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1Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720-3220,
USA

2Howard Hughes Medical Institute, 4000 Jones Bridge Road, Chevy Chase, MD 20815, USA

SCalifornia Institute for Quantitative Biosciences, Berkeley, CA 94720, USA

Abstract

During meiotic prophase, chromosomes pair and synapse with their homologs and undergo
programmed DNA double-strand break (DSB) formation to initiate meiotic recombination. These
DSBs are processed to generate a limited number of crossover recombination products on each
chromosome, which are essential to ensure faithful segregation of homologous chromosomes. The
nematode Caenorhabditis elegans has served as an excellent model organism to investigate the
mechanisms that drive and coordinate these chromosome dynamics during meiosis. Here we focus
on our current understanding of the regulation of DSB induction in C. elegans. \We also review
evidence that feedback regulation of crossover formation prolongs the early stages of meiotic
prophase, and discuss evidence that this can alter the recombination pattern, most likely by
shifting the genome-wide distribution of DSBs.

Introduction

Sexually reproducing organisms rely on correct execution of meiosis to faithfully transmit
genetic information from parent to progeny. The reduction in chromosome number during
meiosis is achieved by a single round of DNA replication, followed by two consecutive
nuclear divisions, in which homologs and then sister chromatids separate from each other.
Prior to these divisions, each chromosome must pair with its homologous partner, undergo
synapsis (formation of the synaptonemal complex, or SC), and accomplish crossover
recombination. This multi-step process leads to the formation of physical linkages known as
chiasmata, which enable each chromosome pair to bi-orient and separate during the first
meiotic division.
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Crossover formation and all other meiotic recombination events initiate with programmed
DNA double-strand breaks (DSBs). The enzyme responsible for DNA cleavage during
meiosis was first identified in budding yeast (Saccharomyces cerevisiae) as the
topoisomerase-related Spol1 protein [1]. A conserved role for Spo11/SPO-11 in metazoan
meiosis was first demonstrated in C. elegans [2]; this was quickly extended to many other
organisms, and is likely a universal feature of meiotic recombination [3]. The activity of
Spoll is tightly regulated, both to ensure that breaks occur in a structural context where they
can be repaired efficiently and to optimize the timing, number, and genome-wide
distribution of DSBs, the latter of which is a major determinant of the crossover pattern. This
regulation shows dramatic variation among eukaryotes. In most mammals, DSB “hotspots”
are specified by the genome-wide binding of Prdm9, a sequence-specific DNA-binding
protein with histone methyltransferase activity [4]. However, Prdm9-mediated specification
of DSB sites is not seen in other lineages. Instead, the meiotic DSB pattern is thought to be
influenced by a constellation of chromosome architectural features and chromatin
modifications, as well as Spol11 accessory proteins, most of which have poorly understood
activities and diverge rapidly during evolution.

The nematode Caenorhabditis elegans has emerged as an excellent model system to study
meiotic chromosome dynamics. It offers well-developed molecular genetic tools, some
idiosyncrasies that facilitate identification and analysis of mutations affecting meiosis [5]1,
and advantageous anatomy, in which the complete meiotic progression is observed in a
spatio-temporal sequence within the gonad arms (Figure 1A). DSB formation, as well as
other aspects of meiotic progression, can be monitored by immunofluorescence and other
cytological methods [6]. The genome-wide landscape of meiotic DSBs was recently mapped
as part of the modENCODE project [7]. Here we will review our current understanding of
the regulation of DSB formation in C. elegans. In addition, we summarize evidence from C.
elegans that crossover formation is regulated by a “crossover assurance” checkpoint that can
feed back to impact the abundance and genome-wide distribution of DSBs.

The landscape of DSBs underlies the crossover distribution in C. elegans

All eukaryotes display biases in the genome-wide distribution of their meiotic crossovers,
but these patterns are quite variable among species. Chromosome-wide crossover patterns
have likely coevolved with meiotic chromosome segregation mechanisms to ensure accurate
segregation and faithful transmission of genetic information. For example, crossovers are
generally suppressed around centromeres, telomeres, and other heterochromatic regions,
which likely reflects a tendency for crossovers in centromere-proximal and telomere-
adjacent regions to give rise to higher frequencies of meiotic segregation errors.

The haploid genome of C. elegansis ~100 Mb, divided among 6 chromosomes of roughly
similar size (range: 13.8-21.0 Mb). A large body of recombination data in C. elegans
revealed that crossover recombination is biased to occur along the distal, or “arm” regions of
each chromosome, while the central domains, comprising about half of the physical length

IMutations that disrupt meiosis typically give rise to an easily recognized “High incidence of males” (Him) phenotype. This arises
from the XX/XO system of sex determination in C. elegans, coupled with the fact that even severe meiotic defects do not prevent the
production of functional sperm or oocytes, as they do in many organisms.
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of each chromosome, show crossover rates severalfold (3—7-fold) lower [8,9]. High-
resolution recombination mapping within limited intervals has indicated an absence of true
“hotspots,” a cold zone for crossovers that spans several hundred kilobases adjacent to each
telomere, and an absence of a sharp boundaries between the hotter arms and the cooler
centers (Figure 1B) [9,10].

It is currently unknown why the arms have higher recombination rates than the central
regions. This is not due to crossover suppression around centromeres: C. elegans, like most
nematodes, is holocentric, meaning that its kinetochores form at many sites along the length
of each chromosome, rather than at a single centromeric locus. Surprisingly, genome-wide
mapping has revealed that the recombinogenic arms are more highly enriched than the
central regions for features associated with heterochromatin, particularly di- and tri-
methylation of lysine 9 on histone H3 (H3K9me2/me3), lamin-associated domains, and
many (but not all) classes of transposons and other repetitive elements [11-14]. Thus, C.
elegans seems to differ from many other eukaryotes in that recombination is positively
correlated with these features, at least at low resolution. However, the genome lacks large
blocks of tandemly repeated sequences that typically comprise constitutive heterochromatin
in eukaryotes, and at finer scale, meiotic recombination is likely associated with regions of
transcriptional activity rather than silent regions (see below).

Early steps in meiotic recombination involve endonucleolytic cleavage to remove SPO-11
and resection of the same DNA strands to expose single-stranded 3" overhangs [15]. This
initial processing allows the strand-exchange protein RAD-51 to bind as helical filaments
along the ssDNA ends, which is required for strand invasion and thus for all homologous
recombination (HR) [16,17]. Caenorhabditidslack both the Dmc1 protein that collaborates
with Rad51 to execute meiotic recombination in most organisms [16] and the histone variant
H2A.X, which is phosphorylated by DNA damage response kinases at DSB sites. Due to the
absence of these markers, RAD-51 immunofluorescence is the most widely-used tool for
cytological detection of DSBs in C. elegans. The appearance of RAD-51 foci depends on
SPO-11 activity. Foci are first detected soon after meiotic entry, concomitant with pairing
and synapsis. They peak in number at mid-pachytene, and disappear by late pachytene [18].

As part of the C. elegans modENCODE project, our group generated a map of meiotic DSBs
by RAD-51 chromatin immunoprecipitation from young adult animals and high-throughput
sequencing (ChlP-seq) [19,20]. RAD-51 was found to be enriched along chromosome arms
relative to the centers. The genome-wide pattern of RAD-51 enrichment largely mirrors the
crossover distribution, indicating that the observed arm/center bias in crossover
recombination is a consequence of preferential break formation along the arms, similar to
findings in many other species. This is consistent with evidence that exposure of C. elegans
to ionizing radiation during meiosis preferentially increases crossing-over in a cooler central
chromosome region [21], presumably reflecting a random distribution of radiation-induced
DNA damage. There was one clear disparity between the genetic map and the DSB
landscape: RAD-51 was enriched along the full extent of the arms, but crossovers are rarely
detected in subtelomeric regions. This implies that DSBs near telomeres are repaired
through noncrossover pathways, most likely through intersister repair or gene conversion
(interhomolog repair without exchange of flanking markers). RAD-51 ChIP-seq also
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confirmed a lack of apparent hotspots at the resolution of the method (~500 bp), although
“peaks” of RAD-51, sites typically showing 3—4-fold enrichment over surrounding
sequences, could be discerned. Consistent with recombination mapping data, gradual
transitions rather than sharp boundaries of RAD-51 enrichment were detected between the
arms and the central region of each chromosome (Figure 1B).

Based on cytological analysis of the distribution of RAD-51 foci along pachytene
chromosomes, it has been suggested that DSBs do not show arm enrichment, and that the
crossover bias is thus imposed at a step subsequent to DSB formation [22]. However, we
note that this analysis was performed in rad-54 mutants, which cannot make crossovers [23]
and therefore activate a crossover assurance checkpoint (see below). This results in a highly
elevated number of RAD-51 foci, which very likely reflects both an extended duration of
DSB formation, and a global shift in the genome-wide distribution of DSBs, as argued
below.

