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Abstract

Chromosomes adopt specific conformations to regulate various cellular processes. A well-
documented chromosome configuration is the highly compacted chromosome structure during
metaphase. More regional chromatin conformations have also been reported, including
topologically associated domains encompassing mega-bases of DNA and local chromatin
loops formed by kilo-bases of DNA. In this review, we discuss the changes in chromatin
conformation taking place between somatic and meiotic cells, with a special focus on the
establishment of a proteinaceous structure, called the chromosome axis, at the beginning of
meiosis. The chromosome axis is essential to support key meiotic processes such as
chromosome pairing, homologous recombination, and balanced chromosome segregation to
transition from a diploid to a haploid stage. We review the role of the chromosome axis in

meiotic chromatin organization and provide a detailed description of its protein composition.
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We also review the conserved and distinct roles between species of axis proteins in meiotic
recombination, which is a major factor contributing to the creation of genetic diversity and
genome evolution. Finally, we discuss situations where the chromosome axis is deregulated
and evaluate the effects on genome integrity and the consequences from protein deregulation
in meiocytes exposed to heat stress, and aberrant expression of genes encoding axis proteins

in mammalian somatic cells associated with certain types of cancers.
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1. Chromatin and chromosome organization during meiosis

Meiosis is a specialized type of cell division essential for sexual reproduction. Meiosis consists
of one round of DNA replication followed by two sequential events of chromosome
segregation: the segregation of homologous chromosomes in meiosis |, and the segregation
of sister centromeres and their attached chromosomal arms in meiosis Il. The two rounds of
chromosome segregation are central to transitioning from a diploid to a haploid stage. Proper
chromosome segregation depends on the formation of a physical link between two
homologous chromosomes (Kuo et al. 2021). In early meiosis, a topoisomerase-like complex
forms DNA double-strand breaks (DSBs) that are repaired by homologous recombination.
DSBs are resected to form single-strand DNA (ssDNA) molecules that can invade the sister
chromatid or the homologous chromosome. ssDNAs anneal with the homologous
chromosome to form heteroduplex structures. These structures can be stabilised to form a
crossover (CO) which consists of the reciprocal exchange of genetic information between two
homologs (the nearly identical chromosomes from each parent). Alternatively, annealing can

occur with the sister chromatid, which is genetically identical and cannot form a genetic



recombinant (reviewed in Kuo et al. 2021). Gene conversion, which represents a unidirectional
transfer of genetic information from one homolog to the other, is often associated with a CO,
the reciprocal exchange of flanking DNA between homologs (reviewed in Berchowitz and
Copenhaver, 2010). Gene conversion with or without a crossover (non-CO) can occur
between homologous chromosomes. For most organisms, at least one CO is formed per
chromosome pair to ensure correct segregation of the chromosomes during anaphase |
(Mercier et al. 2015). However, exceptions have been reported; male Drosophila
melanogaster and female Bombyx mori lack COs with no apparent defect in chromosome

segregation (Morgan, 1910; Rasmussen, 1977).

Early cytological investigations of meiotic chromosomes revealed several distinct features
between somatic and meiotic cells. The duration of meiotic S-phase appears to be significantly
longer in several plant and mammalian species (2-6-fold depending on the species) compared
to mitotic S-phase (Bennett and Smith, 1972; Callan, 1973; Cha et al. 2000; Holm, 1977). A
longer duration of meiotic S-phase was also reported in Mus musculus using genomic
approaches, and a reduction in replication origin firing was suggested as the cause of this
delay (Pratto et al., 2021). Moreover, the volume of chromatin and the nuclear size are larger
in meiocytes (Figure 1A-B), and meiotic chromosomes adopt a dense linear structure not
observed with somatic chromosomes (Figure 1C-D) (Bennett and Smith, 1972). In
Saccharomyces cerevisiae and Schizosaccharomyces pombe, Spoll, the protein forming
meiotic DSBs, and the cohesin subunit Rec8, become associated with chromosomes at pre-
meiotic G1 and S-phases (Cha et al., 2000; Kugou et al., 2009; Watanabe et al., 2001). In
these species, DNA replication is synchronised with the recruitment of meiotic proteins and is
under the control of cell cycle regulatory kinases (Cdc7 in S. cerevisiae) (Murakami and
Keeney, 2014). In the absence of S. cerevisiae Spoll, the duration of meiotic S-phase is
decreased while the absence of Rec8 causes an increase in S-phase period (Cha et al., 2000).
The coordination between DNA replication and the recruitment of meiotic proteins is a

prerequisite for recombination and chromosomal processes taking place during meiosis. For



instance, the pattern of meiotic recombination correlates with the pattern of germline
replication in M. musculus and humans (Pratto et al., 2021), and meiosis initiated without a
pre-meiotic S-phase exhibits recombination defects and a mitotic-like chromosome

segregation pattern in S. pombe (Watanabe et al., 2001).

Following DNA replication, the chromatin expands along a dense linear structure, as observed
under an electron microscope, and described as the chromosome axis (Figure 1D) (Kleckner
et al., 2004). The composition of the chromosome axis appears to be highly conserved
between species and is composed of cohesin, coiled-coil proteins such as S. cerevisiae Red1,
and HORMA (in reference to Hopl, Rev7 and MAD2)-domain-containing proteins (Table 1).
Genes coding for coiled-coil and HORMA-domain-containing axis proteins (HORMADS) are

expressed specifically during meiosis (Figure 1E).

