1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Biol. Author manuscript; available in PMC 2020 March 18.

-, HHS Public Access
«

Published in final edited form as:
Curr Biol. 2019 March 18; 29(6): 1002-1018.e7. doi:10.1016/j.cub.2019.02.007.

Prdm9 and meiotic cohesin proteins cooperatively promote DNA
double-strand break formation in mammalian spermatocytes

Tanmoy Bhattacharyyal, Michael Walker!, Natalie R Powers?, Catherine Brunton?,
Alexander D Finel:2, Petko M Petkovl, and Mary Ann Handel"12

1The Jackson Laboratory, Bar Harbor, ME 04609, USA.
2Sackler School of Graduate Biomedical Sciences, Tufts University, Boston, MA 02111, USA.

Summary

Meiotic recombination is required for correct segregation of chromosomes to gametes and to
generate genetic diversity. In mice and humans, DNA double-strand breaks (DSBs) are initiated by
SPO11 at recombination hotspots activated by PRDM9-catalyzed histone modifications on open
chromatin. However, the DSB-initiating and repair proteins are associated with a linear
proteinaceous scaffold called the chromosome axis, the core of which is composed of cohesin
proteins. STAG3 is a stromalin subunit common to all meiosis-specific cohesin complexes.
Mutations of meiotic cohesin proteins, especially STAG3, perturb both axis formation and
recombination in the mouse, prompting determination of how the processes are mechanistically
related. Protein interaction and genetic analyses revealed that PRDM9 interacts with STAG3 and
RECS in cooperative relationships that promote normal levels of meiotic DSBs at recombination
hotspots in spermatocytes. The efficacy of the Pram9-Stag3 genetic interaction in promoting DSB
formation depends on PRDM9-mediated histone methyltransferase activity. Moreover, STAG3
deficiency has a major effect on DSB number even in the absence of PRDM9, showing that its role
is not restricted to canonical PRDM9-activated hotspots. STAG3 and REC8 promote axis
localization of the DSB-promoting proteins HORMAD1, IHO1, and MEI4, as well as SPO11
activity. These results establish that PRDMS9 and axis-associated cohesin complexes together
coordinate and facilitate meiotic recombination by recruiting key proteins for initiation of DSBS,
thereby associating activated hotspots with DSB-initiating complexes on the axis.
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Bhattacharyya et al. investigate contribution of cohesin and recombination activator PRDM?9 to
DNA double-strand break (DSB) formation during mouse meiosis. They find that interactions
between cohesin axis proteins and PRDM9 lead to recruitment of DSB-promoting proteins to the
axis, which in turn facilitate DSB formation by the meiotic enzyme SPO11.
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Introduction

During meiotic prophase, dynamic chromatin organization takes place around the
proteinaceous scaffold that forms the chromosome axis. At the outset of meiosis, cohesin
protein complexes establish the core of the chromosome axis [1,2] and subsequently,
assemble the synaptonemal complex (SC). The cohesin complexes are ring-shaped structures
comprised of two structural maintenance-of-chromosome proteins (SMC1A or B and
SMC3), a kleisin subunit (RAD21, RAD21L or RECS8), and a stromalin subunit (STAGL1,2
or 3) [3]. Of these components, STAG3, REC8, and RAD21L are expressed specifically
during meiosis, presumably with unique meiotic function(s) [2-11]. Deletion or mutation of
cohesin proteins affects axis length, SC formation, DNA double-strand break (DSB) repair
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and chromatin organization during meiotic prophase in meiocytes [1, 3, 4, 6, 7, 11-15].
STAG3 is the only non-SMC subunit common to each of the meiosis-specific cohesin
complexes (SMC3, which is also mitotic, is likewise common to all of the meiotic
complexes). Its absence causes the most severe phenotype of all the meiotic cohesin single
mutants [3, 6, 7, 13, 14]. Although assembly of the meiotic cohesin axis is contemporaneous
with the early events of recombination activation and chromatin remodeling, the precise
roles of meiotic cohesins in these processes are, as yet, incompletely understood.

In most mammalian species, during early meiotic prophase, recombination hotspots are
determined by H3K4 and H3K36 trimethylation (H3K4me3 and H3K36me3) marks placed
on nearby nucleosomes by a DNA binding zinc-finger protein, PR domain-containing 9
(PRDM9) [16-21]. Subsequently, meiotic DNA double-strand breaks (DSBs) are formed at
hotspots by the combined action of SPO11 and TOPOVIBL [22-27]. SPO11-mediated DSB
formation is facilitated by an interacting accessory protein complex, the recombinosome,
comprised of MEI4 and REC114 [23, 25, 28, 29]. The temporal assembly of this pre-DSB
complex at DSB sites and its relationship to hotspot activation by PRDM9 is not known.
Interestingly, normal numbers of meiotic DSBs are observed in Pramd'~ mice, but the
DSBs occur at H3K4me3 enriched “default” sites, such as promoters [26]. For reasons not
currently well understood, these ectopic DSBs are not repaired efficiently, and Pramg-null
spermatocytes are eliminated at a pachytene-like stage, leading to the infertility of Pramg-
null mice [26].

Emerging evidence highlights possible roles for the cohesin axis in the initiation of DSB
formation, but the precise mechanistic pathways remain to be elucidated in mammals. In
Saccharomyces cerevisiae (budding yeast), the association between axial element
components (Hopl, Redl, and cohesins) and the pre-DSB recombinosome subunits (Mer2,
Mei4, and Rec114) is required to promote DSBs [30, 31]. In Schizosaccharomyces pombe
(fission yeast), the phosphorylation of axis proteins Rec8 and Rec11 (the homolog of
mammalian STAG3) is required to promote DSBs [32-34]. There is also evidence for these
axis-recombination relationships in mammalian spermatocytes, where most DSB-promoting
and repair proteins (e.g., MEI4, REC114, RAD51, and DMC1) are localized on the
chromosome axis. Moreover, mutation and deletion of meiotic cohesin proteins in mice
affect not only the assembly of the axis but also DSB repair and crossover formation [4, 6, 7,
29]. Although direct evidence is lacking, this effect of axis elements might arise via
formation of a pre-DSB recombinosome in mouse spermatocytes. For example, cohesin
proteins are required for formation and/or stabilization of MEI4 foci [29], and axis-
associated HORMADL and its interactor IHO1 regulates SPO11 DSB activity [35]. Taken
together, these lines of evidence suggest critical roles for meiotic cohesins in DSB
formation, but whether or how this is linked to recombination initiation by PRDM9 is
unclear.

Our current investigations of interactions among axis-associated cohesin subunits and
PRDM9 were prompted in part by a recent study revealing interactions between PRDM9
and the axis-associated cohesin protein REC8, and also SYCP3 [36]. This suggested that
PRDM©9-axis interaction might coordinate meiotic events from meiotic recombination
initiation to DSB formation, a hypothesis we have investigated here by employing cohesin
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mutant mouse models, protein biochemistry, and genomic tools. We focused on the role of
STAG3 in these processes because of its pivotal function in meiotic axis formation; however,
we also provide evidence for the importance of REC8 in events of recombination that lead to
DSBs. We found that PRDM9 interacts with STAG3 as well as REC8, suggesting the
possibility that the association of hotspots with axis elements might begin at the earliest
stages of recombination activation. Both STAG3 and RECS are required for efficient DSB
formation at canonical PRDM9-dependent recombination hotspots, as well as at PRDM9-
independent sites. Interestingly, we found genetic evidence for a cooperative role for STAG3
and PRDMS9 in the recruitment of the HORMAD1-IHO1 and MEI4-linked SPO11- protein
complex that is crucial for initiation of DSBs. Additionally, there is a significant reduction in
SPO11 activity in absence of STAG3, providing evidence for a mechanistic link between the
cohesin-based axis elements and promotion of SPO11-catalyzed meiotic DSBs. Together,
these results support a model in which axis-associated cohesin complexes coordinate events
from hotspot activation to DSBs, most likely by acting as a molecular scaffold to array DSB-
initiating proteins at recombination sites.

STAG3-associated cohesin complexes co-express and interact with PRDM9 in mouse
spermatocytes.

STAG3 is expressed in spermatocytes during the pre-leptotene to zygotene sub-stages of
meiotic prophase I, concurrently with the hotspot-activating protein PRDM9 (Figure 1A);
however, STAG3 is not required for PRDM9 expression or nuclear localization (Figures 1B
and C, and S1A). As previously reported [6, 7, 13, 14], deletion of STAG3 leads to meiotic
arrest, apparent histologically (Figure 1C). To determine the relative frequency of meiotic
prophase sub-stages in Stag3~/~ mutant testes, we used combinatorial antibody labeling for
proteins diagnostic of specific meiotic sub-stages: STRA8 (pre-leptonema to leptonema),
PRDMQ (leptonema to zygonema), the SC protein SYCP3 (exhibiting punctate to linear
staining from leptonema to diplonema), and phosphorylated histone H2AFX, labeling sites
of unrepaired DNA damage (refer to Materials and Methods for details). We detected an
increased representation of preleptonema to zygonema-like stages in Stag3/~ mutant testes
(Figures 1C and S1B-C). In concurrence with previously reported observations [6, 7, 13,
14], adult Stag3'~ mutant testes displayed a significant increase in TUNEL-positive
apoptotic cells in comparison to wildtype controls (Figure S1D-E).

As observed previously [6, 7, 13], a normal linear SC does not form in Stag3 ™/~
spermatocytes; instead, SYCP3 protein aggregates, frequently in proximity to CREST-
stained centromeric heterochromatin (Figure S2A) [6, 7, 13]. The presence of 55-80 CREST
foci in Stag3™~ spermatocytes (compared to 21 foci in wildtype spermatocytes) suggests
defective sister-chromatid cohesion (Figure S2A). We confirmed this using DNA
fluorescence /n situ hybridization (FISH) probes specific for a 200-kb region of
chromosomes (Chr) 2 and 11(Figure S2B). Additionally, use of whole-chromosome paint
probes to detect chromosome territories (Chr 1 and 11) revealed aberrant chromatin
compaction in Stag3™/~ spermatocytes; both Chr 1 and 11 occupied larger territories in
Stag3!~ spermatocytes than in wildtype spermatocytes (Figure 1D). In ~75% (194 of 258
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total nuclei examined) of Stag3™/~ spermatocytes, we observed two chromosome territories
for Chr 1,2, and 11. In comparison, only ~13% (23 of 183 total nuclei examined) of the
wildtype spermatocytes have two territories for at least one of the 3 chromosomes. This
observation suggests aberrant homolog pairing in Stag3~/~ spermatocytes (Figure 1D and
S2B). Thus, lack of a STAG3 axis element has profound effects on chromatin organization,
sister chromatid cohesion, and homolog pairing during mammalian meiosis, confirming
previous findings [6, 7, 13, 14].

The interaction between PRDM9 with axis-associated REC8 and SYCP3 has previously
been demonstrated [36]. Because STAG3 and PRDM9 are co-expressed (Figure 1A), we
tested their interaction. Co-immunoprecipitation (co-1P) assays using —-PRDM3 antibody
and protein extract from juvenile mouse testes (12 days postpartum) identified interactions
between PRDM9 and STAG3, REC8, and SMC3, but not with RAD21L or RAD21 (Figure
1E, Table S1). The detected interactions between cohesin proteins and PRDM?9 persisted
even after DNase treatment (where there is negligible IP of histone H3) (Figure 1E, Table
S1), demonstrating that the detected protein interactions are independent of DNA. Co-IP
with antibody to the SMC3 cohesin subunit confirmed interactions between PRDM9 and the
STAG3- and REC8-associated cohesion complexes (Figure 1F, Table S2). Next, we
investigated whether PRDM? interacts with cohesin proteins in absence of STAG3, and
found PRDM9 in immunoprecipitates with other cohesin protein subunits, including STAG1
and STAG2, in Stag3™!~ spermatocytes (Figure 1G). Moreover, and reflecting earlier
observations [7], we also detected REC8 and RAD21L with other cohesin subunits
immunoprecipitated from cells lacking STAG3 (Figure 1G). These observations suggest that
in the absence of STAG3, other known (STAG1 and STAG2) and perhaps unknown
(stromalin-like) axis proteins may form cohesin complexes with the meiotic kleisin subunits
REC8 and RAD21L, and interact with PRDMO.

