silencing the sex chromosomes (Metzler-Guillemain
et al., 2003). MacroH2A1, a histone variant and CHD3/4
(chromodomain helicase DNA-binding protein 3/4), specifically
accumulate on the X-centromeric end and PAR of meiotic sex
chromosomes (Turner et al., 2001; Broering et al., 2014). On the
other hand, the active modifications of H4K20 monomethylation
(H4K20me1 and H3K4me2) and H3K27ac (H3K27 acetylation)
accumulate on the sex chromosomes in the late pachytene stage
and could join the activation of gene expression in subsequent
spermatogenesis (Sin and Namekawa, 2013; Adams et al., 2018).
Also, this might be the reason why chromatin accessibility in the
XY chromosomes is more open during MSCI when gene silencing
occurs (Patel et al., 2019).

PAR-related proteins and
recombination proteins

The formation of DSBs on PAR is the driving force for pairing
and crossing over between X and Y chromosomes and the
subsequent sex body formation (Acquaviva et al., 2020).

REC114 (REC114 meiotic recombination protein), ANKRD31
(ankyrin repeat domain 31), IHO1 (interactor of HORMAD1),
MEI1 (meiotic double-stranded break formation protein 1),
and MEI4 (meiotic double-stranded break formation protein 4)
located on the PAR are essential for efficient DSB formation
(Acquaviva et al., 2020). The persistent DSBs on the sex
chromosomes are recognized by recombination proteins
(Baudat et al., 2013). RPA binds to the ssDNA end and
facilitates the exchange of RAD51/DMC1 into the ssDNA
(Baudat et al., 2013; Zickler and Kleckner, 2015). The
recombination proteins are located on DSB sites, therefore
RPA2, RAD51/DMC1, MSH4/5 (mutS homolog 4/5), and
MLH3 (mutL homolog 3) are detected on the sex chromosome
axes (Abe et al., 2019). These proteins are recruited to the
sex chromosomes before the sex body formation, and their
locations are independent of sex chromosomal behavior. Thus,
these proteins seem to not take part in sex body establishment
directly.

Other proteins

XLR6 (X-chromosome linked, lymphocyte regulated)
accumulates on the sex body in the early pachytene to mid-
pachytene spermatocytes and is re-localized to the nucleolus
during late pachytene, although XLR6 does not seem to be
essential for fertility (Tsutsumi et al., 2011; Li et al., 2015).
SETX (senataxin) is concentrated on the sex chromosomes,
and Setx−/− spermatocytes are arrested at the pachytene stage
(Becherel et al., 2013; Yeo et al., 2015). MRNIP (MRN
complex-interacting protein) is condensed to one large droplet-
like assembly which partially overlaps the sex body chromatin
(Kazi et al., 2022). Mrnip−/− spermatocytes display defective sex
body formation and MSCI (KAZI ET AL., 2022). AGO4
(argonaute family member 4) functions in microRNA
regulation to regulate MSCI which is located on the XY body
area (Modzelewski et al., 2012). MAPS (male pachynema-specific
protein) concentrated on the XY body regulates XY body
formation and MSCI (Li et al., 2021).

Conclusion

Duringmeiosis inmalemice, the sex chromosomes are reorganized
to be a non-membrane organelle, which is distinguished as a special area
isolated from other autosomes observed using electron microscopy
(Solari, 1974). Although the molecular mechanism of the sex body and
MSCI have been studied, it is not yet clear how the sex body and gene
repression aremediated. Here, this review summarizes several pathways
and proteins that accumulate on the sex chromosome axes or sex body
areas and play potential roles in the sex body. Generally speaking, at the
initiation of MSCI, DDR proteins are recruited to the X and Y
chromosome axes and loops in response to asynapsis, downstream
of the DDR, and unique epigenetic modifications are shaped leading to
the formation of the sex body (Turner, 2015; Abe et al., 2019). Many
other proteins take part in this process, which includes the FA pathway,
RNF8-dependent pathway, and heterochromatin-related modifications
(Alavattam et al., 2016). Recent evidence suggests that MSCI and sex
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body formation may be driven by phase separation, a physical process
that governs the formation of membraneless organelles and other
biomolecular condensates (Alavattam et al., 2021; Xu and Qiao,
2021). However, how these sex body–localized proteins drive the sex
body formation step-by-step and how MSCI maintained in
spermatocytes remain unclear. To find out more proteins and
elucidate the protein interaction relationship could pave the way for
understanding the mysterious domain.