Detailed analysis of the RAD-51 ChIP-seq distribution in relation to other chromatin
components has not yet been published, but the raw and processed ChlP-seq data from the
modENCODE project are publicly available [24]. We found that RAD-51 enrichment
correlated positively with histone marks associated with active transcription, including
H3K4me3 and particularly H3K36mel, which is strongly associated with long introns
within actively transcribed genes on the chromosome arms. While RAD-51 and H3K9 di-
and tri-methylation are all enriched on chromosome arms, RAD-51 was inversely correlated
with both H3K9me2 and H3K9me3 enrichment when compared on shorter length scales.
Moreover, both crossover recombination and RAD-51 enrichment show even more
pronounced arm enrichment in met-2 mutants, which are deficient for H3K9 methylation in
the germline (C. Kotwaliwale and AFD, unpublished observations). We interpret these
findings to indicate that these histone marks, or other chromatin features associated with
them, inhibit the formation of meiotic DSBs, as they do in other species [25-27]. An
intriguing possibility is that a recently discovered mark, H3K23me3, which is strongly
enriched in the germline of both Tetrahymenaand C. elegans, may play a more direct role in
repressing DSB formation by SPO-11 [28]. While the genome-wide distribution of this mark
in C. elegans has not yet been reported, and nothing is yet known about its regulation,
H3K23me3 has been found to be co-enriched on H3 tails that also carry H3K9me2 or
H3K9me3 [29].

Beyond SPO-11: other factors required for DSB formation in C. elegans

While orthologs of Spol1 are readily recognized by homology and universally required for
meiotic DSB formation, accessory proteins that regulate the activity of Spol11 are not well
conserved [30]. Among the accessory proteins required for Spol1l to generate DSBs in S.
cerevisiae (defined here as proteins that are not considered to be directly involved in DNA
repair chromosome structure), only Mei4 and Rec114, which form a complex with Mer2 in
budding yeast, are known to have orthologs in other phyla, but even these proteins have not
been found in some lineages, including C. elegans [31]. However, genetic screens have
identified other factors that are required to initiate meiotic recombination in C. elegans. Two
of them, DSB-1 and DSB-2, may play similar roles to the Mei-4-Rec114-Mer2 complex

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 June 01.
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(Figure 2) [18,32]. These proteins are similar to each other in sequence, and both localize to
meiotic chromatin during the time of DSB formation. They do not appear to colocalize
extensively at the resolution of diffraction-limited fluorescence microscopy. The
chromosomal localization of DSB-2 depends on DSB-1, but DSB-1 does not require DSB-2.
DSB-1 is required for all DSBs, while loss of DSB-2 results in a marked reduction in
crossover formation that becomes more severe with age. Because DSB-1 and DSB-2 lack
recognizable protein domains and have no apparent orthologs outside of nematodes, how
they promote break formation remains unclear. They do contain clusters of potential
phosphorylation sites for the ATM/ATR family of kinases, suggesting they might regulate
the abundance of DSBs through negative feedback, similar to Rec114 [33]. Future efforts to
map the distribution of DSB-1/2 along chromosomes or to identify interacting factors may
help to illuminate DSB regulation.

Localization of DSB-1 and DSB-2 to chromosomes depends on the activity of CHK-2
[18,32], a meiosis-specific serine/threonine kinase that was also identified through a genetic
screen in C. elegans [34]. While CHK-2 is homologous to the well-studied mammalian
DNA-damage kinase Chk2, its function has clearly diverged: it lacks the clusters of SQ/TQ
motifs that mediate regulation of Chk2 by ATM and ATR in response to DNA damage, and
is dispensable for DNA damage-mediated cell cycle arrest in the C. elegans germline
[34,35]. However, it is essential for both DSBs and other key processes of early meiotic
prophase, including homolog pairing and synapsis. Direct substrates of CHK-2 that are
important for homolog pairing and synapsis have recently been identified (see below), but
the role of this kinase in DSB formation is less well defined.

Several other proteins also influence meiotic DSB formation in C. efegans (Figure 2).
Mutations in the rec-1 gene, the first known meiotic mutant in C. elegans, cause an increase
in centrally located crossovers at the expense of arm crossovers [36,37], and thus likely
affects the underlying DSB pattern; however, rec-1 does not affect the overall crossover
frequency or fidelity of chromosome segregation. Recombination defects observed in
him-17null mutants can be rescued by exogenous breaks, indicating that the chromatin-
associated THAP domain protein HIM-17 promotes meiotic DSBs [38]. Two additional
chromosome-associated proteins, XND-1 and HIM-5, are required for DSB formation
specifically on the X chromosome [39,40]. It is unsurprising that the X-chromosome would
have distinct requirements for DSB formation during meiosis, since unlike the autosomes, it
is transcriptionally silent during meiosis [41]. However, both XND-1 and HIM-5 are
enriched on the autosomes relative to the X chromosomes [39,40]. Recent work has
identified the rec-1 gene and shown that it encodes a paralog of HIM-5 [41]. While REC-1 is
conserved among related nematodes, HIM-5 may be the product of a recent gene duplication
specific to C. elegans. HIM-5 and REC-1 appear to play partially overlapping roles in
promoting DSB formation, since rec-1,; him-5 double mutants show a severe, genome-wide
DSB deficiency, unlike either single mutant [41]. REC-1 may be expressed only at low
levels, since a REC-1-GFP transgene could not be detected cytologically [41]. Its molecular
role thus remains mysterious.

Unlike DSB-1 and DSB-2, which localize to meiotic chromosomes specifically during the
temporal window of DSB formation, HIM-17, HIM-5, and XND-1 are detected in nuclei
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throughout more extensive regions of the germline, including in premeiotic nuclei [38-40],
and are all enriched on autosomes relative to the X chromosome. HIM-17 and XND-1 were
both included among the ChlP-seq targets for the modENCODE project [42]. Genome-wide
mapping revealed that both HIM-17 and XND-1 are strongly enriched at the promoters of
many germline-expressed genes, suggesting that they may act primarily to regulate
transcription. This is consistent with their enrichment on autosomes, since the X
chromosome lacks protein-coding genes that are expressed in the germline [41].
Additionally, the idea that HIM-17 and XND-1 are transcription factors can explain their
pleiotropic effects on germline functions, which include partial sterility, meiotic entry
defects, and temperature sensitivity [39,40,43], in addition to their reported effects on
germline histone modifications. The genes whose promoters are bound by HIM-17 and
XND-1 overlap extensively and include those encoding the DSB-promoting factors dsb-2,
him-5, and rec-1, which may explain the effects of #im-17and xnd-1 mutations on
recombination initiation. Consistent with the idea that HIM-17 and/or XND-1 influence
recombination by promoting expression of other factors, HIM-5 is not detected on
chromosomes in Aim-17or xnd-1 mutants [40], and DSB-2 immunofluorescence shows
reduced intensity in 2im-17mutants [32].

Initial analysis of #i/m-17and xnd-1 mutants was interpreted to indicate that these proteins
promote DSB formation by altering chromatin structure [38,39]. However, it now seems
unlikely that the reduction in H3K9 trimethylation observed in germline nuclei of /im-17
mutants [38] is directly related to DSB formation, since disruption of met-2, which encodes
the major H3K9 methyltransferase in the C. elegans germline, does not impair break
formation or meiotic recombination [44], although it does impact meiotic surveillance
mechanisms [44,45]. By similar logic, the role of XND-1 in promoting breaks is more likely
due to its regulation of downstream genes, particularly Aim-5, than to a direct role in
chromatin modification, since mutations in Aim-5similarly impair DSB formation on the X
chromosome but without the increase in acetylation of H2A lysine 5 observed in xnd-1
mutants [39,40]. The observation that HIM-5 is enriched on autosomes throughout the
premeiotic and early meiotic stages of the germline suggests that it may also play a role in
transcription (by extension, the HIM-5 paralog REC-1 may have a similar function), but
efforts to map the genome-wide HIM-5 distribution during the modENCODE project were
unsuccessful so it is unclear whether the protein is associated with active genes.