Taken together, these findings raise the possibility that interactions between PRDMS and the
cohesin complexes might bring meiotic recombination hotspots into a functional relationship
with the developing chromosome axis. Thus, we next investigated how these interactions
might facilitate DSB formation.

Absence of key meiotic cohesin proteins and the axis influences DSB numbers at both
PRDM9-dependent hotspots and PRDM9—independent sites.

To determine the importance of interactions between PRDM9 and cohesin subunit proteins
for normal levels of meiotic DSBs, we assessed the number of DSBs in spermatocytes from
wildtype, various single- and double-mutant (dKO) mice for cohesin subunits and/or Pram3.
We counted foci of DMC1, a protein that binds specifically to meiotic DSB sites, as a
surrogate for DSB number. We scored spermatocytes at similar meiotic sub-stages [the late
leptotene and zygotene (or zygotene-like) cells in wildtype and mutants were grouped
together due to lack of markers that could unambiguously discriminate the stages; refer to
Materials and Methods for details on staging spermatocytes]. The results are summarized in
Figure 2 and tabulated in supplementary data files (Data S1).

We first investigated the relative importance of various cohesin proteins for normal DSB
levels (Figure 2E, panel 1). Deficiency of RAD21L did not significantly impact numbers of
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DMCL1 foci (Figure 2A, E1 and Data S1). Using a KOMP allele of Rec8 (Figure S3), we
found that spermatocytes deficient for REC8 exhibited a small but statistically significant
reduction in DMC1 foci number, which were at ~77% of the wildtype level (Figure 2A, E1
and Data S1). Spermatocytes lacking in STAG3 exhibited ~66% of the wildtype level of
DMCI1 foci (Figure 2A, E1 and Data S1). Thus, the absence of either of these two cohesin
proteins significantly and negatively impacts the DSB number. Most DMC1 foci in Stag3 ™/~
spermatocytes were not associated with an a-SYCP3-stained axis (Figures 2A and SAC-E).
But, we observed occasional co-occurrence of DMCL1 foci and remnants of chromosomal
axes in Stag3~ spermatocytes stained for kleisin proteins REC8, RAD21, and RAD21L
(Figure S4C -E; see also Figure 1G for related findings). In wildtype spermatocytes, STAG3
might influence half of all breaks, with partial compensation for its deficiency by other axis
proteins. Therefore, we investigated the impact of other cohesin proteins on DSB number in
Stag3!~ spermatocytes. To test the contribution of REC8 and RAD21L to DSB number in
the absence of STAG3, we generated Stag3”'~ Rec8™'~ and Stag3'~ Rad21/'~ dKO mice
(Figure 2 B). The number and sub-stage frequency of the spermatocyte population in these
dKO males was similar to that in Stzg3/~ mice; similarly, the spermatocytes lacked defined
linear axes stained by a-SYCP3 (Figure 2B, Figure S4A-B); notably, each exhibited a
significant reduction in number of DMC1 foci compared to wildtype and the respective
single mutants (Figure 2E2). Although DMC1 foci in Stag3™/~ Rad21/!~ spermatocytes
were reduced compared to Rad21/~ spermatocytes (~33% fewer), they were similar to
Stag3!~ spermatocytes (Figures 2A-B, E1-2 and Data S1). In contrast, Stag3”~ Rec8!~
dKO spermatocytes have ~40 to 60% fewer DMC1 foci than those of either single mutant or
the wildtype controls (Figures 2A-B, E1-2 and Data S1)—an additive effect that suggests
interactions or compensation by other stromalins or axis-associated proteins. As anticipated
by previous results suggesting redundancy of Rad21/in the presence of Rec8[1, 29], the
Rec8'~ Rad21f~ dKO spermatocytes have a ~70 to 80% reduction in the number of
DMC1 foci compared to Rec8'~, Rad21/"~, Stag3™'~ or wildtype spermatocytes (Figures
2A-B, E1-2 and Data S1). Taken together, while these dKO models suggest the possibility of
cooperative interactions between REC8 and STAG3, they also provide evidence that the
RECS kleisin may be more stringently required than RAD21L for meiotic DSB induction.

Following from our protein interaction analyses (Figure 1), we sought evidence for
potentially cooperative interactions of PRDM9 with cohesin proteins promoting DSBs.
Thus, we assessed DSB number in Pram9-cohesin dKO spermatocytes (Figure 2E, panel 3).
Consistent with previous studies [26, 37], we found that the number of DMC1 foci in
spermatocytes lacking PRDM?9 did not significantly differ from wildtype (Figure 2C and E3
and Data S1). The number of DMCL1 foci in Prdm9™~ Rad21/'~ dKO spermatocytes also
remained similar to wildtype, Rad21/'~ and Prdmg™'~ single-mutant spermatocytes. In
contrast, Pram9™~ Rec&'~ dKO spermatocytes exhibited significantly lower numbers of
DMC1 foci: ~37%, 20%, and 40% less than wildtype, Rec8'~ and Pram9~'~ spermatocytes,
respectively (Figures 2A, C and E1, 3; Data S1). We also observed even more dramatic
reductions (~70 to 80%) in the number of DSBs in Prdm9~ Stag3~ dKO spermatocytes
compared to wildtype spermatocytes and the respective single mutants (Figures 2A, C and
E1, 3; Data S1). To control for possible label bias, we also employed co-staining with
antibody for the DSB repair proteins RAD51 and DMC1, counted the co-occurrence of both
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protein foci, and confirmed the decrease in DSB number in Stag3™~ and Stag3'~ Pramg'~
dKO spermatocytes in comparison to wildtype controls (Figure S4F-G). Together these
observations add to evidence that Stag3and Rec8 promote normal numbers of DSBs, and
further suggest synergistic genetic interactions with Prdm9. Moreover, because the DSBs in
Prdm9-deficient spermatocytes are at PRDMB9-independent sites, these results also imply
that Stag3and Rec8 influence not only recombination-initiating DSBs at PRDM9-activated
hotspots, but also those at PRDM?9-independent sites, which occur primarily in gene
promoters and other functional elements [26]. Thus we hypothesize that axis proteins have
required roles in DSB pathways that are both dependent on, and independent of, PRDM9.

Because PRDM9-dependent histone methyltransferase activity is essential for hotspot
activation [27], we sought to determine whether Pram9-Stag3 genetic interactions promoting
normal DSB number depend on the histone methyltransferase activity of PRDM9. We tested
this by using two genetic models exhibiting PRDM9-axis interaction, but critically low
methyltransferase activity. First, functional hemizygosity for Pram9leads to a ~50%
reduction in hotspot activation [20] and ~23% reduction in DMC1 foci (Figure 2A, D, E1,4
and Data S1). In Prdm9~~Stag3™'~ spermatocytes, we observed ~38% fewer DMC1 foci
compared to Stag3™'~ spermatocytes, and ~47% fewer compared to Pram9*'~ spermatocytes
(Figure 2A, D, E1, 4 and Data S1). Second, we tested the requirement for PRDM9
methyltransferase activity using a new Prdm9mutant allele with an E365K amino acid
substitution within the catalytic PR/SET domain of PRDM9 (hereafter denoted as Pradm9FK,
Methods S1). This amino acid substitution was induced in the endogenous Pradm92om?2
allele, in the C57BL/6J genetic background, via CRISPR/Cas9 gene editing. Importantly,
expression levels of PRDM9EK protein in the mutant were similar to wildtype (Figure S5A-
C). Thus, we expect that physical interactions between PRDM9 and the chromosome axis
are intact in Pram9FK’EK spermatocytes, and indeed, Tian et al. presented evidence for such
interactions /n vivo, using a different mutation in the PRDM9-SET domain [38]. Similar to a
recently published “methyltransferase-dead” Pram9allele [27], the Pram9FK/EK
homozygote phenocopied the Pradm9null [26, 39] with respect to meiotic arrest with
defective synapsis, and infertility (Figure S5A, D). The histone methyltransferase activity of
the mutant PRDM9 was severely reduced, but not completely ablated; homozygous
spermatocytes exhibited detectable levels of H3K4me3 at a few of the most highly
trimethylated hotspots (Figure S5E-F). Similar to Pradm9-null spermatocytes, normal
numbers of DMC1 foci were observed in Pram9cK/EK spermatocytes (Figure 2D and E4;
Data S1). In Pram9FK/EK Stag3™~ double mutant spermatocytes, there was a dramatic
reduction in the number of DMC1 foci, similar to that observed in Pram9~ Stag3™'~ dKO
spermatocytes (Figure 2D and E4; Data S1). These results provide evidence that the effect of
the Prdm9-Stag3 genetic interaction on DSB formation depends on PRDM9-mediated
histone methyltransferase activity. Therefore, genetic analyses suggest that Prdm9, Stag3
and Rec8 exhibit cooperative interactions that promote normal numbers of meiotic DSBs
and/or stability of DSB repair proteins at DSB sites.
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Cohesin subunit genes Stag3 and Rec8 are required for efficient DSB formation at PRDM9-
activated hotspots

Although the above results revealed a reduction in DMCL foci in Stag3- and Rec8-deficient
spermatocytes, they are not informative as to whether DSBs were present at PRDM9-
dependent recombination hotspots; certainly, in Pram9'~ spermatocytes, ectopic DSBs are
found at non-PRDM09-activated “default” sites, such as promoters and enhancers, also
enriched in H3K4me3 [26]. We used genetic and molecular approaches to determine
whether the absence of Stag3and/or Rec8 affects the distribution and/or enrichment of
meiotic DSBs at PRDM9-dependent and -independent genomic sites.

We used DMC1 single-stranded DNA (ssDNA) ChlP-seq analyses to compare the
distribution of DSBs in Stag3/~ and Rec8'~~ spermatocytes to that in wildtype. The
genomic locations of hotspots depend on the identity of the PRDM9 protein variant and the
genomic sequence of the strain [20, 40, 41]; therefore all mutant strains for this analysis
were on a C57BL/6N (hereafter B6N) background, which is homozygous for the
PRDM920m2 g]lele. As described in more detail in Materials and Methods, we used a
statistical threshold of a false discovery rate (FDR) < 0.01 to call peaks utilizing MACS 2.0.
We detected 11,558, 8,800, and 6,460 DMC1 peaks in wildtype, Stag3™”~, and Rec& '~ testes
respectively (Figures 3A, B and D). To assess PRDM9 binding sites specifically, we
included only ones that had been detected previously by two independent methods: Affinity-
seq [42] and H3K4me3 ChlP-seq [19-21]. There are 13,355 such Pradm9P°m2.dependent
hotspots in the C57BL/6J (B6J) genome that are detected by both of these assays (Figure
3C). Using the criteria defined above, we determined that ~75% of the DMC1 peaks in
wildtype (8,625 of 11,558), ~79% of the peaks in Stag3™'~ (6,949 of 8,800), and ~88% of
the peaks in Rec& = (5,697 of 6,460) co-occur with known PRDM9-dependent hotspots in
the genome (Figure 3E and F). Thus, most DSBs in cohesin-mutant spermatocytes occur at
known PRDM9-dependent sites. Among the remainder of the peaks, only 3-4% of the
DMC1 peaks in wildtype (402 of 11,558), Stag3™~ (293 of 8,800), and Rec8™~ (239 of
6,460) overlapped with ectopic DMC1 peaks observed in Prdm9~ spermatocytes (25,261
DMC1 peaks) [26] (Figure 3F). In pairwise comparisons, ~92% of Stag3™~ (6,407) and
~98% of Rec&!~ (5,581) DMC1 peaks were shared with the wildtype control (Figure 3G
and H). In Rec& "~ spermatocytes, ~92% of DMC1 peaks (5,193) are shared with Stag3 '~
DMC1 peaks. Additionally, ~84% of peaks (7022 of 8315) in Stag3”~ Rec8'~ dKO
spermatocytes are associated with known PRDM?9-dependent hotspots in the genome
(Figure 3D and F). Together, these data provide strong evidence that the canonical cohesin-
based axis is not required for hotspot selection and activation by PRDM®.

