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Abstract

Sexual reproduction and the specialized cell division it relies upon, meiosis, are biological 

processes that present an incredible degree of both evolutionary conservation and divergence. 

One clear example of this paradox is the role of the evolutionarily ancient PCH-2/HORMAD 

module during meiosis. On one hand, the complex, and sometimes disparate, meiotic defects 

observed when PCH-2 and/or the meiotic HORMADS are mutated in different model systems 

have prevented a straightforward characterization of their conserved functions. On the other 

hand, these functional variations demonstrate the impressive molecular rewiring that accompanies 

evolution of the meiotic processes these factors are involved in. While the defects observed 

in pch-2 mutants appear to vary in different systems, in this review, I argue that PCH-2 has 

a conserved meiotic function: to coordinate meiotic recombination with synapsis to ensure an 

appropriate number and distribution of crossovers. Further, given the dramatic variation in how 

the events of recombination and synapsis are themselves regulated in different model systems, the 

mechanistic differences in PCH-2 and meiotic HORMAD function make biological sense when 

viewed as species-specific elaborations layered onto this fundamental, conserved role.

1. Introduction

Sexual reproduction relies on the specialized cell division, meiosis, to generate haploid 

gametes from diploid progenitors for fertilization. Because meiosis evolved from mitosis 

(Wilkins & Holliday, 2009), they share common mechanisms that drive cell cycle 

progression. However, since sexual reproduction is subject to a remarkable degree of 

selection pressure (Swanson & Vacquier, 2002), meiotic mechanisms often exhibit an 

impressive degree of evolutionary innovation. Studying meiosis in a variety of model 

systems reinforces this intriguing paradox, suggesting that this specialized cell division 

presents a unique opportunity for evolution to molecularly tinker with mechanisms that 

govern cell cycle control and chromosome behavior while maintaining core functions. In this 

way, our studies of meiosis benefit not only from identifying what is highly conserved but 

also what has diverged, potentially in response to species-specific requirements.

A good example of a meiotic event that exhibits both extensive conservation and divergence 

is meiotic recombination. In most organisms, crossover recombination is the ultimate goal 

*Corresponding author: nbhalla@ucsc.edu. 

HHS Public Access
Author manuscript
Curr Top Dev Biol. Author manuscript; available in PMC 2024 March 18.

Published in final edited form as:
Curr Top Dev Biol. 2023 ; 151: 317–344. doi:10.1016/bs.ctdb.2022.07.001.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of meiosis. During meiotic prophase, homologous chromosomes undergo progressively 

intimate interactions that ultimately culminate in crossover recombination. After homologs 

pair, a macromolecular complex, called the synaptonemal complex (SC), is assembled 

between them in a process called synapsis. Pairing and synapsis are essential for crossover 

recombination to generate the linkages, or chiasmata, between homologous chromosomes 

that direct meiotic chromosome segregation (Bhalla & Dernburg, 2008). Because of this 

interdependence, some organisms, such as budding yeast, mice and plants, mechanistically 

link pairing, synapsis and recombination in meiotic prophase (Baudat, Manova, Yuen, Jasin, 

& Keeney, 2000; Giroux, Dresser, & Tiano, 1989; Grelon, Vezon, Gendrot, & Pelletier, 

2001; Romanienko & Camerini-Otero, 2000). However, this interdependence does not 

necessarily require the mechanistic coupling of these events, as C. elegans and Drosophila 
demonstrate (Dernburg et al., 1998; McKim et al., 1998). Other important differences 

include the proteins that direct programmed double strand break (DSB) formation, the 

proteins that promote DNA strand exchange during homologous repair and whether 

organisms rely on meiosis-specific crossover recombination pathways, mechanisms that are 

common to both meiosis or mitosis, or both, to produce crossovers (Gray & Cohen, 2016).

In addition to the fundamental role that recombination plays in ensuring accurate 

chromosome segregation, crossover recombination accomplishes another important 

function: it generates new haplotypes for natural selection to act upon to drive evolution. 

Thus, the distribution of crossovers may need to be as tightly regulated as their presence to 

assure a random assortment of alleles on a population level. Further, recombination’s ability 

to unlink deleterious combinations of alleles must be balanced with maintaining beneficial 

ones. The significance of controlling both crossover number and distribution is clearly 

illustrated by the existence of mechanisms such as crossover assurance, in which every pair 

of homologous chromosomes gets at least one crossover; crossover homeostasis, in which 

the number of crossovers remains relatively invariant even if the number of recombination 

precursors change; and crossover interference, in which the presence of a crossover inhibits 

the formation of a crossover nearby (Gray & Cohen, 2016).

The AAA-ATPase PCH-2, also known as Pch2 in S. cerevisiae, PCH2 in plants and 

Drosophila and TRIP13 in mammals, is an evolutionary ancient AAA-ATPase that 

structurally remodels a family of proteins with HORMA domains (HORMADs) to modify 

their function (Rosenberg & Corbett, 2015; Vader, 2015). This PCH-2/HORMAD module 

has been adapted for a wide variety of molecular functions, including meiotic crossover 

recombination and checkpoint control, the focus of this review. However, attempts to 

specifically define this module’s “conserved” role in meiotic crossover recombination and 

checkpoint control have been challenging for the field. In this review, I will argue that the 

conserved function of the PCH-2/HORMAD module is to coordinate meiotic recombination 

with synapsis to control the number and distribution of crossovers. Thus, the supposed 

enigmatic role of PCH-2 in meiosis could be seen as a natural product of the evolutionary 

variation in how meiotic recombination and/or synapsis is regulated in different model 

systems.
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2. The PCH-2/HORMAD module

The specifics of the PCH-2/HORMAD module have been reviewed elsewhere (Rosenberg 

& Corbett, 2015; Vader, 2015). In general, this evolutionarily ancient module (Burroughs, 

Zhang, Schaffer, Iyer, & Aravind, 2015; Tromer, van Hooff, Kops, & Snel, 2019) is 

defined by the ability of HORMAD proteins to adopt at least two conformations, open 

and closed, and the requirement of PCH-2 to convert the closed conformation to the open 

one. HORMADs adopt the closed conformation when they bind a short peptide sequence 

either present in their own sequence or within other proteins (the closure motif ) and their 

C-terminal “safety belt” wraps around the closure motif to stabilize this interaction (Fig. 1). 