Meiotic chromosome structure and DNA repair proteins promote initiation

of recombination

A hallmark of meiotic prophase is the reorganization of chromosomes into an “axis-loop”
configuration, which is a prerequisite for DSB formation, pairing, and synapsis (Figure 2)
[46,47]. This structural remodeling is likely driven by cohesin complexes, which are
diffusely distributed throughout interphase chromatin but coalesce to form a linear
chromosome axis upon meiotic entry. How this reorganization occurs is unknown, but it may
be in part a consequence of the replacement of canonical mitotic cohesin proteins by
meiosis-specific variants, a phenomenon observed across eukaryotic phyla. In C. elegans,
the major mitotic kleisin SCC-1 is replaced by three meiosis-specific kleisins, REC-8,

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 June 01.
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COH-3, and COH-4 [48,49]. COH-3 and COH-4 are highly similar and functionally
redundant, at least by current assays. While REC-8 or COH-3/4 alone can maintain
association between sister chromatids at diakinesis, these two types of kleisins play distinct
roles during chromosome segregation, and also contribute differentially to the function of
the chromosome axis much earlier, during leptotene/zyogtene [48,50]. DSBs are formed in
mutants that lack either REC-8 or COH-3/4, but RAD-51 foci are severely reduced in triple
rec-8; coh-4 coh-3 mutants [50], and DSB formation is similarly impaired in other cohesion-
defective mutants.

In addition to cohesins, the meiotic chromosome axis in C. elegans contains four related
meiosis-specific HORMA domain proteins: HIM-3, HTP-1, HTP-2 and HTP-3 [51-54].
Mammals have two such proteins (HORMAD1 and HORMAD?2), while budding yeast has
one (Hopl) [55,56]. HORMA domains bind to short, linear peptide motifs within other
proteins [57]. The four C. elegans proteins associate with the chromosome axis through a
hierarchical complex [58]. The C-terminal tail of HTP-3 contains binding sites that are
specific for the other HORMA proteins, and are required to recruit them to the axis [58].
HTP-3 is required for DSB formation, consistent with the requirement for HORMA domain
proteins to generate meiotic DSBs in other organisms [56,59-61], but this activity does not
depend on its recruitment of HIM-3 or HTP-1/2 to the chromosome axis [53,58]. HTP-3 has
been found to interact with MRE-11 and RAD-50 [53], which may be related to its role in
promoting DSBs (see below). As cohesins are required for the association of HTP-3 with
meiotic chromosomes [48,53], HTP-3 is likely recruited to the axis by binding of its
HORMA domain to a cohesin subunit.

While cohesins and HTP-3 at the chromosome axis promote DSB formation, condensins,
which also play important roles in meiotic chromosome architecture, have an inhibitory
effect on DSBs. Downregulation of components of either the Condensin | or Condensin 11
complex leads to axis elongation, and results in an increased number of SPO-11-dependent
RAD-51 foci and crossovers [23,62]. This may reflect an “opening” of chromatin structure
or perturbation of the regulatory mechanisms that control the timing and number of DSBs.
The DNA damage kinases ATM (ATM-1) and/or ATR (ATL-1) likely contribute to this
regulation, as they do in other organisms. [33,63,64].

Initiation of meiotic recombination in C. efegans, as in other organisms, also depends on a
subset of the DNA repair machinery. Spo11/SPO-11 forms covalent adducts with DNA
when it generates DSBs, and its removal by endonucleolytic cleavage is essential for
downstream steps of meiotic recombination (Figure 2). The mechanisms of Spoll removal
and end resection are conserved among eukaryotes and require the MRN/MRX complex,
comprised of Mrel1, Rad50, and Nbs1 or Xrs2 [15,65]. Orthologs of Mrell and Rad50 have
been shown to be required for meiotic recombination in C. elegans [65,66], however, a third
member of this complex has not yet been identified.

Because RAD-51 does not bind to DNA when early DSB processing steps are abrogated, the
dependence of DSBs on these factors was investigated through experiments in which worms
were irradiated to produce exogenous breaks. At diakinesis in mre-11 and rad-50 mutants,
twelve individual achiasmate chromosomes, or univalents, are observed, but when these
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animals are irradiated during meiosis, the chromosomes become fragmented [67,68].
Further, mutations in mre-11 or rad-50are able to suppress the fragmentation and
aggregation of chromosomes seen at diakinesis in rad-51 and bre-2 mutants, which are
unable to repair breaks through HR [16,69]. These findings indicate that although they act
“downstream” of DSBs, MRE-11 and RAD-50 also promote DSB formation in C. elegans
[67,68], and that RAD-51 and BRC-2 are dispensable for breaks. Similarly, the MRX
complex promotes meiotic DSBs in budding yeast, but separation-of-function alleles of
RADS50and MRE11 that permit Spoll cleavage while still impairing their roles in break
processing have been identified [70,71]. A similar allele of mre-11 has also been identified
in C. elegans[72]. Reduction of the meiosis-specific cohesin REC-8 results in an increase in
RAD-51 foci [17,68], and also allows SPO-11 to make breaks in the absence of MRE-11
and RAD-51 [68], indicating that this complex is not absolutely required for DSBs but may
counteract inhibitory effects of chromosome structure. COM-1, the C. elegans ortholog of
Sae2/CtIP, was initially implicated in processing breaks to enable RAD-51 binding, but a
subsequent study demonstrated that RAD-51 foci and crossovers are restored in com-1
mutants when nonhomologous end joining (NHEJ) proteins are also removed, indicating that
the primary role of COM-1 may be to inhibit repair of meiotic DSBs by NHEJ, thereby
promoting repair through RAD-51-dependent HR mechanisms [73,74].

Interplay between DSB formation, pairing, and synapsis in C. elegans

Analysis of C. elegans spo-11 mutants first revealed that, unlike in budding yeast, plants,
and mammals, homolog pairing and synapsis occur independently of DSBs in this organism
[2]. All other known proteins involved in meiotic recombination, including RAD-50,
MRE-11, COM-1, RTEL-1, BRC-2, RPA-1, BRD-1, RAD-51, RAD-54, MSH-4, MSH-5,
COSA-1, etc. are also dispensable for timely and accurate pairing and synapsis
[17,67,68,73,75-78]. Nevertheless, DSB formation coincides with homolog pairing and
synapsis during early meiotic prophase, and occurs independently of pairing and synapsis.
During the leptotene-zygotene stage, known as the “transition zone” region in C. elegars,
special regions near one end of each chromosome known as meiotic pairing centers [79]
tether chromosomes to the nuclear envelope and establish a linkage to microtubules and the
dynein motor through the SUN/KASH domain proteins SUN-1 and ZYG-12 [80,81]. This
pairing center-mediated chromosome motion is an evolutionary variant of the telomere-led
movements seen in most organisms, which often results in a clustering of chromosome ends
at the nuclear envelope known as the “meiotic bouquet” [82]. These cytoskeleton-mediated
movements promote homolog pairing and synapsis in C. elegans (Figure 1A) [81,83,84].

Pairing centers are specified by a family of zinc-finger proteins (HIM-8, ZIM-1, ZIM-2, and
ZIM-3) that bind short sequence motifs enriched within these regions [85-87]. They become
active at the onset of meiotic prophase by recruiting at least two meiosis-specific kinases,
CHK-2 and PLK-2 [88-90]. Both of these kinases are required for pairing center-led
chromosome motion, while CHK-2 is also required, independently of its role at pairing
centers, for induction of DSBs [88-90]. Stable homolog pairing at the pairing center regions
is extended along the chromosomes by synapsis, defined as the assembly of the
synaptonemal complex (SC) between chromosome axes [91,92]. In C. elegans, synapsis
initiates at the pairing centers and spreads along the chromosomes [84,91]. Synapsis results
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in stable side-by-side alignment of homologous chromosomes and is essential for all
crossover recombination [92].

Feedback control of CHK-2 influences the duration of DSB formation

While pairing and synapsis are not required for DSB formation in C. elegans, a body of
evidence has revealed that defects in homolog interactions can affect the duration and
distribution of DSBs through a feedback mechanism. Early evidence revealed that mutations
in him-8, which are specifically defective in meiotic segregation of the X chromosome, also
alter genetic distances within some autosomal intervals [93]. Molecular identification and
characterization of //m-8revealed that it encodes a protein that binds to the X chromosome
pairing center [87], and that its effect on the autosomes is thus indirect. Further analysis
confirmed that alteration of the genetic map is a general feature of mutations that disrupt
pairing or synapsis of one or more chromosomes [94-96]. Such mutations also result in a
phenotype known as the “extended transition zone,” because the crescent-shaped
configuration of chromosomes normally observed during the leptotene-zygotene stages,
accompanied by displacement of the large nucleolus to one side of the nucleus, persists for a
much longer region within the germline [87,92,97-99]. Immunofluorescence detection of
RAD-51 foci also reveals an extended region of positive nuclei in most mutants with
synapsis or crossover defects. This early evidence that meiotic errors might lead to a delay in
meiotic progression led us to propose that altered crossover distributions seen in such
situations might be a consequence of delays in crossover designation [94]. Similar models
have been proposed to explain the “interchromosomal effect” in Drosophila melanogaster, in
which crossover suppression along one chromosome alters the recombination map on other
chromosomes [100,101].