Author contributions

ML wrote and finalized the manuscript.

Funding

This research was supported by the National Natural Science
Foundation of China (grant no. 82001619) and the Shenzhen
Science and Technology Program (KQTD20190929172749226).

Acknowledgments

The author would like to thank Jiahuan Zheng, Zexiong Lin,
Dongliang Li for their assistance editing the article.

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors, and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Abe, H., Alavattam, K. G., Hu, Y. C., Pang, Q., Andreassen, P. R., Hegde, R. S., et al.
(2019). The initiation of meiotic sex chromosome inactivation sequesters DNA damage
signaling from autosomes in mouse spermatogenesis. Curr. Biol. 30, 408–420. e5. doi:10.
1016/j.cub.2019.11.064

Acquaviva, L., Boekhout, M., Karasu, M. E., Brick, K., Pratto, F., Li, T., et al. (2020).
Ensuring meiotic DNA break formation in the mouse pseudoautosomal region. Nature
582 (7812), 426–431. doi:10.1038/s41586-020-2327-4

Adams, S. R., Maezawa, S., Alavattam, K. G., Abe, H., Sakashita, A., Shroder, M., et al.
(2018). RNF8 and SCML2 cooperate to regulate ubiquitination and H3K27 acetylation
for escape gene activation on the sex chromosomes. PLoS Genet. 14 (2), e1007233.
doi:10.1371/journal.pgen.1007233

Alavattam, K. G., Kato, Y., Sin, H. S., Maezawa, S., Kowalski, I. J., Zhang, F., et al.
(2016). Elucidation of the Fanconi anemia protein network in meiosis and its function
in the regulation of histone modifications. Cell Rep. 17 (4), 1141–1157. doi:10.1016/j.
celrep.2016.09.073

Alavattam, K. G., Maezawa, S., Andreassen, P. R., and Namekawa, S. H. (2021).
Meiotic sex chromosome inactivation and the XY body: A phase separation hypothesis.
Cell. Mol. Life Sci. 79 (1), 18. doi:10.1007/s00018-021-04075-3

Bakker, S. T., van de Vrugt, H. J., Rooimans, M. A., Oostra, A. B., Steltenpool, J.,
Delzenne-Goette, E., et al. (2009). Fancm-deficient mice reveal unique features of
Fanconi anemia complementation group M. Hum. Mol. Genet. 18 (18), 3484–3495.
doi:10.1093/hmg/ddp297

Baudat, F., Imai, Y., and de Massy, B. (2013). Meiotic recombination in mammals:
Localization and regulation. Nat. Rev. Genet. 14 (11), 794–806. doi:10.1038/nrg3573

Becherel, O. J., Yeo, A. J., Stellati, A., Heng, E. Y., Luff, J., Suraweera, A. M., et al.
(2013). Senataxin plays an essential role with DNA damage response proteins in meiotic
recombination and gene silencing. PLoS Genet. 9 (4), e1003435. doi:10.1371/journal.
pgen.1003435

Benitez, A., Liu, W., Palovcak, A., Wang, G., Moon, J., An, K., et al. (2018).
FANCA promotes DNA double-strand break repair by catalyzing single-strand
annealing and strand exchange.Mol. Cell 71 (4), 621–628. e4. doi:10.1016/j.molcel.
2018.06.030

Broering, T. J., Alavattam, K. G., Sadreyev, R. I., Ichijima, Y., Kato, Y., Hasegawa, K.,
et al. (2014). BRCA1 establishes DNA damage signaling and pericentric
heterochromatin of the X chromosome in male meiosis. J. Cell Biol. 205 (5),
663–675. doi:10.1083/jcb.201311050

