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Rat PRDM9 shapes recombination ")
landscapes, duration of meiosis,
gametogenesis, and age of fertility
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Abstract

Background: Vertebrate meiotic recombination events are concentrated in regions (hotspots) that display open
chromatin marks, such as trimethylation of lysines 4 and 36 of histone 3 (H3K4me3 and H3K36me3). Mouse and
human PRDM9 proteins catalyze H3K4me3 and H3K36me3 and determine hotspot positions, whereas other
vertebrates lacking PRDM9 recombine in regions with chromatin already opened for another function, such as gene
promoters. While these other vertebrate species lacking PRDM9 remain fertile, inactivation of th&rdnaise

gene, which shifts the hotspots to the functional regions (including promoters), typically causes gross fertility
reduction; and the reasons for these species differences are not clear.

Results:We introducedPrdmdeletions into theRattus norvegicgenome and generated the first rat genome-

wide maps of recombination-initiating double-strand break hotspots. Rat strains carrying the same Wildmiy@e
allele shared 88% hotspots but strains with diffeRedimalleles only 3%. Aft@rdm9deletion, rat hotspots

relocated to functional regions, about 40% to positions correspondiRgdimSindependent mouse hotspots,
including promoters. Despite the hotspot relocation and decreased feRility9deficient rats of the SHR/Olalpcv
strain produced healthy offspring. The percentage of normal pachytene spermatocytesdird@BRutants was
almost double than in the PWD male mouse oligospermic sterile mutants. We previously found a correlation
between the crossover rate and sperm presence in méudm9mutants. The crossover rate of SHR is more similar
to sperm-carrying mutant mice, but it did not fully explain the fertility of the SHR mutants. Besides mild meiotic
arrests at rat tubular stages IV (mid-pachytene) and XIV (metaphase), we also detected postmeiotic apoptosis of
round spermatids. We found delayed meiosis and age-dependent fertility in both sexes of the SHR mutants.

(Continued on next page)

* Correspondence&denek.Trachtulec@img.cas.cz

1Laboratory of Germ Cell Development, Division BIOCEV, Institute of
Molecular Genetics of the Czech Academy of Sciences, 14220 Prague, Czech
Republic

Full list of author information is available at the end of the article

© The Author(s). 20Z0pen AccessThis article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licencéttpsitcreativecommons.org/licenses/by/4.0/

The Creative Commons Public Domain Dedication wadittr/(creativecommons.org/publicdomain/zero/).@pplies to the

data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-021-01017-0&domain=pdf
http://orcid.org/0000-0001-5772-9394
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:Zdenek.Trachtulec@img.cas.cz

Mihola et al. BMC Biology (2021) 19:86 Page 2 of 20
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Conclusions:We hypothesize that the relative increased fertility of rat versus rfodse®mutants could be

ascribed to extended duration of meiotic prophase |. While rat PRDM9 shapes meiotic recombination landscapes, it
is unnecessary for recombination. We suggest that PRDM9 has additional roles in spermatogenesis and
speciatior—spermatid development and reproductive agthat may help to explain male-specific hybrid sterility.

Keywords: Rattus norvegicudeiotic recombination, PRDM9, Fertility

Background rendering it a suitable model for human meiotic studies.
For sexual reproduction, animals generate haploid gam-Moreover, the postmeiotic effect of PRDM9 on spermato-
etes via meiosis. To make these gametes unique, progenesis widens the possibilities for the mechanism of
grammed double-strand DNA breaks (DSBs) arePRDM9 action in hybrid sterility.

introduced and repaired by the recombination machinery
using the homologous chromosomes as templates
(reviewed in [L]). These meiotic DSBs are positioned by Results. .

the histone-H3-lysine-4-trimethyl (H3K4me3) transferase Generation of the PrdmSdeficient rats _
PRDMO in mice and men2-5]. The mousePrdm9 gene Although some mammalian genomes carry multiple
is one of the factors responsible for intersubspecific mousePRDMg'?nCOd'ng genes, the rat genome was reported
F1 hybrid sterility p-8] due to changed DNA-binding [© contain only a single-copyPrdm9 gene P4]. To
SpeCIfICIty B] The Changes in DNA blndlng by new deCIpher the neceSS_Ity oPrdm9 for rat fertlll?y, we
PRDMO alleles generate new recombination initiation sitest@/9€ted this gene in the SHR/Olalpcy strain (SHR;
and thus resolve the so-called meiotic hotspot paradex S€€Methods) in one of the exons encoding the PR/

the quick disappearance of the preferential DSB site>E ! domain. This domain catalyzes both H3K47]
through their repair utilizing the homologous chromo- and H3K36 trimethylation in human and mouse2b,

some sequences, which do not contain the PRDM9-28- The MRNAs of a programmed heterodimeric nu-
binding motifs [10]. Deficiency for Prdm9 results in clease were injected into 234 fertilized ova (Tablg.

complete meiotic arrest in both sexes of the C57BL/g JFOUr animals carrying deletions of two, eight, 39, and
mouse (abbreviated as B6J,[11-13 and partial meiotic 216 Pase pairs in size (bp) were generated; the two
arrest in the male PWD/Ph mouselH], accompanied by largest ones also affected one exon—ln_tron boundary.
relocation of the DSBs into PRDM9-independent To assess the effects of these dele_tlons &#mdm9
H3K4me3 sites (default sites) including gene promoters™RNA, we performed reverse-transcribed (RT) PCR
[14, 15]. These results lead to the hypothesis that PRDMgWith Primers from the exon sequences surrounding
protects functional genomic regions from the damage!N€ deletions wusing testicular RNA. Sequencing of
made by the recombination machinerylf]. However, these RT-PCR products from testicular RNA revealed

most of the recombination initiation DSB sites are located that the three shortest deletions resulted in the shifts
near gene promoters in fungi and vertebrates that carry®’ PRDM9 open reading frames, producing putative
no Prdm9 ortholog [16-1§. In addition, canids 19-27] PR/SET dpmayn truncatloqs .and echL_ls,lon .of the
and at least one human femal@3| are fertile despite hav- PRDM9  zinc-finger DNA-binding domain (Fig. 1).
ing a non-functional PRDM9-encoding gene. We there- 1€ mutant with the 516-bp deletion produced two
fore turned to another prominent rodent model, the rat, €W transcripts, one with a frame shift and one with
to evaluate the role(s) oPrdm9 in gamete development.

Prdm9-deficient rats were produced and phenotyped Table 1 Preparation oPrdm9mutant SHR animals by mRNA

along with their litermate controls and the first genome- 'Mections

wide maps of the rat meiotic DSBs were generated. The&xperiment 1 2 Total
DSBs in thePrdm9-deficient males of the SHR rat strain MRNA concentration 2ngl 5ng/ | Both
relocated into default H3K4me3 sites, many correspond-injected zygotes 121 113 234
ing to DSB positions inPrdm9-deficient mice. However, Transferred embryos 2c/1c* 57/18 62/21 119/39
unlike the B6 or PWD mice, some SHR rats of both sexes- .1 recipients 6 7 13

lacking thePrdm9 function produced offspring. Neverthe- b . 3 3 6
less, we found that PRDM9 affects the length of meiosis regnant recipients

and age of fertility in both sexes, as well as oogenesis anid'e Progeny borm 15 8 23
spermiogenesis. We conclude that the rat can executéMutants 3 1 4

meiotic recombination in PRDM9-independent sites, *2-cell stage/i-cell stage transferred into recipients after 20 h of in vitro
culture post injection
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Fig. 1 FourPrdmdeletions generated in SHR rats lead to mRNAs with open reading frame truncations and one also to alternative mRNA with
deletion of 20 codonsa mRNAs arising from rats with genomic deletions of 2-, 8-, 39-, and 516-bp (abbreviated KO2, KO8, KO39, and KO516,
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new mRNAs from the animal with the KO516 deletioRolypeptide products predicted from mRNAs&iand their detection. -20 a.a., deletior
of 20 amino acid residues. The C-terminal boxes indicate zinc-fingers and the three letters their DNA-binding amino acids. See Additignal file
Fig. S1 for details of the translations and amino acids essential for methyltransferase activity and Additidahldil81 for genomic and cDNA
sequences. Right, PRDM9 was detected at the expected sizes of 97 kDalamRakele) and 96 kDa (rat SHR allele). Anti-SYCP3 antibody was
utilized as a loading control. PRDM9 was present in theP&HRSCS1“OSIutants at the expected size of the KO516-L isoform (91 kDa), but

not found (expected 44 kDa) in the SARIME ¥ O3festes, thus no C-terminally truncated form of PRDM9 was seen in either mutant. Oply a
third of the amount of protein nuclear extract was loaded in mouse gl@ompared to rat (30g) lanes

an internal deletion of 20 codons of the PR/SET cata-testes, suggesting that its frame-shifted mRNA is not
lytic domain that retained the PRDM9 zinc-finger- translated or quickly degraded. PRDM9 was present in
encoding exon in frame (Figl, Additional file 1: Fig. 18-dpp SHRPrdmg<©516/k0516rats at the size of 91 kDa
S1). All deletions removed one or more amino acid predicted from the mRNA with the internal deletion of
residues important for the nethyltransferase activity 20 codons of the catalytic PR/SET domain, but not at
of PRDM9 ([27]; Additional file 1: Fig. S1). Rats geno- the size of 40 kDa expected from the alternatively spliced
typed homozygous for these mutations using genomicmRNA with the frame shift. However, the expression of
DNA were also homozygous when probed by RT-PCRthe 91 kDa product was lower than the expression of the
using testicular mRNA, supporting whole genome se-wild-type PRDM9.
guence assembly data that suggested thHRAtdm9 is
present in a single copy in the rat2f, 28]. Semi- Inactivation of rat Prdm9is compatible with fertility in
guantitative RT-PCR of testicular RNA revealed that both sexes
males homozygous for thd”>rdm9 deletions of 2-, 8-, We next tested the fertility of the rats carrying the
and 39-bp display similar mRNA levels as littermate Prdm9 deletions. Twenty-one of 22 (95%) &frdm9-defi-
controls and confirmed expression of the two new cient and all 26 tested heterozygous males sired off-
MRNA isoforms from the mutant with the 516-bp de- spring. HeterozygousPrdm9‘©* males that produced
letion (Additional file 1: Fig. S2). at least two litters (= 26) sired 6.8 + 1.6 (mean * stand-
To evaluate PRDM9 protein expression in wild-type ard deviation) of offspring per female per month, 32%
and mutant testes, we performed Western blotting (Fig. more compared to thePrdm9-deficient males with at
1b). PRDM9 was detected SHR testes at 18 days poseast two litters 6 =15; 4.6 +2.1P=0.0009; Welscls t
partum (dpp), where most germ cells are pre/leptotenetest; Fig. 2f). The litter size itself also decreased in
and zygotene spermatocytes (see below for details ofPrdm9deficient males (Fig.2e). Adult (71 to 98 days
18-dpp testes). Neither PRDM9 protein nor its truncated old) Prdm9-deficient males had relative testicular weight
form was found in 18-dpp SHRRrdmg<©3%KO3° (5t and sperm count reduced by about 40% compared to

