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How eukaryotic cells control their duplication is a fascinating example of how a

biological system self-organizes specific activities to temporally order cellular

events. During cell cycle progression, the cellular level of CDK (Cyclin-

Dependent Kinase) activity temporally orders the different cell cycle phases,

ensuring that DNA replication occurs prior to segregation into two daughter

cells. CDK activity requires the binding of a regulatory subunit (cyclin) to the

core kinase, and both CDKs and cyclins are well conserved throughout

evolution from yeast to humans. As key regulators, they coordinate cell

cycle progression with metabolism, DNA damage, and cell differentiation. In

meiosis, the special cell division that ensures the transmission of genetic

information from one generation to the next, cyclins and CDKs have

acquired novel functions to coordinate meiosis-specific events such as

chromosome architecture, recombination, and synapsis. Interestingly,

meiosis-specific cyclins and CDKs are common in evolution, some cyclins

seem to have evolved to acquire CDK-independent functions, and even some

CDKs associate with a non-cyclin partner. We will review the functions of these

key regulators in meiosis where variation has specially flourished.
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Introduction

Meiosis is the cell division program that ensures sexual reproduction by the

generation of haploid gametes from diploid cells. Different meiosis-specific hallmarks

help to the accurate partitioning and shuffling of the genetic information, which is

essential for the viability of gametes, and the efficient transmission and variability of

genomes from one generation to the next. These characteristics range from a new nuclear

architecture, the formation of a highly organized zipper-like structure between

homologous chromosomes (synaptonemal complex, SC) and the promotion of

homologous recombination, to the mono-orientation of sister-kinetochores and the

sequential degradation of sister-chromatid cohesion (Petronczki et al., 2003; Marston

and Amon, 2004; Sakuno and Watanabe, 2009; Keeney et al., 2014; Lam and Keeney,

2014; Zickler and Kleckner, 2015). As a result of these new meiotic features, gametes

receive the correct number of chromosomes that after fertilization will ensure the
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maintenance of species ploidy. Errors during meiosis produce

gametes with an abnormal number of chromosomes

(aneuploidy), that in some species such as mammals (specially

in humans) are very frequent and the leading cause of

miscarriages (Hassold et al., 2007; Hunt and Hassold, 2010;

Nagaoka et al., 2012). In addition, deregulation of meiotic

genes in somatic cells is a common feature of cancer cells,

probably contributing to their characteristic genomic

instability (Tuna et al., 2009; Folco et al., 2017; Sou et al., 2022).

As in the case of the mitotic cell cycle, meiotic progression is

driven by kinase activities provided by cyclin-CDK (Cyclin-

Dependent Kinase) complexes, a serine/threonine kinase

bound to a regulatory cyclin subunit (Morgan, 1995). In

unicellular eukaryotes such as yeasts, a unique CDK binds to

different cyclins to temporally order the cell cycle phases,

ensuring that DNA replication (S-phase) occurs prior to

segregation into two daughter cells (M-phase); and in fission

yeast, even a single cyclin-CDK complex is sufficient to drive a

“minimal” mitotic and meiotic cycle (Stern and Nurse, 1996;

Coudreuse and Nurse, 2010; Uhlmann et al., 2011; Gutierrez-

Escribano and Nurse, 2015). Notably, early cell cycle substrates

are very efficiently phosphorylated and require lower CDK

activity than the late targets, what contributes to the

sequential ordering of S and M-phases (Swaffer et al., 2016).

From this minimal conception of the cell cycle, cyclins and CDKs

have evolved and diversified, especially in organisms with a more

complex developmental biology as higher eukaryotes, indicating

a corresponding expansion of functions (Harashima et al., 2013;

Malumbres, 2014). Functional diversification of CDK activities is

clearly observed in meiosis, where CDK complexes already

present in vegetative cells have acquired novel meiotic

functions, and meiosis-specific variants have also emerged.

We will review these aspects of cyclins and CDKs in meiosis,

focusing on their meiosis-specific functions. The meiotic-

progression properties of CDK complexes have been recently

reviewed (Chotiner et al., 2019; Li et al., 2019; Palmer et al., 2019;

MacKenzie and Lacefield, 2020). Phosphorylation networks

conducted by several kinases during meiotic prophase are also

reviewed in (Kar and Hochwagen, 2021).

Meiosis-specific events regulated by
cyclins and CDKs

A key difference from mitosis is the establishment in meiosis

of an extended gap phase (G2), known as meiotic prophase, prior

to chromosome segregation. Prophase is cytologically visualized

by the remodeling of the nuclear architecture and the formation

of the SC or related structures. During prophase, homologous

chromosomes align, tightly pair, and recombine. In organisms

with a canonical SC, meiotic prophase is divided in different

stages depending on the SC assembly; and in budding yeast,

mouse, and plants, SC formation and recombination are

functionally linked (Padmore et al., 1991; Cohen and Pollard,

2001; Hunter and Kleckner, 2001; Zickler and Kleckner, 2015).

Briefly, recombination is initiated by programmed Double-

Strand Breaks (DSBs) in the DNA during leptotene, when

axial elements of the SC are forming. Processing of these

DSBs generates single-stranded DNA nucleofilaments that

invade the homologous chromosome searching for homology,

which brings homologs closer and promotes local nucleation of

the central element of the SC (zygotene). Full SC assembly along

the entire chromosome length is the hallmark of pachytene,

which correlates with the production of DNA joint molecules

between homologs. Finally, at diplotene SC disassembles and

resolution of the joint molecules generates final recombination

products (Figure 1A). As discuss below, CDKs, cyclins, and non-

cyclin CDK activators play an important role in these aspects of

meiotic prophase (Figure 1B and Table 1).

Nuclear architecture

A conserved feature of meiosis is the remodeling of the

nuclear architecture to acquire the so-called bouquet

configuration (Bass, 2003; Harper et al., 2004; Tomita and

Cooper, 2006; Scherthan, 2007; Klutstein and Cooper, 2014).

Telomeres, that during vegetative cycle are scattered around the

nuclear periphery, polarize in tight proximity to the nuclear

envelope (NE), in some organisms close by or even bound to the

centrosome. This reorganization requires telomere anchoring to

the Linker Nucleoskeleton and Cytoskeleton (LINC)-complex,

which is composed of SUN (Sad1, UNC-84) and KASH

(Klarsicht, ANC-1, Syne homology) family proteins. SUN-

domain proteins are inserted in the inner nuclear membrane

and KASH-domain proteins are inserted in the outer nuclear

membrane, interacting in the transluminal space. The binding of

telomeres to this complex is mediated by meiosis-specific

proteins that provide the connection of chromosomes with

the cytoskeleton, and, in doing so, promote chromosomal

movements that facilitate proper chromosome alignment and

recombination (Hiraoka and Dernburg, 2009; Koszul and

Kleckner, 2009; Shibuya and Watanabe, 2014; Link et al.,

2015; Shibuya et al., 2015; Fan et al., 2022). Depending on the

organisms, the bouquet configuration is a transient feature or it

can be maintained during the entire meiotic prophase. This is the

case of the fission yeast Schizosaccharomyces pombe where, in the

absence of a canonical SC, bouquet-led chromosome movements

have acquired a prominent role in chromosome pairing (Ding

et al., 2004). In addition, this nuclear configuration seems to play

unanticipated functions in centromere maturation and spindle

formation (Tomita and Cooper, 2007; Klutstein et al., 2015).

The striking stable bouquet structure and its extremely

vigorous motion has made fission yeast an extensively used

model to study bouquet formation and chromosome

movements (Yamamoto and Hiraoka, 2001). In this organism,
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telomere binding to the Spindle Pole Body (centrosome

equivalent) is mediated by pheromone-induced Bqt1 and

Bqt2. These proteins connect the conserved telomeric protein

Rap1 and the SPB-component Sad1 (SUN-domain protein). This

interaction initially delocalizes Sad1 to the scattered telomeres at

the NE, and the subsequent travelling of Sad1 back to the SPB

promotes the bouquet formation (Chikashige et al., 2006; Tomita

and Cooper, 2006). Since Sad1 is a NE protein, Bqt1-Bqt2

binding requires previous telomere-NE association, which is

mediated by the binding of Rap1 to the NE-anchoring

complex Bqt3-Bqt4 during vegetative cell cycle (Chikashige

et al., 2009) (Figure 2). Notably, Cdc2 (CDK) and the

meiosis-specific Crs1 cyclin localize to the SPB during bouquet

(Moiseeva et al., 2017; Bustamante-Jaramillo et al., 2021).