Further evidence that defects in pairing, synapsis, and crossover formation result in meiotic
cell cycle delays came with the development of additional molecular markers for meiotic
events. The “patchy” aggregates of SUN-1 and ZYG-12 seen at the nuclear envelope in
transition zone nuclei persist longer, as does phosphorylation of SUN-1 at several N-
terminal serine/threonine residues [80,81,102,103], in diverse mutants with synapsis or
crossover defects. These nuclear envelope markers likely reflect the presence of the Polo-
like kinase PLK-2 at pairing centers, which is also prolonged under these conditions
[89,104]. The disappearance of DSB-1 and DSB-2 from meiotic chromosomes shows a
similar temporal dependence on the ability to establish crossover intermediates on all
chromosomes [18,32]. All of these molecular markers of early prophase have been shown to
depend on the CHK-2 kinase. We recently reported that pairing center proteins HIM-8,
ZIM-1, ZIM-2, and ZIM-3 are direct substrates of CHK-2 [88]. By developing a phospho-
specific antibody that recognizes these proteins only when they are phosphorylated by
CHK-2, we demonstrated that CHK-2 becomes active upon meiotic entry. Its activity
normally declines during early pachytene, but is prolonged in most mutants that fail to
achieve a crossover on every chromosome pair, including Aim-5mutants, which are
defective in crossover formation but not homolog pairing or synapsis. Thus, a prolonged
leptotene/zygotene stage, during which DSBs continue to be generated and crossover
designation is delayed, can be explained as downstream effects of prolonged CHK-2 activity
in response to failures in establishment of crossover intermediates. This feedback
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mechanism acts in a cell-autonomous fashion and maintains the status of the meiotic cell
cycle at which errors first arise [18,88]. DSB-1 and DSB-2 remain associated with all
chromosomes, as do RAD-51 foci, suggesting that genome-wide DSB formation is affected.
As cells advance spatially through the germline, the feedback signal appears to be
overridden eventually to allow meiotic progression even if crossovers are not present on all
chromosomes. Some evidence indicates that this “override” signal depends on the activation
of MPK-1 (ERK) [68], which is spatially regulated within the germline [105]. A subset of
oocytes containing unsynapsed chromosomes or unrepaired recombination intermediates
will undergo apoptosis [106,107], but many escape this error-culling mechanism to mature
and undergo fertilization even if they have failed to establish crossovers on every
chromosome. This feature of C. elegans meiosis provides an experimental advantage, since
it enables genetic analysis of these aberrant meioses among the progeny of affected animals.

A variety of evidence suggests that prolonged periods of DSB formation are associated with
an altered genome-wide pattern of DSBs and crossovers. In cases where some chromosomes
are proficient for crossover formation, as in 4im-8 or zim mutants, the effect can be observed
by measuring the crossover pattern on those chromosomes. The most extreme cases are
those of rad-54 mutants and Aelg-1, rfs-1 double mutants, which make no crossovers
because they cannot process recombination intermediates to remove RAD-51 [23,75]; in
these genotypes the number of RAD-51 foci per nucleus gradually increases severalfold
from their normal peak levels in early pachytene through the end of pachytene. While
estimates of their numbers have varied among laboratories, and likely depend on the
resolution of the microscope system used, several groups have reported detection of over 50
foci per nucleus in rad-54 mutants [22,108], an order of magnitude higher than the peak
numbers typically observed in wild-type oocyte nuclei. However, this does not imply that
DSBs occur at 10-fold higher levels, since the foci observed in wild-type animals represent a
steady-state number of recombination intermediates, whereas their turnover is blocked in
rad-54 mutants.

Crossover designation appears to act fairly late in C. efegans. COSA-1, a molecular marker
for crossover sites [77], is only detected as foci along chromosomes in mid/late pachytene,
after CHK-2 activity and RAD-51 foci have abated, and is delayed in situations that prolong
CHK-2 activity. Thus, even when induced in mid-meiotic prophase, DSBs can compete
effectively to become the locus of the single designated crossover [108]. It follows that the
genetic map is not a direct readout of early breaks, but can be altered if break formation
persists later than usual, since crossover designation is also delayed under such conditions.
Taken together, the available evidence indicates that the alteration in genetic map distances
observed in mutants with defects in crossover formation on one or more chromosomes is
likely to reflect an altered pattern of DSBs, with more breaks occurring in the central regions
of chromosomes under such conditions. This can make it difficult to interpret such changes;
for example, autosomal recombination was found to be altered in A#/m-5mutants [40], with
an increase in crossing-over in the central region of the chromosome, but this could be a
consequence of checkpoint activation in response to defects in X chromosome crossover
designation rather than a direct effect of HIM-5 deficiency. While it is not yet possible to
quantify the number of DSBs induced during meiosis in C. elegans reliably, work in budding
yeast has revealed an increase in the number of DSBs and a shift in their distribution in
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response to defects in “homolog engagement” [109]. While this term is deliberately vague,
the evidence summarized here indicates that “engagement” corresponds to the act of
crossover designation in C. elegans, which depends on and occurs subsequent to synapsis,
rather than as a prerequisite for synapsis, as in many other organisms.

A shift in the DSB pattern as more breaks arise could be a consequence of “DSB
interference” [64], if early breaks on the arms inhibit subsequent breaks in the same regions.
This phenomenon has only been studied in detail in budding yeast, where it acts locally to
suppress DSBs over a scale of tens of kilobases. An effect on this scale might not be
sufficient to reshape the recombination landscape along metazoan chromosomes, but the
range of DSB interference may scale with chromosome size. Alternatively, there may be
changes in gene expression, chromatin, or chromosome structure that make the central
chromosome regions more permissive of break formation at later times in meiotic prophase.

A central role for meiotic HORMA domain proteins in crossover assurance

As described above, mutations that impair crossover formation on one or more
chromosomes induce a “crossover assurance checkpoint” that prolongs CHK-2 activity,
RAD-51 foci, and other features of the leptotene-zygotene stages of prophase. Using
mutations that disrupt specific interactions between the meiotic HORMA proteins in C.
elegans, we established that the recruitment of HIM-3 and HTP-1/2 to the axis is critical for
this checkpoint (Figure 3) [88]. Therefore, HTP-3, which contains four binding sites for
HIM-3 and two for HTP-1/2 [58], can be regarded as a scaffold for checkpoint activation.

Budding yeast Hop1, a founding member of the HORMA domain family, also localizes to
meiotic chromosome axes, where it interacts with another axis protein, Red1, to recruit a
meiosis-specific kinase, Mek1, and mediates a cell-cycle arrest in response to meiotic
defects [110-113]. Mammalian HORMAD1 and HORMAD? localize to unsynapsed axes
and recruit ATR to activate a meiotic checkpoint [60,61,114]. Although details of these
mechanisms may differ among species, the involvement of checkpoint kinases and meiotic
HORMA domain proteins appears to be a general theme of meiotic regulation. In budding
yeast and mouse, HORMA domain proteins are depleted from synapsed chromosomes by
the conserved AAA+ ATPase Pch2/Trip13 [56,115-117]. As Hopl and HORMADL1 are
required for the normal level of DSB formation [56,59-61], which in turn promotes
crossover designation and SC assembly in these organisms [118-120], depletion of HORMA
domain proteins by Pch2/Trip13 may provide a mechanism to downregulate DSB formation
after crossover designation and synapsis of all chromosomes [109,121]. Interestingly, all
four meiotic HORMA domain proteins in C. elegans remain associated with synapsed
chromosomes until late pachytene [51,53,122], and the C. elegans ortholog of Pch2/Trip13
PCH-2 is largely dispensable for axis remodeling. Therefore, it is not clear how the
HORMA domain proteins monitor synapsis and crossover formation in C. elegans. It will be
interesting to test whether the network of meiotic HORMA domain proteins undergoes
structural or biochemical changes during meiotic progression to monitor synapsis and
crossover formation. Molecular mechanisms by which these proteins mediate the meiotic
checkpoint also remain to be identified. It is exciting to note that structures of meiotic
HORMA domain proteins are very similar to the kinetochore protein Mad2 [58], which is an
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essential signaling transducer of the spindle assembly checkpoint [123]. Future identification

of signaling effectors downstream of the meiotic HORMA domain proteins that directly
regulate CHK-2 activity will help to reveal how the chromosome axis coordinates meiotic
processes.

Acknowledgments

Work in the Dernburg laboratory is supported by funding from the Howard Hughes Medical Institute and the
National Institutes of Health (GM065591).

References
1.

10

11.

12.

13.

14.
15.

16.

17.