respectively; the latter two also involve a part of Intron 8); blue dashes, gaps to optimize the alignment; red dashes, exonic deletions; {U, -L, two

its expression was lower than that of the wild-type in SHR; the KO516-U isoform (predicted 40 kDa) was undetectable. KO39 mutant product was
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sperm count &), testicular weight), and relative testicular weiglat (ng testicular weight per gram of body weigtt).Representative images
of hematoxylin-eosin (HE) stained sections from rat testicles; note the presence of mature spermatids (arrows) in all hietanaies.of

male parents of two indicaterdm9genotypes for paternal age at birth. The statistical significance of the differences between genotypes was
tested using LRM in the age groups of up to 150 and above 150fdypmber of pups per month per female (OMU) for mating ranges (days)
in SHR males of two indicat€®tdm9genotypes. The data underlying all published plots are given in Additiorl file

both heterozygote and wild-type ratsP(<0.0001 each; Inactivation of rat Prdm9induces four partial arrests of
linear regression model (LRM); Fi@a—c, Additional file spermatogenesis
1: Fig. S3). To uncover the reasons for male fertility reduction, we
Prdm9-deficient adult females (69 to 373 days old) performed immuno-, histo-, and cyto- chemistry of the
had decreased ovary weight and relative ovary weighgermline. Within an adult rat testis, subsequent waves of
compared to controls P<0.0001, LRM accounting for spermatogenesis begin once every ~12 days9y(8n the
age; Fig.3a, b, Additional file 1. Fig. S3). Of 25 mouse) R9; the entire rat spermatogenesis takes ~52
Prdm9-deficient females crossed for at least 2 months,days. Premeiotic spermatogonia line the periphery of the
11 (44%, carrying all four deletion types) producedseminiferous tubule, divide mitotically, and mature. The
offspring, while all 27 testedPrdmd“"' females resulting primary spermatocytes proceed through mei-
yielded pups. Moreover, the litter size of thBrdm9  otic prophase and two specialized divisions to yield sper-
deficient (Prdmd<°/%©) female parents (5.4+1.7) was matids, which differentiate into sperm until being
smaller than that of Prdm9‘°™! (8.3+1.6;P=0.0003; released into the tubular lumen. Because a hew sperm-
Welschis t test; Fig.3d). The pups generated by both atogenesis cycle begins before the previous cycles have
the male and femalePrdm9‘®’%© rats were fertile and ended, each tubule carries various germ cell types. As
appeared normal. No offspring has been recoveredoth the time between cycles and the duration of indi-
when both mating partners werePrdm9-deficient (7 vidual developmental stages are fixed, each rat tubule
females, 2-month crosses). In summary, in contrast tosection can be classified into 14 types (12 in the mouse),
B6 and PWD mice, both male and female SHR ratsreferred to as stages | to XIV.
lacking PRDM9 function display only a partial reduc- To identify the specific stages of the seminiferous tu-
tion of fertility. bules in the mutant testes affected byPrdm9
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Fig. 3 Decreased fertility and premature ovarian failure in SHR females dardyimfijieletionsa, b Boxplots of ovary weighg(in mg) and of
relative ovary weighb( mg ovary weight per gram of body weight)Examples of HE stained sections from three adult rat ovaries at two
magnifications. Note that all females carry germ cell follicles (amowtgr size of female parents of two indicatdim9genotypes with
maternal age at birth. The difference between genotypes was tested using the LRM in the age group of up to é Budyger of pups per
month per female (OMU) and mating ranges (days) for two indi¢ateihSgenotypes. The abscissa at OMU =0 contains data ferd9
deficient females, ten of which were mated after 150 dpp (for additional mean of 26 dayiigle quantification from ovarian sections of the
indicatedPrdm9genotypes at three points of postnatal development. Differences betweenRideggenotypes and between animals of thrge
ages within each genotype were analyzed using LRM with subsequent Tukey test and Bonferroni adjuRepeasentative images of HE-
stained ovarian sections from 21-dpp females

inactivation, we categorized and quantified cells in all 14These decreased numbers of spermatids could occur ei-
stages of rat tubules (over 60,000 cells) using sectionther solely due to partial meiotic arrest(s) or postmeiotic
from adult testes stained with periodic acid, Schiff, andarrest(s) or both. To resolve these three possibilities, we
hematoxylin (PAS-H, Fig.4a and Fig.5, statistics in compared abnormal cell counts. We found elevated
Additional file 2: Table S2). Overall, all 14 tubule stagescounts of abnormal (halo 30], joint and degraded 31])
were readily identifiable and the counts of spermato-round spermatids in mutant stages IV (summark =
gonia were similar in the mutant and control rat testes. 0.027) and V P=0.028) compared to wild-type controls,
However, the mutant tubules of all stages were morewhich supports the contribution of the postmeiotic ar-
sparsely populated compared to controls (all 14 adjustedrests (Fig.6a). Moreover, we detected an increased num-
P values below 0.036; LRM), mostly due to lower countsber of defective mid-pachytene spermatocytes in stage
of round and elongated spermatids (all 2P<0.037). IV (P=0.022) and of degenerated metaphase
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Fig. 4 Prdmdeficiency causes spermatogenic arrests in tubular stages IV and XIV oféSHRtiatilar histology using PAS-H staining.
lllustrative examples of all 14 rat tubule stages. Degenerated cells in seminiferous tubules from adult (71 dpp) mutants stain intensively with PAS-

H (blue-purple) at stages IV and XIV (red arrows). P, pachytene spermatocytes; RSP, round spermatids; ESP, elongated spermatids; 5, Sertoli cells; F
preleptotene; L, leptotene; D, diplotene; Z-P, zygotene-pachytene spermatocytes; Ml, metaphase | spermatocytes. Quantification of cglls in all

stages is presented in Figb Increased apoptosis in mutant rat stage 1V and XIV tubules confirmed by labeling apoptosis (TUNEL), acrosome

(PNA), and DNA (Hoechst 33342)

spermatocytes in stage XIV (corresponding to mouse0.001 for both cases; LRM and Tuksytest). To discern
stage XII;P=0.015) ofPrdm9-deficient testes, indicative the germ cell types undergoing apoptosis, we combined
of two types of meiotic arrests. In agreement with this these data with the results of anti-PIWIL1 immunohisto-
conclusion, the mutant stages V to XlII contained lesschemistry (Fig.6b, c). The PIWIL1 protein is expressed
pachytene spermatocytes (all eigRtvalues <0.024) and in pachytene spermatocytes and spermatid32[ 33].
mutant stage XIV both less late primary spermatocytesParallel analysis of 221 apoptotic tubules on neighboring
(P<0.0001) and less metaphase Il spermatocyt€s-( TUNEL and anti-PIWIL1-hematoxylin-stained sections
0.020) compared to the controls. In addition, stages VIl revealed that the majority of apoptotic cells (means of
X, and XI of mutant tubules contained elevated numbers 82 to 88%, total 1059) were spermatocyté3<{0.001 for
of leptotene spermatocytes (all threB<0.035), which both comparison of mutants toPrdm3*" and to
may indicate prophase | delay. Altogether, the histopath-Prdm3‘®*). The mean number of apoptotic round
ology results suggested that the ablation of the ratspermatids per tubule ifPrdmd<°’%© also exceeded that
Prdm9 function caused partial arrests of meiosis atin combined Prdm9‘©t and Prdmd""" (Fig. 6b, P =
stages IV and X1V, a delayed meiotic prophase I, and in0.0044), supporting the results of PAS-H staining. To
complete spermiogenesis failures in stages IV and V.  further confirm the partial arrests of meiotic prophase |
To confirm these arrests of spermatogenesis, weand metaphase, apoptotic cells were detected by the
inspected adult rat testicular sections for apoptosis usingTUNEL assay on adult testicular sections co-labeled for
terminal deoxynucleotidyl transferase dUTP nick end la- acrosome (peanut agglutinin or PNA) and nucleus
beling (TUNEL) and revealed thaPrdmd‘®’“®© had a 7- (Hoechst 33342) (Figdb). Tubular stages IV and XIV in
fold higher mean number of apoptotic cells per all tu- mutant testes carried more apoptotic cells (means of
bules in comparison toPrdm3""** and Prdmd““* (P<  three testes 4.5 and 4.0%) than two wild-type controls
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(0.25 and 0.35%, respectively; bd®x 0.007, generalized stage XlI than in the corresponding rat stage XIV. In-
linear model or GLM). The close-to-complete mid- deed, despite that the mean numbers of spermatogenic
pachytene arrest present in BBrdm9<©’“© mutants [14, cells of all types in wild-type PWD mouse stage Xl ver-
34] is mild in the SHR mutants. Thus, the decreasedsus wild-type SHR rat stage XIV were similar, the mean
sperm count in the Prdm9deficient rats can be ex- counts of late primary spermatocytes were lower in the
plained by increased apoptosis during at least threePWD mutant compared to the SHR mutant (4.1+£0.3
tubular stages, IV (mid-pachytene spermatocytes andversus 7.7 +£0.4), supporting the stronger mid-pachytene

round spermatids), XIV (metaphase spermatocytes), andarrest in the PWDPrdmd™™ mutant. The sperm