Burgoyne, P. S., Mahadevaiah, S. K., and Turner, J. M. (2009). The consequences of
asynapsis for mammalian meiosis. Nat. Rev. Genet. 10 (3), 207–216. doi:10.1038/
nrg2505

Chen, J., Silver, D. P., Walpita, D., Cantor, S. B., Gazdar, A. F., Tomlinson, G., et al.
(1998). Stable interaction between the products of the BRCA1 and BRCA2 tumor
suppressor genes in mitotic and meiotic cells. Mol. Cell 2 (3), 317–328. doi:10.1016/
s1097-2765(00)80276-2

Cloud, V., Chan, Y. L., Grubb, J., Budke, B., and Bishop, D. K. (2012). Rad51 is an
accessory factor for Dmc1-mediated joint molecule formation during meiosis. Science
337 (6099), 1222–1225. doi:10.1126/science.1219379

Daniel, K., Lange, J., Hached, K., Fu, J., Anastassiadis, K., Roig, I., et al. (2011). Meiotic
homologue alignment and its quality surveillance are controlled by mouse HORMAD1.
Nat. Cell Biol. 13 (5), 599–610. doi:10.1038/ncb2213

ElInati, E., Russell, H. R., Ojarikre, O. A., Sangrithi, M., Hirota, T., de Rooij, D. G.,
et al. (2017). DNA damage response protein TOPBP1 regulates X chromosome
silencing in the mammalian germ line. Proc. Natl. Acad. Sci. U. S. A. 114 (47),
12536–12541. doi:10.1073/pnas.1712530114

Feng, L., Huang, J., and Chen, J. (2009). MERIT40 facilitates BRCA1 localization and
DNA damage repair. Genes Dev. 23 (6), 719–728. doi:10.1101/gad.1770609

Fernandez-Capetillo, O., Mahadevaiah, S. K., Celeste, A., Romanienko, P. J.,
Camerini-Otero, R. D., Bonner, W. M., et al. (2003). H2AX is required for
chromatin remodeling and inactivation of sex chromosomes in male mouse meiosis.
Dev. Cell 4 (4), 497–508. doi:10.1016/s1534-5807(03)00093-5

Handel, M. A., and Schimenti, J. C. (2010). Genetics of mammalian meiosis:
Regulation, dynamics and impact on fertility. Nat. Rev. Genet. 11 (2), 124–136.
doi:10.1038/nrg2723

Hasegawa, K., Sin, H. S., Maezawa, S., Broering, T. J., Kartashov, A. V., Alavattam,
K. G., et al. (2015). SCML2 establishes the male germline epigenome through
regulation of histone H2A ubiquitination. Dev. Cell 32 (5), 574–588. doi:10.1016/
j.devcel.2015.01.014

Her, J., Soo Lee, N., Kim, Y., and Kim, H. (2016). Factors forming the BRCA1-A
complex orchestrate BRCA1 recruitment to the sites of DNA damage. Acta Biochim.
Biophys. Sin. (Shanghai) 48 (7), 658–664. doi:10.1093/abbs/gmw047

Hirota, T., Blakeley, P., Sangrithi, M. N., Mahadevaiah, S. K., Encheva, V., Snijders, A.
P., et al. (2018). SETDB1 links the meiotic DNA damage response to sex chromosome
silencing in mice. Dev. Cell 47 (5), 645–659. e6. doi:10.1016/j.devcel.2018.10.004

Holloway, J. K., Mohan, S., Balmus, G., Sun, X., Modzelewski, A., Borst, P. L., et al.
(2011). Mammalian BTBD12 (SLX4) protects against genomic instability during
mammalian spermatogenesis. PLoS Genet. 7 (6), e1002094. doi:10.1371/journal.pgen.
1002094

Huen, M. S., Grant, R., Manke, I., Minn, K., Yu, X., Yaffe, M. B., et al. (2007).
RNF8 transduces the DNA-damage signal via histone ubiquitylation and checkpoint
protein assembly. Cell 131 (5), 901–914. doi:10.1016/j.cell.2007.09.041