Crs1 localization is independent of bouquet formation, and in

the absence of Crs1 the clustering of telomeres is unstable though

the integrity of the SPB is preserved (Bustamante-Jaramillo et al.,

2021). Although less severe, this phenotype is reminiscent of the

defects observed in bqt1 and bqt2 mutants. As for bqt1 and bqt2,

crs1 gene expression is induced by pheromone signaling, the

protein localizes at the SPB in early prophase, and it remains at

SPBs in meiosis I (Chikashige et al., 2006; Tang et al., 2006;

Bustamante-Jaramillo et al., 2021). At present, it is not known

how Crs1 influences telomere positioning during meiosis and

whether it is required for the localization of Bqt1-Bqt2 proteins at

the SPB.

Interestingly, Rap1 is highly phosphorylated during meiotic

prophase, including at five Cdc2 sites, raising the possibility that

CDK phosphorylation could modulate Rap1 interaction with

Bqt1-Bqt2 proteins (Amelina et al., 2015) (Figure 2). Three of

FIGURE 1
Meiotic prophase and CDK activity. (A) Synaptonemal complex (SC) formation and recombination during meiotic prophase between a pair of
homologous chromosomes. Prophase is divided in different stages depending on the SC assembly (upper scheme). Recombination occurs in the
context of the SC (lower scheme), and, in some organisms, it is linked to SC formation; for simplicity only the chromatid pair involved in
recombination is depicted. (B)Meiotic events regulated by CDK activity and substrates. The regulated processes during the different prophase
stages are highlighted. Identified substrates indicating the species are listed. SC assembly is shown only in one pair of homologs (green colored). DSB
double-strand break, SCAS synaptonemal complex attachment sites, LRN late recombination nodule.
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these sites (Thr378, Ser422, and Ser513) are also specifically

phosphorylated at early M-phase in vegetative cell cycle, and

Ser513 is critical for releasing telomeres from the NE to facilitate

chromosome segregation (Fujita et al., 2012). Cdc2-dependent

phosphorylation at these residues weakens the interaction with

the NE-anchoring complex Bqt3-Bqt4. Indeed, structural studies

support that Ser513 phosphorylation could impair the binding to

Bqt4, and the Rap1-S513E mutant protein, mimicking this serine

phosphorylation, shows a reduced binding affinity (Hu et al.,

2019). Similarly, once the scattered telomeres have bound to

Bqt1-Bqt2 and Sad1 in meiosis, Cdc2-dependent

Rap1 phosphorylation could diminish the interaction with the

Bqt3-Bqt4 complex, facilitating the natural travelling of the

telomeres along the NE to gather at the SPB. Otherwise, once

the telomeres reach the SPB, local Cdc2-dependent inhibition of

the interaction with the Bqt3-Bqt4 complex could enhance Bqt1-

Bqt2 binding and reinforce telomere attachment to the SPB.

However, rap1-32A and rap1-32E mutants, in which all the

meiosis-identified phosphorylated sites were substituted with

non-phosphorylatable residues (alanine) or phosphomimetic

residues (glutamic acid), show normal bouquet dynamic, and

telomeres timely cluster and dissociate from the SPB (Amelina

TABLE 1 CDK substrates in meiotic prophase.

Substrate Organism Residues Evidences Function References

Mer2 S. cerevisiae S30 In vitro kinase assay, SDS-PAGE mobility,
CDK inhibition (cdc28-as1), mer2S30A and
mer2S30D phosphomutants

DSB formation Henderson et al. (2006); Wan et al.
(2008)

Rec10 S. pombe S347, T482, and
S529

Mass spectrometry DSB formation (rec108A no
recombination phenotype)

Spirek et al. (2010);
Bustamante-Jaramillo et al. (2019)

Fkh2 S. pombe S481 In vitro kinase assay, SDS-PAGE mobility,
EMSA assays, fkh2S481A and fkh2S481D

phosphomutants

Transcriptional activation of
mid-meiotic genes

Alves-Rodrigues et al. (2016)

REC-1 C. elegans T39, T96, T160,
S146, S205, S218,
S281, T305

In vitro peptide array, in vitro kinase assay,
CDK inhibition S146 (Roscovitine)

DSB formation (rec-18S/TA

and rec-18S/TD loss-of-
function phenotype)

Chung et al. (2015)

Rap1 S. pombe S213, T378, S422,
S513, S549

Mass spectrometry, phosphoaffinity SDS-
PAGE mobility

Bouquet formation (rap132A

and rap132E no phenotype)
Amelina et al. (2015)

SUN1 M. musculus S48 In vitro kinase assay NE-telomere attachment/
Bouquet formation

Viera et al. (2015); Mikolcevic et al.
(2016)

TERB1 M. musculus T647 Mass spectrometry, phospho-specific
antibody, CDK inhibition (Roscovitine),
terb1T647A and terb1T647D phosphomutants

NE-telomere attachment/
Bouquet formation

Huttlin et al. (2010); Shibuya et al.
(2014) and Shibuya et al. (2015)

Zip1 S. cerevisiae - In vitro kinase assay, SDS-PAGE mobility,
CDK inhibition (cdc28-as1), Clb5 and
Clb6 dependency

Synapsis (zip14SA no
phenotype)

Ubersax et al. (2003); Zhu et al. (2010)

Red1 S. cerevisiae - Phosphoaffinity SDS-PAGE mobility, CDK
inhibition (cdc28-as1), Clb5 and
Clb6 dependency

Synapsis (red17A no
phenotype)

Zhu et al. (2010); Lai et al. (2011)

SYP-1 C. elegans T452 In vitro kinase assay, phospho-specific
antibody, syp1T452A phosphomutant

Synapsis Brandt et al. (2020)

ASY1 A. thaliana T142, T184 Mass spectrometry, in vitro kinase assay,
asy1T142V, asy1T142D and asy1T142V;T184V

phosphomutants

Synapsis Yang et al. (2020)

Sgs1 S. cerevisiae S46, T50, T122,
S272, S348, S493,
S617

Mass spectrometry (mitosis), in vitro kinase
assay, SDS-PAGE mobility, CDK inhibition
(cdc28-as1), sgs19A phosphomutant

DSB Repair Grigaitis et al. (2020)

MSH-5 C. elegans T1009, T1109,
S1278

Mass spectrometry (in vitro phosphorylated
protein), in vitro kinase assay, phospho-
specific T1009 antibody, msh513A

phosphomutant

CO formation Haversat et al. (2022)

MLH1 A. thaliana - In vitro kinase assay CO formation Wijnker et al. (2019)

Mms4 S. cerevisiae S56 Mass spectrometry (mitosis),
phosphoaffinity SDS-PAGE mobility,
mms414A phosphomutant

DSB Repair (persistent JM
resolution)

Matos et al. (2011)

Yen1 S. cerevisiae S71, S245, S500,
S583, S655, S679

Mass spectrometry (mitosis),
phosphoaffinity SDS-PAGE mobility,
YenON(9A) phosphomutant

DSB Repair (persistent JM
resolution)

Matos et al. (2011); Blanco et al.
(2014); Eissler et al. (2014);
Alonso-Ramos et al. (2021)
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et al., 2015). It is worth noting that these mutants harbor

additional mutations apart from the Cdc2-phosphomutant

sites, which can obscure the contribution of CDK.

