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Research

Histone methyltransferase PRDM9 is not essential

for meiosis in male mice

Ondrej Mihola," Florencia Pratto,? Kevin Brick,? Eliska Linhartova,' Tatyana Kobets,'
Petr Flachs,'-> Christopher L. Baker,> Radislav Sedlacek,* Kenneth Paigen,?
Petko M. Petkov,> R. Daniel Camerini-Otero,? and Zdenek Trachtulec'

"Laboratory of Germ Cell Development, Division BIOCEV, Institute of Molecular Genetics of the Czech Academy of Sciences, 14220
Prague, Czech Republic; ?National Institute of Diabetes, Digestive, and Kidney Diseases, National Institutes of Health, Bethesda,
Maryland 20892, USA; 3 Center for Genome Dynamics, The Jackson Laboratory, Bar Harbor, Maine 04609, USA; 4Laborato:y of
Transgenic Models of Diseases and Czech Centre for Phenogenomics, Division BIOCEV, Institute of Molecular Genetics of the Czech

Academy of Sciences, 14220 Prague, Czech Republic

A hallmark of meiosis is the rearrangement of parental alleles to ensure genetic diversity in the gametes. These chromosome
rearrangements are mediated by the repair of programmed DNA double-strand breaks (DSBs) as genetic crossovers between
parental homologs. In mice, humans, and many other mammals, meiotic DSBs occur primarily at hotspots, determined by
sequence-specific binding of the PRDM9 protein. Without PRDM9, meiotic DSBs occur near gene promoters and other func-
tional sites. Studies in a limited number of mouse strains showed that functional PRDM® is required to complete meiosis, but
despite its apparent importance, Prdm? has been repeatedly lost across many animal lineages. Both the reason for mouse
sterility in the absence of PRDM9 and the mechanism by which Prdm? can be lost remain unclear. Here, we explore whether
mice can tolerate the loss of Prdm9. By generating Prdm? functional knockouts in an array of genetic backgrounds, we observe
a wide range of fertility phenotypes and ultimately demonstrate that PRDM is not required for completion of male meiosis.
Although DSBs still form at a common subset of functional sites in all mice lacking PRDM9, meiotic outcomes differ sub-
stantially. We speculate that DSBs at functional sites are difficult to repair as a crossover and that by increasing the efficiency
of crossover formation at these sites, genetic modifiers of recombination rates can allow for meiotic progression. This model

implies that species with a sufficiently high recombination rate may lose Prdm? yet remain fertile.

[Supplemental material is available for this article.]

Meiotic recombination is essential for the production of euploid
gametes. Recombination requires the repair of programmed
double-stranded DNA breaks (DSBs), and this, in turn, results in
an interchange of genetic information between homologous chro-
mosomes (Bolcun-Filas and Schimenti 2012). In mice, humans,
and several other mammals, the positions of recombination-initi-
ating DSBs are primarily determined by DNA sequence-specific
binding of the meiosis-specific histone methyltransferase
PRDM9 (Baudat et al. 2010; Myers et al. 2010; Parvanov et al.
2010; Grey et al. 2018). All evidence to date has suggested that
PRDMOY is essential for meiotic progression in mice because knock-
ing out or disrupting the Prdm9 gene results in extensive asynapsis
of homologous chromosomes and in complete meiotic arrest
(Hayashi et al. 2005; Fairfield et al. 2011; Flachs et al. 2012;
Weiss et al. 2012; Sun et al. 2015; Imai et al. 2017; Diagouraga
et al. 2018; Thibault-Sennett et al. 2018). Nonetheless, dogs,
swordtail fish, and even a human female (Munoz-Fuentes et al.
2011; Narasimhan et al. 2016; Baker et al. 2017) have lost function-
al Prdm9, yet remain fertile. Thus, the question of why PRDM9 is
important for meiotic recombination in mice is unresolved.

In species naturally lacking PRDM9, and in mice in which
PRDM9 has been disrupted, meiotic recombination occurs
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at sites of non-PRDM9-mediated histone 3 lysine 4 trimethylation
(H3K4me3). This includes gene promoters and other functional
sites. It has been proposed that DSB repair as a crossover is ineffi-
cient at functional sites; thus, by sequestering the DSB-repair ma-
chinery, PRDM9 ensures fertility (Brick et al. 2012). However, this
role is difficult to reconcile with the fertility of dogs and other
species in which Prdm9 is absent. Phenotypic diversity across in-
bred mouse strains can result in different outcomes of a genetic
knockout on different mouse genetic backgrounds (Guénet and
Bonhomme 2003; Doetschman 2009). Thus, to gain insights into
therole of Prdm9 in fertility, we examined whether Prdm9 is consis-
tently essential for fertility in mice other than those previously
studied.