Keeney S, Giroux CN, Kleckner N. Meiosis-specific DNA double-strand breaks are catalyzed by
Spoll, a member of a widely conserved protein family. Cell. 1997; 88:375-384. [PubMed:
9039264]

. Dernburg AF, McDonald K, Moulder G, Barstead R, Dresser M, Villeneuve AM. Meiotic

recombination in C. elegans initiates by a conserved mechanism and is dispensable for homologous
chromosome synapsis. Cell. 1998; 94:387-398. [PubMed: 9708740]

. Keeney S. Spol1 and the Formation of DNA Double-Strand Breaks in Meiosis. Genome Dyn Stab.

2008; 2:81-123. [PubMed: 21927624]

. Baudat F, Frédéric B, Yukiko I, de Massy B. Meiotic recombination in mammals: localization and

regulation. Nat Rev Genet. 2013; 14:794-806. [PubMed: 24136506]

. Hodgkin J, Horvitz HR, Brenner S. Nondisjunction Mutants of the Nematode CAENORHABDITIS

ELEGANS. Genetics. 1979; 91:67-94. [PubMed: 17248881]

. Phillips CM, McDonald KL, Dernburg AF. Cytological analysis of meiosis in Caenorhabditis

elegans. Methods Mol Biol. 2009; 558:171-195. [PubMed: 19685325]

. Gerstein MB, Lu ZJ, Van Nostrand EL, Cheng C, Arshinoff BI, Liu T, et al. Integrative analysis of

the Caenorhabditis elegans genome by the modENCODE project. Science. 2010; 330:1775-1787.
[PubMed: 21177976]

. Barnes TM, Kohara Y, Coulson A, Hekimi S. Meiotic recombination, noncoding DNA and genomic

organization in Caenorhabditis elegans. Genetics. 1995; 141:159-179. [PubMed: 8536965]

. Rockman MV, Kruglyak L. Recombinational landscape and population genomics of Caenorhabditis

elegans. PLoS Genet. 2009; 5:1000419. [PubMed: 19283065]

. Kaur T, Rockman MV. Crossover heterogeneity in the absence of hotspots in Caenorhabditis
elegans. Genetics. 2014; 196:137-148. [PubMed: 24172135]

lkegami K, Kohta I, Egelhofer TA, Susan S, Lieb JD. Caenorhabditis elegans chromosome arms
are anchored to the nuclear membrane via discontinuous association with LEM-2. Genome Biol.
2010; 11:R120. [PubMed: 21176223]

Liu T, Rechtsteiner A, Egelhofer TA, Vielle A, Latorre I, CM-S, et al. Broad chromosomal
domains of histone modification patterns in C. elegans. Genome Res. 2010; 21:227-236.
[PubMed: 21177964]

Duret L, Marais G, Biémont C. Transposons but not retrotransposons are located preferentially in
regions of high recombination rate in Caenorhabditis elegans. Genetics. 2000; 156:1661-1669.
[PubMed: 11102365]

Bessereau, J-L.; Jena-Louis, B. WormBook. 2006. Transposons in C. elegans.

Neale MJ, Pan J, Keeney S. Endonucleolytic processing of covalent protein-linked DNA double-
strand breaks. Nature. 2005; 436:1053-1057. [PubMed: 16107854]

Rinaldo C, Bazzicalupo P, Ederle S, Hilliard M, La Volpe A. Roles for Caenorhabditis elegans
rad-51 in meiosis and in resistance to ionizing radiation during development. Genetics. 2002;
160:471-479. [PubMed: 11861554]

Alpi A, Pasierbek P, Gartner A, Loidl J. Genetic and cytological characterization of the
recombination protein RAD-51 in Caenorhabditis elegans. Chromosoma. 2003; 112:6-16.
[PubMed: 12684824]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 13

18. Stamper EL, Rodenbusch SE, Rosu S, Ahringer J, Villeneuve AM, Dernburg AF. Identification of
DSB-1, a protein required for initiation of meiotic recombination in Caenorhabditis elegans,
illuminates a crossover assurance checkpoint. PLoS Genet. 2013; 9:e1003679. [PubMed:
23990794]

19. Ho JWK, Jung YL, Liu T, Alver BH, Lee S, Ikegami K, et al. Comparative analysis of metazoan
chromatin organization. Nature. 2014; 512:449-452. [PubMed: 25164756]

20. http://intermine.modencode.org/release-33/report.do?id=73000496

21. Kim JS, Rose AM. The effect of gamma radiation on recombination frequency in Caenorhabditis
elegans. Genome. 1987; 29:457-462. [PubMed: 3609740]

22. Saito TT, Mohideen F, Meyer K, Harper JW, Colaidcovo MP. SLX-1 is required for maintaining
genomic integrity and promoting meiotic noncrossovers in the Caenorhabditis elegans germline.
PLo0S Genet. 2012; 8:21002888. [PubMed: 22927825]

23. Mets DG, Meyer BJ. Condensins regulate meiotic DNA break distribution, thus crossover
frequency, by controlling chromosome structure. Cell. 2009; 139:73-86. [PubMed: 19781752]

24. http://data.modencode.org

25. Westphal T, Reuter G. Recombinogenic effects of suppressors of position-effect variegation in
Drosophila. Genetics. 2002; 160:609-621. [PubMed: 11861565]

26. Ellermeier C, Higuchi EC, Phadnis N, Holm L, Geelhood JL, Thon G, et al. RNAi and
heterochromatin repress centromeric meiotic recombination. Proc Natl Acad Sci U S A. 2010;
107:8701-8705. [PubMed: 20421495]

27. Zamudio N, Barau J, Teissandier A, Walter M, Borsos M, Servant N, et al. DNA methylation
restrains transposons from adopting a chromatin signature permissive for meiotic recombination.
Genes Dev. 2015; 29:1256-1270. [PubMed: 26109049]

28. Papazyan R, Voronina E, Chapman JR, Luperchio TR, Gilbert TM, Meier E, et al. Methylation of
histone H3K23 blocks DNA damage in pericentric heterochromatin during meiosis. Elife. 2014;
3:02996. [PubMed: 25161194]

29. Vandamme J, Sidoli S, Mariani L, Friis C, Christensen J, Helin K, et al. H3K23me2 is a new
heterochromatic mark in Caenorhabditis elegans. Nucleic Acids Res. 2015; 43:9694-9710.
[PubMed: 26476455]

30. de Massy B. Initiation of meiotic recombination: how and where? Conservation and specificities
among eukaryotes. Annu Rev Genet. 2013; 47:563-599. [PubMed: 24050176]

31. Kumar R, Bourbon HM, de Massy B. Functional conservation of Mei4 for meiotic DNA double-
strand break formation from yeasts to mice. Genes Dev. 2010; 24:1266-1280. [PubMed:
20551173]

32. Rosu S, Zawadzki KA, Stamper EL, Libuda DE, Reese AL, Dernburg AF, et al. The C. elegans
DSB-2 protein reveals a regulatory network that controls competence for meiotic DSB formation
and promotes crossover assurance. PL0oS Genet. 2013; 9:e1003674. [PubMed: 23950729]

33. Carballo JA, Panizza S, Serrentino ME, Johnson AL, Geymonat M, Borde V, et al. Budding yeast
ATM/ATR control meiotic double-strand break (DSB) levels by down-regulating Rec114, an
essential component of the DSB-machinery. PLoS Genet. 2013; 9:e1003545. [PubMed: 23825959]

34. MacQueen AJ, Villeneuve AM. Nuclear reorganization and homologous chromosome pairing
during meiotic prophase require C. elegans chk-2. Genes Dev. 2001; 15:1674-1687. [PubMed:
11445542]

35. Higashitani A, Aoki H, Mori A, Sasagawa Y, Takanami T, Takahashi H. Caenorhabditis elegans
Chk2-like gene is essential for meiosis but dispensable for DNA repair. FEBS Lett. 2000; 485:35—
39. [PubMed: 11086161]

36. Rose AM, Baillie DL. A mutation in Caenorhabditis elegans that increases recombination
frequency more than threefold. Nature. 1979; 281:599-600. [PubMed: 492325]

37. Zetka MC, Rose AM. Mutant rec-1 eliminates the meiotic pattern of crossing over in
Caenorhabditis elegans. Genetics. 1995; 141:1339-1349. [PubMed: 8601478]

38. Reddy KC, Villeneuve AM. C. elegans HIM-17 links chromatin modification and competence for
initiation of meiotic recombination. Cell. 2004; 118:439-452. [PubMed: 15315757]

39. Wagner CR, Kuervers L, Baillie DL, Yanowitz JL. xnd-1 regulates the global recombination
landscape in Caenorhabditis elegans. Nature. 2010; 467:839-843. [PubMed: 20944745]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 June 01.


http://intermine.modencode.org/release-33/report.do?id=73000496
http://data.modencode.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 14