Although DSBs are present at the expected sites, both the cytological and ChIP analyses
show that they are diminished in number in the absence of the STAG3 and REC8 cohesin
subunits. Therefore, an important issue to resolve is whether DSBs are initiated efficiently in
the absence of cohesin proteins. To this end, we determined the hotspot strength per DSB
sites (also known as DSB “heat”) calculated as the signal - background fragment count,
using the method of Brick et al. 2018 on the Watson- and Crick-strand ssDNA fragment
distribution [43]. We determined the fragments per million [FPM]) in mutant and control
data for the 5,129 PRDM?9-dependent hotspots that are in common among the mutant and
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control genotypes (Figure 31). The normalized strength per hotspot in Stag3~ and Rec8'~
spermatocytes was reduced at most hotspots in comparison to wildtype controls (Figure 3J-
L; P < 0.0001; Wilcoxon rank sum test). For example, in Stag3/~ spermatocytes, ~31 % of
autosomal (1515 of 4911) and ~84% of X-linked (183 of 218) DMC1 sites exhibited a
significant decrease in DMC1 signal (Figure 3L and Data S2; P < 0.05; ANOVA with
Tukey's correction), while in Rec8/~ spermatocytes, 40% of autosomal (1974 of 4911) and
~97% of X-linked (211 of 218) DMCL1 sites showed a significant decrease in DMC1 ChIP
signal (Figure 3L and Data S2; P < 0.05; ANOVA with Tukey's correction). In an interesting
contrast to the majority of sites, a small minority (8%) of autosomal hotspot sites in Stag3 "~
spermatocytes exhibited higher DMC1 activity (Figure 3J, Data S2). Overall, we conclude
that in Stag3™'~ and Rec& '~ spermatocytes DSBs at most PRDM hotspots either fail to
activate efficiently or undergo unusually rapid repair. Rapid repair of DSBs by a sister
chromatid might be possible in Rec&”/~ spermatocytes, but the idea requires further
investigation to explain why some sites might undergo faster repair than others. In Stag3™'~
spermatocytes, with the failure of sister chromatid cohesion, such rapid repair is likely not
possible. Another possible explanation is that the observed decrease in DMCL signal could
be due to the instability of DMC1 protein at DSB sites. In the following sections, we
determine how deficiency of cohesins affects pre-DSB steps to address these issues.

STAG3 and RECS8 influence recruitment of MEI4 to the chromosome axis

We next addressed a possible mechanism by which the absence of key meiotic cohesin
proteins might diminish DSB initiation. Meiotic DSB formation is preceded by the assembly
of the SPO11-accessory protein complex and the recombinosome, including MEI4 [29].
Therefore, we counted MEI4 foci in Prdm9and cohesin single and double mutants to
determine the role of the interactions in the recruitment of MEI4 to the chromosomal axis
(or the rudimentary axis-like structures that occur in the absence of STAG3). There were
~50% fewer MEI4 foci in Stags™/~ (250.8 + 124.1) and ~20% fewer in

Rec8~ (361.9+ 66.72) leptotene-like spermatocytes compared to wildtype (449 + 224.7)
(Figure 4A-B and Data S3). Furthermore, Stag3™~ Rec8!~ (153.5 + 42.22) dKO
spermatocytes have fewer MEI4 foci than wildtype (~75%) or StagS™~ (~39%), and Rec8 '~
(~58%) single mutant spermatocytes (Figure 4A-B and Data S3). Moreover, MEI4 protein
was aggregated and aberrantly localized in both Stag3”~ mutant and Stag3™'~ Rec8~ dKO
spermatocytes (Figure 4A). The number of MEI4 foci is not significantly altered in either
Prdmgt'~ heterozygous or Prdm9~'~ homozygous mutant spermatocytes (519.3 + 66.59 and
516.3 + 74.72, respectively) (Figure 4A-B and Data S3), suggesting that dosage deficiencies
of PRDMO per se do not impact MEI4 localization. However, in the case of Pram9/~
Stag3'~ dKO spermatocytes, the number of MEI14 foci was significantly reduced (139.2

+ 65.09; Figures 4A-B; Data S3) compared to wildtype (~70%), and Stag3™'~ (~44%) and
Prdm9'~ (~73%) single-mutant spermatocytes (Figure 4A-B and Data S3). Taken together,
these results suggest that the Stag3 and Rec8work both independently and cooperatively
with each other and with Prdm3to recruit MEI4. The cooperative function may be through
the assembly of an axis, and therefore observed decreases in MEI4 foci in cohesin mutants
may be a consequence of altered axis structure.
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STAG3 and REC8 promote localization of HORMAD1-IHO1 complexes onto the
chromosome axis

We next addressed the impact of diminished cohesin and PRDM9 on other steps of DSB
initiation associated with MEI4 localization. In mice, HORMAD1 and its functional partner
IHO1 (interactor of HORMADL) are required for MEI4 localization to the chromosomal
axis [35]. Moreover, cohesin proteins interact with HORMAD1 [44] and IHO1 interacts
with MEI4 [35]. These known interactions prompted us to assess recruitment of the
HORMADL and IHOL1 proteins to the axis or axis-like structures in cohesin-deficient
spermatocytes. Both HORMADL and IHO1 appear in early leptotene wildtype
spermatocytes, co-localizing with aggregates of SYCP3 in spermatocyte nuclei (Figures 5
and S6). By late leptonema and zygonema, HORMADL and IHO1 signals remained co-
localized with SYCP3 along the unsynapsed chromosome axis (Figures 5 and S6). In
pachytene spermatocytes, HORMAD1 and IHOL signals disappeared from the autosomes
but remained associated with the sex chromosomes (Figures 5 and S6). In Pradm9'~
zygotene-like spermatocytes, HORMAD1 and IHO1 association with SYCP3-associated
axis elements was largely preserved (Figures 5 and S6). In Rec&/~ zygotene-like
spermatocytes, HORMAD1 and IHO1 co-localized with the shorter SYCP3-stained axis
(Figures 5 and S6). In marked contrast, HORMAD1 and IHO1 were localized only in ill-
defined aggregates (Figures 5 and S6) in Stag3™'~ leptotene-like and zygotene-like
spermatocytes (Figures 5 and S6), consistent with lack of a defined axis. These IHO1
aggregates co-localized with MEI4, but not with SYCP3 (Figure S7). This observation
suggests that while physical interaction between IHO1, HORMAD1, and MEI4 might occur
independently of the cohesin axis, their role in DSB induction might depend on their
association with a cohesin axis. In Stag3'~ Rec8™'~ and Pram9™'~ Stag3™'~ dKO
spermatocytes, the observed localization of HORMAD1 and IHO1 was similar to that in
Stag3!~ spermatocytes (Figures 5 and S6), indicating that Stag3is epistatic to Pram9and
Rec8for this phenotype, and suggesting that formation of a proper cohesin axis is necessary
for HORMAD1-IHO1 to associate with SYCP3. These results establish that both
HORMADL and IHOL1 are present in the nuclei of cohesin-mutant spermatocytes, but that
STAG3 (and to a lesser extent REC8) facilitates proper localization of these proteins. Thus,
the Stag3and Rec8 genes ensure the successful formation of the cohesin axis, which in turn
is necessary for proper recruitment of the HORMAD1-IHO1-MEI4 comple, leading to
DSB formation by SPO11.

STAG3 facilitates SPO11 function in meiotic DSB formation

We next addressed whether the failure to recruit MEI4, HORMADZ1 and IHO1 proteins in
the absence of the STAG3-based cohesin axis affects SPO11 activity. We exploited the
known dosage-dependent effect of the Spo11 null allele on DSB number [45] and examined
SPO11 activity in Spo11*~ spermatocytes in the presence and absence of STAG3. The
rationale behind this approach is that if STAG3 influences SPO11 activity, we would expect
STAG3 deficiency combined with functional hemizygosity for SPO11 to exacerbate the
reduction in DSB number observed with Spo11 hemizygosity alone. We counted DMC1 foci
as a surrogate for DSB number. In SpoZ1*/~ zygotene spermatocytes, we observed ~33%
fewer DMC1 foci (126.2 + 32.25) than in wildtype spermatocytes (190.2 + 59.1) (Figure 6A
and D, Data S4). A considerably more dramatic effect was observed in Stag3™'~ Spo11*-
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dKO spermatocytes, where the formation of DMC1 foci was completely abolished in ~77%
of, compared to only ~3% in Stag3”~ and ~1% in Spo11*/~ spermatocytes (Figure 6A and
C). In most Stag3™'~ Spo11*'~ spermatocytes lacking DMC1 foci, phosphorylated histone
YH2AFX was observed in a protein aggregate reminiscent of the pseudo-sex-body found in
Spo117!~ spermatocytes; this was rarely observed in Stag3™'~ or Spo11*'~ spermatocytes
(Figure 6A and B). In the ~23% of Stag3™~ Spol11*'~ spermatocytes that did exhibit DMC1
foci, we observed ~50% fewer foci (63.94 + 41.02) compared to Spol1*'~ (126.2 + 32.25) or
Stag3 '~ (126.2 + 30.57) spermatocytes (Figure 6C and D, Data S4). In the spermatocytes
exhibiting DMC1 foci, there was no distinct pseudo-sex-body-like structure, but the
accumulation of yH2AFX at a single region within the meiotic nucleus was observed
(Figure 6B). Because meiotic DSB formation generates SPO11-oligonucleotide complexes
representing SPO11-activity [35, 46], we assayed 13 dpp testis extracts for SPO11-
oligonucleotides. We observed ~70% and 20% reduction in SPO11-oligonucleotide
complexes in Stag3'~ (N=2) and Spo11*/~ (N=1) extracts, respectively, in comparison to
wildtype control (N=2) extracts (Figure 6E, P=0.39, Welch's #test). Taken together, these
observations reinforce evidence that in the absence of STAG3 DSB formation is defective,
most likely through formation of a chromosome axis that acts as a scaffold for loading the
SPO11 accessory proteins—e.g. HORMADL, IHO1, and MEI4— that are required for DSB
initiation.

Discussion

This study illuminates the convergence of pathways of recombination and axis formation in
crucial events that follow activation of meiotic hotspots by PRDM9 and lead to the
formation of DSBs by SPO11. Various endpoints indicative of these events were analyzed in
detail in mutant mice deficient for PRDMS and/or cohesin proteins STAG3 and RECS.
STAG3 is viewed as a particularly pivotal protein in these processes because it is one of only
two cohesin proteins (other is SMC3) present in each of the meiosis-specific cohesin
complexes. Both genetic and physical interaction analyses demonstrated that this core axis
protein, as well as RECS8, interact with PRDM?9 in a manner that cooperatively promotes
normal levels of meiotic DSBs at PRDM9-activated hotspots. Interestingly, DSBs at
PRDMO9-independent sites (e.g., promoters and enhancers) detected in Prdm9~'~ mutants
depend primarily on STAG3 rather than RECS, although both cohesin subunits are required
for normal numbers of DSBs at PRDM9-dependent genomic sites. We demonstrate a
requirement for STAG3 for the robust localization of the pre-DSB recombinosome proteins
HORMADV, its interacting partner IHO1, and MEI4, to (leptotene/zygotene) chromatin,
where together they together promote the formation of meiotic DSBs by SPO11. Moreover,
STAG3 is required for normal SPO11 activity. Our analyses provide evidence that axis
proteins cooperate with PRDM9 and play a mechanistic role in associating recombination
sites with recombination-initiating proteins, thus poising them for DSB formation. Their
cooperative roles in these early events leading to DSB formation constitute a scaffolding,
axis-based, mechanism that now appears to be evolutionarily conserved from yeast to
mammals.

In most mammals, recombination hotspots are activated by PRDM9-mediated trimethylation
of histone H3, on lysines 4 and 36. To understand the steps leading from this event, which
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occurs in chromatin loops, to the formation of DSBs, which occur on the chromosomal axis,
we focused on potential interactions and cooperativity between PRDM9 and cohesins,
principal components of the early meiotic axis. Among the meiotic cohesins, STAG3 is of
key importance, as a member of each meiosis-specific cohesin complex. In fact, a primary
phenotype of mutation of Stag3in mice is failure to assemble an immunocytologically
recognizable chromosomal axis [3, 6, 7, 13, 14], and therefore these mutants, and the
double-mutants we have produced, in conjunction with Pradm9 mutants, provide a critical
test of the role of the meiotic axis in shepherding sites activated by PRDM9 to their DSB
fate. Here we pose and answer critical questions about this process: whether the axis is
required for PRDM9-mediated activation of hotspots, whether the axis is required for DSBs
at both PRDM9-activated hotspots and those at PRDM9-independent sites, and how
PRDM09-cohesin interactions might promote DSBs.