V (round spermatids). counts of the SHR and PWD mutants are about 33%
and 1% of their corresponding wild-type counts. In

Rat PRDM9 is important for efficient spermiation agreement with these results, the number of elongated

Mature rat spermatids (step 19 or S19) align at the lu- spermatids in stage IV from the SHR rat mutant were 17
minal side of the seminiferous epithelium and are re-to 37% and from the PWD mutant 0.3 to 3.9% of the
leased into the tubular lumen during rat stage VIII in a SHR and PWD wild-type counts, respectively. In sum-
process called spermiation3p]. To assess spermiation mary, both SHR rat and PWD mous®rdm9-deficient
efficiency in Prdm9deficient rats, we inspected the males experience incomplete mid-pachytene and meta-
tubular stages IX and X from the rat testicular sections phase arrests.
stained with PAS-H (Additional filel: Fig. S4, Additional
file 2: Table S3). Mature S19 wild-type SHR spermatidsMost but not all rat Prdm9deficient spermatocytes
were rarely retained within the epithelium in stage 1X synapse homologous chromosomes
(0.5+ 0.4 per tubule), which contrasted with stage IX of As the B6Prdmd‘®’“° mouse male displays complete
Prdm9-deficient SHR (1.5 + 0.22=0.03, GLM). The S19 and PWD-Prdm9<°’%® partial pachytene arrest with per-
spermatid retention difference was also detected in wild-sistent DSBs and incomplete synapsid4] 34], we
type versus mutant tubular stage X (0.2+0.1 versusassayed adult rat pachytene nuclei by immunolabeling of
1.8+ 0.4;P=0.01, GLM). These results suggested de-the central element of the synaptonemal complex, the
creased spermiation efficiency. Thus increased apoptosiSYCP1 protein, and the DSB markerH2AX (Fig. 7).
abnormalities of round spermatids, and spermiation fail- The synaptonemal complex provides a scaffold for the
ure contribute to the reduced spermiogenic function of alignment of homologous chromosomes and the central
Prdm9-deficient rats. Altogether, our results show that element keeps the homologs together through their en-
PRDM9 is also required for normal rat haploid male tire length (homologous synapsis). Phosphorylated his-
gamete development and release. tone H2AX ( H2AX) is found in the vicinity of DSBs,
but it also localizes to the X and Y chromosomes (sex
Inactivation of Prdm9leads to stage IV and XII arrests of ~ body) at later meiotic stages (reviewed iri]]. Unlike
PWD spermatocytes Prdm9-deficient PWD males that carry 40% of normal
To test the generality of two partial arrests of meiosis | (complete synapsis) pachytene spermatocytdd)]|[ rat
at mid-pachytene and metaphase stagesRfim9defi- mutants displayed 78% (12 males, 729 nuclei) and wild-
cient males, we used @rdm9deficient sterile PWD type SHR rats 96% normal pachytene spermatocytes
mouse male with gross reduction of sperm couni4]. (Fig.7a). Four of 12Prdm9deficient males had a dele-
We analyzed tubular stages IV and XII using PAS-H-tion of 20 codons in the PR/SET domain (516-bp dele-
stained testicular sections of aduRPrdm9-deficient and tion of total genomic DNA) and 72% normal pachynema
control mouse PWD males (Additional filel: Fig. S5, while the other eight carried only truncating frameshift
Additional file 2: Table S4). Comparing to wild-type mutations (80%). There were no significant differences
PWD, we found increased numbers of degeneratedn the percentage of normal pachytene cells with fully
pachytene spermatocytes in stage IV (4.9+0.5 versusynapsed autosomes between these four versus eight
0.0+ 0.0; P<0.001, GLM) and of metaphase cells in Prdm9-deficient rats £=0.09, GLM). Consistently, the
stage XII (3.2+ 0.6 versus 0.7 + 0B« 0.001), suggesting testicular weights and sperm counts of these tviRsdm9
that the two types of meiotic arrest reduce the numbers deletion types were also similar (Fig). To confirm the
of Prdm9-deficient male germ cells. role of rat PRDM9 in synapsis, chromosome spreads
Adult Prdm9-deficient PWD males display only 41% from adult testes were also labeled using antibodies
of wild-type pachytene spermatocytes with completeagainst the HORMAD?2 protein that decorates asynapsed
autosomal synapsis, while the rat SHRdmMI““® mu-  homologous chromosomes during pachynema; Fig.
tants display 72% of them, suggesting a weaker stage I¥b). Ninety-five percent of pachytene spermatocytes
arrest in the rat. Consequently, we expected lower num-from Prdmd““"* but only 62% from SHRPrdmg<°/x®
bers of late primary spermatocytes in mouse tubularanimals were normal < 0.0001, GLM). Thus, rat SHR
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n

males require PRDM9 for efficient synapsis, but to aautosomal asynapses were rare in the controls (0.7% of
lesser degree than mouse PWD males and unlike B®803, 14% of 42; Fig/d) and represented aberrant cells.
males, where PRDM9 is nearly essential for synapsi$hese results suggest that r&&rdm9is required for effi-

[14]. cient XY synapsis.
Rat PRDM9 is important for efficient synapsis of sex Rat PRDM9 supports repair of DSBs and does not affect
chromosomes the crossover rate

To check whether PRDM9 also supports synapsis of ratMouse PRDM9 is important for efficient DSB repaitlP,
sex chromosomes, we analyzed spread nuclei of pachyg4]. To assess the effect of PRDM9 on repair of meiotic
tene spermatocytes from adult testes using immunola-DSBs in the rat, we analyzed spread testicular nuclei
beling (Fig.7c, d). Seven mutant testes carried 192 offrom Prdm9deficient adult spermatocytes. Immuno-
549 (35%) and seven controls (3 wild-type and 4 heterostaining for synaptonemal complex, centromeres, and
zygousPrdm9 males) 42 of 803 (5%) cells with XY asyn-early stages of DSB repair (RAD51/DMC1) revealed a
apsis. Eighty-six percent (36 of 42) of control cells butfew RAD51/DMC1 foci on autosomes and multiple foci
only 35% (68 of 192; Fig7c) mutant cells displayed on sex chromosomes in normal early pachytene sper-
complete autosomal synapsis, thus probably being latenatocytes (Additional filel: Fig. S6m-p). All RAD51/
pachynema. The remaining 12#rdm9-deficient sper- DMC1 signal disappeared in normal late pachynema
matocytes (23% of 549, 65% of 192) with both sex andFig. %$q). However, abnormal cells displayed many
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strong RAD51/DMC1-stained foci on asynapsed chro- parameters at all ages. Except for body weight used as

mosomes (Fig. &), suggesting that PRDM9 is important negative control, all fertility parameters tested started to

for efficient repair of programmed DSBs to crossovers. decline in SHRPrdmd““’® but not in control animals
Because the sperm presence in the mouse lackingfter about 108-150 dpp (Fig8).

Prdm9 function correlates with crossover ratelf], we To assess male fertility more directly, we crossed the

analyzed the number of meiotic crossovers in rats withrat males and analyzed the offspring production (FRg,

different Prdm9 copy numbers, including SHR- f). In agreement with their testicular weight and sperm

Prdmd""™ and SHRPrdmd““’%° males. Spermatocytes counts, the Prdm9-deficient males sired less pups after

were immunostained with antibodies to the CDK2 pro- 150 dpp, thus validating the effect of PRDM9 on age-

tein that localizes to crossover sites in mouse meioticdependent fertility.

prophase (B7]; Fig. 7g). All Prdm9-deficient spermato-

cytes with SYCP1 and CDK2 signals found (63 from twolnactivation of rat Prdm9leads to premature ovarian

males) were fully synapsed. Bo®rdm9-deficient males failure

tested carried on average 27.4 autosomal crossovers p&WD and B6Prdm9-deficient mouse females are sterile,

cell, the same as three control males (27.4 + 0.2; Fhy,
indicating no effect of Prdm9 on the mean crossover
rate of rat males.

The reduced fertility parameters of Prdm93deficient rats
change with age

as they form very few follicles and lose all oocytes before
adulthood [12, 14]. To explain the decreased ovarian
weight of thePrdm9-deficient rats, we checked the effect
of Prdm9 on follicular development and age of fertility.
Folliculogenesis starts with formation of rat primordial
follicles on 2 dpp. Our analysis revealed 25% primordial

Prdm9 affects delayed fertility of intersubspecific mousefollicles in SHRPrdmd““’“® compared to control fe-
hybrid males p]. To uncover the age-dependent effects males at 2 dpp (Fig3f), indicating that the majority of
of Prdm9 on rat fertility, we analyzed various fertility pa- oocytes are lost before the onset of follicular develop-
rameters at multiple time points up to 250 dpp. The ment. Primary, secondary, and small antral follicles can
Prdm9-deficient animals displayed lower fertility be observed beside primordial follicles in juvenile rats
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parameters and had highly consistent correlation curves. The correlation between age and body weight was used as a negative contrd
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before the onset of estrus on 21 dpp. The mean totalin SHR females, we staged spread nuclei from embryonic
number of follicles in the mutant was only 7% of con- ovaries, where the single wave of female meiotic pro-
trols at 21 dpp and almost no primordial follicles were phase | takes place (Fi®e). We used markers of syn-
detected. This decreased size of the oocyte pool likelaptonemal complex (SYCP3 and SYCP1) and chromatin
contributes to a decreased littersizBrdm9-deficient rats  surrounding DNA breaks under repair H2AX). Seven
contained no follicles at 180 dpp, which contrasted with to 15% oocytes in four pairs of control ovaries at 21 days
the controls (Fig.3f, g). The paucity of oocytes explains post coitum (dpc) were pachytene. However, two pairs
the lack of offspring in mutant females after 150 dpp of littermate mutant ovaries contained no pachytene nu-
(Fig. 3d), despite being mated at this age (FBg), and it clei (Fig.9e; P=0.015, LRM), validating the prophase |
is also reflected by the decreasing ovarian weight (sedelay of female rat meiosis in the absence of PRDMS9.
above). These phenotypes of the SHRdMI KO fe- Our results show that PRDM9 deficiency delays the
males resemble the human Premature Ovarian Failureonset of pachytene stage and slows down the progres-
syndrome, where the oocyte pool is exhausted early irsion of meiotic prophase | in SHR rats of both sexes.
age leading to sterility38]. Altogether, these results sug-
gest the importance of raPrdm9 for oocyte survival and Rat PRDM?9 trimethylates H3K4 and guides most meiotic
follicle development. DSBs
In order to assess the function of rat PRDM9 in DSB po-

