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Abstract

Sex chromosomes are the Achilles heel of male meiosis in mammals.> Mis-segregation of the X
and Y chromosomes leads to sex chromosome aneuploidies, with clinical outcomes such as
infertility and Klinefelter syndrome.2 Successful meiotic divisions require that all chromosomes
find their homologous partner and achieve recombination and pairing. Sex chromosomes in males
of many species have only a small region of homology (the pseudoautosomal region, PAR) that
enables pairing.2 Until recently, little was known about the dynamics of recombination and pairing
within mammalian X and Y PARs. Here, we review our recent findings on PAR behavior in
mouse meiosis.* We uncovered unexpected differences between autosomal chromosomes and the
X-Y chromosome pair, namely that PAR recombination and pairing occurs later, and is under
different genetic control. These findings imply that spermatocytes have evolved distinct strategies
that ensure successful X-Y recombination and chromosome segregation.
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In higher eukaryotes, meiotic cell divisions produce sperm and eggs. Haploid DNA content
in germ cells is achieved by one round of DNA replication, followed by two successive
rounds of cell division. To successfully segregate chromosomes to daughter cells in the first
meiotic cell division, homologous chromosomes (homologs) must find each other and stably
pair. In most organisms studied to date, including mammals, homolog recognition and
pairing is achieved by DNA recombination interactions that are initiated by developmentally
programmed DNA double-stranded breaks (DSBs).

Evolutionary geneticists have long appreciated the role of meiotic recombination in
reshuffling genetic material from one generation to the next (see e.g. ref. 6). Gene mapping
efforts are possible thanks only to this feature of meiosis. What has received less attention in
this field is the fact that meiotic recombination also has an essential function in chromosome
pairing’ and in establishing a physical connection (crossover) between homologs,10: 11
which in turn is critical for chromosome segregation. To initiate recombination, mouse
spermatocytes typically make 200-250 DSBs per nucleus.?: 13 As meiosis progresses, most
of these DSBs are repaired without the exchange of flanking chromosome arms (non-
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crossover) while a subset matures into crossovers involving a reciprocal exchange between
homologs'# (see also Cole et al., this volume). Recombination failure leads to inviable
gametes.’, 9

Once a DSB is made, the proper partner — the unbroken template for homologous
recombination — must be located and engaged in a stable pairing interaction. Not all
chromosomes, however, are on a level playing field with regard to pairing. Autosomal
chromosomes are homologous along their entire length (~60-200 Mb, depending on the
chromosome) and are hence able to pair from end to end. The X and Y chromosomes, on the
other hand, are non-homologous save for a short segment called the pseudoautosomal region
(PAR).3 X-Y chromosome homology search and pairing therefore can only be mediated by
DSBs in the PAR, conceivably making X-Y segregation particularly difficult. Indeed, X-Y
aneuploidy is a common paternally inherited chromosome disorder.2 In most cells, however,
X-Y chromosome segregation is completed successfully, raising the question how the
challenging task of recombination between heteromorphic sex chromosomes is achieved.
We applied sophisticated cytological methods to investigate DSB formation and pairing of
the PARs in mice, and review here our recent findings on mechanisms that secure faithful
X-Y recombination.*

Unusual higher-order chromatin structure in the PAR

Ensuring that at least one PAR DSB is formed presents the first potential hurdle on the path
to successful X-Y recombination: in mice, one meiotic DSB forms every 10 Mb on
average,1® while the PAR spans just 0.7 Mb.18 How do spermatocytes promote a DSB
frequency 10- to 20-fold higher than average in this tiny region? Insight into this question
came from consideration of higher-order chromosome structure. Meiotic DSB formation
takes place in the context of highly organized chromatin;1” replicated sister chromatids
emanate from chromosome axes as chromatin loops (Figure 1). Blat et al.18 proposed a
model in which chromatin loops are accessible to the DSB machinery, with each loop
therefore presenting an opportunity for DSB formation. Thus, DNA packaged into many
small loops may be more prone to DSB formation than if the same kilobase-amount of DNA
was packaged into fewer and larger loops. We therefore speculated that one way to render
the PAR more conducive to DSB formation could be packaging into larger numbers of
smaller loops.

To gain insight into the higher-order structure of the PAR, we measured how far a
fluorescent /n situ hybridization (FISH) probe signal extended from chromosome axes,
compared to probes on small autosomes, in nuclei isolated from spermatocytes in early
meiosis . Autosomal probes extended on average >5-fold further than the PAR probe (Figure
1A).4 This observation, combined with the fact that PAR chromosome axes are
disproportionately long considering their DNA content (Figure 1B) indicates that PAR
chromatin loops are several-fold smaller than loops in autosomal genomic regions (Figure
1C), potentially providing the meiotic DSB machinery with increased opportunity for
cutting. Hence, distinct chromatin packaging may be the first level of control that helps
promote high-frequency DSB formation in the PAR.