First, is the chromosome axis required for activation of hotspots by PRDM9? We know from
previous work [36] that cohesin localization does not require PRDM9, but what about the
reverse? Our findings strongly suggest that PRDM9-dependent hotspot activation does not
require the organization of the substrate chromatin along a cohesin-dependent chromosome
axis. First, DMC1 ChlP-seq (Figures 3 and S7) shows that almost all DSBs in Stag3™~
spermatocytes (which have no axis) and Rec&”/~ spermatocytes (which have only short axis
profiles) are nonetheless associated with PRDM9-dependent hotspots. Furthermore, all
DSBs in Stag3~ Rec& !~ double-deficient spermatocytes are associated with PRDMO-
dependent hotspots. These data are consistent with findings that PRDM9 trimethylates
canonical recombination hotspots ex vivo in HEK293 cells, even though these cells lack the
meiosis-specific cohesin subunits [20]. Together, the observations suggest that, in spite of
the detected impact of prior chromatin modifications on PRDMS binding [41], PRDM9
activation of hotspots appears to be independent of meiosis-specific axis assembly. We infer
that PRDMQ interactions with cohesin proteins, especially STAG3 and RECS8, occur
subsequent to association of PRDM9 with hotspots.

Second, is the meiotic axis required for the SPO11-mediated DSBs at PRDM9-activated
hotspots? Our studies provide strong evidence that the chromosome axis is required to
promote normal number of DSBs, both in default sites and at PRDM9-activated hotspots.
Immunocytological analyses show that both STAG3 and REC8 are required for normal
numbers of DSBs (Figure 2E); nonetheless, most DSBs in Stag3/~ and Rec8”~ mutants are
at PRDM9-dependent hotspots (Figure 3E). Therefore, the absence of the axis and axis
proteins does not influence the post-activation selection of sites to sustain DSBs; however,
our DMC1-ChIP experiments established that mutation of Stag3and/or Rec8 affects the
number of meiotic DSBs induced at PRDM9-activated hotspots (Figure 3J-L). Thus, these
cohesin axis proteins are required for normal numbers of DSBs at PRDM9-dependent sites.
This finding is consistent with the evidence that PRDM9 interacts physically with STAG3
and RECS8 /n vivo (Figure 1E-F), and the observation that modulation of PRDM9-dependent
methyltransferase activity, combined with the loss of STAG3, has a synergistic effect in
diminishing meiotic DSB number at recombination hotspots. Together, these data suggest
that the meiotic chromosome axis proteins and PRDM39 cooperatively influence meiotic
DSB formation by SPO11. Notably, however, DSBs are not abolished in the absence of
individual cohesin proteins. Indeed, the fact that DSBs are still detected at PRDM9-

Curr Biol. Author manuscript; available in PMC 2020 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhattacharyya et al.

Page 13

dependent hotspots in spermatocytes deficient for STAG3 and/or REC8 strongly suggests a
compensatory role for other proteins, most likely other cohesin subunits. The fact that the
number of DSBs in Rec8 '~ Rad21I !~ spermatocytes is lower than in Stag3 /'~
spermatocytes (Figure 2E and Data S1) suggests there may contribution of STAG3-
independent cohesin complexes to promoting DSBs. Indeed, substitutions among cohesin
subunits are well established. In the absence of STAG3, REC8 and RAD21L can also
interact with the other cohesin subunits, which may include STAG1 and STAG2 (Figure 1E)
[7], suggesting the possibility of STAG3-independent axis fragments, or complexes, that
could contribute to DSBs. In the absence of REC8, cohesin complexes involving RAD21L
might compensate in DSB formation, as suggested by the Rec&/~ Rad21/~ dKO, where
the number of DSBs is markedly lower than in either Rec8”/~ or Rad21/!~ single-mutant
spermatocytes (Figure 2E and Data S1) [1, 29]. However, because there is no effect of
RAD21L depletion on DSB formation (Figure 2E and Data S1), the REC8 kleisin subunit
appears to be more important for DSB formation. Although STAG3 and SMC1B together
form a major part of the meiotic cohesin complex, SMC1B deficiency does not affect SPO11
activity [47]. This redundancy could be explained by fact that the “mitotic” SMC1A can
cover some of the functions of SMC1B during meiotic prophase I [48]. In support of these
data, we have found that the number of DMC1 foci in Stag3/~ Smcib™'~ spermatocytes are
similar to that in Stag3™~ spermatocytes (unpublished). In summary, these data indicate that
STAG3 and REC8’s interactions with PRDM9 are important determinants of DSB number
in general, and at PRDM9-dependent sites, although other cohesins also contribute to overall
DSB success.

Do the meiotic cohesins influence DSBs exclusively at PRDM9-dependent sites? Although
the association between DMC1 foci and the axis is preserved in Prdm9~'~ spermatocytes,
DSBs in the absence of PRDMS occur ectopically at H3K4me3-enriched transcription start
sites and gene enhancers, sometimes referred to as "default” sites [26]. We investigated
double mutants to determine the relative effects of STAG3 and REC8 on these ectopic
DSBs. In Pram9™~ Stag3™~ and Pram9™'~ Rec&!~ spermatocytes, all meiotic DSBs
detected were at PRDM9-independent sites. In Pram9™'~ Rec&!~ dKO testes, there was a
minor reduction in DSB number relative to that in the Rec&”/~ single-mutant, indicating that
loss of RECS8 has a similar effect on DSB number at both PRDM9-dependent sites and
ectopic PRDM9-independent sites. However, in Pram9™~ Stag3™'~ dKO testes, loss of
STAG3 was associated with a much greater reduction in DSB number relative to the
Stag3!~ single-mutant (Figure 2, Data S1). Thus, there may be some specialization, with
STAG3 more important than REC8 for the formation of DSBs at PRDM9-independent sites
than at PRDM9-dependent sites, while REC8 does not discriminate. The mechanistic basis
underlying such specialization is deserving of further investigation, which may further
clarify the role of axis elements in recombination initiation.

How do cohesin-Prdmg interactions promote DSBs at recombination hotspots? In mammals,
several axis-associated proteins (e.g., IHO1, HORMAD1, and MEI4) that are required for
meiotic DSB formation act by promoting normal SPO11 activity [28, 29, 35]; together, these
proteins are sometimes referred to as constituting a "recombinosome." Moreover, protein-
protein interactions in mammalian spermatocytes suggest that cohesins, HORMAD1, IHO1,
and MEI4 interact with each other [35, 44]. Here we show that Stag3and Rec8 genes
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influence quantitatively successful recruitment and linearization of recombinosome proteins
along the chromosome axis (or the axis-like structures that form in their absence) and that
there may be cooperation between STAG3 and PRDMS9 in the localization of the
HORMADL, IHO1 and MEI4 (Figure 4-5 and S6). Consistently, Stag3-mutant
spermatocytes, lacking an axis, also have reduced SPO11 activity, with diminished DSB
formation (Figure 6). Altered patterns of localization of HORMAD1-IHO1-MEI4 complexes
in cohesin mutant spermatocytes could result if the mutant axis was severely diminished in
extent and/or not linearized, which would structurally impede interactions between cohesins
and other proteins. Finally, the fact that there is localization of IHO1 and MEIA4 to the axis in
the absence of Pram9, and that this is decreased in Pram9™'~ Stag3™'~ dKO spermatocytes,
suggests that DSB formation at PRDM9-independent sites also requires pre-DSB accessory
protein localization. Together, these lines of evidence imply that recruitment of the SPO11
accessory proteins to the chromosome axis, aided by STAG3 in cooperation with PRDM9, is
required to promote meiotic DSBs. These observations are consistent with the model that the
meiotic cohesin axis could act as a molecular scaffold to array the pre-DSB recombinosome
axis-linked complexes at DSB sites, thereby facilitating SPO11 access and function at
designated sites. However, although the HORMAD1, IHO1, and MEI4 proteins localize to
the chromosome axis, the full roster of proteins required for their localization is not yet
known. Moreover, the exact nature of the association of recombinosome proteins with the
axis (e.g. whether they simply bind to the axis or are actually incorporated into it) and the
importance of that association for their pro-DSB function, are important issues for future
research.

This genetic, biochemical, and cytological evidence leads to our current molecular model
(Figure 7) for mechanistic interactions between PRDM9 and cohesin proteins. In early-
zygotene spermatocytes, PRDM9-dependent recombination hotspots become associated
with the cohesin axis via a physical interaction between PRDM9 and STAG3 and/or REC8
(probably also facilitated by other associated proteins). An important question for future
work is whether this concerted interaction of PRDM9 with STAG3 and REC8 assembles the
axis at recombination sites, or if it physically translocates the recombination sites to
preformed axis elements [36, 49-52]. The first alternative is a biologically and intellectually
satisfying possibility that ensures DSBs at marked sites, and is consistent with both our
results and the known timing of these early meiotic prophase events; however, the second
possibility is not excluded by available evidence. In either case, our results suggest that
cohesin-PRDM9 interactions at activated hotspots promote recruitment of the MEI4-
associated, pre-DSB recombinosome complex via HORMADL and its interacting partner
IHO1 (Figure 7A). Assembly of the cohesin-HORMAD1-IHO1-MEI4 complex along with
the PRDM9-cohesin interaction at activated hotspots restricts SPO11 activity to PRDM9-
dependent sites (Figure 7A). In spermatocytes deficient for STAG3 (and to a certain extent
RECS), there might be some compensation from partially redundant STAG3-independent
axis proteins; however, most potential recombination sites in these spermatocytes fail to
effectively recruit the HORMAD1-IHO1-MEI4 complex and exhibit diminished DSB
formation (Figure 7B). In PRDMB9-deficient spermatocytes, STAG3 and other cohesin
proteins might recruit the recombinosome complex to the transcription start sites that form
PRDM©9-independent DSBs in these spermatocytes (Figure 7C). Alternatively, the
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H3K4me3-marked transcription start sites might be a substrate for alternative evolutionarily
conserved recombination initiation mechanisms, such as that observed in yeast and canids
[30, 50, 51, 53, 54], or DSB formation might be promoted by a recombination mechanism
similar to that at Pradmg-independent sites in the pseudoautosomal region of mammalian sex
chromosomes [26]. In the absence of both PRDM9 and STAG3, the HORMAD1-IHO1-
MEI4 complex fails to associate with H3K4me3-marked transcription start sites, leading to a
failure of SPO11-dependent DSB initiation in most sites (Figure 7D), and emphasizing the
crucial role of the cohesin-complex proteins. This model will surely be bolstered in the
future as our understanding of the multiple functions of cohesins evolves. Nonetheless, it
brings attention to several important concepts that enhance our understanding of the highly
conserved role of the meiotic chromosomal axis in the initiation of recombination. First, it
emphasizes the importance of interactions between the axis elements and the machinery
responsible for selecting recombination sites (PRDMS for much of mammalian
recombination). Second, it demonstrates the crucial importance of key cohesin-complex
proteins in the uniquely meiotic function of assembling an axis at recombination sites.
Finally, it suggests that future research to unravel these mechanisms will profit from focus
on the temporal order of events at recombination sites, which may clarify the exact
mechanisms by which they become associated and tethered to the axis, thus ensuring the
DSBs that initiate recombination.

STAR Methods

Contact for Reagents and Resource Sharing

Further information and requests for reagents should be directed to the lead contact, Mary
Ann Handel (MaryAnn.Handel@iax.org).

Experimental Model and Subject Details

Mouse lines—All mice were obtained from the Jackson Laboratory (JAX) and were bred
and maintained in the research colony of the authors at JAX. The protocols for their care and
use at suitable ages were approved by JAX Institutional Animal Care and Use Committee
(IACUC) as per NIH protocols and guidelines. This study employed the following mouse
strains: C57BL/6N (B6N), C67BL/6J (B6J), BEN(Cg)-Stag3m 1 e. 1 (KOMP)Wtsi/2J [6,
7], and B6N(CQ)-Rad21/tm1b(KOMP)Wtsi/J [6], were acquired from the Jackson
Laboratory. B6N(Cg)-Rec&m1b(KOMP)Wtsi/2J mice (Stock No:27556) were acquired
from the KOMP repository at the Jackson Laboratory. This mouse carries a deletion of exon
7 of the Rec8gene. B6;129P2- Pramam1Ymat/J t (Prdm9knock-out) [39] and B6.129X1-
Spolltm1Mijn/J [23] were acquired and backcrossed for 10 generations to C57BL/6J (B6J).
The tenth generation backcrossed animals were used for experiments in this manuscript.
C57BL6J-Prdm9<em3/Kpgn>/Kpgn (Pradm9EK/EK) animals were generated by introducing a
point mutation creating an E365K amino acid substitution in the PRDM9 PR/SET domain
that leads to almost complete loss of PRDM9’s histone methyltransferase activity. This
mutation was induced via CRISPR/Cas9 gene editing by the Genetic Engineering
Technology core at the Jackson Laboratory.
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Method Details

Histology, immunofluorescence and TUNEL apoptosis assays on testis
sections—Testes from euthanized 8-week old B6/N control or mutant mice were
dissected, fixed with Bouin’s solution or 4% paraformaldehyde (PFA), embedded in paraffin
wax, and 5-um sections were prepared. Bouin’s fixed testis sections were stained with
Hematoxylin and eosin (H&E) and Periodic acid—Schiff-diastase (PAS), using standard
techniques. The slides were scanned by Nanozoomer -XR.