This topological interaction requires PCH-2’s ability to consume energy in the form of ATP 

to remodel and liberate HORMADs (Ye et al., 2015). When free, most HORMADs adopt 

an open conformation, in which this safety belt is discretely tucked against the HORMA 

domain (Fig. 1). Given that HORMADs typically participate in a variety of signaling 

mechanisms, PCH-2 function is essential to recycle HORMADs and make them available 

for future use.

Systems from bacteria to humans have exploited the PCH-2/HORMAD module to carry out 

fundamental biological processes. In most of these cases, the closed version of HORMADs 

is the active version of the protein. To prevent the spread of bacteriophage, infected bacteria 

use a HORMAD protein that adopts the closed conformation upon binding foreign phage 

proteins to initiate a signaling pathway that culminates in death before phage can replicate 

(Ye et al., 2020). In the eukaryotic spindle checkpoint, the closed version of the HORMAD, 

Mad2, initiates and amplifies the signal from unattached kinetochores to arrest or delay 

the cell cycle (Lara-Gonzalez, Westhorpe, & Taylor, 2012). During eukaryotic DNA repair, 

the closed version of Rev7, another HORMAD, independently regulates both translesion 

synthesis and DNA repair pathway choice, depending on which protein partner it binds 

(Clairmont et al., 2020; Malik et al., 2020). And in meiosis, the prophase events of pairing, 

synapsis and inter-homolog recombination are driven by the closed conformation of meiotic 

HORMADs assembling on meiotic chromosomes (Kim et al., 2014).

Structural and biochemical analysis of Mad2’s remodeling by PCH-2 have provided 

important insight into its molecular mechanics: The hexameric ATPase partially unfolds 

the N terminus of Mad2, dissociating it from its protein partner containing the closure 

motif and converting it from the closed to the open state (Alfieri, Chang, & Barford, 

2018; Ye et al., 2017). This interaction is likely to be relevant for PCH-2’s remodeling 

of meiotic HORMADs (Yang, Hu, Portheine, Chuenban, & Schnittger, 2020; Ye et al., 

2017). However, instead of an open conformation, meiotic HORMADs adopt an “extended” 

state in which the safety belt is no longer tucked against the HORMA domain (West, 

Komives, & Corbett, 2017) (Fig. 1). In contrast to Mad2, attempts to undertake similar 

structural and biochemical studies with meiotic HORMADs and PCH-2 have been less 

informative, resulting in major unanswered questions about the role of these proteins during 

meiosis. For example, what are the biological consequences of PCH-2’s remodeling of 

meiotic HORMADs? Does this remodeling occur in the nucleoplasm, the cytoplasm, on 

chromosomes or some combination of the three? What is the biological relevance of the 
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unlocked version of meiotic HORMADs? And are the answers to these questions the same 

in all systems?

3. The role of meiotic HORMADs

At the outset of meiotic prophase, a combination of proteins, including cohesins, axis 

core proteins and meiotic HORMADs, assemble on chromosomes and structure them 

in preparation for the meiosis-specific events of interhomolog pairing, synapsis and 

recombination (Ur & Corbett, 2021). Cohesins organize meiotic chromosomes into linear 

loop arrays and axis core proteins scaffold these loop arrays into an axial structure that 

can support pairing, synapsis and recombination (Ur & Corbett, 2021). In both fission 

and budding yeasts, plants and mice, axis core proteins also play an essential role in 

recruiting meiotic HORMADs to the axis. In these systems, axis core proteins, such as 

Red1 in budding yeast, Rec10/Rec27 in fission yeast, SYCP2/SYCP3 in mice and ASY3/

ASY4 in plants, contain closure motifs that allow meiotic HORMADs to adopt the closed 

conformation on meiotic chromosomes (Ur & Corbett, 2021), driving pairing, synapsis and 

interhomolog recombination. In C. elegans, axis core proteins appear dispensable for axis 

formation and meiotic HORMADs are recruited on chromosomes directly by cohesins in 

this system (Kim et al., 2014).

Despite their presence in almost all systems studied to date, meiotic HORMADs 

demonstrate some functional divergence of their own. Indeed, since PCH-2 controls the 

function of multiple HORMADS in some systems, potentially constraining its evolutionary 

trajectory, evolution may specifically target meiotic HORMADs to test out new functions. 

Meiotic HORMADs are essential for the formation of DSBs in mice, C. elegans and both 

fission and budding yeasts (Daniel et al., 2011; Goodyer et al., 2008; Latypov et al., 

2010; Mao-Draayer, Galbraith, Pittman, Cool, & Malone, 1996) but not in Arabidopsis 
(Sanchez-Moran, Santos, Jones, & Franklin, 2007). Meiotic HORMADs are depleted or 

redistributed from meiotic chromosomes in response to synapsis in mice, budding yeast 

and plants (Borner, Kleckner, & Hunter, 2004; Cuacos et al., 2021; Lambing et al., 2015; 

Wojtasz et al., 2009) but not in C. elegans (Couteau & Zetka, 2005; Goodyer et al., 2008; 

Martinez-Perez & Villeneuve, 2005; Zetka, Kawasaki, Strome, & Muller, 1999). They play 

a role in signaling meiotic progression in budding yeast, C. elegans and mice (Daniel et 

al., 2011; Kim, Kostow, & Dernburg, 2015; Kogo, Tsutsumi, Inagaki, et al., 2012; Kogo, 

Tsutsumi, Ohye, et al., 2012; Martinez-Perez & Villeneuve, 2005; San-Segundo & Roeder, 

1999; Shin, McGuire, & Rajkovic, 2013; Silva et al., 2014; Wojtasz et al., 2012) but not 

in fission yeast (Brown, Jarosinska, & Lorenz, 2018). As another clear example of their 

divergence, the number of meiotic HORMADS varies between organisms: budding and 

fission yeast have one meiotic HORMAD (Hop1) (Hollingsworth, Goetsch, & Byers, 1990; 

Lorenz et al., 2004), plants have two (ASY1 and ASY2) (Caryl, Armstrong, Jones, & 

Franklin, 2000), mice have two (HORMAD 1 and 2) (Wojtasz et al., 2009), C. elegans have 

four (HTP-3, HIM-3, HTP-1 and HTP-2) (Couteau & Zetka, 2005; Goodyer et al., 2008; 

Martinez-Perez & Villeneuve, 2005; Zetka et al., 1999) and Drosophila appear to have none 

(van Hooff, Tromer, van Wijk, Snel, & Kops, 2017). Highlighting how meiotic HORMADs 

may diverge in response to species-specific requirements, evolutionary analysis in plants 
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show that meiotic HORMADs experience positive selection in response to increases in 

ploidy (Hollister et al., 2012; Yant et al., 2013).

