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Summary

In most eukaryotes, meiotic crossovers are essential for error-free chromosome segregation but are
specifically repressed near centromeres to prevent missegregation. Recognized for >85 years, the
molecular mechanism of this repression has remained unknown. Meiotic chromosomes contain
two distinct cohesin complexes: pericentric complex (for segregation) and chromosomal arm
complex (for crossing-over). We show that the pericentric-specific complex also actively represses
pericentric meiotic double-strand break (DSB) formation and, consequently, crossovers. We
uncover the mechanism by which fission yeast heterochromatin protein Swié (mammalian HP1-
homolog) prevents recruitment of activators of meiotic DSB formation. Localizing missing
activators to wild-type pericentromeres bypasses repression and generates abundant crossovers but
reduces gamete viability. The molecular mechanism elucidated here likely extends to other species
including humans, where pericentric crossovers can result in disorders such as Down syndrome.
These mechanistic insights provide new clues to understand the roles played by multiple cohesin
complexes, especially in human infertility and birth defects.
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Nambiar and Smith identify the molecular mechanisms repressing harmful meiotic crossovers
around centromeres, which can produce disorders including Down syndrome. They show that
presence of the mitotic cohesin subunit Psc3, instead of its meiotic paralog Rec11, in pericentric
heterochromatin excludes Spol1l-activating proteins and thereby blocks double-strand break
formation and recombination.
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Introduction

Meiosis is a special type of cell division essential for gamete formation in all sexually
reproducing organisms. It involves one round of DNA replication followed by two rounds of
nuclear division and chromosome segregation in order to reduce the chromosome number by
half. Proper segregation of chromosomes during both nuclear divisions is essential to ensure
healthy progeny. In most species, genetic recombination (crossover formation) between
homologs along with sister chromatid cohesion is required to allow proper segregation of
homologous chromosomes. The distribution of crossovers is not uniform across the genome,
however, and certain regions such as the regions around centromeres (pericentric regions)
have up to 100 times less crossing over per unit physical distance along the DNA than
chromosomal arms (Beadle, 1932; Nambiar and Smith, 2016). Failure to prevent pericentric
recombination events can be deleterious, causing missegregation of chromosomes that leads
to aneuploidy, a hallmark of birth defects and several genetic disorders such as Down
syndrome (Hassold and Hunt, 2001; Rockmill et al., 2006; Lamb et al., 2005). However, the
molecular mechanism of this crucial regulation of repressing pericentric recombination
during meiosis is unknown despite having been discovered over 85 years ago (Beadle, 1932;
Sax, 1932; Mather, 1939).

The genetically tractable fission yeast Schizosaccharomyces pombe has large (35 — 110 kb),
repetitive, epigenetically maintained pericentromeres similar to those of less amenable
multicellular eukaryotes (Grewal and Jia, 2007; Nambiar and Smith, 2016). The pericentric
region contains H3 Lys9-(mono-, di-, or tri-)methylated histones (designated hereafter as
H3K9me), which attracts many proteins to maintain and spread heterochromatin as well as
to deposit sister-chromatid cohesins to facilitate segregation. RNAI facilitates the
establishment of heterochromatin in S. pombe and directs the sole H3K9 methyl transferase
Clrd (SUV39HL1) to the pericentromeres (Grewal and Jia, 2007) (here and below mammalian
homologs are in parentheses at their first mention). H3K9me differentiates the pericentric
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region from chromosomal arms; it also specifically binds chromodomain (CD)-containing
proteins such as heterochromatin protein (HP1) homologs Swi6 and Chp2. Swi6 recruits the
mitotic cohesin complex Rad21(RAD21)-Psc3 (STAG1-STAG?2) to the pericentric region
through interactions with Psc3 and the cohesin loader Mis4 (SCC2) (Nonaka et al., 2002;
Fischer et al., 2009) (Figure 1A). During meiosis, the meiosis-specific cohesin complex
Rec8 (RECB8)-Rec1l (STAG3) replaces its mitotic counterpart in the chromosomal arms
(Kitajima et al., 2003) (Figure 1B). However, the meiotic Rec11 subunit fails to replace the
mitotic Psc3 subunit at the pericentric regions, resulting in Rec8-Psc3 complex formation
near meiotic centromeres.

Meiotic recombination is frequent in chromosomal arms and begins with loading of meiosis-
specific Rec8 and Rec11 during replication (Figure 1B). Casein kinase (CK1)
phosphorylates Rec11 near its N-terminus to recruit linear element (LinE) protein Rec10
(distantly related to Red1 in budding yeast and SCP2 in humans) (Offenberg et al., 1998;
Phadnis et al., 2015; Sakuno and Watanabe, 2015). Rec10 binds nearly uniformly across
chromosomal arms and is essential for DSB-formation and recombination at all the genetic
intervals measured in chromosomal arms (Ellermeier and Smith, 2005; Fowler et al., 2013).
It associates with other LinE proteins Rec25, Rec27 and Mug20, which bind specifically to
short chromosomal intervals at which DSBs form at high frequency (“hotspots™) and are
required in a chromosomal region-specific manner for recombination (Davis et al., 2008;
Fowler et al., 2013). DSBs are formed by Spoll (SPO11; Recl2 in S. pombe), which acts in
a putative complex with seven known partner proteins that are essential for its activity
(Cromie and Smith, 2008). Spo11 can bind to DNA in regions without recombination, but
Rec10 is essential for Spol1l to be activated to induce DSBs in cells (Ellermeier and Smith,
2005; Davis et al., 2008; Fowler et al., 2013). This is especially evident at the pericentric
regions, where Spo11 is present in all three pericentric regions during meiosis (Ludin et al.,
2008; Fowler et al., 2013), whereas the activator Rec10 is not (Sakuno and Watanabe, 2015).
Rec10 likely activates Spol1 by directly binding to Rec15, a Spol1l partner protein essential
for DSB formation and recombination (Ponticelli and Smith, 1989; DeVeaux and Smith,
1994; Lin and Smith, 1995; Ellermeier and Smith, 2005; Miyoshi et al., 2012).

Our earlier work showed that DSBs are undetectable and recombination is ~200-fold
reduced across wild-type pericentromere 3 (cen3) during meiosis (Ellermeier et al., 2010),
despite the presence of Spoll protein at all pericentromeres (Ludin et al., 2008; Fowler et
al., 2013). Furthermore, artificial tethering of Spol1 near centromeres in budding yeast did
not increase DSB formation (Robine et al., 2007; Fukuda et al., 2008), perhaps because
Spoll cannot be activated there. Our earlier work also showed that heterochromatin
mutants, such as c¢/r44, and RNAI mutants, such as dcri4, are highly derepressed for cen3
recombination in a Rec8- and Rec10-dependent manner (Ellermeier et al., 2010). These
results indicate that, in the absence of Clr4-mediated H3K9me formation, the pericentric
regions behave like chromosomal arms with respect to meiotic recombination. In the present
study, we unravel the molecular basis of pericentric repression of meiotic recombination in
wild-type (heterochromatin-containing) strains and show that this repression results from
lack of activation of the Spol1l protein complex to form DSBs. We uncover a complex,
multi-layered interaction between the cohesin subunits Rec8, Psc3, and Rec11 and the
heterochromatin protein Swi6 responsible for preventing recruitment of Spoll-activators
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and thus DSBs and deleterious crossovers at the pericentromeres. This repressive
mechanism appears wide-spread among species, including mammals, and is crucial for
formation of viable gametes.

We first sought the molecular step(s) that limit DSB formation in pericentromeres by
artificially localizing DSB- and recombination-promoting factors (Figure 1B) to the
pericentromeres. The results showed that Rec10 is one limiting factor. Note that in a
biochemical pathway more than one step can be limiting by the criterion that increasing the
flux at that step increases the overall output. We then sought the molecular mechanism(s)
that limit Rec10 action in pericentric regions. The results showed complex interactions
among the cohesin subunits Rec8, Rec11, and Psc3 with the heterochromatin protein Swi6,
which has both (a) negative and (b) positive effects on pericentric recombination. (a) By
recruiting Psc3 to the pericentric region Swi6 excludes Rec11, the meiosis-specific paralog
of Psc3, thereby reducing recombination. (b) By recruiting Psc3, which binds Rec8, Swi6
indirectly recruits Rec8, thereby potentially promoting recombination. Because
recombination normally requires both Rec8 and Rec11 (Figures 1A and 1B), simple removal
of Swi6 does not derepress pericentric recombination. These interactions, summarized in
Figure 7, are important to keep in mind while considering the experiments below.