Cohesin is a multi-subunit complex with a ring structure essential to entrap DNA. The cohesin
ring moves along the entrapped DNA to form a chromatin loop through a loop extrusion
mechanism (reviewed in Davidson and Peters, 2021). The cohesin ring is composed of two
Structural Maintenance of Chromosome (SMC) proteins, one kleisin and one stromal antigen
(SA) protein (reviewed in Ishiguro, 2019). The SMC proteins are mostly conserved across
species, expressed ubiquitously, and consist of SMC1 and SMC3 in Arabidopsis thaliana, S.
cerevisiae and D. melanogaster; Psm1l and Psm3 in S. pombe; and SMC-1 and SMC-3 in
Caenorhabditis elegans. In M. musculus, three SMC proteins are expressed: SMCla, SMC1f3
and SMC3, among which only SMC1 is expressed specifically during meiosis (reviewed in
Ishiguro, 2019). Plants and yeasts express the meiosis specific kleisin Rec8. C. elegans has
3 meiotic kleisin proteins; COH-3, COH-4 and REC-8. COH-3 and COH-4 are functionally
redundant and have functions distinct from those of REC-8. For instance, sister chromatin
cohesion is more severely affected in rec-8 than in coh-3 coh4, and rec-8 coh-3 coh4 triple
mutant has almost no sister chromatin cohesion (Crawley et al., 2016). M. musculus has three
kleisins, with Rad21 being ubiquitously expressed, whereas Rad21L and Rec8 are meiosis-

specific with a role in chromosome axis formation (Ward et al., 2016). In contrast, D.
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melanogaster has two functionally distinct cohesin complexes; SOLO and the SA protein
called SUNN are required for sister-chromatid cohesion, and the klesisn C(2)M and Stromalin
are required for homolog interactions (Gyuricza et al. 2016). In contrast, A. thaliana and S.
cerevisiae express only one meiotic SA protein called SCC3. S. pombe has two SA proteins
Psc3 and Recl1, and only Recl11 is meiosis specific. Similarly, M. musculus has SA1, SA2
and SA3 (also called STAG3), with only SA3 being meiosis specific (reviewed in Ishiguro,
2019). These observations are representative of the similarities and differences of meiotic

proteins and events among species, perhaps a reflection of the rapid evolution of meiosis.

Meiotic cohesin has a major role in organising the chromatin in loop arrays along the
chromosome axis (Figure 1E) (Lambing et al., 2020b; Schalbetter et al., 2019). The role of
cohesin is tightly regulated and is under the control of WAPL and PDS5. These two cohesin
regulators are expressed in mitotic and meiotic cells and influence the association of cohesin
with DNA to control chromatin organisation. In S. pombe and S. cerevisiae, chromatin
compaction is reduced in rec8 mutants, whereas the chromosome axes are shortened and
the chromatin is more compact in either pds5 or wapl mutants (Challa et al., 2016; Ding et al.,
2016, Jin et al., 2009; Schalbetter et al., 2019). In C. elegans wapl-1 mutant, COH-3 and COH-
4, but not REC-8, accumulate on meiotic chromosomes, the chromosomes appear more
compact, and the chromosome axis is shorter (Crawley et al., 2016). Intriguingly, the loss of
Wapl in M. musculus leads to the accumulation of cohesin on the chromosomes and the
formation of a dense meiotic-like axis structure in embryonic fibroblasts, revealing the
propensity of somatic cohesin to form a dense chromosome axis in a deregulated environment

(Tedeschi et al., 2013).

Meiotic recombination also influences chromatin interaction and the structure of the
chromosome axis. The annealing of ssDNAs to the homologous chromosomes promotes
novel chromatin interactions (Schalbetter et al.,, 2019; Zuo et al.,, 2021). In addition,
homologous recombination facilitates the juxtaposition of homologous chromosomes leading

to the formation of the synaptonemal complex (SC) in most studied organisms, with a few



exceptions. For instance, S. pombe has an axial structure lacking all components of the central
regions of the SC, while C. elegans and female D. melanogaster form a SC independently of
meiotic recombination (reviewed in Zickler and Kleckner, 1999). The SC has an evolutionarily
conserved tripartite proteinaceous structure composed of two lateral elements, derived from
axes of two homologous chromosomes, positioned in parallel orientation to each other and

connected by transverse filaments located in the central region (Figure 2).

2. Evolution of the core axis proteins and the synaptonemal complex.

HORMADSs and coiled-coil proteins belong to two protein families with structural domains that
are conserved across species (Figure 3). HORMADs are involved in several key meiotic
processes, such as the formation of DSBs (function not conserved across all orthologs) and
COs (function conserved across all orthologs) (Table 1). Al HORMADs contain a short
charged-hydrophobic amino acid patch called a closure motif. This closure motif allows
HORMADs to undergo conformational changes between a closed and an unlocked state.
These conformational changes influence protein interactions and the assembly and
disassembly of the HORMADs on chromosomes, which is necessary for meiotic
recombination and synapsis (West et al., 2018; Yang et al., 2020a, Yang et al., 2020b).
Hopl/ASY1/HORMAD?2 interacts with the HORMA-binding closure motifs of
Red1/ASY3/SYCP2 and this interaction is necessary for their recruitment to the chromosome
axis (West et al., 2019). The mode of recruitment of HORMADSs to the chromosomes appears

to be linked to the conserved core axis proteins in these species.

However, separation of function between HORMADSs is apparent in some species. For
instance, A. thaliana ASY1 is highly expressed in meiosis and promotes CO formation, while
ASY2 shows limited expression; no functional redundancy has been reported between the two
HORMADs (Table 1). A separation of function between M. musculus HORMAD1 and

HORMAD?2 in meiotic recombination has also been reported and HORMAD1 appears to have



a dominant role in this process (Shin et al., 2010; Wojtasz et al., 2012) (Table 1). Hopl, ASY1
and HORMAD?1 all share the common HORMA domain, but as these proteins evolved from
yeast to humans, the proteins became smaller in size. S. cerevisiae Hopl has 605 amino
acids and A. thaliana ASY1 has 596 amino acid; these proteins are approximately 1.5 times
longer than HORMADL1 in humans. In addition to the HORMA domain, the S. cerevisiae Hop1l
protein contains a zinc finger motif, and this domain is replaced by a SWIRM domain in A.
thaliana ASY1 protein. In contrast, HORMAD1 contains only the HORMA domain (Figure 3).
Both the zinc finger and SWIRM domains can bind DNA and might play a role in how Hopl
and ASY1 are loaded onto chromosomes. Although HORMAD1 lacks the DNA binding
element, a recent study showed that meiotic cohesins REC8 and RAD21L mediate initial

loading of HORMADL1 to the chromosomes (Fujiwara et al., 2020).