4. PCH-2/Pch2/PCH2/TRIP13 in meiosis

Pch2 was originally identified in S. cerevisiae as a pachytene checkpoint factor that enforced 

a meiotic arrest when there were defects in synapsis (San-Segundo & Roeder, 1999). This 

functional link with synapsis was reinforced when work in C. elegans identified PCH-2 

as essential for a checkpoint response when there were defects in synapsis but not when 

there were defects in recombination (Bhalla & Dernburg, 2005) and with the observation 

that the only model system that appeared to be missing Pch2 was fission yeast, in which 

homologous chromosomes do not synapse (Wu & Burgess, 2006). However, this simplistic 

model for Pch2/PCH-2 function was complicated by observations that budding yeast pch2 
mutants themselves exhibited recombination defects, including delays in the formation 

of crossovers (Borner, Barot, & Kleckner, 2008; Wu & Burgess, 2006), an increase in 

inter-sister recombination (Zanders, Sonntag Brown, Chen, & Alani, 2011), and effects on 

crossover assurance (Chakraborty et al., 2017), interference and homeostasis (Joshi, Barot, 

Jamison, & Borner, 2009; Zanders & Alani, 2009). Subsequent experiments in both C. 
elegans and mice verified PCH-2/TRIP13’s participation in recombination (Deshong, Ye, 

Lamelza, & Bhalla, 2014; Li & Schimenti, 2007; Roig et al., 2010), namely in crossover 

assurance and interference, further confounding its identification as simply a synapsis 

checkpoint protein. Even with the recognition that Pch2/TRIP13 depleted or redistributed 

meiotic HORMADs as chromosomes synapse (Borner et al., 2008; Wojtasz et al., 2009), the 

recombination defects observed in pch-2 mutants were difficult to explain.

As the role of PCH-2 in recombination continued to perplex the meiosis community, a more 

nuanced picture of the regulation of recombination began to emerge. It had always been 

appreciated that DSBs typically vastly outnumber crossovers. With more careful cytological 

analysis of crossover formation, there was a growing realization that the process of meiotic 

crossover recombination is implemented progressively during meiotic prophase (Cole et al., 

2012; Joshi, Brown, Bishop, & Borner, 2015; Morgan et al., 2021; Yokoo et al., 2012). 

Thus, decisions about which DSBs will become crossovers occur gradually over meiotic 

prophase, with a persistent winnowing of crossover precursors until all aspects of crossover 

control, including assurance, interference and homeostasis, are satisfied. More importantly, 

in all systems, no matter if synapsis is dependent on or independent of recombination, this 

winnowing either overlaps completely (as in C. elegans (Yokoo et al., 2012)) or partially 

(as in budding yeast, plants, and mice (Capilla-Perez et al., 2021; Cole et al., 2012; Joshi et 

al., 2015; Morgan et al., 2021)) with a period when chromosomes are synapsed, suggesting 

that there may be some mechanism to coordinate crossover recombination and synapsis 

during this progressive implementation of crossover recombination and its control. That the 

variation of recombination rates correlates better with length of the synaptonemal complex 

than with the amount of DNA provides additional support for the existence of such a 

mechanism (Lynn et al., 2002; Ruiz-Herrera et al., 2017).

Altogether, this growing body of knowledge provided a new framework within which to 

consider PCH-2’s function and its connection to both synapsis and recombination. In this 
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review, I will discuss the wide-ranging literature on PCH-2’s meiotic role and show that 

PCH-2’s effect on recombination can be explained in some systems through the coordination 

of recombination with the mechanisms that control pairing and synapsis. Further, I will 

argue that this role is generalizable to other systems despite the fact that different organisms 

use different mechanisms to control pairing and synapsis. In this way, what has appeared 

as disparate and contradictory observations about the role of PCH-2 in different organisms 

can actually be integrated into a more unified model that describes PCH-2’s conserved 

function. This role for PCH-2 may have broader implications beyond the regulation of 

crossover number and control, given the suggestion that variations in pachytene checkpoint 

stringency may play important roles in genetic incompatibility and speciation (Li, Barringer, 

& Barbash, 2009).

For the purposes of this review, I will generally use the C. elegans nomenclature for PCH-2. 

However, when discussing specific model systems, I will use the nomenclature for that 

organism (Pch2 for yeast, PCH2 for Drosophila and plants and TRIP13 for mammals). 

Further, as I discuss the details of PCH-2 function in specific contexts (pairing, synapsis, 

recombination, etc.), I will highlight common themes that provide insight into the core 

function(s) of PCH-2 across model systems, providing a more complete synthesis at the end 

of this review.