LinE Protein Rec10 Is a Limiting Factor for Meiotic Recombination at a Pericentric Region

To determine the Spol1-activating factors limiting recombination in wild-type
pericentromeres, we tethered proteins involved in the early steps of meiotic DSB formation
to H3K9 methylated pericentric regions. For this, we fused an H3K9me-binding
chromodomain (CD) to each protein expressed from its native locus on the chromosome. We
first tested Rec10, because it activates the Spol1l-complex and is essential for genome-wide
recombination (Ellermeier and Smith, 2005; Fowler et al., 2013). We examined the
localization of Rec10 (fused to GFP) during the horsetail stage of meiosis, during which
telomeres cluster at one end of the elongated nucleus and centromeres at the other end
(Figure 1C) (Chikashige et al., 1994). We labeled cen3with a red fluorophore to visualize its
location. Rec10 was uniformly distributed throughout the chromosomes and did not
detectably localize to the pericentromeres in 23 out of 28 cells examined (Figure 1D).
However, Rec10 fused with the CD (Rec10-CD) resulted in two sharp, discrete foci that
appeared to correspond to the heterochromatic telomere cluster on one end of the horsetail
and to the largest pericentromere (cen3d) on the other end; Rec10-CD colocalized with the
cen3marker in 21 out of 26 cells examined (Figure 1D). In some cells, three foci were
observed that could be due to separated homologs or centromere clusters (Figure 1D). This
shows that, as expected, fusion with the CD localizes Rec10 to the pericentric regions and
other H3K9me (heterochromatic) regions in the genome.

We next measured pericentric recombination between markers closely flanking cen3
(Ellermeier et al., 2010) (Figure 1E). In the presence of Rec10-CD there was a dramatic,
>50-fold increase over wild type in cen3recombination (to 4.8%) (Figures 1F and Table S1,
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Rows 1 and 2). The rec10-cd allele contained g7p, but GFP fusions alone to either Rec10 or
other proteins had no significant effect on cen or arm recombination (Figure S1A and Table
S2, Rows 1-6). There was also a concomitant 3- to 8-fold reduction, compared to wild type,
in arm recombination at multiple intervals in cells with Rec10-CD (Figures 1G and S1C).
This agrees with reduced Rec10 localization in chromosomal arms following CD fusion
(Figure 1D). In a rec10'/rec10-cd heterozygous cross, recombination in chromosomal arms
was restored due to the wild-type copy of rec10, while pericentric recombination also
remained derepressed (Figure S1D and Table S3, Rows 1-3). Furthermore, elimination of
H3K9me by c/r4A abolished recruitment of Rec10-CD to pericentric regions and restored
arm recombination as well (Figures S1D, S1E and Table S3, Rows 3-5), as expected from
the lack of effect of CD in the absence of H3K9me.

These combined genetic and microscopic results show that localized recruitment of Rec10 is
a limiting factor for recombination, most notably in the pericentric regions. This conclusion
is consistent with previous observations that both Rec10 binding and DSB frequency are
coordinately elevated at DSB hotspots in chromosomal arms (Davis et al., 2008; Fowler et
al., 2013). Here, we observed that both recombination and Rec10-CD abundance were
increased at the pericentric region but decreased in chromosomal arms, relative to Rec10
lacking the CD fusion. Collectively, these observations indicate that Rec10 binds where it
acts and, conversely, acts where it binds.

To test directly the role of Rec10’s recombinogenic function in mediating pericentric
recombination, we used a double missense mutant Rec10MUT (R184F, D185T). This mutant
protein goes to the nucleus along with other linear element proteins such as Rec25 but
strongly reduces arm recombination (Ma et al., 2017); it does not activate Spol1 (Rec12) to
promote DSB formation or recombination in chromosomal arms or pericentric regions
(Figures 1G and S1C). Like Rec10-CD, the Rec10MUT-CD localized to the pericentromeres
(Figure 1D) but in contrast nearly abolished pericentric recombination (Figure 1F and Table
S1, Rows 1-3). Additionally, fusion of Rec10 to CDW104A 3 mutant CD that does not bind
H3K9me (Jacobs and Khorasanizadeh, 2002), neither promoted recombination nor localized
near centromeres and gave wild-type levels of arm recombination (Figures 1F, 1G, S1B and
Table S1, Rows 1,2 and 4). These observations confirm that, as expected, Rec10-CD but not
Rec10 itself binds to heterochromatic regions, including pericentric regions, and promotes
recombination there. Thus, wild-type pericentric regions can undergo meiotic recombination
but only if recombination-proficient Rec10 is localized there, suggesting an active
mechanism for its exclusion from pericentric regions.

Presence of Rec10 in the Pericentric Region Generates DSBs

DSBs are a prerequisite for meiotic recombination. We tested the formation of DSBs across
a 125 kb cen3fragment upon induction of meiosis in wild-type, rec10-cdand rec10™-cd
strains. Analyses were done in rad50S mutants, in which DSBs are not processed and thus
accumulate (Young et al., 2002). Pericentric DSBs were undetectable in wild-type even at
late time points, although DSBs were readily observed at the ade6-3049 meiotic hotspot
~200 kb distant in the chromosomal arm (Figure 2). However, pericentric DSBs were
strongly induced in the presence of Rec10-CD, further supporting the conclusion that
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repression of crossovers at the pericentric regions is due to the lack of Rec10 and failure to
activate DSB formation. As expected, recZ0™-cd did not produce DSBs at either the
pericentric region or the chromosomal arm site tested (Figure 2).

Mechanism of Derepressed Pericentric Recombination Parallels That in Chromosomal
Arms

Next, we addressed whether the observed pericentric recombination in the presence of
Rec10 requires factors similar to those in chromosomal arms (Figure 1B). For recombination
at the pericentric regions, Rec10-CD completely bypassed the requirement for the Rec11
cohesin subunit, the protein that recruits Rec10 (Phadnis et al., 2015; Sakuno and Watanabe,
2015) (Figure 3A and Table S1, Rows 2 and 5). This result indicates that Rec11 has little or
no role other than the recruitment of Rec10 and is in accord with Rec10 acting after Rec11.
In rec84, however, there was an ~2-fold reduction in pericentric recombination, which might
reflect Rec8 cohesin subunit aiding DSB repair with the homolog (L. Ma and G.R.S.,
unpublished observations). Rec10-CD-mediated recombination was slightly reduced in the
absence of the DSB hotspot-specific LinE proteins Rec25 and Rec27: the data indicate a 1.6-
and 1.2-fold reduction, respectively (Figure 3A and Table S1, Rows 2, 7 and 8). This slight
reduction is not surprising because Rec25 and Rec27 bind specifically to hotspots and are
not so strongly required for recombination in other non-hotspot DSB regions across the
genome (Davis et al., 2008; Fowler et al., 2013). As expected, recombination was totally
abolished in the absence of Spoll (Figure 3A and Table S1, Rows 2 and 9), further
demonstrating that the mechanism by which Rec10-CD promotes pericentric recombination
is through DSB induction by Spo11.

However, in CK1A4, cen3recombination was slightly increased, perhaps because in the
absence of CK1-phosphorylated Rec11 in the chromosomal arms, all the Rec10-CD is
recruited to the pericentric region (Figure 3A and Table S1, Rows 2 and 10). As expected,
arm recombination was abolished in CK1A (Table S1, Row 10).

Localizing Rec10 Derepresses Recombination around Another Centromere cenl

Pericentric repression in wild-type S. pombe was reported previously at cenZand cen3
(Nakaseko et al., 1986; Ellermeier et al., 2010). We tested the frequency of recombination
across the shortest pericentromere, cen (~35 kb), using flanking markers similar to those
for cen3 (Figure 1E). The results showed that in wild type cenl recombined at <0.3%
frequency, which was >16-fold less than the genome-wide average for a similar-sized
interval (~38 kb) (Young et al., 2002) (Figure 3B and Table S4, Row 1). Rec10-CD
significantly increased the recombinant frequency over that of wild type, to 1.4%. A
heterochromatin-deficient RNAIi mutant, dcri4, was also derepressed at cenl (Figure 3B and
Table S4), as at cen3 (Ellermeier et al., 2010). Thus, Rec10 appears to be a limiting factor
for pericentric recombination in general.

