
Chapter 5

Prophase I: Preparing Chromosomes

for Segregation in the Developing Oocyte

Rachel Reichman, Benjamin Alleva, and Sarit Smolikove

Abstract Formation of an oocyte involves a specialized cell division termed

meiosis. In meiotic prophase I (the initial stage of meiosis), chromosomes undergo

elaborate events to ensure the proper segregation of their chromosomes into

gametes. These events include processes leading to the formation of a crossover

that, along with sister chromatid cohesion, forms the physical link between homol-

ogous chromosomes. Crossovers are formed as an outcome of recombination. This

process initiates with programmed double-strand breaks that are repaired through

the use of homologous chromosomes as a repair template. The accurate repair to

form crossovers takes place in the context of the synaptonemal complex, a protein

complex that links homologous chromosomes in meiotic prophase I. To allow

proper execution of meiotic prophase I events, signaling processes connect differ-

ent steps in recombination and synapsis. The events occurring in meiotic prophase I

are a prerequisite for proper chromosome segregation in the meiotic divisions.

When these processes go awry, chromosomes missegregate. These meiotic errors

are thought to increase with aging and may contribute to the increase in aneuploidy

observed in advanced maternal age female oocytes.

5.1 Introduction

Oocyte formation involves a process termed meiosis. Meiosis is not unique to

oocytes; it occurs in spermatocytes as well as other type of gametes (e.g., spores).

Meiosis includes a reductional division, which is not found in mitotic cells. In

meiosis, cells replicate their DNA once, followed by two subsequent rounds

of division: a reductional division—meiosis I (MI)—and then an equational

division—meiosis II (MII). When diploid cells undergo meiosis to form gametes

such as sperm or spores (in yeast), it results in four identical haploid cells (e.g., Tamaki

1965). In oogenesis, a polar body is extruded in both meiotic divisions, and only one
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meiotic product will become the oocyte (Rodman 1971). Since the polar bodies do not

divide further, meiosis in oogenesis creates three meiotic products, two of which are

not fertilized and their DNA is not transmitted to the next generation.

Meiotic prophase I includes unique chromosomal processes that are not found in

mitotic prophase (Fig. 5.1). These include programmed DNA damage in the form of

DNA double-strand breaks (DSBs) that occur multiple times in different positions

on each chromosome (Kolodkin et al. 1986). In meiosis, homologous chromosomes

identify each other and come in close proximity (pairing), a process largely unique

to meiotic cells. The tight association between homologous chromosomes is medi-

ated by a meiotic-specific protein structure known as the synaptonemal complex

through a process termed synapsis (Fawcett 1956; Moses 1956, 1958). These

unique meiotic processes are targeted toward the formation of crossovers between

each pair of homologous chromosomes. Completion of crossover formation is a

prerequisite for successful meiotic divisions; without crossovers, chromosome

segregation in MI is random, leading most frequently to inviable progeny.

Meiotic prophase is divided into five ordered stages: leptotene, zygotene, pachy-

tene, diplotene, and diakinesis (Zickler and Kleckner 1999). DSB formation and the

initiation of pairing interactions occur at the entrance to prophase I, whereas

complete synapsis and stabilizing pairing interactions are observed in the pachytene

stage in which DSBs are repaired to form crossovers and noncrossovers (gene

conversions without crossover). In diplotene, the synaptonemal complex disassem-

bles, and in diakinesis, chromosomes are condensed and chiasmata are typically

observed. A chiasma is the physical/visual representation of a crossover event

holding together two homologous chromosomes to form a bivalent.

Fig. 5.1 Key meiotic events from chromosomal perspective. (A) In premeiotic S phase, each

homolog is replicated once and resulting sister chromatids are held together by sister chromatid

cohesions (green). Two replicated homologs are shown in blue and orange. (B) Pairing begins

concurrently with axial elements (yellow) binding to the chromosomes. DNA double-stranded

breaks are also made at this time (red stars), starting the process of homologous recombination.

(C) Pairing interactions are stabilized when central and lateral components of the synaptonemal

complex (red zipper-like structure) are assembled along the chromosomes. (D) Homologous

recombination results in crossovers between homologs (one crossover shown here). (E) SC

disassembles (some residual SC protein localization to chromosome is not shown here) and

centromeres (black circles) of homologs are pulled to opposite directions (gray arrows). (F) In
MI (transition from E to F), homologs separate, yet sister chromatids are still held together by

cohesion that is maintained at the centromeric regions. (G) In meiosis II (transition from F to G),

sister chromatids separate when the cohesions are removed from chromosomes. Meiosis results in

four distinct haploid daughter gametes that are allelically different than the parent organism
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Here, we will review the processes that chromosomes undergo to form DSBs and

repair them. We will focus on the process of homologous recombination as well as

on key structural features unique to meiosis that also contribute to this repair. The

progression of meiosis requires communication between different steps in the

meiotic program, which is inter- and intra-connected by signaling events. Most

importantly, these chromosomal events are responsible for setting the stage for

chromosome disjunction, and we will discuss the current view about how pertur-

bation in meiotic prophase I events may contribute to chromosome nondisjunction.

5.2 Homologous Recombination

5.2.1 DSB Formation

One key feature of meiosis is that the cell forms programmed DSBs in order to

initiate homologous recombination (Fig. 5.2). Recombination maintains genetic

diversity among species by breaking linkage disequilibria and further facilitates the

efficient removal of deleterious mutations (Hill and Robertson 2007). The process

of meiotic recombination must lead to repair of the genome in an error-free

pathway, as error-prone pathways risk introducing chromosomal aberrations. Mei-

osis harbors a complex mechanism of DNA repair through recombination that bears

resemblance to somatic DNA damage repair of DSBs.

Chromosomal pairing and DSB repair are interdependent in some organisms, yet

separable in others. In mice (Mus musculus), homolog pairing at chromosomal ends

initiates before DSBs are formed (Boateng et al. 2013). While not initially thought

to be common, this mechanism of initiating pairing independently of DSB forma-

tion is also found to hold true in Caenorhabditis elegans and Drosophila
melanogaster (Dernburg et al. 1998; McKim and Hayashi-Hagihara 1998). In

budding yeast, the majority of cells do not undergo pairing until DSBs are formed,

and in the absence of DSBs, limited synaptonemal complex assembly occurs

(Bhuiyan and Schmekel 2004). Even though some chromosomal pairing and

synapsis may occur without meiotic DSBs, viable offspring are not produced due

to random chromosome segregation in the absence of crossovers.

Homologous recombination (HR) begins when the topoisomerase-like protein,

Spo11, is recruited to the DNA to initiate DSBs (Keeney et al. 1997). Spo11 is the

catalytic subunit of a multi-subunit protein complex, as found in a number of

studies in Saccharomyces cerevisiae (Table 5.1). Spo11 binds directly to the

DNA, creates a DSB, and then remains covalently bound to the DSB until resection,

the formation of ssDNA from dsDNA via nuclease activity, takes place (Neale

et al. 2005). Spo11-induced DSBs are not random, as there are regions with little to

no breaks (i.e., telomeres and centromeres in S. cerevisiae), while others are

enriched with DSBs (“hot spots”) (Gerton et al. 2000). DSB formation is influenced

by epigenetic marks that can determine DSB levels and/or positioning.
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Fig. 5.2 Homologous recombination during meiotic prophase I. (A) Two homologous chromo-

somes have been replicated and are about to undergo meiosis (orange and blue lines). For
simplicity, sister chromatids are not shown here, and two lines with similar colors represent the

two strands of DNA. (B) The topoisomerase-like protein Spo11 (red balloon) and the MRX (blue
triangle) complex localize to specific sites on the DNA, and Spo11 creates a double-strand break in

the DNA. MRX then removes Spo11 by cleaving roughly 35 bp upstream of the DSB. This results

in an oligonucleotide with Spo11 attached at one end being removed from the break site. (C) The

nucleases Exo1 and Dna2 create longer ssDNA. This long-term resection may be executed by

different protein complexes in different organisms; some may not require Exo–Dna2 for wild-type

resection. Once ssDNA is formed, Ku proteins can no longer bind the cut site, thus inhibiting a

mutagenic repair pathway known as NHEJ. (D) RPA, followed by Dmc1/Rad51 (here shown as a
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PRDM9 was identified as a gene essential for meiosis that regulates recombina-

tion hot spots (Baudat et al. 2010; Hayashi et al. 2005; Parvanov et al. 2010). Germ

cells that lack PRDM9 have an aberrant DSB pattern with a very small effect on

DSB levels (inferred directly or by ssDNA-binding protein localization) (Brick

et al. 2012; Sun et al. 2015). Most mammals studied express the PRDM9 protein

that recognizes a specific DNA sequence via its Zn-finger motif, both DNA

sequences and the Zn finger motif are rapidly evolving (Berg et al. 2010; Ponting

2011; Ségurel et al. 2011). In humans and mice, allelic variants of PRDM9

Zn-finger motifs are associated with hot spot usage (Baudat et al. 2010). Another

protein domain found in PRDM9 is an H3K4 trimethyltransferase (me3) domain

(Hayashi et al. 2005, ix; Koh-Stenta et al. 2014). Hot spots have an open chromatin

structure (Getun et al. 2010). PRDM9 me3 of H3K4 causes chromatin restructuring,

which leaves a nucleosome-free region (Baker et al. 2014). Altogether, these data

suggest that PRDM9-dependent H3K4me3 may expose a DNA region to make

them more amenable to Spo11-induced DSBs that will otherwise be induced

elsewhere, thus determining hot spot positioning. Mammalian PRDM9 sites are

frequently found outside promoters in intragenic regions (Brick et al. 2012). Con-

versely, nonmammalian eukaryotes from yeast to birds have DSB and/or recombi-

nation hot spots that are normally located in promoter regions of genes (Lam and

Keeney 2015; Singhal et al. 2015) or within genes (Adrian and Comeron 2013).

These locations are under much greater evolutionary constraint; therefore, these hot

spots evolve at a much slower rate (Lam and Keeney 2015).

Studies done in the yeast S. cerevisiae and in C. elegans agree with studies done
in mice, showing that epigenetic marks play an important role in hot spot definition.

