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EWSR1 affects PRDM9-dependent histone 3
methylation and provides a link between
recombination hotspots and the chromosome

axis protein REC8
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ABSTRACT Meiotic recombination in most mammals requires recombination hotspot activa-
tion through the action of the histone 3 Lys-4 and Lys-36 methyltransferase PRDM9 to ensure
successful double-strand-break initiation and repair. Here we show that EWSR1, a protein
whose role in meiosis was not previously clarified in detail, binds to both PRDM9 and pRECS,
a phosphorylated meiosis-specific cohesin, in male meiotic cells. We created a Ewsr1 condi-
tional knockout mouse model to deplete EWSR1 before the onset of meiosis and found that
absence of EWSR1 causes meiotic arrest with decreased histone trimethylation at meiotic
hotspots, impaired DNA double-strand-break repair, and reduced crossover number. Our re-
sults demonstrate that EWSR1 is essential for promoting PRDM9-dependent histone meth-
ylation and normal meiotic progress, possibly by facilitating the linking between PRDM9-
bound hotspots and the nascent chromosome axis through its component cohesin pRECS.
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INTRODUCTION

Correct genetic recombination during meiosis is required for the
production of fertile, euploid gametes and the creation of new com-
binations of parental alleles (Kleckner, 1996; Keeney et al., 1997,
Hassold and Hunt, 2001). In most mammals, including humans and
mice, recombination is enriched at defined genomic sites, termed
hotspots, whose positions are determined by the meiosis-specific
protein PR domain-containing 9 (PRDM9) (Baudat et al., 2010;
Myers et al., 2010; Parvanov et al., 2010). Meiotic recombination
initiates at leptonema, the first stage of the prolonged prophase | of
meiosis, when PRDM? binds to hotspot sequences with its zinc fin-
ger domain and trimethylates histone 3 at Lys-4 (H3K4me3) and Lys-
36 (H3K36me3) with its PR/SET domain (Baudat et al., 2010; Berg
et al., 2010; Myers et al., 2010; Parvanov et al., 2010; Powers et al.,
2016). Double-stranded DNA breaks (DSBs) then form at some of
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the activated sites by the action of the topoisomerase-like protein
SPO11 (Keeney et al., 1997, Romanienko and Camerini-Otero,
1999). The strand cleaved by SPO11 is then resected (Keeney et al.,
1997) and the resulting single-strand ends are used to establish con-
tact between homologous chromosomes (Hunter and Kleckner,
2001). The resulting recombination intermediates eventually resolve
to form crossovers or noncrossovers, with a strong preference for
noncrossovers (Borner et al., 2004; Martini et al., 2011; Tang et al.,
2015). The number and positioning of the PRDM9%-trimethylated
sites, DSBs, and crossovers are under stringent control. In C57BL/6J
(B6) male mice, it is estimated that in an average meiosis ~4700
hotspots are modified by PRDM9 (Baker et al., 2014), but of these,
only ~200-300 are used for DSB formation (Cole et al., 2012; Kauppi
et al., 2013), and in turn these are repaired to produce mostly non-
crossovers and only 22-24 crossovers (Koehler et al., 2002). This
strict regulation of meiotic recombination events at each step is re-
quired to ensure accurate progression of meiosis (Hassold and Hunt,
2001; Cole et al., 2012). The determination of whether or not a
PRDM? binding site is used for recombination initiation is affected
by multiple factors, including allelic competition (Baker et al., 2015)
and local chromatin structure (Walker et al., 2015).

The complexity of the process of meiosis, and the stringent con-
trols in place, require the involvement of multiple proteins. It is
believed that PRDM? binds to DNA in the chromatin loops. How-
ever, many of the proteins involved in DSB formation and repair



that are currently known (Romanienko and Camerini-Otero, 1999;
Borner et al., 2004; Hunter, 2015; Kumar et al., 2015; Robert et al.,
2016; Stanzione et al., 2016) are physically located on the chromo-
some axis, a proteinaceous structure that begins to form at the
outset of meiosis, when cohesin protein complexes establish the
core of the chromosome axis (Llano et al., 2012), and subsequently
assemble the synaptonemal complex (SC) linking the two homolo-
gous chromatids together in meiotic prophase I. We have little
understanding of how the recombination machinery recognizes
PRDM9-activated hotspots, what decides which of these will be
chosen for DSB formation, and how DSBs are associated with the
chromosome axis elements (Ishiguro et al.,, 2011). We recently
identified Ewing sarcoma RNA binding protein 1 (EWSR1) as a
binding partner of PRDM9 during meiotic prophase | through its
C-terminal domain and showed that PRDM? also interacts with ele-
ments of the chromosome axis including pREC8, a phosphorylated
meiotic cohesin protein, and the synaptonemal complex proteins
SYCP3 and SYCP1 (Parvanov et al., 2017).

In wild-type mice, EWSR1 is expressed in most tissues and cell
types, including both Sertoli cells and germ cells in seminiferous
tubules (Parvanov et al., 2017). Systemic knockout of Ewsr1 in mice
results in high postnatal lethality, defects in pre—B-cell development,
premature cellular senescence, hypersensitivity to ionizing radia-
tion, and sterility in any surviving mice (Li et al., 2007). Therefore, to
further evaluate the function of EWSR1 specifically in meiotic recom-
bination in vivo, we created a conditional knockout (CKO) mouse
model in which Ewsr1 is deleted in germ cells at the onset of meio-
sis. Here, in experiments using this model we show that EWSR1
plays important roles in early meiotic prophase, promoting PRDM9-
dependent histone methylation at hotspots and providing a physi-
cal link between activated hotspots and pREC8-containing meiosis-
specific cohesin complexes. These actions of EWSR1 further affect
the subsequent hotspot choices for DSB formation and crossover
resolution.

RESULTS

EWSR1 links PRDM9 with the chromosome axis elements
through pREC8-containing cohesin complexes

On the basis of our previous finding showing that PRDM9 binds di-
rectly to EWSR1 and strongly but indirectly to pRECS8, the meiosis-
specific kleisin cohesin subunit (Parvanov et al., 2017), we used co-
immunoprecipitation (co-IP) to test whether EWSR1 mediates the
connection between PRDM9 and pREC8-containing chromosome
axis cohesins. First, we detected a strong co-IP signal between
EWSR1 and pREC8 (Figure 1A). This interaction was retained after
DNase | treatment, suggesting that the interaction between EWSR1
and pREC8 does not depend on their association with DNA. In con-
trast, the second meiosis-specific kleisin subunit, RAD21L, showed
very weak signal in EWSR1 co-IP, which became almost undetect-
able after DNase | treatment (Figure 1A).The SC proteins SYCP3 and
SYCP1 (Supplemental Figure S1 and Parvanov et al., 2017) did not
show any interaction with EWSR1.

In Prdm?9 knockout (Prdm9m™mat [Hayashi et al., 2005], referred
to as Prdm9~") spermatocytes, the interaction between EWSR1 and
pRECS is preserved. However, in Prdm9m3-1Ke9n mutant mice, which
express a PRDM9 fragment that lacks its zinc finger domain (Parva-
nov et al., 2017) and is thus unable to bind DNA or trimethylate
histone 3 at hotspots (hereafter Prdm®*2"AZnf) PRDM9 shows no
interaction with pREC8 and shows dramatically reduced interaction
with EWSR1 even though its EWSR1-binding N-terminal domain is
preserved (Parvanov et al., 2017). We hypothesized that the DNA
binding activity of PRDM? is required to retain the association be-

2 | H.Tianetal

Ewsr1 control Ewsr1 CKO
< ~ 3

Input IgG EWSR1-IP =
DNasel - - -+ g :
EWSR1| - — 2 Y
o
PRDM9| "an " Fon E
pRECS [ o s T
RECS8 | ~ p té)
B PrdmgAznF/aznF D Ewsr1 control Ewsr1 CKO
Input I9gG EWSR1-IP Input IgG PRDM9-IP Input IgG_ PRDM9-IP
. DNasel - - - + = = = +
EWSR1 o
4 EWSR1| s b | [o—
PRDMQ[P
PRDM9| s 9" e -~ — -
p]%ES%E ,u RECS] b ot b
' PREGEE o - :

FIGURE 1: EWSR1 is coexpressed with PRDM9 and interacts with it
and with meiotic cohesin protein pREC8 in spermatocytes. (A) Co-IP
with anti-EWSR1 in 14-dpp control testis extract stained for PRDM9
and cohesin proteins from 14 dpp B6 spermatocytes. In each blot,
lane 1, input; lane 2, co-IP with nonimmune IgG; lane 3, co-IP with
anti-EWSR1 untreated with DNase [; lane 4, co-IP with anti-EWSR1
treated with DNase . (B) Co-IP with anti-EWSR1 in 14 dpp
Prdm@A2nF/AZnF | ane 1, input; lane 2, co-IP with nonimmune IgG; lane
3, co-IP with anti-EWSR1. (C) EWSR1 (red) and PRDM9 (green) staining
of Ewsr1 control and CKO seminiferous tubule sections. Arrows
indicate spermatocytes; arrowheads indicate Sertoli cells; and arrow
in bottom panels indicates EWSR1 is leaky expressed in pachytene
cells in CKO. Scale bar in top panels, 20 pm; scale bar in bottom
panels, 50 pm. (D) Co-IP with anti-PRDM?9 in 14 dpp Ewsr1 control
(lanes 1-4) and CKO (lanes 5-8) testis extracts. In each blot, lanes 1
and 5, input; lanes 2 and 6, co-IP with nonimmune IgG; lanes 3 and 7,
co-IP with anti-PRDM?9 untreated with DNase [; and lanes 4 and 8,
co-IP with anti-PRDM9 treated with DNase I.

tween EWSR1, PRDM9, and pRECS. To test this hypothesis, we per-
formed co-IPs with EWSR1 in spermatocytes of Prdm92#/AnF mice.
In this mutant, EWSR1 coimmunoprecipitated pREC8 but not
PRDM?9 (Figure 1B and Parvanov et al., 2017). These results suggest
that the interaction between EWSR1 and pRECS is independent of
the presence of PRDM9 or its binding to DNA. However, the results
also show that loss of PRDM%’s DNA binding activity disrupts the
interaction between PRDM9 and EWSR1, resulting in disassociation
between PRDM? and the cohesin complexes.