5. Localization of PCH-2

PCH-2’s localization provides our first illustration of a core, conserved function with 

species-specific embellishments and very likely reports on where PCH-2 is remodeling 

meiotic HORMADs. In almost all organisms that it has been characterized in, with the 

exception of Drosophila ( Joyce & McKim, 2010), PCH-2 localizes to meiotic chromosomes 

(Deshong et al., 2014; Joshi et al., 2009; Lambing et al., 2015; San-Segundo & Roeder, 

1999). When meiotic HORMADs are assembling on chromosomes to structure them 

for pairing, synapsis and recombination, PCH-2 can be found as puncta on meiotic 

chromosomes in budding yeast, plants and C. elegans (Deshong et al., 2014; Joshi et al., 

2009; Lambing et al., 2015; San-Segundo & Roeder, 1999). In the plant Brassica and 

budding yeast, these puncta colocalize with other proteins that mark sites where crossover 

precursors initiate synapsis (Lambing et al., 2015; Joshi et al., 2009), consistent with the 

link between recombination and synapsis. Later, after synapsis, PCH-2 localizes either as 

puncta or as linear stretches along the synaptonemal complex in budding yeast, plants and 

C. elegans (Deshong et al., 2014; Joshi et al., 2009; Lambing et al., 2015; San-Segundo 

& Roeder, 1999). In C. elegans, this localization to the synaptonemal complex coincides 

with when chromosomes are competent for crossover recombination (Deshong et al., 2014) 

and its ejection from the synaptonemal complex depends on the cell cycle polo-like kinase, 

PLK-2 (Roelens et al., 2019).

A series of elegant experiments in budding yeast have highlighted a more complicated 

picture of Pch2 localization, some of which may be unique to this system. Before its 

localization to the synaptonemal complex, Pch2 is found at the nucleolus, the region 

of the nucleus where repetitive ribosomal (r)DNA is localized (San-Segundo & Roeder, 

1999). Pch2’s enrichment at the nucleolus appears to be specifically required to limit 
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DSB formation at this repetitive sequence in budding yeast (Vader et al., 2011) and is not 

functionally connected to its role regulating meiotic progression (Herruzo, Santos, Freire, 

Carballo, & San-Segundo, 2019). Further, targeting Pch2 to the cytoplasm supports its 

ability to arrest the cell cycle when there are synapsis defects (Herruzo et al., 2021), 

indicating that Pch2’s remodeling of meiotic HORMADs and effect on meiotic progression 

can take place away from meiotic chromosomes. Plants exhibit a similar phenomenon, in 

which PCH2’s ability to remodel one of its meiotic HORMADs, ASY1, is essential to 

shuttle it into meiotic nuclei to structure meiotic chromosomes in preparation for pairing, 

synapsis and recombination (Yang et al., 2020).

Altogether, these data suggest that PCH-2’s primary meiotic role in most systems is to 

remodel meiotic HORMADs on meiotic chromosomes, both prior to and during synapsis, to 

regulate pairing, synapsis, recombination and meiotic progression, potentially coordinating 

these events. In some systems, such as in budding yeast and plants, this remodeling of 

meiotic HORMADs can also happen away from chromosomes with functional implications 

for both meiotic progression and interhomolog recombination. Meanwhile, in Drosophila, 

where PCH2 localizes to the nuclear periphery, PCH2’s role in regulating recombination 

and meiotic progression appears to only occur away from meiotic chromosomes, potentially 

presenting one extreme of evolutionary innovation in PCH2’s meiotic role.

6. Role in pairing and synapsis

As mentioned above, PCH-2’s localization to meiotic chromosomes in most systems 

suggests a role for PCH-2 in controlling pairing and synapsis. The clearest case for this 

role for PCH-2 is in C. elegans. In this organism, both pairing and synapsis are accelerated 

in pch-2 mutants (Deshong et al., 2014), indicating that PCH-2 actively inhibits these events. 

This inhibition involves the destabilization of incorrect homolog interactions during pairing 

and synapsis, since a mutant version of PCH-2 that can bind its substrates but is not able to 

remodel them results in non-homologous synapsis (Giacopazzi, Vong, Devigne, & Bhalla, 

2020). Thus, PCH-2 proofreads homolog interactions that underlie pairing and synapsis in 

C. elegans, contributing both to their accuracy and completion.

It is currently unclear whether PCH-2’s role in proofreading homolog interactions that 

underlie accurate homolog pairing and synapsis is conserved in other systems, particularly 

those that use recombination to initiate these events, but preliminary data is promising. 

In plants and mice, synapsis is incomplete in pch2/Trip13 mutants (Lambing et al., 2015; 

Miao et al., 2013; Roig et al., 2010). However, in plants, this phenotype is likely to be an 

indirect result of the requirement for PCH2 to shuttle meiotic HORMADs into the nucleus 

during meiotic prophase (Yang et al., 2020). In mice, the defects in synapsis are limited 

to regions that might present a challenge for synapsis, such as pericentric regions (Roig et 

al., 2010), suggesting a more direct role in regulating synapsis. Further, the localization of 

Pch2/PCH2 in budding yeast and plants as puncta that colocalize with proteins involved in 

recombination and synapsis (Lambing et al., 2015; Joshi et al., 2009) supports this proposed 

role in regulating pairing and synapsis.
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7. Role in recombination

Soon after Pch2’s identification as a checkpoint factor, a role for Pch2 in recombination 

began to emerge in multiple systems but the observations did not easily lend themselves to 

the development of a coherent model. Two clear themes materialize from the analysis of 

pch-2 mutants in different systems: (1) there is an effect on the number and distribution of 

crossovers; and (2) this effect is variable and non-uniform. In budding yeast pch2 mutants, 

there is a general increase in the number of crossovers on mid-sized and large chromosomes 

(Zanders & Alani, 2009), loss of assurance on small chromosomes (Chakraborty et al., 

2017), and a loss of interference in some genetic intervals but not others ( Joshi et al., 2009; 

Zanders & Alani, 2009). In plant and Drosophila pch2 mutants, recombination is elevated in 

some genetic intervals and reduced and even unaffected in others ( Joyce & McKim, 2009; 

Lambing et al., 2015), leading to similar variable effects on interference. And in murine 

Trip13 mutants, this variable effect on crossover number and distribution manifests as a 

reduction in crossover assurance, a reduction in the spacing between crossovers on large 

chromosomes and changes in the position of crossovers on shorter chromosomes (Roig et 

al., 2010). The variability of these mutant phenotypes, and the lack of a regular pattern, has 

definitely contributed to the difficulty in developing a unified, integrated model of PCH-2 

function in the field.