For immunofluorescence, testes fixed in 4% PFA were sectioned at 5 um thickness, matured
overnight, de-waxed, rehydrated, and heated in 10 mM sodium citrate buffer (pH 6.0) for
antigen retrieval. Slides were incubated with ADB buffer (1.5% BSA, 5% donkey serum,
0.05% Triton X-100 in PBS, 0.2x cocktail of protease inhibitors) for 1 hour at room
temperature. Slides were incubated overnight with diluted anti-STRA8 (ab49405, Abcam;
1:100), anti-PRDM9 (1:100), anti-STAG3 (gifts from Jessberger and Watanabe labs, 1:100)
or anti-SYCP3 (D-1; #74569; Santa Cruz) in ADB buffer. Fluorescent staining was obtained
by staining the sections for 2 hours at 37°C, using diluted appropriate secondary antibodies
conjugated with Alexa 488/FITC, Alexa 594/CY3 and Alexa 647/CY5 (Molecular Probes/
Invitrogen or Jackson Immunoresearch Laboratories 1:300). Stained sections were mounted
using ProLong™ Gold Antifade Mountant with DAPI (P36935; Molecular Probes/
Invitrogen) at 4°C overnight and imaged after 24 hours using a Leica SP5 confocal
microscope.

Identification of apoptotic cells in control and mutant cells was done on paraffin-embedded
testis sections (3 biological replicates) using the In Situ Cell Death Detection Kit (Roche,
11684795910) according to the manufacturer’s protocol.

Co-immunoprecipitation assays—The co-IP was carried out using earlier reported
protocol [36]. Briefly, twenty 14 dpp testes from B6N or Stag3 "~ mice were homogenized
in ice-cold 1x PBS using a dounce tissue homogenizer and filtered through a 70-um cell
strainer (Falcon BD, 352370), and centrifuged for 5 min at 3000x g at 4°C. The pellet was
resuspended and incubated for 30 min in 1 ml of Pierce IP buffer (ThermoFisher Scientific,
87787) with 1mM phenylmethanesulfonyl fluoride (PMSF) and 1 x cocktail of protease
inhibitors (Roche# 11836145001) with constant rotation, and then spun down at 13,200x g.
For the DNase I-treated co-IP samples, the supernatant was added with 100 ul of DNase |
buffer and 20 U DNase | (ThermoFisher Scientific, AM1906), and incubated for 1 hr at
room temperature. After incubation, 10% of the extract was set apart as input. The co-IP was
performed by incubating extract with protein A or G Dynabeads conjugated with antibodies
against PRDMO9 [37] or SMC3 (Abcam, ab9263) overnight at 4°C. IgG from the same
animal species was used as negative control. The beads were washed three times with 1 ml
of Pierce IP buffer and eluted with 200 ul of GST buffer (0.2 M glycine, 0.1% SDS, 1%
Tween 20, pH 2.2) for 20 min at room temperature. The sample was then neutralized with 40
ul of 1 M Tris-HCI, pH 8. After being heated at 95°C for 5 min, 10 pg of IP and input
samples (if not stated otherwise) were then subjected to standard SDS-PAGE and western
blotting for detection of PRDM9 (1:1000), REC8 (1:1000, Abcam, ab38372), RAD21L
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(1:600, gift from Watanabe lab), SMC3 (1:1000, Abcam, ab9263), STAG3 (gift from
Watanabe and Jessberger labs), RAD21 (1:1000, Abcam #ah992).

Immunostaining and DNA FISH in surface-spread chromatin preparations—
The spermatocyte spreads were prepared by using the hypotonic protocol as described
previously [55] with some modifications. Briefly, the testes were detunicated in PBS, and
the seminiferous tubules were washed and immersed in ice-cold hypotonic extraction buffer
(30 mM Tris, 50 mM sucrose, 17 mM trisodium citrate dihydrate, 5 mM
ethylenediaminetetraacetic acid (EDTA), 0.5 mM dithiothreitol (DTT), and 0.5 mM
phenylmethylsulphonyl fluoride (PMSF), pH 8.2) for 30 mins. Segments of the tubules were
minced in 100 mM sucrose solution (pH 8.2), and the cell suspension collected was spread
onto a glass slide, which was previously immersed in 1% paraformaldehyde containing
0.15% Triton X-100; the slide was then placed in a humidified box overnight at 4° C. The
slides were air-dried at room temperature and washed twice for 2 min with PBS with 0.04%
Photo-Flo 200 (Kodak, Rochester, NY, USA). After blocking with ADB buffer (1.5% BSA,
5% donkey serum, 0.05% Triton X-100 in PBS, 0,2x cocktail of protease inhibitors) for 1
hour at room temperature, the slides were incubated overnight with primary antibodies
diluted in ADB buffer at 4°C. Primary antibodies (listed in the Key Resource Table) were
used as per the indicated dilution. Secondary antibodies conjugated with Alexa 594 or 488
or 647 (Molecular Probes, Invitrogen, Carlsbad, CA, USA or Jackson Immunoresearch
Laboratories 1:300) were used. The slides were mounted using ProLong™ Gold Antifade
Mountant with DAPI (P36935; Molecular Probes/Invitrogen). Images were acquired with a
Zeiss Axiolmager.Z2 epifluorescence microscope with a Zeiss AxioCam MRm CCD camera
(Carl Zeiss, USA) or a Leica SP5 confocal microscope (Leica Microsystems, Wetzlar,
Germany). The immunolabeled spermatocytes were subjected to DNA FISH using
Metasystems XMP XCyting Mouse Chromosome N Whole Painting Probes for Chrs 1 and
11 or Leica TIk2 (11gE1) / Aurka (2gH3) Mouse probe as described previously [56]. The
images were acquired using a Zeiss Axiolmager.Z2 epifluorescence microscope. Images
were processed and adjusted using Adobe Photoshop (Adobe Systems).

Quantification of DMC1 and MEI4 foci—Spread chromatin and immunostaining were
performed as described as above on testicular cell suspensions from male mice (WT,
heterozygotes and homozygous mutants), age 8-12 weeks. Because many mutant
spermatocytes lack an SYCP3-stained axis, we could not stage mutant spermatocytes based
solely on SYCP3-staining, and, moreover, it was not possible to use both seminiferous
tubule staging and immunocytochemistry on the same cells due to different sample
preparation steps for the two methods. In this combinatorial analysis, each meiotic substage
has a unique signature for the expression of prophase | sub-stage-specific proteins (STRAS,
PRDMD9, and SYCP3). Photographs of imaged cells were processed using Adobe Photoshop.
Spermatocytes were subjected to counting of DMC1, RAD51 or MEI4 foci using Fiji [57];
clearly visible DMC1, RAD51 or MEI4 foci associated with a DAPI-stained nucleus were
counted across all genotypes without discrimination. To identify early leptotene
spermatocytes, where MEI4 localizes to the axis, we quantified spermatocytes stained with
only MEI4 and SYCP3, and lacking DMC1, among all spermatocytes with or without an
SYCP3-stained axis. As previously shown [29], the maximum number of MEI4 foci appears
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early in leptonema and subsequently declines. Among wildtype spermatocytes, this
contributes to the variation when scoring all cells that are MEI4-positive, DMC1-negative.
But in mutants, the actual loading or stability of MEI4 is impaired from the earliest stage;
thus, there are so few MEI4 foci at the outset that any decline does not contribute as
significantly to variation. DMC1, RADS51 foci appear in late leptotene and early zygotene
spermatocytes, and to determine these counts, we collected data for all spermatocytes
stained with DMC1, RAD51 in mutants. In wildtype and relevant mutant spermatocytes with
an SYCP3-stained axis, data collection for DMC1, RAD51 was restricted to late leptotene
and zygotene spermatocytes respectively. Finer sub-categorization of spermatocytes in late-
leptotene and zygotene stages was not possible due to lack of discriminating markers.

DMC1 ChlIP-seq protocol—DMC1 ChIP was performed with three replicates of 8 weeks
old B6N, two replicates of Stag3™~ and Rec& ', and single replicate for Stag3”'~ Rec8'~
spermatocytes using a published method [58]. Briefly, testes from euthanized 8-week mice
were removed and decapsulated and cross-linked with 1% paraformaldehyde solution for 10
min. The tissue was homogenized and filtered with a 70 um cell strainer to obtain germ
cells. Cells were washed with Lysis buffer 1 (0.25% Triton X100, 10mM EDTA, 0.5mM
EGTA, 10mM Tris-HCI pH 8.0), Lysis buffer 2 (0.2M NaCl, 1mM EDTA, 0.5mM EGTA,
10mM Tris-HCI pH 8.0), and resuspended in Lysis buffer 3 (1% SDS, 10mM EDTA, 50Mm
Tris-HCI pH 8.0) with 1x PIC. The chromatin was then sheared to ~1000 bp by sonication,
and dialyzed against ChIP buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM
Tris- HCI, pH 8.0, 167 mM NaCl) for at least 6 hrs. 10 pl of chromatin was saved as input.
The rest of the chromatin was incubated with an antibody against DMC1 (Santa Cruz,
sc-8973) overnight at 4°C. The mixture was then incubated with protein G Dynabeads
(Thermo Fisher Scientific, 10004D) for 4 hrs at 4°C. The beads were washed with Wash
buffer 1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.0, 150 mM
NaCl), Wash buffer 2 (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mMTris-HCI, pH 8.0,
500 mM NaCl), Wash buffer 3 (0.25 M LiCl, 1% NP-40, ImM EDTA, 10mMTris-HCI, pH
8.0, 1% Deoxycholic acid), and twice with TE buffer. The chromatin was eluted with
dilution buffer (1% SDS, 0.1 M NaHCO3 pH 9.0) at 65°C for 30 min and reverse-
crosslinked by adding 200 mM NacCl and incubating overnight at 65°C. ChIP and input
DNA were purified by MinElute Reaction Cleanup Kit (Qiagen, 28006). For library
preparation, DNA was first end-repaired by incubation with 1 x T4 DNA Ligase Reaction
Buffer with 0.25 mM dNTP, 3 units of T4 DNA polymerase (NEB, M0203S), 1 unit of
Klenow Enzyme (NEB, M0210S) and 10 units of T4 PNK (NEB, B0202S) at 20°C for 30
min, followed by addition of 3’-A overhangs using Klenow Fragment 3’-5” exo- (NEB,
M0212S). After denaturation of DNA at 95°C for 3 min, adapters from the TruSeq Nano
DNA LD Library Prep Kit (set A, lllumina, FC-121-4001) were ligated with a Quick
Ligation kit (NEB, M2200S). The libraries then were amplified using PCR Enhancer mix
and primer cocktail (Illumina, FC-121-4001) for 12 cycles. For each step, DNA was purified
by MinElute Reaction Cleanup Kit. Libraries were sequenced on an Illumina® HiSeq 2500,
with 75 bp paired-end reads. Two B6N and Stag3~/~ libraries were sequenced twice in two
independent runs to get sufficient reads.
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H3K4me3 ChlP-seq protocol—H3K4me3 ChlP was performed using male germ cells
isolated from a 14dpp, Pram9K/EK mouse as previously described [19], using a
commercially available polyclonal a-H3K4me3 antibody (EMD Millipore cat#07-473).
DNA samples were sequenced via standard protocols on an Illumina NextSeq, with 75bp
reads.