To further investigate the interactions between EWSR1, PRDM9,
and pRECS8, we created Ewsr! CKO mice (Ewsr1/ow/AiStrasiCre here-
after referred to as Ewsr1 CKO) by deleting Ewsr1 from spermato-
cytes at the onset of meiosis (before preleptonema) using Stra8-
iCre. As expected for successful deletion, the EWSR1 signal was
absent in spermatocytes only in the Ewsr1 CKO testis (Figure 1C,
arrow in top panels). Spermatogonia and Sertoli cells were not af-
fected (Figure 1C, arrowhead in top panels). A small percentage of
spermatocytes (<10%) showed incomplete EWSR1 excision (Figure
1C, arrow in bottom-right panel). We then compared the interac-
tions involving the three proteins in the CKO and control testes by
performing co-IP with PRDM9. In the heterozygous control sper-
matocytes (Ewsr1loxp/+iStreéiCre - hereafter referred to as Ewsrl con-
trol), PRDM9 bound to both EWSR1 and pREC8 with or without
DNase | treatment (Figure 1D, left four lanes). The amount of EWSR1
bound to PRDM9 was reduced to ~68% after DNase treatment as
estimated by band intensity (Figure 1D, top panel, lanes 3 and 4).
The amount of both REC8 and pREC8 remained unchanged after
treatment (Figure 1D, bottom-most panel, lanes 3 and 4). In CKO
spermatocytes, PRDM9 showed good interaction with pREC8
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Ewsr1 CKO mice are sterile with meiotic arrest and chromosomal asynapsis in
spermatocytes. (A) Fertility test in Ewsr1 control (n = 4) and CKO (n = 3) male mice.
(B) Testis index (testis weight/body weight) in Ewsr1 control and CKO mice. (C) Top panels,
PAS staining of seminiferous tubule sections. Bottom panels, H&E staining of epididymis
sections. Left panels, control; right panels, Ewsr1 CKO. Scale bar, 50 pm. (D, E) Apoptosis
in the Ewsr1 CKO and control testes. (D) TUNEL staining in Ewsr1 control and CKO testis.
Scale bar, 50 um. (E) Apoptotic cell number quantitated as TUNEL-positive cell number per
tubule cross-section in Ewsr1 control and CKO. (F) Spermatocyte chromosome spreads of
control and CKO stained for YH2AX (magenta) and SYCP3 (green). Arrow in middle panel
shows XY chromosomes asynapsis. Arrow in right panel shows autosome and XY
asynapsis. Scale bar, 10 pm. Bars in A, B, and E represent mean + SD. ** p < 0.01,

*** p <0.001, by Student’s t test.

without DNase | treatment, but this was reduced to 58% after DN-
ase | treatment (Figure 1D, bottom-most panel, right four lanes). In
CKO spermatocytes, PRDM? interacted with EWSR1 without DNase
| treatment (Figure 1D, top panel, lane 7, 74% compared with con-
trol, lane 3) but did not interact with EWSR1 after DNase | treatment
(Figure 1D, top panel, lane 8). The latter result is expected, as
EWSR1 is not expressed in these CKO spermatocytes. The interac-
tion between the two proteins detected in the absence of DNase |
treatment (Figure 1D, top panel, right) most probably stems either
from the association between EWSR1 from somatic cells and DNA
after cell lysis, or from incomplete EWSR1 excision in the small per-
centage of spermatocytes (Figure 1C).

Together, these data indicate that EWSR1 could mediate the as-
sociation between PRDM9 and the chromosome axis cohesin com-
plexes via binding to pRECS8.

Ewsr1 CKO mice are sterile with meiotic arrest

We further investigated the requirement of EWSR1 for proper meio-
sis progression and fertility. First, we determined the fertility param-
eters of EwsrT CKO mice. Similarly to the systemic knockout mice (Li
et al., 2007), Ewsr1 CKO mice were sterile, while control matings
produced a normal number of viable pups (Figure 2A). Loss of Ewsr1
in spermatocytes led to a significant reduction in testis size com-
pared with controls in adult mice; the testis weight index was mark-
edly lower in CKO adult mice than in control adult mice (Figure 2B),
but not in juvenile mice at 14 or 18 d postpartum (dpp) (Supplemen-
tal Figure S2A). Histologically, Ewsr1 deficiency resulted in loss of
spermatocytes in seminiferous tubules beyond prophase | and loss
of postmeiotic germ cells (Figure 2C, top panels, lack of seminifer-
ous tubule lumens and sperm in the CKO). Consequently, no mature
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zygotene spermatocytes were not significantly
different in CKO and control testes (p=0.21, Chi-
square, Supplemental Figure S2C).

Next, we examined the formation and repair of
DSBs using phosphorylated H2AX (yH2AX) as a
marker of unrepaired DNA lesions. In normal mei-
osis, the YH2AX signal is seen throughout the nu-
cleus in leptotene spermatocytes when DSBs are
occurring. The repair of DSBs results in loss of
YH2AX signal in the autosomes by pachynema,
when the signal becomes restricted to the sex
body (Mahadevaiah et al., 2001). In CKO sper-
matocytes, the YH2AX signal was detected nor-
mally during leptonema and zygonema, and at
pachynema most of the signal was restricted to the
sex body as in wild-type controls (Supplemental
Figure S2D). However, ~24.3% of CKO sex chro-
mosomes were not attached to each other, com-
pared with 0.7% in Ewsr1 control spermatocytes
(p < 0.05, Figure 2F, middle panel; Supplemental Figure S2D, arrow)
In addition, ~8.5% of CKO pachytene spermatocytes showed re-
maining YH2AX signal on autosomes, compared with ~0.9% in
controls (p < 0.05). These results suggest asynapsis at autosomes
(Figure 2F, right panel). To further examine the effect of EWSR1 loss
on sex body formation and synapsis, we used ATR, BRCA1, and
HORMAD1 as markers of both sex bodies and unsynapsed chromo-
some axes. Round-spread ATR signal covering the sex chromosomes
and BRCAT1 signal along the XY axes were observed on the sex bod-
ies of both CKO and control pachytene spermatocytes (Supplemen-
tal Figure S2E), but, as with YH2AX staining, larger numbers of unsyn-
apsed XY chromosomes were observed in CKO than in control
spermatocytes (Supplemental Figure S2E, arrows). HORMAD1 stain-
ing also indicated XY chromosome asynapsis in CKO spermatocytes,
with no such asynapsis in control spermatocytes. There was also a
marked increase in autosomal asynapsis in CKO compared with con-
trol spermatocytes (Supplemental Figure S2E, arrow).

Together, these results suggest that depletion of EWSR1 in sper-
matocytes affects normal DSB repair and chromosome synapsis.

PRDM® and its interactor proteins are expressed normally
in the absence of EWSR1

To investigate whether the meiotic defects caused by Ewsr1 germ
cell deletion are PRDM9-related, we first determined whether the
expression and/or localization of PRDM9 and its interactors are af-
fected in the CKO spermatocytes. Normally, PRDM9 expression is
restricted to the nucleus at leptonema and zygonema (Sun et al.,
2015). In the absence of EWSR1, there was no change in PRDM9
protein level (Supplemental Figure S3A, second two rows) in 14 dpp
CKO spermatocytes. We examined the other PRDM? interactors
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that we identified previously (Parvanov et al., 2017) and, similarly,
found no difference in protein levels of EHMT2 and the chromo-
some axis proteins REC8 and SYCP3 in CKO testes compared with
controls (Supplemental Figure S3A, thirdfifth rows), and the pattern
of EHMT2 or CDYL localization was the same in spermatogonia and
spermatocytes of CKO and controls (Supplemental Figure S3B).

Together, these data indicate that EWSR1 is not involved in regu-
lation of the expression of PRDM9 or its interactors or their nuclear
localization during spermatogenesis.