The chromatin’s overall structure comprises a series of large loops attached at their

base to the meiotic axis (Zickler and Kleckner 1999). DSBs are formed in the loop

regions and are scarcely found in proximity to the axis (Blat et al. 2002). Based on

the presence of “recombination nodules” (seen on EM images of meiotic chromo-

some spreads), it was suggested that the recombination process occurs in a location

embedded in the synaptonemal complex (Carpenter 1975). These studies altogether

suggest that DSBs formed in the loops are moved to the synaptonemal complex for

repair. Spo11 in S. cerevisiae forms DSBs via interaction of proteins in the

holocomplex with the axis as well as with Spp1, a member of the H3K4me3 Set1

complex (Acquaviva et al. 2013; Sommermeyer et al. 2013). Spp1 physically

⁄�

Fig. 5.2 (continued) single green circle, though composing distinct complexes in vivo), coats the

ssDNA and protects it from degradation. (E) Dmc1/Rad51 also conducts a homology search along

the homolog. Once homology is found, polymerase extends the ssDNA to close the gap made by

the initial exonucleases. (F) The crossover is resolved as either a “noncrossover” which results in

gene conversion (dark blue line in the yellow homolog) when the newly synthesized DNA is

removed from the invaded D-loop and is ligated to its original (yellow) homolog. Polymerase can

then use the DNA of the invading strand (yellow) as a template for the top missing DNA (purple).
(G) The “crossover” pathway. Proteins called resolvases cut the DNA (two pairs of red arrows),
which, when religated, forms crossovers, DNA molecules that contain sequences originating from

two different homologs
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interacts with the promoter-enriched H3K4me3, bringing the DSB to the

synaptonemal complex (Acquaviva et al. 2013; Sommermeyer et al. 2013).

H3K4me3 seems important for DSB activity since methyl transferase mutants

that result in reduction of H3K4me3 also result in reduced hot spot activity (Sollier

Table 5.1 Proteins involved in DSB formation

Protein

name Function Species present Species absent

Rec102 Binds chromatin, may form complex

with Rec104, biochemical function

unknown but important for Spo11

localization.

S. cerevisiae Mice, human,

D. melanogaster,
C. elegans

Rec104 Binds chromatin, may form complex

with Rec102, biochemical function

unknown but important for Spo11

localization.

S. cerevisiae Mice, human,

D. melanogaster,
C. elegans

Mei4 Biochemical function is unknown;

however, it does form a complex with

Rec114 and Mer2.

S. cerevisiae, mouse,

human

C. elegans,
D. melanogaster

Ski8 Scaffold protein that directly interacts

with Spo11 in meiosis. Localizes

directly to the chromatin. Has a sepa-

rate function in mRNA metabolism

not related to meiosis.

S. cerevisiae, human,

mouse,

D. melanogaster

C. elegans

Rec8 A meiosis-specific cohesin protein that

holds chromatin together during DSB

formation and HR.

S. cerevisiae, mouse,

human, C. elegans,
D. melanogaster

None

Rec114 Biochemical function is unknown;

however, it does form a complex with

Mei4 and Mer2.

S. cerevisiae Mice, Human,
D. melanogaster,
C. elegans

Mer2/

Rec107

Localizes to chromatin prior to DSB

formation. Is phosphorylated by

Cdc28 to initiate recombination and

forms a complex with Rec114

and Mei4.

S. cerevisiae Mice, Human,

D. melanogaster,
C. elegans

Mre11 Has an endo- and exonuclease function

to initiate DSBs and resect DNA. Ini-

tial resection removes Spo11 from

broken ends. Forms a complex with

Rad50 and Xrs2/Nbs1.

S. cerevisiae, mice,

human,

D. melanogaster,
C. elegans

None

Rad50 Contains coiled-coiled domains to

hold broken DNA ends together as

well as an ATPase domain that acts as

a motor to move the MRX/N complex

along DNA during resection.

S. cerevisiae, mice,

human,

D. melanogaster,
C. elegans

None

Xrs2/

Nbs1

Forms a complex with Mre11 and

Rad50. Important for protein–protein

interactions and has a role in localizing

the complex to the DNA during DSB

initiation.

S. cerevisiae, mice,

human,

D. melanogaster

C. elegans

130 R. Reichman et al.



et al. 2004). In C. elegans, the H3K4me3 was not shown to play a role in DSB

formation, but other marks do appear to play an important role, through the action

of proteins such as HIM-17 and XND-1. HIM-17 is required for H3K9 methylation

in early meiotic prophase (Reddy and Villeneuve 2004). In the absence of HIM-17,

DSB formation is decreased but not eliminated, as indicated by reduction in the

number of bivalents formed (Saito et al. 2012; Tsai et al. 2008). Global histone

acetylation levels are associated with changes in the frequency of DSB formation in

C. elegans (Gao et al. 2015). This pathway likely involves CRA-1 and XND-1 that

are suggested to promote crossover formation on the autosomes and the X chro-

mosomes, respectively (Gao et al. 2015, Wagner et al. 2010).

5.2.2 DSB Processing

Once DSBs are formed, nucleolytic activity removes the covalently bound Spo11

and processes the DNA ends in a process termed resection. This leads to the

formation of long single-stranded DNA at meiotic DSBs (Sun et al. 1991). These

single-stranded DNA overhangs are required for the strand invasion step that

follows. A key protein complex acting in this process is the MRN/X protein

complex composed of Mre11, Rad50, and NBS1/Xrs2 (Usui et al. 1998). Homologs

of Mre11 and Rad50 exist between species, despite varying levels of sequence

similarity (Badugu et al. 2015; Hopfner and Tainer 2003). The third member of the

MRN complex is NBS1 in mammals or Xrs2 in S. cerevisiae (Carney et al. 1998;

Ivanov et al. 1992). NBS1/Xrs2 is the least conserved member of the MRN

complex; the conservation between S. cerevisiae Xrs2 and human NBS1 is low

and restricted to the N-terminus of the protein (Carney et al. 1998). C. elegans on
the other hand lacks an identifiable NBS1/Xrs2 homolog.

The MRN/X complex is thought to hold the broken ends of the chromosome

together through the long coiled-coil domains of Rad50, while Mre11 resects the 50

end of the broken DNA to promote the formation of 30 single-stranded DNA

overhangs (Paull and Gellert 1998). In S. cerevisiae and C. elegans, MRE11 is

required both for DSB formation and resection, while in mice, it is known to act

only in DSB processing (Ajimura et al. 1993; Cherry et al. 2007; Johzuka and

Ogawa 1995). DSB formation and resection are two separate activities of MRE11.

For example, in C. elegans and in S. cerevisiae, mutations in MRE11 have been

isolated that are proficient in DSB initiation but are unable to resect broken DNA

(Nairz and Klein 1997; Yin and Smolikove 2013). Mre11 has both endo- and

exonuclease activities (Furuse et al. 1998; Moreau et al. 1999; Paull and Gellert

1998). This nuclease activity of Mre11 is suggested to be sufficient for Spo11

removal, which is required for resection of meiotic DSBs (Moreau et al. 1999;

Neale et al. 2005). Mre11 has an additional meiotic function outside of its role in

nucleolytic activity: it promotes the assembly of the MRX complex by recruitment

of polySUMO chains (Chen et al. 2016). NBS1/Xrs2 is primarily involved in

protein–protein interactions. In mitotic cells, it is posttranslationally modified
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through phosphorylation, ubiquitination, and SUMOylation (Cremona et al. 2012;

Falck et al. 2012; Stiff et al. 2006; Wu et al. 2012).

Another key nuclease that participates in DSB processing in meiosis is Ctp1/

Sae2/CtIP/COM-1. CtIP is an endonuclease required for Spo11 removal from the

ends of broken DNA (Prinz et al. 1997; Rothenberg et al. 2009). Following Spo11

removal, CtIP is required for further end resection, a function that is separable from

its role in Spo11 removal (Ma et al. 2015). CtIP was also suggested to act by

facilitating the nuclease activity of Mre11 (Cannavo and Cejka 2014). It has been

observed that CtIP is phosphorylated and that this posttranslational modification is

necessary for its recruitment to DSBs through CtIP binding to Nbs1 (Dodson

et al. 2010).

Once initial resection is underway, other proteins assist in further DNA

processing to reform long-range resection. Compared to non-meiotic DNA damage

resection, meiotic resection produces much smaller regions of single-stranded

DNA. In S. cerevisiae mitosis, Dna2 and Exo1 contribute to resection (Mimitou

and Symington 2008; Zhu et al. 2008). In S. cerevisiae meiosis, Dna2 is also

capable of meiotic resection, but only in the absence of the single-stranded

DNA-binding protein Dmc1 (Manfrini et al. 2010). DNA-2 likely does not play a

role in meiotic resection in C. elegans. In S. cerevisiae, Exo1 is a 50–30 exonuclease
that collaborates with Mre11 in bidirectional resection following nick formation by

Mre11 (Zakharyevich et al. 2010). In C. elegans, Exo-1 functions in resection only

when Mre11 or COM-1 resection is impaired and NHEJ is inactive (Lemmens

et al. 2013; Yin and Smolikove 2013).

Processive resection may also be involved in the repression of error-prone DSB

repair pathways, such as nonhomologous end joining (NHEJ). In C. elegans,
inhibiting DSB resection by com-1 deletion or an mre-11 separation of function

allele permits the utilization of NHEJ as a DSB repair pathway (Yin and Smolikove

2013). In other organisms, regulation of NHEJ in meiosis is independent of

resection; in S. cerevisiae, NHEJ proteins are exported out of the nucleus upon

meiotic entry, and in mammals, NHEJ proteins are degraded, which effectively

eliminates the possibility of NHEJ as a mode of repair during meiosis (Goedecke

et al. 1999; Valencia et al. 2001).

5.2.3 Strand Invasion

ssDNA must be protected from both nucleolytic digest that would shorten its length

and extensive resection that will increase the length of ssDNA. The first may lead to

a loss of genetic information, while the latter may increase the chance of creating

regions of microhomology that could be utilized for error-prone repair pathways

resulting in deletions and/or translocations. In meiosis, three repair proteins are

used to protect these ssDNA ends before homology search begins: RPA, Rad51, and

Dmc1 (Bishop et al. 1992; Sung and Robberson 1995). The first protein complex to

recognize and load onto the ssDNA is RPA, a three subunit protein complex:
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RPA70/RPA1, RPA32/RPA2, and RPA14/RPA3. Each RPA complex binds to

approximately 20 or 30 nucleotides of ssDNA, and each ssDNA strand is coated

by multiple RPA complexes forming a filament (Chen and Wold 2014). The RPA

filament inhibits strand exchange, thus keeping premature recombination from

taking place, but RPA is also required for recombination due to its role in

preventing secondary structures of ssDNA (Gasior et al. 2001). Interestingly,

RPA does not bind to DSBs when CtIP is depleted, indicating that RPA is in

some way regulated by CtIP (Costelloe et al. 2012).

Once RPA is bound, Rad51 and Dmc1 are loaded onto the ssDNA (Nešić

et al. 2004; Wang and Haber 2004). Rad51 is associated with both mitotic and

meiotic HR, whereas Dmc1 is the meiosis-specific single-stranded binding protein

and a member of the RecA/Rad51 gene family (Lin et al. 2006). Not all organisms

have a Dmc1 homolog; both C. elegans and Drosophila are missing a homolog

(Schurko and Logsdon 2008). The Rad51–Dmc1 filament nucleates from the center

of the single-stranded DNA, and the two proteins elongate in opposing directions:

Rad51 in the 30–50 direction and the Dmc1 filament in the 50–30 direction (Brown

and Bishop 2015). Dmc1 has DNA strand exchange activity (Sehorn et al. 2004).