Localizing Other LinE proteins, Rec25 and Mug20, Derepresses Pericentric Recombination
in a Rec10-dependent Manner

Since other LinE proteins appear to form a complex with Rec10 in chromosomal arms
(Davis et al., 2008; Fowler et al., 2013) (Figure 1B), we targeted them to the pericentromeres

Mol Cell. Author manuscript; available in PMC 2019 August 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nambiar and Smith

Page 7

via a CD fusion and assayed for recombination. Rec25-CD and Mug20-CD increased the
recombinant frequency across cen3to 3.4% and 3.2%, respectively, and, like Rec10-CD,
significantly reduced arm recombination concomitantly, likely because increasing their
abundance in the pericentric regions decreased their abundance in arms (Figure 4A, 4B and
Table S2, Rows 1, 7 and 9). Both Rec25-CD and Mug20-CD required Rec10 for this
derepression at the pericentric region (Figure 4A and Table S2, Rows 7-10), reiterating the
absolute requirement of Rec10 for genome-wide recombination. Both Rec25-CD and
Mug20-CD formed discrete foci similar to those of Rec10-CD, as expected for binding to
heterochromatic regions (Figure 4C). Surprisingly, in contrast to Rec25-CD and Mug20-CD,
Rec27-CD neither localized specifically to the pericentromeres nor increased cen3
recombination, although it was as functional as wild-type Rec27 at chromosomal arms
(Figure 4 and Table S2, Rows 6 and 11). This observation further supports the conclusion
that the recombination activity of these LinE proteins is coincident with their binding to
specific regions on the chromosome. It is plausible that Rec27’s position in the LinE
complex prevents the CD moiety from efficiently binding to heterochromatin, leaving
Rec27-CD indistinguishable from wild type.

Cohesin Subunit Rec11 Can Activate Pericentric Recombination but Only in the Absence
of Heterochromatin Protein Swi6

The data above show that localization of Rec10 is a limiting factor for pericentric
recombination, leading to the question of how Rec10 is excluded from these regions in wild
type. Since Recl0 is recruited by phosphorylated Rec11 in the chromosomal arms (Phadnis
et al., 2015; Sakuno and Watanabe, 2015) and Rec11 levels are low in the wild-type
pericentric regions (Kitajima et al., 2003) (Figure S2A-C), we tethered Recl1 via CD to
promote Rec10 recruitment in the pericentric regions. Rec11 is loaded by the cohesin
loaders along chromosomal arms in wild-type cells (Bernard et al., 2006) (Figure 5A). As
expected, in the presence of Rec11-CD, significant localization was also observed in the
heterochromatic regions similar to that of the other CD fusions used above (Figure 5A).
Surprisingly, however, despite availability of Rec11, recombination was absent at cen3 but
was robust in chromosomal arms (Figure 5B, S2D and Table S5, Row 1). Swi6, which is
found abundantly at the H3K9me-containing pericentric regions, recruits several proteins to
repress gene expression (Grewal and Jia, 2007). Curiously, however, its removal alone does
not derepress cen3 recombination, suggesting a separation of functions in repressing gene
expression and in repressing recombination (Ellermeier et al., 2010) (Figure 5B). Low levels
of Recl1 in swi6A cells at the pericentric regions provide an explanation for the absence of
recombination in these regions, as compared to the chromosomal arms where Recl1 is
present both in wild type and sw76A4 cells (Figure S2A-C, E).

Unexpectedly, the rec11-cd swi6A double mutant showed significantly more cen3
recombination (2.4%) than either single mutant (<0.3%) (Figure 5B and Table S5, Rows
1-3). However, this appeared not to be due to the increased abundance of Rec11-CD in
swibA cells at pericentric regions (Figure 5A). Pericentric recombination in rec1-cd swi6A
was completely dependent on Rec8 (Figure 5B and Table S5, Rows 3 and 7), as is
recombination in the arms (Figure S2D) (Ellermeier and Smith, 2005; Fowler et al., 2013)
where Recl1 localization is abolished in rec84 (Ding et al., 2006). This suggests that Rec11
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alone is not sufficient to promote recombination and may need to form a functional complex
with Rec8 for recruiting Rec10. Phosphorylation of Rec11 by CK1 was still critical at
pericentromeres, since either removal of CK1 or the mutational loss of five CK1-
phosphorylation sites on Rec11 [Rec11 (5A)] (Phadnis et al., 2015; Sakuno and Watanabe,
2015) eliminated pericentric recombination in rec11-CD swibA strains, similar to that in
chromosomal arms (Figure 5B, S2D and Table S5, Rows 3-5). As expected, all
recombination was eliminated in the absence of Rec10 (Figure 5B, S2D and Table S5, Rows
3and 6).

Recll Recruitment of Rec10 Is the Rate-limiting Step for Meiotic Pericentric
Recombination

Since localization of Rec11 via the CD to pericentric regions on its own was insufficient to
activate pericentric recombination, we wondered if the rate-limiting step is recruitment of
Rec10 by Rec11, which depends on Rec11’s phosphorylation by CK1. To test this
hypothesis, we used a rec11-rec10fusion allele (Sakuno and Watanabe, 2015) to bypass the
phosphorylation step in order to recruit Rec10. Similar to Rec11-CD, Rec11-Rec10-CD
showed significant localization to the heterochromatic regions, with or without Swi6 (Figure
5C). However, in contrast to Rec11-CD alone (i.e., in swi6*; 0.2% recombinant frequency),
Rec11-Rec10-CD showed significantly higher recombinant frequency (1.6%) (Figure 5B,
5D and Table S5, Rows 1 and 8). Furthermore, unlike Rec11-CD, Rec11-Rec10-CD did not
require Rec8 (Figure 5B, 5D and Table S5, Rows 3,7,8 and 12), further supporting our
proposal above that a functional Rec8-Rec11 complex, not Rec11 alone, recruits Rec10 to
initiate DSB formation. As expected, introducing the five CK1 phosphorylation-site
mutations (5A) into Rec11-Rec10-CD left the cells recombination-proficient, reconfirming
that fusion to Rec10 circumvents the need for Rec11 phosphorylation (Figure 5D and Table
S5, Rows 1, 8 and 9).

Since there was a synergistic effect of removal of Swi6 in the presence of Rec11-CD on
pericentric recombination (Figure 5B), we tested if Swi6 had any further role in blocking
pericentric recombination when Rec11 was fused to Rec10. Remarkably, in combination
with either wild-type or the 5A phosphorylation-deficient mutant Rec11-Rec10-CD, sw/i6A
did further increase cen3recombinant frequency to 7%, the highest frequency observed in
this study (Figure 5D and Table S5, Rows 8-11). This indicates that Swi6 does not repress
recombination simply by interfering with the Rec11-Rec10 interaction but in addition may
reflect direct inhibition of Rec11 (and Rec11-Rec10 fusion) recruitment or activity. Rec11-
Rec10-CD in the presence of CK1A4 still gave abundant cen3recombinants, as expected
(Figure 5D and Table S5, Rows 10 and 13). The partial dependence of recombination on
CK1 here may reflect another function of CK1, such as phosphorylation of Rec8 (Ishiguro et
al., 2010), in the pericentric region.