Ichijima, Y., Ichijima, M., Lou, Z., Nussenzweig, A., Camerini-Otero, R. D., Chen, J.,
et al. (2011). MDC1 directs chromosome-wide silencing of the sex chromosomes in
male germ cells. Genes Dev. 25 (9), 959–971. doi:10.1101/gad.2030811

Kato, Y., Alavattam, K. G., Sin, H. S., Meetei, A. R., Pang, Q., Andreassen, P. R., et al.
(2015). FANCB is essential in the male germline and regulates H3K9methylation on the
sex chromosomes during meiosis. Hum. Mol. Genet. 24 (18), 5234–5249. doi:10.1093/
hmg/ddv244

Frontiers in Cell and Developmental Biology frontiersin.org04

Li 10.3389/fcell.2023.1165745

https://doi.org/10.1016/j.cub.2019.11.064
https://doi.org/10.1016/j.cub.2019.11.064
https://doi.org/10.1038/s41586-020-2327-4
https://doi.org/10.1371/journal.pgen.1007233
https://doi.org/10.1016/j.celrep.2016.09.073
https://doi.org/10.1016/j.celrep.2016.09.073
https://doi.org/10.1007/s00018-021-04075-3
https://doi.org/10.1093/hmg/ddp297
https://doi.org/10.1038/nrg3573
https://doi.org/10.1371/journal.pgen.1003435
https://doi.org/10.1371/journal.pgen.1003435
https://doi.org/10.1016/j.molcel.2018.06.030
https://doi.org/10.1016/j.molcel.2018.06.030
https://doi.org/10.1083/jcb.201311050
https://doi.org/10.1038/nrg2505
https://doi.org/10.1038/nrg2505
https://doi.org/10.1016/s1097-2765(00)80276-2
https://doi.org/10.1016/s1097-2765(00)80276-2
https://doi.org/10.1126/science.1219379
https://doi.org/10.1038/ncb2213
https://doi.org/10.1073/pnas.1712530114
https://doi.org/10.1101/gad.1770609
https://doi.org/10.1016/s1534-5807(03)00093-5
https://doi.org/10.1038/nrg2723
https://doi.org/10.1016/j.devcel.2015.01.014
https://doi.org/10.1016/j.devcel.2015.01.014
https://doi.org/10.1093/abbs/gmw047
https://doi.org/10.1016/j.devcel.2018.10.004
https://doi.org/10.1371/journal.pgen.1002094
https://doi.org/10.1371/journal.pgen.1002094
https://doi.org/10.1016/j.cell.2007.09.041
https://doi.org/10.1101/gad.2030811
https://doi.org/10.1093/hmg/ddv244
https://doi.org/10.1093/hmg/ddv244
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1165745


Kazi, S., Castañeda, J. M., Savolainen, A., Xu, Y., Liu, N., Qiao, H., et al. (2022).
MRNIP interacts with sex body chromatin to support meiotic progression,
spermatogenesis, and male fertility in mice. Faseb J. 36 (9), e22479. doi:10.1096/fj.
202101168RR

Keeney, S., Giroux, C. N., and Kleckner, N. (1997). Meiosis-specific DNA double-
strand breaks are catalyzed by Spo11, a member of a widely conserved protein family.
Cell 88 (3), 375–384. doi:10.1016/s0092-8674(00)81876-0

La Salle, S., Sun, F., Zhang, X. D., Matunis, M. J., and Handel, M. A. (2008).
Developmental control of sumoylation pathway proteins in mouse male germ cells.
Dev. Biol. 321 (1), 227–237. doi:10.1016/j.ydbio.2008.06.020

Li, M., Huang, R., Jiang, X., Chen, Y., Zhang, Z., Zhang, X., et al. (2015). CRISPR/
Cas9 promotes functional study of testis specific X-linked gene in vivo. PLoS One 10
(11), e0143148. doi:10.1371/journal.pone.0143148

Li, M., Zheng, J., Li, G., Lin, Z., Li, D., Liu, D., et al. (2021). The male germline-specific
protein MAPS is indispensable for pachynema progression and fertility. Proc. Natl.
Acad. Sci. U. S. A. 118 (8), e2025421118. doi:10.1073/pnas.2025421118