In the yeast Zygosaccharomyces rouxii, the coiled-coil axis protein Redl contains a 7 amino
acid peptide stretch towards the C-terminal coiled-coil end that is responsible for axis
formation (West et al., 2019). This property of the coiled-coil axis proteins to form an axis is
conserved in mammals and plants. But as organisms evolve, the roles of axis formation and
protein tetramerization become more distinct and evolve as separate protein functions. For
example, in mammals, the SYCP2:SYCP3 antiparallel hetero-tetramer conformation is
preferred over a homo-tetramer allowing for axis formation and bundling which leads to a
stable core axis (West et al., 2019). In plants, ASY3 and ASY4 are orthologs of SYCP2 and
SYCP3 and their functions are predicted to be conserved based on yeast two-hybrid
interactions studies (West et al., 2019). Thus, the oligomerization and DNA interaction of axis

proteins appears to be a crucial and evolutionarily conserved aspect of core axis formation.

3. Morphogenesis and remodelling of the chromosome axis



The chromosome axis results from a hierarchical assembly of the different axis proteins
(Figure 2). As noted above, the loading of cohesin on the chromosomes is a prerequisite for
the recruitment of the other axis components (coiled-coil and HORMADS) (Fujiwara et al.,
2020; Lambing et al., 2020b; Severson et al., 2009; Sun et al., 2015). In the absence of Rec8,
shorter, and sometimes fatter, axis-like structures or aggregates of axis proteins
(polycomplexes) are formed in plants, yeasts, M. musculus and C. elegans. These aberrant
structures often contain cohesin, coiled-coil proteins and HORMADSs, such as in M. musculus
and A. thaliana (Ward et al., 2016 Lambing et al., 2020b). Red1/ASY3 forms the second factor,
after cohesin, to orchestrate axis morphogenesis, as it is required for the association of Hopl
with the chromosomes. In contrast, the role of Hop1/ASY1 in the recruitment of axis proteins
is limited and varies between species. In S. cerevisiae, Hopl modulates the distribution of
Redl1 genome-wide only when Rec8 is absent (Sun et al., 2015), while the localisation of S.
pombe Recl0 (Redl ortholog) at DSB hotspots is dependent on Hopl (Kariyazono et al.,
2019). As opposed to S. cerevisiae, the localisation of A. thaliana ASY3 (Red1 ortholog) does

not require ASY1 (Hopl ortholog) (Ferdous et al., 2012).

In C. elegans, no coiled-coil protein has been found associated with the chromosome axis.
However, four HORMADs were identified, and their localisations are also hierarchical. All four
HORMADs are dependent on the presence of the cohesin subunits COH-3, COH-4 and REC-
8 (Severson et al., 2009). Following the loading of cohesin, HTP-3 is essential to recruit the
other three HORMADs HTP-1, HTP-2 and HIM-3. Super-resolution imaging of meiotic
chromosomes stained for axis proteins showed that HORMADs are located in the inner part
while cohesins are located in the outer part of the lateral element in C. elegans (Figure 2)

(Kohler et al., 2017).

During chromosome pairing and the establishment of the SC, the chromosome axis is
remodelled and HORMADSs are dissociated from the axis by Pch2/Trip13 in S. cerevisiae, A.
thaliana and M. musculus (Borner et al., 2008; Lambing et al., 2015; Roig et al., 2010). Co-

localisation studies of Zipl/ZYP1/SYCP1 and Hopl/ASY1/HORMAD1/HORMAD?2 suggest



that the two proteins are mostly not co-localised in wild type conditions but show overlapping
signal in pch2/Trip13 mutants (Borner et al., 2008; Lambing et al., 2015; Roig et al., 2010).
The exact role of the axis remodeling is not completely understood, but it is thought to be
linked with the progression of meiotic recombination and the cell cycle, given the role of meiotic

HORMADSs in regulating cell cycle progression.

Genome-wide localisation of axis proteins is influenced by transcription and epigenetic marks
in several species. For example, S. cerevisiae Rec8 is enriched in the intergenic regions
between convergent genes that are actively transcribed (Sun et al., 2015). Since Rec8 is a
prerequisite for recruiting the other axis proteins on the DNA, a similar enrichment toward the
3’ end of convergent genes was also observed for Redl (Sun et al., 2015). This pattern
appears to be conserved between species, as A. thaliana REC8 occupancy is low and
polarised toward the 3’ end of transcribed genes and transposons (Lambing et al., 2020b). In
S. pombe, the pericentromeres are mostly composed of transposons that are transcriptionally
repressed by chromatin marks and H3K9 methylation; the chromodomain protein Swi6 and
the histone methyltransferase CIr4 are required for the recruitment of Rec8 to the
pericentromeric regions (Kitajima et al., 2003; Nambiar and Smith, 2018). Swi6é has an
additional role in meiosis as it prevents the recruitment of Recll cohesin subunit (Scc3 or
STAG3 ortholog) at the pericentromeric regions to repress the formation of meiotic DSBs near
centromeres (Nambiar and Smith, 2018). The A. thaliana genome contains an even larger
region of heterochromatin compared to S. pombe. The loss of H3K9me2 in A. thaliana suvh4
suvh5 suvh6 triple mutants is associated with a redistribution of REC8 over the
pericentromeric regions. Certain transposons that become transcriptionally upregulated are
associated with a reduction of REC8 occupancy, revealing a link between histone modification,
transcription and RECS8 localisation (Lambing et al., 2020b). It is likely that other histone
modifications influence the morphology of the axis. In S. cerevisiae, Esal is the catalytic
subunit of the NuA4 complex and is responsible for histone acetylation. Esal regulates the

length of the chromosome axis and the degree of chromosome compaction, and this is



associated with a significant reduction in the level of histone acetylation during meiosis (Wang

et al., 2021).

4. Roles of chromosomal axis proteins in DSB and crossover formation during meiosis

CO formation during meiosis appears to stem from DSB formation in all species examined. In
the few species examined, DSBs are not uniformly distributed: in yeasts and M. musculus,
they do not appear in regions with few or no COs, such as pericentric regions, and they appear
at high frequency at special sites, called DSB hotspots, scattered across the rest of the
genome (Cromie et al., 2007; Gerton et al., 2000; Lange et al., 2016). Where tested, DSB
hotspots are also hotspots of gene conversion or crossing over or both (e.g., Cromie et al.,
2005). In A. thaliana and Zea mays, DSBs arise in regions even with low CO rates, such as
the pericentric regions (Choi et al.,, 2018; He et al., 2017); presumably these DSBs are
repaired as gene conversion or by repair with the sister chromatid (Shi et al., 2010), as

discussed below.