40. Meneely PM, McGovern OL, Heinis Fl, Yanowitz JL. Crossover distribution and frequency are
regulated by him-5 in Caenorhabditis elegans. Genetics. 2012; 190:1251-1266. [PubMed:
22267496]

41. Kelly WG, Schaner CE, Dernburg AF, Lee MH, Kim SK, Villeneuve AM, et al. X-chromosome
silencing in the germline of C. elegans. Development. 2002; 129:479-492. [PubMed: 11807039]

42. modENCODE. [accessed January 30, 2016] n.d. http://www.modencode.org/

43. Bessler JB, Reddy KC, Hayashi M, Hodgkin J, Villeneuve AM. A role for Caenorhabditis elegans
chromatin-associated protein HIM-17 in the proliferation vs. meiotic entry decision. Genetics.
2007; 175:2029-2037. [PubMed: 17237503]

44. Bessler JB, Andersen EC, Villeneuve AM. Differential localization and independent acquisition of

the H3K9me2 and H3K9me3 chromatin modifications in the Caenorhabditis elegans adult germ
line. PLoS Genet. 2010; 6:€1000830. [PubMed: 20107519]

45. Checchi PM, Engebrecht J. Caenorhabditis elegans histone methyltransferase MET-2 shields the
male X chromosome from checkpoint machinery and mediates meiotic sex chromosome
inactivation. PLoS Genet. 2011; 7:¢1002267. [PubMed: 21909284]

46. Kleckner N. Chiasma formation: chromatin/axis interplay and the role(s) of the synaptonemal
complex. Chromosoma. 2006; 115:175-194. [PubMed: 16555016]

47. Panizza S, Mendoza MA, Berlinger M, Huang L, Nicolas A, Shirahige K, et al. Spol1-accessory
proteins link double-strand break sites to the chromosome axis in early meiotic recombination.
Cell. 2011; 146:372-383. [PubMed: 21816273]

48. Severson AF, Ling L, van Zuylen V, Meyer BJ. The axial element protein HTP-3 promotes cohesin
loading and meiotic axis assembly in C. elegans to implement the meiotic program of chromosome
segregation. Genes Dev. 2009; 23:1763-1778. [PubMed: 19574299]

49. Pasierbek P, Jantsch M, Melcher M, Schleiffer A, Schweizer D, Loidl J. A Caenorhabditis elegans
cohesion protein with functions in meiotic chromosome pairing and disjunction. Genes Dev. 2001;
15:1349-1360. [PubMed: 11390355]

50. Severson AF, Meyer BJ. Divergent kleisin subunits of cohesin specify mechanisms to tether and
release meiotic chromosomes. Elife. 2014; 3:e03467. [PubMed: 25171895]

51. Zetka MC, Kawasaki I, Strome S, Miiller F. Synapsis and chiasma formation in Caenorhabditis
elegans require HIM-3, a meiotic chromosome core component that functions in chromosome
segregation. Genes Dev. 1999; 13:2258-2270. [PubMed: 10485848]

52. Martinez-Perez E, Villeneuve AM. HTP-1-dependent constraints coordinate homolog pairing and
synapsis and promote chiasma formation during C. elegans meiosis. Genes Dev. 2005; 19:2727-
2743. [PubMed: 16291646]

53. Goodyer W, Kaitna S, Couteau F, Ward JD, Boulton SJ, Zetka M. HTP-3 links DSB formation with
homolog pairing and crossing over during C. elegans meiosis. Dev Cell. 2008; 14:263-274.
[PubMed: 18267094]

54. Couteau F, Zetka M. HTP-1 coordinates synaptonemal complex assembly with homolog alignment
during meiosis in C. elegans. Genes Dev. 2005; 19:2744-2756. [PubMed: 16291647]

55. Hollingsworth NM, Goetsch L, Byers B. The HOP1 gene encodes a meiosis-specific component of
yeast chromosomes. Cell. 1990; 61:73-84. [PubMed: 2107981]

56. Wojtasz L, Daniel K, Roig I, Bolcun-Filas E, Xu H, Boonsanay V, et al. Mouse HORMAD1 and
HORMAD?2, two conserved meiotic chromosomal proteins, are depleted from synapsed
chromosome axes with the help of TRIP13 AAA-ATPase. PLoS Genet. 2009; 5:e1000702.
[PubMed: 19851446]

57. Rosenberg SC, Corbett KD. The multifaceted roles of the HORMA domain in cellular signaling. J
Cell Biol. 2015; 211:745-755. [PubMed: 26598612]

58. Kim Y, Rosenberg SC, Kugel CL, Kostow N, Rog O, Davydov V, et al. The chromosome axis
controls meiotic events through a hierarchical assembly of HORMA domain proteins. Dev Cell.
2014; 31:487-502. [PubMed: 25446517]

59. Woltering D, Baumgartner B, Bagchi S, Larkin B, Loidl J, de los Santos T, et al. Meiotic
segregation, synapsis, and recombination checkpoint functions require physical interaction
between the chromosomal proteins Red1p and Hoplp. Mol Cell Biol. 2000; 20:6646-6658.
[PubMed: 10958662]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 June 01.


http://www.modencode.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 15

60. Daniel K, Lange J, Hached K, Fu J, Anastassiadis K, Roig I, et al. Meiotic homologue alignment
and its quality surveillance are controlled by mouse HORMADL1. Nat Cell Biol. 2011; 13:599—
610. [PubMed: 21478856]

61. Shin YH, Yong-Hyun S, Youngsok C, Erdin SU, Yatsenko SA, Malgorzata K, et al. Hormad1
Mutation Disrupts Synaptonemal Complex Formation, Recombination, and Chromosome
Segregation in Mammalian Meiosis. PLoS Genet. 2010; 6:1001190. [PubMed: 21079677]

62. Tsai CJ, Mets DG, Albrecht MR, Nix P, Chan A, Meyer BJ. Meiotic crossover number and
distribution are regulated by a dosage compensation protein that resembles a condensin subunit.
Genes Dev. 2008; 22:194-211. [PubMed: 18198337]

63. Lange J, Pan J, Cole F, Thelen MP, Jasin M, Keeney S. ATM controls meiotic double-strand-break
formation. Nature. 2011; 479:237-240. [PubMed: 22002603]

64. Garcia V, Gray S, Allison RM, Cooper TJ, Neale MJ. TelL(ATM)-mediated interference suppresses
clustered meiotic double-strand-break formation. Nature. 2015; 520:114-118. [PubMed:
25539084]

65. Garcia V, Phelps SEL, Gray S, Neale MJ. Bidirectional resection of DNA double-strand breaks by
Mrell and Exol. Nature. 2011; 479:241-244. [PubMed: 22002605]

66. Lamarche BJ, Orazio NI, Weitzman MD. The MRN complex in double-strand break repair and
telomere maintenance. FEBS Lett. 2010; 584:3682-3695. [PubMed: 20655309]

67. Chin GM, Villeneuve AM. C. elegans mre-11 is required for meiotic recombination and DNA
repair but is dispensable for the meiotic G(2) DNA damage checkpoint. Genes Dev. 2001; 15:522—
534. [PubMed: 11238374]

68. Hayashi M, Michiko H, Chin GM, Villeneuve AM. C. elegans Germ Cells Switch between Distinct
Modes of Double-Strand Break Repair During Meiotic Prophase Progression. PLoS Genet. 2007;
3:e191. [PubMed: 17983271]

69. Martin JS, Winkelmann N, Petalcorin MIR, Mcllwraith MJ, Boulton SJ. RAD-51-dependent and -
independent roles of a Caenorhabditis elegans BRCA2-related protein during DNA double-strand
break repair. Mol Cell Biol. 2005; 25:3127-3139. [PubMed: 15798199]

70. Nairz K, Klein F. mre11S--a yeast mutation that blocks double-strand-break processing and
permits nonhomologous synapsis in meiosis. Genes Dev. 1997; 11:2272-2290. [PubMed:
9303542]

71. Alani, EE. Genetic Analysis of the RAD50 Gene in Yeast Meiosis. 1990.

72.Yin Y, Smolikove S. Impaired resection of meiotic double-strand breaks channels repair to
nonhomologous end joining in Caenorhabditis elegans. Mol Cell Biol. 2013; 33:2732-2747.
[PubMed: 23671188]

73. Penkner A, Portik-Dobos Z, Tang L, Schnabel R, Novatchkova M, Jantsch V, et al. A conserved
function for a Caenorhabditis elegans Com1/Sae2/CtIP protein homolog in meiotic recombination.
EMBO J. 2007; 26:5071-5082. [PubMed: 18007596]

74. Lemmens BBLG, Johnson NM, Tijsterman M. COM-1 promotes homologous recombination
during Caenorhabditis elegans meiosis by antagonizing Ku-mediated non-homologous end joining.
PL0S Genet. 2013; 9:e1003276. [PubMed: 23408909]