This challenge may be addressed by experiments in C. elegans, which benefits from a 

clearer understanding of synapsis initiation and the distribution of DSB formation across 

chromosomes, allowing distinct patterns to appear from the array of observed recombination 

defects in pch-2 mutants. Once again, in this system, mutation of pch-2 produces a loss of 

crossover assurance and non-uniform effects on recombination on two chromosomes tested, 

an autosome and the sex chromosome (Deshong et al., 2014). However, when analyzed in 

the context of pairing, synapsis and DSB formation, these recombination defects appear less 

mysterious. First, recombination is less severely affected in pch-2 mutants at pairing center 

ends of chromosomes (Deshong et al., 2014). Pairing Centers are cis-acting sites near one 

end of each chromosome that promote homolog pairing and synapsis (MacQueen et al., 

2005). Therefore, these regions are often the first to pair, the first to synapse and possibly, 

the first to initiate early events in crossover recombination. Altogether, these data suggest 

that PCH-2 limits this temporal bias in crossover formation, potentially to more widely 

distribute recombination events to regions distal to pairing centers.

Second, recombination is less severely affected in pch-2 mutants in chromosomal regions 

where DSBs are enriched (Deshong et al., 2014). C. elegans autosomes do not experience 

DSB formation, and therefore crossover formation, uniformly: chromosome ends are 

enriched for DSB formation and crossovers, relative to the central regions of the 

chromosome (Nadarajan, Altendorfer, Saito, Martinez-Garcia, & Colaiacovo, 2021; Yu, 

Kim, & Dernburg, 2016). Therefore, in addition to its possible role limiting the temporal 

bias in crossover formation, PCH-2 may also be limiting the effect of DSB enrichment to 

more widely distribute crossovers across the genome. Since the central regions of autosomes 

are also gene rich, in comparison to chromosome ends, PCH-2’s role in redistributing 

crossovers to this region may specifically be an attempt to create new haplotypes for 
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evolution to act on, despite the paucity of DSBs. It remains an open question, however, 

whether these patterns are seen on the remaining four autosomes in C. elegans.

In addition to this hypothesized role during unperturbed meiosis, additional work in 

Drosophila and C. elegans recombination mutants provides further evidence for PCH2/

PCH-2 controlling crossover distribution. In both of these systems, defects in recombination 

alters the distribution of crossovers across chromosomes and this redistribution partially 

relies on PCH2/PCH-2 (Deshong et al., 2014; Joyce & McKim, 2010). This effect 

on crossover distribution is accompanied by protracted PCH-2 activity: In C. elegans, 

PCH-2 persists on meiotic chromosomes while in Drosophila, PCH-2’s remains at the 

nuclear periphery longer (Deshong et al., 2014; Joyce & McKim, 2010). In Drosophila, 

overexpression of PCH2 is sufficient to recapitulate these effects on crossover distribution 

( Joyce & McKim, 2010). Thus, both the absence and the persistence of PCH-2 activity 

during meiotic prophase has consequences on the distribution of crossovers, consistent with 

a direct role in this process.

This context now provides a useful way to frame and potentially reanalyze the puzzling 

phenotypes observed in budding yeast, plants and mice. In these systems, DSBs both initiate 

crossover recombination and act as potential sites for synapsis initiation (Baudat et al., 

2000; Giroux et al., 1989; Grelon et al., 2001; Romanienko & Camerini-Otero, 2000). 

Similar to C. elegans, they are also not uniformly distributed and specific regions, known 

as “hot spots,” tend to be more favorable for DSB formation (Gray & Cohen, 2016) and 

presumably, the resulting downstream events, such as the decision to become a crossover 

and initiation of synapsis. Therefore, given the observation that PCH-2 limits crossovers 

where pairing and synapsis initiate and DSBs are enriched in C. elegans, an analogous 

role for Pch2/TRIP13/PCH2 in systems such as budding yeast, mice and plants might be 

to similarly limit the frequency with which these “hot spots” would become crossovers to 

ensure a wider distribution of crossovers throughout the genome and on a population level. 

Since a reduction in the number of DSBs may exacerbate the bias for “hot spots” to become 

crossovers, this role may also explain why Pch2 is essential for crossover homeostasis 

( Joshi et al., 2009; Zanders & Alani, 2009).

How PCH-2 mechanistically ensures the correct number and distribution of crossovers is 

currently unclear but in budding yeast and mice, it involves both the regulation of DSB 

formation and interhomolog bias via meiotic HORMADs. A direct interaction between 

meiotic HORMADs and an essential member of the DSB forming machinery (Mer2 in 

budding yeast and IHO1 in mice) explains how PCH-2 controls DSB formation through 

its removal and redistribution of meiotic HORMADs (Panizza et al., 2011; Stanzione 

et al., 2016). PCH-2’s participation in the installation of homolog bias is less clear. 

During crossover recombination, DNA repair is deliberately directed away from the sister 

chromatid, the preferred template during homologous recombination in mitosis, toward 

the homolog. Meiotic HORMADs are essential for homolog bias (Schwacha & Kleckner, 

1994). More specifically, in budding yeast, phosphorylation of the HORMAD, Hop1, by 

conserved DNA damage kinases promotes homolog bias (Carballo, Johnson, Sedgwick, & 

Cha, 2008). Pch2 contributes to this phosphorylation event, and homolog bias, likely in 

part by regulating the availability of Hop1 (Herruzo et al., 2016). However, since Pch2 
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interacts with the N-terminus of the DNA repair protein Xrs2 in a two-hybrid assay and 

removal of this region in Xrs2 recapitulates phenotypes observed in pch2 mutants (Ho & 

Burgess, 2011), Pch2’s regulation of interhomolog bias might be more direct and occur 

on chromosomes. Given the knowledge that recombination is progressively implemented, 

Pch2/TRIP13/PCH2 may participate in destabilizing some crossover precursors involving 

meiotic HORMADs on chromosomes to favor the stabilization of others and promote this 

redistribution, both before and during synapsis. Whether Pch2 contributes to interhomolog 

bias indirectly, directly, or some combination of the two, this role likely explains the increase 

in inter-sister recombination observed in budding yeast pch2 mutants (Zanders et al., 2011).