Results

PRDMS is dispensable for sperm production in PWD males

A loss-of-function allele of Prdm9, Prdm9™Y™t (henceforth,
Prdm9"™), causes a complete arrest of spermatogenesis in C57BL/6
(B6) mice (B67/"") (Table 1; Sun et al. 2015) and in mice with a
mixed B6 and 129P2 genetic background (Hayashi et al. 2005).
We crossed this allele into distantly related PWD/Ph (PWD) and
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Dispensability of PRDM9 in male mice

found that male PWD mice homozygous for this loss-of-function
Prdm9 allele (PWD"""™) produced sperm (Table 1, column SC). In
contrast, no sperm were found in B6”"" mice, indicating a partial
rescue of meiotic progression in the PWD genetic background. No
PRDM9 protein was detected in PWD""" (Supplemental Fig. S1);
therefore, the phenotypic differences between B6™"" and
PWD™ "™ were not the result of Prdm9 trans-activation or dupli-
cation of the Prdm9 locus in PWD. We validated the partial rescue
with a second Prdm9-loss-of-function allele (Prdm9°") (see
B6™em Be/ and ((B6“! x PWD) x PWD)N3F1¢"/™ in Table
1). Testicular tubule sections confirmed the presence of tubules
with sperm and spermatids in PWD™ " but not in B6™" mice
(Fig. 1). Nonetheless, many tubules were devoid of spermatids in
PWD""" and the sperm count in PWD“*"" was far lower than
that in wild-type mice. None of the four tested PWD"*" males pro-
duced offspring.

PRDMY is important for meiotic synapsis in PWD males
and females

Meiosis arrests at pachytene in B6”/"" male mice. This arrest man-

ifests as a failure to synapse all pairs of homologous autosomes and
afailure to form the specialized chromatin compartment for the sex
chromosomes (sex body) (Hayashi et al. 2005; Flachs et al. 2012).
Both full synapsis and sex-body formation are required for normal
meiotic progression in spermatocytes (for review, see Burgoyne
et al. 2009). Although just 2% of pachytene nuclei appeared to be
normal (fully synapsed autosomes and observable sex body) in
B6™/™ males (Table 1, column nPS; Supplemental Fig. S2), 41%
were normal in PWD""""_ Homologous chromosome synapsis
in pachynema depends on the repair of programmed DSBs
(Mahadevaiah et al. 2001). PWD™" males displayed 13% more
DSB repair foci than equivalent nuclei from B6™/" (B6™/™ =193 +
24 foci; PWD""=219+35 foci; P=0.003, Wilcoxon test).
A similar increase in DSBs was seen in PWD"”* compared to

Wilcoxon test) (also see Balcova et al. 2016), implying that the
loss of Prdm9 function was not responsible for the increase (Fig.
2A). One speculative hypothesis is that more DSBs would allow
more chromosomes to synapse; for example, if two extra chromo-
somes could synapse in B6™/"" pachytene cells (from the 13% in-
crease in DSBs), close to 9% of pachytene nuclei would be fully
synapsed. Finally, we found that the crossover rate (number of
MLH1 foci) (see Methods) in normal PWD™ ™ pachytene sper-
matocytes was similar to that in PWD"”** males (Table 1; Fig.
2B). In addition, the density of MLH1 foci on synapsed chromo-
somes was lower in abnormal PWD™™ pachytene spermatocytes
(1.33 foci/autosome, n=245 autosomes), than in normal PWD?”"™"
(1.56 foci/autosome, n=1330) or PWD"¥" pachynemas (1.54
foci/autosome, n=1311) (Supplemental Table S1), suggesting
that cells with a higher recombination rate may better tolerate
Prdm9loss. MLH1 foci were rarely seen (2/30 cells) on the synapsed
chromosomes of abnormal B6"" pachynemas. In conclusion,
PWD males lacking functional PRDM9 exhibit a partial meiotic ar-
rest. This contrasts mice with the same PRDM9 defect in a B6 back-
ground, where the meiotic arrest is close to absolute.

We next examined meiotic progression in B and
PWD™" females. At birth, the number of oocytes in both B6""""
and PWD""" was comparable to wild type (Fig. 3D; Supplemental
Fig. S3). Two days after birth, there was a notable reduction in both
backgrounds (Fig. 3C; Supplemental Fig. S3), and all oocytes were
completely eliminated in Prdm9-deficient adults (2-5 mo), unlike
in wild-type controls (Fig. 3B; Hayashi et al. 2005). The post-birth
oocyte loss is likely mediated by mechanisms that detect oocytes
in which DSB repair and/or homolog synapsis were aberrant
(Di Giacomo et al. 2005; Kogo et al. 2012; Woijtasz et al. 2012;
Bolcun-Filas et al. 2014; Cloutier et al. 2015; Rinaldi et al. 2017;
Qiao et al. 2018). Both B6™/™ (Hayashi et al. 2005; Diagouraga
et al. 2018) and PWD™ "™ adult females had small ovaries (Fig. 3A,
B), and none of four mated PWD"""" females produced offspring.