Rat PRDM9 affects the duration of meiotic prophase | in sitioning, genome-wide distributions of DSBs were ana-
both sexes lyzed in two related rat strains carrying the sanfrdm9
Partial meiotic arrest in semifertile mouse hybrids, which allele, WKY and SHR, and in the BN/RIJHsd strain that
is alleviated by manipulating®rdm9 dosage, is accom- harbors a distinctPrdm9 allele (Fig.10, right) by single-
panied by meiotic delayq] and SHRPrdm9‘®’“© adult  stranded DMC1-bound DNA sequencing (SSDS). The
males displayed increased leptotene counts compared tadentified DSB hotspots overlapped by 88% between the
controls in several tubular stages. To validate the re-SHR and WKY strains, but only by 3% between the BN
quirement of Prdm9 for normal meiotic progression kin- and WKY strains (Fig10, Additional file 1: Fig. S7). DSB
etics in SHR males, we analyzed the first wave of rahotspots were stronger on chromosome X than on auto-
spermatogenesis by immunohisto- and cytochemistry.somes (Additional filel: Fig. S8), as expectedq]. The
We inspected sections of prepubertal PRDM9-deficientstrain overlap data suggest that PRDM9 controls most
and control (wild-type and Prdmd‘““') SHR testes sites of rat recombination initiation. To address the epi-
immunolabeled for chromatin surrounding DNA breaks genetic function of rat PRDM9, we generated H3K4me3
under repair (H2AX) and cytoplasmic piwiRNA parti- profiles from the BN and WKY testes. The profiles dif-
cles (PIWILY). Fifty-two percent of testicular tubules in fered at variable hotspot sites (Fig.0), thus validating
21-dpp controls (3 males, 154 to 368 tubules scored) butthat rat PRDM9 displays in vivo H3K4-methyltransferase
only 8% tubules of their mutant littermates (565 tubules activity. Relocation of meiotic DSBs to H3K4me3 at pro-
from two animals) were classified as containing cells inmoters and other functional genomic elements in the
pachynema (Fig9a, b;P=0.042). Prdm9 knockout B6 mice was suggested as a possible

To confirm the meiotic delay found at the tissue level cause of infertility. The alleviation of the infertile pheno-
also on cells, we immunostained spreads of testiculatype in the Prdm9deficient rats could therefore be
nuclei from 18-dpp males for synaptonemal complex caused by the existence of another factor directing the
markers. Pachytene spermatocytes formed about 8% afecombination machineries away from these sites. The
all spermatocytes in the mutant testes compared to 21%existence of this factor was hypothesized based on the
in controls (Fig.9c). To evaluate the association of the analysis of the sites of PRDM9-independent human
mutant rat meiotic prophase | delay with partial meiotic crossovers 23]. To check this possibility, genome-wide
arrest, we inspected testicular sections from 21-dpp SHRdistribution of meiotic DSBs was compared between an
males for apoptosis using TUNEL staining. There was aadult SHR male carrying the homozygous KO39 truncat-
higher percentage of tubules containing multiple apop- ing deletion (Fig.1) and its wild-type littermate. The dis-
totic cells in the mutant compared to control testes tribution of DSB hotspots in rats lacking PRDM9 was
(means of 24 versus 13%), suggesting a weak arrest similar to that in mice: a large percentage of hotspots
prophase | (Fig9d). This conclusion is supported by the coincided with the default H3K4me3 marks, many of
analysis of PAS-H staining and apoptosis in tubularwhich were at gene promoters (Fid.O and see below).
stage IV of adult rat mutant testes (see above). The relocation of DSB hotspots in thé>rdm9-deficient

Both male and femalePrdm9deficient SHR animals rat to the default H3K4me3 sites (98.6% of 21,586 SHR
displayed age-dependent fertility. To evaluate the im-DSB hotspots) and the similarity of the phenotypes of
portance of PRDM9 for the timely meiotic progression the four rat Prdm9 deletions support the view that the
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truncating mutations result in null alleles. Therefore, it Therefore, the recombination initiation maps were simi-
is unlikely that the rat has other factors besides PRDM9lar in the two PRDM?9-deficient rodent species. This is

to avoid recombination at default H3K4me3 sites. analogous to different species in finches and budding
yeast that naturally lackPrdm9[17, 18].

Prdm%independent hotspots tend to localize to In general, 36% (11,888 of 33,660) of rat and 41%

orthologous regions (12,716 of 30,929) of mousrdm9independent HSs

To learn about the evolutionary and functional proper- localized to evidence-based promoters (defined by
ties of DSB hotspots (HSs), we analyzed the conservatioBnsembl, see thé'Methods’ section), in contrast to
of rat (SHR) and mouse (B6) HSs by mapping the ratwild-type HSs from SHR rats (343 of 19,967 or 2%)
HSs to the mouse genome assembly (see tMethods’ or B6 mice (900 of 19,528 or 3%). Our analysis re-
section). As expected from the analysis done in thevealed that 66% of conservedrdm%independent HSs
mouse [L4, 15], overlaps between wild-type HSs and overlapped promoters, in contrast to 25% of mouse-
Prdm9<©’%°© HSs were only 1 to 2% between the speciespecific and 18% of rat-specifi®rdm%independent
(Fig. 11a). However, 40% of BBrdmd‘®’“® HSs corre- HSs (Fig.11b). When the set of promoters was nar-
sponded to 37% of SHRrdm9©“° HSs (Fig.11a). rowed to promoters of coding genes, 27% (8229 of
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30,929) of mouse HSs and 23% (7687 of 33,360) adue to faster and/or more efficient DSB repair of the de-
rat HSs fell within their coordinates. fault H3K4me3 sites inPrdm9-deficient rats compared
The general analysis of promoters of coding genes reto mice. One mechanism of generating mature germ
vealed that 65% (14,237 of 21,956) of mouse promotersells could be bypassing the pachytene checkpoints with
overlapped with 73% (14,447 of 19,719) of rat promotersunrepaired DSBs. However, this would lead to aneuploid
(see the“Methods’ section). Sixty-eight percent of the germ cells and defective offspring, while tHrdm9-defi-
overlapping promoters contained HSs in either one or cient SHR animals produced fertile pups of normal ap-
both rodent species, and 43% of conserved promoterpearance. Moreover, our examination of male DSB

overlapped conserved hotspots (Fitjic).

Discussion

We show that PRDM9 directs most sites of meiotic
DSBs in the male rat, as it is in the mous89, 40] and
man [5]. The relocation of rat DSBs to defaultPfdm9-
independent) H3K4me3 sites upon deletion d?rdm9
occurs in the B6 laboratory mouselp], where Prdm9
deficiency causes complete sterilitgZ]. The partial fer-
tility of the Prdm9-deficient SHR rats therefore might be

repair suggested that many DSBs are being repaired and
even generate a normal number of crossovers. A com-
parison of Prdm9-deficient mice with various genetic
backgrounds that differ in fertility revealed a significantly
higher crossover rate (COR) in sperm-producing versus
azoospermic malesif]. All 19 mouse autosomes are ac-
rocentric; this implies that mouse COR per autosome
and per autosomal arm are identical. Here we show that
both wild-type and Prdm9-deficient SHR males display
on average 27.4 autosomal crossover nodules per
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spermatocyte. Only eight of 20 rat autosomes are acro-males but not females display complete arre26]. In con-
centric, indicating that if one obligatory crossover per trast, both sexes ofPrdm9deficient SHR rat displayed
autosomal arm is required to ensure proper segregationage-dependent fertility and meiotic prophase | slowdown.
the COR should be at least 32 nodules per cell. We de-Meiosis takes 19 days in the rat and 14 days in the mouse
duce that one crossover per rat autosome is sufficientadult males (prophase | takes 18.5 and 13 days, respect-
(see also 41]) and that we can directly compare the ively) [42). The duration of female meiosis is 8 to 11 days
autosomal rates in the mouse and rat. The mean SHRn the rat [43] and 7 days in the mouse4f4, 45]. Meiosis
rate of 1.37 nodules per autosome (27.4/20) is moretakes shorter time in the mouse compared to the dog,
similar to the COR of sperm-producindg®rdm9-deficient which harbors a non-functional PRDM9-encoding gene
mouse males (ranging from 1.38 to 1.56) than to the[22]: 17 days in dog male<ip] and 33 to 54 days in dog fe-
COR of azoospemicPrdm9deficient males (1.19 to males f7]. Longer meiotic prophase | gives the cell more
1.28), suggesting that COR could be associated with théime to synapse homologous chromosomes and repair
fertility parameters of the Prdm9-deficient rat males. programmed DNA breaks in order to pass the meiotic
However, the SHR mutant carries a much higher per- checkpoints. We therefore propose that one of the factors
centage of wild-type sperm than PWD mutants (40 ver- affecting the differences in fertility oPrdm9-deficient ani-
sus 1.2%) despite lower mean COR (1.37 versus 1.54pals could be the duration of meiosis.
indicating that additional factor(s) besides COR play a The SHR strain is an excellent rat model of human
role. spontaneous hypertensiopB] and might also be a bet-
Unlike Prdm9-deficient B6 mice, where both sexes dis- ter model of meiotic DSB initiation than multiple labora-
play nearly complete arrest in prophase I, PWD mutanttory mouse strains 14], because some SHR females
males show only partial arrestLlf], and CAST/EiJ mutant lacking functional PRDM9 can produce offspring, as can
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at least one human female2B]. Moreover, these mutant and spermatids. Our result thus shows that PRDM9 is
rat females display phenotypes resembling the humarimportant for spermiogenesis. This increase of abnormal
syndrome Premature Ovarian Failure. spermatids in ratPrdm9 mutants could be interpreted