The molecular mechanism behind how Dmc1 promotes strand exchange involves

recognition of three bases at a time (Lee et al. 2015). This base triplet mechanism is

highly similar to that of Rad51-based strand exchange (Lee et al. 2015; Qi

et al. 2015). It has been shown that in meiosis, the filament formed can be composed

of both Rad51 and Dmc1, when Dmc1 is found at a terminal position (Brown

et al. 2015).

Dmc1 is required for proper completion of meiotic homologous recombination

in most organisms. In S. cerevisiae, Dmc1 is essential for sporulation, and Rad51

plays a minor role in homologous recombination (Bishop et al. 1992; Cloud

et al. 2012). In S. pombe, however, Rad51 rather than Dmc1 plays a more dominant

role in homologous recombination (Fukushima et al. 2000). However, Rad51 can

partially substitute for Dmc1; when S. cerevisiae Rad51 is overexpressed in cells

that lack Dmc1, meiosis is partially restored (Tsubouchi and Roeder 2003). Cross-

over interference, the mechanism that prevents adjacent crossovers, is not restored

by Rad51 overexpression in Dmc1 mutants, suggesting a role for Dmc1 in cross-

over interference (Tsubouchi and Roeder 2003). Interhomolog recombination is

strongly favored during meiosis. This homolog bias is required to promote accurate

chromosome segregation at MI via suppression of recombination between sister

chromatids. Dmc1 and Rad51 are required for homolog bias; intersister recombi-

nation frequency is drastically increased in the absence of Dmc1 or Rad51 in

S. cerevisiae (Cloud et al. 2012; Lao et al. 2013). Rad51 is inhibited in

S. cerevisiae, inhibition of meiotic cells by Hed1, which restricts the access of

Rad51 to Rad54 (Rad54 is a protein that facilitates D loop formation) (Busygina

et al. 2008, 2012). Furthermore, Dmc1 is necessary for the proper localizations of

the synaptonemal complex protein Red1 and the kinase Mek1 that may indirectly

contribute to homolog bias in S. cerevisiae (Lao et al. 2013).

Mediator proteins are needed for Rad51/Dmc1 proteins to be loaded onto the

DNA. The conserved Mei5-Sae3/Swi5 complex promotes Dmc1 loading in
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S. cerevisiae and Rad51 loading in S. pombe (Hayase et al. 2004). In S. cerevisiae,
Rad52 is a primary mediator protein that assists with Rad51/Dmc1 loading onto the

DNA, as well as playing a role in displacing RPA (Gasior et al. 1998; Sugiyama and

Kowalczykowski 2002). Rad52 is conserved throughout eukaryotes with two

known exceptions: C. elegans and Drosophila. These two organisms lack any

known Rad52 homolog, which is intriguing due to its integral role in strand

exchange in all other organisms studied to date. Vertebrates, as well as

C. elegans, contain an alternative Rad51 loader: Brca2 (Sharan and Bradley

1997). Brca2 possesses Rad51 binding and DNA-binding sites that may act in

Rad51 loading (Sharan et al. 1997). Brca2 is required for meiosis in mouse (Sharan

et al. 2004). In C. elegans, the Brc2 homolog, BRC-2, functions in Rad51 loading

and RPA displacement on Spo-11 generated DSBs (Martin et al. 2005).

Throughout eukaryote and archaea, Rad51/RecA contains multiple paralogs, in

addition to eukaryotic Dmc1 (Lin et al. 2006). The C. elegans RFS-1/RIP-1

complex promotes Rad51 loading, and the rfs-1 mutant shows meiotic defects

when combined with helicase helq-1 mutants (Taylor et al. 2015). Rad51C is

found in mouse meiotic prophase nuclei and is required for meiosis (Kuznetsov

et al. 2007; Liu et al. 2007). In Drosophila, RAD51C/SPN-D is required for DSB

repair in meiosis (Joyce et al. 2012). The Rad55–Rad57 complex, other RAD51

paralogs, in S. cerevisiae promotes Rad51 assembly by preventing Rad51 filament

disruption by anti-recombinase activity (Liu et al. 2011). Both Rad55 and Rad57

are required for meiosis in S. cerevisiae (Gasior et al. 1998; Lovett and Mortimer

1987), while in S. pombe, Rad55 has a small effect on meiotic recombination

(Lorenz et al. 2014).

5.2.4 Crossover Formation

ssDNA invasion into the homologous sequences is followed by DNA displacement,

creating a D-loop. DNA synthesis “captures” the loop leading to the formation of a

double Holliday Junction (dHJ). The ZMM (ZIP–MSH–MER) proteins, identified

in S. cerevisiae, promote the resolution of this structure into a crossover. ZMM

proteins include synaptonemal complex proteins (as Zip1/2/3/4) and proteins

directly involved in crossover formation (as Msh4/5) (Lynn et al. 2007). Msh4/5

creates a sliding clamp complex that utilizes ATP hydrolysis for movement (Snow-

den et al. 2004). In C. elegans, MSH-5 can be found uniformly throughout the

chromatin, but once crossovers are formed in early to mid pachytene, MSH-5

begins to form distinct foci at the single interfering crossover on each chromosome

(Yokoo et al. 2012). These two proteins are thought to be involved in physically

holding the crossover intermediates until recombination is complete, and a loss of

this function would affect the outcome of recombination. In S. cerevisiae, Msh4/5

mutants that are unable to interact with DNA have a decrease in the number of

crossovers, whereas ATP hydrolysis defective Msh4 mutants have reduced cross-

over interference as well as crossover numbers (Krishnaprasad et al. 2015; Nishant
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et al. 2010; Novak et al. 2001; Rakshambikai et al. 2013). This indicates that the

Msh4/5 complex in yeast may not only play a stabilizing role during recombination

but also affect crossover numbers and interference via a distinct mechanism.

COSA-1, a protein discovered in C. elegans, co-localizes to crossover sites

during meiosis and acts in the same pathway as the MSH-4/5 complex (Yokoo

et al. 2012). COSA-1 bears a close resemblance to the human Cyclin B1 protein

based on structural modeling. COSA-1 homologs are widely conserved throughout

eukaryotes, except in the Drosophila lineages in which Msh4, Msh5, and COSA-1

are all absent (Schurko and Logsdon 2008). The precise mechanism of COSA-1

function is still unknown; however, a model has been proposed consisting of a

two-stage licensing process: starting with MSH-4/5 and COSA-1 localization,

followed by COSA-1 partnering or interacting with an unknown CDK to phosphor-

ylate MSH-4/5 which promotes recombination progression (Yokoo et al. 2012).

The mammalian COSA-1 homolog, CNTD1, exhibits similar phenotypes as those

of the C. elegans homolog, which includes normal progression of early meiosis but

a failure of late meiotic recombination markers to appear or be removed from the

chromatin, thus indicating defects in crossover formation. These findings lead to the

model that a CDK partner may work with CNTD1 in mammals to ensure normal

meiosis progression, likely via phosphorylation of specific target proteins

(Holloway et al. 2014).

Crossover formation is also dependent upon proteins involved in posttransla-

tional modifications. RNF212 in mammals, Zip3 in S. cerevisiae, and ZHP-3 in

C. elegans are all homologous E3 ligase proteins. These proteins have been

implicated in SUMOylation in yeast and possibly ubiquitination in other organisms

(Reynolds et al. 2013). RNF212 is required for crossover formation in mammals; in

the absence of RNF212, synapsis can still occur relatively normally; however,

localization of crossover promoting protein such as MLH1 and MSH4 is reduced

or eliminated, suggesting a role for RNF212 in stabilizing crossover precursors

(Reynolds et al. 2013). In mammals, RNF212 localizes as puncta in early pachy-

tene, which progressively become more selective and co-localize with the MSH4/5

complex (Reynolds et al. 2013). The ubiquitin ligase HEI10 has been implicated in

this process as an antagonistic factor to RNF212 (Qiao et al. 2014; Ward

et al. 2007). In HEI10-deficient mice, RNF212 localizes to crossovers but fails to

be removed, preventing crossover formation and arresting meiosis (Qiao

et al. 2014). HEI10 also localizes to crossovers in wild-type cells, suggesting a

direct role in this pathway. These studies point to an interplay between SUMO and

ubiquitin in order to promote the correct number of meiotic crossovers and non-

crossovers. The RNF212 homolog in yeast, Zip3, has been implicated in both the

SUMOylation and ubiquitination pathways (Cheng et al. 2006; Perry et al. 2005).

Consistent with the findings from mice, the C. elegans RNF212 homolog, ZHP-3, is

also important for crossover formation (Jantsch et al. 2004). Despite the fact that

Zip3 was first implicated in assembly of the synaptonemal complex, a role in

synaptonemal complex assembly was not identified for RNF212 (mice) or ZHP-3

(C. elegans) (Agarwal and Roeder 2000). Thus, although the role of RNF212/Zip3/
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ZHP-3 proteins in promoting crossover formation is conserved, their function in

synaptonemal complex assembly is restricted to yeast.

A model based on studies in S. cerevisiae meiosis indicates that crossovers can

arise as an outcome of two pathways: class I crossovers/interfering crossovers and

class II crossovers/non-interfering crossovers. Class I crossovers make up the

majority of meiotic crossovers and are promoted by the ZMM proteins. Class I

and class II crossovers originate by the action of resolvases, structure-specific

nucleases that can act on HJ. In S. cerevisiae, Mlh1 and Mlh3 form a heterodimer

that acts to resolve dHJs in a pathway that leads exclusively to crossover formation

(Hunter and Borts 1997; Wang et al. 1999). This pathway also involves the nuclease

Exo1 (Zakharyevich et al. 2012). Similar observations were made in mouse: most

meiotic crossovers arise by the action of the Mlh1–Mlh3 complex (Baker

et al. 1996; Lipkin et al. 2002).