In PWD""** embryonic oocytes (~18 d post coitum), pachy-

6tm/tm

B6"™ (B6"*=201 + 30 foci; PWD""* =225 + 34 foci; P=0.001, tene synapsis was often incomplete. On average, 14/20
Table 1. The effect of Prdm9 removal on male mouse fertility

Background (FF) and genotype n TW/BW (mg/g) SC (million) nPS (%) COR Fertility
WD/t 12 6.4+0.4 25+7 94+10 29.3° F(9/9)
pwDm/tm 30 2.3+£0.3 0.4+0.4 41424 29.6 S(0/4)
B6!™/tm 5 1.7+0.1 0.00+0 2 24.4%° S(0/1)
B6™em 4 1.940.1 0.00+0 1+1 24.4%° S
B6e™m 4 2.0+0.1 0.00+0 2 24.4%P S
((B6°™"x PWD) x PWD)N3F1¢m/em 7 2.3+0.6 1.5+4 ND ND (3/6)
((PWK x B6™"%) x PWK)N3F1{m/tm 8 4.0+1.0 53%6 ND ND (2/6)
C3Hm/tm 6 1.60.1 0.00£0 9+3 22.7° S

(B6 x PWD)F1e™/tm 7 23403 0.12£0.2 35+6 ND ND
(B6 x PWD)F1tm/tm 10 2.4+0.3 0.19+0.3 37417 28.9 S(0/4)
(PWD x B6)F1 m/tm 4 1.9+0.5 0.00+ 0 242 24.1¢ S
(B6.PWD-ChrX.1 x PWD)F1tm/tm 9 3.1+0.4 0.6+1 ND 28.9 ND
(B6.PWD-ChrX.1s x PWD)F1 ™™ 4 2.4+0.2 0.00+0 ND ND S

(B6 x PWD)F7e™em 8 3.2+0.8 734 46+10 26.2 F(3/6)
(C3H x PWD)F1"™tm 6 3.0+0.7 7.6+6 49+7 29.5 F(6/6)
(PWD x C3H)F1 m/tm 6 2.0+0.1 0.00+0 341 24.7° S

FF, female parent shown first; ™, the Prdm9™™""™at nyll allele; ®™, the Prdm9°™'* null allele; n, number of males; TW, weight of paired testicles; TW/
BW (mean £ SD), relative testis weight in mg of TW per gram of body weight (BW); SC, sperm count (millions) in the entire epididymis; nPS, percent-
age of normal (full synapsis) pachytene spermatocytes (of all pachynema); COR, mean crossover rate (autosomal MLH1 foci/cell; for details, see
Supplemental Table S1); F, fertile (number of offspring-producing males per total mated males); S, sterile (no pups and/or SC=0); ND, not deter-
mined. For males with other genotypes and for statistics, see Supplemental Table S4.

“Balcova et al. 2016.

BValues for the genetically matched wild-type males, because these Prdm9-deficient males lack pachynema.

“Bhattacharyya et al. 2013.
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Figure 1. Partial meiotic arrest in Prdm9-deficient PWD male mice. (A) Scheme of spermatogenesis.
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Functional Prdm? is not required for
fertility in male mice

Having discovered that mice can make
few sperm without functional Prdm9, we
Bgtmm next hypothesized that hybrid vigor
= may help to restore full fertility to mice
lacking Prdm9. By backcrossing (N) and
intercrossing (F) B6 and PWD mice het-
erozygous for functional Prdm9 (for the
breeding scheme, see Supplemental Fig.
S5), we indeed obtained fertile Prdm9-
deficient mice (((B6™"tx PWD) x PWD)
N3F1¢"#™) (Table 1). In an effort to in-
crease fertility of these mice, we bred
((B6“™" x PWD) x PWD)“"/*™ males with
their heterozygous sisters for several gen-
erations (for the breeding scheme, see
Supplemental Fig. S6). These mice were
designated (B6 x PWD)F7“™™ (Table 1)
and indeed had a higher sperm count
(P=0.014, Wilcoxon test) than ((B6"*x
PWD) x PWD)N3F1“*"  Three of six
(B6 x PWD)F7°"/*™ males sired pups. To
test the generality of this phenomenon,
we performed a similar crossing strategy
with two other pairs of mouse strains: B6
crossed with PWK/Ph (PWK), and C3H
crossed with PWD. Each strategy yielded
fertile mice that lacked functional
Prdm9;  2/6  ((PWK x B6"/") x PWK)
N3F1”/™ mice and 6/6 (C3HxPWD)
F1" sired pups. In conclusion, mice
can fully tolerate the loss of Prdm9 and re-
main fertile.

and DSB repair (yellow stars) accompanied by partial synapsis (green rectangles) to pachytene with
full synapsis and the repair of some DSB(s) to crossover(s) and of the remaining to noncrossovers.

(B) Spermatogenesis can progress beyond the spermatocyte (SC) stages to the spermatid (ST) stages
in PWD™™™ but not in B6"™™ males. The evaluation of sections from adult testes (C—H) stained with

DSB hotspot distribution is similar
in fertile and sterile Prdm9-deficient

hematoxylin and eosin (H/E). The tubule types were sorted according to their most advanced cell type .
excluding spermatozoa. (C-H) Representative tubule sections (higher magnification in F~H compared ~ MIC€E

to C—E). The blue and red arrows point to round and elongated spermatids, respectively; these cell types

are absent from B6"™!™.