The Meiotic Cohesin Complex Rec8-Rec11, but not the Mitotic Complex Rec8-Psc3, Allows
Pericentric Recombination

Since in wild-type meiotic cells the Rec8-Psc3 complex is present at pericentric regions and
Psc3’s meiotic paralog Recl1 is at low level there (Kitajima et al., 2003) (Figure S2A-C),
we tested if psc3A allows cen3 recombination. In the absence of Psc3, Rec11 might bind to
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the pericentric regions and thereby permit Rec8-Rec11 complex formation as in the
chromosomal arms. During mitotic growth, constitutive Rec11 expression overcomes the
lethality of psc34, suggesting interchangeability of mitotic Psc3 and meiotic Rec11 for
mitotic chromosome segregation (Kitajima et al., 2003). However, psc34 was not
derepressed for pericentric recombination (Figure 6A, S2F and Table S6), probably due to
low Rec8 deposition, which requires Psc3 deposition by Swi6 in the pericentric region
(Nonaka et al., 2002); Rec8 is required for DSB formation and recombination in
chromosomal arms (Ponticelli and Smith, 1989; Ellermeier and Smith, 2005; Fowler et al.,
2013) (Figure 1B). To restore pericentric Rec8 levels, we employed Rec8-CD in either
psc3A or swi6A and observed a low (~1%), but significantly higher, recombinant frequency
compared to each single mutant (Figure 5B, 6A, Table S5, Row 2 and S7, Rows 1-4). This
result suggests that exclusion of Rec11 by Psc3 from wild-type pericentromeres causes
pericentric repression, as Psc3 has no function in promoting meiotic recombination in
chromosomal arms (Kitajima et al., 2003) (Figure S2F and Table S6). Hence, competition by
Psc3 for binding of Rec11 to pericentric regions may be the earliest step in repressing
recombination during meiosis.

We next tested the effect of sw/6A in the absence of Psc3. Removal of Swi6 in psc34 (even
with mitotic Rec11 expression) is synthetically lethal (Nonaka et al., 2002), likely due to
complete loss of pericentric cohesion, which in the absence of Psc3 is apparently maintained
to some extent by the heterochromatin protein Swi6. We discovered, however, that
constitutive expression of Rec8-CD rescued this mitotic growth defect. Rec8-CD alone
expressed by either a constitutive (mitotic) or native (meiotic) promoter, however, did not
allow pericentric recombination (Table S7, Rows 1 and 3). By contrast, in rec8-cd psc3A
Swib4, pericentric recombination was much higher (4.1%) than in wild type or any single or
double mutant (Figure 6A and Table S7, Rows 1-5). This result shows that Swi6 plays a
second inhibitory role, in addition to its recruitment of Psc3, to cause pericentric repression.
Eliminating the Swi6-localized protein Sgol (SHUGOSHIN) in rec8-cd psc3A had no
significant effect on pericentric recombination (Figure 6A and Table S7, Rows 4 and 6),
indicating that Swi6’s second inhibitory role is not recruitment of Sgo1, which blocks Rec8
cohesin phosphorylation by CK1 to maintain sister chromatid cohesion in meiosis |
(Kitajima et al., 2004). Eliminating Chp2, the second HP1 homolog in S. pombe that binds
H3K9me (Grewal and Jia, 2007), also had no significant effect, either in wild-type cells
(Ellermeier et al., 2010) or in rec8-cd psc34 background (Figure 6A and Table S7, Rows 4
and 7). Chpz2 is the less abundant HP1 homolog at S. pombe pericentric heterochromatin
(Sadaie et al., 2008) and may have a partially overlapping effect along with the more ample
Swi6. These results indicate that Swi6 has a second role, independent of Psc3, Sgol, and
Chp2, in blocking pericentric recombination.

What would happen to recombination levels if the pericentromere-specific cohesin complex
(Rec8-Psc3) were experimentally replaced with that present in the arms (Rec8-Rec11)? We
tested this by using Rec11-CD in rec8-cd psc3A4 in the presence and absence of Swi6. The
presence of Rec8-CD is critical, because in psc3A pericentric Rec8 levels are low or nearly
absent especially when Swi6 is absent, as noted above. Remarkably, when Psc3 was absent
(rec8-cd psc34), the addition of Rec11-CD increased the recombinant frequency to 4%,
similar to that in rec8-cd psc3A swi6A (Figure 6A and Table S7, Rows 4,5 and 8). The
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recombinant frequency was not altered when Swi6 was further removed, strongly suggesting
that the second inhibitory role of Swi6 (apart from Psc3 recruitment) is towards Rec11
recruitment or activity. Thus, when the pericentric-specific cohesin complex (containing
Rec8-Psc3) is replaced with its counterpart from chromosomal arms (containing Rec8-
Rec11), Swi6 does not detectably inhibit. rec8-cd rec11-cdtogether (in the presence of Swi6
and Psc3) showed much less pericentric recombination (Table S7, Row 10). This result
reinforces our observations above that mere addition of Rec11 to the pericentromeres is not
enough to derepress pericentric recombination. These results indicate that the second
inhibitory role of Swi6 in pericentric repression is to block Rec11 recruitment or activity,
perhaps directly, but independent of its inhibition via Psc3 (see Figure 7).

Pericentric Recombination Results in Gamete Inviability and Meiosis | Chromosomal Non-

disjunction

Pericentric crossovers cause chromosomal missegregation and aneuploidy, which is not
tolerated for most chromosomes and leads to cell or organismal inviability (Beadle, 1932;
Nambiar and Smith, 2016). Dissection of meiotic tetrads from rec10-cd crosses showed that
~10% of the 4-spore-viable asci contained two reciprocal pericentric recombinants,
confirming the generation of crossovers rather than gene convertants (non-reciprocal
recombinants) in the derepressed condition (Table S8). This frequency is consistent with the
frequency of recombinants among random viable spores — 4.2% (Figure 1F). More
importantly, significantly more 2-spore-viable tetrads were observed in rec10-cd crosses
(13/61 tetrads, or 21%) than in rec10* crosses (1/71 tetrads, or 1%) (p=0.0003) (Figure 6B
and Table S8), suggesting that pericentric recombination leads to increased gamete
inviability.

Since Rec10-CD leads to reduced arm recombination (Figure 1G and S1C), which can also
result in increased missegregation and inviability, we analyzed rec10-cdheterozygous
crosses to restore arm recombination while maintaining pericentric recombination (Figure
S1D). However, significant loss of 4-spore-viable tetrads was still observed compared to
controls (Figure 6B). The frequency of 2-spore-viable tetrads was strikingly higher in rec10-
cafrec10-cd (21%) and rec10-cd+ (14%) than in wild type (+/+) (~1%) (Figure 6B and
Table S8). Thus, 2-spore-viable tetrads were observed at high frequency whenever there was
high pericentric recombination (rec10-cad), in either the presence (rec10-ca/rec10%) or
absence (rec10-cd/rec10-cd) of high arm recombination, fortifying our conclusion that dead
spores arise due to pericentric recombination. The similar spore viability of tetrads from
wild-type and rec11-ca, which localizes to pericentric regions but does not result in
pericentric recombination (Figure 5A), ruled out any effect of pericentric CD itself in
missegregation or spore death (Figure 6B and Table S8).

Curiously, we did not observe any cen3recombinants among the 23 2-spore-viable tetrads
obtained from rec10-cd crosses (Figure 6B). Chromatids with pericentric crossovers may
remain entangled and unresolved in the cohesin-rich pericentric region and thereby produce
one poorly-growing disomic spore, one dead nullisomic spore, and two viable haploid spores
(event 1) or two poorly-growing disomic spores and two dead nullisomic spores (event 2)
(Koehler et al., 1996). We did observe a few slow-growing chromosome 3 disomes in rec10-
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cd meioses; disomes for other chromosomes are inviable (Niwa and Yanagida, 1985).
Alternatively, the entangled recombinant chromatids may be lost or become extra-nuclear
and produce only two viable haploid spores (event 3). It is possible, however, that dead
spores result from missegregation of chromatids that did not recombine. This possibility,
however, does not account for 2-spore-viable tetrads being prevalent only in the genetic
backgrounds with abundant pericentric recombination.

Events 2 and 3 could result from non-disjunction (NDJ) of homologs at meiosis | (MI),
producing missegregation and aneuploidy. We tracked the segregation pattern of cen3-
labeled homologs at the end of Ml in mes1A arrested cells. Mes1 is essential to initiate
meiosis 11 (MII) by blocking cyclin B proteolysis (I1zawa et al., 2005). We observed normal
segregation of the two homologs in wild type. However, in rec10-cd'there was a dramatic
(up to 15-fold) increase in the frequency of MI NDJ (10.5% in rec10-cd compared to 0.7%
in wild type) (Figure 6C). As expected, NDJ was reduced to the wild-type level in the rec10-
ca104A mutant, which lacks localization of the CD to H3K9me (Jacobs and
Khorasanizadeh, 2002). Thus, rec10-cd'localization to pericentric regions and the resulting
activation of recombination are responsible for increased MI NDJ during meiosis. Premature
separation of sister chromatids (PSSC), which could result in event 1 described above,
occurred with similar frequency in all the genotypes (Figure 6C). The increased MI NDJ is
likely the cause of the increased frequency of inviable spores and 2-spore-viable tetrads in
rec10-cd meioses. Hence, our observations are consistent with pericentric crossovers being
deleterious during meiosis, as observed in other species (Koehler et al., 1996).