DSB targeting via mouse PRDM9 has been shown teeither as an indirect consequence of meiotic defects (like
correlate with the histone H3 methylation profiles2p, in [60]) or a direct outcome of aPrdm9 postmeiotic
49, 50]. We show that H3K4me3 peaks correlate with function. The partial metaphase and postmeiotic arrests
PRDM?9-dependent hotspots in rat strains (Fid0). We are helpful to decipher the differences between the per-
found no difference between phenotypes of rats carryingcentage of normal pachytene cells and the resulting per-
truncating versus internal PR/SET-domain (catalytic) de-centage of normal sperm count in PWD mice and SHR
letions, suggesting that this domain and thereby therat. Metaphase arrest was previously found in several
H3K4 and/or H3K36 trimethylation are essential for types of intersubspecific mouse hybrids (e.g61]); our
PRDM9 function as in the mouseH1]. However, the results suggest that it may be affected by the loss of
mRNA with the internal deletion was produced from the function of Prdm9. Age-dependent fertility has been de-
same locus as mRNA encompassing truncating deletiortected in (PWK x B6)F1 mouse hybrid$]62]. Their de-
and it has not been possible to determine the ratio oflayed meiosis was rescued by manipulating the copy
these mMRNAs. Reduced protein expression of the prod-number of Prdm9 [6]. We found delayed meiotic pro-
uct expected from the mRNA with internal SET/PR do- gression in our non-hybrid Prdm9-deficient rat strain
main deletion was found. Therefore, we are uncertain(this report) and prepubertal PWD maleslf], and thus
whether or not the reason this mutation behaved as awe can interpret the delayed hybrid fertility as the result
null is because loss of 20 codons of the PR/SET domairof incompatibility of Prdm9 alleles rather than failed or
was sufficient, or because too little PRDM9 was actuallydominant intergenic interaction. The delayed fertility of
expressed. In any case, all four deletions are compatiblPWK x B6)F1 was accompanied by a slowdown of mei-
with offspring production. osis; delayed repair of meiotic DSBs has been also been

Mouse Prdm9 has been identified as hybrid sterility found in (PWD x B6)F1 hybrids $4]. The postmeiotic
gene B8, 52 via interaction with the Hstx2 locus af- function of PRDM9 along with the reduced counts of
fecting COR pb3-55] and via differential erosion of re- sperm and ovarian follicles helps to explain our inability
combination sites 9, 39, 56-58]. Our Prdm%deficient to acquire offspring from intercrosses of male and fe-
Rattus norvegicusould be now used to test the general- male rats both lacking PRDM9.
ity of the role of this epigenetic factor in rodent hybrid
sterility. Conclusions

The mouse pseudoautosomal region (PAR) encom-The postmeiotic function ofPrdm9 may indicate that an
passes PRDM9-independent DSB hotspots, while the readditional mechanism involving PRDM9 besides reposi-
combination in human PARs is determined by PRDM9 tioning meiotic hotspots may also play a role in speci-
[5, 15]. The rat PAR is not annotated in the reference ation. In agreement with this conclusion, we have
genome assembly. Thus, it is not possible to assess thecently demonstrated that mousBrdm9 affects not just
DSB activity in or adjacent to the rat PAR using our the quantity, but also the quality of sperm and sperma-
short-read sequencing approaches. The rat PAR may notids generated by intersubspecific (B6 x PWD)F1 mouse
be structurally analogous to the mouse PARY. Only hybrids [63, 64]. Mouse males captured in the hybrid
three DSB hotspots were shared among all three wild-zone separating themusculus and domesticus house
type strains and thePrdm9<“’¥© rats. However, since we mouse subspecies usually carry sperm, but its quantity
cannot study PRDM9-independent hotspots at or nearand quality is reduced§5, 66]. The postmeiotic function
the PAR in rats, we may be missing the primary locus atof PRDM9 thus might have a similar impact on mouse
which such hotspots occur. speciation as the meiotic one.

The two rat PRDM9 wild-type alleles characterized
here are the alleles of the parental strains of BXH/HXB Methods
recombinant inbred strains, BN-Lx/Cub and SHR4§].  Animals, production of Prdm9deletions, and genotyping
The fecundity of the SHRPrdm9-deficient rat offers the The rats were bred at the Institute of Physiology and In-
possibility to extend the current panel by strains that use stitute of Molecular Genetics of the Czech Academy of
new recombination sites (including promoters). These Sciences (permissions nos. 66/2014 and 10/2016 issued
new strains could help to refine the resolution of rat by the ethics committees), following Directive 86/609/
mapping projects. EEC, Appendix A of the European Community Council

In addition to the anticipated apoptosis of meiotic of Europe Convention ETS123, and the Czech Republic
pachytene spermatocytes, we also detected increased imct for Experimental Work with Animals (Decree No.
cidence of defective and apoptotic metaphase I/l cells207/2004 Sb, and Acts Nos. 246/92 Sb and 77/2004 Sb).



Mihola et al. BMC Biology (2021) 19:86 Page 16 of 20

The SHR/Olalpcv strain was reviewed7]. The Prdm9 30 g for rat) were separated in-4.5% TBX-acrylamide
mutants were produced using mRNAs of a heterodi- gradient gel (Bio-Rad) and blotted onto nitrocellulose
meric artificial zinc-finger endonuclease programmed to membranes. The membrane was blocked for at least 1 h
target the ninth coding exon of the mous®rdm9 gene at room temperature (1x TBST with 0.5% milk) and in-
(Sigma-Aldrich); these mRNAs were injected into fertil- cubated overnight at 4 °C with affinity-purified rabbit
ized SHR ova @8]; Table 1). The Prdmd™¥Ma mytant  anti-PRDM9 (1: 200) T0] or with guinea pig anti-SYCP3
on the mouse PWD/Ph background (PWDBdm9™) (1: 3000) }0. Secondary antibodies were goat anti-
was described 4]. Genotyping PCR primers (listed in rabbit IgG-HRP (1: 5000) (#1858415, Pierce) and goat
Additional file 2: Table S5) spanning the target site were anti-guinea pig IgG-HRP (1: 5000) (#706-035-148, Jack-
then utilized to select the rats carryinrdm9 deletions. son Immuno Research). Blots were revealed with Super
These deletions have been maintained on the SHRSignal West Pico Chemiluminescent Substrate (#34080,
background. Thermo Scientific). The same membrane was used for

SYCP3 detection after stripping.
Phenotyping
Body weight (BW) and testes weight (TW) or ovary Histology
weight (OW) were measured after dissections. SpermTestes and ovaries were fixed overnight in Bolgrfixa-
count (SC) was obtained after thorough mincing of the tive at 4 °C, washed in PBS, dehydrated in ethanol series,
entire right epididymidis in phosphate-buffered saline and stored in 70% ethanol at 4 °C. The fixed organs were
(pH =7.4) at room temperature and the count obtained embedded in paraffin, sectioned (5n), and mounted
using a Burker cytometer was multiplied by two. The lit- on glass slides. Sections were then deparaffinized using
ter size was estimated at birth; the pups were weaned axylene and rehydrated with ethanol series. For PAS-H
about 30days of age. Preparation of chromosomestaining, sections were incubated with 0.5% periodic acid
spreads (slides with surface-spread nuclei) from testicu{Sigma) for 10 min, washed in tap water for 3 min, and
lar cells via hypotonic treatment was as publishe@9]. stained with Schifs reagent (Sigma) for 20 min. Sections
Immunocytochemistry and histochemistry were done aswere counterstained with Harris hematoxylin (Sigma)
described 6, 7, 54, 55|; analysis of apoptosis is detailed for 15 s, washed in tap water for 10 min, and dehydrated
below. The recombination nodules were counted usingwith ethanol series and xylene. Whole slides were
CDK2 immunocytochemistry on SYCP1-staged pachy-scanned and digitized with the Zeiss Axioscan.Z1 Slide
tene spermatocytes after subtracting the number of telo-Scanner with a 20x 0.8 NA objective (Carl Zeiss). The
meric CDK2 foci. Antibodies are listed in Additional file open-source software QuPath/]] was used for analyz-
2: Table S6. Total RNAs were utilized to quantify mRNA ing digital histology images of testes sections manually.
expression levels by real-time gRT-PCR in LightCyclerStages | to XIV of rat seminiferous epithelium cycle were
[7, 8] using primers shown in Additional file2: Table S5. determined as describedp].
Evaluations of significance were done using LRM or
GLM. Counting and classification of apoptotic cells

Analysis of cell types undergoing apoptosis was per-
PRDM?9 protein detection in nuclear fractions by Western ~ formed in testes of 61 to 92 days old rats (three of each
blotting Prdmd™™  prdmd©“,  and  Prdm9deficient
Mouse (12 dpp) and rat (18 dpp) testes were homoge-Prdm9<©’*®).  Neighboring sections of paraffin-
nized in hypotonic buffer (10 mM HEPES, pH 8.0, 320 embedded testes were treated either with DeadEnd
mM sucrose, 1 mM PMSF, 1x Complete protease inhibi- Fluorometric TUNEL System (Promega) or with anti-
tor cocktail EDTA-free (#11873580001, Roche) and 1xPIWIL1 primary antibody (ab12337, Abcam) followed by
phosphatase inhibitor cocktail (#78420, Thermo Scien-Goat Anti-Rabbit conjugate secondary antibody
tific) in a glass Douncer. Six and two testes were used#1706515, Bio-Rad), visualization using ImmPATT
for the mouse, and rat extracts, respectively. Testes sudDAB Substrate (SK-4105, Vector Laboratories, Inc.), and
pensions were centrifuged at 100Q»t 4 °C for 10 min. hematoxylin staining. Slides were examined at 400-times
Pellets were resuspended in RIPA buffer (50 mM Tis magnification. Apoptotic cells were counted in TUNEL-
HCIl, pH7.5, 150mM NaCl, 1mM EDTA, 1% NP-40, stained sections in 200 tubules per animal; mean values
0.5% Na-deoxycholate, 0.1% SDS, 1x Complete proteaseere calculated from apoptotic tubules and used for fur-
inhibitor EDTA-free and sonicated (4 cycles of 15s ON, ther statistical processing. In addition, detailed histo-
15s OFF, high power) in a Bioruptor Next-Gen sonica- logical examination was performed in 18 to 28 apoptotic
tor (Diagenode). Suspensions were centrifuged at 16tubules per animal to define the stages of spermatogen-
000xg at 4 °C for 10 min. Supernatants were used as nu-esis, at which cells underwent apoptosis. For this pur-
clear fractions. Nuclear fractions (10g for mouse and pose, the positions of TUNEL spots were inspected in
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the corresponding PIWIL1-immunostained neighboring considered as one conserved region. HSs revealing no
sections. Position of the apoptotic cell in the tubule, overlaps within central 400 nt regions were considered
stage of the neighboring normal cells, color of cyto- non-conserved, B&Rrdm9©’“°. or SHRPrdmd</Ko.
plasm, color and visible structural features of the nu- specific. Coordinates of rat and mouse promoters of
cleus, and the nucleus size, were taken into accountcoding genes, taken as 2000 bp upstream and 200 bp
Mean values of total numbers of apoptotic cells per tu- downstream from the transcription start site, were ex-
bule, as well as of spermatocytes and round spermatidsracted from the Ensembl Genes via biomaRt R package