chromosomes were fully synapsed and just 14% of oocytes (9/64)
exhibited a full complement of synapsed chromosomes. Like in
males, the loss of functional Prdm9 exacerbated asynapsis at
pachytene (Fig. 3E,F); PWD™™ oocytes had, on average, 3/20 syn-
apsed chromosomes, and none of the 149 PWD""" oocytes stud-
ied had more than 14 synapsed chromosomes (Fig. 3). In males, we
only considered nuclei with more than nine synapsed chromo-
somes as “pachytene-like.” Only 10/149 PWD™"" oocytes met
this strict criterion because of the severity of the defect in females.
To compare with B6 mice, we examined ovaries from newborn
mice. Both PWD™ " and B6™" mice had fewer fully synapsed
pachytene nuclei (PWD"""=0/28; B6"/" =2/85 oocytes) than
their wild-type littermates (PWD"**'=6/30; B6™""'=21/32 oo-
cytes) (Fig. 3G,H; Supplemental Fig. S4). Thus, the lack of function-

The only known function of the PRDM9
protein is to designate the genomic loca-
tions at which meiotic DSBs occur. In
the absence of functional PRDM9, mei-
otic DSBs occur at functional sites in the genome (Brick et al.
2012). It has been proposed that DSBs at functional sites may
be difficult to repair, and that this may cause the sterility of
B6™/™ mice (Brick et al. 2012). We mapped meiotic DSB hot-
spots in the testes of sterile (B6™/"™), sperm-producing but infer-
tile (PWD"" and fully fertile ((B6xPWD)E7“*") Prdm9
knockout mice. Meiotic DSB hotspots occurred at similar loca-
tions in all three mice (83%-93% overlap) (Fig. 4A, B) and did
not coincide with hotspot locations defined by PRDM9 (Fig.
4C). As expected, these hotspots mostly coincided with non-
PRDM9-mediated H3K4me3-marked histones, often at transcrip-
tion start sites (Fig. 4A,C). Thus, we conclude that meiotic DSBs
at functional sites are not a complete impediment to meiotic
progression.

1080 Genome Research
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either the Hstx2%¢ or Hstx2P"P allele
(Gregorova et al. 2008). These two strains
carry the proximal 64.9 Mb (B6.PWD-
ChrX.1"”") and 69.6 Mb (B6.PWD-
ChrX.1s") of PWD Chromosome X,
respectively; the additional 4.7-Mb ex-
tension of the PWD region in the second
strain is the Hstx2"™? locus. Each strain
was used in place of female B6"”" in
crosses with PWD"”"" males to test
whether the Hstx2 locus affects meiotic
progression (for the breeding scheme,
see Supplemental Fig. S7). As in (B6 x
PWD)F1%"" males, we found that sperm
was produced in the mice carrying
Hstx25¢ (B6.PWD-ChrX.1 x PWD)F1¢7™),
In contrast, no sperm was found in
mice carrying Hstx2™P  ((B6.PWD-
ChrX.1s x PWD)F1"/™) thus implying
that Hstx25° facilitates meiotic progres-
sion in mice lacking functional Prdm9.
This mirrors a role of Hstx2"¢ in facilitat-
ing fertility in otherwise sterile (PWD x
B6)F1 hybrids (Bhattacharyya et al.
2014).

The Hstx2 locus controls the recom-
bination rate in mouse; specifically, wild-
type B6 mice or B6.PWD-ChrX.1 mice
with the Hstx2"¢ allele have more cross-
overs per meiosis than subconsomic B6
mice carrying the Hstx2™P allele

Figure 2. Prdm9 dosage effect on crossover rate and DSB rate in PWD males. (A) PWD males have more
DSBs than B6, independent of Prdm9 genotype (P=0.006 for wild-type cells, P=0.003 for Prdm9-defi-
cient cells; Linear regression model). DNA meiotic recombinase 1/RAD51 recombinase (DMC1/
RAD51) foci mark the sites of meiotic DSBs. The mean numbers of foci per genotype are shown as black
dots £ SD. Values for individual cells are depicted as colored dots. These data were obtained from pooled
prepuberal testes because these are enriched for zygotene spermatocytes. Loss of functional PRDM9 af-
fects meiotic progression in juveniles similarly to adults, as there were more pachytene spermatocytes in
13-d-old PWD""** (9%) versus PWD™"™ testes (3%, P=0.0001, x° test). The right panel depicts repre-
sentative immunolabeling of a zygotene spermatocyte nucleus from PWD"¥*™, (B) The crossover rate (au-
tosomal MLH1 foci per cell) is unchanged in PWD*"** and PWD"™"" mice. The black dots with bars
represent the mean £ SD; blue dots depict per-cell values (different shade for each individual male).
See Supplemental Table ST for values. The right panel depicts representative immunolabeling of a
pachytene spermatocyte nucleus from PWD"”™™ for synaptonemal complex (SYCP1) and centromeres

(B6.PWD-ChrX.1s) (Balcova et al. 2016).
This could imply that an elevated cross-
over rate is sufficient to subvert the re-
quirement for functional Prdm9 in
meiosis. We therefore checked the cross-
over rate in our Prdm9-deficient mice by
counting autosomal MLH1 foci in nor-
mal pachytene nuclei (Table 1). Note
that all mice studied have the same num-
ber of chromosomes and chromosome

(CENT).