Liu, Z., Wu, J., and Yu, X. (2007). CCDC98 targets BRCA1 to DNA damage sites.Nat.
Struct. Mol. Biol. 14 (8), 716–720. doi:10.1038/nsmb1279

Lu, L. Y., Wu, J., Ye, L., Gavrilina, G. B., Saunders, T. L., and Yu, X. (2010). RNF8-
dependent histone modifications regulate nucleosome removal during spermatogenesis.
Dev. Cell 18 (3), 371–384. doi:10.1016/j.devcel.2010.01.010

Lu, L. Y., Xiong, Y., Kuang, H., Korakavi, G., and Yu, X. (2013). Regulation of the
DNA damage response on male meiotic sex chromosomes. Nat. Commun. 4, 2105.
doi:10.1038/ncomms3105

Luo, M., Zhou, J., Leu, N. A., Abreu, C. M., Wang, J., Anguera, M. C., et al. (2015).
Polycomb protein SCML2 associates with USP7 and counteracts histone H2A
ubiquitination in the XY chromatin during male meiosis. PLoS Genet. 11 (1),
e1004954. doi:10.1371/journal.pgen.1004954

Metzler-Guillemain, C., Luciani, J., Depetris, D., Guichaoua, M. R., and Mattei, M. G.
(2003). HP1beta and HP1gamma, but not HP1alpha, decorate the entire XY body
during human male meiosis. Chromosome Res. 11 (1), 73–81. doi:10.1023/a:
1022014217196

Modzelewski, A. J., Holmes, R. J., Hilz, S., Grimson, A., and Cohen, P. E. (2012).
AGO4 regulates entry into meiosis and influences silencing of sex chromosomes in the
male mouse germline. Dev. Cell 23 (2), 251–264. doi:10.1016/j.devcel.2012.07.003

O’Carroll, D., Scherthan, H., Peters, A. H., Opravil, S., Haynes, A. R., Laible, G., et al.
(2000). Isolation and characterization of Suv39h2, a second histone
H3 methyltransferase gene that displays testis-specific expression. Mol. Cell Biol. 20
(24), 9423–9433. doi:10.1128/mcb.20.24.9423-9433.2000

Patel, L., Kang, R., Rosenberg, S. C., Qiu, Y., Raviram, R., Chee, S., et al. (2019).
Dynamic reorganization of the genome shapes the recombination landscape in meiotic
prophase. Nat. Struct. Mol. Biol. 26 (3), 164–174. doi:10.1038/s41594-019-0187-0

Royo, H., Polikiewicz, G., Mahadevaiah, S. K., Prosser, H., Mitchell, M., Bradley, A.,
et al. (2010). Evidence that meiotic sex chromosome inactivation is essential for male
fertility. Curr. Biol. 20 (23), 2117–2123. doi:10.1016/j.cub.2010.11.010

Royo, H., Prosser, H., Ruzankina, Y., Mahadevaiah, S. K., Cloutier, J. M., Baumann,
M., et al. (2013). ATR acts stage specifically to regulate multiple aspects of mammalian
meiotic silencing. Genes Dev. 27 (13), 1484–1494. doi:10.1101/gad.219477.113

Sartori, A. A., Lukas, C., Coates, J., Mistrik, M., Fu, S., Bartek, J., et al. (2007). Human
CtIP promotes DNA end resection. Nature 450 (7169), 509–514. doi:10.1038/
nature06337

Sin, H. S., and Namekawa, S. H. (2013). The great escape: Active genes on inactive sex
chromosomes and their evolutionary implications. Epigenetics 8 (9), 887–892. doi:10.
4161/epi.25672

Smogorzewska, A., Matsuoka, S., Vinciguerra, P., McDonald, E. R., 3rd, Hurov, K. E.,
Luo, J., et al. (2007). Identification of the FANCI protein, a monoubiquitinated
FANCD2 paralog required for DNA repair. Cell 129 (2), 289–301. doi:10.1016/j.cell.
2007.03.009