separately, were calculated from 18 to 28 tubules pef75]. Coordinates of rat promoters were converted from

animal and used for further statistical processing. Statis-
tical analysis was performed in R using multcomp pack-
age, applying LRM and subsequently Tukeyest. For
immunofluorescent labeling of acrosome and nucleus
after TUNEL detection, slides were treated with Peanut
Lectin from Arachis hypogaedpeanut) conjugated with
Alexa Fluor 568 (PNA; Invitrogen) and Hoechst 33342
(Sigma) as describedsf]. TUNEL-PNA-Hoechst slides

rn6 to mm10 with a chain rn6ToMmZ10.over.chain.gz.
The overlapping rat/mouse promoter ranges were
merged and considered as one conserved promoter. Lo-
cation of mouse evidence-based promoters and other
functional elements was taken from the Ensembl regula-
tory build. With the exception of coordinate conversion,
all other data operations were performed in R version
3.4.4 using Bioconductor packages. Ensembl version 94

were scanned with the Zeiss Axioscan.Z1 Slide Scannewas used for exploratory analysis of conserved and non-

with a 20x 0.8 NA objective (Carl Zeiss) and analyzed
using QuPath software71].

Single-strand DNA sequencing (SSDS)
DMC1 ChIP-SSDS to assess genome-wide DSB distribu

conserved HS sets.

Supplementary Information
The online version contains supplementary material availahtgat/doi.
0rg/10.1186/s12915-021-01017-0

tion using snap-frozen adult testes and its analyses wer
done as described previously2, 73]. Sequencing reads
were aligned to the rat rn5 genome using a modified
version of bwa (0.7.12) and ssDNA-derived fragments
were identified using a bespoke ssDNA identification
pipeline. DSB hotspots were called using a default hot-
spot calling pipeline and using only uniquely mapping
ssDNA type 1 fragments with an alignmer®-score for
both paired-end reads with values over 30.

Rat-mouse hotspot conservation and annotation
Coordinates of B6 and B&rdmd°©’“° hotspots (HSs)
were obtained from published SSDS ChiIP-seq data
(GEO acc. nos. GSM1954835 and GSM19548639))L
For detection of HSs conserved between Bedmd<©/<°
and SHRPrdm9°’%° e applied previously described
criteria [15], considering two HSs as taking place at the
same location only when overlapping within £ 200 bp
distance from the HS centers. For comparative analysis
of Prdm9-independent rat versus mouse HS, coordinates
of the £200bp central HS regions were converted (re-
mapped) from rn5 to mml10 genome assembly using
UCSC LiftOver binary tool f4] with default parameters,
minMatch =0.1, and the chain rn5ToMm210.over.ch-
ain.gz. Totally, 94% of SHR¥dmd“K° (34,313 of 36,
687) and 87% of SHRrdm9""* (18,678 of 21,589) cen-
tral 400bp HS regions were remapped. HS containing
extremely long gaps after conversion were excluded
from the analysis (specifically, 717 SHRdmJ"""* and
791 SHRPrdmd<“’“® HS with central region above 800
bp after coordinate conversion). Overlapping rat/mouse
HS (central 400nt) coordinates were merged and

Additional file 1: Fig. S1. Translations of mMRNAs from Patim9
mutants (red) described in Fialigned in the SET domain with
homologs from other species. G278, N320 and Y341 are amino acid
essential for H3K4 trimethylation activity of PROIA2T]. Fig. S2.
Semiquantitative gRT-PCR of adult rat testicular RNAs detects no m
mRNA degradation. The expression values were normalizedatiith
primers. Primer pdiExon 3" detected the KRAB-encoding exons, pal
“Exon 910’ the last SET/PR-exon plus the Zn-finger-exon. Two ‘28irs
a.a. deletioh“Intron 8) were specific for the new mRNAs of the mutal
with the largest deletion (KO516-U, KO516-L, respectively), as we di
detect them in the wild-type testes (wt/wt) or in the testes hetero- or
homozygous for othePrdm9deletions (KO/wt, KO/K®)g. S3.Alterna-
tive views of malea) and femalek) rat fertility parameters measured
dissections. For legend, see Figand 3. Fig. S4.Impaired spermiation
efficiency inrPrdm9deficient SHR rat. Representative images of PAS-k
1 Stained tubular stages VIII, IX and RroinSdeficient and control rats.
Step 19 (S19) mature spermatids aligned near the tubule lumen for §
miation in stage VIIl. However, some S19 spermatids were present |
yond stage VIl iRrdm$°“Pindicating failed spermiation - note the
abnormal retention of S19 in mutant stages IX ankiigk.S5. Spermato-
genic arrests in tubular stages IV and XiArdm9deficient PWD mouse.
Testicular histology using PAS-H staining. Examples of tubular stage
and Xl ofPrdm9deficient and control PWD males (108 dpp). Red arr
point to degenerated spermatocytes in mutant seminiferous tubules.
Fig.4 for abbreviationsrig. S6.Meiotic synapsis and DSB repair in
pachytene spermatocytes of ad&itdm9deficient rats detected by im-
munostaining of chromosome spreads- representative imagesStain-
ing of synaptonemal complex (SYCP3), asynapsed chromosomal regions
(HORMAD?2), and sites under rep&i2AX). Completely synapsed auto
somes were observed in normal celsdj. Sex chromosomes synapse
within the pseudo-autosomal regioa-€) became asynapsed during lat
pachynemad). Aberrant spermatocytes harbored completelyaad
partially f) asynapsed autosome pas. Labelling of SYCP1, SYCP3,
H2AX. In normal early pachynema, all chromosomes synapgedsgy-
napsed X and Y were present at late pachyngma\bnormal spermato-|
cytes carrying both autosomal and X/Y asynagsBswere also
detected.m-r, Immunostaining for SYCP3, centromeric proteins (CEN
and early stages of DSB repair (RAD51/DMC1). In normal spermato
few RAD51/DMC1 foci were observed on autosomes and multiple fo
sex chromosomes from early pachynemmap(). All RAD51/DMC1 signal
disappeared in normal late pachynenga. (Abnormal cells showed man
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strong RAD51/DMC1-stained foci on asynapsed chromosoyrieig (
S7.Correlations at hotspots in different rat strains. Hotspot strength i
compared among all strains. Only autosomal hotspots that were call
both strains are considered. Each dot represents one hotspot and hd
density is shown as a gray (low) to blue (high) gradient. The Spearm
correlation coefficient (R2) is indicated for each compaffsgnS8.DSB
hotspots are stronger on chromosome X than on autosomes. Note tli
since there is only one copy of chromosome X in males, hotspot stre
is scaled by a factor of two.

Additional file 2: Table S1. Genomic and cDNA sequenc&sble S2.
Statistics for rat PAS-H data using L'Ridle S3.Impaired spermiation
efficiency (increased ESP retentiorBridm9deficient SHR rafable S4.
Quantification of cells in tubular stages IV and X®rdi9deficient and
control PWD micelable S5.List of primersTable S6.List of
antibodies.
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Additional file 3. Data underlying plots and graphs in figures.
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Abstract

Aneuploidy (abnormal chromosome number) accompanies reduced ovarian function in humans,and mice
but the reasons behind this concomitance remain underexplored. Some variants in the human gene encoding
histone-3-lysine-4,36-trimethyltransferase PRDM9 are associated with adgupled other variants with
ovarian function reduced by premature ovarian failure (POF), but no link betweeamB@Reuploidy has

been revealed. SHR/Olalpcv rat females lacking PRDM9 manifest£QEduced follicle number, litter

size, and reproductive age. Here we explored this model to test how POF relatesaoploydy. The

mutant rat females displayed increased oocyte aneuploidy and embryonic death ofiriigatbmpared

to controls. Because rat PRDM9 positions meiotic DNA breaks, we investigated thefépase breaks.

Fertile control rodents carry pachytene oocytes with synapsed homologous chromosonegmiaed r
breaks, while steril®rdm8deficient mice carry pachytene-like oocytes with many persisting breaks and
asynapsed chromosomes. However, most PRDM9-lacking rat oocytes displayed asistngdireaks

and non-homologous synapsis (NHS). HORMAD2 protein serves as a barrier torsisteatid repair and

a signal for the synapsis and DNA repair checkpoints. NHS but not asynapsis waateasseith
HORMAD?2 levels similar to the levels on rat pachytene chromosomes with homologapsisy NHS

was accompanied by crossing-over decreased below the minimum that is essentidbifty.alfe argue

that the increased mutant rat aneuploidy is due to NHS, which allows some oocp&ss tmeiotic
checkpoints without one crossing-over per chromosomal pair, leading to segregatisnagmiahereby

NHS links POF to aneuploidy.