A locus on Chromosome X affects fertility of Prdm9-deficient
male mice

Prdm9 governs hybrid sterility in male F1 hybrids of B6 and PWD
mice (Mihola et al. 2009; Flachs et al. 2012). Genetic mapping
identified variants of a locus on Chromosome X (Hstx2) that mod-
ulates fertility in these mice (Bhattacharyya et al. 2014). We there-
fore investigated whether this locus may also modulate fertility in
mice lacking Prdm9.

We first examined meiotic progression in Prdm9-deficient
male F1 mice from reciprocal crosses of PWD"”"" and B6""™. In
F1 mice with a PWD mother (and therefore, a PWD Chromosome
X and Hstx2""P), just 2% of pachytene spermatocytes exhibited
full synapsis and no sperm were found (PWD x B6)F1°/*" in Table
1). In the reciprocal cross, there was a substantial improvement in
meiotic progression as 37% of pachytene spermatocytes were nor-
mal and sperm was produced ((B6 x PWD)F1”/" in Table 1). We
next bred B6"”" to two subconsomic strains of B6 mice that carry

arms (all chromosomes are acrocentric).

In mice that did not produce normal

pachytene nuclei, we assessed the cross-
over rate in genetically matched Prdm9""** or Prdm9*"" males.
We felt that this was justified because in “normal” pachytene nu-
clei in mice that tolerate Prdm9 loss, the crossover rate is the same
as in wild type (Fig. 2B). We found that the crossover rate was sig-
nificantly higher in Prdm9-deficient mice that produced sperm
than in Prdm9-deficient mice that did not (P=0.019, Wilcoxon
test) (Fig. 5; Table 1). These data are consistent with a model in
which an elevated recombination rate helps to overcome the mei-
otic block imposed by the loss of functional Prdm9.

Discussion

In this work, we identified male mice with multiple genetic back-
grounds that are fertile despite lacking a functional PRDM9 pro-
tein. This unambiguously demonstrates that PRDM9 is not
required for completion of meiosis in male mice. The only known
function of PRDM9 is to target meiotic DSBs, and in its absence,
meiotic DSBs occur at functional sites in the genome. We
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Figure 3. Similar meiotic arrest in B6 and PWD females lacking functional Prdm9. (A4) Reduced adult ovary weight in both B6™'™ and PWD™"™ females
indicative of arrested meiosis. There is no significant difference between B6™™'™ and PWD"™"™, Black dots with bars symbolize mean + SD; color dots depict
individuals. Tukey’s box-and-whisker plots show median values and quartiles. H/E-stained sections of paraffin-embedded ovaries of adult (B) and 2 d after birth
(dpp) (C) mice. Arrows point to oocytes present in the controls but mostly absent in both PWD™™'™ and B6"™"™. (D) Oocytes from newborn ovaries immu-
nostained with anti-MSY2 (YBX2) antibody Abcam (ab33164) and DAPI. The number of oocytes was comparable in all tested females at birth (D), but de-
creased in both types of Prdm9-deficient mice compared to littermate controls 2 d after birth (C), suggesting pachytene arrest attributable to oocyte
attrition. (F) Reduced homologous chromosome synapsis in PWD ™" oocytes (~18 d post coitum). Colors distinguish oocytes derived from individual em-
bryos (2 PWD**t, 4 PWD"¥*™ ‘and 6 PWD'™"™). Black dots represent mean values, and bars represent SDs. (F) Representative spread nucleifrom the PWD™™
and PWD""'" oocytesin E. Nuclei wereimmunostained for the synaptonemal complex lateral element (SYCP3), central element (SYCP1; yellow color indicates
synapsis), and gamma H2AFX (a chromatin marker of DNA damage). (G) Decreased chromosomal synapsis in both PWD and B6 newborn oocytes lacking
functional PRDM9. (H) Representative nuclei from the PWD™™'™ and PWD""™ oocytes in G immunostained for the synaptonemal complex central element
(SYCP1; green indicates synapsis), recombination nodules (MLH1), and centromeres (CENT). See Supplemental Fig. $4 for nuclei from B6"™"" and B6""*,

1082 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.244426.118/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 18, 2026 . Published by Cold Spring Harbor Laboratory Press

Dispensability of PRDM9 in male mice

B6"* (H3K4me3 ChlIP-seq)

otic DSBs. Although there does not ap-
pear to be a DSB formation defect in

N
PWD"* (H3K4me3 ChIP-seq)

mice that lack functional PRDM9 (Fig.
| 2), the pervasive unrepaired DSBs on

aas
B6"/ (DMC1-SSDS)

asynapsed pachytene chromosomes in
all Prdm9 knockout mice implies that

i
PWD"/ (DMC1-SSDS)
il 1

‘ DSB repair is defective. The nature of
this defect is unclear; however, in

B6™™ (DMC1-SSDS)

- " " "

B6!™'™ (DMC1-SSDS)

Prdm9-deficient male mice with either
more DSBs (Fig. 2A) or more crossovers
(Fig. 5), the repair defect is partially alle-

PWD'™™ (DMC1-SSDS)
I S S —

(B6 x PWD)F7¢™™ (DMC1-SSDS)

(B6 x PWD)F7°™e™ (DMC1-SSDS)

e
PWTJ""”"' (DMC1-SSDS) i

A

|

1

S M

viated and more pachytene nuclei suc-
cessfully synapse all pairs of homologs
1 (Table 1; Supplemental Fig. S8). These