Spoll strictly requires several partner proteins for DSB formation (Keeney, 2007). Other
proteins, such as those of the axis (Table 1), stimulate Spoll activity or enhance Spoll's
binding to the chromosome, sometimes in a region- or hotspot-specific manner. For example,
the S. cerevisiae axis proteins Red1 and Hopl are required nearly genome-wide for wild-type
levels of DSB formation (Lam, 2016). These axis proteins recruit the DSB-forming complex or
part of it. S. cerevisiae Hopl binds to Mer2, an essential partner of the Spoll complex
(Panizza et al., 2011; Rousova et al., 2021). Similar interactions occur between HORMADs
and Mer2 orthologs Recl5 in S. pombe, IHO1 in M. musculus and PRD3 in A. thaliana
(Kariyazono et al., 2019; Stanzione et al., 2016; Vrielynck et al., 2021). The recruitment of

Mer2 and its orthologs to the axis appears conserved across species; PRD3 foci are reduced
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in asyl and asy3 (Vrielynck et al., 2021), and axis-bound IHO1 localisation is reduced in Sycp2

(Fujiwara et al., 2020).

Hopl is required for some but not all DSB formation in S. cerevisiae and S. pombe (Kariyazono
etal., 2019; Schwacha and Kleckner, 1994), but its ortholog ASY1 is not required in A. thaliana
(Ferdous et al. 2012). The assembly of the pre-DSB complex diverges between S. cerevisiae
and A. thaliana. In S. cerevisiae, Mer2 physically interacts with the two DSB factors Rec114
and Mei4, whereas no interaction between PRD3 and PHS1 (Rec114 ortholog) or PRD2 (Mei4
ortholog) was detected in A. thaliana (Vrielynck et al., 2021). The non-canonical assembly of

A. thaliana pre-DSB complex may relate to the lack of DSB defect in asyl.

S. pombe Recl0, which has limited homology with Red1, also binds Rec15 (Kariyazono et al.,
2019) and is required for essentially all DSBs across the genome (Fowler et al., 2013). Three
small linear element proteins with which Rec10 co-localizes (Rec25, Rec27, and Mug20) are
required for DSBs at most but not all hotspots (Fowler et al., 2013). The three small proteins
also bind to hotspot sites, even in Rec12’s absence, with high specificity and thus are protein
determinants of DSB hotspots nearly genome-wide (Fowler et al., 2013). Histone modification,
such as trimethylation of histone H3, is associated with hotspot formation in S. cerevisiae and
M. musculus (Borde et al., 2009; Baudat et al., 2010; Parvanov et al. 2010). In S. cerevisiae,
Mer2 interacts with Sppl, a histone H3K4 methyltransferase, and it was proposed that this
interaction promotes DSB formation by tethering the region of a chromatin loop containing
H3K4me3 with the chromosome axis (Sommermeyer et al., 2013). Other identified proteins,
including several transcription factors, are hotspot determinants but at a more limited set of
sites (e.g., Mieczkowski et al., 2006). The meiosis-specific cohesin subunit Rec8 is strongly
required for DSB formation at most hotspots in S. pombe (Fowler et al., 2013) but is required
to a lesser extent, in a region-specific manner, in S. cerevisiae (Kugou et al., 2009). In the
mutants mentioned here, COs and DSBs are reduced co-ordinately, except that in A. thaliana

using cytological assays, COs, but not DSBs, are reduced in asyl mutants, although they are
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both reduced in rec8 and asy3 mutants (Table 1) (Ferdous et al. 2012; Lambing et al., 2020b).

Thus, some feature in addition to DSB frequency can govern CO frequency.

DSB repair with the homolog can produce a CO, a gene conversion, or both, but repair can
also occur with the sister chromatid and produce (usually) no genetic recombinant, since the
sisters are genetically identical. The choice of DNA for DSB repair is controlled in part by axis
proteins and DNA strand-exchange proteins (see review by Humphryes and Hochwagen,
2014). Partner choice is most rigorously assayed as the relative frequency of intersister (IS)
and interhomolog (IH) DNA joint molecules (Holliday junctions, or HJs). In S. cerevisiae the
HJ assay has most frequently used the artificial HIS4-LEU2 hotspot, which has insertions of
LEU2 and bacterial DNA into the HIS4 locus. This assay shows that the axis proteins Red1
and Hopl; the cohesin subunit Rec8; and the strand-exchange proteins Dmcl (meiosis-
specific) and Rad51 affect the IS:IH ratio. For example, the IS:IH HJ ratio is about 1:5 in wild-
type S. cerevisiae cells, 1:1 in rec84, and 10:1 in red1A mutants (Kim et al., 2010). In S.
cerevisiae, phosphorylation of Hopl by Tell and Mecl (homologs of ATM and ATR DNA
damage response protein kinases) has been implicated in partner choice (Carballo et al.,
2008). The partner choice differs among DSB hotspots and between species. Indeed, at S.
pombe ade6 DSB hotspots, the IS:IH ratio ranges from ~6:1 with an array of lacO operator
sequences activated by a Mug20-Lacl fusion to ~3:1 with the native mbs1 hotspot and the
Atfl-Pcrl-activated hotspot ade6-3049 (Hyppa et al., 2021). Thus, axis proteins appear to

have an important role in partner choice for DSB repair and recombination (Table 1).

The mechanism of partner choice for DSB repair is still unclear. One view, based on
observations in S. cerevisiae, is that meiotic DSB repair is intrinsically with the homolog, but
Rec8 cohesin switches repair to the sister; Red1l and Hopl, acting with strand exchange
proteins Rad51 and Dmcl, counteracts Rec8, returning repair to the homolog in meiosis (Kim
et al., 2010). Further research may reveal additional roles for axis proteins and other factors

involved in partner choice, which is critical for successful meiosis.

12



5. Does the chromosome axis play a role in CO interference?

CO interference describes the enigmatic phenomenon that when one CO forms at a particular
chromosomal location it reduces the likelihood of additional COs forming nearby, influencing
the eventual spacing and number of COs along individual chromosomes (Figure 4A). Despite
interference being studied for over a century (Sturtevant, 1915), the functional role of the

meiotic axis in mediating interference is still hotly debated.