H3K4 and H3K36 trimethylation levels at hotspots are
reduced in the absence of EWSR1

Next, we investigated whether EWSR1 affects hotspot activation by
PRDM? by comparing the patterns of H3K4me3 and H3K36me3
marks in control, Prdm%~~, and Ewsr1 CKO testes. Immunostaining
of spreads of wild-type B6 mice showed abundant H3K4me3 signal
present at leptonema and zygonema but very little at pachynema
(Figure 3A, top panel, first row, and Buard et al., 2009), a pattern
that matches the expression of PRDM9 (Figure 3A, bottom panel,
first row, and Parvanov et al., 2017). In contrast, H3K4me3 signal
was low in both leptonema/zygonema and pachytene-like cells in
Prdm9-~ spermatocytes (Supplemental Figure S3C, second row),
indicating that the robust H3K4me3 signal in wild-type leptonema
and zygonema is mostly PRDM%-dependent. In Ewsr1 CKO sper-
matocytes, H3K4me3 signal at leptonema and zygonema was re-
duced when compared with controls (Figure 3A, bottom panel), in a
manner similar to those in Prdm9~~ spermatocytes.

Strong H3K36me3 signal was detected in leptonema, zygo-
nema, and diplonema in control mice, reflecting its presence both at
hotspots and at actively transcribed gene bodies (Supplemental
Figure S3D, top panel). In Ewsr1 CKO spermatocytes, H3K36me3
signal appeared to be slightly reduced when compared with con-
trols in leptonema and zygonema, but not in diplonema (Supple-
mental Figure S3D, bottom panel).

To test whether loss of EWSR1 affects the methyltransferase ac-
tivity of PRDM9 at hotspots, we performed H3K4me3 ChIP-seq on
14-dpp control and CKO testes. We did each of these experiments
in two replicates, which showed excellent correlation (r=0.99, Sup-
plemental Figure S3E). We found 10,898 PRDM9-dependent
H3K4me3 peaks in controls and only 7571 peaks in CKO spermato-
cytes (FDR < 0.01, Figure 3B) using the detection criteria described
previously (Walker et al., 2015). More than 88.2% of the hotspot
peaks in CKO spermatocytes were present in the controls (6679 out
of 7571). Conversely, about 38.7% of the hotspot peaks in control
spermatocytes (4219 out of 10,898) were missing in CKO spermato-
cytes (Figure 3B). The missing hotspots were those that had rela-
tively low H3K4 trimethylation levels in controls (Figure 3C), and for
the vast majority of shared hotspots, H3K4me3 levels were gener-
ally lower in CKO spermatocytes than at the corresponding location
in control spermatocytes (Figure 3D, red points. p < 2 x 107", Wil-
coxon rank sum test, and Supplemental Figure S3F). In contrast,
H3K4 trimethylation at nonhotspots was not significantly different in
CKO versus control spermatocytes (Figure 3D, black points). The
reduction in the H3K4 trimethylation levels at hotspots following
loss of Ewsr1 in spermatocytes was not due to depletion of lepto-
tene/zygotene spermatocytes in CKO testes; the proportion of zy-
gotene spermatocytes in CKO testes was not statistically different
from wild type (Supplemental Figure S2C).

PRDM9-dependent H3K36 trimethylation at hotspots (Powers
et al., 2016; Altemose et al., 2017), also showed reduced levels in
CKO compared with control spermatocytes (Figure 3E, p< 2 x 1074,
Wilcoxon rank sum test). This reduction of H3K36 trimethylation
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levels was stronger in hotspots in intergenic regions than in actively
transcribed genes (Figure 3E, p < 2 x 107", Wilcoxon rank sum test),
likely due to the additional presence of H3K36me3 background as-
sociated with transcription. The reductions in H3K4me3 and
H3K36me3 levels at all hotspots in Ewsr1 CKO spermatocytes cor-
related with each other (Figure 3F).

Together, these results indicate that EWSR1 affects PRDM9-de-
pendent H3K4 and H3K36 trimethylation in spermatocytes.

EWSR1 does not affect PRDM9-hotspot DNA binding or
PRDM9 multimerization in vitro

We next investigated whether loss of Ewsr1 affects the overall levels
of PRDM9%-dependent H3K4 trimethylation. The mean H3K4me3
level at all PRDM9-dependent sites was much lower in CKO sper-
matocytes than in controls or Prdm9 heterozygous (Prdm9+-) sper-
matocytes (Baker et al., 2015) (Figure 3G).

Two possible explanations for the reduced H3K4me3 level at
hotspots in CKO spermatocytes are that EWSR1, which strongly
binds PRDM9 in vitro (Parvanov et al., 2017), could affect PRDM9
binding to hotspot DNA or its multimerization (Baker et al., 2015;
Patel et al., 2016; Altemose et al., 2017). We tested the effect of
EWSR1 on PRDM? binding to hotspot DNA by electrophoretic mo-
bility shift assay (EMSA) using two hotspot DNA fragments (Pbx1
[Billings et al., 2013] and Chr16-66.9Mb) and Escherichia coli-ex-
pressed purified EWSR1 and PRDM9. For each of the two hotspot
fragments, binding of PRDM? to hotspot DNA was unaffected by
status (presence or absence) of EWSR1 (Figure 3H and Supplemen-
tal Figure S3G). Next, we investigated whether EWSR1 is necessary
for PRDM9 multimerization. We first tested directly whether full-
length PRDM9 molecules can form multimers in vitro, using PRDM9
fused to two different tags, 6HisHALO-MBP and MBP alone. The
two fused proteins differ in their molecular weight (172 and 127
kDa, respectively). PRDM9 molecules did bind one another (Supple-
mental Figure S3H, red arrow), and this interaction was not medi-
ated by the MBP tag (Supplemental Figure S3l). We then examined
the impact of EWSR1 on this interaction and showed that EWSR1
strongly interacted with PRDM9 (Figure 3I, bottom panel, lane 6,
and Parvanov et al., 2017) but did not affect the interaction between
the PRDM9 molecules in vitro (Figure 3l, top panel, lanes 4 and 6é).
These results show that PRDM9 can form multimer complexes inde-
pendently of its interaction with EWSR1, at least in vitro.

In summary, loss of EWSR1 affects the efficiency of H3K4/K36
trimethylation at meiotic hotspots in vivo, markedly decreasing their
number and activity, but this effect does not seem to be due to
changes in the strength of PRDM9 binding to hotspots or in its mul-
timer formation, as judged by in vitro experiments.

Loss of EWSR1 affects DSB repair

To test whether EWSR1 influences recombination processes subse-
quent to PRDM9%-dependent hotspot activation, we determined
the numbers, locations, and activities of DSBs, marked by the pres-
ence of the protein DMC1 covering the single-stranded DNA tails
at DSBs (Cohen et al., 2006), in CKO and control spermatocytes.
We observed no significant difference in DMC1 foci number per
cell between CKO and controls in early leptotene and zygotene
spermatocytes (Figure 4A). This result suggests that the number of
DSBs per meiosis is not affected by the presence or absence of
EWSR1.

To determine whether the locations or repair of DSB sites in
Ewsr1 CKO spermatocytes are affected, we first performed ChiP-
seq for DMC1 (Smagulova et al., 2011; Brick et al., 2012) in two
replicates, which showed excellent correlation (Supplemental
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control spermatocytes. Red dots, hotspot in intergenic region, n = 6082. Black dots, hotspot in genic region, n=4791.
(F) Correlation between H3K4me3 and H3K36me3 level at hotspots in B6 control (red dots) and CKO (blue dots) mice.
(G) Aggregation plots of H3K4me3 signal in B6 (red lines), Prdm9+~ (yellow lines), and Ewsr1 CKO (blue lines)
spermatocytes, centered at the PRDM9 binding site. Left, mean rpm counts. (H) EMSA with MBP-PRDM9 and Pbx1
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quantification of shifted fraction. Data represent mean + SD. *** p < 0.001, N.S., not significant, by two-way ANOVA.
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Figure S4A). We then asked whether DSBs still occur at PRDM9- overlapped with hotspots in controls (Figure 4B). Of those shared

dependent sites in the absence of EWSR1. We detected 10,420  DMC1 peaks, 94.6% (8639 peaks) contained a PRDM9 binding site
DMC1 peaks in CKO spermatocytes, 87.6% of which (9132 peaks)  at their centers and 78.0% of the shared peaks (7122 peaks)
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EWSR1 does not affect the total number of DSBs per cell but affects their positioning and activities. (A) Left,
DMC1 staining on Ewsr1 control and CKO chromosome spread. Scale bar, 10 pm. Right, distribution plot of DMC1 foci
in leptotene and zygotene spermatocytes. Bars represent mean + SD. p = 0.96 by Student’s t test. (B) DMC1 peaks
occur at the same sites in B6 control (pink) and CKO (blue) spermatocytes. (C) Aggregation plot of H3K4me3 and DMC1
signal in B6 control (left) and CKO (right). The signal was normalized to the maximum signal. (D) MA-plot of activity of
DSBs on autosomes (black dots, n = 8744) and X chromosome (red dots, n = 388) from Ewsr1 CKO and control
spermatocytes. (E, F) Correlation between DMC1 level and H3K4me3 level in B6 (E) and Ewsr1 CKO (F). Yellow dots,
hotspots with significant H3K4me3 peaks in both control and CKO (FDR < 0.01). Blue dots, hotspots with significant
H3K4me3 peaks in controls but not significant in CKO (FDR > 0.01). (G) Dosage effect of PRDM9 on hotspot initiation.
Venn diagram of the DMC1 peaks identified from DMC1 ChiP-seq in control (pink) and Prdm%"~ (yellow) spermatocytes.
(H) Correlation between DMC1 level and H3K4me3 level in Prdm9+~. Yellow dots, hotspots with significant H3K4me3
peaks in both control and CKO (FDR < 0.01). Blue dots, hotspots with significant H3K4me3 peaks in controls but not
significant in CKO (FDR > 0.01). (I-K) Frequency distribution of DMC1 activity in B6 (I), Prdm9+- (J), and CKO (K) at

hotspots in open (blue) and closed (red) chromatin.

overlapped H3K4me3 peaks, indicating that a great majority of
DSBs in CKO spermatocytes were indeed initiated at PRDM? bind-
ing sites. The aggregation plots also confirmed that DSBs contain
PRDM?9 binding motifs at their centers in both control and CKO
spermatocytes (Figure 4C).