Class II crossovers originate from the combined activities of several endonucle-

ases. These nucleases can resolve dHJs forming either crossovers or noncrossovers,

although some resolvases can act on the D-loop intermediate as well and promote

only crossovers (Osman et al. 2003; Svendsen and Harper 2010). Nuclease com-

plexes that are involved in generation of class II crossovers include Mus81–Eme1/

Mms4, Slx-1–Slx-4, Xpf1–ERCC1, and Gen1/Yen1 (Bailly et al. 2010; Boddy

et al. 2001; Saito et al. 2012). These nuclease complexes exhibit partially redundant

functions in HJ resolution, and the part each nuclease plays in HJ resolution varies

from organism to organism. In S. cerevisiae, mms4 as well as mus81mutants have a

significant effect on meiosis, while yen1 (gen1 in mammals), slx1, and slx4 have no
effect as shown in single mutant analysis (Mullen et al. 2001). The redundancy

between these nucleases is revealed in double mutant analysis; combining mus81
with yen1, slx1, or slx4 deletion mutants exacerbates the mus81 mutant phenotype

(Matos et al. 2011). A major role for these nucleases is observed in resolving

unregulated joint molecules (e.g., HJ between sister or multiple partners), as

found in sgs1 mutants (Oh et al. 2008; Zakharyevich et al. 2012). mus81 mutants

produce no viable spores, suggesting that MUS81 has a key role in meiosis in

S. pombe (Boddy et al. 2000). In mice, MUS81 appears to play a minor role; both

BTBD12/slx4 and mus81 mutants have reduced fertility and meiotic progression

defects, but cells that progress to diakinesis show no crossover defects (Holloway

et al. 2011). The effect ofmlh3 null mutant on crossover formation is enhanced (but

not eliminated) by deleting mus81 in this background, an indication that Mus81 is

required for crossover formation in the absence of Class I resolvases (Holloway

et al. 2008). Moreover, MLH1 foci numbers are increased in mus81 mutants, likely

indicating a cross talk between the class I and II crossover pathways (Holloway

et al. 2008). Despite the fact that each of the three complexes (Mus81–Eme1,

Slx-1–Slx-4, Xpf1–ERCC1) possesses a separable nuclease activity and frequently

functions redundantly, evidence from mitotic cells suggests that in fact these

complexes associate to form one multi-protein complex. In Drosophila, xpf1/
Mei9-Ercc1 physically interacts with mus312 and slx4, and this interaction is

mediated by Mei9 (Radford et al. 2005; Yildiz et al. 2002). In C. elegans,
HIM18/Slx-4 interact with XPF-1, SLX-1, and MUS-81, while EME-1 and
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ERCC1 are brought to the complex by interaction with MUS-81 and XPF-1,

respectively (Saito et al. 2013), and in human cells, a Mus81–Eme1–Slx-1–Slx-4

complex was identified to function in mitotic resolution (Wyatt et al. 2013).

Investigation of the role that structure-specific nucleases play in meiosis in

C. elegans has added complexity to the picture. In C. elegans meiosis, all cross-

overs are MSH-4/5-dependent crossovers, suggesting that they are interfering

(Kelly et al. 2000). Interestingly, however, the nucleases involved in each of

these events utilize a class of nucleases named Class II in S. cerevisiae, challenging
the classification of resolvases (Saito et al. 2013). In C. elegans, him-18/slx-4
mutants have reduced crossover numbers, bivalent stability is compromised, and

bivalent differentiation is delayed (Saito et al. 2009). As found in S. cerevisiae,
worm gen1 (yeast yen1) and slx-1 have mild effects on meiosis as single mutants

(Bailly et al. 2010; Saito et al. 2012). However, double mutant analysis is consistent

with a role in crossover resolution for all of these nucleases (Saito et al. 2013).

These studies are consistent with a model for two main resolution pathways in

C. elegans: one for MUS-81 and SLX-1 and one for XPF-1, with a very minor role

for GEN-1. Also similarly to S. cerevisiae, C. elegans mus-81 and slx-1 mutant

phenotypes are exacerbated in the absence of Sgs1/HIM-6 (Saito et al. 2013).

5.3 Chromosome Structure

5.3.1 Sister Chromatid Cohesion

As chromosomes enter meiosis, sister chromatids are connected to each other and

held together by the sister chromatid cohesion complex (Fig. 5.3A). The composi-

tion of this complex resembles, but is not identical, to that of the mitotic sister

chromatid cohesion complex. It is therefore not surprising that recruitment of

mitotic cohesion to meiotic chromosomes is unable to compensate for the lack of

meiotic cohesion (Yokobayashi et al. 2003). The cohesion complex is composed of

four protein subunits: Smc1, Smc3, Scc3/SA/STAG, and Scc1/Rad21 (Klesin). In

meiosis, Scc1 is replaced by meiotic specific subunit(s), and in some organisms

other subunits are replaced as well. For example, Scc1 is replaced by Rec8,

ubiquitously among organisms, while in mammals, Smc1 is replaced by Smc1β
and Smc3/STAG1 is replaced by STAG3 (Pezzi et al. 2000; Revenkova et al. 2001;

Watanabe and Nurse 1999). Cohesion protein components are evolutionarily con-

served (Harvey et al. 2002; Koshland and Strunnikov 1996) and are related to other

complexes that act in maintaining the function of chromosomes: the condensin

complex (chromosome condensation), the Smc4/5 complex (DNA damage repair),

and in Drosophila, the synaptonemal complex protein C(2)M shares sequence

similarity to Scc1 (Heidmann et al. 2004).

The cohesion subunits assemble to form a ring structure (Anderson et al. 2002),

most of which is accounted for by the Smc subunits, with each Smc subunit
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Fig. 5.3 The synaptonemal complex and sister chromatid cohesion. (A) Two sister chromatids

(blue pair and orange pair) are held together by sister chromatid cohesion complexes. During

pairing, axial elements (yellow) are first to bind and then central region proteins assemble to form

the synaptonemal complex (red). In this context, axial elements are called lateral elements.

(B) Close-up on the blue homolog region boxed in (A) of chromatin arranged in large loops.

(C) Model one of the cohesion complex working during meiosis: a single cohesion complex

consisting of Smc1, Smc3/Smc3β, Scc3/SA/STAG3, and Scc1/Rec8 forms a loop-like structure.

Names of mitotic–meiotic subunits are in black and meiosis-specific subunits in blue. This single
loop can fit two DNA strands within it, holding sisters together. (D) Model two: two complete

cohesion complexes each have one strand of DNAwithin their loop and the two complexes interact

with each other to hold the two DNA strands together. Both C and D are close-ups of black
rectangle in B
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containing two long coiled-coil domains. A wide hole enclosed by the cohesion ring

structure is compatible with different models explaining how sister chromatids are

connected (Huang et al. 2005). Model 1 (Fig. 5.3C) suggests that the ~40 nM ring

structure can fit two DNA molecules (10 nM fiber that contain nucleosomes)

(Haering et al. 2002). This led to the proposal that the cohesion complex can

connect two sister chromatids by passing the two DNA strands through a single

ring in multiple positions along the chromosomes (Haering et al. 2002). An

alternative model (model 2, Fig. 5.3D) suggests that each chromatid is captured

by its own ring and two adjacent rings interact to establish cohesion (Zhang

et al. 2008b). The establishment of sister chromatid cohesion typically occurs

during S phase (Uhlmann and Nasmyth 1998). However, most of the cohesion

complex is loaded onto the chromosomes prior to replication (Michaelis

et al. 1997), which suggests that modification of the ring structure (opening/closing)

is an important part of establishment of sister chromatid cohesion.

The variety in cohesion subunits suggests that multiple cohesion complexes may

exist with specific functions. This is supported by a specific localization pattern

temporally and spatially for some of the cohesion complexes. In the mouse, the

Scc1/Rad21 meiotic subunit can be replaced not only by Rec8 but also Rad21L

(Herrán et al. 2011; Ishiguro et al. 2011; Lee and Hirano 2011). In early prophase,

Rad21L’s presence is predominant, compared to that of Rec8, and these two pro-

teins occupy nonoverlapping positions on the chromosomes (Ishiguro et al. 2011;

Lee and Hirano 2011). In C. elegans, five Scc1 subunits exist: COH-1, COH-2/

SCC-1, COH-3, COH-4, and REC-8; all five subunits have suggested meiotic

functions based on localization and/or mutant phenotypes (Severson and Meyer

2014). However, REC-8 and COH-3/4 seem to play the major role in meiotic

cohesion (Pasierbek et al. 2001; Severson et al. 2009). The REC-8 and the

COH-3/4 cohesin complexes play redundant roles, as breakdown of prophase

cohesion requires depletion of both complexes (Severson et al. 2009). These

functions are not identical as (1) REC-8 and COH-3/4 localize to different chro-

mosomal domains on pre-metaphase chromosomes, (2) the COH-3/4 complex is

able to bi-orient sister chromatids in the absence of REC-8, while REC-8 cannot

bi-orient sisters in the absence of COH-3/4 (Severson and Meyer 2014; Severson

et al. 2009). The picture became even more complex with the discovery that the

mitotic cohesion complex may play a role in meiosis as well [Scc1/Rad21: Prieto

et al. (2002), Smcα: Gutiérrez-Caballero et al. (2011), COH-1 and COH-2/SCC-1:

Severson and Meyer (2014), STAG2: Prieto et al. (2002)]. However, in some cases,

their roles in meiosis are debated. For example, despite the presence of Scc1/Rad21

on meiotic chromosomes, it is not required for meiotic division (Tachibana-

Konwalski et al. 2010). Therefore, some cohesion proteins may “wait” on meiotic

chromosomes to perform their role later on in mitotic divisions within the zygote.

Cohesin complexes are essential for chromosome function in meiosis. In early

stages of meiosis, cohesion is essential for the formation and maintenance of the

synaptonemal complex at the level of axis formation (the substructure of the

synaptonemal complex, Fig. 5.3A, first to assemble). Yeast mutants that lack

Rec8 do not form an axis (Klein et al. 1999). In organisms in which several cohesin

5 Prophase I: Preparing Chromosomes for Segregation in the Developing Oocyte 139



complexes exist, partially overlapping function of cohesin complexes in

synaptonemal complex assembly is revealed. In the absence of mouse Rec8 or

Rad21L, synapsis is severely impaired but axes still form (Herrán et al. 2011; Xu

et al. 2005). Loss of axis is observed only when both mouse Rec8 and Rad21L are

depleted (Llano et al. 2012). Similarly to what is found in mice, in C. elegans
mutants in which all meiotic cohesion is removed (rec-8, coh-3/4) the homologs are

unable to form an axis. However, removing only one of these complexes restricts

the effects only in to the central region of the synaptonemal complex (Severson

et al. 2009). Effects on synaptonemal complex maintenance, as opposed to estab-

lishment, were also observed in Rad21L mutants in Drosophila and Rec8 mutants

in Sordaria (Urban et al. 2014, Storlazzi et al. 2008). The role of cohesion in

synaptonemal complex assembly may be indirect due to cohesion’s function in

modifying chromosome structure or direct by interacting with synaptonemal com-

plex proteins. The latter was demonstrated in Drosophila and mice: in Drosophila,
mitotic cohesion protein Rad21 physically interacts with C(2)M, and in mouse,

SMC1 and SMC3 interact with synaptonemal complex proteins SYC3 and SYC2

(Urban et al. 2014; Vallaster et al. 2011). In addition to its importance for

synaptonemal complex assembly, cohesion plays a role in shaping the length of

the meiotic axis. Increasing cohesion on chromosomes by inhibiting mechanisms

for its removal shortens axis length in C. elegans and yeast (Challa et al. 2016;

Crawley et al. 2016).