Several mechanistic models have been proposed to explain interference (reviewed in: Chuang
and Smith, this issue; Otto and Payseur, 2019) with some early models postulating that
interference is mediated by assembly of, or transmission via, the SC (Egel, 1995). However,
later studies questioned the role of the SC in interference. In S. cerevisiae, genetic interference
is abolished in zip1 mutants, which lack an SC (Sym and Roeder, 1994), but synapsis initiation
complexes (SICs), which assemble in advance of the SC, maintain CO-like interference when
assayed cytologically (Fung et al., 2004). This suggests that cytological interference is, at least
in part, independent of the SC. Sordaria SICs also display cytological interference (Zhang et
al., 2014a). Additionally, in D. melanogaster (Page and Hawley, 2001), a ¢(3)G mutant exhibits

defective SC assembly but retains genetic interference.

The axis, which forms before SC assembly, then entered the spotlight as a prime candidate
for transmitting interference. In support of this, perturbations of the axis can exert measurable
effects on interference in a variety of organisms. For example, interference is abrogated in
mutants of the HORMADs HIM-3 (Nabeshima et al., 2004) and ASY1 (Lambing et al., 2020a)
in C. elegans and A. thaliana, respectively. ASY1 (along with other axis and SC proteins) is
also under strong selection in the model autotetraploid plant species Arabidopsis arenosa
(Hollister et al., 2012), in which interference has evolved to stabilize polyploid meiosis (Morgan
et al.,, 2021b). By genetic analyses, interference is defective in pch2 null-mutants in both S.

cerevisiae and A. thaliana (Joshi et al., 2009, Lambing et al. 2015). However, neither of these
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mutants affects interference assayed cytologically (Lambing et al. 2015; Zhang et al., 2014c).
In S. cerevisiae, mutation of SUMOylation sites in axis proteins Topoll and Redl weakens

interference by cytological assay (Zhang et al., 2014c).

The reliance of interference in S. cerevisiae on the catalytic activity of Topoll lends support to
a mechanical ‘stress and stress relief model for interference (Kleckner et al., 2004), where
interference is transmitted by the accumulation, relief and redistribution of mechanical stress
along the meiotic axis. A mathematical model (the ‘beam-film’ model) has also been
formulated to quantitatively describe this mechanical process and has been successfully used

to explain various aspects of CO patterning in several organisms (Zhang et al., 2014b).

Despite this, a potential role for the SC, rather than the axis, in mediating interference has
experienced a revival in recent years. In A. thaliana and S. cerevisiae, both synapsis and
genetic interference are abolished in mutants lacking the SC transverse filament protein ZYP1
or ZIP1, whilst axis formation appears uncompromised (Capilla-Pérez et al., 2021; France et
al., 2021; Sym and Roeder, 1994). In C. elegans, the liquid crystalline SC functions to spatially
compartmentalise recombination proteins along paired chromosomes (Rog et al., 2017), and
partial depletion of SC protein SYP-1 impairs interference (Libuda et al., 2013). In some
species that either lack or exhibit only weak interference, such as the fungi S. pombe and
Aspergillus nidulans, the SC is conspicuously absent (reviewed in: Chuang and Smith, this
issue; Zickler and Kleckner, 1999). Whilst S. pombe also lacks other ZMM proteins, such as
the E3 ligase Zip3, the protist Tetrahymena lacks an SC and still requires Zip3 orthologues for
CO formation (Shodhan et al., 2017). However, it remains unclear if Tetrahymena COs exhibit

interference (Loidl, 2021).

The synthesis of these findings, combined with knowledge that interference strength is
dependent upon the dosage of the Zip3 orthologue HEI10 in A. thaliana (Ziolkowski et al.,
2017), has contributed to the development of an alternative ‘coarsening’ model for
interference. Here, CO patterning and interference are driven by the competitive coarsening
of HEI10 protein clusters along pachytene bivalents (Morgan et al., 2021a). This model is
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supported experimentally by quantitative cytological observations of HEI10 protein clusters
and predictive mathematical simulations (Figure 4B-D). As HEI10 is a member of a conserved
family of RING-finger proteins with similar meiotic function, this coarsening paradigm may
represent a conserved process explaining CO positioning in diverse species, although this has
yet to be explicitly demonstrated. Thus, determining whether the axis plays a direct role (e.g.,
by modulating the coarsening dynamics of HEI10 or transmitting physical tension) or indirect
role (e.g. by coordinating synapsis or determining bivalent length) in the mechanism of

interference remains an exciting avenue for future study.

6. Temperature-based regulation of axis proteins and the impact on recombination

Fluctuations in temperature are known to affect recombination rates and patterns (reviewed in
Morgan et al., 2017). Using electron microscopy and immunofluorescence, it has also been
observed in various species that elevated temperatures can cause aggregation of the normally
linear meiotic axis and the formation of SC polycomplexes (Figure 5A-B) (Morgan et al., 2017).
For example, in A. thaliana at 20°C the axis proteins ASY1, ASY4, REC8, and the SC protein
ZYP1, assemble linearly during prophase I, while at an elevated temperature of 37°C the
assembly of ASY1, ASY3 and ZYP1 (but not RECS8) is disrupted and the proteins appear as
punctate foci (Fu et al., 2021; Ning et al., 2021). Similar observations were also made for ASY1
and ZYPL1 in A. arenosa grown at 22°C and 33°C (Morgan et al., 2017) (Figure 3A) and,
intriguingly, axis and SC proteins also appear to have undergone selection in A. arenosa
populations adapted to warmer climates (Wright et al., 2015). In A. thaliana, heat-stress also
affects meiotic DSB number (Ning et al., 2021), chromosomal segregation (de Storme and
Geelen, 2020), meiotic duration (de Jaeger-Braet et al., 2021) and the expression of numerous

meiotic genes (Huang et al., 2021). For example, in A. thaliana, as well as Hordeum vulgare,
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ASY1 expression is upregulated at high temperatures of 28°C and 30°C, respectively (Huang

et al., 2021; Oshino et al., 2007).