Next, we asked whether the lack of EWSR1 affects DSB repair. In
both CKO and control spermatocytes, DSBs on the X chromosome
showed higher DMC1 signal compared with the autosomes (Sup-
plemental Figure S4B), probably reflecting the delay of the DSB
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repair on the X chromosome until midpachytene (Lange et al.,
2016). On autosomes, the normalized overall activity of DMC1 in
CKO spermatocytes was increased compared with controls (p =
9.6 x 10723, Wilcoxon rank sum test), with a concomitant reduction
on the X chromosome (p = 1.1 x 10!, Wilcoxon rank sum test,
Figure 4D). This suggests that in CKO spermatocytes DSB repair is
delayed on autosomes as well as on the X chromosome, which can
explain the increased asynapsis we observed in CKO spermato-
cytes (Figure 2F).
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Next, we investigated whether the loss of Ewsr1 affects the posi-
tions and activities of DSB hotspots. In wild-type spermatocytes,
DMCT1 levels generally correlate with H3K4me3 level (r=0.59, p <
2.2 x 107", Figure 4E). However, among the H3K4me3 hotspots in
CKO spermatocytes, many of the weak hotspots not detected at
FDR < 0.01 (Figure 4F, blue dots) show DMC1 levels similar to those
of the stronger hotspots (Figure 4F, yellow dots), resulting in a
weaker correlation between H3K4me3 and DMC1 levels in CKO
spermatocytes (r = 0.30, p < 2.2 x 107", Figure 4F).To investigate
whether this is the result of the reduced PRDM9 methyltransferase
activity we observed in CKO spermatocytes (Figure 3G), we carried
out DMC1 ChIP-seq in Prdm9"~ spermatocytes, which show reduc-
tion of H3K4me3 levels at hotspots similar to Ewsr1 CKO mice
(Figure 3G, Supplemental Figure SAC, and Baker et al., 2015). We
detected 9548 DMC1 peaks, of which only 76.8% (7337 peaks)
overlapped DMCT sites in controls (Figure 4G, correlation between
the two replicas r = 0.99; Supplemental Figure S4D), a significant
difference compared with 87.6% overlap between Ewsr1 CKO sper-
matocytes and controls (Figure 4B). Of the remaining 2211 nonover-
lapping peaks in Prdm%*~ spermatocytes, 1606 (16.8% of the total
of 9548) did not contain a PRMD?9 binding motif at the center. How-
ever, the correlation between DMC1 and H3K4me3 level in Prdm 9+~
spermatocytes was as strong as the correlation in the controls (r =
0.59, p < 2.2 x 107'¢, Figure 4H; see also Figure 4E). This discrep-
ancy led us to test whether the redistribution of DSBs in the absence
of EWSR1 is related to chromatin state (Walker et al., 2015). In B6
and in Prdm%*~ spermatocytes, DMC1 levels were similar in open
and closed chromatin (p=0.21in B6, p=0.10 in Prdm%*~, Wilcoxon
rank sum test, Figure 4, | and J). In contrast, DSB activity was shifted
toward closed chromatin in CKO spermatocytes (p = 1.21 x 1072,
Wilcoxon rank sum test, Figure 4K and Supplemental Figure S4E).

Together, these data suggest that in the absence of EWSR1,
DSBs are still formed at PRDM9-dependent hotspots, but their re-
pair is delayed. In addition, the hotspot choice observed in Ewsr1
CKO spermatocytes is altered when compared with wild type.
These data also suggest that one aspect of EWSR1 function in early
meiotic prophase could include participation in the selection of
H3K4me3-activated hotspots for DSB formation.

Lack of Ewsr1 affects the number and distribution of
genetic crossovers in meiosis

We tested whether the redistribution of DSBs caused by the loss of
EWSR1 also affects the subsequent recombination events by deter-
mining the number and distribution of crossover sites, marked by
the protein MLH1 (Anderson et al., 1999) (Figure 5A). The crossover
number was significantly lower in CKO spermatocytes (18.3 £ 2.6)
compared with control spermatocytes (22.9 + 1.4; p < 0.001) (Figure
5B). This is less than the one crossover per chromosome that is re-
quired for normal meiosis. Indeed, at pachynema, about 70% of
CKO spermatocytes lacked a crossover on the XY bivalent (yellow
arrow in Figure 5A, right panel, and Supplemental Figure S5A), and
more than half had no crossover on at least one autosome (white
arrow in Figure 5A, right panel, and Supplemental Figure S5B).

In human and mouse meiosis, synaptonemal complex (SC)
length is correlated with crossover number (Lynn et al., 2002; Petkov
etal., 2007; Gruhn et al., 2013; Baier et al., 2014; Wang et al., 2017).
Indeed, we observed a shorter SC length at pachynema in CKO
spermatocytes (158.4 £ 20.4 ym) compared with Ewsr1 control sper-
matocytes (184.7 £ 20.0 um) (Figure 5C).

The reduction in the total number of crossovers in CKO sper-
matocytes could be due to alteration of interference distance, as
genetic interference is correlated with SC length (Petkov et al.,
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FIGURE 5: Crossover number and length of SC are reduced in Ewsr1
CKO. (A) Presence of bivalents without crossovers in Ewsr1 CKO.
MLH1 (green) and SYCP3 (magenta) staining in Ewsr1 control and
CKO chromosome spread. White arrow, autosome with no crossover;
yellow arrow, sex chromosomes with no crossover. Scale bar, 10 pm.
(B) Distribution of the number of MLH1 foci in pachytene
spermatocytes. (C) Distribution of the synaptonemal complex lengths.
(D) Cumulative plots of crossovers on chromosome 1 (left) and
chromosome 11 (right). Bars in C and D are mean * SD. ***p < 0.001
by Student'’s t test.

2007), but this proved not to be the case. Instead, the reduction in
the number of MLH1 foci was related to crossover repositioning
along the chromosomes. The decrease in MLH1 foci numbers in
EwsrT CKO compared with control spermatocytes occurred in a
similar pattern in long and middle-sized autosomes as illustrated by
chromosomes 1 and 11 (Supplemental Figure S5, C and D). In both
chromosomes, the number of bivalents with more than one MLH1
focus was smaller in CKO than in control spermatocytes (Supple-
mental Figure S5D). However, this reduction was not caused by a
longer interference distance in CKO spermatocytes, as this dis-
tance—measured by the average SC distance between two foci on
the same bivalent (de Boer et al., 2006)—was similar in CKO and
control spermatocytes, for each of the two chromosomes (Supple-
mental Figure S5E). We also examined the impact of EWSR1 on
crossover distribution. MLH1-positive cells with double crossovers
on chromosome 1 or 11 showed highly similar double crossover
distribution patterns in CKO and control spermatocytes (Supple-
mental Figure S5F, top panels). In spermatocytes with single cross-
overs on chromosome 1 or 11, the crossovers were more evenly
distributed along the chromosomes in CKO compared with control
spermatocytes in which crossovers are preferentially formed near
the telomeres with a second frequency peak in the centromere-
proximal third of the bivalents (Figure 5D and Supplemental Figure
S5F, bottom panels). This redistribution of crossovers in CKO in-
creases the likelihood of single crossovers and decreases the likeli-
hood of two or more crossovers per bivalent.

Together, these results suggest that the absence of EWSR1 in
early meiotic prophase affects downstream steps in the recombina-
tion pathway, including the choice of which H3K4me3-marked re-
combination hotspots will undergo DSBs and will ultimately be re-
solved as crossovers.