A data imply that the loss of functional
Prdm9 reduces the efficiency at which
DSBs can be repaired from the homolog
in such a way as to allow synapsis (likely

Genes as a crossover). If this efficiency dips be-
103 104 185 10e s low a critical threshold, one or more
Position on Chromosome 1 (Mb) chromosomes fail to synapse and pachy-

9
B % Overlap (%) nema cannot be completed. In our mod-

g A Strain Rel Hotspots Nonhotspot | TSS

g P | B6"™ |PWD"" | H3Kdme3 | (1 kb) el, the shortest chromosomes would be

® B B6"Mt A least likely to receive a repair-competent

£ A PWD* A DSB, because the length of chromosomes

‘g Bgmn A is proportionate to the number of DSBs

B . s .

& Bg™m B per meiosis (Supplemental Fig. S9).
S:a PWDm A Thus, short chromosomes would be less
oo s . .

é e o — 5 ¥1kely to synapse w1tb the}r homolog dur-

Q e (86 x PWDJFT=" ing pac.hytene. In mice with reduced DSB.
I s A O — formation (Spoll-hypomorph) (Kauppi
Maximum reciprocal hotspot overlap (%)

Figure 4. Hotspot locations are consistent in all mice lacking functional PRDM9. (A) DSB hotspots in
wild-type mice (B6*”** and PWD""*?) are absent in mice lacking functional PRDM9 (B6"™'™, pWD™™'™,
(B6 x PWD)F7°™°™)_Raw coverage is shown in 150-bp windows. Each panel is scaled to the maximum
value. DSB hotspots are the peaks in DMC1-SSDS coverage. Red arrows represent Ensembl gene models.
(B) Hotspot locations were conserved in all mice lacking functional PRDM9. The maximum reciprocal
hotspot overlap (500 bp) between pairs of samples is shown. (C) Hotspots in mice lacking functional
PRDM9 occur at non-PRDM9-mediated H3K4me3 (non-hotspot) marks and transcription start sites
(TSSs). All H3K4me3 peaks (Methods) that did not coincide with a wild-type DSB hotspot were consid-
ered non-hotspot H3K4me3. For TSSs, the overlap with Ensembl transcript’s 5" ends + 500 bp is shown.
These features rarely coincide with DSB hotspots in wild-type mice. Note that B6*"** H3K4me3 ChlIP-seq
data are from (Baker et al. 2014). B6""** and PWD"“** DMC1-SSDS data are from Smagulova et al.

(2016).

demonstrated that this redirection of DSBs away from functional
sites is not necessary for the successful completion of meiosis,
because DSB hotspots occurred at broadly similar sites in all
mice lacking functional PRDM9. Indeed, this is consistent with
the fertility of species that lack PRDM9 such as dogs, swordtail
fish, and birds (Mufioz-Fuentes et al. 2011; Axelsson et al. 2012;
Singhal et al. 2015; Baker et al. 2017), where recombination is fa-
vored at gene promoters. In humans, it has been proposed that an
alternative mechanism may redirect DSBs from functional sites in
the absence of PRDM9 to ensure fertility (Narasimhan et al.
2016). Our data showed that no such mechanism is required
in mice.

A generalizable phenotype of Prdm9 loss in mice, consistent
across all mice studied, is a quantitative defect in the number of
chromosomes that can synapse correctly in pachynema; even in
sterile B6"/"" mice, most chromosomes synapse fully at a pachy-
tene-like stage. Homologous chromosome synapsis at pachynema
requires the formation and subsequent repair of programmed mei-

et al. 2013), short chromosomes asynap-
sis occurs disproportionately frequently.
This is consistent with our model.

The extent of the pachytene defect
resulting from Prdm9 deficiency does
not linearly correlate with the observed
sperm count and/or fertility of the ani-
mals; for example, 40% of pachytene
spermatocytes synapse fully in PWD™
™ mice, but the sperm count is just
1.2% of that in wild-type mice (sperm
count SC=0.4 million). In contrast,
sperm production is far more robust in
mice with just slightly more normal pachytene cells ((C3H x
PWD)F1“""  nPS=49%, sperm count=7.6 million; and (B6x
PWD)F7"™ nPS=46%, sperm count=7.3 million). Previous
studies have demonstrated that the failure to complete pachytene
in a critical percentage of spermatocytes can effectively shut down
spermatogenesis. This is thought to result from apoptotic signaling
from the spindle assembly checkpoint (SAC; senses misaligned
chromosomes), and this signal may affect “normal cells” because
of communication among spermatocytes in the germinal syncy-
tium (Faisal and Kauppi 2016). Indeed, Faisal and Kauppi (2016)
found that the critical percentage of normal pachytene cells re-
quired for sperm production is somewhere between 30% (infertile)
and 50% (fertile). Thus, we conclude that the removal of function-
al Prdm9 makes it more difficult for cells to complete full chromo-
some synapsis in pachytene. How this is translated into fertility is
likely dependent on other factors, such as SAC potency, and can
result in a broad range of fertility phenotypes ranging from sterility
to fertility.
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Figure 5. Sperm-producing Prdm9-deficient mice have a relatively high
crossover rate. Black dots depict means, and error bars represent SDs. Each
point represents a single mouse genetic background (data from Table 1).
All mice carrying epididymal sperm (sperm count above the detection limit
of a few thousands) were assigned to the “Produce Sperm” group. The
MLHT count values for the “No sperm” group were determined from ge-
netically matched Prdm9"* males (Supplemental Table S1). Hstx2 is not the
only locus affecting crossover rate in these mice, as judged from the distri-
bution of its alleles in the groups. The mean crossover rate in animals that
“Produce Sperm” was significantly higher than that in animals that did not
(P, probability, Wilcoxon test).