Interestingly, by yeast two-hybrid (Y2H) assays the Rap1-32E

proteins seems to interact more efficiently with Bqt1-Bqt2 than

the wild type protein. In addition, structural studies of a minimal

Rap1-Bqt4 complex have identified a Bqt4-binding motif in

Rap1 which is also present in other known and newly

identified Bqt4-interacting proteins, including Sad1, and these

proteins bind to Bqt4 in a competitive manner (Hu et al., 2019). It

will be worthy to explore the contribution of Thr378, Ser422, and

particularly, Ser513 phosphorylation sites to bouquet formation,

and their possible regulation by the meiosis-specific Crs1 cyclin.

More recently, telomere anchorage to the NE during meiosis

has been also studied in mice, where different components of the

LINC-complex and the meiosis-specific linker to telomeres have

been identified (Shibuya and Watanabe, 2014; Shibuya et al.,

2015) (Figure 2). Interestingly, meanwhile CDK2 is not essential

for vegetative growth, it plays a crucial role in meiosis, and knock

out (KO) mice are sterile due to spermatocyte and oocyte arrest

in prophase and death by apoptosis (Berthet et al., 2003; Ortega

et al., 2003). CDK2 localizes to telomeres from leptotene to

pachytene (Ashley et al., 2001), and in spermatocytes it is

observed in the NE-attachment plates by electron microscopy

(Viera et al., 2015). In the absence of CDK2 50% of the telomeres

are not properly associated to the NE and the bouquet

conformation is not observed. Cdk2 KO spermatocytes present

aberrant dynamics in chromosome pairing, with frequent

unsynapsed regions, non-homologous associations, and

formation of chromosome rings (Viera et al., 2009; Viera

et al., 2015). These phenotypes are also observed in Speedy A

and cyclin E mutants.

Speedy A, also known as Ringo A, is a non-cyclin CDK

interactor that seems to act as the main activator for CDK2 in

telomere dynamics. The protein is specifically expressed in the

adult testis, being present in spermatocytes from preleptotene to

pachytene, and in embryonic ovary when meiotic prophase I

occurs (Tu et al., 2017). Speedy A colocalizes with CDK2 in NE-

FIGURE 2
CDK regulation of themeiotic telomere attachment to the nuclear envelope. S. pombe andM.musculusmodels. Functional conservation of the
different elements is highlighted by the same color. INM inner nuclear membrane, ONM outer nuclear membrane, SCAS synaptonemal complex
attachment sites. Protein interactions are based on Chikashige et al., 2006, Chikashige et al., 2009, and Hu et al., 2019 for fission yeast, and Shibuya
et al., 2014, Shibuya et al., 2015, and Wang et al., 2020 for mouse.
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associated telomeres and is essential for the telomeric

recruitment of CDK2; indeed, a CDK2 protein carrying

mutations on the key residues for Speedy A binding does not

localize to the telomeres (Mikolcevic et al., 2016; Tu et al., 2017).

The interaction between these proteins is also supported by co-

immunoprecipitation and, moreover, by the fact that

CDK2 kinase activity is approx. 70% decreased in Speedy A

KO testis (Mikolcevic et al., 2016; Tu et al., 2017). Similarly to the

Cdk2 KO, lack of Speedy A also impairs homologous pairing and

telomere dynamics, showing NE-unattached telomeres inside the

nucleus and telomere fusions (Mikolcevic et al., 2016; Tu et al.,

2017). Specifically, the telomeric cap-remodeling observed at late

prophase is defective in the mutant, and telomeres do not show

the characteristic TRF2 (shelterin core component)

redistribution into a ring structure (Shibuya et al., 2015; Tu

et al., 2017; Chen et al., 2021). Interestingly, Speedy A reaches the

telomeres prior to CDK2 and harbors a telomere localization

domain that is sufficient to restore the telomere-NE interactions

in Speedy A KO spermatocytes, indicating a docking function

beyond its known CDK2-activation function (Tu et al., 2017).

The mechanism underlying the CDK2-Speedy A essential

role in telomere-NE attachment and bouquet formation is not

completely elucidated. SUN1 is a component of the LINC

complex located at the telomere attachment plates associated

with the inner nuclear membrane (Ding et al., 2007; Link et al.,

2014). In Cdk2 and Speedy A KO mutants, SUN1 protein is

delocalized from these spots and observed as a polarized cap-

shaped signal at the NE. Lack of SUN1 interactions at the NE

could explain the telomere dynamics defects observed in these

mutants (Viera et al., 2015; Mikolcevic et al., 2016; Tu et al.,

2017). Indeed, SUN1 and CDK2-Speedy A directly interact, and a

SUN1 mutant protein in the Speedy A-binding domain exhibits

similar phenotypes to those of Speedy A and SUN1mutants with

approx. 50% of the telomeres unattached to the NE (Wang et al.,

2020; Chen et al., 2021). Moreover, in vitro experiments showed

that SUN1 is phosphorylated by CDK2-Speedy A, at least on

Ser48 (Viera et al., 2015; Mikolcevic et al., 2016).

SUN1 phosphorylation by CDK2-Speedy A could be an

important regulatory step to control telomere-NE interactions,

and their proper diffusion along the NE necessary for telomere

dynamics and bouquet formation (Figure 2). Recent studies

support this notion (see below).

Cyclin E1 and cyclin E2 also contribute to maintain the

integrity of the telomeres and ensure their attachment to the NE

in meiosis (Martinerie et al., 2014; Manterola et al., 2016).

Although they are not essential for vegetative growth and

both KO mice are viable, E2 KO males are subfertile. In

addition, the meiotic phenotypes of E2 KO mice are enhanced

when cyclin E1 levels are disminished, and E1+/- E2−/− male mice,

which reduce cyclin E in E2 KO background, are infertile

(Martinerie et al., 2014). Deficiency of E1 and E2 cyclins in

spermatocytes reduces localization of components of the

shelterin complex to the chromosome ends. This defect

correlates with an increased amount of the DNA-damage

γH2AX marker at telomeres, indicating a loss of telomere

protection (Manterola et al., 2016). Cyclin E1 and E2 are

important for the formation of the synaptonemal complex

attachment sites (SCAS, expansions of chromosome ends

reflecting the formation of the attachment plates), which are

crucial for the stable association of telomeres to NE.

Spermatocytes depleted in E1 and E2 cyclins develop

narrower SCAS and, in fact, telomere attachment to the NE is

compromised since the TRF1 telomere marker (shelterin core

component) is detected inside the nuclear space in 47% of the

spermatocytes (Martinerie et al., 2014; Manterola et al., 2016). In

correlation with these alterations, lack of E2 cyclin causes

telomeric and synaptic abnormalities that are enhanced in

E1+/− E2−/− spermatocytes. Although E-type cyclins do not

show specific telomeric enrichment, they are likely to act in

combination with CDK2 given the similar defects in telomere-

NE attachment and synapsis observed in the mutants;

particularly the presence of residual membranes in the

detached telomeres is observed in both mutants (Viera et al.,

2015; Manterola et al., 2016). Indeed, E-type cyclins are necessary

for the telomeric localization of CDK2. In the absence of

E2 approx. 40% of telomeres exhibit a reduced CDK2 loading,

raising up to 93% in E1+/− E2−/− mice. Moreover, co-

immunoprecipitacion analysis confirm that both cyclins

interact with CDK2 in spermatocytes in vivo (Martinerie

et al., 2014).

Defects in shelterin complex integrity at the telomeres in

E-cyclin deficient mutants might affect cap-remodeling. In fact,

this process is influenced by CDK activity in mouse

spermatocytes. At cap-remodeling the telomere ends are

reorganized by the meiosis-specific TERB1/2-MAJIN

connecting complex to ensure a stable telomere-NE

attachment (Shibuya et al., 2015; Chen et al., 2021).

Treatment with the CDK inhibitor Roscovitine was shown to

avoid cap-remodeling. Interestingly, TERB1 Thr647 is a CDK

susbtrate implicated in the downregulation of the TERB1-TRF1

interaction (Shibuya et al., 2014) (Figure 2). This

phosphorylation was detected in NE-attached telomeres and

shown to be important for the stabilization of telomere

attachments (Shibuya et al., 2015). However, other CDK

targets must exist to regulate cap-remodeling, since

TERB1 phosphorylation is not essential for this process and

the TERB1-T647A mutant is able to perform cap-remodeling.