DISCUSSION

The results of this study indicate that EWSR1 is likely to be an impor-
tant protein in early meiotic prophase whose action influences all
subsequent recombination events, including the imposition of
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PRDM9-dependent H3K4/K36 trimethylation marks activating re-
combination hotspots, their subsequent usage for DSB formation,
and the choice of DSBs destined for the crossover formation. We
show that it does so by affecting two major processes: PRDM9-de-
pendent H3K4/K36 trimethylation and PRDM9-hotspot complex as-
sociation with the nascent chromosome axis through pREC8. Al-
though we show that EWSR1 participates in hotspot association
with the chromosome axis, our data suggest that it cannot be the
only protein to do so, because a significant share of PRDM9-depen-
dent hotspots are forming DSBs in CKO spermatocytes. Another
proposed candidate, CXXC1 (Imai et al, 2017; Parvanov et al.,
2017), does not seem to be important in the PRDM9-dependent
hotspot recognition pathway (Tian et al., 2018), which raises the
question of what other proteins, if any, may be involved in this pro-
cess. In somatic cells, EWSRT1 is reported to be involved in RNA-re-
lated functions such as transcription regulation and RNA binding
(Fisher, 2014; Schwartz et al., 2015). However, changes in transcrip-
tion levels were not detected in the systemic Ewsr1 mutant (Li et al.,
2007), and we did not find binding of EWSR1 to either mRNA or
microRNA in meiotic cells (unpublished data), indicating that those
reported RNA-related functions of EWSR1 are probably not present
in meiotic cells.

EWSR1 enhances PRDM9 methyltransferase activity in vivo
In humans and mice, PRDM? is the only known protein that deter-
mines the positions of meiotic hotspots (Baudat et al., 2010; Myers
et al., 2010; Parvanov et al., 2010) through its binding to specific
DNA sequences and trimethylation of H3K4 and H3K36 at the adja-
cent nucleosomes (Smagulova et al., 2011; Baker et al., 2014; Pow-
ers et al., 2016). Loss of PRDM9 (Hayashi et al., 2005; Brick et al.,
2012; Sun et al., 2015; Parvanov et al., 2017) or any of its functional
domains—zinc fingers for DNA binding (Parvanov et al., 2017), PR/
SET for methyltransferase activity, or KRAB domain for protein inter-
actions (Imai et al., 2017; Parvanov et al., 2017)—results in germ cell
apoptosis due to meiotic arrest. Here we found that EWSR1 influ-
ences the methyltransferase activity of PRDM9. Lack of EWSR1
causes two- to fourfold reduction of both H3K4 and H3K36 methyl-
transferase activities at all PRDM?9 activity levels (Figure 3, D and E).
This observation is not likely due to H3K4/36 methyltransferase ac-
tivity of EWSR1, as EWSR1 has no histone modification-related do-
main (Schwartz et al., 2015). EWSR1 could serve as activator of the
PR/SET domain; however, this is unlikely, as purified full-length
PRDM? is fully capable of performing its two methyltransferase ac-
tivities in vitro (Powers et al., 2016).

One plausible explanation is that loss of EWSR1 may affect
PRDM9 methyltransferase activity by shifting the balance of PRDM9
binding to other proteins in the process of its interaction with
hotspot DNA and/or with adjacent nucleosomes during meiotic ini-
tiation. We and others have identified several PRDM9 interaction
proteins in addition to EWSR1, including histone modification read-
ers or writers, such as histone acetyl reader CDYL and H3K9 methyl-
transferase EHMT2 (Parvanov et al., 2017), HELLS (Spruce et al.,
2020), ZCWPW1 (Huang et al., 2020; Mahgoub et al., 2020; Wells
et al., 2020), and another meiotic cohesin, STAG3 (Bhattacharyya
et al.,, 2019). CDYL and EHMT2, both of which bind to PRDM9
through a region on PRDM9 overlapping the SET domain (Parvanov
et al., 2017), may act as inhibitors of PRDM9 H3K4 methyltransfer-
ase activity; in somatic tissues, these two proteins form a complex
that can methylate H3K9 and serve as a transcription repressor by
imposing a closed chromatin mark (Mulligan et al., 2008). Their ex-
pression pattern in spermatocytes suggests that they may be re-
placed as PRDM9 partners by EWSR1 and/or CHAF1A (Parvanov
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et al., 2017). Therefore, EWSR1 binding to PRDM9 may be neces-
sary to release the activity of its SET domain in vivo. These various
possible mechanisms through which EWSR1 could impact PRDM9
methyltransferase activity are not mutually exclusive. STAG3 forms a
complex with REC8 (Bhattacharyya et al., 2019), and therefore its
binding to PRDM9 is probably indirect, as part of meiosis-specific
cohesin complexes including pREC8, and therefore dependent on
the formation of the EWSR1-pREC8-PRDM9 complex. The nature of
interactions of ZCWPW1 and HELLS with PRDM?9 is not currently
known in detail.

EWSR1 interacts with meiosis-specific cohesin pREC8 during
meiosis

During meiosis, EWSR1 interacts not only with PRDM9 but also with
the phosphorylated form of the meiosis specific cohesin REC8. This
interaction is independent of the presence or absence of PRDM9
(Figure 1 and Parvanov et al., 2017). Conversely, PRDM9 association
with pREC8 and synaptonemal complex proteins is dependent on
its binding to hotspot DNA (Parvanov et al., 2017). Here we show
that EWSR1 is necessary for PRDM9-hotspot DNA association with
the cohesin elements of the chromosome axis, providing direct links
to pREC8. EWSR1 does not seem to interact with the other meiosis-
specific kleisin cohesin subunit, RAD21L (Figure 1A). Loss of PRDM9's
DNA binding, but not its methyltranferase activity, abolishes the as-
sociation between PRDM9 and EWSR1 in spermatocytes (Figure 1D,
top panel and Parvanov et al., 2017), which suggests that PRDM9
binding to DNA is necessary for stabilization of the PRDM9-EWSR1
complex.

Our results suggest that the two EWSR1 functions in meiosis—
enhancing PRDM9-dependent H3K4/K36 trimethylation and pro-
viding a link between PRDM9 and pREC8—may not be indepen-
dent of each other. Itis plausible that linking PRDM%-bound hotspots
to the chromosome axis stabilizes the entire complex and allows
effective H3K4/K36 trimethylation.

In yeast, Rec8 is required for normal DSB distribution and repair
(Kugou et al., 2009; Kohler et al., 2017). In mice, loss of REC8 causes
meiotic arrest, asynapsis, and DSB formation defects (Bannister
et al., 2004; Xu et al., 2005; Ward et al., 2016). Moreover, in yeast
and mammals, pREC8 is required for REC8 cleavage and meiotic
prophase | progress (Buonomo et al., 2000; Eijpe et al., 2003; Lee
et al., 2003; Brar et al., 2006) and is essential for crossover determi-
nation and SC formation (Yoon et al., 2016). Consequently, the
EWSR1-dependent association between PRDM9-activated hotspots
and pREC8 may affect proper DSB formation and crossover path-
way choice, which can explain the altered DSB distribution, in-
creased chromosomal asynapsis, and changes in crossover number
and distribution that we observed in Ewsr1 CKO spermatocytes.

The EWSR1-PRDM9 complex affects the fate of subsequent
recombination events

In Ewsr1 CKO spermatocytes, although hotspot H3K4me3 number
and level are remarkably reduced (Figure 3D) and the association
between PRDM9 and chromosome axis elements is impaired (Figure
1D), the number of DSB per cell is not significantly different com-
pared with controls (Figure 4A). This is consistent with the presence
of a homeostatic mechanism regulating the numbers of recombina-
tion events at several levels (Cole et al., 2012) and our previous ob-
servation that the number of DSBs is independent of Prdm9 dose or
hotspot trimethylation level (Sun et al., 2015). Importantly, DSBs do
not occur at PRDM9 binding sites in Prdm9%¢t/5¢t mice (Parvanov
et al., 2017), confirming that PRDM9 binding is not sufficient to
initiate DSBs at hotspots and that DSB initiation also requires the
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H3K4/K36 trimethylation activity of PRDM9. In the absence of
EWSR1, the positions of DSBs are not significantly correlated with
H3K4me3 levels (Figure 4F). However, we found that the distribution
of H3K4me3 signals at hotspots as well as at nonhotspots is not
affected in Ewsr1 CKO spermatocytes. Specifically, in wild-type con-
trols we found that only 10.90% of hotspot peaks and 5.84% of non-
hotspot peaks are detected within the published H3K9me3 domains,
which contribute to 10.57% and 3.69% of total hotspot and non-
hotspot activity, respectively. In Ewsr1 CKO spermatocytes, 7.24% of
hotspot peaks and 4.52% of non—hotspot peaks are detected within
the H3K9me3 domains, which contribute to 7.14% and 2.99% of to-
tal hotspot and non—hotspot activity, respectively. Further, EWSR1
has no reported histone modifying domain (Schwartz et al., 2015)
and PRDMZ9 is not involved in H3K9me?2/3 activities in vitro (Walker
et al., 2015). Therefore, it is unlikely that the DSB activity shift to
closed chromatin is caused by EWSR1 or PRDM? affecting the open
or closed chromatin states directly. This suggests that EWSR1 is ac-
tively involved in associating hotspots with specific cohesin com-
plexes forming the chromosome axis and thereby promotes recom-
bination (Ishiguro et al., 2011), although it is possible that EWSR1 is
not the only protein to do so. For example, in the absence of EWSR1,
CXXC1 could link PRDM9-trimethylated hotspots to another chro-
mosome axis element, IHO1, which is not a cohesin (Imai et al.,
2017). This alternative pathway could explain the shift of DSB activity
along the chromosomes and toward closed chromatin (Figure 4K) in
CKO spermatocytes, which could reflect either a true increase in DSB
frequency in closed chromatin or, more likely, the initiation of equal
numbers of DSBs in open and closed chromatin, but with a longer
period of time required for repair of DSBs in closed chromatin.