Introduction

Oogenesis is an important process in female mammals, betsafisal products are functional

eggs with the potential to be fertilized and grow into a new organism (Zuccotti et al. @0&1)

of the crucial steps of oogenesis is meiotic recombination, which is essential for genome diversity
and fertility. Meiotic recombination starts with the formation of programmed double-strand breaks
(DSBs), accompanied by synapsis of homologous chromosomes, which maintains alignment and
tight connection of homologs. The DSBs are repaired by the recombination machinery using
homologous chromosomes as templates (Bolcun-Filas and Schimenti 2012). About 10 % of DSBs
are repaired as crossing-overs (COs), reciprocal exchanges of genetic material between
homologous chromosomes (Bishop and Zickler 2004). COs are necessary for equal segregation of
chromosomes and normal number of chromosossploidy +in daughter cells (Bolcun-Filas

and Schimenti 2012)'he meiotic stage of rodent oogenesis starts during embryogenesis. After
repairing DSBs to COs and nonCOs, oocytes arrest at the prolonged diplotene stage of prophase
|. These resting oocytes get surrounded by ovarian somatic cells and form primordial follicles
(McGee and Hsueh 2000). Less than 1% follicles will be selected and ovulate an oocyte ¢Richard
and Hedin 1988), and thus gain the opportunity to be fertilized and give rise to a new individual.
In mice (Borum 1961), rats (Beaumont et al. 1962) and humans (Baker, 1963), a major oocyte loss
occurs before or shortly after birth. One of the explanations for this early oocyte attrition is a
checkpoint triggered by the defects that arise during meiotic recombination, such as inefficient
chromosome synapsis or unrepaired DSBs (Di Giacomo et al. 2005; Rinaldi et al. 2017). Mouse
HORMAD2 (HORMA Domain containing 2) quality-control factor binds to unsynapsed
chromosomes in the zygotene stage and it is removed by pachytene (Wojtasz et al. 2009; Rinaldi
et al. 2017); the presence of HORMAD2 on pachytene chromosome(s) is linked to meiocyte
apoptosis via BB repair and synapsis checkpoint (Rinaldi et al. 2017). Additiorthkyspindle
assembly checkpoint blocks meiotic metaphasaraphase transition by recognizing the
incorrect attachment of spindle microtubules to the kinetochores of chromosomes (Touati and
Wassmann 2016).

Human and mousd’R/'SET domain-containing 9 (PRDM9) determines the positions of
programmed meiotic DSBs (Baudat et al. 2010; Myers et al. 2010; Parvanov et abyihdjng
DNA and marking the surrounding chromatin. PRDM9 binds to DNA via its zinc-finger domain



(Grey et al. 2011). PRDM?9 plestrimethyl marks on H3 lysine 4 (H3K4me3, Diagouraga et al.
2018) and lysine 36 (H3K36me3, Powers et al. 2016) via the PR/SET domain. These histone
modifications lead to chromatin opening (Spruce et al. 2020) and recruitment of the DSB-forming
machinery. PRDM9 thus plays a role in the initiation of recombination (Brick et al. Z02H2)9

is also responsible for mouse hybrid sterility (Mihola et al. 2009; Flachs et al. 2012; Flachs et al.
2014; Forejt et al. 2021Rrdm9deficiency results in early and complete oocyte attrition in mouse
strains C57BL/6J (B6) and PWD/Ph (Hayashi et al. 2005; Mihola et al. 2019). The inactivation of
PRDM9 in male mice leads to genome-wide relocation of the programmed DSBs from PRDM9-
specified hotspots into PRDM9-independent H3K4me3 (default) sites (Brick et al. 2012; Mihola
et al. 2019). A hypothesis (Hayashi et al. 2005; Brick et al. 2012) suggests that programmed DSBs
at WKHVH pGHIDXOWY VLWHY DUH QRW UHSDLUHG HIIbFLHQWO\
atresia and sterility. Nevertheless, dog males and females (Mufioz-Fuentes et al. 2011), females of
the CAST/EiJ mouse strain (Powers et al. 2020), and a human female (Narasimhan et al. 2016) are
fertile without functional PRDM9. To resolve these different requirements for PRDM9 in fertility

we generated mutants d?rdm9 in another mammalian specieRattus norvegicus We
demonstrated that rat PRDM9 also trimethylates H3K4 and localizes meiotic DSB sites (Mihola
et al. 2021). In contrast to sterile B6 and PWD mice, both female and male rats of the SHR/Olalpc
strain deficient for PRDM9 produced a limited number of offspring (Mihola et al. 2021). We have
proposed that the extended duration of meiosis in rat versus mouse provideBttmeahutant

germ cells with more time to synapse homologous chromosomes andPema#independent

meiotic DSBs (Mihola et al. 2021).

The zinc-finger domain of PRDM9 is highly variable in both mice (Parvanov et al. 2010) and men
(Baudat et al. 2010). Rare hum&RDM?9 variants with reduced predicted DNA-binding
frequencies are associated with increased aneuploidy (Oliver et al. 2016; Chernus et al. 2019)
Generally, about 20-25% of human oocytes are aneuploid, iEDUU\ WKH 3ZURQJ QXP
chromosomes (Jacobs 1992). If fertilized, aneuploid oocytes may result in spontaneous abortions,
stillbirths, or congenital disability of the offspring (Hassold and Hunt 2001). Women with
aneuploid spontaneous abortions display not only a higher mean age compared to controls with
normal pregnancies (Andersen et al. 2000), but also lower mean age at menopause (Kline et al.
2000). Women with a reduced oocyte pool are at higher risk of an aneuploid pregnancy, regardless

of their age (Haadsma et al. 2010). Excessive depletion of oocytes results in premature ovarian

3



failure (POF, also called premature ovarian insufficiency), an infertility disorder characterized by
significantly lower age at menopause (below 40 years) that affects about 1% of women (Coulam
et al. 1986). Rare variants (two missense and one truncatifiJ M9 occur in POF patients
(Wang et al. 2021), andrdm9defident SHR rats display POF (Mihola et al. 2021). Aneuploidy
accompanies decreased oocyte pool in aged mice (e.g., Fu et al. 2014), but animal models that
link POF and aneuploidy are rare (for review, see Huang et al. 2021). Moreoveplama&rn

linking POF and aneuploidy has been proposed thus far.

In this study, we investigated whether and how the lack of meiotic epigenetic modifier PRDM9 in

our rat model of POF (Mihola et al. 2021) affects the oocyte guaitK LFK ZH GHILQHG DV H
DQG FDSDELOLW\ WR UHVXPH PHLRVLYV DV ZHN2@ubdMhad¥y R VXSS
some rat oocytes lacking PRDM9 could repair DSBs and completely synapse all homologous
chromosomes, but the majority of these oocytes synapsed their non-homologous chromosomes
instead, leading to non-homologous synapsis (NHS). We infer thRtrdine3independent DSBs

are more difficult to repair. The resulting failure of homologous syna@sicompensated for by

NHS, known from other unrelated models (Moses et al. 1982; Baudat et al. R0@@nt rat

pachytene oocytes displayed a reduced signal of quality-control factor HORMAD?2 (Rinaldi et al.
2017) and of early meiotic DSB repair markers associated with NHS, which contrasted with
asynapsed chromosomé&serefore, we argue thiHS allowed some defective rat oocytes to
overcome meiotic checkpoints. However, the CO rates in NHS oocytes were reduced below the
numbers of chromosomal pairs, suggesting that such oocytes could not maintain euploidy after
cell divisions, because COs are necessary to hold chromosomal pairs together during segregation
(Hassold and Hunt 2001). Indeed, we also found elevated oocyte aneuploidy and embryonic death

of some offspring of therdm3deficient rat females, which could be explained as the cost of this
passing the meiotic checkpoints with@usufficient number of COs. Taken together, our work

offers a plausible mechanistic explanation of the link betvikéhand aneuploidy.

Resuls

5DBMWUGPLY UHTXLUHG IRU HIILFLHQW UDW RRF\WH PDWXUDWLR
BUHYLRXVO\ ZH KDYH IRX@GGHEXD WF IRH)EDA8 UUDPR? AHPDOHV
SURGXFHG RIIVSULQJ OLKROD HW3WGPOHG WRHDLPDRWUYPRWH
EHIRUH WKH RQVHW Rl IROOLFXODU3GBPHORBPHOHW IRQUEHC



SULPRUGLDO IROOLFO HDW/HRPSRWHN S DARVRRWQ I/ FPRQVMHIXHQFH
GHILFLHQW UDW IHPDOHV VXIIHUHG IURP 32) E\ WKH DJH RI \
UHSURGXFWLYH VHQHVFHQFH LQ ZLOG W\SehquaRO3REXN UV EH
FXUUHQW JRDO ZDV WR WHVW ZKHWKHU DQG KRZ WKH GHFUHL
ZLWIGHFUHDVHG RRF\WH TXDOLW\ UGRREIHS IGRIHMW WRKRHH \DAEHL D LWA
PHLRVLYVY JHUPLDRRFHWH¥ANWRODWHG IURP 306* SULPHG IHP
IRU KRQWKBWYWRFHVY RI RRF\WH PDWXUDWLRQ ZLOG W\SH
XQGHUZHQW JHUPLQDO YHVLF OHIGW K H D\WSALRZZD H* I/6' $I BLRDUPX V
PHWDSKDVHAKURPRVREZEBW IRBORZHG E\ ILUVW SRODU ERG\ 3%
DUUHVW )LJ D E +RZBHWGHU? RRRIMWEHNS IDLOHG WR H[WUXGH
WKXV UHDFK WKH 0,, VWDJH )LJ D E UHIRDS@aH G LQ *9
percentage of the SHRFAMY""™ and SHRPrdm9"/X° oocytes that extruded PB (P = 0.914) may

indicate that losing onerdm9copy is not enough to affect female rat fertility. This observation is
consistent with the follicle counts in wild-type and SRRIM9"KC rats (Mihola et al. 2021) and

the analyses presented belowX U UHV XOW3W GRSV O S WKW WD OO\ UHTXLUHG IR
RI PHLRVLYVY LQ RRF\WHYV

&KURPRVRPH PLVVHJUHJDW PRIQMGRGL B QHHXW OLRDL\G \RIRF \W H V
(XSORLG\ LV WKH PRVW LPSRUWDQW TXDOLWYKRHD\V& UG NRIGD\
QRUPDO VSLQGOH IRUPDWLRQ DQG VXEVHTXHQW HTXDO V&t
:DVVPDQAQ To assess the effect Brdm9removal on the spindle formatio, Ktainedin

vitro matured (IVM) oocytes for microtubules and DNA, and analyzed the meiotic spindle and
chromosome positions. In 86% of all cases, control oocytes displayed barrel-shaped spindles
where allchromosomes aligned at the middle pl&tewever, 67% oSHR 3 U GKP/XC oocytes

exhibited abnormalities in the chromosome alignment and/or spindle morphology (Fig. 1c, d, e).