C. elegans differs from budding yeast and mice in that the regulation of DSB formation 

appears to be distinct from that of interhomolog recombination (Deshong et al., 2014). 

This partition has been clearly demonstrated in Drosophila ( Joyce & McKim, 2009) and 

suggests that in both of these ecdysozoans, PCH-2/PCH2’s role in controlling crossover 

number and distribution is primarily through control of interhomolog recombination 

(Deshong et al., 2014). In C. elegans, this control is likely through the remodeling of 

meiotic HORMADs on chromosomes, given their conserved role in promoting interhomolog 

crossover recombination (Couteau, Nabeshima, Villeneuve, & Zetka, 2004; Couteau & 

Zetka, 2011; Hayashi, Chin, & Villeneuve, 2007; Martinez-Perez & Villeneuve, 2005) and 

PCH-2’s localization to chromosomes when they are competent for meiotic recombination 

(Deshong et al., 2014). This functional partition is not because these two systems have 

uncoupled DSB formation from synapsis (Dernburg et al., 1998; McKim et al., 1998) 

since Arabidopsis, which needs DSBs for synapsis (Grelon et al., 2001), also does not 

rely on meiotic HORMADs for DSB formation (Sanchez-Moran et al., 2007). Instead, 

this separation of function may reflect yet another set of species-specific requirements 

for meiotic HORMADs and their regulation by PCH-2 in meiotic progression and 

crossover recombination in these systems. The major question in Drosophila is how PCH2 

accomplishes this effect on crossover distribution from the nuclear periphery ( Joyce & 

McKim, 2010) and in the apparent absence of a meiotic HORMAD (van Hooff et al., 2017).

8. Role in regulating meiotic progression

Pch2 was first identified in budding yeast as a checkpoint factor that restored meiotic 

progression when there were defects in synapsis, providing a clear link between Pch2 

function and a role in regulating meiotic progression (San-Segundo & Roeder, 1999). 

Unfortunately, deciphering this role was complicated by observations that pch2 single 

mutants produced defects in meiotic progression (Hochwagen, Tham, Brar, & Amon, 

2005; Wu & Burgess, 2006). These contradictory phenotypes can be reconciled when we 

recognize that Pch2 remodels Hop1 both on and away from chromosomes to promote 

meiotic progression (Herruzo et al., 2021; Raina & Vader, 2020). As had been suggested by 

dosage experiments with Hop1 (Bailis, Smith, & Roeder, 2000; Herruzo et al., 2016; Raina 

& Vader, 2020), Pch2 ensures there is enough Hop1 available for functional checkpoint 

signaling and this can occur away from chromosomes (Herruzo et al., 2021). However, once 

synapsis is complete, Pch2 is recruited to synapsed chromosomes to remove or redistribute 

meiotic HORMADs from chromosomes as an important signal for meiotic progression to 

continue (Raina & Vader, 2020).
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Mechanistically, Pch2’s depletion of Hop1 from budding yeast chromosomes in response 

to synapsis promotes meiotic progression by reducing the activity of Mek1 kinase, a key 

regulator of inter-homolog recombination (Niu et al., 2005; Subramanian et al., 2016; West 

et al., 2017). When Mek1 activity is down regulated, its inhibition of the transcription factor, 

Ndt80 is relieved and Ndt80 is capable of driving the transcription of factors essential for 

exit from pachytene (Chen et al., 2018; Prugar, Burnett, Chen, & Hollingsworth, 2017). 

By contrast, the depletion of meiotic HORMADs from murine meiotic chromosomes by 

TRIP13 during synapsis promotes meiotic progression by effectively silencing the DNA 

damage response. However, what this checkpoint response looks like is different based on 

sex. During spermatogenesis, when the X and Y chromosomes fail to completely synapse, 

components of the DNA damage response participate in a whole scale remodeling of these 

chromosomes to silence them in a process called meiotic sex chromosomes inactivation 

(MSCI) (Turner, 2007). MSCI is essential for the progression of spermatogenesis and events 

that disrupt it, even indirectly, lead to an early block in meiotic progression (Turner, 2007). 

For example, defects in recombination and/or synapsis produce persistent DNA damage 

on autosomes, preventing the effective accumulation of the DNA repair factors on sex 

chromosomes and early steps in MSCI (Mahadevaiah et al., 2008). TRIP13’s removal of 

meiotic HORMADs during autosomal synapsis downregulates DSB formation and alleviates 

the block to sister repair (Daniel et al., 2011; Li & Schimenti, 2007; Wojtasz et al., 2009), 

reducing the number of persistent DSBs on autosomes that may compete for DNA repair 

factors with unsynapsed sex chromosomes. In this way, MSCI is an indirect readout for 

meiotic progression and quality control. Since oocytes have two X chromosomes and do 

not experience MSCI, meiotic progression is assessed directly through the completion of 

DNA repair, although it appears that there are dose-dependent responses depending on 

the load of DNA damage: Defects in recombination that produce many persistent repair 

intermediates block meiosis earlier than defects that only disrupt synapsis or produce 

fewer repair intermediates (Rinaldi, Bolcun-Filas, Kogo, Kurahashi, & Schimenti, 2017). 

Thus, despite the mechanistic differences in how meiotic progression is promoted, synapsis, 

and the concomitant removal/redistribution of meiotic HORMADs by Pch2/TRIP13, is an 

essential reporter of effective quality control during meiosis in both budding yeast and mice.

What about in systems in which synapsis precedes and does not rely on DSB formation 

and the initiation of recombination? The role of meiotic HORMADs in C. elegans in 

regulating meiotic progression shares some similarities and some differences with budding 

yeast and mice. In this system, meiotic HORMADs also assemble on meiotic chromosomes 

to drive pairing, synapsis and recombination but do not get removed in response to synapsis 

(Couteau & Zetka, 2005; Goodyer et al., 2008; Martinez-Perez & Villeneuve, 2005; Zetka 

et al., 1999). In contrast to what is observed in budding yeast and mice and inferred in 

plants, it is the binding of three of the four meiotic HORMADs, HIM-3, HTP-1 and HTP-2, 

on chromosomes that promotes meiotic progression (Kim et al., 2015). Some evidence 

suggests that a soluble version of HTP-1 that fails to assemble on meiotic chromosomes, 

and presumably is present as an extended conformer, delays meiotic prophase (Silva et al., 

2014). This model for how meiotic HORMADs might regulate meiotic progression in C. 
elegans, in which a soluble version that fails to bind meiotic chromosomes delays meiosis, is 

in direct contrast to the model presented in budding yeast and mice, in which the removal of 
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meiotic HORMADs from meiotic chromosomes by Pch2/TRIP13 drives meiotic progression 

and may signal that the downstream mechanisms that impact meiotic progression will be 

specific to C. elegans.