The shifted pattern of DSB initiation toward closed chromatin
and away from telomeres (Figure 4K) affects the subsequent recom-
bination repair pathways and results in a reduced number of cross-
overs to less than one crossover per bivalent (Figure 5B), thereby
breaking the crossover assurance efficiency (Kneitz et al., 2000;
Berchowitz and Copenhaver, 2010; Reynolds et al., 2013; Holloway
etal., ,2014). This reduced number is not a result from an increase in
crossover interference; it reflects the more random crossover posi-
tioning in CKO losing the typical wild-type pattern of bimodal distri-
bution of crossovers relative to the centromere—telomere axis
(Figure 5B) (Paigen et al., 2008; Billings et al., 2010; Liu et al., 2014).
As a result of this more random positioning, the fraction of bivalents
with double or triple crossovers (Supplemental Figure S5D) as well
as the SC length (Figure 5C) are reduced in CKO spermatocytes; the
latter is known to correlate strongly with DSB and crossover number
(Carofiglio et al., 2013; Baier et al., 2014).

The reduced SC length in Ewsr1 CKO spermatocytes is reminis-
cent of that of Rec8 mutant (Agostinho et al. 2016; Ward et al.,
2016; Bhattacharyya et al., 2019), further suggesting that the two
proteins act in the same recombination pathway. In the Ewsr1 CKO
spermatocytes, both SC length and crossover number are reduced,
which indicates that loss of EWSR1 alters DSB repair pathways most
likely through disassociation between hotspots and pRECS.

Model of EWSR1 action at the early stages of the
recombination activation pathway

Our results suggest the following model of EWSR1 action in early
meiotic prophase. In leptonema, a recombination-initiating com-
plex of PRDM9 dimer/oligomer-hotspot DNA forms (Figure 6, top
panel). EWSR1 joins the complex and simultaneously binds to
PRECS, incorporating the recombination initiation complex into the
nascent chromosome axis and resulting in more efficient H3K4/K36
trimethylation at the nearby nucleosomes (Figure 6, bottom-left
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FIGURE 6: Model of EWSR1 action in early meiosis. EWSR1 is
involved in hotspot activation and the association of hotspot
DNA-PRDM9 and chromosome axis cohesins. See the text for details.

panel, up). The preferential link to meiotic-specific cohesin com-
plexes containing pREC8 promotes the crossover pathway of DSB
repair (Martini et al., 2011; Tang et al., 2015) and ensures correct
positioning of crossovers relative to the centromere-telomere axis
(Figure 6, bottom-left panel, down).

When PRDM9 methyltransferase activity is impaired, EWSR1 still
links the recombination initiation complex with the REC8-containing
cohesin axis, but DSBs cannot be initiated at PRDM9%-binding sites
and occur at other H3K4me3 sites instead (Figure 6, bottom-right
panel). In the absence of EWSR1, PRDM9-dependent trimethylation
of H3K4/K36 is inefficient (Figure 6, bottom-central panel, up). The
recombination initiation complexes are not actively associated with
pRECS8. DSBs are formed at PRDM9-trimethylated sites through an
alternative pathway that might or might not involve cohesins (Figure
6, bottom-central panel, down). In turn, this results in shifted posi-
tioning of crossovers relative to the centromere—telomere axis and
disruption of crossover assurance, leaving some bivalents without
crossovers and causing germ cell apoptosis in late prophase |.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Animal studies

The animal care rules used by The Jackson Laboratory are compat-
ible with the regulations and standards of the U.S. Department of
Agriculture and the National Institutes of Health. The protocols used
in this study were approved by the Animal Care and Use Committee
of The Jackson Laboratory (Summary #04008). Killing for this study
was done by cervical dislocation.

Mice

All wild-type mice used in this study were in the C57BL/6J (B6) back-
ground. The mouse line C57BL/6N-Ewsr1<tm1cEUCOMMWESE/Tery was
generated as part of the NorCOMM2 project at the Toronto Centre
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for Phenogenomics (Bradley et al., 2012) and obtained from the Ca-
nadian Mouse Mutant Repository. The Ewsr1 CKO mice used in this
study were produced by a two-step deletion scheme. C57BL/6N-
Ewsr1<tmTeEUCOMMWEE/Ten mice were first backcrossed to C57BL/6J
and then mated to Tg(Sox2-cre)1Amc/J mice to generate one Ewsr1
allele deleted mice, and then the Ewsr1 hemizygous mice (Ewsr14)
were mated to Tg(Stra8-icre)1Reb/J to obtain Ewsr14/+Sta8-iCremice,
The Ewsr1a/%+stradiCre mice were mated to homozygous Ewsr1 loxP
mice to generate heterozygous control mice (Ewsr1loxp/+StragiCre
designated as Ewsr1 control) or CKO mice (Ewsr1loxp/AStiad-iCre deg-
ignated as Ewsr1 CKO).

B6(Cg)-Prdm9tm2.1Kpgn/Kpgn mice (designated as Prdm@5et/set)
were generated by introducing a point mutation creating the G274A
amino acid substitution that causes a total loss of PRDM9 PR/SET
domain methylation activity. B6(Cg)-Prdm%tm3.1Kpgn/Kpgn mice
(designated as Prdm922nFAZnF) were generated in a previous study
(Parvanov et al., 2017). B6;129P2-Prdm%™™Ymat/J mice (designated
as Prdm9~) have been previously described (Hayashi et al., 2005).
All animal experiments were approved by the Animal Care and Use
Committee of The Jackson Laboratory (Summary #04008).

Measurement of testis index

The testicular weight and body weight of 14 dpp Ewsr1 control (n =
3) and CKO (n = 4), 18 dpp Ewsr1 control (n = 6) and CKO (n = 6),
and 8 wk Ewsr1 control (n = 6) and CKO (n = 6) mice were measured.
The testis index was calculated as testis weight/body weight. The
T test was used to determine the statistical significance.

Fertility test

A fertility test was performed with four Ewsr1 control and three CKO
male mice. Each mouse mated with at least two B6 females for at
least a 3-mo period. Litter size and viable pup number were
recorded.

Histology

Testes or epididymides from adult Bé, Prdm9%¢t/>¢*, Ewsr1 control,
or CKO mice were dissected out, fixed with Bouin’s solution, and
embedded in paraffin wax, and 5-um sections were prepared. Sec-
tions of testis were stained with Periodic acid-Schiff-diastase (PAS),
and sections of epididymis were stained with hematoxylin and eosin
(HE) using standard techniques. The slides were scanned by
Nanozoomer.

TUNEL assay

For detection of apoptosis in tissues, testis sections from Ewsr1
control (n = 3) and CKO (n = 3) were subjected to fluorescence la-
beling of DSBs by terminal deoxynucleotidyl transferase-mediated
digoxigenin-dUTP nick-end labeling (TUNEL) assay, using the In
Situ Cell Death Detection Kit (11684795910; Roche) according to
the manufacturer's protocol. The images were captured by a Zeiss
imager Z2 microscope. The TUNEL-positive cells per seminiferous
tubule were counted. The T test was used to determine the statisti-
cal significance.

Chromosome spread and FISH

The drying-down technique (Peters et al., 1997) was used for prepa-
ration of chromosome spreads from spermatocytes. Briefly, testes
from 8-wk B6, Prdm95et/*et;, Ewsr1 control, or CKO mice were re-
moved and decapsulated. The seminiferous tubules were incubated
in hypotonic extraction buffer (30 mM Tris-HCI, pH 8.3, 50 mM
sucrose, 17 mM sodium citrate, 5 mM EDTA, 5 mM dithiothreitol)
with  1x  phenylmethanesulfonylfluoride (PMSF) for 30 min,
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transferred to 100 mM sucrose, and disrupted using two fine for-
ceps. A cell suspension was dropped on a slide covered with 1%
paraformaldehyde solution. The slides were dried overnight in a hu-
mid chamber at room temperature. The slides were then washed
with 0.4% Photo-Flo and blocked with 1x ADB (0.3% bovine serum
albumin, 1% normal donkey serum, and 0.05% Triton X-100), follow-
ing by immunolabeling with anti-PRDM9 (1:200), SYCP3 (1:400),
YH2AX (1:1000; Abcam; ab26350), BRCA1 (1:200; Santa Cruz; sc-
642), ATR (1:500; Santa Cruz; sc-1887), HORMAD1 (1:500; Protein
Tech; 13917-1-AP), H3K4me3 (1:1000; 07-473; Millipore), H1t
(1:1000; custom-made), DMC1 (1:200; Santa Cruz; sc-8973) or
MLH1 (1:100; BD Pharmingen; 550838) antibodies. The images
were captured with a Zeiss imager Z2 microscope. The cells in differ-
ent spermatocyte stages were counted using chromosomes spreads
with SYCP1/SYCP3/histone variant H1t (marks late pachytene cells)
staining; Chi-square was used to determine the statistical signifi-
cance. The DSBs were counted by DMC1 foci per leptotene/early
zygotene spermatocytes in Ewsr1 control (n = 111, from three indi-
vidual mice) and CKO (n = 120, from three individual mice). The
crossovers were counted by MLH1 foci per pachytene spermato-
cytes in Ewsr1 control (n = 86, from three individual mice) and CKO
(n=281, from three individual mice). The SC length was measured as
SYCP3 length of pachytene spermatocytes in Ewsr1 control (n =78,
from three individual mice) and CKO (n = 70, from three individual
mice). The T test was used to determine the statistical significance.
After MLH1/SYCP3 immunostaining on chromosome spread, im-
ages were captured and analyzed, and fluorescence in situ hybrid-
ization (FISH) was carried out on the same spermatocytes using
chromosome 1- (MetaSystems; XMP1 Green) and chromosome 11-
(MetaSystems; XMP11 Orange) specific probes according to the
manufacturer’s protocol. Each spermatocyte was recaptured to
identify chromosomes 1 and 11, and the distance of each crossover
to centromere on those two chromosomes was measured in 118
Ewsr1 control pachytene spermatocytes from two mice and 178
CKO pachytene spermatocytes from two mice. Student’s t test and
Chi-square were used to determine the statistical significance.