Most DSBs in PARs form later than on autosomes

We asked whether PAR DSBs form with the same timing as “bulk” (nucleus-wide) DSBs.
To answer this question, we examined meiotic chromosome preparations of nuclei at various
stages of meiotic progression. Stages are defined by the extent of chromosome axis
development, assessed by the synaptonemal complex protein SYCP3, used as a cytological
marker.# We first performed immunofluorescence (IF) against SYCP3 (to visualize meiotic
chromosome axes) and RAD51 (which marks sites of DSB repair), to quantify nucleus-wide
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DSBs (Figure 2AJ). IF was followed by PAR FISH (Figure 2A/) to examine whether PARS
displayed a RAD51 focus (Figure 2AJif). In control mice (blue circles in Figure 2B),
nucleus-wide RAD51 focus numbers peaked in early/mid-zygonema. Surprisingly, in the
same mice, PAR RAD51 foci were not observed until late zygonema in most nuclei (blue
squares in Figure 2B). This analysis indicated that many cells do not experience a PAR DSB
until late zygonema, whereas nucleus-wide DSBs reach a maximum earlier, in early/mid-
zygonema (Figure 2B, compare blue solid line with blue dashed line). For data and in-depth
discussion of RAD51 foci observed on the X PAR versus the Y PAR, see ref. 4.

PAR DSB formation is under distinct genetic control

The temporally distinct (delayed) DSB formation of the PARSs raised the possibility of
differential genetic control. The protein responsible for meiotic DSB formation, SPO11,19
has two major isoforms in mammals, SPO11a and SPO11p.29-22 Interestingly, the two
isoforms appear with differential timing: SPO11p predominates in early meiotic cells when
most DSBs form, whereas SPO11a is more abundant later.% 22 It therefore seemed possible
that the late isoform, SPO11a, may play a role in coordinating later-forming DSBs in
general, or PAR DSBs in particular. To elucidate the genetic requirements for nucleus-wide
and PAR DSB formation, we analyzed RAD51 foci in a transgenic mouse model carrying
only the Spo11p isoform (Spo11p-only mice).*

Nucleus-wide (“global”) RAD51 focus numbers in Spo11B-only mice were
indistinguishable from those in control mice (Figure 2B, compare red dashed line with blue
dashed line), suggesting that SPO11p by itself is sufficient for normal overall DSB levels. In
contrast, the percentage of cells with PAR RAD51 foci was significantly lower at late
zygonema, the stage when most PARs in control mice display a RAD51 focus (Figure 2B,
compare red solid line with blue solid line). Late PAR DSBs therefore are genetically
separable from both nucleus-wide DSBs and early PAR DSBs. The absence of SPO1la
apparently affects only late-forming PAR DSBs. The cellular consequences are discussed in
the next section.

X and Y chromosomes pair later than autosomes

Given our observation that PAR DSBs form later than autosomal DSBs, one would predict
that PAR (that is, X and Y chromosome) pairing would occur later than autosomal pairing in
wild-type mice. We assessed the pairing status of PARs and autosomes by asking whether
cells at various stages of meiosis displayed two (i.e. unpaired) or one (i.e. paired) FISH
probe signals. We discovered that the X and Y PARs indeed pair late in comparison to the
autosomes we examined (Figure 2C). Contemporaneously, and independent of DSB
formation, a heterochromatic domain forms called the sex body which brings the X and Y
chromosomes closer together.23 This physical proximity of the X and Y at late zygonema
likely is an additional (but not sufficient) factor that facilitates PAR pairing.

A further prediction is that since PAR DSBs fail to form in many Spolip-only
spermatocytes, PAR pairing should also often fail. This is exactly what we found: 69% of
PARs were unpaired in pachynema in Spo11p-only mice, compared to 5% in control mice;
in contrast, no change in autosomal pairing was found.* As Spo11p-only spermatocytes
progress to metaphase I, premature X-Y separation was observed in a similarly high
percentage of cells. Massive apoptosis was seen in the testes at this stage and mice are
largely infertile.* The simplest explanation for these meiotic defects is that in the majority of
cells, PAR DSB formation and subsequently crossover formation fails, leading to
unconnected X and Y chromosomes at metaphase whose presence triggers the spindle
checkpoint and an apoptotic response.
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Interestingly, we found that SpoZ1p-only female mice are fertile, and all chromosomes
(including the fully homologous X chromosomes) pair normally.* Therefore in female
meiosis, although SPO11a is expressed,* 21 it appears to be entirely dispensable. If
SPO11a’s main function indeed is to ensure efficient PAR DSB formation, the SpoZ1p-only
female fertility phenotype also indicates that PAR DSBs are dispensable for X-X pairing.
This is perhaps not surprising, since recombination in females can take place along the
nearly 170 Mb length of the X chromosome, instead of being restricted to the <1-Mb PAR.