From this assortment of checkpoint mechanisms in budding yeast, mice and C. elegans, 

one coherent picture that emerges is that PCH-2 and/or meiotic HORMADs consistently 

coordinates the cell cycle with the events of recombination and synapsis in multiple systems 

but in ways that are layered on species-specific regulation of meiotic progression. Indeed, 

the situation in Drosophila, in which PCH2 delays meiosis in response to defects ( Joyce 

& McKim, 2009, 2010) despite the apparent absence of a meiotic HORMAD in its genome 

(van Hooff et al., 2017), may be one extreme example that highlights this point. Given that 

defects in meiosis produce varying effects on meiotic progression, both within species and 

between species, it is entirely possible that this variation in PCH-2 dependent checkpoint 

responses is a defining feature in the evolution of this process.

9. Requirement for a cofactor

Another major difference that highlights the differences between PCH-2’s role in different 

meiotic systems is the requirement of a cofactor. Structural and biochemical studies with 

Mad2 have reinforced that PCH-2/TRIP13 uses a cofactor, CMT-1/p31comet, to mediate 

interaction with its HORMAD substrates (Alfieri et al., 2018; Ye et al., 2015). The 

expansion of the HORMAD/PCH2 module to include an adaptor is conserved in plants 

and C. elegans (Balboni, Yang, Komaki, Brun, & Schnittger, 2020; Giacopazzi et al., 2020; 

Ji et al., 2016). In Arabidopsis, COMET facilitates PCH2’s ability to shuttle the meiotic 

HORMAD, ASY1, into the nucleus in early prophase and PCH2’s depletion of ASY1 

from meiotic chromosomes in response to synapsis (Balboni et al., 2020). In rice, mutation 

of P31comet function produces defects in DSB formation, homolog pairing and crossover 

recombination ( Ji et al., 2016). In C. elegans, unlike in Arabidopsis, mutation of cmt-1 does 

not affect PCH-2’s localization to meiotic chromosomes but recapitulates the phenotype of 

a mutant version of PCH-2 that binds substrates but cannot remodel them (Giacopazzi et al., 

2020), implicating CMT-1 in PCH-2’s ability to hydrolyze ATP and remodel HORMADs 

but not in its PCH-2’s ability to bind its substrates. By contrast, other organisms, such as 

budding yeast, do not have an obvious CMT-1/p31comet ortholog (van Hooff et al., 2017), 

raising the question of what the molecular mechanics of meiotic HORMAD remodeling look 

like in this system.

10. A unified model of PCH-2’s role in meiotic prophase

How to integrate this complex and disparate data into an integrated model of PCH-2 

function in meiotic prophase? The theme that emerges is an important meiotic role for 

PCH-2 and its orthologs with common features and species-specific embellishments. For 

example, a common feature to all systems is that PCH-2 remodels meiotic HORMADs 

in solution (to make them available for loading onto meiotic chromosomes and/or shuttle 

them into the nucleus) (see #1 in Fig. 2) and/or on chromosomes to regulate the role of 

meiotic HORMADs in inter-homolog recombination, affecting the number and distribution 

of crossovers.
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For systems such as budding yeast, plants and mice, in which crossover recombination is 

initiated prior to synapsis, Pch2/PCH2/TRIP13’s role in regulating crossover number and 

distribution is central and occurs prior to synapsis, possibly to ensure a wider distribution 

of crossovers beyond DSB “hot spots.” However, since crossover precursors are essential 

for robust pairing and synapsis in these systems (Baudat et al., 2000; Giroux et al., 1989; 

Grelon et al., 2001; Romanienko & Camerini-Otero, 2000) and Pch2/PCH2 colocalizes with 

crossover precursors in budding yeast and plants (Lambing et al., 2015; Joshi et al., 2009), 

this remodeling on chromosomes is also likely relevant for pairing and synapsis (see #2 in 

Fig. 2), possibly proofreading them for accuracy.

Once synapsis initiates in these systems, PCH-2 localizes to SC (see #3 in Fig. 2) to 

deplete or redistribute meiotic HORMADS and signal successful synapsis, the progression 

of most crossover precursors into appropriate DNA repair pathways and that meiosis should 

progress. This depletion also restores the sister chromatid as a viable DNA repair template, 

allowing for the completion of DNA repair, and in some systems, downregulates DSB 

formation. Further, this depletion may be selective: work in budding yeast has shown that 

its meiotic HORMAD, Hop1, persists at chromosome ends, leading to an increase in DSBs 

on shorter chromosomes (Subramanian et al., 2019), thus guaranteeing they get crossovers. 

Finally, although meiotic HORMADs are depleted from chromosomes during synapsis, 

they are not completely removed (Cuacos et al., 2021; Lambing et al., 2015; Wojtasz et 

al., 2009), suggesting roles for both meiotic HORMADs and Pch2/PCH2/TRIP13 even 

when chromosomes are synapsed, such as contributing to the gradual implementation of 

crossovers and their control and distribution during synapsis.

In systems in which synapsis precedes recombination, such as C. elegans, the data for 

PCH-2’s role in pairing and synapsis is clearest (Deshong et al., 2014; Giacopazzi et al., 

2020) (Fig. 3A) and is likely accomplished by PCH-2 remodeling meiotic HORMADs 

on chromosomes directly involved in driving pairing and synapsis. Once chromosomes 

synapse, PCH-2 localizes to the SC and remodels meiotic HORMADs on these synapsed 

chromosomes to coordinate control of meiotic recombination so that it is more widely 

distributed than simply at the first places to pair, synapse or experience DSBs. This 

remodeling also helps implement crossover assurance and interference (Fig. 3).