The key role of cohesion in synaptonemal complex assembly is likely to enable

repair of meiotic DSBs, since the synaptonemal complex is required for and pro-

motes interhomolog repair. However, cohesion may also control the repair of DSBs

independently of its role in synaptonemal complex assembly. For example, cohe-

sion is required for the repair of DSBs using sister chromatid recombination in the

absence of the synaptonemal complex in C. elegans (Crawley et al. 2016; Smolikov

et al. 2007). In C. elegans, defects in cohesion loading impair early steps in DSB

processing (Lightfoot et al. 2011), whereas an increase in cohesion loading leads to

a delay in DSB repair (Crawley et al. 2016). In yeast, increased cohesion also leads

to DSB repair defects (Challa et al. 2016), and sister chromatid cohesion plays a

role in implementing homolog bias in meiosis (Hong et al. 2013). DSB formation is

also dependent on cohesion, as complete removal of the meiotic cohesion com-

plexes prevents axis assembly which is required for DSB formation (Severson

et al. 2009).

The most notable function of cohesion is in holding sister chromatids together,

thus allowing proper chromosome segregation in mitosis and meiosis. Cohesion

counteracts the action of forces generated by the spindle through the kinetochore

that try to pull the chromatids apart. By this action, cohesion promotes proper

alignment of chromosomes on the metaphase plate. Therefore, release of cohesion

requires a regulated process: in mitosis, cohesion is released first from the chro-

mosome arms (prophase to pre-metaphase, the “prophase pathway”) followed by

release from centromeres (in anaphase) (Waizenegger et al. 2000). Release of

meiotic cohesion occurs in a similar order, but the release of cohesion from

chromosome arms occurs at MI releasing homologous chromosomes, while release
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of centromeric cohesion occurs at MII, releasing sister chromatids. Release of

meiotic cohesion in anaphase of both meiotic divisions occurs by proteolytic

cleavage of the cohesion ring by similar mechanisms to what is found in mitotic

anaphase (Buonomo et al. 2000; Kudo et al. 2006; Salah and Nasmyth 2000).

Protection of centromeric cohesion by Shugoshin and PP2A/Air2 prevents this

mechanism from releasing centromeric cohesion in MI (Kitajima et al. 2004; Lee

et al. 2008). Premature release of cohesion results in chromosome missegregation

(as will be discussed in Sect. 5.3).

Many of the proteins that assist cohesion loading and establishment in mitosis

have conserved functions in meiosis. These functions include the opening and

closing of the cohesion ring without the need for proteolytic cleavage via mecha-

nisms that are currently poorly understood. The NIPBL/Scc2-Mau2/Scc4 cohesion

loader complex was suggested to act by a mechanism involving the ATP-dependent

opening of the cohesin ring structure (Arumugam et al. 2003; Hu et al. 2011;

Murayama and Uhlmann 2014; Unal et al. 2008). NIPBL/Nipped-B localizes to

the synaptonemal complex axis in mouse, C. elegans, and Drosophila (Gause

et al. 2008; Kuleszewicz et al. 2013; Lightfoot et al. 2011; Visnes et al. 2014),

and Mau2/Scc4 additionally localizes to the synaptonemal complex in mouse

(Visnes et al. 2014). Similar to its role in mitosis (Ciosk et al. 2000), NIPBL/

Scc2 promotes sister chromatid cohesion in meiosis (Lin et al. 2011). However, in

yeast, it was shown that at least part of the role that Scc2 plays in formation of

meiotic cohesion is due to increasing transcription of the Rec8 gene (Lin

et al. 2011). Nipped-B mutants in Drosophila have defects in the maintenance of

cohesion (and the synaptonemal complex), while scc-2mutants in C. elegans do not
load cohesion and phenotypically resemble cohesion null mutants (Gause

et al. 2008; Lightfoot et al. 2011). The protein Ctf7/Eco1 promotes cohesion

establishment by acetylating Smc3 (Ivanov et al. 2002; Skibbens et al. 1999;

Toth et al. 1999). RNAi for Arabidopsis Ctf7 in meiosis prevents Scc3 localization

to the chromosome axis and impairs sister chromatid cohesion in meiosis (Singh

et al. 2013). Pds5 is a cohesion-associated protein that promotes Eco1-mediated

acetylation and thus is suggested to play a role in cohesion maintenance (Vaur

et al. 2012). Pds5 is associated with the meiotic axis (Fukuda and Hoog 2010;

Storlazzi et al. 2008; Zhang et al. 2005). Studies in several model organisms support

an important, but not essential, role for pds5 in meiotic cohesion. The C. elegans
pds5/evl-14 point mutant has a small effect on meiotic cohesion (Wang et al. 2003).

In S. cerevisiae, Pds5 mutants show impaired loading of Rec8, but these defects are

sufficient to prevent synaptonemal complex assembly (Jin et al. 2009; Zhang

et al. 2005). In S. pombe and Sordaria, Rec8 loading is reduced but not eliminated

in Pds5 mutants (Ding et al. 2006; Storlazzi et al. 2008). While in most organisms,

the effects of cohesion loading on recombination can be explained as stemming

from a function in synaptonemal complex assembly, studies in Arabidopsis suggest
a direct role in recombination, as axis formation is not affected in Pds5 mutants but

recombination is affected (Pradillo et al. 2015). Pds5 also affects chromosome

structures in fission yeast, and Pds5 mutants in budding yeast lead to chromosomal

hyper-condensation (Ding et al. 2016; Jin et al. 2009). One protein was shown to
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counteract cohesion maintenance in meiosis: WAPL is necessary for unloading the

cohesins in mitosis. The activity of WAPL is regulated by Eco1-mediated acetyla-

tion of Smc3 (Rolef Ben-Shahar et al. 2008; Sutani et al. 2009; Unal et al. 2008). It

is likely that WAPL plays a similar role in meiotic prophase I, although the

biochemical mechanism is not yet resolved. WAPL localizes to the synaptonemal

complex in mouse (Zhang et al. 2008a). In C. elegans, WAPL-1 regulates cohesion

removal of the COH-3/4 complexes but not the REC-8 cohesion complex (Crawley

et al. 2016). Drosophila wapl mutants lead to nondisjunction of achaismata chro-

mosomes, likely via heterochromatin pairing (Vernı̀ et al. 2000).

5.3.2 The Synaptonemal Complex: An Introduction

The synaptonemal complex, a multimeric protein complex, mediates the associa-

tion of homologous chromosomes in meiotic prophase I (Fig. 5.3; Fawcett 1956;

Moses 1956, 1958). The proteinaceous synaptonemal complex is composed of

lateral elements which bind to the axis of each homologous chromosome pair and

central region proteins that connect to the lateral elements. Together they form a

tripartite, ladder-like structure which holds homologous chromosomes together

(Zickler and Kleckner 1999). Components of the synaptonemal complex contain

coiled-coil domains which are conserved across all Eukarya synaptonemal complex

proteins, but the amino acid sequence of the proteins is highly variable across

species (Fig. 5.4; Table 5.2; Fraune et al. 2012; Page and Hawley 2004). Complete

formation of the synaptonemal complex occurs when central region proteins have

loaded and form a bridge between the lateral element proteins; this is known as

synapsis of homologous chromosomes. Full synapsis is important for stable pairing,

which allows for the repair of DSBs and the formation of crossovers, one of the

outcomes of this repair. Crossovers create a physical tether between homologous

chromosomes. This tether is important for holding the homologous chromosomes

together until segregation; therefore, complete synapsis is necessary for proper

chromosome segregation during meiosis. Loss of the synaptonemal complex

leads to unstable pairing and deficient homologous recombination (e.g., de Vries

et al. 2005; MacQueen et al. 2002; Sym et al. 1993). Homologous recombination is

crucial for proper segregation of homologous chromosomes, and improper segre-

gation leads to the formation of aneuploid gametes.

5.3.2.1 Synaptonemal Complex Assembly Dynamics, Pairing,

and Signaling

Prior to synaptonemal complex assembly and complete synapsis along homologous

chromosomes, the homologs need to pair. In general, the method by which the

homologs find their partners is conserved across metazoans: chromosome move-

ment prevents nonhomologous chromosome pairing while promoting homologs to
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pair, which acts through chromosome connections to the nuclear envelope and the

cytoskeleton. Chromosomes are attached to the nuclear envelope through one or

more ends in a configuration typically defined as a “bouquet” (Dresser and Giroux

1988; Harper 2004). Drosophila and C. elegans are exceptions in that they do not

form a typical bouquet (Harper 2004). In C. elegans, initial pairing of chromosomes

occurs at pairing centers, repetitive DNA sequences that are found on one end of

each chromosome (Phillips et al. 2009). These sequences are recognized and bound

Fig. 5.4 Synaptonemal complex proteins vary among organisms. (A) SC in mouse consists of

lateral proteins (yellow) and central region proteins, SYCP1 (red), TEX12 (orange), SYCE2
(orange/blue), and SYCE1 (blue). SYCP1 is the only central region protein to interact with the

lateral elements, whereas TEX12, SYCE2, and SYCE1 interact only with each other and the

opposite end of SYCP1. (B) SC in D. melanogaster consists of three proteins, C(3)G (red), Cona
(blue), and Corola (blue). Cona and Corola form a complex in the middle of the central region and

do not contact the lateral elements. C(3)G is the only protein to interact with lateral elements

similar to mammalian SYCP1. (C) C. elegans SC is composed of four central region proteins:

SYP-1 (red), SYP-2 (orange), SYP-3 (light blue), and SYP-4 (blue). Unlike other organisms,

multiple C. elegans proteins interact with lateral elements, including SYP-1, SYP-3, and SYP-4

Table 5.2 Synaptonemal complex proteins

Species Lateral elements Central region proteins

S. cerevisiae Red1

Hop1

Mek1

Zip1

Zip2

Zip3

Zip4

(Emc11-Gmc2)

C. elegans HIM-3

HTP-1/2

HTP-3

SYP-1

SYP-2

SYP-3

SYP-4

D. melanogaster C(2)M C(3)G

COROLLA

CONA

M. musculus SYCP3

SYCP2

HORMAD1/2

SYCP1

SYCE1/2

TEX12

SYCE3
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by zinc-finger proteins, which are suggested to link the pairing centers of the

chromosomes to the nuclear envelope (MacQueen et al. 2005; Phillips

et al. 2005). In Drosophila, pairing initiates at centromeric locations, while in

S. cerevisiae, pairing initiates at telomeres (Takeo et al. 2011; Tanneti

et al. 2011; Trelles-Sticken et al. 2000). In the mouse, both telomeres and centro-

meres (telocentric in mouse) show significant levels of pairing in the initiation of

meiosis (Boateng et al. 2013). SUN-KASH domain proteins were shown to be

involved in the anchoring of chromosomes to the nuclear envelope in S. cerevisiae,
S. pombe, C. elegans, and mouse model systems (Boateng et al. 2013; Conrad

et al. 2008; Ding et al. 2007; Morimoto et al. 2012; Niwa et al. 2000). To disturb

nonhomologous chromosome interactions, a whipping movement is created

allowing for chromosomes to continue the search for homologs (Chikashige

et al. 1994; Parvinen and S€oderstr€om 1976). In Drosophila and mice, a rotational

movement is used to promote proper homologous chromosome pairing

(Christophorou et al. 2015; Scherthan et al. 1996). In S. pombe, C. elegans, and
Drosophila, the mechanism for homology search requires dynein-mediated move-

ment of microtubules, while in S. cerevisiae, actin plays a role in the chromosomal

movements in meiosis (Christophorou et al. 2015; Horn et al. 2013; Yamamoto

et al. 1999).