Discussion

Pericentric Meiotic Recombination Is Blocked by Dual Activities of Swi6 Dictating Cohesin
Composition

Three major, structurally distinct cohesin complexes in cells can have differential effects on
DNA recombination and chromosome segregation (Peters et al., 2008). During mitosis, the
Rad21-Psc3 complex is present at both the pericentromeres and chromosomal arms and is
responsible for proper chromosomal segregation. However, during meiosis, Rad21 is largely
replaced by its meiosis-specific homolog Rec8 in both pericentromeres and arms. Rec8
forms two distinct complexes depending on its chromosomal location, and these complexes
affect recombination and segregation in opposite ways. The Rec8-Psc3 complex at
pericentromeres is essential for sister-chromatid cohesion and thereby proper segregation at
the first meiotic division (Nonaka et al., 2002; Kitajima et al., 2003). In contrast, the Rec8-
Rec11 complex in the chromosomal arms is needed for programmed meiotic recombination
(Ellermeier and Smith, 2005), in addition to its role in maintaining sister chromatid cohesion
until the end of anaphase | (Watanabe, 2004).

Our data establish that composition of the meiotic cohesin complex at the pericentric regions
is the critical factor that prevents formation of meiotic DSBs and hence potentially harmful
crossovers. The deposition of the meiosis-specific cohesin complex Rec8-Psc3 near
centromeres is dependent on the H3K9me-binding Swi6 protein (Nonaka et al., 2002),
which we find has dual roles, both positive and negative, in pericentric repression. Via its
interaction with Psc3, Swib6 is essential to enrich Rec8 in the pericentric regions to allow
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proper segregation: in swi6A, the levels of Rec8 are reduced in the outer pericentric repeats
(Nonaka et al., 2002; Kitajima et al., 2003). This is especially critical in the first meiotic
division, when pericentric Rec8, unlike that in chromosomal arms, is protected from
cleavage in order to maintain sister chromatid cohesion through the first meiotic division.
Our results show that deposition of Rec8-Psc3 complex additionally helps in preventing
deleterious crossovers at pericentromeres by confining Rec11 (and consequently
recombination) to the chromosomal arms where crossovers are beneficial (Figure 7). This is
the first level of control, wherein having a distinct class of cohesin compaosition excludes
pro-recombinogenic proteins specifically in the pericentric region.

Additionally, as a second level of control, Swi6 appears to block directly any stray Rec11 at
the pericentric region even in the absence of Psc3. This conclusion is consistent with the
previous observation that Rec11 does not accumulate in the outer repeats in psc3A4 cells
despite overexpression of Rec8 and Rec11 (Nonaka et al., 2002; Kitajima et al., 2003). This
mechanism is also consistent with heterochromatin mutants such as ¢/r44 being highly
derepressed for pericentric recombination (Ellermeier et al., 2010), as lack of H3K9me
makes the pericentric region equivalent to the chromosomal arms and allows Rec11 to
promote recombination genome-wide, including that in pericentric regions. Supporting this
argument is the requirement for Rec8, Rec11, and Rec10 to activate recombination to high
levels in the pericentric regions in c¢/r4A, just as they are required in chromosomal arms
(Ellermeier et al., 2010) (Table S3, Rows 4 and 6). As expected, Rec10 is more abundant in
the pericentric regions of c/r4Athan in c/r4* (Figure S3). In c/r4A there is no H3K9me, and
recombination occurs genome-wide at high level (Ellermeier et al., 2010).

We suppose that Swi6 has dual roles as a fail-safe mechanism to ensure an exceptionally low
level of pericentric recombination. Moreover, swiéA, like wild type, still has ample
pericentric H3K9me (Sadaie et al., 2004; Stunnenberg et al., 2015) and lower levels of
Rec11 at the pericentric regions than in the chromosomal arms (Figure S2A-C, E). This
confirms that cohesin loading is prevented at the pericentric regions in the absence of Swi6,
unlike the euchromatic chromosomal arms, which contain little H3K9me. Swi6 also assists
in cohesin loading via its interaction with the cohesin loader Mis4 (Nonaka et al., 2002;
Fischer et al., 2009). Therefore, in swi64, due to limiting amounts of Rec8 (and
consequently Rec11) at pericentric regions, recombination is not activated (Figure 5B and
S2A, C, E) (Ellermeier et al., 2010). When we tethered either Rec11 or Rec8 to the H3K9me
pericentric regions, we found a significant increase in recombination but only in swi6A
(Figures 5B and 6A). Hence, our results show how structurally distinct protein complexes
control two essential functions in meiosis — preventing crossovers near centromeres but
promoting them in chromosomal arms for successful meiosis.

Meiosis-specific Cohesin Subunit Recll Is the Key Factor Governing Recombination

Rec11 is needed for the majority of recombination across the genome and is present at
nearly uniform density except in the pericentric regions, where recombination is severely
limited (Ponticelli and Smith, 1989; Ellermeier and Smith, 2005; Fowler et al., 2013). Our
data presented here show that Rec11 is the pro-recombinogenic factor whose absence limits
pericentric recombination. It is noteworthy that Rec11, with its partner Rec8, is the first
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factor in the biochemical pathway of meiotic recombination (Figure 1B) (Ellermeier and
Smith, 2005; Fowler et al., 2013). This outcome is similar to that of other biochemical
pathways in which regulation occurs at the first step, presumably a reflection of efficiency
by not starting a metabolic pathway that should not be completed.

The second factor in the meiotic recombination pathway is Rec10 and its partner proteins
Rec25, Rec27, and Mug20 (Figure 1B). As expected, pericentric recombination resulting
from Rec11 or Rec10 experimentally bound to the pericentric regions requires the
subsequent factors in the pathway. This outcome indicates that the mechanism of pericentric
recombination is the same as that in chromosomal arms, once the limiting factor (Rec11 or
Rec10) is provided. We note that Rec25 and Mug20 are only partially required for Rec10-
CD-dependent pericentric recombination, but some regions of chromosomal arms are also
only partially dependent on these factors (Davis et al., 2008; Estreicher et al., 2012). This
result may reflect the specificity of these factors for DSB hotspots, which may be weak in
the pericentric regions.

Mechanism of Pericentric Repression Is Conserved across Species

Discovered in the 1930’s (Beadle, 1932; Sax, 1932; Mather, 1939), repression of pericentric
recombination was subsequently shown to be well-conserved among all species tested
(Beadle, 1932; Nambiar and Smith, 2016). However, the levels of repression vary from 5- to
>100-fold depending upon the complexity of the pericentromere structure. The molecular
basis described here in fission yeast is likely similar to that in other species, including
humans, with similarly complex, heterochromatic pericentromeres. Recll in S. pombe and
its homolog in mammals, the meiosis-specific protein STAG3, share several characteristics.
STAG3 in spermatocytes localizes similarly to Rec11, undergoes phosphorylation, and is
essential for fertility in mice (Prieto et al., 2001; Fukuda et al., 2012). Drosophila has
multiple cohesin complexes active during mitosis or meiosis or both, but their orthologous
relations to cohesin subunits in other species are not clear, making it difficult to assign
specific functions to these various complexes (Gyuricza et al., 2016). Nevertheless, there are
meiosis-specific cohesin-like proteins, such as C(2)M, which appear to localize specifically
to the chromosomal arms and are essential for crossing over in the arms (Manheim and
McKim, 2003; Heidmann et al., 2004). It is also interesting that Drosophila Su(var) mutants
lacking both Clr4 and HP1 homologs are derepressed for pericentric recombination and have
increased pericentric yH2Av foci, presumably reflecting increased DSBs (Beadle, 1932;
Westphal and Reuter, 2002; Peng and Karpen, 2009; Nambiar and Smith, 2016). These
outcomes suggest a conserved mechanism of separately promoting meiotic segregation and
recombination by having distinct cohesin complexes in the appropriate chromosomal regions
distinguished by heterochromatin. Our study for the first time provides crucial insights on
the necessity of multiple cohesin complexes in multicellular organisms.