Immunofluorescence

For protein immunolocalization on tissue sections, our established
method was used (Parvanov et al., 2017). Briefly, tissues from 8-wk-
old Ewsr1 control and CKO were dissected out, fixed with 4% para-
formaldehyde solution overnight, embedded in paraffin wax, and
sectioned at 5 pm. Sections were heated in a microwave in 10 mM
sodium citrate buffer, pH 6.0, for 10 min and treated with phos-
phate-buffered saline (PBS) containing 0.1% Triton X-100. After non-
specific binding sites were blocked with 10% normal donkey serum,
sections were stained with antibodies against EWSR1 (1:200; Ab-
cam; ab54708), PRDM9 (1:200; custom-made), EHMT2 (1:1000;
Cosmo Bio Co; PP-A8620A-00), and CDYL (1:50; Abcam; ab5188).
The images were captured with a Zeiss imager Z2 microscope.

H3K4me3 and H3k36me3 ChIP-seq and analysis

H3K4me3 and H3k36me3 ChIP was performed in two replicates
with 14 dpp B6 and Ewsr1 CKO spermatocytes, and one replicate
with 14 dpp Prdm95et/5et spermatocytes, using the protocol we re-
ported previously (Baker et al., 2014). Briefly, spermatocytes were
isolated and cross-linked with 1% formaldehyde solution for 10 min
at room temperature. After being washed with PBS and spun down,
spermatocytes were incubated in 1 ml hypotonic lysis buffer (10 mM
Tris-HCI, pH 8.0, 1 mM KCl, 1.5 mM MgCly) with 1 mM PMSF and 1x
EDTA-free protease inhibitor cocktail (PIC; Roche; 11873580001) for
30 min at 4°C. Nuclei were pelleted by spinning down at 10,000 x g
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for 10 min and resuspended by MNase buffer (50 mM Tris-HCI,
pH 8.0, 1 mM CaCly, 4 mM MgCly, 4% NP-40) with T mM PMSF and
1x PIC. MNase (15 U per 5 x 10° spermatocytes)were added into the
cell mixture to fragment chromatin, followed by 8 min incubation at
37°C. The reaction was stopped by adding 10 mM EDTA. Chroma-
tin was clarified by centrifugation at top speed to spin down the in-
soluble fragment at 4°C for 10 min. The supernatant was transferred
to a new tube, and 25% of the volume was saved as input chroma-
tin. Chromatin was incubated with protein A Dynabeads (Thermo
Fisher Scientific; 10002D) conjugated with antibodies against
H3K4me3 (Millipore; 07-473) or H3K36me3 (Active Motif; 61101)
overnight at 4°C. After incubation, the beads were washed with 1 ml
RIPA buffer three times and TE buffer (Tris-EDTA, pH 8.0) twice.
DNA was eluted with 125 pl elution buffer (1% SDS, 20 mM Tris-HClI,
pH 8.0, 200 mM NaCl, 5 mM EDTA) supplemented with 50 pg/ml
Proteinase K (Sigma-Aldrich; 39450-01-6) and reverse-cross-linked
at 68°C for 2 h with vigorous shaking at 14,000 rpm in a thermal
mixer. ChIP DNA was recovered from the beads using magnetic
separation and purified with the QIAquick PCR Purification Kit (Qia-
gen; 28106) following the manufacturer’s protocol. Library prepara-
tion for sequencing was performed by using the NEXTflex ChIP-Seq
Kit (Bioo Scientific; NOVA-5143-01) without size selection.

ChIP libraries were sequenced on an lllumina® HiSeq 2500 plat-
form, with 75 bp single-end reads. H3K4me3 and H3k36me3 ChIP
reads were trimmed for quality using trimmomatic (v.0.32), and then
aligned to the mouse mm10 genome using BWA (v.0.5.10-tpx).
Data are available at NCBI Gene Expression Omnibus (GEO; ) under
accession number GSE108259 (Accession for review purpose: Peak
calling was performed using MACS (v.1.4.2) with standard treatment
(ChIP) and control (input) samples with a false discovery rate (FDR)
value 0.01. H3K4me3 activity was normalized in two methods: 1) to
reads per million (rpm) and 2) to a set of promoters used to normal-
ize H3k4me3 enrichment in previous studies (Davies et al., 2016).
The two methods resulted in similar normalization factors for the
Ewsr1 CKO sample (1.1560 in method 1 and 1.3298 in method 2).
Therefore, we used rpm for normalization in the following analysis.
H3K36me3 activity was normalized to rpm. PRDM9P°™2 hotspot lo-
cations were described by Walker et al. (2015) (GSE52628) and lifted
over to the mouse genome version mm10. Open or closed chroma-
tin regions in spermatocytes were determined by H3K9me3 do-
mains, which were described by Walker et al. (2015) (GSE61613) and
also lifted over to the mouse mm10 genome. H3K4me3 peaks
shared by B6, Prdm9%et/5¢t, and CKO spermatocytes, inside and
outside known hotspots, in open/closed chromatin rgions or
H3K36me3 peaks in genic/intergenic regions were determined us-
ing bedtools (v2.22.0) intersect. The Wilcoxon rank sum test was
used to calculate the statistical significance. Analyses for the aggre-
gation plots were carried out using the Aggregation and Correlation
Toolbox (ACT) (Jee et al., 2011). ACT parameters were nbins = 500,
mbins = 0, radius = 1500.

DMC1 ChIP-seq and data analysis

DMC1 ChlIP was performed with two replicates of 8-wk-old B6, Prd-
m@%et/ et Prdm9+~, and Ewsr1 CKO spermatocytes using an estab-
lished method (Khil et al., 2012). Briefly, testes from 8-wk-old mice
were removed, decapsulated, and cross-linked with 1% paraformal-
dehyde solution for 10 min. The tissue was homogenized and fil-
tered with a 40 um cell strainer to obtain germ cells. Cells were
washed with lysis buffer 1 (0.25% Triton X-100, 10 mM EDTA, 0.5 mM
EGTA (ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic
acid), 10 mM Tris-HCl, pH 8.0), lysis buffer 2 (0.2 M NaCl, 1 mM
EDTA, 0.5 mM EGTA, 10 mM Tris-HCI, pH 8.0), and resuspended in
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lysis buffer 3 (1% SDS, 10 mM EDTA, 50 mM Tris-HCI, pH 8.0) with
1x PIC. The chromatin was then sheared to ~1000 base pairs by
sonication, 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
atleast 6 h. A 2 pl sample of chromatin was saved as input. The rest
of thechromatin was incubated with 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 h
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, 2 mM EDTA, 20mM Tris-
HCI, pH 8.0, 500 mM NaCl), and wash buffer 3 (0.25 M LICl, 1%
NP-40, 1 mM EDTA, 10 mM Tris-HCI, pH 8.0, 1% deoxycholic acid)
and twice with TE buffer. The chromatin was eluted with dilution buf-
fer (1% SDS, 0.1 M NaHCOj3, pH 9.0) at 65°C for 30 min and reverse-
cross-linked by the addition of 200 mM NaCl and incubation over-
night at 65°C. ChIP and input DNA were purified by the MinElute
Reaction Cleanup Kit (Qiagen; 28006). For library preparation, DNA
was first end repaired by incubation with 1x T4 DNA Ligase Reaction
Buffer with 0.25 mM dNTP, 3 U of T4 DNA polymerase (NEB;
M0203S), 1 U of Klenow Enzyme (NEB; M0210S), and 10 U of T4
PNK (NEB; B0202S) at 20°C for 30 min, followed by the addition of
3"-A overhangs using Klenow Fragment 3’-5" exo™ (NEB; M0212S).
After denaturation of DNA at 95°C for 3 min, the adapters from the
TruSeq Nano DNA LD Library Prep Kit (set A; lllumina; FC-121-4001)
were ligated with the Quick Ligation kit (NEB; M2200S). The libraries
then were amplified using a PCR enhancer mix and primer cocktail
(llumina; FC-121-4001) for 12 cycles. For each step, DNA was puri-
fied with the MinElute Reaction Cleanup Kit.