Testes extract preparation and western blotting—Crude testis extract was prepared
by the following protocol: 12dpp male mice were euthanized and the testes removed and de-
tunicated; testes from each mouse were placed on ice in 125ul RIPA extraction buffer
(10mM Tris HCI pH=8.0, 1ImM EDTA, 1mM EGTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS, 140mM NacCl, 1X PIC, 1mM phenylmethanesulfonyl fluoride
(PMSF), 1mM dithiothreitol (DTT), 1000 U Turbonuclease (Accelagen cat# N0O103M)).
Testes were homogenized for 10sec with an electronic pestle grinder, incubated 5min on the
ice, and homogenized a second time for 10 sec. The homogenate was incubated on ice for
30min, vortexing every 5min., and then centrifuged at 10,000 x g, 4°C. The supernatant was
removed to a new tube and the pellet discarded. Total protein in the supernatant was
quantified using a standard Bradford assay, and stored at —20°C until electrophoresis.

50ug of each extract was electrophoresed on a pre-cast 4-15% gradient SDS-PAGE gel (Bio-
Rad Cat# 4561084) at 100V. Transfer to nitrocellulose was done overnight at 22V, 4°C, in
transfer buffer (25mM Tris, 192mM glycine, 20% methanol). After transfer, the blot was
blocked for 1h at RT with gentle rotation in 20ml blocking buffer (Immobilon Block — CH
Chemiluminescent Blocker; EMD Millipore Cat# WBAVDCHO01). The blot was then
incubated in the anti-PRDM9 primary antibody, diluted 1:2500 in blocking buffer, for 1h at
RT with gentle rotation. The blot was then washed 3 times, 5min per wash, in 1X Tris-
buffered saline with Tween (TBST; 10mM Tris HCI pH=8.0, 150mM NacCl, 0.3%
Tween-20) at RT with gentle rotation. The blot was then incubated in 20ml HRP-conjugated
anti-guinea pig secondary antibody (EMD Millipore Cat# AP193P), diluted 1:5000 in
blocking buffer, for 1h at RT with gentle rotation. The blot was then washed twice, 15min
per wash, at RT with gentle rotation. After the final wash, the blot was incubated 1min in
SuperSignal West Femto chemiluminescent substrate (Thermo Scientific Cat# 34095) and
imaged on a SynGene G: Box chemiluminescent imaging system.

For the loading control, the blot was stripped using Restore Western Blot Stripping Buffer
(Thermo Scientific Cat# 21059) for 10min at RT with gentle rotation, then washed twice in
TBST, 15min per wash, under the same conditions. The blot was then reblocked and re-
probed using the procedure described above, with a 20ml mouse anti-B-tubulin primary
antibody (Sigma Cat# T4026) diluted 1:10,000, and 20ml HRP-conjugated anti-mouse
secondary antibody (Bio-Rad Cat# 170-6516) diluted 1:20,000.

SPO11-oligonucleotide complex estimation assay—To measure levels of SPO11-
oligonucleotide complexes in wildtype and mutant spermatocytes, we carried out SPO11
immunoprecipitations and SPO11-oligonucleotide detection in 13 dpp testes as per
published protocol [59-61]. This assay measures labeled oligonucleotide complexes
covalently-linked with SPO11 protein generated during DSB processing. Briefly, SPO11
oligos were purified from 13-dpp juvenile mice. Testes were decapsulated and homogenized
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with prechilled plastic pestles in lysis buffer (1% Triton X-100, 25 mM HEPES-NaOH pH
7.4, 5 mM EDTA) containing protease inhibitors (Roche), cleared by ultracentrifugation for
25 min at 4°C, 100,000 rpm (twice), supernatant was transferred to low binding Eppendorf
tubes (Fisher). Supernatants were incubated with mouse anti-SPO11-180 antibody (3 pg per
immunoprecipitation (IP) sample) for 1 hr 4°C end-over-end rotation before adding protein
A-agarose beads (Roche) and incubated for an additional 3 hr at 4°C. Beads containing
SPO11 -oligonucleotide complexes were washed 3 times with IP buffer (1% Triton X-100,
150 mM NaCl, 15 mM Tris-HCI pH 8.0,1 Mm EDTA). SPO11 - oligonucleotide complexes
were eluted in 2xSDS buffer (100 mM Tris-HCI, pH 6.8, 4%SDS, 20% glycerol, 10% beta-
mercaptoethanol) for 4 min at 95°C. Washing steps were consolidated into eluates to
minimize loss. Combined IP eluate and washes were diluted with 5 volumes of IP buffer and
the second round of IP (IP2) was performed. 3 pg Anti-Mouse SPO11-180 antibody was
added (per sample) for 1 hr at 4°C with end-over-end rotation, after which protein A-agarose
beads were added and incubated at 4°C overnight for further mixing. SPO11 -oligonucleo
tide complexes from IP2 were washed 3x with IP wash buffer and 2x with 1 x NEB4 before
radiolabeling with terminal deoxynucleotidyl transferase (Thermo Fisher Scientific) and
[a32P] CTP (PerkinElmer, Inc.) in NEB buffer 4 for 1 hr at 37°C in a thermom ixer at 300
rpm. Beads were washed 5x with IP buffer before elution with 2x with 2x SDS buffer.
Proteins were separated by ready to use 7.5% SDS-PAGE gels (Biorad), 125 V for 90 min.
Proteins were transferred using iBLOT Gel transfer stacks system with PVDF membrane
(Invitrogen) via semi-dry transfer using iBLOT transfer system (Invitrogen). The experiment
was repeated twice.

Quantification and Statistical Analysis

Statistical details for each figure can be found in the figure legends, results and/or
supplementary data. Statistical tests were performed using GraphPad Prism version 7.0 and
R statistical packages. Details regarding other software used are detailed in Key Resource
Table.

Foci and cellular quantification and analysis.—The statistical significance of
differences in DMC1, RAD51 or MEI4 counts among cells and genotypes was assessed by a
Mann-Whitney U test with Tukey's correction for multiple testing. Multiple biological
replicates (at least 3) of each genotype were analyzed for cellular phenotypes. For TUNEL
apoptosis assays at least 15 tubules were counted for TUNEL-positive cells using Fiji-Image
J software. The images were captured by a Zeiss Imager Z2 microscope. Images were
processed using Adobe Photoshop (Adobe Systems). We calculated statistical significance
by Mann-Whitney U test with Tukey's correction for multiple testing.

Protein and SPO11-0Oligo band quantification and analysis—Western blot images
were processed and quantified using Fiji-lmage J software. SPO11-Oligo radiolabelled blots
were detected and quantified after 48 hour exposure with Fuji phosphor screens, scanned
and quantified in ImageJ. We calculated statistical significance using Welch's #test.

DMC1 ChlIP-seq analysis—TFastq files for paired-end sequenced DMC1 samples were
processed with pipelines similar to Brick et al. [43]. In brief, Fastq files for paired-end
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sequenced DMC1 samples were trimmed using Trimmomatic (v0.32) and subsequently
parsed for detection and selection of paired reads having homology at the 5' and 3' ends as
established by protocols for single strand DNA enrichment. These selected paired-end reads
represent the detectable single-stranded DNA reads. The micro homology sequence was
removed from the read sequences and they were subsequently aligned to mm10 genome
using BWA (0.5.10-tpx). Bam files from this alignment were parsed for detection and
subsequent selection of single-ended reads containing true genomic sequence versus fill-in
sequence at the micro-homologous region. Strandedness could be detected by the alignment
flags and no biases were found between strands. Fastq files were subsequently created
containing only the Watson and Crick strand sequences and subsequently processed utilizing
non-paired end alignment pipelines. Peaks were called utilizing MACS 2.0 with the read
extension parameter set to 800 in order to force pileups. 2,845,239, 2,938,318 and 5,108,836
aligned DMC1 reads in B6N, 8,794,169 and 6,394,126 aligned DMC1 reads in Stag3™~
spermatocytes, 5,008,222 and 6, 480,718 aligned DMC1 reads in Rec8”~ spermatocytes,
5,878,240 aligned DMC1 reads in Stag3’~ Rec8™~ spermatocytes were obtained from each
library. The DMC1 activity was normalized to fragments per million (FPM). Peak calling
was performed using MACS (v.2.0) with standard treatment (ChIP) and control (input)
samples with an FDR value 0.01. The same Pram922™2 hotspot and H3K9me3 domain
locations were used as in H3K4me3 ChlIP-seq analysis [19] and PRDM9 affinity-seq
analysis [42]. DMC1 peaks shared by B6N, Stag3”'~ Rec8'~ and Stag3'~ Rec& !~
spermatocytes, inside and outside known hotspots, or open/closed chromatin regions, were
determined using bedtools (v2.22.0) intersect. Wilcoxon rank sum test was used to calculate
the statistical significance. We used a generalized linear model analysis per hotspot location
to assess significant differences between wildtype and mutants per hotspot. The analysis was
set up to determine if the genotype is a significant (p-value < 0.05) factor in predicting read
count. If genotype p.-value < 0.05, the analysis continues on to determine the least square
means for each of the genotypes and the standard error. Additionally, all pairwise contrasts
were performed between genotypes, and the difference and a single standard error were
calculated. We used Analysis of Variance (ANOVA) with Tukey's correction for multiple
testing to determine the significance.

H3K4me3 ChlP-seq analysis—Read sequence was trimmed using Trimmomatic.
Sequence data were aligned to the mouse mm210 genome using BWA v. 0.5.10-tpx, and reads
which failed to align to unique positions in the genome were discarded, resulting in
34,829,900 aligned reads. For comparison, peaks were also called from previously reported
H3K4me3 ChIP data from a 14dpp C57BL/6J mouse [19], which was re-aligned to mm10
using the same parameters as with the Pradm%</EK mouse (47,576,722 aligned reads; GEO
accession # GSE52628). H3K4me3 peaks were called using MACS (v 2.0), with default
parameters and an FDR value of 0.01. Peaks were called from a single biological replicate
for both B6 and PramdK/EK  using a C57BL/6J input DNA sample as a control. Each peak
was designated as a hotspot, using Bedtools (v. 2.22.0) Intersect, if it showed at least 20%
overlap with one of our set of 13,355 known Pram922™2 hotspots (Intersect options: -wb -f
0.20 -r).
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Data and Software Availability

DMC1-ChIP and H3K4me3 ChIP seq data are available at NCBI Gene Expression Omnibus
(GEO; http://www.nchi.nIm.nih.gov/geo) under accession number GSE112110 Software
used in this paper is freely available and tabulated in Key Resource Table.

Supplementary Material

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

PRDM9-cohesin interactions promote efficient DSB formation at
recombination sites.

Cohesins promote axis localization of pre-DSB recombinosome proteins.
Cohesin proteins facilitate SPO11 function.

Cobhesin deficiency affects DSBs at both PRDM9-dependent and -independent
sites.
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Figure 1. STAG3-associated cohesin complexes co-express and interact with PRDM?9 in mouse
spermatocytes.

(A) Immunofluorescence staining of a wildtype testis cross-section probed with PRDM9
(green) and STAG3 (red) antibodies. PRDM9 and STAG3 co-express in pre-leptotene (PL,
white arrow heads), leptotene and zygotene spermatocytes (L-ZY, magenta arrow heads). No
PRDMO is detected in pachytene spermatocytes (PAC, turquoise arrow heads) or round
spermatids (RS). Scale bar=100um.

(B) Immunoblot showing expression of STAG3, PRDM9 and p-TUBULIN (loading control)
in juvenile (12 d postpartum) testes from wildtype and Stags™~ males. 50 pg of protein
extract was loaded per lane.

(C) Top panel: PAS-stained histological sections of wildtype (left) and Stag3™'~ (right) testis
at 8 weeks of age. The middle and the bottom panels are testis sections stained with different
antibody combinations. Middle panel: Immunofluorescence staining of histological sections
of wildtype and Stag3™'~ testis stained with anti-PRDM9 (green), and anti-STRAS (red);
DNA is stained with DAPI (blue). Bottom panel: The same wildtype and Stag3™/~ testis
histological sections immunolabeled using anti-SYCP3 (green) and anti-STRAS (red); DNA
is stained with DAPI (blue). STRA8, SYCP3 and PRDM9 co-express in pre-leptotene and
leptotene cells (yellow arrow heads), and in zygotene (-like) spermatocytes (white arrow
heads) SYCP3 and PRDM9 co-express. In pachytene (-like) spermatocytes (blue arrow
heads), SYCP3 is detected, but no PRDM3 is seen. Scale bars=100um.
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(D) Wildtype (two left columns) and Stag3~'~ (two right columns) spermatocyte chromatin
spreads immunolabeled with antibodies against the SC lateral element protein SYCP3 (blue)
and hybridized with whole-chromosome FISH paint probes for Chr 1 (green) and Chr
11(red); DNA is stained with DAPI (blue). Note larger and less distinct chromosome
territories, as well as separated homologs, in mutant panels (right). Scale bars=10um.
(E&F) Co-immunoprecipitation of PRDM9 with chromosomal axis proteins STAG3, RECS,
and SMC3 from wildtype 14-dpp spermatocytes (E), confirmed by reverse co-
immunoprecipitation with anti-SMC3 antibody (F). Input extract, 20 pg (2.5 pg in the
RAD21,SMC3 and H3 blots); lane 2, 20 ug extract colP with nonimmune 1gG; aPRDM9
and aSMC3 (F), 20 ug extract colP with the respective antibody, either not-treated ("-") or
treated ("+") with DNase. Histone H3 IP was used to detect efficiency of DNase treatment.
The antibodies used to detect specific proteins are shown on the left and the relevant
molecular weights are shown on right of each blot. For quantified values of protein bands
please refer to Table S1 and S2.