In the budding yeast Saccharomyces cerevisiae, which contains simple (point) centromeres
lacking heterochromatic pericentric regions, there is weaker (~5-fold) repression in a small
(~10 kb) region around the centromere (Lambie and Roeder, 1986; Vincenten et al., 2015).
Mutants lacking parts of the Ctf19 kinetochore subcomplex are derepressed for both
centromeric recombination and DSB formation. It is proposed that the Ctf19 complex

Mol Cell. Author manuscript; available in PMC 2019 August 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nambiar and Smith Page 14

reduces DSB formation and, separately, reduces crossovers by deposition of cohesins and
thereby favoring repair of DSBs with the sister chromatid rather than with the homolog
(Vincenten et al., 2015). Although our results show that the meiotic pericentric cohesin
complex (containing Rec8 and Psc3) acts at the stage of DSB formation (/.e., before DSB
repair), the model proposed in budding yeast parallels our conclusion that cohesin
composition regulates recombination near centromeres. However, due to the absence of
heterochromatin in budding yeast, the molecular mechanism is markedly different. In
addition, S. cerevisiae is unusual in not having a meiosis-specific homolog of Rec11
(STAG3) as found in fission yeast and mammals. Nevertheless, it is interesting that sister
chromatid cohesins are the focal point of pericentric repression in these highly divergent
yeasts. In all species, other chromosomal regions with repetitive DNA are also at risk from
recombination, which can result in loss of repeats or produce other rearrangements. These
changes can adversely affect the functions of repetitive DNA. Meiotic recombination in
these regions may be limited by the same mechanism as we find for the repetitive pericentric
regions, since the proteins known to bind to the H3K9me regions are similar.

Inaccessibility of Heterochromatin Does Not Adequately Explain Pericentric Repression

The role of heterochromatin in repressing gene expression and recombination is often
explained by the “inaccessible,” compacted nature of DNA present in such special
chromosomal regions (Beadle, 1932; Westphal and Reuter, 2002; Peng and Karpen, 2009;
Nambiar and Smith, 2016). However, heterochromatin is accessible to the many proteins
required for its maintenance and expansion, suggesting that such regions are not completely
monolithic. There are special H3K9me-binding chromodomain proteins, such as Swi6, that
recruit to heterochromatin effector molecules that either block or activate certain
physiological processes.

Other proteins that do not require H3K9me for their activity, such as DNA and RNA
polymerases, also act on heterochromatin (Molpe et al., 2002; Grewal and Jia, 2007). Most
relevant to the current study is the presence of Rec12 (Spoll homolog) in pericentric
heterochromatic regions of S. pombe meiotic cells (Ludin et al., 2008; Fowler et al., 2013).
The lack of pericentric DSBs and recombination is now explained not by the absence of
Rec12 but by the absence of its activators, beginning with Rec11 (Figure 1A and 1B). Our
data provide evidence that targeting just one protein (Rec10) to the pericentric region is
sufficient to initiate a multi-protein pathway of DNA recombination.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Gerald R. Smith (gsmith@fredhutch.org).

Experimental Model and Subject Details

Strains and genetic methods—Genotypes of the S. pombe strains are described in
Table S9. Growth media and methods used for meiotic crosses and random spore analysis
were as previously described (Smith, 2009). Transformations used the lithium acetate
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method. Mutant alleles were generated by homology-directed integrations into the
chromosome using DNA fragments generated by PCR containing 80 bp of homology with
the targeted gene (Béhler et al., 1998). Oligonucleotides and plasmids are described in
Tables S10 and S11, respectively.

Construction of plasmids and strains—Plasmid pMN1 contained the rec11 gene
fused to GFP followed by a 442 bp fragment containing the swi6 chromodomain (CD;
amino acids 89 to 134 of Swi6) from S. pombe. We subcloned the GFP-CD fragment from
pPMNT1 into the BgAl site of pMN2, which contains a hygromycin-resistance (HygR)
determinant as a selectable marker to generate plasmid pMN6. The GFP-CD fusion and the
HygR cassette were amplified using primers OL3370 and OL3391 and used to introduce the
CD coding sequence into strains GP8538 and GP8541 (rec10-gfp-kanM X6); GP8438 and
GP8536 (rec11-gfp-kanMX6); GP8543 and GP8544 (rec8-gfp-kanMX®6); GP8637 (rec25-
gfo-kanM.X6) and GP8638 (rec27-gfo-kanMX6). Hygromycin-resistant (HygR)
transformants were selected and scored for G418-sensitivity (G4185) to obtain the respective
glp-cdfusion strains. The mug20-gfp-cd strain was obtained by amplifying GFP-CD fusion
DNA from pMN®6 using primers OL3473 and OL3475 and transforming wild-type strains
GP3303 and GP6898 to HygR. The rec10™!-gfp-cd strain was made by amplifying GFP-CD
fusion DNA from pMNG6 using primers OL3411 and OL3412 and transforming GP7714
containing rec10™ (R184F, D185T) to HygR. The CDW104A mytation was introduced into
pMNG6 with the Q5 site-directed mutagenesis kit (New England BioLabs) using primers

0L 3744 and OL3745 to get pMN7. The GFP-CDW104A fusion with HygR was amplified
from pMN?7 using primers OL3370 and OL3391; strains GP8539, GP8540 and GP8762
(rec10-gfo-kanMX6) were transformed to HygR with this DNA and scored for G418S to
generate the rec10-gfp-ca”V194A allele. Strains with rec11-gfp-rec10and rec11(5A)-gfo-
recl0alleles were a gift from Y. Watanabe. We fused the CD to rec11-gfo-rec10and
rec11(5A)-gfp-rec10by transforming GP8920 and GP9091, respectively with the PCR
fragment obtained from pMNG6 using primers OL3451 and OL3474 and selecting HygR
transformants. The rec11(5A) mutations were generated in plasmid pYFL104 by Q5 site-
directed mutagenesis using primers OL3421 and OL3422 to get pMN4. The mutation was
introduced into the chromosome by replacing rec11:ura4* in GP8734 with rec11(5A)
amplified from pMN4 using primers OL3342 and OL3435 and selecting 5-fluorouracil-
resistant (FOAR) transformants. GFP-CD was fused to the rec11(5A) gene by transforming
GP8738 with a PCR product from pMNG6 using primers OL3465 and OL 3466 and selecting
HygR. In all the cases, the GFP-CD fusions and the point mutations generated were verified
by PCR from the S. pombe transformant and sequencing. The strain containing psc3A4 with
rec11 constitutively expressed from the Padh15 promoter was a gift from Y. Watanabe. This
strain also contained rec8 constitutively expressed from the P 44,7 promoter. We fused GFP-
CD to this P,ypz-rec8allele by transforming GP9169 with a PCR fragment made from
pPMNG6 using primers OL3516 and OL3517 and selecting FOAR. The swi6:=nat?, sgo1:nat®
and chp2:nat” alleles were generated by transforming GP9172 and GP9174 with PCR
fragments from pSS16 to amplify the nourseothricin-resistance (NatR) determinant. The
primers used were OL3647 and OL3648 for swi6; OL3667 and OL3668 for sgoZ; and
OL3725 and OL3726 for chp2. Integrations were verified by PCR.
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Method Details

Genetic recombination assay—Recombination across cen3was measured using
selectable prototrophic markers (ura4* and his3") introduced into chkI or near midZ,
respectively, on chromosome 3 as described (Ellermeier et al., 2010). The two parental
strains contained either ade6-52 (light pink colonies on YEA) or ade6-M26 (dark red
colonies on YEA) to allow measurement of arm recombination between ade6 and /is3.
Since ura4” and his3* are tightly linked in wild type due to absence of recombination
between them, the arm interval is referred to as cen3-ade6. Other intervals for arm
recombination were adeé6-arg1 on chromosome 3 and /ys3-met5 on chromosome 1. For
measuring recombination across cenl, his3* was integrated between emc5and /RCI-Ron
the right side of ceni, and ura4” was integrated between spatrnaphe02 and /IRCI-L on left
side of cenli; the sites of insertion are ~38 kb apart. The primers used for ura4* integration
were OL3337 and OL3338; for /is3* they were OL3332 and OL3333. After mating of the
two parental strains at 25 °C on supplemented SPA medium for 2-3 days, spores were
harvested, plated, and incubated on YEA for 4-5 days. Random individual colonies were
picked to YEA supplemented with adenine (100 pg/ml), allowed to grow for 1-2 days and
replica-plated to different media to measure growth in the absence of required supplements.
Recombinant frequencies between the markers defining different intervals were calculated,
and the mean plotted as bar graphs. For each genotype, at least two or more independent
crosses (biological replicates) were performed either using independent colonies or with
independent strains as parents. Error bars are SEM for =3 or range for 2 crosses. Data for
individual experiments are in Tables S1-S7.