PCH2’s role is clearly different in Drosophila, where PCH2 appears to regulate meiotic 

progression and when chromosomes are competent for crossover formation from the 

nuclear periphery ( Joyce & McKim, 2010), raising the obvious question: what is its 

meiotic substrate(s)? One possible candidate is Mad2 which controls cell cycle progression 

(Rodriguez-Bravo et al., 2014) and has been shown to regulate meiotic synapsis in C. 
elegans through its localization at the nuclear periphery (Devigne & Bhalla, 2021). Another 

compelling candidate is Rev7, either through its capacity in regulating recombination 

(Clairmont et al., 2020) or cell cycle progression (Listovsky & Sale, 2013; Pfleger, Salic, 

Lee, & Kirschner, 2001).

Pch2/PCH2’s remodeling of HORMADs in the cytoplasm to make them available for 

their roles in meiotic nuclei is clear in both budding yeast and plants (Herruzo et al., 

2021; Yang et al., 2020). What does PCH-2’s remodeling of meiotic HORMADs directly 
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on chromosomes accomplish, aside from their depletion to signal meiotic progression 

in some systems? Aside from their adoption of multiple conformers to accomplish 

different functions, another hallmark of HORMADs is a dimerization interface that enables 

interactions with other factors (Rosenberg & Corbett, 2015). One possibility is that 

PCH-2’s remodeling of meiotic HORMADs on chromosomes destabilizes interactions at 

this interface that are required for pairing, synapsis and/or interhomolog recombination (Fig. 

3B). This model could explain PCH-2’s proofreading function during pairing and synapsis 

and potentially its role in controlling the number and distribution of crossovers. In particular, 

PCH-2’s ability to destabilize some crossover intermediates to favor their distribution 

elsewhere in the genome during the progressive implementation of crossover recombination 

could account for its observed involvement in crossover assurance, interference and 

homeostasis in almost all systems to date.

A final set of species-specific embellishments are the variations in molecular mechanisms 

that produce the checkpoint responses that rely on HORMADs and are regulated by PCH2 

in response to meiotic defects. It seems clear that, when confronted with meiotic defects, 

the PCH-2/HORMAD module often exploits meiotic processes specific to species, such as 

MSCI during mammalian spermatogenesis, to implement its effect on meiotic progression. 

These species-specific mechanisms could also explain the variation in stringency of 

pachytene checkpoint responses among different species, even among sexes in the same 

species. Since these differences in checkpoint stringency have been used to explain the 

ability of some organisms to tolerate genetic incompatibilities and changes in ploidy (Li et 

al., 2009), it is possible that future studies of the PCH-2/HORMAD module will expand this 

discussion to our understanding of speciation and hybrid sterility.

11. Conclusion

The role of PCH-2 in meiosis has long been enigmatic and confusing, defying an easy and 

accessible characterization of its conserved function among the variety of systems in which 

meiosis is currently studied. However, its conservation, even in systems lacking meiotic 

HORMADs, suggests an important role in meiotic regulation. When assessed in the context 

of the multiple, different ways that essential events in meiosis are themselves regulated 

in these systems, a conserved function for PCH-2 becomes clearer and differences can be 

interpreted as species-specific embellishments on this conserved function. Indeed, given that 

sexual reproduction is known for evolutionary innovation, these differences may provide as 

much insight into how organisms coordinate recombination with synapsis as conservation 

and similarities do.
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Fig. 1. 
Model for PCH-2/Pch2/PCH2/TRIP13 in remodeling meiotic HORMADs. Schematic of 

different conformers of meiotic HORMADs that have been demonstrated to exist in vitro 

(extended and closed) and their remodeling by PCH-2 and its orthologs. Whether meiotic 

HORMADs also adopt the open conformation is unknown.
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Fig. 2. 
Model for Pch2/TRIP13/PCH2 function in systems in which recombination precedes 

synapsis, such as budding yeast, plants and mice. 1. Pch2 (green hexamer) remodels meiotic 

HORMADs from their closed conformation, bound to its own closure motif, to the extended 

conformation to enable its entry into meiotic nuclei and assembly on meiotic chromosomes. 

2. During leptotene/zygotene, Pch2 forms puncta on meiotic chromosomes, colocalizing 

with crossover precursors, remodeling meiotic HORMADs from closed to extended to 

contribute to the gradual implementation of crossover number and distribution and possibly 

proofread homolog pairing and synapsis. Yellow ovals represent axis proteins that contain 

closure motifs and recruit meiotic HORMADs. 3. During pachytene, Pch2 localizes to 

the synaptonemal complex between synapsed homologous chromosomes, depleting meiotic 

HORMADs to limit meiotic recombination, drive meiotic progression and participate in the 

last stages of implementing crossover number and distribution through the remodeling of a 

reduced pool of meiotic HORMADs on meiotic chromosomes.
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Fig. 3. 
Model for PCH-2 function in systems in which synapsis precedes recombination and 

PCH-2 localizes to the synaptonemal complex, such as C. elegans. (A) 1. During leptotene/

zygotene, Pch2 forms puncta on meiotic chromosomes, remodeling meiotic HORMADs 

from closed to extended to control to proofread homolog pairing and synapsis. Yellow ovals 

represent axis proteins that contain closure motifs and recruit meiotic HORMADs. In this 

system, the assembly of meiotic HORMADs on chromosomes drives meiotic progression. 

2. During pachytene, PCH-2 localizes to the synaptonemal complex between synapsed 

homologous chromosomes, meiotic HORMADs remain on chromosomes and remodeling 

meiotic HORMADs from closed to extended to contribute to the gradual implementation of 

crossover number and distribution. The presence of soluble extended conformers of at least 

one meiotic HORMAD, HTP-1, delays meiotic progression. (B) A model for how PCH-2’s 

remodeling of meiotic HORMADs could destabilize interhomolog intermediates involved 

in pairing, synapsis and/or recombination on meiotic chromosomes, contributing to their 

proofreading and regulation.
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