The Hstx2 locus, also known as meiotic recombination 1
(Meir1), is a 4.7-Mb region (containing multiple genes) on
Chromosome X that regulates the crossover rate in mice (Balcova
et al. 2016). Consistent with published data, we found that in
male mice differing at the Hstx2 locus, those carrying the Hstx25¢
allele had a 30% higher crossover rate than those carrying the
Hstx2™P allele. We argue that this difference resulted in sperm
production in the Prdm9-deficient Hstx2%¢ carrying mice, but not
in mice with the Hstx2"""P allele. The Hstx2"¢ allele was previously
shown to alleviate hybrid incompatibilities governed by Prdm9 ge-
notype that result in the sterility of male F1 hybrid mice from a
cross between PWD females and B6 males (Bhattacharyya et al.
2014). We propose that this alludes to a unifying principle of fertil-
ity rescue in these two systems in which sterility arises in a Prdm9-
dependent manner. In both systems, there is a clear DSB repair
defect; in Prdm9 knockout mice, this may result from difficulties
in repairing DSBs at functional sites; in sterile hybrids, DSB repair
as a crossover is compromised at loci where Prdm9 binding sites
have been destroyed in one parental lineage (Davies et al. 2016;
Smagulova et al. 2016). In both systems, some but not all homolo-
gous chromosomes synapse at pachytene, and in both systems, fer-
tility can apparently be rescued by increasing the recombination
rate. We propose that in both systems, increasing the crossover
rate (or perhaps the number of DSBs) elevates the likelihood of a
crossover on every pair of homologous chromosomes, and thus in-
creases the number of viable pachytene spermatocytes. Sufficient
rescue can overcome the critical threshold of “normal” pachytene
cells to assure robust sperm production and fertility.

Females lacking functional PRDM9 were sterile, with a similar
pachytene asynapsis defect as in males. However, the number of
pachytene nuclei with asynapsed chromosomes was far higher
in females than in males. In our working model, this defect could
theoretically be rescued by increasing the DSB/crossover rate or by

subverting the SAC. The alternate explanation for the observed sex
dimorphism is that the requirement for Prdm9 differs between
males and females.

One implication from our model is that DSB repair as a cross-
over is more efficient in the presence of functional PRDM9. Thus,
one of the roles of PRDM9 may be to facilitate a lower recombina-
tion rate than would otherwise be possible. This would help to ex-
plain why Prdm9 is widely conserved but repeatedly lost during
evolutionary history, because species with a sufficiently high
recombination rate could lose functional PRDM9 with little or
no reproductive consequences. It remains to be seen whether
this is the case.

Methods

Ethics statement

The European Community Council Directive 86/609/EEC, Appen-
dix A of the Council of Europe Convention ETS123, and the Czech
Republic Act for Experimental Work with Animals (Decree No.
207/2004 Sb, and the Acts Nos. 246/92 Sb and 77/2004 Sb) were
obeyed during the laboratory animal care and experiments. Per-
missions Nos. 61/2013 and 10/2016 were issued by the ethics com-
mittee for the work with animals of the Institute of Molecular
Genetics in Prague.

Mice

The PWD/Ph and PWK/Ph mouse strains were described in
Gregorova and Forejt (2000). The C57BL/6] strain was from The
Jackson Laboratory (Stock no. 000664), C3H/N was from Velaz,
Czech Republic. The knockout line Prdm9™™ 1Vt (MG allele No.
3623909; here Prdm9™) was generated in a 129P2/OlaHsd back-
ground by replacement of the first five coding exons with LacZ.
This was maintained on the pure B6 background. The Prdm9""
line was transferred by 10-times-repeated backcrossing to PWD;
the N7 generation was devoid of 129- and B6-specific sequences
except for Chr 17 (proximal 31.4 Mb harboring Prdm9), and this
differential segment was reduced in the N12 generation to about
11.7 Mb (position 15.1-26.8 Mb). The fertility parameters of the
Prdm9-deficient mice resulting from the strains carrying the differ-
ential segments of 31.4 and 11.7 Mb were similar (Supplemental
Table S2). The Prdm9°™f allele (abbreviated Prdm9°™) strain
was prepared by injecting programmed artificial zinc-finger endo-
nuclease (Sigma-Aldrich) into C57BL/6NCrl zygotes, which result-
ed in a 4-bp deletion in the ninth exon of Prdm9 encoding the PR/
SET domain (MGI allele No. 5501109). The (B6 x PWD)F7 line
was prepared by repeated intercrossing of fertile Prdm9-deficient
((B6°™ x PWD) x PWD)“"/*™ males to heterozygous littermates (for
the breeding scheme, see Supplemental Fig. S6). The resulting
(B6 x PWD)F7 mice carried the Hstx25¢ allele. C57BL/6] mice carry-
ing different sections of the PWD Chromosome X were previously
generated (Gregorova et al. 2008). We abbreviate these mice as
B6.PWD-Chr# (where # indicates the introgressed chromosome
fragment from PWD). F1 hybrids carrying regions of Chr X differ-
ing at Hstx2 and lacking PRDM9 were constructed by outcrossing
the subconsomic strains B6.PWD-ChrX.1 (carries Hstx25¢) and
B6.PWD-ChrX.1s (carries Hstx2""P) to B6"”"", intercrossing the
Prdm9"""™ female offspring to PWD"”"" males, and then genotyp-
ing their F1 offspring for Prdm9™/" and Chr X (for the breeding
scheme, see Supplemental Fig. S7).
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Genotyping and phenotyping