CDK2 could potentially exert this regulation given its essential

function in telomere dynamics.

How the LINC and TERB1/2-MAJIN complexes interact to

anchor telomeres to the NE was not clear, althought an

interaction between SUN1 and TERB1 was reported (Shibuya

et al., 2014). Recent studies dissecting these interactions, as well

as the interaction and structural studies with Speedy A, support a

model whereby Speedy A interacts with SUN1 to anchor CDK2-

Speedy A to the NE which promotes SUN1 phosphorylation and
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the strengthening of the SUN1-MAJIN interaction. In addition,

SUN1 also binds to TERB1 reinforcing the interaction between

the complexes (Wang et al., 2020; Chen et al., 2021). Intestingly,

in contrast to Speedy A, cyclin E1 and E2 do not bind to SUN1,

pointing to Speedy A as the key triggering element to promote

telomere-NE attachments (Wang et al., 2020). However, which

SUN1 residues are phosphorylated and, in particular, the

implication of Ser48 phosphorylation in MAJIN binding is

unknown. Overall, CDK phosphorylation of SUN proteins

seems to play an important role in the LINC-complex

regulation; in fact, in worms and humans CDK1 is required

for the phosphorylation of SUN proteins in mitosis (Patel et al.,

2014; Zuela and Gruenbaum, 2016). Strikingly, in the case of

worms, the expression in adults of the phosphomimetic SUN1-

S34E protein drastically reduces fertility and abolishes bivalent

formation (Zuela and Gruenbaum, 2016). Additionally,

SUN1 phosphorylation mediated by other kinases controls

meiotic chromosome dynamics in this organism (Penkner

et al., 2009; Woglar et al., 2013).

Bouquet formation is regulated by a meiosis-specfic B3-type

cyclin, Cyc2p, in Tetrahymena thermophila. In the absence of this

cyclin micronuclei arrest at early prophase and fail to form the

elongate-crecent shape characteristic of the bouquet-like

organization in this ciliate (Xu et al., 2019). Cyc2p might be

required to organize the microtubules that support crecent

formation, which could explain the phenotype.

Finally, in addition to the positive effect of CDK

phosphorylation in bouquet formation and telomeric

dynamics, CDK regulation of bouquet disassembly has been

reported in the budding yeast Saccharomyces cerevisiae. In this

organism where bouquet conformation is very transient,

controlled chemical inhibition of Cdc28 (CDK) stabilizes

telomere clustering (Prasada Rao et al., 2021). However, the

mechanism is currently unknown.

DSB formation

A key feature of meiosis is recombination, the physical

exchange of genetic information between each pair of parental

chromosomes (homologs) (Hunter, 2015). In addition to

produce variability in the offspring, it is essential for

generating tension in the spindle-bound homologous pair

which ensures proper alignment and chromosome segregation

(Petronczki et al., 2003). Recombination is initiated by

programmed DSBs in the DNA introduced by Spo11, a

conserved meiosis-specific topo-like protein similar to TopVI

of archaea (Keeney et al., 1997; Lam and Keeney, 2014; Bouuaert

and Keeney, 2016; Robert et al., 2016; Vrielynck et al., 2016).

DSBs are one of the most dangerous lesions in the DNA and cells

have developed surveillance mechanisms to sense and repair

these lesions. However, meiotic cells have integrated their

production as part of the cell physiology, and have acquired a

network of mechanisms to place and balance them (Keeney et al.,

2014). DSB formation is coordinated with meiotic progression

and DSBs occur locally after DNA replication during prophase

(Borde et al., 2000; Murakami and Keeney, 2014). Indeed,

replication-fork stalling blocks DSB formation by the

activation of the S-phase checkpoint (Tonami et al., 2005;

Ogino and Masai, 2006; Blitzblau and Hochwagen, 2013). In

budding yeast, CDK (Cdc28) activity participates in this

coordination phosphorylating Mer2, a conserved Spo11-

accessory protein of the RMM complex (Henderson et al.,

2006; Murakami and Keeney, 2008; Wan et al., 2008; Claeys

Bouuaert et al., 2021). S-phase Cdc28 activity (associated to

cyclin Clb5 and Clb6) phosphorylates Mer2 at Ser30 which

primes adjacent Ser29 (and S28) for subsequent

phosphorylation by DDK (Dbf4-Dependent Kinase).

Mer2 phosphorylation at these sites is essential to promote

the binding to other Spo11-accessory proteins, Spo11 loading

at the recombination hotspots in the DNA, and DSB formation.

However, additional CDK and DDK targets exist since the DSBs

observed in cells expressing the phosphomimetic Mer2-DDD

protein still depends on each of these kinases (Wan et al., 2008).

Mer2 phosphorylation likely occurs upon replication-fork

passage since DDK travels with the fork, and fork passage

correlates with the loading onto chromatin of the Spo11-

accessory protein Rec114, which it is known to depend on

Mer2 phosphorylation (Panizza et al., 2011; Murakami and

Keeney, 2014).

DSB formation also depends on CDK in fission yeast

(Bustamante-Jaramillo et al., 2019). Although several CDK

complexes contribute to this function, the meiosis-specific

Crs1 cyclin has a prominent role and crs1 mutants show a

50% reduction in DSB and recombination levels. In addition

to its SPB location (see above), Crs1 has a pan-nuclear

localization during meiotic prophase compatible with this role

in DSB formation (Bustamante-Jaramillo et al., 2021).

Interestingly, CDK downregulation impairs the chromatin

binding of Rec25, a structural component of the Linear

Elements (LinEs). LinEs are chromosome axis structures with

similarity to the SC axial/lateral elements of other eukaryotes

(Lorenz et al., 2004; Davis et al., 2008; Ding et al., 2021; Chuang

and Smith, 2022). They are required for DSB formation and

preferentially enriched at recombination hotspots; furthermore,

when misplaced they induce DSBs (Fowler et al., 2013; Martin-

Castellanos et al., 2013; Nambiar and Smith, 2018). Thus,

modulation of the loading of LinEs onto chromatin may be a

mechanism for CDK to control DSB formation. However,

phosphonull rec10-8A or rec27-A mutants, the only two LinE-

components harboring CDK sites, have no impact on meiotic

recombination, even though several CDK sites in Rec10 are

phosphorylated in vivo (Spirek et al., 2010; Bustamante-

Jaramillo et al., 2019). Thus, it seems that these alterations

alone would not significantly impair LinE chromatin

association. In addition, similarly to budding yeast Mer2, the
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conserved RMM component Rec7 is a phosphoprotein that

harbors a CDK site adjacent to potential DDK sites (Thr243

Ser244 Ser245) and DDK is also required for DSB formation

(Ogino et al., 2006; Miyoshi et al., 2012). However, phosphonull

rec7-AAA mutants show wild type levels of recombination

(Bustamante-Jaramillo et al., 2019). Thus, a key target for this

function of CDK has not yet been identified in fission yeast. It is

possible that in this organism several CDK targets contribute to

the regulation of DSB formation, and the reduction in

recombination would not be observed until cumulative

deregulation of several targets. Alternatively, regulation may

be indirect. In this regard, LinE formation depends on the

meiotic cohesins Rec8 and Rec11 which are phosphoproteins

with several phospho-CDK sites detected in vivo (Molnar et al.,

2003; Lorenz et al., 2004; Davis et al., 2008; Ishiguro et al., 2010;

Rumpf et al., 2010; Fowler et al., 2013; Phadnis et al., 2015).

Moreover, different levels of CDK regulation may exists. The

cyclin Cig2-CDK complex regulates promoter occupancy of the

mid-meiotic genes by phospho-regulation of the forkhead

transcription factor Fkh2 (Alves-Rodrigues et al., 2016). Cig2-

CDK phosphorylation of Fkh2 Ser481 reduces its promoter

binding affinity and facilitates the loading of the

transcriptional activator Mei4. One of these genes is mde2,

which is essential for the organization of the pre-

recombination complexes (Miyoshi et al., 2012). Therefore,

timely expression of mde2 by CDK might establish a temporal

window for DSB formation.