Libraries were sequenced on an lllumina HiSeq 2500 with 75
base pair paired-end reads. Fastq files for paired-end sequenced
DMC1 samples were trimmed using Trimmomatic (v0.32) and sub-
sequently parsed for detection and selection of paired reads having
homology at the 5" and 3’ ends as established by protocols for sin-
gle-strand DNA enrichment. The resultant files contain only the de-
tectable single-strand reads. These files were aligned to mm10 ge-
nome using BWA (v.0.5.10-tpx), and bam files were parsed for
detection and selection of reads containing true genomic sequence
versus fill-in sequence at the homologous region. These reads were
selected from the original paired-end fastq files, and single-ended
fastq files were created containing only the true genomic sequences
of single-strand DNA reads.

The filtered reads were then aligned to the mouse mm10
genome using BWA (v.0.5.10-tpx). Data are available at NCBI
Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.gov/geo) under
accession number GSE108259 (Accession for review purpose: www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108259). Totals of
11,3240,405 and 13,474,644 aligned DMC1 reads in B6, 5,592,954
and 8,736,645 aligned DMC1 reads in EwsrT CKO spermatocytes,
6,223,788 and 7,088,973 aligned DMC1 reads in Prdm9Set-/Set-
spermatocytes, and 5,137,175 and 4,413,135 aligned DMC1 reads
in Prdm9*~ spermatocytes were obtained from each library. The cor-
relation between the two biological replicates in each experiment
was high (r=0.95 in Ewsr1 CKO; r=0.99 in B6; Supplemental Figure
S5A); thus, the data from each pair of replicates were merged. The
DMCT1 activity was normalized to rpm. Peak calling was performed
using MACS (v.1.4.2) with standard treatment (ChIP) and control (in-
put) samples with a FDR value of 0.01. PRDM9P°™2 hotspot H3K9me3
domain locations used were the same as in H3K4me3 ChlIP-seq
analysis. DMC1 peaks shared by B6, Prdm9°¢t/>et, Prdm9+~, and
CKO spermatocytes, inside and outside known hotspots, or open/
closed chromatin regions were determined using bedtools (v2.22.0)
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intersect. The Wilcoxon rank sum test was used to calculate the sta-
tistical significance. Analyses for the aggregation plots were carried
out using the ACT (Jee et al., 2011), of which the parameters were
nbins = 500, mbins = 0, radius = 1500.

Western blot

Testes from 14 dpp Ewsr1 control or CKO mice were lysed in RIPA
buffer with 1 mM PMSF and 1x PIC. The testicular extract was run on
an SDS-PAGE 4-15% mini-protean TGX precast gel (Bio-Rad; 456-
1084) and transferred to a nitrocellulose membrane. Anti-PRDM9
(1:1000; custom made), EWSR1 (1:1000; Abcam; ab54708), REC8
(1:1000; Abcam; ab38372), EHMT2 (1:1000; Cosmo Bio Co; PP-
A8620A-00), and SYCP3 (1:1000; Novus; NB300-231) antibodies
were used for detecting proteins. Anti—B-tubulin (1:1000; Sigma-
Aldrich; T4026) was used as internal control.

Protein purification and in vitro pull down
6His-Halo-MBP-tagged, MBP-tagged PRDM9, and GST-tagged
EWSR1 were expressed and purified as described previously
(Parvanov et al., 2017). Briefly, expression of those proteins was per-
formed in Rosetta2 cells. Preculture was grown overnight at 30°C,
and then the cells were reinoculated the next day and cultured for
7 h at 37°C. The cells were spun down and resuspended in 20 ml of
cell breakage buffer (50 mM Tris-HCI, 4 mM EDTA, 200 mM sucrose,
pH 7.5) added with 0.1% NP-40, 0.1% B-cap, 100 mM KClI, and 1x
PIC. After sonication to lysis the cells, the supernatant was purified
by Sp-Sepharose.

The purified proteins were precleared with MyOne T1 beads
(Thermo Fisher Scientific; 65602) for 1.5 h. Then, HaloTag®PEG-
Biotin Ligand (Promega Corporation; G85%91) was added to pre-
cleared 6His-Halo-MBP PRDM9 to 1 uM final concentration, and the
mixture was incubated 2 h at room temperature. The pull down was
then performed by mixing 1 pg of each protein into the mixture and
incubating for 1 h. The protein mixture was combined with MyOne
T1 beads and incubated 1 h at room temperature. The supernatant
was saved. After washing with K buffer (40 mM K,PQOy, 10% glycerol,
0.5 mM EDTA, pH 7.5), the bound proteins were eluted with SDS
loading buffer. The samples were analyzed by SDS-PAGE and West-
ern blotting by using antibodies against MBP (1:1000; New England
Biolabs; E8038S) or GST (1:1000; Sigma-Aldrich; GE27-4577-01).
Each immunoprecipitation experiment was performed on three bio-
logical replicates.

Electrophoretic mobility shift assay

An electrophoretic mobility shift assay (EMSA) was performed as
previously described (Billings et al., 2013). Two PRDM9P°™2 hotspots
were selected for EMSA, including strong hotspot Pbx1 and a mod-
erate activated hotspot at Chr16 66.9 Mb. DNA fragments of those
two hotspots were amplified by PCR from B6 genomic DNA, using
the biotinylated primers (Eurofins MWG Operon). MBP-tagged
PRDM?9 (0.6 ng) and 6His-HALO-tagged EWSR1 (0.7 ng) were mixed
in the EMSA buffer (10 mM Tris-HCI, pH 7.5, 50 mM KCI, 50 ng/ul
poly(dl/dC) and 0.05% NP-40) for 20 min at room temperature. The
total amount of proteins was adjusted by empty MBP or éHis-Halo
tags to ensure that the protein concentrations in each reaction were
equal. 3" biotin-labeled oligo (20 ng) was added into the mixtures.
The mixtures were incubated at room temperature for 20 min and
then separated on 5% polyacrylamide gel in 0.5x Tris-borate-EDTA
(TBE) buffer. After electrophoresis, the products were transferred to
nylon membrane by wet transfer in 0.5 x TBE. The membrane was
cross-linked by UV light at 120 mJ/cm? and blocked with 10x EMSA
blocking buffer (125 mM NaCl, 17 mM NayHPOy, 8.3 mM NaH,POy,
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and 5% SDS) for 30 min at room temperature. The membrane was
then incubated with the streptavidin-peroxidase conjugate in 10x
EMSA blocking buffer for 30 min at room temperature and washed
with 1x EMSA blocking and 1x washing buffer (10 mM Tris-HCI, pH
9.5, 10 mM NaCl, 20 mM MgCly). The biotin-labeled products were
detected by the chemiluminescence signal to the manufacturer’s
specification. The density of band was measured by ImageJ (Fiji).
The proportion of shifted band was calculated as S/(S+U), where S is
the density of the shifted band and U is the density of the unshifted
band. The experiment was done by three independent replicates.
Two-way analysis of variance (ANOVA) was used to calculate the
statistical significance.

Coimmunoprecipitation assays

The co-IP was carried out using our reported protocol (Parvanov
et al., 2017). Testes of 20 14 dpp B6, Prdm*ZF/AZnF prdm@Set/set,
Ewsr1 control, or CKO mice were homogenized in cold PBS, passed
through a 40-um cell strainer (Falcon BD; 352340), and centrifuged
for 5 min at 3000 x g. The pellet was resuspended and incubated for
30 min in 1 ml of Pierce IP buffer (ThermoFisher Scientific; 87787)
with T mM PMSF and 1x PIC and then span down at 13,200 x g. For
the DNase |-treated co-IP samples, the supernatant was added with
100 pl of DNase | buffer and 20 U DNase | (Thermo Fisher Scientific;
AM1906) and incubated for 1 h at room temperature. After incuba-
tion, 10% of extract was set apart as input. The co-IP was performed
by incubating extract with protein A or G Dynabeads conjugated
with antibodies against PRDM9 (custom made) or EWSR1 (sc-6532;
Santa Cruz) overnight at 4°C. Immunoglobulin G (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 pl 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 pl of 1 M Tris-HCI, pH 8. After being heated at 95°C for
5 min, 10 pg of IP and input samples were then subjected to electro-
phoresis and Western blotting for detection of PRDM9 (1:1000;
custom made), EWSR1 (1:1000; Abcam; ab54708), REC8 (1:1000;
Abcam; ab38372), RAD21L (1:600; gift from Jibak Lee, Kobe Univer-
sity, Kobe, Japan), SMC3 (1:1000; Abcam; ab9263), STAG1 (1:1000;
Abcam; ab4455), SYCP3 (1:1000; Novus Biologicals; NB300-231), or
SYCP1 (1:1000; Novus Biologicals; NB300-229).
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