PCR genotyping conditions have been published (Flachs et al.
2012), except for genotyping primers for the Prdm9°" allele:
5'-ACTCTAGGTATGTGAACTGTGC-3' and 5'-CACAACCTGGTC
TGATAACCC-3'; these primers amplify 111 bp and 107 bp from
the wild type and mutant, respectively; annealing is carried out
at 58°C, and products can be resolved in 5% agarose. Body weight
(BW) and testis weight (TW) were taken for adult males (older than
11 wk). Sperm count (SC) was obtained from both epididymides.
Embryos were dissected from mothers 18 d after the beginning
of mating (mating lasted 1-3 d). Chromosome spreads (slides
with surface-spread nuclei) were prepared from embryonic ovaries
or whole adult testis using hypotonic treatment (Anderson et al.
1999). Spreads were stained with anti-DMC1 (Santa Cruz sc-
22768), anti-RAD51 (Santa Cruz sc-8349), anti-SYCP3 (Santa
Cruz sc-74569), and anti-centromere (Antibodies Incorporated
15-2335) antibodies. DMC1/RADS1 foci (DSB repair intermediates)
were counted in midzygotene nuclei with no fully synapsed auto-
some pairs and with fewer than five partially synapsed autosome
pairs. Isotonic treatment (Turner et al. 2005) was used to prepare
spermatocyte spreads for the analysis of MLH1 foci. Spreads
were stained with anti-MLH1 (Abcam ab14206), anti-SYCP3
(Abcam ab15090), and anti-centromere (see above) antibodies.
The MLH1 protein marks the sites of all genetic crossovers
(Anderson et al. 1999; Wang et al. 2017). MLH1 foci were analyzed
by confocal microscopy (Leica TCS SP5S AOBS Tandem) to ensure
that only MLH1 foci that colocalized with the chromosomal axis
(SYCP1) were counted. In cells with fully synapsed autosomes,
we omitted cells in which any chromosome lacked an MLH1 focus.
This allows for counting of properly stained, closely matched, and
staged cells. In abnormal pachytene cells (carrying 1-4 asynapsed
autosomal pairs), MLH1 foci were counted per synapsed autoso-
mal pair. In the studies of male pachytene synapsis, cells carrying
more than 10 asynapsed chromosomal pairs were considered as zy-
gotene. Immunocytochemistry and histology were performed as
described previously (Flachs et al. 2012, 2014; Bhattacharyya
et al. 2013, 2014). The anti-MSY2 (YBX2) antibody was from
Abcam (ab33164).

Chromatin immunoprecipitation (ChIP) and western blotting

DMC1 ChIP SSDS was done using snap-frozen adult testes as de-
scribed previously (Khil et al. 2012; Brick et al. 2018). H3K4me3
was assayed by ChIP-seq in 13- to 15-d-old testes according to
Baker et al. (2015b). Western blotting was performed as described
(Baker et al. 2015a).

Sequencing data analyses

DMC1-SSDS samples were aligned to the mm10 reference genome,
peak calling was performed, and hotspot strength was calculated as
described (Brick et al. 2018; for sample quality metrics and hotspot
counts, see Supplemental Table S3). H3K4me3 ChIP-seq data
were aligned to the reference mm10 genome using BWA 0.7.12
(Li2013). Peaks for H3K4me3 (used in Fig. 4) were called as follows.
H3K4me3 ChiIP-seq data from 12 dpp B6"”** mice (SRR1035576)
(Baker et al. 2014) and corresponding input DNA data
(SRR1035578) (Baker et al. 2014) were aligned to the reference
mm10 genome using BWA 0.7.12 (Li 2013). Aligned BAM files
were converted to BED files with BEDTools (Quinlan and Hall
2010) and duplicate reads were discarded. NCIS (Liang and Keles
2012) was used to determine the background correction ratio
(Rpg). MACS2 version 2.1.0.20150731 (Zhang et al. 2008) was
used with the following arguments to call peaks: --ratio {Rgg} -g

mm --bw 1000 --keep-dup all --slocal 5000 -t {SRR1035576 BED
file} -c {SRR1035578 BED file}.

Data access

ChIP data generated in this study have been submitted to the NCBI
Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE109874.
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