REC-1 and HIM-5 are paralog related proteins required

for normal levels of DSBs in Caenorhabditis elegans (Chung

et al., 2015). Foci of the recombinase RAD-51 are reduced in

each single mutant, particularly in him-5, and the reduction is

significantly aggravated in the double mutants. This defect

correlates well with the percentage of univalents at diakinesis

(last prophase stage with highly condensed chromosomes). It

was proposed that these proteins may function as Spo11-

accessory proteins similarly to the proteins forming the

pre-recombination complexes in budding and fission yeast;

however, this has not been formally determined, and indeed,

in contrast to Spo11-accessory proteins in yeasts, these C.

elegans proteins are not essential for DSB formation.

Interestingly, REC-1 is a CDK target that is phosphorylated

in vitro by recombinant Cyclin B3-CDK4 complexes;

moreover, it is also phosphorylated by cell extracts but not

when the extracts are previously treated with Roscovitine

(Chung et al., 2015). However, the in vivo relevance of this

phosphorylation is unclear since both phosphomimetic and

phosphonull rec-1 mutants show a loss-of-function

phenotype. It is possible that CDK does not play a crucial

role in early meiotic events in this organism, where the

meiosis-specific checkpoint kinase CHK-2 has acquired a

prominent role in the regulation of chromosome

architecture and movements, DSB formation, and

homologous pairing and synapsis (MacQueen and

Villeneuve, 2001; Penkner et al., 2009; Rosu et al., 2013;

Stamper et al., 2013; Kim et al., 2015).

Recombinational repair

After DSB formation Spo11-bound break sites are

endonucleolytically resected to generate single-stranded DNA

nucleofilaments that, coated with strand-exchange proteins

Rad51/Dmc1, invade the homologous chromosome for repair.

The efficient and differential resolution of the recombination

intermediates is essential for several reasons (Hunter, 2015; San-

Segundo and Clemente-Blanco, 2020). First, to produce viable

gametes without DNA lesions. Second, to resolve enough DNA

joint molecules (JM) as crossovers (CO). COs result in the

reciprocal exchange of genetic material and the formation of

physical links between the pair of homologs, which ensures their

correct reductional segregation at first meiotic division (meiosis

I). And finally, to resolve and release the physical connections

between chromosomes on time before anaphase; otherwise,

persistent JMs can impede chromosome segregations.

Regarding this, some structure-selective endonucleases (SSEs)

as Mus81-Mms4 and Yen1 in S. cerevisiae are tightly temporally

controlled by cell cycle-regulated phosphorylation cycles to

ensure that JMs are resolved and eliminated (Blanco and

Matos, 2015) (Figure 3A). Of note that although CDK

regulated targets that operate in DNA damage repair during

vegetative growth has been broadly documented (reviewed in

(Trovesi et al., 2013; Kciuk et al., 2022)), this is not the case for the

meiotic DSB repair. It is expected that some of these targets are

common to both mitotic and meiotic repair, while others will be

specific to meiotic cells, given the formation of JMs between

homologous chromosomes and the biased repair to

generate COs.

In S. cerevisiae Mus81-Mms4 SSE activity is regulated by

phosphorylation in meiotic and mitotic cells (Matos et al., 2011).

Mms4 hyperphosphorylation in meiosis I strongly increases the

nuclease activity of the complex, promoting the resolution of JMs

before anaphase I. mms4 deletion mutant accumulates aberrant

multichromatid JMs. The non-phosphorylatable mms4-14A

mutant shows a delay in the resolution of JMs and, similarly

to mus81 deletion mutants, fails to segregate homologous

chromosomes at anaphase I (Matos et al., 2011). Despite the

fact that Polo Kinase Cdc5 seems to play the major role in

Mus81-Mms4 phospho-regulation, CDK (Cdc28) is involved as

well, although this CDK regulation have mostly been studied in

mitosis (Gallo-Fernandez et al., 2012; Matos et al., 2013; Szakal

and Branzei, 2013). Indeed, the Mms-14A protein harbors

changes to alanines in the 5 CDK sites present in the protein,

and at least one of them is phosphorylated in vivo. The other ones

were not confirmed due to incomplete peptide coverage of the

mass spectrometry (MS) analysis (Matos et al., 2011). Cyclin

Clb1-CDK activity is induced at the end of prophase (Carlile and
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Amon, 2008), and therefore, it is a candidate to participate in this

regulation.

Mechanisms of CDK regulation have also been identified in

fission yeast Mus81-Eme1 and human MUS81-EME1 in

vegetative cells. In S. pombe, CDK (Cdc2)-dependent

phosphorylation of Eme1 is cell-cycle regulated, and it is

required to respond to DNA damage and to maintain

chromosome stability in the absence of the RecQ-type DNA

helicase Rqh1 (Dehe et al., 2013). In contrast to S. cerevisiae,

fission yeast Eme1 phosphorylation does not depend on Polo

kinase. In human cells, CDK stimulates MUS81-EME1 resolvase

activity by promoting the interaction with SLX1-SLX4 SSE

(Wyatt et al., 2013; Payliss et al., 2022). However, the

relevance in meiosis of these phospho-regulations have not

been studied.

Yen1 SSE has been widely studied in S. cerevisiae. During

meiotic cell cycle, in sharp contrast to Mms4, CDK (Cdc28)-

mediated phosphorylation of Yen1 restrains its function until

anaphase II when it acts as an additional back-up system for late

persistent JMs (Matos et al., 2011; Alonso-Ramos et al., 2021).

yen1 deletion mutant does not present obvious defects in

chromosome segregations under unchallenged conditions, but

additional deletion of other repair pathways as Sgs1 and Mus81-

Mms4 results in defective JM resolution and abnormal anaphase

I and II segregations, that unveils the safeguard activity of Yen1

(Matos et al., 2011; Alonso-Ramos et al., 2021). The specific

FIGURE 3
CDK regulation of recombinational repair in meiosis. (A) Role of CDK (Cdc28) in the sequential regulation of helicase and structure-selective
endonuclease (SEE) activities in S. cerevisiae. Low Cdc28 activity activates the RecQ-family DNA helicase Sgs1 during early prophase to promote
NCO formation, high levels of Cdc28 activity at meiosis I entry activates Mus81-Mms4 SSE to implement CO resolution prior to chromosome
segregations, and Yen1 SSE activation by the Cdc14 phosphatase at meiosis II releases its earlier Cdc28-dependent inhibition to process
persistent unresolved joint molecules (JMs). (B) Role of CDK2 in the maturation of early recombination nodules (ERN) and CO selection (late
recombination nodules, LRN) in higher eukaryotes. Protein complexes are only illustrative and they do not represent protein-protein interaction nor
stoichiometry. Only key proteins conserved in several organisms are highlighted: MutSγ complex MSH4-MSH5, RNF212 (ZHP-3 inC. elegans), MutLγ
complex MLH1-MLH3, CDK2 (CDK-2 inC. elegans, CDKA;1 in A. thaliana), CNTD1 (COSA-1 in C. elegans). These proteins are key factors that reduce
foci numbers from early pachytene to mid-pachytene (RNF212 and MutSγ) and that load at LRNs from mid pachytene (MutLγ, CDK2, and CNTD1).
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mechanism of Yen1 dual phospho-regulation by Cdc28 and

Cdc14 phosphatase was first elucidated in vegetative cells

(Blanco et al., 2014; Eissler et al., 2014; Garcia-Luis et al.,

2014), but it has also been described in meiosis. Cdc28-

mediated phosphorylation not only inhibits Yen1 catalytic

activity, but also prevents its precocious nuclear accumulation.