With the advent of protein structure prediction, it is now possible to assess predicted structural
elements of axis and SC proteins across kingdoms. In these predicted structures, several axis
proteins contain intrinsically disordered regions which act as linkers between structured
domains. For example, the predicted structure of the core axis proteins Red1 and Rec10 from
S. cerevisiae and S. pombe, respectively, shows this feature, as do its plant (ASY3) and
mammalian orthologs (SYCP2) (Figure 5B). They all contain a coiled-coil domain which is
surrounded by intrinsically disordered regions which are known to facilitate liquid-liquid phase
separation to form bimolecular condensates. Furthermore, computational and experimental
models show that temperature can be an important factor for driving liquid-liquid phase
separation in disordered proteins (Dignon et al., 2019). Intrinsically disordered regions in C.
elegans axis and SC proteins are also enriched in charge-interacting elements (Liu et al., 2021;
Zhang et al., 2020), and mutations in these elements of SC proteins SYP-5 and SYP-4 lead to
embryonic lethality at high temperature (Liu et al., 2021). Additionally, coiled-coil domains
facilitate protein insolubility and aggregation at varying temperatures (Fiumara et al., 2010)
and are dominant structural elements of SC transverse filament proteins (Zipl in S. cerevisiae,

ZYP1la and ZYP1b in A. thaliana, and SYCP1 in M. musculus).

Structural studies are, therefore, essential for uncovering how and why individual meiotic
proteins and protein complexes are affected by temperature and combining these with
molecular and cell biology approaches will be crucial for determining the underlying causes

and consequences of meiotic thermal sensitivity.

7. Aberrant expression of the HORMADSs and SC proteins regulates intrinsic DNA repair

activities in somatic cancer cells
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Although the SC proteins and HORMADSs have long been considered to be expressed only in
the germ cells, accumulating evidence has shown that these meiotic proteins are also
aberrantly expressed in various somatic human cancer cells (Hosoya and Miyagawa, 2021a;
Simpson et al., 2005). Such proteins have been called “the cancer/testis antigens” from their
unique expression patterns and have been considered to be promising targets for cancer
immunotherapy. Recently, the SC proteins SYCP3 and SYCE2, and the HORMAD1 protein,
have been reported to regulate intrinsic DSB repair activities in cancer, suggesting the roles
of these proteins in the maintenance of genome integrity in somatic cells (Gao et al., 2018;

Hosoya et al., 2012; Hosoya et al., 2018; Nichols et al., 2018).

SYCP3 is a component of the axial and lateral elements of the SC in meiotic cells. In somatic
cells, SYCP3 expression has been documented in various cancers (Hosoya and Miyagawa,
2021a) and can be induced in SYCP3-nonexpressing cancer cells by treatment with the
demethylating agent 5-azacytidine, indicating that a demethylation-dependent process is
responsible for its ectopic expression (Hosoya et al., 2012). Clinical studies reveal that SYCP3
expression level may serve as a prognostic predictor for poor overall survival in cervical cancer
and non-small cell lung cancer (Cho et al., 2014; Chung et al., 2013; Kitano et al., 2017).
Mechanistically, SYCP3 inhibits intrinsic homologous recombination (HR) repair pathway for
DSBs by interacting with BRCA2, a tumor suppressor whose mutations are responsible for
hereditary breast and ovarian cancers (Hosoya et al., 2012). While BRCA2 binds to the
meiosis-specific proteins MEILB2 and BRME1 and mediates strand invasion by RAD51 and
DMC1 in meiotic recombination (Takemoto et al., 2020; Zhang et al., 2020), BRCA2 plays a
mediator role at the early stages of HR by directly binding to RAD51 during mitotic
recombination. MEILB2 and BRMEL are also found activated in certain human cancers (Zhang
et al., 2020). This inhibitory effect of SYCP3 on intrinsic HR in somatic cells is not only
important as a cause of genomic instability but also provides an important clue in developing
a novel therapeutic strategy for cancer. Cancer cells defective in HR are hypersensitive to

poly(ADP-ribose) polymerase (PARP) inhibitors based on the principle of synthetic lethality,
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where the single-strand break repair pathway that compensates for the defects of HR in cancer
cells is disrupted, leading to cancer-specific cell death (Hosoya and Miyagawa, 2014). While
this concept is now being applied to BRCA1- or BRCA2-mutated cancers in cancer precision
medicine (Hosoya and Miyagawa, 2021b), SYCP3-expressing cancers may also be sensitive
to PARP inhibitors, even if they do not have BRCA mutations, which remains to be elucidated

in the future.

SYCEZ2 is a component of the central elements of the SC in meiotic cells. It is also expressed
at varying levels in somatic cancer cells, and its expression can be epigenetically induced by
treatment with 5-azacytidine, like SYCP3 (Hosoya et al., 2018). Mechanistically, SYCE2
directly binds to heterochromatin-related protein HP1a through its N-terminal hydrophobic
sequence and dissociates HP1a from trimethylated histone H3 lysine 9 (H3K9me3) to
potentiate ATM-mediated DSB repair activity even in the absence of exogenous DNA damage
(Hosoya et al., 2018). Among the DSB repair pathways, both HR and non-homologous end
joining (NHEJ) are activated by SYCEZ2. These findings suggest that SYCE2 plays a role in
the link between the nuclear microenvironment and the DNA damage response and repair

when ectopically expressed in somatic cancer cells.

HORMADL1 expression is also observed in various cancers (Chen et al., 2005) and can be
induced by treatment with 5-azacytidine (Nichols et al. 2018), like SYCP3 and SYCE2. Recent
reports suggest that HORMAD1 promotes HR (Gao et al., 2018; Nichols et al., 2018). One
report showed that generation of RPA foci, a protein binding to single-stranded DNA, was
reduced by HORMADL1 depletion, suggesting that HORMAD1 promotes DSB end resection
(Gao et al., 2018), whereas another report showed that HORMAD1 promoted RAD51-filament
formation but not DNA resection (Nichols et al., 2018). Thus, the exact mechanisms and direct
targets through which HORMAD1 regulates HR remain to be addressed. HORMAD1
expression in cancer cells correlates with resistance to DNA-damaging agents or PARP
inhibitors (Nichols et al., 2018; Shahzad et al., 2013; Wang et al., 2018), in accord with the