75. Ward JD, Muzzini DM, Petalcorin MIR, Martinez-Perez E, Martin JS, Plevani P, et al. Overlapping
mechanisms promote postsynaptic RAD-51 filament disassembly during meiotic double-strand
break repair. Mol Cell. 2010; 37:259-272. [PubMed: 20122407]

76. Kelly KO, Dernburg AF, Stanfield GM, Villeneuve AM. Caenorhabditis elegans msh-5 is required
for both normal and radiation-induced meiotic crossing over but not for completion of meiosis.
Genetics. 2000; 156:617-630. [PubMed: 11014811]

77. Yokoo R, Zawadzki KA, Nabeshima K, Drake M, Arur S, Villeneuve AM. COSA-1 reveals robust
homeostasis and separable licensing and reinforcement steps governing meiotic crossovers. Cell.
2012; 149:75-87. [PubMed: 22464324]

78. Zalevsky J, MacQueen AJ, Duffy JB, Kemphues KJ, Villeneuve AM. Crossing over during
Caenorhabditis elegans meiosis requires a conserved MutS-based pathway that is partially
dispensable in budding yeast. Genetics. 1999; 153:1271-1283. [PubMed: 10545458]

79. Villeneuve AM. A cis-acting locus that promotes crossing over between X chromosomes in
Caenorhabditis elegans. Genetics. 1994; 136:887-902. [PubMed: 8005443]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 16

80. Penkner A, Tang L, Novatchkova M, Ladurner M, Fridkin A, Gruenbaum Y, et al. The nuclear
envelope protein Matefin/SUN-1 is required for homologous pairing in C. elegans meiosis. Dev
Cell. 2007; 12:873-885. [PubMed: 17543861]

81. Sato A, Isaac B, Phillips CM, Rillo R, Carlton PM, Wynne DJ, et al. Cytoskeletal forces span the
nuclear envelope to coordinate meiotic chromosome pairing and synapsis. Cell. 2009; 139:907-
919. [PubMed: 19913287]

82. Scherthan H. A bouquet makes ends meet. Nat Rev Mol Cell Biol. 2001; 2:621-627. [PubMed:
11483995]

83. Wynne DJ, Rog O, Carlton PM, Dernburg AF. Dynein-dependent processive chromosome motions
promote homologous pairing in C. elegans meiosis. J Cell Biol. 2012; 196:47-64. [PubMed:
22232701]

84. Rog O, Dernburg AF. Direct Visualization Reveals Kinetics of Meiotic Chromosome Synapsis.
Cell Rep. 2015; doi: 10.1016/j.celrep.2015.02.032

85. Phillips CM, Meng X, Zhang L, Chretien JH, Urnov FD, Dernburg AF. Identification of
chromosome sequence motifs that mediate meiotic pairing and synapsis in C. elegans. Nat Cell
Biol. 2009; 11:934-942. [PubMed: 19620970]

86. Phillips CM, Dernburg AF. A family of zinc-finger proteins is required for chromosome-specific
pairing and synapsis during meiosis in C. elegans. Dev Cell. 2006; 11:817-829. [PubMed:
17141157]

87. Phillips CM, Wong C, Bhalla N, Carlton PM, Weiser P, Meneely PM, et al. HIM-8 binds to the X
chromosome pairing center and mediates chromosome-specific meiotic synapsis. Cell. 2005;
123:1051-1063. [PubMed: 16360035]

88. Kim Y, Kostow N, Dernburg AF. The Chromosome Axis Mediates Feedback Control of CHK-2 to
Ensure Crossover Formation in C. elegans. Dev Cell. 2015; 35:247-261. [PubMed: 26506311]

89. Harper NC, Rillo R, Jover-Gil S, Assaf ZJ, Bhalla N, Dernburg AF. Pairing centers recruit a Polo-
like kinase to orchestrate meiotic chromosome dynamics in C. elegans. Dev Cell. 2011; 21:934—
947. [PubMed: 22018922]

90. Labella S, Woglar A, Jantsch V, Zetka M. Polo kinases establish links between meiotic
chromosomes and cytoskeletal forces essential for homolog pairing. Dev Cell. 2011; 21:948-958.
[PubMed: 22018921]

91. MacQueen AJ, Phillips CM, Bhalla N, Weiser P, Villeneuve AM, Dernburg AF. Chromosome sites
play dual roles to establish homologous synapsis during meiosis in C. elegans. Cell. 2005;
123:1037-1050. [PubMed: 16360034]

92. MacQueen AJ, Colaiacovo MP, McDonald K, Villeneuve AM. Synapsis-dependent and -
independent mechanisms stabilize homolog pairing during meiotic prophase in C. elegans. Genes
Dev. 2002; 16:2428-2442. [PubMed: 12231631]

93. Herman RK, Kari CK. Recombination between small X chromosome duplications and the X
chromosome in Caenorhabditis elegans. Genetics. 1989; 121:723-737. [PubMed: 2721932]

94. Carlton PM, Farruggio AP, Dernburg AF. A link between meiotic prophase progression and
crossover control. PLoS Genet. 2006; 2:e12. [PubMed: 16462941]

95. Hayashi M, Mlynarczyk-Evans S, Villeneuve AM. The synaptonemal complex shapes the
crossover landscape through cooperative assembly, crossover promotion and crossover inhibition
during Caenorhabditis elegans meiosis. Genetics. 2010; 186:45-58. [PubMed: 20592266]

96. Henzel JV, Nabeshima K, Schvarzstein M, Turner BE, Villeneuve AM, Hillers KJ. An asymmetric
chromosome pair undergoes synaptic adjustment and crossover redistribution during
Caenorhabditis elegans meiosis: implications for sex chromosome evolution. Genetics. 2011;
187:685-699. [PubMed: 21212235]

97. Colaiacovo MP, MacQueen AJ, Martinez-Perez E, McDonald K, Adamo A, La Volpe A, et al.
Synaptonemal complex assembly in C. elegans is dispensable for loading strand-exchange proteins
but critical for proper completion of recombination. Dev Cell. 2003; 5:463-474. [PubMed:
12967565]

98. Smolikov S, Schild-Prifert K, Colaidcovo MP. A yeast two-hybrid screen for SYP-3 interactors
identifies SYP-4, a component required for synaptonemal complex assembly and chiasma

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 17

formation in Caenorhabditis elegans meiosis. PLoS Genet. 2009; 5:e1000669. [PubMed:

19798442]

99. Smolikov S, Eizinger A, Schild-Prufert K, Hurlburt A, McDonald K, Engebrecht J, et al. SYP-3

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116

restricts synaptonemal complex assembly to bridge paired chromosome axes during meiosis in

Caenorhabditis elegans. Genetics. 2007; 176:2015-2025. [PubMed: 17565948]

Joyce EF, McKim KS. Meiotic checkpoints and the interchromosomal effect on crossing over in
Drosophila females. Fly. 2011; 5:134-140. [PubMed: 21339705]

Joyce EF, McKim KS. Chromosome axis defects induce a checkpoint-mediated delay and
interchromosomal effect on crossing over during Drosophila meiosis. PLoS Genet. 2010; 6doi:
10.1371/journal.pgen.1001059

Penkner AM, Alexandra F, Jiradet G, Antoine B, Thomas M, Alexander W, et al. Meiotic
Chromosome Homology Search Involves Modifications of the Nuclear Envelope Protein Matefin/
SUN-1. Cell. 2009; 139:920-933. [PubMed: 19913286]

Woglar A, Alexander W, Anahita D, Adele A, Cornelia H, Thomas M, et al. Matefin/SUN-1
Phosphorylation Is Part of a Surveillance Mechanism to Coordinate Chromosome Synapsis and
Recombination with Meiotic Progression and Chromosome Movement. PLoS Genet. 2013;
9:1003335. [PubMed: 23505384]

Silva N, Ferrandiz N, Barroso C, Tognetti S, Lightfoot J, Telecan O, et al. The fidelity of
synaptonemal complex assembly is regulated by a signaling mechanism that controls early
meiotic progression. Dev Cell. 2014; 31:503-511. [PubMed: 25455309]

Lee MH, Ohmachi M, Arur S, Nayak S, Francis R, Church D, et al. Multiple functions and
dynamic activation of MPK-1 extracellular signal-regulated kinase signaling in Caenorhabditis
elegans germline development. Genetics. 2007; 177:2039-2062. [PubMed: 18073423]

Bhalla N, Dernburg AF. A conserved checkpoint monitors meiotic chromosome synapsis in
Caenorhabditis elegans. Science. 2005; 310:1683-1686. [PubMed: 16339446]