At anaphase II, Cdc14 released from the nucleolus

dephosphorylates Yen1, promoting its activation and nuclear

enrichment (Alonso-Ramos et al., 2021). Regarding this

mechanism, a mutant protein where the 9 CDK-consensus

serines are mutated to alanines, named Yen1ON, bypasses this

phospho-regulation. Therefore, YenON is constitutively active

and accumulated in the nucleus, even in early stages of

meiosis (as S-phase and prophase), in a Cdc14 independent

manner (Blanco et al., 2014; Arter et al., 2018; Alonso-Ramos

et al., 2021). Early Yen1 activation induces premature CO

formation and avoids the transitory accumulation of JMs. As

a consequence, some aspects of the CO physiology such as CO

interference (nearby CO inhibition) and distribution are

defective (Arter et al., 2018). Although Yen1 reaches its

maximum activity in meiosis II, some evidence indicates that

it might exert a previous function at anaphase I, especially when

other repair pathways are compromised (Alonso-Ramos et al.,

2021).

Similarly to Yen1, human ortolog GEN1 contains several

CDK consensus sites, although they are not conserved in position

and context. Indeed, GEN1 is phosphorylated in a CDK-

dependent manner in mitosis; however, this modification has

no impact on the catalytic activity, and wild type and GEN1-8A

proteins resolve JMs with the same efficiency (Chan and West,

2014). Furthermore, the relevance of this modification in meiosis

has not been studied.

The same phospho-regulatory network that tightly controls

SSE activity during nuclear divisions, also regulates Sgs1 in S.

cerevisiaemeiosis and mitosis (Grigaitis et al., 2020) (Figure 3A).

The RecQ-family DNA helicase Sgs1, together with Top3 and

Rmi1 (STR complex), contributes to DSB repair by disassembling

different recombination intermediates favouring the production

of non-crossover (NCO) products over COs. In addition, a

meiotic pro-CO function of Sgs1 is uncovered in the absence

of SSEs (Zakharyevich et al., 2012). During meiotic S-phase and

prophase, CDK (Cdc28) phosphorylation of Sgs1 substantially

increases its DNA unwinding activity. This phospho-stimulation

is essential for proper JM processing, and the phosphonull sgs1-

9A mutant accumulates aberrant multichromatid JMs. Indeed,

sgs1-9A mutant fails to segregate homologous chromosomes at

anaphase I, a defect that is enhanced in the absence of Mms4 and

alleviated in the presence of the Yen1ON version.

Cdc28 phosphorylation also primes Sgs1 for

Cdc5 hyperphosphorylation as cells exit prophase, what has

been suggested to inhibit its activity, but the meaning of this

modification is not completely elucidated (Grigaitis et al., 2020).

It is tempting to think that the differential phosphorylation state

may modulate Sgs1 functions to promote NCOs in early

prophase and JM resolution later on prior to chromosome

segregation as SSEs do.

Overall, CDK plays a crucial role in the metabolism of the

JMs generated during meiotic DSB repair, at least in budding

yeast (Figure 3A). It enhances or inhibits different activities

involved in the process and, in doing so, it temporally orders

their actions to ensure an efficient JM processing that guarantees

a faithful chromosome segregation. In addition, it restrains JM

resolution to stablish a correct CO pattern.

It is quite possible that the role of CDK in averting late JMs is

a conserved feature. In fission yeast, the UvrD-type DNA helicase

Fbh1 is required to remove Rad51 from the DNA. Both, fbh1

mutants, and mutants in its loading factor dbl2, show a retention

of Rad51 foci at meiosis I and defects in chromosome segregation

(Sun et al., 2011; Polakova et al., 2016); moreover, persistence of

JMs is observed in the dbl2 mutant (Polakova et al., 2016).

Interestingly, Dbl2 is potentially a good CDK substrate. It

harbours several putative CDK sites, and 3 of them are

phosphorylated in vegetative cycle (https://www.pombase.org/

gene/SPCC553.01c). It will be worthy to explore any meiotic

contribution of CDK to Dbl2 function and JM resolution.

In fission yeast the meiosis-specific Rem1 cyclin is required

for normal levels of recombination. Interestingly, in its absence

NCOs are reduced but CO levels are not affected, suggesting a

regulatory role in DSB repair (Malapeira et al., 2005). However,

this function does not depend on CDK (Cdc2). Intron retention

produces a short isoform that lacks the cyclin-box motif involved

in Cdc2 binding, and this short version restores the

recombination defects of the rem1 mutant (Moldon et al.,

2008). It is currently unknown how short Rem1 controls the

recombination output. Intron processing depends on

Mei4 binding to rem1 promoter, which recruits the

spliceosome, and produces a larger protein that shows a peak

of associated kinase activity at meiosis I and promotes meiosis I

progression (Malapeira et al., 2005; Moldon et al., 2008). Thus,

Rem1 represents an example of gene economy where splicing

regulation produces a cyclin and a non-cyclin protein with

different meiotic functions. Differential gene expression

regulation has been also reported for other meiotic genes. For

the unconventional CNTD1 mouse cyclin a short isoform has

been recently described as the only detectable species in mouse

testis (see below, (Gray et al., 2020)). In this case, the function of

the full length CNTD1 protein is unclear. Interestingly, mouse

CDK2 also shows a larger isoform via alternative splicing that is

highly induced in meiotic prophase (Ellenrieder et al., 2001; Liu

et al., 2014; Tu et al., 2017). It has been proposed that the larger

protein may add new binding domains to accommodate different

meiotic functions. Indeed, some interactors preferentially bind to

the long CDK2 isoform in vitro (Liu et al., 2014; Bondarieva et al.,

2020).

In mouse, in addition to its telomeric localization, CDK2 is

also observed in 1-2 interstitial sites along the chromosomal axes
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in mid-pachytene spermatocytes and oocytes (Ashley et al., 2001)

(Figure 3B). At these spots, it colocalizes with late recombination

nodule (LRN) pro-CO factors as RNF212, HEI10, PRR19,

CNTD1, and MLH1, and this localization is lost in the

corresponding mutants (Ashley et al., 2001; Ward et al., 2007;

Reynolds et al., 2013; Holloway et al., 2014; Liu et al., 2014; Qiao

et al., 2014; Bondarieva et al., 2020). Based on localization studies,

CDK2 was proposed to act with the HEI10 E3-sumo-targeting

ubiquitin ligase in the dissociation of early recombination factors

and final CO selection (Qiao et al., 2014). Interestingly, human

HEI10 was shown to interact with cyclin B1 in Y2H assays, and it

is specifically phosphorylated in vitro by cyclin B-Cdk1

complexes (Toby et al., 2003); however, cyclin B1-Cdk1 has

not been implicated in CO selection. Recently, the use of a

partial loss-of-function and a gain-of-function Cdk2 allele has

helped to further explore the role in CO regulation of

CDK2 activity (Palmer et al., 2020). The hypomorphic

Cdk2T160A allele harbors a point mutation in the so-called

T-loop of the protein. Upon binding to the cyclin, the loop is

displayed out of the catalytic cleft and exposed to

phosphorylation by CAK (CDK activating kinase), stabilizing

the complex and, therefore, promoting maximal activation

(Malumbres, 2014). Telomeric CDK2 localization and

function remains mostly unaffected in Cdk2T160A mutants,

which allows the study of CDK2 roles in later events (Palmer

et al., 2020). CDK2 location in LRNs depends on T-loop

phosphorylation since Cdk2T160A spermatocytes lose these

interstitial foci and the associated MLH1 loading (component

of the conserved MutLγ SSE with bias for CO resolution).

Correspondingly, increased kinase activity in the gain-of-

function Cdk2Y15S mutant, which precludes inhibition by

phosphorylation at Tyr15 in the catalytic pocket (Malumbres,

2014), correlates with elevated numbers of interstitial foci and the

associated MLH1 loading. In addition, similarly to other mutants

in pro-CO factors, Cdk2T160A spermatocytes show persistence of

foci of earlier recombination proteins as RPA2 and MSH4

(component of the conserved MutSγ complex), reflecting

aberrant stabilization and repair of intermediates. In

particular, the typical reduction in RNF212 foci correlated

with “selection” of meiotic CO sites does not occur in

Cdk2T160A spermatocytes what indicates a defective CO

designation process when CDK2 activity is reduced (Reynolds

et al., 2013; Qiao et al., 2014; Palmer et al., 2020). Thus,

CDK2 might phosphorylate substrates in the recombination

nodules leading the repair process towards CO formation;

however, the molecular mechanism is currently unknown.