Conclusions and future directions

Our experiments demonstrated that PAR DSB formation, recombination and pairing are
temporally and genetically distinct from that of autosomal chromosomes. A model
consolidating these findings is shown in Figure 3. Autosomes undergo DSB formation
earlier, and pair earlier than PARs. Not until autosomal pairing is nearly complete, do most
cells form a DSB in the PAR. Sex body formation likely aids in PAR pairing by gathering
the X and Y chromosomes into the same nuclear territory. In transgenic mice that lack
SPO11a (the late-appearing isoform), late PAR DSBs are not formed, and PAR pairing
frequently fails, leading to X-Y mis-segregation and male infertility. In a subset of cells,
PAR DSBs form earlier, around the same time as nucleus-wide DSBs; these cells do not
need SPO11a for pairing or crossing-over. The simplest interpretation is that SPO11a‘s
main and perhaps only role is to promote late PAR DSB formation, either directly or
indirectly. A SpolIa-only mouse model, by itself and crossed with Spol1 B-only mice,
should shed light on this matter.

Heteromorphic sex chromosomes and PARs are a widespread genomic feature in the animal
kingdom.3 This raises the question whether the distinct properties of PARS that we
uncovered in mouse meiosis are a frequently utilized solution to the sex chromosome
recombination problem. Circumstantial evidence suggests that this may be the case, at least
for mammals: humans have the same SPO11 isoforms as mice,2% 22 and human X and Y
chromosomes have been reported to pair later than autosomes.24 With the immuno-FISH
methods established in mice, detailed cytological studies into human X-Y chromosome
dynamics are now feasible for the first time.

Accurate DNA recombination, with DSBs as initiating DNA lesions, is critical for genome
stability and for fertility. DSBs represent potentially toxic DNA damage that can lead to
genome re-arrangements if not faithfully repaired. Yet, in each meiotic cell, >200 self-
inflicted DSBs on average are made and subsequently processed in a remarkably error-free
manner. Our data highlight multiple layers of exquisite control that underlie this fidelity.
First, higher-order chromatin structure can affect which genomic regions are accessible to
the recombination machinery. Second, the position of chromosomes in three-dimensional
space within the nucleus influences DNA transactions. Third, the expression of proteins that
interact with germline DNA is under stringent temporal regulation and restricts DSB
formation to a limited window of opportunity. Future studies will further elucidate factors
that affect genome plasticity. Nowhere is the repair of DNA damage more important than in
the germline, where it has the potential to give rise to heritable changes and thereby to
provide fuel for evolution.
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Figure 1.

Higher-order structure of the PAR compared to autosomes. A) Measurements of the
maximal distance of FISH signals from chromosome axes (average for subtelomeric
chromosome 18 and 19 probes, gray bar; PAR probe, black bar) in cells at pachynema
(mean £ SD). B) DNA content (Mb) per um of chromosome axis in the subtelomeric regions
of chromosomes 18 and 19, and the PAR. C) Model of how organization of DNA into
chromatin loops can influence DSB frequency (after ref. 18). Only one homolog (each
consisting of a pair of sister chromatids) is shown, with chromatin loops tethered to
chromosome axes (red lines). Each chromatin loop is envisioned to provide an opportunity
for meiotic DSB formation (orange arrows). DNA organized into more and smaller loops
per Mb (right) presents the DSB machinery with more opportunities for break formation
than if the same length of DNA is organized into fewer and larger loops (left).
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Figure 2.

Many PAR DSBs form later than nucleus-wide DSBs, and are under different genetic
control. A) Assay for nucleus-wide and PAR DSB formation. i-ii) Example of
immunofluorescent (IF) and FISH staining of a spermatocyte in late zygonema. Nuclei were
first stained with antibodies against RAD51 and SYCP3 and photographed (i), then FISH
was performed using PAR, X and Y probes (as cartooned above the FISH image) and the
same nuclei were photographed again (ii).# Under the FISH conditions used in these
experiments, some IF signal remains visible. The presence or absence of a RAD51 focus in
the X and Y PAR was scored by comparing the IF image to an IF+FISH image overlay (iii).
In this example, both the X and Y PAR (inside white squares in i-ii) display a RAD51 focus
(white arrows in iii). Scale bar, 10 um. B) Mean nucleus-wide RAD51 focus numbers (bars
+ 95% confidence interval of the mean; left Y axis) and percentage of nuclei with a PAR
RAD51 focus on the X and/or Y PAR (right Y axis) as prophase | progresses from
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leptonema to late zygonema, in mice of the indicated genotypes (see text). C) Percentage of

nuclei with paired FISH signals for autosomal and PAR probes as prophase | progresses
from leptonema to pachynema.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2013 April 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kauppi et al. Page 9

autosomes autosomes
break--------------------- > paired
PARs XandY
break - ------ » paired
sex bogdy
centromere PAR DSB

SPO11a-dependent?

1 stable pairing o crossover

Figure 3.

Model summarizing our findings on the distinct behavior of meiotic X and Y
chromosomes.# A pair of autosomal homologous chromosomes is shown as light and dark
gray lines, the X and Y as red and blue lines, respectively. Most DSBs on autosomes form
before PAR DSBs; as a consequence, autosomal chromosomes pair earlier than the X and Y.
Only DSBs that can facilitate homolog pairing are depicted (yellow circles); not shown are
the numerous DSBs that form on the non-PAR portion of the X chromosome (see ref. 4) but
cannot mediate pairing. In many cells, PARs undergo DSB formation later, around the same
time as the sex body (hatched area) begins to form. This chromatin domain brings the X and
Y closer together and likely facilitates PAR pairing.
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