Gartner A, Anton G, Stuart M, Shawn A, Jonathan H, Hengartner MO. A Conserved Checkpoint
Pathway Mediates DNA Damage—Induced Apoptosis and Cell Cycle Arrest in C. elegans. Mol
Cell. 2000; 5:435-443. [PubMed: 10882129]

Rosu S, Libuda DE, Villeneuve AM. Robust crossover assurance and regulated interhomolog
access maintain meiotic crossover number. Science. 2011; 334:1286-1289. [PubMed: 22144627]

Thacker D, Mohibullah N, Zhu X, Keeney S. Homologue engagement controls meiotic DNA
break number and distribution. Nature. 2014; 510:241-246. [PubMed: 24717437]

Xu L, Weiner BM, Kleckner N. Meiotic cells monitor the status of the interhomolog
recombination complex. Genes Dev. 1997; 11:106-118. [PubMed: 9000054]

Bailis JM, Roeder GS. Synaptonemal complex morphogenesis and sister-chromatid cohesion
require Mek1-dependent phosphorylation of a meiotic chromosomal protein. Genes Dev. 1998,;
12:3551-3563. [PubMed: 9832507]

Niu H, Wan L, Baumgartner B, Schaefer D, Loidl J, Hollingsworth NM. Partner choice during
meiosis is regulated by Hopl-promoted dimerization of Mek1. Mol Biol Cell. 2005; 16:5804—
5818. [PubMed: 16221890]

Niu H, Li X, Job E, Park C, Moazed D, Gygi SP, et al. Mek1 kinase is regulated to suppress
double-strand break repair between sister chromatids during budding yeast meiosis. Mol Cell
Biol. 2007; 27:5456-5467. [PubMed: 17526735]

Wojtasz L, Cloutier JM, Baumann M, Daniel K, Varga J, Fu J, et al. Meiotic DNA double-strand
breaks and chromosome asynapsis in mice are monitored by distinct HORMAD2-independent
and -dependent mechanisms. Genes Dev. 2012; 26:958-973. [PubMed: 22549958]

Roig I, Dowdle JA, Toth A, de Rooij DG, Jasin M, Keeney S. Mouse TRIP13/PCH2 is required
for recombination and normal higher-order chromosome structure during meiosis. PLoS Genet.
2010; 6doi: 10.1371/journal.pgen.1001062

. Joshi N, Neeraj J, Aekam B, Christine J, Valentin Borner G. Pch2 Links Chromosome Axis
Remodeling at Future Crossover Sites and Crossover Distribution during Yeast Meiosis. PLoS
Genet. 2009; 5:e1000557. [PubMed: 19629172]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Yuetal.

117.

118.

119.

120.

121.

122.

123.

Page 18

Borner GV, Barot A, Kleckner N. Yeast Pch2 promotes domainal axis organization, timely
recombination progression, and arrest of defective recombinosomes during meiosis. Proc Natl
Acad Sci U S A. 2008; 105:3327-3332. [PubMed: 18305165]

Romanienko PJ, Camerini-Otero RD. The mouse Spol1l gene is required for meiotic chromosome
synapsis. Mol Cell. 2000; 6:975-987.

Baudat F, Manova K, Yuen JP, Jasin M, Keeney S. Chromosome synapsis defects and sexually
dimorphic meiotic progression in mice lacking Spo11. Mol Cell. 2000; 6:989-998. [PubMed:
11106739]

Giroux CN, Dresser ME, Tiano HF. Genetic control of chromosome synapsis in yeast meiosis.
Genome. 1989; 31:88-94. [PubMed: 2687110]

Kauppi L, Barchi M, Lange J, Baudat F, Jasin M, Keeney S. Numerical constraints and feedback
control of double-strand breaks in mouse meiosis. Genes Dev. 2013; 27:873-886. [PubMed:
23599345]

Martinez-Perez E, Schvarzstein M, Barroso C, Lightfoot J, Dernburg AF, Villeneuve AM.
Crossovers trigger a remodeling of meiotic chromosome axis composition that is linked to two-
step loss of sister chromatid cohesion. Genes Dev. 2008; 22:2886-2901. [PubMed: 18923085]
Li R, Murray AW. Feedback control of mitosis in budding yeast. Cell. 1991; 66:519-531.
[PubMed: 1651172]

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Yu et al. Page 19

0 0. O.v O
my L1 HI9»
Leptotene/

Premeiotic zone Zygotene Pachytene Diplotene
(transition zone)

Homologous 2
\ chromosomes Pairing center - DsBs x COos O NCOs E sc

oses KRR K R RRR R
Inhibitory marks

wes [THNOEE TIE 11 1THRDH N
H3K23me3?)

—
o -

Il') .-IIIIIUII-... .‘Illlllllll .
Qo . :

5 s :

~— " ..

m 2 %essssssssssssssnnsnssnsannnad

7]

o

- I . - -
S o |*= . . .
£= 2 s . .
5% = . : A
E5|: ° %) :
o |2 fessssssssnsnsnunnnns T _
e L 2
(14

Chromosome coordinates

Figure 1. Programmed double-strand break formation during meiosis in C. elegans
A) Schematic of C. elegans germline anatomy and chromosome configurations during early

meiotic prophase. Meiotic recombination initiates via programmed DSB formation during
the leptotene/zygotene stages (transition zone), and crossover formation is completed during
pachytene. A single recombination intermediate is designated to become a crossover, and
excess breaks are repaired through non-crossover pathways.

B) The distribution of meiotic DSBs, as determined by RAD-51 ChIP-seq, mirrors the
distribution of crossover frequencies along the C. elegans chromosomes, except in
subtelomeric regions, which show DSB enrichment but few or no crossovers. DSBs, like
crossovers, are enriched on the chromosome arms relative to the centers. Locally they are
associated with actively transcribed genes, and are negatively correlated with H3K9 di- and
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tri-methylation, although these marks are enriched on the arms. A newly discovered mark,
trimethylated H3K23, may also antagonize DSBs.
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Figure 2. Chromosome structure and recombination initiation machinery in C. elegans
Upon meiotic entry, chromosomes are reorganized around a central axis comprised of

cohesins and meiosis-specific HORMA proteins. The formation of DSBs depends on this
remodeling. The interplay between cohesins and condensins is thought to control axis
length. Several C. elegans proteins, including HIM-17, XND-1, HIM-5, REC-1, DSB-1, and
DSB-2, promote breaks or affect the distribution of breaks. ChlP-seq evidence, as well as
mutant analysis, suggests that HIM-17 and XND-1 regulate the expression of downstream
genes. HIM-5 is also associated with the autosomes and depleted on the transcriptionally-
inactive X chromosome. DSB-1 and DSB-2 hind to meiotic chromosomes during the time of
DSB induction and may contribute to recruiting and/or activating SPO-11. SPO-11-DNA
adducts are subsequently removed by nucleolytic activity. This requires the MRE11-
RAD-50 complex, which also is required for SPO-11-dependent DSB formation. The
formation of DSBs also depends on the meiosis-specific CHK-2 kinase and is likely
negatively regulated by the DNA damage kinases ATR (ATL-1) and/or ATM (ATM-1).
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Figure 3. Feedback regulation of meiotic progression through CHK-2 impacts the timing and
distribution of DSBs
A) CHK-2 acts as a master regulator of meiotic prophase. Its kinase activity is required for

DSBs and also for homolog pairing and synapsis. CHK-2 activity normally declines during
early pachytene, once all chromosomes synapse. If crossover intermediates fail to be
established on all chromosomes, CHK-2 activity is prolonged. HORMA domain proteins at
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the chromosome axis are critical for this crossover assurance mechanism, but it is unknown
how they sense or transduce crossover failures to prolong CHK-2 activity. When the
checkpoint is activated, DSB-1 and DSB-2 persist along meiotic chromosomes, and (if
breaks are made) the number of RAD-51 foci typically rises to higher levels than seen in
wild-type animals. Biased crossover formation on chromosome arms is greatly reduced
under these conditions, suggesting that the central chromosome regions experience more
DSBs.

B) When crossovers cannot be generated on all chromosomes, an extended zone of RAD-51
foci is observed, and more foci are detected per nucleus. Here, two gonad arms
immunostained for RAD-51 are shown, one from a wild-type hermaphrodite (top) and one
from a rad-54 mutant (bottom). Insets below each gonad show higher-magnification views of
the boxed regions. In wild-type gonads RAD-51 foci peak in number at early pachytene and
disappear by late pachytene, while in rad-54 mutants they progressively increase in number
until nuclei reach the most proximal region of the gonad, and disappear as the chromosomes
condense at diakinesis. These foci can be difficult to resolve and count reliably at such high
densities, but frequently exceed 50 per nucleus. Other mutants with crossover defects have
similar but less extreme effects than rad-54 mutants, which are defective in removal of
RAD-51 from recombination intermediates.
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