Interestingly, Cdk2T160A mutant primarily affects the activity of

CDK2 complexes with conventional cyclin activators, since

CDK2-Speedy A complexes do not require

Thr160 phosphorylation for activation (Karaiskou et al.,

2001). This excludes Speedy A from any role in this LRN

associated function of CDK2; and, indeed, Speedy A is not

located in interstitial foci along chromosomes axes

(Mikolcevic et al., 2016; Tu et al., 2017). Furthermore,

CDK2 phosphorylation at Thr160 is observed in LRNs and

not in telomeres (Liu et al., 2014).

The role of CDK2 in the maturation of early recombination

sites and CO designation is conserved in C. elegans (Figure 3B).

CDK-2 homolog also localizes at CO-selected sites, and it is

eventually detected as six strong foci in pachytene (one per

homolog pair). Absence of bivalents in CDK-2 depleted

oocytes reflects a failure to properly generate COs. Specifically,

the CO selection pathway is disrupted, as seen by the fact that

ZHP-3 (RNF212 in mouse) and MSH-5 (component of the

conserved MutSγ complex) signals fail to restrict to the six

CO sites as normally happens in late pachytene (Haversat

et al., 2022). Some studies identified the cyclin-like protein

COSA-1 (Crossover Site-Associated-1) as a partner for CDK-2

in C. elegans meiosis. COSA-1 and CDK-2 colocalize at CO sites

in a mutually-dependent manner and their absence similarly

impairs the dynamics of CO designation factors, what support

their functional association (Yokoo et al., 2012; Haversat et al.,

2022). In the cosa-1 mutant, bivalents are also absent, and at late

pachytene ZHP-3 aberrantly remains at high levels along the SC

and MSH5 foci are lost (Yokoo et al., 2012). Moreover, in vitro

experiments showed that CDK-2 and COSA-1 are able to form a

complex (Haversat et al., 2022).

Key meiotic substrates of CDK2 for this crossover-related

function are not clearly determined. Recent studies describe

MSH-5 as a key target in C. elegans (Haversat et al., 2022).

MSH-5 contains thirteen CDK consensus motifs in a disordered

C-terminal tail, and this domain is essential for its function in CO

formation. In a C-terminal truncated mutant (msh-5Δ339aa), ZHP-3

signal aberrantly persists and most recombination intermediates fail

to mature into COs. Three of these sites are, indeed, in vitro

phosphorylated by recombinant human CDK1-cyclin A2

complexes. Moreover, phospho-specific antibodies to one of these

sites, Thr1009, show that MSH-5 is actually phosphorylated in vivo

in a CDK-2 and COSA-1 dependent manner. Phosphorylated-

MSH5 signal was enriched at CO-designated sites in late

pachytene, colocalizing with COSA-1 during meiotic progression.

CDKphosphorylation ofMSH-5 promotes its pro-CO activity since,

in a sensitized condition (him-14(it44) mutant, MSH4 in mouse),

the msh513A phospho-null mutant is unable to form bivalents.

Moreover, at late prophase colocalization between MSH-513A and

COSA-1 is lost and the MSH-513A protein persists as multiple foci

instead of pairing down to six bright foci, reminiscent of what it is

observed in CDK-2 depleted germlines. The disordered C-terminal

tail containing CDK sites in MSH-5 is not conserved outside

Caenorhabditis species, indicating that, although the role of

CDK2 in CO selection is conserved, the mechanism may differ

from one organism to another (Haversat et al., 2022).

The mammalian COSA-1 homolog, CNTD1, also presents a

conserved function in CO selection (Figure 3B). It is highly

enriched in mouse and human testis, and in mouse

spermatocytes CNTD1 foci are observed at CO sites
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colocalizing with CDK2 and MLH1 in mid-pachytene

(Bondarieva et al., 2020; Gray et al., 2020). Similarly to other

CO machinery mutants (as Mlh1, Mlh3, Hei10, Rnf212), when

Cntd1 function is depleted early prophase events including

homolog pairing and initial DSB processing remain normal,

but severe defects in DSB repair and CO formation are

observed (Holloway et al., 2014). In Cntd1 mutant

spermatocytes, MutLγ complex (MLH1 and MLH3) and

CDK2 do not localize to LRNs, indicating a disruption in the

canonical CO pathway. In addition, the earlier recombination

factors MSH4 and RNF212 are not properly removed from these

sites as seen by persistence (or even increase) of foci and co-foci

of these proteins during late pachytene. Thus, CNTD1 seems to

act specifically in the final selection of CO sites, coordinating

RNF212 and MutSγ dissociation with the recruitment of MutLγ.
The identification of CNTD1 as a member of the cyclin

superfamily indicates that it may function in a CDK-CNTD1

kinase complex. CDK2 is a good partner for CNTD1 because its

associated kinase activity is also involved in CO designation (see

above); in fact, interstitial CDK2 foci are absent in Cntd1mutants

and, although the interaction has not been detected in vivo,

CNTD1 has been shown to interact with CDK2 by Y2H assays

(Holloway et al., 2014; Bondarieva et al., 2020; Gray et al., 2020).

The CNTD1–CDK2 interaction requires the first predicted cyclin

box located in CNTD1N-terminus; hence, mutants that alter this

first cyclin box diminish the interaction in Y2H assays and impair

CNTD1 function (Bondarieva et al., 2020). Consistent with this

mechanism, other studies have identified a short CNTD1 isoform

that lacks the first cyclin homology domain and is not able to

interact with CDK2 by Y2H assays (Gray et al., 2020). Currently,

the function of the long CNTD1 protein is unclear, since

apparently the short form is the only detectable species in

adult mouse testis (Gray et al., 2020). Further studies are

needed to shed light into the function and regulation of the

distinct CNTD1 isoforms. Given that long variants have been

found in different vertebrates includingmouse (Gray et al., 2020),

the use of specific antibodies for the detection of the long

isoforms will be particularly informative. Nevertheless, given

that CDK2 activity is required for CO selection, there must be

other cyclin/s or activators/s to provide this activity.

Molecularly, in extracts from adult testis no relevant

interactions between short-CNTD1 and the CO machinery

(MSH4, MSH5, MLH1, MLH3, RNF212, HEI10, or CDK2)

have been identified by MS (Gray et al., 2020). However, MS

data shows unexpected interactions with components of the

Replication Factor C (RFC) complex, the loader of the

Proliferating Cell Nuclear Antigen (PCNA). Indeed, RFC3,

RFC4 and PCNA proteins are expressed during meiotic

prophase (after DNA replication), and in the case of

RFC4 clearly detected forming CNTD1-dependent foci on

synapsed chromosomes in pachytene spermatocytes. Given the

role of human RFC and PCNA in the activation of the MutLγ
endonuclease complex in vitro, and the localization of PCNA at a

subset of prospective CO sites in budding yeast cells arrested in

pachytene (Cannavo et al., 2020; Kulkarni et al., 2020), it has been

proposed that CNTD1 association with components of the RFC-

PCNA complex would stimulateMutLγ activity and promote CO

formation (Gray et al., 2020).

In Arabidopsis thaliana CDK activity also regulates CO

formation (Figure 3B). CDKA;1, the homolog for mammalian

CDK1 and CDK2, regulates CO formation in a dose-dependent

manner (Wijnker et al., 2019). Though CDKA;1 is essential, weak

loss-of-function alleles are viable and produce flowers containing

abnormal meiocytes (Dissmeyer et al., 2007; Wijnker et al., 2019).

The hypomorphic cdka;1DBD mutant expresses a fusion of CDKA;1

to an inactive (dead) destruction box ofCYCLINB1;1, and it exhibits

partial kinase activity and reduced fertility (Wijnker et al., 2019).