Meiotic induction and DNA preparation—Meiotic induction and DNA preparation
were performed as described (Hyppa and Smith, 2009). Briefly, synchronous meiosis was
induced in pat1-114 strains after nitrogen starvation (G1-arrested cells) by raising the
temperature to 34 °C and adding NH Cl as 4 a nitrogen source. Cells were collected at 0, 1,
4 and 5 h after induction, harvested by centrifugation, washed, embedded in agarose plugs
and digested with lytic enzymes to break open the cells. The plugs were then treated with
proteinase K, which was subsequently inactivated with PMSF, and washed with TE buffer
multiple times. Meiotic induction was confirmed by measuring pre-meiotic replication by
flow cytometry. Typically, replication began at 2 h post-induction and was completed by 3 h,
as determined by analysis by flow cytometry of samples taken hourly.

DSB analysis by PFGE—DNA in the agarose plugs from each time point was digested
with BgA overnight at 37 °C. The DNA fragments were separated by pulse-field gel
electrophoresis using a BioRad CHEF-DR 11 or CHEF Mapper apparatus and the following
conditions: run time of 20.8 h, 6V/cm, 120° angle, initial switch time of 0.5 s, and final
switch time of 9.4 s. After alkaline denaturation, DNA was transferred from the gels to
nylon membranes (Zeta-probe GT membrane, BioRad) and hybridized with 1 kb
radiolabeled probes complementary to the right end of the 125 kb cen3fragment or the left
end of the 58 kb ade6 fragment. The probe for cen3was generated by PCR amplification of
wild-type genomic DNA using primers OL1558 and OL1559 (Ellermeier et al., 2010), and
that for ade6 using primers OL3413 and OL3414; each was labeled with [a-32P] dCTP.
Signals were detected using a Typhoon Trio Phosphorimager system (GE Healthcare).
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Fluorescent microscopy Strains used were homothallic (/%9 and expressed various proteins
fused to GFP; some expressed tdTomato fused to TetR and had tandem repeats of fetO
inserted into the innermost repeat (/mrL) of cen3. Cells were grown to log phase in YEL
medium at 30 °C, and the cells from 1 ml were washed twice in 1 ml water, spotted on MEA
medium and incubated at room temperature (~22 °C) for 16 h to allow mating and meiosis to
begin. Cells were observed under a Nikon Eclipse E800 microscope using either FITC or
TRITC filters. Single focal-plane images were obtained at 60X magnification and analyzed
using Image J software.

Tetrad analysis—Wild-type, rec10-cd (homozygous and heterozygous) and rec11-cd
parental strains were mated on SPA at 25 °C for 2 days, and asci (tetrads) were isolated on
YEA under a dissection microscope (Nikon). The plates were incubated at 37 °C for 3-4 h to
allow autolysis of the ascal wall. Spores were isolated by micromanipulation and incubated
at 32 °C for 3-4 days. The spore viability was scored as visible colonies, and the colonies
further analyzed for recombination across cen3 (ura4*-his3* interval) and in arms (cens-
ade6 and ade6-arg! intervals), as described above.

Missegregation assay—We used #% strains with rec10%, rec10-cd or rec10-cadV1%4A and
mes1Ato block meiosis after Ml (Izawa et al., 2005). We used tdTomato fused to TetR and
tetOinserted into the innermost repeat (/imrL) of cen3to follow the pericentric region. Cells
were grown to log phase in YEL medium at 30 °C; the cells from 1 ml were washed twice in
1 ml of water, spotted on MEA medium and incubated at room temperature (~22 °C) for at
least 36 h. This allowed mating, induction of meiosis, and completion of MI arrest. Asci
(n>200) with two nuclei were observed under a Nikon Eclipse E800 microscope using
TRITC filters. Single focal-plane images were obtained at 60X magnification and analyzed
using Image J software. The cen3labels in the arrested cells were counted and categorized
as normal segregation (one focus in each of two nuclei), Ml NDJ (both foci in the same
nucleus) or premature separation of sister chromatids (PSSC; two foci in one or both nuclei).

Microarray analysis—Rec10-GFP ChIP microarray analysis was performed as described
(Fowler et al., 2013). c/r4* and c/r4A diploid meiotic cells were harvested, and the chromatin
crosslinked with formaldehyde and immunoprecipitated for Rec10-GFP. Custom Agilent
4x44K S. pombe oligonucleotide microarrays were used that include 1125 additional probes
for repetitive regions of the S. pombe genome as described (Cam et al., 2005). The
microarray probe coordinates corresponded to RefSeq accessions NC_003424.2,
NC_003423.2, and NC_003421.2 for chromosomes 1, 2, and 3, respectively. The data (logg
of the IP/WCE ratio for each probe) were genome-median normalized, and the LogRatios
from the 0 hr (uninduced) samples were subtracted from the respective 3.5 hr (induced)
samples. The probes were divided into those from the centromeres (cnt, imr and otr, total
330 probes) and the chromosomal arms (42,583 probes). Box-and-whisker plots were
generated for each centromere and chromosome using GraphPad Prism software; data were
analyzed in Excel.

Chromatin immunoprecipitation (ChIP) and qPCR for Rec11-GFP—Chromatin
from pat1-114strains GP8949 and GP9023 induced for 3.5 hr (two induced cultures of each)
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was extracted and immunoprecipitated as previously described (Fowler et al., 2013). Anti-
GFP polyclonal antibodies (Living Colors Full-Length GFP Polyclonal Antibody, ClonTech)
and Protein A Dynabeads (ThermoFisher) were used. DNA isolated from the whole-cell
extracts and immunoprecipitates was analyzed via quantitative PCR (qPCR) with the
OneStepPlus system (ABI) using Power SYBR Green master mix (ThermoFisher). The
percent immunoprecipitate (IP) signal relative to the whole cell extract (WCE) signal was
calculated using the Comparative CT method (ABI) with each locus done in triplicate for
each gPCR run. Four gPCR runs were done for each strain at cnt and imr, and five at dg, ah,
mspl, 3H7.03. These loci were assayed previously (Yokobayashi et al., 2003; Yokobayashi
and Watanabe, 2005; Miyoshi et al., 2012; Sakuno and Watanabe, 2015), but we used
different primer pairs (Table S10), except for mspl, to generate ~100 bp amplicons. Primer
pairs for dg, dh, msp1, and 3H7.03used in a previous study (Sakuno and Watanabe, 2015)
gave similar results.

Quantification and Statistical Analysis

All recombination data were analyzed by using two-tailed Fisher’s exact test. The ChIP-chip
data for Rec10 in wild type and c/r4A cells was analyzed by two-tailed paired t-tests. The
Rec11-GFP ChIP gPCR was analyzed by unpaired t-tests and two-tailed paired t-tests. All
the analysis was done using GraphPad Prism software.