Solari, A. J. (1974). The behavior of the XY pair in mammals. Int. Rev. Cytol. 38,
273–317. doi:10.1016/s0074-7696(08)60928-6

Soulier, J. (2011). Fanconi anemia. Hematol. Am. Soc. Hematol. Educ. Program 2011,
492–497. doi:10.1182/asheducation-2011.1.492

Sun, J., Yomogida, K., Sakao, S., Yamamoto, H., Yoshida, K., Watanabe, K., et al.
(2009). Rad18 is required for long-term maintenance of spermatogenesis in mouse
testes. Mech. Dev. 126 (3-4), 173–183. doi:10.1016/j.mod.2008.11.004

Tsutsumi, M., Kogo, H., Kowa-Sugiyama, H., Inagaki, H., Ohye, T., and Kurahashi, H.
(2011). Characterization of a novel mouse gene encoding an SYCP3-like protein that
relocalizes from the XY body to the nucleolus during prophase of male meiosis I. Biol.
Reprod. 85 (1), 165–171. doi:10.1095/biolreprod.110.087270

Turner, J. M., Aprelikova, O., Xu, X., Wang, R., Kim, S., Chandramouli, G. V., et al.
(2004). BRCA1, histone H2AX phosphorylation, and male meiotic sex chromosome
inactivation. Curr. Biol. 14 (23), 2135–2142. doi:10.1016/j.cub.2004.11.032

Turner, J. M., Burgoyne, P. S., and Singh, P. B. (2001). M31 and
macroH2A1.2 colocalise at the pseudoautosomal region during mouse meiosis.
J. Cell Sci. 114 (18), 3367–3375. doi:10.1242/jcs.114.18.3367

Turner, J. M. (2007). Meiotic sex chromosome inactivation. Development 134 (10),
1823–1831. doi:10.1242/dev.000018

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

van der Laan, R., Uringa, E. J., Wassenaar, E., Hoogerbrugge, J. W., Sleddens, E.,
Odijk, H., et al. (2004). Ubiquitin ligase Rad18Sc localizes to the XY body and to other
chromosomal regions that are unpaired and transcriptionally silenced during male
meiotic prophase. J. Cell Sci. 117 (21), 5023–5033. doi:10.1242/jcs.01368

Ward, I. M., Minn, K., van Deursen, J., and Chen, J. (2003). p53 Binding protein
53BP1 is required for DNA damage responses and tumor suppression in mice.Mol. Cell
Biol. 23 (7), 2556–2563. doi:10.1128/mcb.23.7.2556-2563.2003

Wojtasz, L., Daniel, K., Roig, I., Bolcun-Filas, E., Xu, H., Boonsanay, V., et al. (2009).
Mouse HORMAD1 andHORMAD2, two conservedmeiotic chromosomal proteins, are
depleted from synapsed chromosome axes with the help of TRIP13 AAA-ATPase. PLoS
Genet. 5 (10), e1000702. doi:10.1371/journal.pgen.1000702

Wold, M. S. (1997). Replication protein A: A heterotrimeric, single-stranded DNA-
binding protein required for eukaryotic DNA metabolism. Annu. Rev. Biochem. 66,
61–92. doi:10.1146/annurev.biochem.66.1.61

Wu, J., Liu, C., Chen, J., and Yu, X. (2012). RAP80 protein is important for genomic
stability and is required for stabilizing BRCA1-A complex at DNA damage sites in vivo.
J. Biol. Chem. 287 (27), 22919–22926. doi:10.1074/jbc.M112.351007

Xu, L., Xu, W., Li, D., Yu, X., Gao, F., Qin, Y., et al. (2021). FANCI plays an essential
role in spermatogenesis and regulates meiotic histone methylation. Cell Death Dis. 12
(8), 780. doi:10.1038/s41419-021-04034-7

Xu, Y., and Qiao, H. (2021). A hypothesis: Linking phase separation to meiotic sex
chromosome inactivation and sex-body formation. Front. Cell Dev. Biol. 9, 674203.
doi:10.3389/fcell.2021.674203