Synaptonemal complex assembly initiates when the lateral elements (referred to

as axial elements prior to synaptonemal complex assembly) bind to the chromo-

somes (Zickler and Kleckner 1999). The recruitment of axis proteins to chromo-

somes may be mediated by a direct interaction with the cohesion complex,

providing a scaffold for synaptonemal complex assembly (Urban et al. 2014;

Vallaster et al. 2011). Once chromosomes have found their homologs, central

region protein nucleation occurs at the site of homolog pairing. In S. cerevisiae
and Drosophila, the first synapsis initiation events were shown to coincide with

centromeres, while in C. elegans, synapsis most likely initiates at pairing centers

(Rog and Dernburg 2015). In mouse, however, centromeres are not the sites of

synapsis initiation (Qiao et al. 2012). Once the central region proteins fully align

along the chromosomes, the synaptonemal complex is considered to be fully

synapsed. It is not clear yet if central region proteins interact directly with lateral

elements or if the lateral elements create the right chromosomal environment for

their assembly. The type and number of proteins that make up the two different

parts of the synaptonemal complex (lateral and central elements) vary between

organisms (see Table 5.2). Synaptonemal complex disassembly occurs at the end of

prophase after DSB formation, repair, and the presence of crossovers that has now

created a physical tether between homologs. Synaptonemal complex disassembly

occurs in a stepwise manner, typically starting with the removal of central elements

of the synaptonemal complex, followed by some elements of the axis (Eijpe

et al. 2003; Nabeshima et al. 2005). Some synaptonemal complex proteins are

retained on chromosomes in restricted locations and disassemble only during

meiosis I, when homologous chromosomes segregate (Bisig et al. 2012; de

Carvalho et al. 2008).
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Just as the proteins of the synaptonemal complex vary from organism to organ-

ism, so does the interplay between recombination and the synaptonemal complex.

In all cases, the synaptonemal complex is crucial for crossover formation between

homologs. However, while in Drosophila and C. elegans, the synaptonemal com-

plex is absolutely required for crossover formation, in mouse and in S. cerevisiae,
the requirement is only partial (e.g., de Vries et al. 2005; MacQueen et al. 2002;

Page and Hawley 2001; Sym et al. 1993). Another difference between organisms is

in how much the synaptonemal complex requires DSBs for its formation. In

C. elegans andDrosophila, the loss of DSB formation does not affect synaptonemal

complex assembly, disassembly, or its structure (Colaiácovo et al. 2003; McKim

et al. 1998). In mouse and in S. cerevisiae, in the absence of DSBs, the

synaptonemal complex fails to properly form and very limited synapsis is observed

(Bhuiyan and Schmekel 2004; Romanienko and Camerini-Otero 2000).

5.3.2.2 The Contribution of the Synaptonemal Complex

to Recombination

The main role of the synaptonemal complex is considered to be to hold the

homologous chromosomes together to stabilize the pairing interactions between

them and to ensure crossover formation. Crossovers create a physical tether that

holds together homologs at points where the synaptonemal complex disassembles.

If the synaptonemal complex assembles improperly, such as partial assembly or

aggregate formation, the ability to form crossovers is impaired and can lead to

aneuploidy or cell death. The axial elements of the synaptonemal complex were

shown to be required for DSB formation. In S. cerevisiae, both axis proteins Red1

and Hop1 are required for DSB formation (Mao-Draayer et al. 1996; Woltering

et al. 2000; Xu et al. 1997), while in C. elegans, HTP-3 is required for DSB

formation (Goodyer et al. 2008).

Other studies have suggested further roles for the synaptonemal complex in the

regulation of the recombination process. The synaptonemal complex may promote

the crossover/noncrossover decision by its specific effect on supporting crossovers.

Mutants in the ZMM class of proteins in S. cerevisiae, which includes SC compo-

nents, are required for crossover formation, but have no role in noncrossover

formation (B€orner et al. 2004). Axial element proteins of the synaptonemal com-

plex act in ensuring homolog bias. Hop1 and Red1 from S. cerevisiae and SYCP3

from mouse impose homolog bias by serving as a barrier for sister chromatid

recombination (Li et al. 2011), while in S. pombe, the axis imposes interhomolog

recombination by promoting recombination with the homolog (Latypov

et al. 2010). In C. elegans, reducing the level of synaptonemal complex central

region proteins impairs interference (Libuda et al. 2013). However, it is not clear if

the synaptonemal complex plays a role in crossover interference in other organisms

since interference acts prior in S. cerevisiae (Bishop and Zickler 2004) or concur-

rently in Sordaria macrospora (Zhang et al. 2014) to synaptonemal complex

assembly.
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5.3.2.3 Posttranslational Modification

The proteins that make up the synaptonemal complex have been well studied, but

how these proteins are regulated by posttranslational modifications is still not fully

understood. One function of posttranslational modification is to regulate the assem-

bly of the synaptonemal complex. S. cerevisiae provides the most complete under-

standing of synaptonemal complex assembly, a process which is regulated by

SUMOylation in this organism. Zip3, one of the ZMM proteins, is an E3 SUMO

ligase (Cheng et al. 2006). SUMO localizes to Zip1, and the absence of SUMO

causes defects in synaptonemal complex assembly (Cheng et al. 2006; Hooker and

Roeder 2006; Voelkel-Meiman et al. 2013). An additional component in this

pathway includes UBC9, an E2 ligase that forms SUMO chains that are required

for synaptonemal complex assembly (Klug et al. 2013). The C-terminal domains of

the SC proteins Zip1 and Red1 contain SUMO-interacting domains (SIMs) (Cheng

et al. 2006; Lin et al. 2010). Red1 is SUMOylated, in a Zip1-dependent manner, and

SUMOylation facilitates the interaction between the two, promoting SC assembly

(Eichinger and Jentsch 2010). A second step in SC assembly involves Emc11

SUMOylation (Humphryes et al. 2013; Leung et al. 2015; Voelkel-Meiman

et al. 2013). SUMOylation of Emc11 promotes Zip1 assembly, via the central

region of the SC, which is located at the Zip1 N-terminus (Leung et al. 2015). In

C. elegans, synaptonemal complex aggregation is prevented by the activity of a

neddylation regulated ubiquitin ligase, but it is still not clear if this effect on

synaptonemal complex assembly is direct (Brockway et al. 2014). Posttranslational

modification of synaptonemal complex proteins is also important for their disas-

sembly. InM. musculus, PLK-1 localizes to and is required for the phosphorylation
of SYCP1, TEX12, and SYCE1 in spermatocytes and is important for

synaptonemal complex disassembly (Jordan et al. 2012). Phosphorylation of

synaptonemal complex central region proteins also can initiate disassembly, as

was shown for C. elegans SYP-2 (Nadarajan et al. 2016).

Another function of posttranslational modification of the synaptonemal complex

is in regulation of recombination in meiosis. In S. cerevisiae, phosphorylation of the
axial element, Hop1, is required for interhomolog recombination bias (Carballo

et al. 2008), while the phosphorylation of Zip1, central region protein, promotes the

formation of interfering crossovers as well as synaptonemal complex assembly

(Chen et al. 2015). Axial element proteins of the synaptonemal complex are

phosphorylated in a temporally regulated manner in mice, but the function of this

phosphorylation is currently unknown (Fukuda et al. 2012). Since posttranslational

modifications play an important role in the regulation of protein complexes, more

in-depth understanding of how posttranslational protein modifications regulate the

synaptonemal complex is required.
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5.4 Signaling in Meiotic Prophase I

The accurate execution of meiotic events requires signaling pathways to commu-

nicate between different steps of the meiotic program. This communication is

thought to occur between many different components of the meiotic program within

each cell, although intercellular communication cannot be excluded. In terms of

signaling related to recombination events, many of the pathway components are

borrowed from DNA damage repair signaling. This is not surprising due to the

similarity between meiotic and mitotic recombination. Pathways that regulate

homologous chromosome pairing and synapsis are intertwined with

recombination-related signaling, as expected from the interdependency between

recombination and synapsis found in many organisms. Overall, meiotic signaling

involves a combination of feedback loops acting within a pathway (e.g., DSB repair

signals to DSB formation), with cross talk between pathways (e.g., crossover

formation signals to chromosome pairing), and altogether regulating the complex

molecular events that take place in meiosis.

DSB formation and repair are linked by signaling mechanisms that ensure when

recombination proceeds normally, DSB formation is halted. ATM/Tel1 and

ATR/Mec1 are two related protein kinases that play an important role in mitotic

DSB repair (Guleria and Chandna 2016). In Drosophila and mouse meiosis, DSB

formation is downregulated by ATM, while in S. cerevisiae, ATM and ATR are

both involved in downregulating DSB formation (Joyce et al. 2011; Lange

et al. 2011; Zhang et al. 2011). ATM and ATR’s regulation of DSB formation

may involve phosphorylation of members of the Spo11 complex, as was shown for

Rec114 in S. cerevisiae (Carballo et al. 2013). This mechanism of downregulating

DSB formation may be controlling interference at the level of DSB formation, as in

S. cerevisiae ATM preferentially downregulates proximal DSBs, preventing the

positioning of adjacent DSBs (Garcia et al. 2015). ATM and ATR are also involved

in regulating DSB repair. In S. cerevisiae, activation of ATM/Tel1 depends on

Mre11, a key player in DSB resection (Usui et al. 2001). However, ATM is not only

activated by Mre11 but also positively regulates resection with ATR (Cartagena-

Lirola et al. 2006; Terasawa et al. 2008; Usui et al. 2001). ATM and ATR promote

differential timing of resection on a different subset of DSBs; ATM regulation is

earlier and acts upon a few DSBs, whereas ATR regulates the late and abundant

DSBs (Joshi et al. 2015). The synaptonemal complex axis is also a target of ATM

and ATR. In mouse, axis and cohesion proteins are phosphorylated, in an ATM- and

ATR-dependent manner, in chromosomal regions not yet synapsed, suggesting a role

in silencing of unsynapsed chromatin (Fukuda et al. 2012; Royo et al. 2013). In

S. cerevisiae, ATM/ATR phosphorylates Hop1 to promote interhomolog recombina-

tion (Carballo et al. 2008; Penedos et al. 2015). Mutating a predicted ATM/ATR

phosphorylation site on Zip3 reduces crossover levels in S. cerevisiae (Serrentino

et al. 2013). These effects on crossover levels are in agreement with the role for ATM

and (more so) for ATR in imposing homolog bias (Joshi et al. 2015). ATR1/Mec1 also

mediates Zip1 phosphorylation, but this event is specifically required for the early
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meiotic role of Zip1 in binding centromeres (centromere coupling) (Falk et al. 2010).