(G) Co-immunoprecipitation of PRDM9 and cohesin proteins from Stag3/~ spermatocytes.
This analysis confirmed that PRDMS can be associated with other cohesin subunits in
absence of STAG3, and demonstrates the protein-protein interaction of REC8 and RAD21L
with other cohesin subunits in absence of STAG3 previously reported [7]. Input extract, 20
ug (2.5 pg in the STAG1, STAG2, RAD21 and SMC3 blots); lane 2, 20 ug extract colP with
nonimmune 1gG and lane 3, 20 g extract colP with SMC3 antibody. The relevant molecular
weights are shown on right of each blot.

See also Figure S1, S2, Table S1 and S2.
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Figure 2. Absence of key meiotic cohesin proteins and the axis influences DSB numbers in both

PRDM?9-dependent hotspots and PRDM9-independent sites.

(A-D) Immunofluorescence detection of DMC1 foci (green) in spermatocyte chromatin
spreads also labeled with antibody against SYCP3 (red); DNA is stained with DAPI (blue).

Scale bars=10um.

(A) Wildtype, Rad21l"~, Rec&'~ and Stag3~'~ spermatocyte chromatin spreads.
(B) Spread chromatin from spermatocytes doubly-deficient for different cohesin subunits.

Scale bars=10um.

(C) Spread chromatin of spermatocytes deficient for Pradm9 or double mutants lacking

Prdmgand one of the cohesin subunits. Scale bars=10um.
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(D) Chromatin spread from spermatocytes with altered PRDM9-dependent trimethylation
activity in Stag3 deficient spermatocytes. Scale bars=10um.

(E) Dot-plots showing numbers of DMCL1 foci per spermatocyte (error bars=SEM). The
genotypes of mice tested are indicated below the graphs. P-values were calculated using
Mann-Whitney U test with Tukey’s multiple testing corrections and are tabulated in Data S1.
See also Figure S3, S4, S5, Methods S1 and Data S1.
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Figure 3. Cohesin subunit genes Stag3 and Rec8 are required for efficient DSB formation at
PRDM?9-activated hotspots.

(A) Scatterplots showing correlation between two replicates of the B6N (wildtype control),
Stag3™!~ and Rec8'~ DMC1-ChlP-seq samples. Read numbers are hotspot strength for each
sample expressed in fragments per million (FPM). The black line indicates correlation
between autosomal hotspots, and the blue line indicates correlation between X-linked
hotspots.

(B) The correlation matrix illustrating hotspot strength for each sample estimated between
common hotspots derived from the same and different genotypes of wildtype (WT) and
mutant mice (S3K denotes Stag3’~ and R8K denotes Rec& '~ mutants respectively).
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(C) Venn diagram showing common sites between PRDM92972 hinding sites from an
affinity-seq experiment and PRDM92972_dependent H3K4me3 trimethylated sites from a
ChlP-seq experiment, both in wildtype B6J mice.

(D) Coverage profiles of DMC1 peaks from a representative genomic window on
chromosome 17 for chromatin with the Pram9°°m2 allele on a wildtype B6N background
(blue), Stag3™~ (pink), Rec&'~ (green) and Stag3 '~ Rec8™'~ (yellow) spermatocytes.
PRDMQ affinity binding sites (top black bars) and H3K4me3 peaks (gray) are shown in first
two panels. Recombination hotspots were defined as the sites common for PRDM9 affinity
binding and H3K4me3 marks (red arrow heads); gene promoters are characterized by
H3K4me3 peaks alone (blue arrow heads).

(E) Venn diagrams showing overlap between DMC1 peaks and PRDM92972 activated
hotspots. Numbers outside circle denote the total number of PRDM92972 hotspots and total
number of DMC1 peaks. Number inside the circle indicates common genomic sites.

(F) Distribution of DMC1 peaks in B6N control, Stag3'~, Rec8&'~ and Stag3'~ Recs™'~
spermatocytes among PRDM9292 hotspots, Prdm9d~'~ DSB sites, unclear and unknown
sites. The total number of observed peaks is shown on the right-hand side of the graph.

(G & H) Venn diagrams showing overlap between DSBs sites at PRDM92972_activated
hotspots in pair-wise comparisons among wildtype (B6N), Stag3’~ and Rec8!~
spermatocytes. Numbers outside circle denote the total number of DMC1 peaks for
respective genotypes. Number inside the circle indicates common DMCL1 sites.

(1) Venn diagram showing the number of DSB sites at PRDM92972 activated hotspots in
common among wildtype (B6N), Stag3’~ and Rec8~ spermatocytes. Numbers outside
circle denote the total number of DMC1 peaks at defined PRDM92972 hotspots for
respective genotypes. Number inside the circle indicates common DMCL1 sites between all
three genotypes.

(J & K) MA-plots of hotspot strength measured by SSDS on autosomes (grey) and the X
chromosome (orange) at PRDM92972 activated hotspots (n=5129) in Stag3™'~ and Recs '~
spermatocytes in comparison to B6N (wildtype) control. P-values were calculated using
Analysis of Variance (ANOVA) with Tukey's correction for multiple testing to determine the
significance.

(L) Hotspot strength in Stag3™~ and Rec&~ appear weak on chromosome X (orange) and
most autosomes (grey) in comparison to wildtype (B6N) control. P-values were calculated
using Analysis of Variance (ANOVA) with Tukey’s correction for multiple testing to
determine the significance. The statistical analysis showing significant changes is reported in
Data S2.

See also Data S2.
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Figure 4. STAG3 and RECS influence recruitment of MEI4 to the chromosome axis.
(A) Wildtype and mutant spermatocyte chromatin spreads labeled with antibodies against

the SC protein SYCP3 (red) and the pre-DSB protein MEI4 (green); DNA is stained with
DAPI (blue). For details regarding meiotic sub-staging of mutant spermatocytes see

Materials and Methods. Scale bars=10pm.

(B) Dot-plots showing quantification of MEI4 foci in leptotene (and leptotene-like)
spermatocytes in different mutants. Error bars=SEM. P-values were calculated using Mann-
Whitney U test with Tukey’s multiple testing corrections, and are tabulated in Data S3.

See also Data S3.
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Figure 5. STAG3 and REC8 promote localization of IHO1 complexes onto the chromosome axis.
Wildtype (B6N) and different mutant spermatocyte chromatin spreads labeled with

antibodies against the SC protein SYCP3 (red) and the axis protein IHO1 (green); chromatin
is stained with DAPI (blue). For each strain, three representative patterns of staining are
provided for a full depiction of the phenotype.

(A-B) Chromatin spreads from B6N (wildtype) and Pradmg~ spermatocytes immunolabeled
with IHO1 and SYCP3 antibodies. Note that IHO1 co-localizes with SYCP3 in wildtype and
Prdm9'~ spermatocytes on unsynapsed axes. Scale bars=10pm.

(C) Immunostained meiotic chromatin spreads from Rec&/~ spermatocytes. Note lack of
IHO1 signal on SYCP3-stained axis. Scale bars=10um.

Curr Biol. Author manuscript; available in PMC 2020 March 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bhattacharyya et al.

Page 36

(D, E, & F) Immunofluorescence staining of Stag3/~, Stag3'~ Prdm9™'~ and Stag3™'~
Rec& !~ spermatocyte spreads. Note that both SYCP3 and IHO1 fail to form a linear profile
of axis and that there is occasional co-localization of SYCP3 and IHO1 signals. Scale
bars=10pm.

(G) Chromatin spreads from Rec&'~ Rad21f !~ spermatocytes immunolabeled with IHO1
and SYCP3. IHO1 co-localizes with SYCP3 in wildtype but fail to form a linear array in
Rec& !~ Rad21F!~ spermatocytes in absence of the SYCP3-stained axes. IHO1 and SYCP3
proteins form aggregates with occasional co-localization in Rec8'~ Rad21/!~
spermatocytes. Scale bars=10um.

See also Figure S6 and S7.
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Figure 6. STAGS3 facilitates SPO11 function in meiotic DSB formation.

(A & B) B6N (wildtype), Spol1t~, Stag3™'=, Stag3™'~ Spo11*'~ and Spo11'~ zygotene
(and zygotene-like) spermatocyte chromatin spreads immunolabeled with antibodies against
the SC protein SYCP3 (red in panel A and green in panel B), DMC1 (green in panel A),
DSB-associated phosphorylated histone yH2AFX (red in panel B); DNA is stained with
DAPI (blue). Scale bars=10pm.

(C) Bar graph showing the distribution of zygotene and zygotene-like spermatocytes with
and without DSBs in B6 (wildtype), and mutant Spo11*~, Stag3'~ and Stag3™'~ Spo11t-
spermatocytes.

(D) Dot-plots showing quantification of DMC1 foci in in zygotene and zygotene-like
spermatocytes from different mouse strains. Error bars=SEM. P-values were calculated
using Mann-Whitney U test with Tukey’s multiple testing corrections and are tabulated in
Data S4.

(E) Blot of immunoprecipitated and radioactively labelled SPO11-oligonucleotide
complexes. The left vertical line marks SPO11-specific signals, the right asterisk indicates
nonspecific labelling of contaminants in 13dpp old testis from B6N (wildtype), Stag3’~ and
Spo11*~ mice. Radioactive signals were quantified and corrected for background noise and
normalized to wild type level. Blots were re-probed with anti-SPO11 antibody. Only one
alternative isoform of SPO11 (B) protein was present in 13 dpp B6N (wildtype), Stag3” I-
and Spo11*"~ mice. The experiments were replicated twice. %, plus/minus represents
standard deviation. P-values were calculated using Welch's #test.
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See also Data S4.
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Figure 7. A model of pathways by which meiotic cohesin proteins promote meiotic DSB
formation by localizing DSB-promoting proteins onto the chromosome axis, both in
spermatocytes with functional PRDM9 (yellow background) and those lacking functional
PRDM9 (blue background).

(A) In wildtype spermatocytes, PRDM9 (yellow) activates hotspots of meiotic
recombination by depositing H3K4me3 (red) and H3K36me3 (orange) on adjacent
nucleosomes (light blue). PRDM9 also interacts with cohesin proteins (represented by the
STAG3 cohesin complex, purple) and promotes assembly of HORMAD1 (magenta), IHO1
(dark green), and MEI4 (blue), which together act to facilitate meiotic DSB formation by
SPO11 (black lightning bolt). Red circles highlight DSBs.
(B) In the absence of the STAG3, PRDM9 activates recombination hotspots, but due to lack
of meiotic axis, pre-DSB proteins like HORMADZ, IHO1 and MEIA4 fail to assemble in an
orderly array. Thus meiotic DSB formation by SPO11 is less efficient (gray lightning bolt).
Red circles highlight DSBs.
(C) In the absence of PRDM9, the DSB machinery induces DSBs at PRDM9-independent
H3K4me3-enriched sites such as promoters and enhancers that acquire H3K4me3 (red)
marks by action of non-PRDM9 histone methyltransferases (HMT, green). Cohesin proteins
promote the recruitment of HORMADZ, IHO1, and MEI4 to these sites, thus promoting
meiotic DSBs by SPO11 (black lightning bolt). Red circles highlight DSBs.