HR-promoting effect of HORMADL1.
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These recent findings highlight the significance of meiosis-specific proteins in cancer biology
and have great potential to impact the development of novel targeted cancer therapy. Thus, it
would be worth investigating the currently unrecognized somatic roles of meiosis-related
cancer/testis antigens to improve our understanding in mechanisms for cancer development

and targets for cancer therapy.
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Table 1. Functions of chromosome axis proteins in the formation of DSBs and COs

across species

Mutants Species DSB formation | CO formation | References
Coiled coil proteins

redl S. cerevisiae - Strong reduction | - Reduction of Kim et al. 2010
in DSBs interhomolog Panizza et al.
- Near joint molecules 2011
abolishment of and COs Schwacha and
Rec114 and Mer2 Kleckner 1997
binding to the
chromatin
genome-wide

recl0 S. pombe - Detectable - Severe Ellermeier and
DSBs at only one | reduction in CO | Smith, 2005
hotspot at formation Fowler et al.
approximately 1% 2013
of the wild type
level

rec25 S. pombe - Differential DSB | - Region-specific | Fowler et al.
reduction reductionin CO | 2013

formation Martin-
Castellanos et
al. 2005

rec27 S. pombe - Differential DSB | - Region-specific | Fowler et al.

reduction reductionin CO | 2013
formation
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Martin-

Castellanos et

al. 2005
mug20 S. pombe - Differential DSB | - Region-specific | Estreicher et al.
reduction reduction in CO | 2012
formation Fowler et al.
2013
Sycp2 M. musculus - Slight reduction | - Unknown. Fujiwara et al.
in RAD51 foci Meiotic arrest 2020
number in and cellular
spermatocytes apoptosis
- Less IHO1 foci prevent the
co-localising with | study of late
SMC3-stained stages with CO
axis markers
Sycp3 M. musculus - Reduction in - Unknown. Yuan et al. 2000
RAD51 and Meiotic arrests
DMC1 foci in and cellular
spermatocytes apoptosis
prevent the
study of late
stages with CO
markers
asy3 A. thaliana - 29.0% less - 66.2% less Ferdous et al.
yH2AX foci chiasmata 2012
- 25.7% less - Influences Vrielynck et al.
DMC1 foci class | and class | 2021
- 29.2% less Il COs
RAD51 foci
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- 21.6% less

MSH4 foci
-77.2% less
PRD3 foci
asy4 A. thaliana - No defect in - 33.7% less Chambon et al.
DMC1 or MSH5 chiasmata. 2018
foci number - Influences
class | and class
Il COs
- Regional effect:
3 genetic
intervals show a
reduction in
recombination
frequency, 1
genetic interval
shows an
increase in
recombination
frequency
dsy2 Z. mays - 70.0% less - 75.6% less Lee et al. 2015
RAD51 foci bivalent
- Reduction of chromosomes.
Tunnel assay Unknown effect
signal on class | or
class Il COs
HORMA proteins
hop1 S. cerevisiae - Strong reduction | - Reduction of Panizza et al.
in DSBs interhomolog 2011
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- Near
abolishment of
Rec114 binding
to the chromatin

genome-wide

joint molecules

and COs

Schwacha and

Kleckner 1994

hopl S. pombe - Reduction of - Reduction of Latypov et al.
DSBs CO frequency 2010
- Reduction of Lorenz et al.
RAD51 foci 2006

Hormad1l M. musculus - 90.6% less - Reduction in Daniel et al.
DMC1 foci in the number of 2011
spermatocytes MLHL1 foci in Shin et al. 2010
- 63.4% less spermatocytes Stanzione et al.,
RAD51 foci in - 70% less MLH1 | 2016
spermatocytes foci in oocytes

- 64.0% less RPA
fociin
spermatocytes

- Reduction of
MSH4 foci in
spermatocytes

- Reduction to 2-
to 4.8-fold in
testis-weight-
normalized
SPO11-
oligonucleotide

level
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- 62.1% less

DMC1 foci in
oocytes

- 57.0% less

RAD51 foci in

oocytes

- 83.7% less RPA

foci in oocytes

- Reduced level

of IHO1
Hormad?2 M. musculus - Slight reduction | - No change in Wojtasz et al.
in DMC1 and MLH1 foci in 2012
RADS51 foci in oocytes
spermatocytes
asyl A. thaliana - No difference in | - 80.7% less Cuacos et al.
yH2AX foci chiasmata. 2021
- 66.0% less - Influence class | Sanchez-Moran
PRD3 foci I and class Il et al. 2007
COs. Vrielynck et al.
2021
asyl Brassica rapa - Not reported - 80.7% less Cuacos et al.
chiasmata. 2021
- Influences
class | COs.
Unknown effect
on class Il COs.
asyl Triticum aestivum - Not reported - Partial loss of Boden et al.
chiasmata and 2009
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presence of
multivalent
chromosomes in
asyl down-

regulated line

him-3 C. elegans - No defect in - Defectin inter- | Couteau et al.
RAD51 foci count | homolog 2004
or localization recombination Couteau et al.
2005
htp-1 C. elegans - 70% less RAD- - 85% less Couteau et al.
51 foci bivalent 2005
- 23-fold increase | chromosomes at | Martinez-Perez
in RAD-51 fociin | diakinesis and Villeneuve
htp-1 him-3 - Absence of 2005
compared to htp- | bivalent
1 chromosome in
- 12-fold increase | htp-1 htp2
in RAD-51 fociin | - Reduction of
htp-1 htp-2 75%
compared to htp- | recombination
1 frequency in a
large genetic
interval on the
left arm of the X
chromosome
htp-2 C. elegans - 12-fold increase | - Absence of Couteau et al.
in RAD-51 fociin | bivalent 2005

htp-1 htp-2

compared to htp-

chromosome in

htp-1 htp2
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1 but below wild

type level
htp-3 C. elegans - Absence of - Only univalent | Goodyer et al.
RAD-51 foci chromosomes 2008
- Absence of
RPA-1 foci
Kleisins
rec8 S. cerevisiae - Redistribution of | - No effect on Kim et al. 2010
Rec114 genome- | the inter- Kugou et al.
wide homolog bias on | 2009
- Differential single-end Panizza et al.
localization of invasions 2011
SPO11 - Inter-homolog Klein et al., 1999
- Region specific | bias is reduced
reduction in DSB | on double
formation Holliday
Junctions and
COrate is
reduced
rec8 S. pombe - Low level of - Region specific | Ellermeier and
DSBs at some reduction in CO | Smith, 2005
hotspots formation Fowler et al.
2013
rec8 M. musculus - 23% less DMC1 | - Unknown. Bhattacharyya et
foci number in Meiotic arrests al. 2019

spermatocytes
-|HO1
localisation is

restricted to the

and cellular
apoptosis
prevent the

study of late
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shorter SYCP3-

stages with CO

stained axis markers
rad21l M. musculus - 34% less DMC1 | - Unknown. Bhattacharyya et
foci number in Meiotic arrests al. 2019
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Figure 1. Comparison in gene expression and cell size between mitosis and meiosis