Data and Software Availability

Data Resources—The accession number for the raw data files for the microarray datasets
reported in this paper is GSE115726.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Tethering Spoll-activators to pericentric heterochromatin promotes local
Crossovers

The meiotic cohesin subunit Rec11 is a limiting factor for pericentric
recombination

Cohesin subunit Psc3 precludes activation of meiotic double-strand break
formation

Pericentric crossovers increase gamete inviability and non-disjunction during
meiosis
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Figure 1. Meiosis-specific linear-element protein Rec10 tethered to pericentric regions overcomes
repression of meiotic recombination
(A) Schematic representation of the composition of proteins present during meiosis at the

pericentric regions in S. pombe. (B) Model for initiation of meiotic recombination by DSB
formation across chromosomal arms in S. pombe. See text for explanation. (C) Cartoon of
telomeric cluster during the horsetail stage of meiosis. (D) Fluorescent microscopic images
of meiotic horsetail cells (marked with white arrowheads) expressing Rec10-GFP, Rec10-
GFP-CD or Rec10MUT_-GFP-CD (green). Rec10MYT is a recombination-deficient missense
mutant (R184F D185T). cen3 (red) is at the nuclear pole opposite the telomeric cluster,

Mol Cell. Author manuscript; available in PMC 2019 August 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Nambiar and Smith

Page 25

which also binds CD due to heterochromatin. cen3is labeled with tdTomato at the left
innermost repeat (/mr). BF, bright field. Yellow, colocalized signals when merged. Images
are representative of at least 20-30 cells examined. (E) Assay for recombination across the
pericentric region on chromosome 3 (cen3). cnt, central kinetochore-binding region; imr,
innermost repeat; otr, outer repeat. Recombinants across cen3were measured as Ura*™ His™
and Ura™ His*, and chromosomal arm recombinants (cen3-ade6) as His* dark red (ade6-
M26) and His™ light red (ade6-52). o, absence of the ura4” or his3* insertion. (F, G)
Recombinant frequency (RF) across cen3 (F) and the cen3-ade6 arm interval (G). Data are
mean + SEM (n=4 to 8 experiments, assaying 654 to 3733 spore colonies). **** p <0.0001
(two-tailed Fisher’s exact test). In this and all subsequent figures bar colors correspond to
those of the recombination proteins in Figure 1B, with wild type (wt) as black. See also
Figure S1, Tables S1, S2 and S3.
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Figure 2. Linear element protein Rec10 tethered to pericentric regions induces DSB formation
(A) Pulse-field gel electrophoresis showing cen3 DSBs at the indicated times after induction

of meiosis in a raad50S mutant. The ~125 kb cen3 fragment from BgA digestion was detected
on a Southern blot with a probe at the right end of the cen3fragment (upper images). On the
same blots DSBs were measured at the chromosomal arm hotspot ade6-3049 using a probe
at the left end of the ~58 kb ade6 fragment. *, repetitive rDNA BgA fragment (10.9 kb) from
cross-hybridization. Signals were analyzed by Phosphorlmager. (B) Quantification of the
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blots in Figure 2A, using ImageQuant software. Bar colors correspond to those of the
recombination proteins in Figure 1B.
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Figure 3. Pericentric recombination mediated by pericentric-tethered Rec10 resembles
chromosomal arm recombination

(A) Recombinant frequency (RF) across cen3in strains expressing Rec10-CD in the absence
of Rec8, Recl1l, Rec25, Rec27, Spoll, CK1 or Swib6 as indicated. The RFs of rec10-CD
recl1Aand rec10-CD CKl1A are not statistically different (p value >0.05; two-tailed Fisher’s
exact test). (B) RF across cen? (with flanking genetic markers as in Figure 1E) in wild-type,
acriAand rec10-cd'strains. Data are mean £ SEM (n=3 to 6 experiments, assaying 583 to
1284 spore colonies; for der14and rec10-cd rec84, n=2 experiments, assaying 749 and 707
spore colonies, respectively, and error bars indicate range). *, p = 0.0287 (two-tailed Fisher’s
exact test); **, p = 0.002; ***, p <0.001; ****, p <0.0001; “ns”, p > 0.05 (not significant).
Bar color (red) corresponds to that of Rec10 in Figure 1B, with wt and dcriA4 in black. See
also Tables S1 and S4.

Mol Cell. Author manuscript; available in PMC 2019 August 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nambiar and Smith Page 29

A

RF (%) at cen3

-
o
L

RF (%) at cen3-adeb
o
<

L
o
1

wkdkk
dedkdkk

Rec25-GFP |

Rec25-GFP-CD

S — P — T—
rec25-cd rec25-cd mug20-cd mug20-cd rec27-cd
rec10. rec104 Mug20-GFP

Mug20-GFP-CD

Rec27-GFP |

dedkdok

o
o
I

deded —
i , i , Rec27-GFP-CD

rec25-cd rec25-cd mug20-cd mug20-cd rec27-cd
rec104 rec104

Figure 4. Other linear element proteins tethered to pericentric regions also activate pericentric
recombination in a Rec10-dependent manner

(A, B) RF across cen3(A) and the cen3-ade6 interval (B). Data are mean + SEM (n=3 to 6
experiments, assaying 546 to 878 spore colonies). ***, p <0.001 (two-tailed Fisher’s exact
test); **** p <0.0001. rec27-cd'is not significantly different from wt (p=1.000) for RF at
cen3(Table S1). Bar color (blue) corresponds to that of Rec25 and Rec27 in Figure 1B. (C)
Fluorescent microscopic images of meiotic horsetail cells (marked with white arrowheads)
expressing Rec25-GFP, Mug20-GFP, or Rec27-GFP, each with or without CD. BF, bright
field; LinE, linear element protein (Rec25, Rec27, or Mug20). Images are representative of
at least 30-100 cells examined. See also Table S2.
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Figure 5. Meiosis-specific cohesin subunit Rec11 tethered to pericentric regions promotes
recombination during meiosis but only in the absence of Swi6 or when fused directly to Rec10

(A) Fluorescent microscopic images of meiotic horsetail cells (marked with white
arrowheads) expressing Rec11-GFP or Rec11-GFP-CD in the presence and absence of Swi6.
Images are representative of at least 25-100 cells examined. (B) RF across cen3in the
indicated mutants. Bar color (yellow) corresponds to that of Rec11 in Figure 1B. (C)
Fluorescent microscopic images of meiotic horsetail cells (marked with white arrowheads)
expressing Rec11-Rec10-GFP-CD in the presence and absence of Swi6. BF, bright field.
Images are representative of at least 30-50 cells examined. (D) RF across cen3in the
indicated mutants. Yellow and red parts of the bars reflect the fusion of Rec11 (yellow) and
Rec10 (red) in Rec11-Rec10-CD as in Figure 1B. Data are mean + SEM (n =3t0 9
experiments, assaying 577 to 1947 spore colonies). *, p = 0.0186 (two-tailed Fisher’s exact
test); **** p <0.0001; “ns”, p >0.05 (not significant). See also Figure S2 and Table S5.
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Figure 6. Both mitotic cohesin subunit Psc3 and Swi6 (HP1) repress meiotic recombination by
blocking Recl1 at the pericentromeres

(A) RF across cen3in the indicated mutants. psc3A swibA is synthetically lethal and thus
could not be tested. Data are mean + SEM (n = 3 to 8 experiments, assaying 364 to 1529
spore colonies). (B) Frequency of dissected asci (tetrads) with 4, 3, 2 or 1 viable spore(s) in
wild type, rec10-cdhomozygous (+/+), rec10-cd heterozygous (+/-) and rec11-cd
(homozygous) crosses. (C) Segregation errors in #%° mes1A cells at the end of Ml in wz,
rec10-cdand rec10-caW104A strains (n >200 cells for each genotype). cen3is labeled with
tdTomato at the left innermost repeat (/mr). Cells undergoing normal segregation show cen3
foci in both nuclei, while those with MI non-disjunction show two cen3 foci in the same
nucleus. Premature separation of sister chromatids (PSSC) leads to more than one focus in
the same nucleus. *, p = 0.0126 (two-tailed Fisher’s exact test); **, p = 0.0055; ***, p
<0.001; **** p <0.0001; “ns”, p >0.05 (not significant). Bar colors correspond to those of
the recombination proteins in Figures 1A and 1B, with wt in black; striped bars indicate
heterozygosity. See also Figure S2, Tables S3, S5, S6, S7 and S8.

Mol Cell. Author manuscript; available in PMC 2019 August 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Nambiar and Smith Page 32

Pericentric regions

Mug20 Rec27

Spo11
complex
activation

DSBs

>
H3K9Me

-

Figure 7. Model for repression of meiotic recombination in pericentric regions
Histone H3K9me (orange flags) in pericentric regions binds the chromodomain (CD)-

containing protein (Swi6) responsible for enriching cohesin subunits (Rec8-Psc3)
specifically in pericentric regions. Both Psc3 and Swi6 exclude Recl11 from the pericentric
regions and thereby prevent it from binding Rec8 and thus to recruit Rec10. Absence of
Rec10 precludes activation of Spoll complex to form DSBs that initiate recombination
during meiosis.
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