In C. elegans, the early meiotic role for ATM/ATR has not been described as these

proteins function mainly in the context of externally induced DNA damage and the

mitotic germ line (Garcia-Muse and Boulton 2005; Stergiou et al. 2007). InC. elegans
meiosis, ATM is involved in the restoration of chromosomal structure after DNA

damage is induced in meiotic nuclei (Couteau and Zetka 2011).

Similarly to ATM and ATR, CHK2/Mek1 acts primarily in the DNA damage

response in mitotic cells (Zannini et al. 2014). In mice ovaries, Chk2 is regulated by

ATM and in S. pombe, CHK2 is a target of ATR, thus linking the two DNA damage

signaling pathways (Miles et al. 2010; Tougan et al. 2010). The activation of CHK2

in mouse ovaries is essential for DNA damage-induced apoptosis of oocytes

(Bolcun-Filas et al. 2014). Work done in S. cerevisiae and S. pombe is consistent

with a role for Chk2 in the DNA damage repair pathway, but in a different step:

promoting meiotic DSB repair (Niu et al. 2007; Tougan et al. 2010; Xu et al. 1997).

In S. cerevisiae, Chk2 was shown to be involved in inhibiting sister chromatid

recombination (Niu et al. 2007). In C. elegans, CHK-2 acts both in promoting DSB

formation and homologous chromosome pairing. These pathways add to the grow-

ing list of noncanonical functions of CHK2 beyond DNA damage signaling

(Zannini et al. 2014). CHK-2 promotes the formation of meiotic DSBs by control-

ling the recruitment of proteins required for DSB formation (DSB-1 and DSB-2) to

chromosomes (Rosu et al. 2013; Stamper et al. 2013). In its second meiotic

function, CHK-2 is required for localization of most pairing center proteins,

promoting both chromosome pairing and synapsis (MacQueen and Villeneuve

2001; Phillips and Dernburg 2006). These mechanisms involve the phosphorylation

of SUN-1 (part of the protein complex tethering chromosomes to the nuclear

envelope) by CHK-2 (Penkner et al. 2009). CHK-2 also acts as a “sensor” protein.

Defects in chromosome synapsis or recombination are relayed to CHK-2 via pro-

teins forming the synaptonemal complex axis; this process promotes prolongation

of CK activities (Kim et al. 2015). Chk2 may have a meiotic function outside DSB

repair in mouse as well, as it is required in spermatogenesis for a specific H3

phosphorylation mark (Govin et al. 2010).

Polo-like kinases (PLKs) are involved in the regulation of cell division in both

mitosis and meiosis that includes a wide variety of cellular functions (Archambault

et al. 2015). In C. elegans, two PLKs act in meiosis: the meiotic functioning PLK-2

and the mainly mitotic functioning PLK-1 which can partially substitute for PLK-2

(Chase et al. 2000; Harper et al. 2011). In C. elegans, SUN-1 is targeted by PLK-2

(and CHK-2, see above). PLK-2 localizes to SUN-1 and phosphorylates it, promot-

ing pairing and inhibiting nonhomologous synapsis (Harper et al. 2011; Labella

et al. 2011). PLK-2’s localization to SUN-1 patches is partially dependent upon the
phosphorylation of SUN-1, suggesting a positive feedback loop between the two

proteins (Woglar et al. 2013). In S. cerevisiae, the polo-like kinase homolog Cdc5

appears to perform a later meiotic function. Cdc5 is required for pachytene exit and

synaptonemal complex disassembly and is the target of the transcriptional regulator

Ndt80 (Sourirajan and Lichten 2008). Ndt80 was also suggested to be part of the

signal transduction pathway signaling between the recruitment of the Spo11 com-

plex to the MI division (Malone et al. 2004).
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TheMAP kinase (MAPK) pathway plays an important role in oocyte maturation,

allowing for the transition from diplotene arrest to MI in vertebrates (Fan and Sun

2004; Fan et al. 2012; Sato 2015). In C. elegans, where cells do not normally arrest

at diplotene, MAPK signaling is required for meiotic progression and the develop-

ment of functional oocytes (Church et al. 1995; Lee et al. 2007). MAPK plays a role

in meiotic DSB repair by serving as a signal for the transition from the meiotic repair

mechanism to a mitotic-like repair pathway (Hayashi et al. 2007). The effect of the

MAPK pathway on DSB repair may even take place prior to crossover formation, as

defects in the timing of MPK activation are correlated with an alteration in the

timing of key DSB repair events (Yin et al. 2016). Moreover, the MAPK pathway

may regulate DSB repair directly, since proteins required for homologous recombi-

nation repair are among the suggested MAPK targets (Arur et al. 2009). MAPK

inactivation is also required for the disassembly of synaptonemal complex central

region proteins, thus acting to preserve synaptonemal complex structure until

crossovers are formed (Nadarajan et al. 2016). Altogether, these studies show that

the MAPK pathway may serve to connect the various molecular processes taking

place in the pachytene stage and coordinate them with meiotic progression.

5.5 Defects Originating in Prophase that Lead

to Aneuploidy

5.5.1 Meiosis and Aneuploidy

The inheritance of an abnormal number of chromosomes is termed aneuploidy. In

humans, an aneuploid embryo with only one autosomal chromosome will die before a

pregnancy is recognized, while a trisomic embryo will either end as a miscarriage or

lead to the birth of a childwith developmental disabilities (Herbert et al. 2015).Human

oocytes show a high rate of aneuploidy [reviewed in Nagaoka et al. (2012)]: for

example, 54% of MII oocytes from young donors with no known fertility issues, and

62% of oocytes from advanced maternal age in vitro fertilization donors show

aneuploidy (Garcia-Cruz et al. 2010; Ottolini et al. 2015). These levels of aneuploidy

are much higher than what is observed for oocytes in model organisms [despite

varying levels of aneuploidy between studies in the same model organism, Drosoph-
ila: Traut (1980; Traut and Schr€oder (1978) andmice: (Hodges et al. (2005)]. Another

feature of humanmeiosis is that aneuploidy rates increase as women age (Hassold and

Chiu 1985; Pellestor et al. 2003). Oocytes of model organisms also exhibit a mild

age-dependent increase in aneuploidy (Traut 1980; Traut and Schr€oder 1978). It was
shown that this age effect is stronger for a long-lived mousemodel (Lister et al. 2010).

These findings suggest that the exceptional increase in aneuploidy in humans as they

age is revealed as an outcome of the extension of reproductive age that follows the

increase in life span of humans in the last century.

Missegregation of chromosomes during meiotic divisions is a leading cause for

aneuploidy. It is conceivable that aneuploidy could originate from mitotic errors.
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However, studies of all three meiotic products of human oocyte meiosis establish

that aneuploidy is exclusively caused by meiotic errors (Ottolini et al. 2015).

Aneuploidy can arise from chromosome missegregation (nondisjunction) at MI or

MII. In the first meiotic division, homologous chromosomes segregate away from

each other. Since meiotic prophase establishes the crossovers connecting homolo-

gous chromosomes, aneuploidy arising from prophase I defects is more likely to

lead to chromosome missegregation in the first meiotic division. However,

missegregation of a whole chromosome is less common than predicted, and defects

leading to premature separation of sister chromatids are common (Angell 1991).

These events include reverse segregation and precocious separation of sister chro-

matids (PSSCs) and mostly occur in MI (Ottolini et al. 2015). In advanced maternal

age women, single chromatid nondisjunction, including MII errors, is more fre-

quently found (Pellestor et al. 2003) (Fragouli et al. 2011, 2013). MI versus MII

origins of aneuploidy are also dependent on the chromosome analyzed, for example,

chromosome 16 aneuploidy involves mainly MI events, while chromosome 18 aneu-

ploidy involves mainlyMII errors (Bugge et al. 1998). Analysis of chromosomal rates

of nondisjunction, prior to implantation, indicates that smaller chromosomes (15, 16,

19, 21, and 22) are more likely to missegregate (Fragouli et al. 2013). As found in

human oocytes, smaller chromosomes of mice are more likely to lack chiasma

(Hodges et al. 2005). Although aneuploidy is the most common form of meiotic

chromosomal aberration, partial losses of chromosome segments (large deletions)

were also observed in low frequency in human oocytes (Fragouli et al. 2011).

Unlike sperm cells, oocytes are arrested in meiotic prophase I during embryonic

development, when resumption of meiosis occurs following ovulation (MI at ovu-

lation and MII at fertilization). Thus, in humans, oocytes arrest at a stage following

crossover formation and prior to MI division for decade(s). Autosomal aneuploidy

is predominant in oogenesis, as compared to spermatogenesis (Martin et al. 1991;

Pacchierotti et al. 2007), suggesting that the causes of infertility may be connected

to the unique properties of female meiosis. The fact that aneuploidy is increased as

women age may suggest that the process that is delayed in female meiosis is the one

sensitive to perturbation. These observations suggest that an early meiotic event

that is maintained up until fertilization (pre-diplotene) is “time sensitive” and

perturbed as oocytes age. The fact that chromosomes that undergo nondisjunction

have altered recombination rates and patterns (see below) led to the proposal that

aneuploidy arises from a “two hit” model: one hit, originating at embryonic

development and a second hit that is the “age-dependent” component (Lamb

et al. 1996). There are likely many causes for aneuploidy, but here we will focus

on the connection between the proper execution of prophase events and aneuploidy.

5.5.2 Crossover Formation and Aneuploidy

Studies in model organisms establish that a lack of crossovers leads to

missegregation of chromosomes in MI. Some exceptions to this rule, however,

exist. For example, (a) backup mechanisms of achiasmatic chromosome
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segregation and (b) meiotic programs that do not rely on crossovers (Wolf 1994).

Current models hold that crossovers are a prerequisite for ensuring that homologous

chromosomes will segregate away from each other to opposing poles. It was

therefore suggested that oocyte nondisjunction might arise from an inability to

form crossovers on a particular chromosome.

Both the reduction and absence of recombination is found in trisomic chromo-

somes. However, the magnitude of the effect varies between chromosomes and

studies. Analysis of spontaneous abortions due to trisomy 16 or 21 showed 30%

and 16–40% reduction in map length on respective chromosomes (Hassold

et al. 1995; Lamb et al. 2005). Chromosomes 21 and 22, which are prone to

nondisjunction, also show reduced recombination rate by cytological analysis of

fetal oocytes [~5% and 6% of oocytes with no MLH1 foci, respectively (Cheng

et al. 2009)]. 25–47% of the trisomies involve achiasmate bivalents for the chro-

mosome effected [13: Bugge et al. (2007), Hall et al. (2007a); 15: Robinson

et al. (1998); 18: Bugge et al. (1998); 21: Lamb et al. (1997, 2005); 22: Hall

et al. (2007b); X: Thomas et al. (2001)]. However, despite the fact that the

frequency of trisomy 21 increases with maternal age (Penrose 2009), oocytes

isolated from advanced maternal age individuals are as likely to have achiasmatic

chromosomes as younger donors (Lamb et al. 1997). Moreover, trisomies for

chromosome 15 are less likely to show noncrossovers when originating in older

mothers (Robinson et al. 1998). These findings do not exclude the possibility that

achiasmatic chromosomes may contribute to the high baseline level of aneuploidy

found in humans.