(D) In the absence of both PRDM9 and STAGS3, there is failure to localize the pre-DSB
machinery (MEI4, HORMAD1, and IHO1). This dramatically reduces the SPO11-
dependent DSB formation (gray lightning bolt). Red circles highlight DSBs.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig anti-PRDM9 [37] N/A

Mouse anti-STAG3 [62] N/A

Rabbit anti-STAG3 [71 N/A

Rabbit anti-REC8 [62] N/A

Rabbit anti-REC8 Abcam Cat# ab38372; RRID: AB_882308
Rabbit anti- RAD21L [62] N/A

Rabbit anti- SMC3 Abcam Cat# ab9263, RRID:AB_307122
Rabbit anti- RAD21 Abcam Cat# ab992, RRID:AB_2176601
Rabbit anti- H3 Abcam Cat# ab176842, RRID:AB_2493104
Rabbit anti- SYCP3 Novus Cat# NB300-231; RRID: AB_10002746
Mouse anti-SYCP3 Santa Cruz Cat# sc-74569; RRID: AB_2197353
Rat anti-SYCP3 [63] N/A

Rabbit anti- STRA8 Abcam Cat# ab49602, RRID:AB_945678
Mouse anti-yH2AX Millipore Cat# 05-636, RRID:AB_309864

Rabbit anti-HORMAD1

Proteintech Group

Cat# 13917-1-AP; RRID: AB_2120844

Rabbit anti-HORMAD1 [35] N/A

Rabbit anti-IHO1 [35] N/A

Guinea pig anti-IHO1 [35] N/A

Rabbit anti-ME14 [29] N/A

Goat anti-DMCL1 (C-20) Santa Cruz Cat# sc-8973; RRID: AB_2091206
Rabbit anti-DMC1 (H-100) Santa Cruz Cat# sc-22768, RRID:AB_2277191
Rabbit anti-RAD51 Santa Cruz Cat# SC-8349; RRID: AB_2253533
Human anti-CREST AB Incorporated Cat# 15-235

Mouse anti-SPO11-180 [61] N/A

Goat anti-rabbit 1gG-Alexa Fluor 488

Thermo Fisher Scientific

Cat# A-11034, RRID:AB_2576217

Goat anti-mouse 1gG-Alexa Fluor 488

Thermo Fisher Scientific

Cat# A-11029, RRID:AB_2534088

Goat anti-mouse 1gG Alexa Fluor 568

Thermo Fisher Scientific

Cat# A-11004, RRID:AB_2534072

Goat anti-mouse 1gG Alexa Fluor 594

Thermo Fisher Scientific

Cat# A-11032, RRID:AB_2534091

Goat anti-rabbit IgG Alexa Fluor 568

Thermo Fisher Scientific

Cat# A-11011, RRID:AB_143157

Goat anti-rabbit IgG Alexa Fluor 594

Thermo Fisher Scientific

Cat# A-11037, RRID:AB_2534095

Goat anti-mouse 1gG Alexa Fluor 647

Thermo Fisher Scientific

Cat# A-21235, RRID:AB_2535804

Goat anti-rabbit IgG Alexa Fluor 647

Thermo Fisher Scientific

Cat# A-21245, RRID:AB_2535813

Goat anti-guinea pig 1gG-Alexa Fluor 488

Thermo Fisher Scientific

Cat# A-11073, RRID:AB_2534117

Goat anti-human 1gG Alexa Fluor 647

Thermo Fisher Scientific

Cat# A-21445, RRID:AB_2535862

Goat anti-rat IgG-Alexa Fluor 488

Thermo Fisher Scientific

Cat# A-11006, RRID:AB_2534074

Donkey anti-rabbit IgG-Alexa Fluor 488

Jackson ImmunoResearch

Cat# 711-545-152, RRID:AB_2313584
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Donkey anti-mouse 1gG-Alexa Fluor 488

Thermo Fisher Scientific

Cat# A-21202, RRID:AB_141607

Donkey anti-mouse 1gG Alexa Fluor 594

Jackson ImmunoResearch

Cat# 715-585-151, RRID:AB_2340855

Donkey anti-rabbit IgG Alexa Fluor 594

Thermo Fisher Scientific

Cat# A-21207, RRID:AB_141637

Donkey anti-mouse 1gG Alexa Fluor 647

Thermo Fisher Scientific

Cat# A-31571, RRID:AB_162542

Donkey anti-rabbit IgG Alexa Fluor 647

Thermo Fisher Scientific

Cat# A-31573, RRID:AB_2536183

Donkey anti-guinea pig 1gG-Alexa Fluor 488

Jackson ImmunoResearch

Cat# 706-545-148, RRID:AB_2340472

Donkey anti-rat IgG Alexa Fluor 594

Thermo Fisher Scientific

Cat# A-21209, RRID:AB_2535795

Rabbit anti-trimethyl-histone H3 (lys4) EMD Millipore Cat# 07-473, RRID:AB_1977252
Donkey anti-guinea pig HRP EMD Millipore Cat# AP193P, RRID:AB_92662
Goat anti-mouse HRP Bio-Rad Cat# 170-6516, RRID:AB_11125547
Mouse anti-B-tubulin Sigma Cat # T4026, RRID:AB_477577
\feriBlot for IP Detection Reagent (HRP) Abcam Cat# 131366

Rabbit TrueBlot®: Anti-Rabbit IgG HRP Rockland inc Cat# 1888-16-33, RRID:AB_469529
Mouse TrueBlot® ULTRA: Anti-Mouse Ig HRP (WB:1:1000) | Rockland inc Cat# 18-0217-32, RRID:AB_2610838
Normal rabbit 1gG antibody Santa Cruz Cat# sc-2027, RRID:AB_737197
Normal guinea pig 1gG antibody Santa Cruz Cat# sc-2711, RRID:AB_737172
Rabbit Normal IgG Control Cell Signaling Cat# 2729S, RRID:AB_1031062
Native Protein A (HRP) Abcam Cat# ab7456

Chemicals, Peptides, and Recombinant Proteins

1M Tris-Cl, pH 8.0 at 25 °C KD Medical Cat# RGF-3360

1M Tris-Cl, pH 6.5 at 25 °C

Boston BioProducts

Cat# BM-311

Potassium hydroxide (KOH) Sigma Cat# P5958-250G
10% SDS KD Medical Cat# RGF-3230
Triton X100 Sigma Cat# T8787-250ML
0.5M EDTA KD Medical Cat# RGF-3130
EGTA Sigma Cat# E8145
Protease Inhibitor complete Roche Cat# 11836 153 001
5M NaCl Sigma Cat# S5150-1L

Ultra Pure™ DNase/RNase-Free Distilled Water

Thermo Fisher Scientific

Cat# 10977-015

PBS 10X, pH7.4 KD Medical Cat# RGF-3210
8M LiCl Sigma Cat# L7026-100ML
IGEPAL-CA630 Sigma Cat# 18896

Sodium Deoxycholate monohydrate Sigma Cat# D5670-5G
Sodium bicarbonate Sigma Cat# S5761
Glycine Sigma Cat# 50046-50G
Dynabeads Protein G Thermo Fisher Scientific Cat# 10004D
Proteinase K (20mg/ml) Thermo Fisher Scientific Cat# AM2546
MinElute PCR Cleanup Kit Qiagen Cat# 28004

TruSeq LT DNA Sample Library Prep. Kit, set A Illumina Cat# FC-121-2001
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REAGENT or RESOURCE SOURCE IDENTIFIER
TruSeq LT DNA Sample Library Prep. Kit, set B Illumina Cat# FC-121-2002
TruSeq Nano DNA LT Library Prep Kit (24 samples) Illumina Cat# 15041757
T4 DNA polymerase New England Biolabs Cat# M0203
Paraformaldehyde (PFA) Sigma Cat# P6148

DNA Polymerase | Large (Klenow) Fragment New England Biolabs Cat# M0210

T4 Polynucleotide Kinase (PNK) New England Biolabs Cat# M201
Klenow Fragment (3’-5’ ex0”) New England Biolabs Cat# M0212
Quick ligation™ kit New England Biolabs Cat# M2200

10x T4 ligation Buffer New England Biolabs Cat# M202

dNTPs New England Biolabs Cat# N0447S
dATP New England Biolabs Cat# N0440S
Qubit kit ds DNA HS Assay kit Thermo Fisher Scientific Cat# Q32851

70 um Cell Strainer Becton, Dickinson Cat# 352350
Dynabeads Protein A Thermo Fisher Scientific Cat# 10001D
Goat Anti-Rabbit 1IgG Magnetic Beads New England Biolabs Cat# S1432S
Pierce IP buffer Thermo Fisher Scientific Cat# 87787
Phenylmethylsulfonyl fluoride Sigma Cat# 10837091001
Dithiothreitol Sigma Cat# 43815-1G

DNA-free™ DNA Removal Kit

Thermo Fisher Scientific

Cat# AM1906

Mouse chromosome 1 FISH probe MetaSystems Cat# D-1401-050-FI
Mouse chromosome 11 FISH probe MetaSystems Cat# D-1411-050-OR
TIk2 (11gE1) / Aurka (2qH3) Mouse probe Leica Cat# KI-30501
TruSeq Nano DNA LD Library Prep Kit, set A Illumina Cat# FC-121-4001
MinElute Reaction Cleanup Kit Qiagen Cat# 28006
QIAquick PCR Purification Kit Qiagen Cat# 28106

Terminal Deoxynucleotidyl Transferase Thermo Fisher scientific Cat# EP0161

Protein A-agarose Roche/Sigma Cat# 11134515001

dCTP, [a-32P]- 6000Ci/mmol 20mCi/ml, 250 pCi

Perkin Elmer

Cat# BLU013Z250UC

NEBuffer™ 4

New England Biolabs

Cat# B7004S

Deposited Data

Mouse genome assembly GRCm38/mm10

http://genome.ucsc.edu

N/A

PRDM9 affinity seq data

[42]

GEO: GSE108259

H3K4me3 data in B6/J spermatocytes (data were remapped to

mm10) [19] GEO: GSE52628
i K/ EK

H3K4me3 data in Pram$F spermatocytes (data were This study GEO: GSE112110

remapped to mm10)

H3K9me3 data in B6/J spermatocytes (data were remapped to [42] GEO: GSE61613

mm10) :

Prdm97*H3K4me3 data (data were remapped to mm10) [20] GEO: GSE67673

C57BL/6N SSDS data (data were mapped to mm10) This study GEO: GSE112110
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REAGENT or RESOURCE SOURCE IDENTIFIER

Prdm9'~ SSDS data (data were remapped to mm10) [26] GEO: GSM869781 and GSM869782
Stag3'~ SSDS data (data were mapped to mm10) This study GEO: GSE112110

Rec8~ SSDS data (data were mapped to mm10) This study GEO: GSE112110

Stag3 '~ Rec8'~ SSDS data (data were mapped to mm10) This study GEO: GSE112110

Experimental Models: Organisms/Strains

Mouse: C57BL/6N

The Jackson Laboratory

Stock No: 000664

Mouse: B6N(Cg)- Stag3m1le.1(KOMP)Wtsi/2]

The Jackson Laboratory

(6]

Stock No: 21115

Mouse: B6N(Cg)-Rec&m1b(KOMP)Witsi/2]

The Jackson Laboratory,
This study

Stock No0:27556

Mouse: B6N(Cg)-Rad21/tm1b(KOMP)Wtsi/J

The Jackson Laboratory

(6]

Stock N0:22102

Mouse: B6;129P2-Prdm%m1Y mat/J

The Jackson Laboratory
[39]

Stock N0:10719

Mouse: C57BL/6J-Pram9<em3/Kpgn>/Kpgn (Pram9EKEK)

The Jackson Laboratory,
This study

JR#028855; Methods S1.

Mouse: B6.129X1-Spol1tm1Mjn/J

The Jackson Laboratory
[22]

Stock N0:019117

Oligonucleotides

Genotyping Primers This study Table S3

Software and Algorithms

BWA [64] http://bio-bwa.sourceforge.net/bwa.shtml#{14
Bedtools [65] http://bedtools.readthedocs.io/

Samtools [66] http://samtools.sourceforge.net/

MACS 2.0 [67] http://liulab.dfci.harvard.edu/MACS/00RHADME.html
Aggregation and Correlation Toolbox [68] http://act.gersteinlab.org/

Trimmomatic [69] http://www.usadellab.org/cms/?page=trimnomatic

R version 3.5.2 https://www.r-project.org/ | https://www.r-project.org/

Prism v7.0 GraphPad Software http://www.graphpad.com

Sequence Scanner Software v2.0 Applied Biosystems https://resource.thermofisher.com/page/W[28396_2/

Fiji-Image J

https:/fiji.sc

https:/fiji.sc
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