(A) Section of an A. thaliana bud. Chromatin is stained with DAPI (white or blue). ASY1-eYFP
(white or yellow) is detected directly under a confocal microscope. Mi: mitosis; Pre-Me: pre-

meiosis; Me: meiosis. Note the difference in cell and chromatin sizes between mitosis and
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meiosis. Image courtesy of Sebastien Andreuzza (B) Section of a C. elegans gonad.
Chromatin is stained with DAPI (white or blue). HTP-3 is immunostained on chromosomes
(white or yellow). Mi: mitosis; Transition: transition zone; Early-Me: early meiosis. Note the
difference in chromatin size between mitosis and meiosis. Image courtesy of Chloé Girard.
(C) Chromosome spread of tomato nuclei from inflorescence buds containing a mixture of
somatic and meiotic cells. On the left side is a mitotic cell and on the right side is a meiotic cell
in early prophase I. Chromatin is stained with DAPI. Note the difference in chromatin size
between the mitotic and meiotic cells. (D) Chromosome spread of tomato nuclei from
inflorescence buds containing a mixture of somatic and meiotic cells. On the left side is a
mitotic cell and on the right side is a meiotic cell in mid prophase I. Chromatin is stained with
DAPI. Note the change in chromatin conformation and the formation of a dense linear structure
(synaptonemal complex). (E) Gene expression of axis proteins in meiotic and somatic cells.
S. cerevisiae (meiosis vs vegetative stage; RNAseq; Reads Per Million reads (RPM) (Brar et
al., 2012)), S. pombe (ratio is meiotic RNA level divided by vegetative RNA level; microarray
data (http://www.bahlerlab.info/resources)), A. thaliana (isolated meiocyte vs leaf; RNAseq;
Transcripts Per Million (TPM) (Walker et al., 2018)), Z. mays (isolated meiocyte vs seedling;
RNAseq; RPM (Dukowic-Schulze et al., 2014)), H. vulgare (isolated meiocyte vs germinating
embryo; RNAseq; TPM (Barakate et al., 2021)), D. melanogaster (ovary vs spermatheca;
RNAseq; Fragments Per Kilobase of transcript per Million mapped reads (FPKM)
(http:/fflyatlas.gla.ac.uk/FlyAtlas2/)), C. elegans (ovary vs larvae; RNAseq; FPKM
(https://lwormbase.org/)), M. musculus (meiosis vs kidney; RNAseq; TPM
(http://www.ebi.ac.uk/gxa/)). Genes coding for HORMA-domain containing proteins are in
blue, coiled-coil proteins in orange, kleisins in green, and cohesin regulators in purple. “n.d.”

means “not determined".
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Figure 2. Composition of the meiotic chromosome axis across species

Schematic representation of the meiotic chromosome axis in S. cerevisiae (Humphryes et al.,
2013; Panizza et al., 2011), S. pombe (Fowler et al., 2013; Kariyazono et al., 2019), C.
elegans (Kohler et al. 2017; Schild-Prufert et al., 2011), D. melanogaster (Anderson et al.,
2005; Cahoon et al., 2017), M. musculus (Fujiwara et al., 2020; Roig et al., 2010; Yoon et al.,
2018) and plant (Lambing et al., 2015; Miao et al., 2013). For data leading to these models,

see the indicated references.
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A HORMA-domain containing axis protein
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Figure 3. Domain architecture of meiotic axis proteins.

Schematic representation depicting variation in length and domain architecture of (A)
HORMA- domain containing proteins (HORMADSs), (B) Coiled-coil axis proteins from species

belonging to different kingdoms. Representations are made based on data from PDB and

AlphaFold databases.



A Bivalent path
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Figure 4. CO interference.

(A) Cartoon showing the structure of a meiotic pachytene bivalent. CO interference inhibits
COs from forming too close together along the length of the bivalent. (B) An example of an A.
thaliana late-pachytene nucleus stained for ZYP1 (red), HEI10 (green), ASY1 (white) and
DAPI (blue). Scale bar = 5 pym. Late HEI10 foci mark CO sites in A. thaliana and can be
cytologically mapped along individual bivalents using the approach from Morgan et al., 2021a.
The orientation of a segmented bivalent from the example nucleus is shown along with the
bivalent path’s HEI10 channel. (C) Plot of the mean HEI10 intensity along the bivalent path
from (B). Interference (signified by magenta arrows) prevents late-HEI10 foci from forming too
close to one another. (D) Histograms comparing the expected spacing between adjacent COs
if there was no interference (black) and CO spacing along A. thaliana bivalents (magenta, data

from Morgan et al., 2021a).
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RED1 SYCP2 ASY3

Figure 5. Temperature and axis proteins.

(A,B) Examples of autotetraploid Arabidopsis arenosa prophase | nuclei from plants grown at
22°C (A) and 33°C (B). Nuclei are stained for ZYP1 (red), ASY1 (green) and DAPI (blue). The
white arrow shows an example of an ASY1 aggregate and the white arrowhead shows an
example of a ZYP1 polycomplex. Scale bars = 5 um. (C-E) Structure of axis proteins predicted
by AlphaFold (https://alphafold.ebi.ac.uk) for S. cerevisiae Redl1 (C), human SYCP2 (D) and
A. thaliana ASY3 (E). Color code is used for depicting the per residue confidence score
(pLDDT) which is an indicator of confidence in predicted secondary structure for each residue
in a protein. Dark blue codes for confidence greater than 90%, light blue for between 70% and

90%, yellow for between 50% and 70%, while orange for less than 50%.
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