Early stages of prophase are largely unaffected in cdka;1DBDmutants;

however, at diplotene reduced numbers of bivalents are often

observed, and univalents are also frequent at metaphase I. The

conventional CO pathway is affected as seen by a significant

decrease of approx. 50% in MLH1 foci. Conversely, enhanced

CDKA;1 activity increases recombination by approx. 10%.

Regarding the molecular mechanism, in vitro kinase assays show

that CDKA;1 in complex with meiosis-specific cyclins SDS (SOLO

DANCERS) or TAM (TARDY ASYNCHRONOUSMEIOSIS) can

phosphorylate MLH1, especially the CDKA;1-SDS complex, what

can represent a mechanism to control CO formation. Interestingly,

the SDS cyclin contains an unusually long N-terminal region. This

structure resembles COSA-1/CTND1 unconventional cyclins,

whose sequences also comprise an insertion of 26–33 amino

acids in the highly conserved N-terminal cyclin box domain

(Azumi et al., 2002; Yokoo et al., 2012).

Synapsis

The synapsis of homologous chromosomes is essential for

recombination given the close proximity required for

recombination to occur. This physical constraint has

evolutionarily associated both processes and recombination

occurs in the context of the SC; moreover, in many organisms

as budding yeast, mouse, and plants, early recombination

intermediates promote SC formation and chromosome

synapsis (Zickler and Kleckner, 2015). However, CDK plays a

role in SC regulation independently of its function in DSB

formation, and some SC proteins are known CDK substrates.

In budding yeast, CDK (Cdc28) foci appear early in prophase

and depend on S-phase Clb5 and Clb6 cyclins and the axial-

element components Red1 and Hop1 (Zhu et al., 2010). Later on,

Cdc28 tends to localize on synapsed chromosomes. Chemical

inhibition of Cdc28 after DSB formation impairs polymerization

of the SC central-element component Zip1. However, although

Zip1 is an in vitro CDK substrate (Ubersax et al., 2003) and its

electrophoretic gel-mobility depends on Cdc28, Clb5, and Clb6, a

phospho-null Zip1-4SA protein supports normal SC formation
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(Zhu et al., 2010). Additionally, Red1 is also phosphorylated in a

Cdc28-depedent manner independently of DSB formation (Lai

et al., 2011). Even though the phospho-null Red1-7A protein is

hypophosphorylated during meiotic prophase, it does not impair

sporulation efficiency or spore viability, suggesting normal SC

formation (Lai et al., 2011). Thus, although SC formation

requires CDK activity in budding yeast, it is not well

understood how this function is accomplished. It is possible

that multiple CDK regulated pathways converge to ensure

efficient SC formation. Moreover, given the link between

recombination and SC formation in this organism, it is

possible that a putative CDK role downstream of DSB

formation may also contribute to SC development.

Similarly, CDKA;1 is required for ZYP1 (Zip1) assembly in

Arabidopsis meiotic chromosomes (Yang et al., 2020). The

infertile hypomorphic cdka;1T161D allele harbors a point

mutation in the so-called T-loop of the protein that impairs

fully activation (see above) (Dissmeyer et al., 2007). cdka;1T161D

mutants show pachytene-like meiocytes with ZYP1-depleted

unpaired chromosomes and the absence of bivalents. The

mutant does not affect Dmc1 recombinase loading,

indicating that the synaptic defect is not due to the lack of

DSBs. CDKA;1 co-localizes with ASY1 (Hop1 homolog) at

chromosomes axis and both proteins disappear from the axis

of synapsed chromosomes. ASY1 is a CDKA;1 substrate and,

particularly, phosphorylation of Thr142 and Thr184 residues in

the HORMA domain of the protein promotes self-interaction

and increases the binding affinity to ASY3 (Red1 homolog),

which facilitates ASY1 chromosomal loading (Yang et al., 2020).

CDKG is also required for full ZYP1 assembly in Arabidopsis

(Zheng et al., 2014). In this case, the function is sex and

environmental-condition specific, since the null cdkg1-1

mutant exhibits only male sterility under high temperature.

Regarding the mechanism, an indirect role through gene

expression regulation was proposed, since CDKG associates

with the spliceosome and controls the expression of a gene

involved in pollen differentiation (Huang et al., 2013). The

conserved role of CDKs in mRNA metabolism is well

documented (Malumbres, 2014).

In mouse, the use of the hypomorphic Cdk2T160A allele (see

above) has also uncovered a role in synapsis maintenance (Palmer

et al., 2020). Since CDK2 is required for the telomere attachment to

the NE early in prophase (see above), the observed defects in

synapsis of the null mutant were difficult to evaluate as a direct

consequence. The CDK2T160A mutant protein localizes properly at

telomeres, and spermatocytes progress normally to early pachytene

with normal synapsed chromosomes. However, later on partially

unsynapsed chromosomes are observed, and loading of the

transverse element SYCP1 is diminished; by diplotene a complete

separation of the homologs is frequently observed. As in budding

yeast, mouse SC formation also depends on early recombination

intermediates, and, as mentioned above, Cdk2T160A mutants

accumulate RPA2, RNF212, and MSH4 foci, suggesting a

problem in the processing of intermediates that might affect the

stability of the SC (Palmer et al., 2020). However, since mutations in

pro-CO factors also show an increased number of these foci but

normal chromosome synapsis (Ward et al., 2007; Reynolds et al.,

2013; Holloway et al., 2014; Bondarieva et al., 2020), CDK2 activity is

likely to be directly involved in synapsis maintenance. Finally, given

thatCdk2T160A primarily affects the activity of CDK2 complexes with

conventional cyclin activators (Karaiskou et al., 2001), this role in

synapsis stabilization might depend on E cyclins (see above). The

importance of CDK2 in different aspects of meiotic prophase, herein

reviewed, has pointed it as a target for nonhormonal male

contraception (Faber et al., 2020).

SC disassembly at the end of prophase is equally as important

as SC formation. In C. elegans CDK-1 regulates the chromosomal

relocation of the Polo kinase PLK-2 from the pairing centers to

the SC at late pachytene (Brandt et al., 2020). SYP-1 (Zip1) is

phosphorylated by CDK-1 at Thr452 located in the PBD (Polo

Box Domain)-binding motif. This modification primes for PLK-

2 binding that sustains SYP-1 phosphorylation and promotes SC

disassembly. Meiotic depletion of CDK-1 does not affect PLK-2

recruitment to the pairing centers, and both synapsis and CO

formation are normal. However, SYP-1-T452 phosphorylation is

completely abolished and PLK-2 is not recruited to SC; as a

consequence, chromosome axis remodeling is impaired, and SC

disassembly is delayed until diakinesis (Brandt et al., 2020).

Concluding remarks

Since the molecular identification of the MPF (Maturation

Promoting Factor) activity of Xenopus laevis oocytes in the late

80′s, the study of cyclins and CDKs has generated a vast amount

of knowledge on how eukaryotic cells divide and coordinate

division with internal and external cues in many species. Indeed,

cyclins and CDKs have emerged as broadly conserved key

regulators of the eukaryotic cell cycle. However, how these

regulators control important aspects of meiosis, particularly

during prophase where critical cellular events for the

generation of healthy gametes occur, is not well understood.

In fact, as summarized in this review, no many direct CDK

meiotic-targets have been clearly identified. In addition, meiosis

represents a very interesting scenario to study CDK activity

diversification with the emergence of meiosis-specific cyclins

and new associated functions. The important role of CDK

activity in meiosis is pointed by the fact that in a recent

phosphoproteomic study of mouse spermatocytes undergoing

prophase, 10 of the top 30 enriched kinases were CDKs with

CDK2 in the second position (Li et al., 2022). The increased

number of proteomic studies in several organisms, the

development of improved techniques to enrich cell

populations in specific prophase stages, along with the

analysis of the corresponding phosphomutants, will help to

broad our current knowledge of the fascinating process of
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gamete generation and the efficient genome transmission from

one generation to the next.
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