Studies in oocytes from advanced maternal age donors indicate that recombina-

tion rate is a factor that accounts for 18% of the variation in the incidence of

aneuploidy (Ottolini et al. 2015). These aged oocytes have ~6 less crossovers

overall compared to euploid oocytes (Ottolini et al. 2015). It is intriguing that the

overall reduction of crossover rates over the whole genome, and not just on

chromosomes 21, predisposes trisomy 21 (Brown et al. 2000). Oocytes that enter

meiosis earlier in development will ovulate earlier as well (Polani and Crolla 1991),

which leads to the hypothesis that global rates of recombination are lower in

oocytes from late fetal stage, accounting for the age-dependent effect on aneu-

ploidy. This “production line” model is likely incorrect, as oocytes from early and

late fetal stage have similar recombination rates [MLH1 foci counts (Rowsey

et al. 2014)].

A single crossover may not be sufficient to promote proper chromosome segre-

gation. Analysis of fetal oocytes indicate that chromosomes 21 and 22 are less

likely to contain crossover markers on both p and q arms of the chromosome

[MLH1 foci (Cheng et al. 2009)], and chromosome 16 is less likely to have multiple

crossover events (Garcia-Cruz et al. 2010). It is possible that a single crossover will

be sufficient for proper segregation; however, analysis of all meiotic products has

indicated that two crossovers involving all sister chromatids are required for proper

segregation (Ottolini et al. 2015). According to this study, nonrecombinant chro-

matids are more likely to be subjected to precocious separation of sister chromatids

(at MI) or missegregation at MII, even if they were originally part of a bivalent

(Ottolini et al. 2015).
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5.5.3 Crossover Distribution and Aneuploidy

Crossover positioning plays an important role in chromosome missegregation.

Terminal crossovers on chromosome 21 are more likely to be found on chromo-

somes that have undergone MI nondisjunction, whereas pericentromeric crossovers

are more likely to be found on MII nondisjunction chromosomes (Lamb et al. 1997,

2005). Analysis of spontaneous abortions due to trisomy 16 showed that most of the

reduction in map length was within the pericentromeric regions (Hassold

et al. 1995). Oocytes from advanced maternal age donors (obtained from in vitro

fertilization) show variation in the positions of the crossover events, which in some

oocytes were pericentromeric, predisposing these oocytes for segregation defects

(Ottolini et al. 2015). Maternal age also affects the distribution of crossovers on

chromosomes with nondisjunction events (Ghosh et al. 2009; Oliver et al. 2008,

2012). Analysis of recombination maps of chromosomes 21 from Down syndrome

patients revealed an increase in telomeric-proximal recombination in all age groups

(Oliver et al. 2008, 2012). These events are found in a higher proportion in children

with chromosome 21 trisomies born to young mothers (Oliver et al. 2008). These

studies suggest that the distal crossovers may contribute to the basal high levels of

human nondisjunction, regardless of mother’s age. However, the effect on MII was

predominant in older mothers and mainly involve a centromeric exchange (Oliver

et al. 2008), indicating that centromeric-proximal crossovers are subjected to the

age-dependent effect on nondisjunction. Despite this correlation between altered

recombination patterns and nondisjunction of autosomes, the X chromosome did

not show this same association, which may indicate that the causes for nondisjunc-

tion vary between autosomes and the X chromosome (Thomas et al. 2001).

5.5.4 Cohesion Maintenance and Aneuploidy

Crossovers link homologous chromosomes only as long as sister chromatid cohe-

sion is maintained. The age-related component of oocyte aneuploidy acts upon

processes that take place after crossover formation, suggesting that compromised

sister chromatid cohesion leads to a loss of chiasmata and the breakdown of the

bivalent. Immunostainings for cohesins reveal a decreased association with chro-

mosomes in aged mice oocytes (Liu and Keefe 2008; Tsutsumi et al. 2014). In

humans, meiotic, but not mitotic, cohesion protein levels are reduced with age, as

measured by immunofluorescence staining, despite having no effect on mRNA

levels (Garcia-Cruz et al. 2010; Tsutsumi et al. 2014). Several studies, both in

Drosophila and mouse, addressed this model by examining whether loss of cohe-

sion predisposes chromosomes to nondisjunction in an age-dependent manner.

Drosophila females with reduced levels of Ord (a protein required for meiotic

cohesion) show an increase in nondisjunction which is notably augmented in aged

oocytes (Jeffreys et al. 2003). Mice with a point mutation in the meiotic-specific

cohesion complex subunit Smc1β show a severe age-dependent increase in the
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proportion of homologswith univalents, including a premature onset of these defects

(Hodges et al. 2005). Altogether, these studies suggest that a reduction in cohesion

levels contributes to the maternal-age effect on chromosome missegregation. This

effect may be chromosomal region-dependent [centromeric-proximal but not

telomeric-proximal crossovers are associated with age-dependent nondisjunction

(Oliver et al. 2008)], suggesting that cohesion erosion in pericentromeric regions

sensitizes the chromosome to age-dependent nondisjunction.

Cohesion proteins are loaded onto chromosomes prior and during meiotic

prophase I; however, it is plausible that they will be replenished later, during the

prolonged post-pachytene arrest. However, despite the expression of meiotic cohe-

sion complex proteins in oocytes during their arrest, they do not turn over and their

expression during the arrest is not required for maintenance of the chiasma

(Tachibana-Konwalski et al. 2010). These studies suggest that the cohesion com-

plexes loaded prior to oocyte arrest, during embryonic development, are the crucial

proteins required for chiasma maintenance. How cohesion function is impaired is

not yet clear. In addition to a direct effect on cohesion stability/structure, deregu-

lation of pathways that regulate cohesion removal may come into play (e.g., the

cohesion protector Sgo2).

5.5.5 Models Suggesting How Prophase I Defects Lead
to Aneuploidy

As discussed above, the synaptonemal complex is required for the formation of all

obligatory crossover events and may regulate their distribution. Therefore, it is

conceivable that defects in the formation of the synaptonemal complex may lead to

bivalents lacking a chiasma or having a non-favorable chiasma positioning. Defects

in synapsis of chromosomes activate checkpoints that lead to cell death. If defects

in synapsis are ignored, this may lead to the formation of oocytes predisposed to

aneuploidy. Oocytes were shown to be less sensitive to the activation of these

checkpoints compared to spermatocytes; similar synapsis defects will trigger apo-

ptosis in all sperm cells, while a significant proportion of oocytes will survive

(Morelli and Cohen 2005). Therefore, it is possible that a “weak checkpoint” may

contribute to aneuploidy.

There are several possible explanations as to how crossover positioning may

affect chromosome segregation. The crossover between homologous chromosomes

in the bivalent structure is maintained by sister chromatid cohesion. Sister chroma-

tid cohesion is established between the crossover site and each telomere, creating

two cohesion domains in the presence of a single crossover. Therefore, cohesion

loss on either of these domains is sufficient to break the bivalent structure into two

univalents (separated homologous chromosomes; Fig. 5.5). In a bivalent with a

terminal crossover, the segment between the crossover and the telomere region is

shorter than a bivalent with a more central crossover. Assuming the amount of
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cohesion lost with age is similar, a bivalent with a terminal crossover will be more

likely to lose all its cohesion between the crossover site and the telomere, increasing

the likelihood of MI nondisjunction. Another possibility for terminal crossovers to

cause MI nondisjunction is that the terminal crossover may compromise

bi-orientation of kinetochores at MI. The contribution of pre-centromeric region

crossovers to missegregation may also stem from interrupting centromere–spindle

attachments and may interfere with centromere separation (Fig. 5.6). This can lead

to sister chromatid nondisjunction at MI or MII. MI sister chromatid nondisjunction

Fig. 5.5 Crossover position relative to the telomere and cohesion are both critical to proper

meiotic segregation. A–C and E–G represent the bivalent prior to the meiotic divisions (chromo-

somes in orange and blue, cohesion in green, centromeres in black, and pulling forces in gray,
arrows), while D and H are the outcomes of both meiotic divisions (chromosomes in oocyte and

polar bodies). (A–C) In aged meiotic nuclei, sister chromatid synapsis can be lost prematurely

before MI segregation (green region is depleted over time, A–C are sequentially older oocytes). If

the crossover is far from the telomere region, even if cohesion deteriorates, some protein

complexes are likely to be left on both sides of the crossover holding the sisters together. This

reduction in cohesion will still permit proper segregation. (D) Four possible outcomes after MII:

big circle represents the oocyte and the two smaller circles represent the two polar bodies. The

circle on the top is polar body I (PBI) extruded after MI and the small one on the side is the second
polar body (PBII) extruded after fertilization. (E–G) Aged meiotic nuclei that have crossovers

closer to telomeres may lose all synapsis on one side of the crossover early, leading to

missegregation (gray arrows—direction of pulling forces at MI). Resulting oocytes can become

trisomic after fertilization. By chance, 50% of segregation events of that chromosome may be

“normal,” leading to segregation patterns as in D
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Fig. 5.6 Aneuploidy as a result of centromere–spindle attachment defects. A, C, and E represent

the bivalent prior to the meiotic divisions (chromosomes in orange and blue, cohesion in green,
centromeres in black, and pulling forces in gray, arrows), while B, D, and F are the outcomes of

both meiotic divisions (chromosomes in oocyte and polar bodies). (A) Normal segregation is

shown where centromere–spindle attachments correctly separate the homologs at the end of MI,

and then sister chromatids separate after MII. Gray arrows point in the direction to which

separating homologs are moving. (B) Four possible outcomes after MII: big circle represents the
oocyte and the two smaller circles represent the two polar bodies. The small circle on the top is
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may contribute to errors associated with reverse meiosis [separation of sisters at MI,

homologs at MII, Fig. 5.6B (Ottolini et al. 2015)].
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Archambault V, Lépine G, Kachaner D (2015) Understanding the Polo Kinase machine. Oncogene

34:4799–4807

Arumugam P, Gruber S, Tanaka K, Haering CH, Mechtler K, Nasmyth K (2003) ATP hydrolysis is

required for cohesin’s association with chromosomes. Curr Biol 13:1941–1953

Arur S, Ohmachi M, Nayak S, Hayes M, Miranda A, Hay A, Golden A, Schedl T (2009) Multiple

ERK substrates execute single biological processes in Caenorhabditis elegans germ-line

development. Proc Natl Acad Sci USA 106:4776–4781

Badugu SB, Nabi SA, Vaidyam P, Laskar S, Bhattacharyya S, Bhattacharyya MK (2015) Identi-

fication of Plasmodium falciparum DNA repair protein Mre11 with an evolutionarily con-

served nuclease function. PLoS One 10(5):e0125358. PMID: 25938776
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