Yeo, A. J., Becherel, O. J., Luff, J. E., Graham, M. E., Richard, D., and Lavin, M. F.
(2015). Senataxin controls meiotic silencing through ATR activation and chromatin
remodeling. Cell Discov. 1, 15025. doi:10.1038/celldisc.2015.25

Yoshida, K., Kondoh, G., Matsuda, Y., Habu, T., Nishimune, Y., and Morita, T.
(1998). The mouse RecA-like gene Dmc1 is required for homologous chromosome
synapsis during meiosis. Mol. Cell 1 (5), 707–718. doi:10.1016/s1097-2765(00)80070-2

Yu, X., and Chen, J. (2004). DNA damage-induced cell cycle checkpoint control
requires CtIP, a phosphorylation-dependent binding partner of
BRCA1 C-terminal domains. Mol. Cell Biol. 24 (21), 9478–9486. doi:10.1128/
mcb.24.21.9478-9486.2004

Zickler, D., and Kleckner, N. (2015). Recombination, pairing, and synapsis of
homologs during meiosis. Cold Spring Harb. Perspect. Biol. 7 (6), a016626. doi:10.
1101/cshperspect.a016626

Frontiers in Cell and Developmental Biology frontiersin.org05

Li 10.3389/fcell.2023.1165745

https://doi.org/10.1096/fj.202101168RR
https://doi.org/10.1096/fj.202101168RR
https://doi.org/10.1016/s0092-8674(00)81876-0
https://doi.org/10.1016/j.ydbio.2008.06.020
https://doi.org/10.1371/journal.pone.0143148
https://doi.org/10.1073/pnas.2025421118
https://doi.org/10.1038/nsmb1279
https://doi.org/10.1016/j.devcel.2010.01.010
https://doi.org/10.1038/ncomms3105
https://doi.org/10.1371/journal.pgen.1004954
https://doi.org/10.1023/a:1022014217196
https://doi.org/10.1023/a:1022014217196
https://doi.org/10.1016/j.devcel.2012.07.003
https://doi.org/10.1128/mcb.20.24.9423-9433.2000
https://doi.org/10.1038/s41594-019-0187-0
https://doi.org/10.1016/j.cub.2010.11.010
https://doi.org/10.1101/gad.219477.113
https://doi.org/10.1038/nature06337
https://doi.org/10.1038/nature06337
https://doi.org/10.4161/epi.25672
https://doi.org/10.4161/epi.25672
https://doi.org/10.1016/j.cell.2007.03.009
https://doi.org/10.1016/j.cell.2007.03.009
https://doi.org/10.1016/s0074-7696(08)60928-6
https://doi.org/10.1182/asheducation-2011.1.492
https://doi.org/10.1016/j.mod.2008.11.004
https://doi.org/10.1095/biolreprod.110.087270
https://doi.org/10.1016/j.cub.2004.11.032
https://doi.org/10.1242/jcs.114.18.3367
https://doi.org/10.1242/dev.000018
https://doi.org/10.1146/annurev-genet-112414-055145
https://doi.org/10.1242/jcs.01368
https://doi.org/10.1128/mcb.23.7.2556-2563.2003
https://doi.org/10.1371/journal.pgen.1000702
https://doi.org/10.1146/annurev.biochem.66.1.61
https://doi.org/10.1074/jbc.M112.351007
https://doi.org/10.1038/s41419-021-04034-7
https://doi.org/10.3389/fcell.2021.674203
https://doi.org/10.1038/celldisc.2015.25
https://doi.org/10.1016/s1097-2765(00)80070-2
https://doi.org/10.1128/mcb.24.21.9478-9486.2004
https://doi.org/10.1128/mcb.24.21.9478-9486.2004
https://doi.org/10.1101/cshperspect.a016626
https://doi.org/10.1101/cshperspect.a016626
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1165745

	Sex body: A nest of protein mixture
	Introduction
	DDR proteins
	RNF8/RAD18/53BP1 pathway and ubiquitin modifications
	Other DNA repair proteins: Fanconi anemia pathway
	Heterochromatin-related proteins and modifications
	PAR-related proteins and recombination proteins
	Other proteins
	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