To check whether deletion BFdM9FRXOG UHVXOW LQ RRF\WH DQHXBORLG\ .
VSUHDGYV RI RRF\WHV DW WYIRUV®HHHLFFXOWDRYBDWRG ,99 RRF\W
WKDW WLPHRRRYWHYROHDBFWHG WKH 0, VWDJH ZLWK SDLUV
ELYDOHQWY YLVLEOH RQ D VAGUGHRGHWSIUHDB®W+RRFEYWHYV KDRI
SUHPDWXUHO\ VHSDUDWHG KRPRORJRXV FKURPRVRPH XQLYI
*9 RRF\WHV IRU KRXUV %\ WKDW WLPH RI FRQWURO UD!'
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RI 0,, VWDJH ZLWK XQLYDOHQWY REVHUYHG SHHRRRF\WH
3UGPX RRF\WHV KDG DW OHDVW RQH SUHPDWXUHO\ VHSDUDW
F 2XU UHVXOWY WKXV PDQLIBHYGPOHHOIW WRHSGHPRADFWHKQHA\ VI
KRPRORJRXV FKURPRVRPHY DQG FKURPDWLGYVY 7KHVH ILQGLC
PHWDSKDVH VSLQG O HRZKHIAMO oocytesl exhibited abnormalities in
chromosome alignment and/or spindle morphology (Hig.d, 9. $OWRJHWHKHEP UDW
FROQOWULEXWHV WR IHPDOH PHLRWLF FKURPR\WRBR® VFUB DN HNVYW
WKH LQFLGHQFH RI DQHXSORLG HJJV

5HPRYPAMOHDGY WR HPEU\RQLF OHWKDOLW\ LQ VRPH RIIVSL
$00 DXWRVRPDO PRQRVRPLHYV DQG PR YHAssoldbabhd RuRtl2a02),DUH O+
OHDGLQJ WR UHGXFHG QXPEHU RI HPEU\RV DQG RIIVSULQJ 7
TXDOLW\ BQGWOHNVDMW Y ZH H[DPBQEE MRIQ G IRERWQBIU LN QJ
HPEU\RQLF GHYHORSPHQWGR3 W KHL R Q WS IHRMIDRBIEHRER)W R V W

ZH EUHG VXSHU RYXSHRWUHGPRFRORWDBBOVDRGHUQLIKW ZLWK FRC
WKHQ LVRODWHG J\JRWHV DQG XQIHUWLOL]J]HG RRF\WHYV KR
SUHVHQFH RI WKH VHFRQG 3% 7KH SHUFHQWDJBD@ER]\JRWHYV
3UGHP -2 UDWV )H)IZXHWH UHYVXORPNMMIGKIREZFWHK@W HJJV DUH FL
EHLQJ IHUWLOL]HG :H WKHQ FKHFNHG HPEU\RQLF SURJUHVYV
WKH FRQWURO DQG PXWDQW J\JRWHYVY DGYDQFHG WR WKH WZI
EXW RQO\ RI PXWDQW J\UJRWHYV SURJUWBVVBHG WR WIKRH$EODYV
6HFRQG ZH HYDOXDWHG HREYXKNVRORH @GBYWEBBRBQ®J :H GLVV
UDWV RQ ( DQG FRXQWHG KHDOWK\ DQG UHVRUEHG HPEU\R
WKHLU UHGXFHG VL]H DV FRPSDQWHG 19VahalywédHprdghaBidRW K\ HP E |
3 U G'P -?rats that carried on average 4.3 fetuses, nine bore at least one resorbed fetus (average
35% resorbed), while 36 wild-typERQWURO UDWV FDUULHG RQUBIYRWIEHG
)LJ E 7TDNHQ WRIJHWKHU RXWBUGRVXCWRURMDA DGQBTIKDWH W
GHYHORSPHQW LQ WKH RIIVSULQJ E\ SUHYHQWLQJ DQHXSORI

Most Prdm9-deficient rat PO oocytes display synapsis among non-homologous chromosomes



To assess the reason for the decreased oocyte qualRydof9deficient SHR females, we
inspected oocyte development in early prophase |, Wném9is expressed (Hayashi et al. 2005).
We analyzed nuclear chromosome spreads from ovaries starting with E20 embryos (E20) until
postnatal day 1 (P01) by immunostaining for lateral elements of synaptonemal complex protein 3
(SYCP3) and central elements of synaptonemal complex protein 1 (SWORB)L VFHUQ GLIIHUI
VXEVWDJHV RI SURSKDVH , :H GHWHFWHG RQO\ OHSWRWHQF
LQYHVWLIJDWHG :‘H IRXQG VLPLODU SHUFHQWDJHVSRR OHSWRYV
3UGPK( RYDULHBD))LIJBRZHYHU ( SDFK\WHQH RRFMWHV ZHLU
type controls YLJ FFig. S1 while E21 SHR3 UGP -2 lacked this substage of
prophase | (Mihola et al. 2021). On E22, wild-type ovaries contameay pachytene oocytes
(75% of all oocytes), characterized by complete homologous sgri{&f®) and reduced+ $;
signal )LJ  PBFig. S1). However, E22Prdm9deficient ovariesSRVVHVVHG QR RRF\W
FRPS OB ®BXW DEHUUDQW SDFK\WHQH OLNH RRF\WHV ZLWK D
UHWDLQHG WKH + $;RF/)UBDGW)IELUWK REFRWWMYROHDFKHG
SDFK\WHQH VWDJH ZKHIHRBUGEHKDRRRWRPHWXQGHUZHQW QRQ k
V\QDSweVY WKH SHUFHGWMDQHURIDWKE& IURP RQ ( WR RQ 3
RQ 3 YLJ D6 FWe) hrbitrarily defined three types &fHS in SHR 3UGP 2
SDFK\WHQH QHgNHl RARFPRNW IUHTIX6HQWRTI\BRBEORRF\WHV KDUERU
PXOWLSOH FKURPRVRPHV FKDRWLFDOO\ V\QDSIMBG PXOWLYI
RRF\WHV FDUUY&GA HEURPRVRPHYV EXW WRJIJHWKHU ZLWK KHI[D
FKURPRVRPH FRQILIXUDWARQE8 RO EZEWEKRB®RONMRPHY+67\SH ,,,
RRF\WHV PRVWO6\DARQMWDQ @QH/GWULYDOHQWY¥6DXQB TXDGULY
2XU UHVXOWV LQGLFDWH W RD®PIHDH VOLHIDAV MRRD VR Q MSKH. W I
KRPRORJRXV FKURPRVRPHY 1HYHUWKHOHVV WKH SHUFHQWD
SURSKDSHR 3U®P 2 DV ZHOO 7B GHRBUBMWEYWRF\WHYV UHDFKHG
FRPSONWIDSVHG SDFK\WHQH VWDJH EXW QRQH WKH GLSORW
SDFK\WHQH DQG GLSORWHQH RRF\WHV LQ ZLOG W\SH FR

SHR 3UG¥*° SDFK\WHQH RRF\WHV LQFUHDVHG WR DW 3 DO
)yLJ D 6)LJ7KH SHUFHQWDJH RI $6 RRF\WHV RI DOO RRF\WH
ERWK FRQWURO WR LSHRWMBKIEZEOGRMRSH WRG7KHDWYV

SHUFHQWDJH RI 1+ @9® 1RRKRRMHWHY GHFOLQHG IURP R C



EXW WKH SHUFHQWDJH RI WKH RWKHU 1+6 W\SHV LQFUHDVHG
WR )LJ ,Q VXPPDU\ LQ WKH DEVHQFH RI UDW 35'0 FK
UHSUHEMOWHG

SBUGFRGHSHQGHQW DQG LQGHSHQGHQW UDW RRF\WH '6%V DUH
(IMLFLHQW IRUPDWLRQ RI '6%V GXULQJ WKH OHSWRWHQH VWD.
PHLRWLF SURJUHVY DQG JHQHUDWLRQ RI KHDOWK\ JHUP FH(
DILIHFWV WKH SRVLWLRQV RI PHLRWLF '6%V OLKROD HW DO
'6%V LQLWLDWHG SHU PHLRF\WH Kdiact f RRDNDHM/DQK&MUenEW HG 7R
of DSB | R U P Diwdt BaQytes,ZH DQDO\|HG FKURPRVRPH VSUHDGV IURP (
RYDULHV XVLQJ PDUNHUV RI HDUO\ PHLRWLF '6% UHSDLU
'0& 5% IRFL SHERWKX OHSWRWHQH DQG ( JWOJRWHQH RRF
6+53UGP 2 HPEU\RV ZH(Fid. 64l Ip su@desting that rat PRDM9 does not affect

the frequency of formation of female meiotic DSBs

HS and NHS Type Il but not AS or NHS Type | oocytes display low levels of persisting DSB

repair markers at PO

SUGRQGHSHQGHQW '6%V DUH PRUH GLIILFXOW WR UHSDLU L«
OLKROD HW DO 7R GHWHUBUQMPM AKIHFWNKHB % HHSDIHY E

PXWDQW RRF\WHV ZH LQVSHFWHG FKURPRVRPH VSUHDGV IUF

DUH FR QYJQUdVridiGOWbRmitted intermediately the late SDFK\WHQH VWDJH %

JLODV DQG 6FKLPHQWL $V H[SHFWHG IURP WKLV +6 SDF
3UGP 2 KDG ORZ DQG VLPLODU OHYHOV Rl '0BKH $FRXIRWYN RI
'0& 5%' IRE® +6control RRF\WHV ZHUH VLPLODU WR6WRRA\WRIXQW
3 EXW QRW WR WKH FRXQWV RI 7\SH ,, 1¢3% 3 DQ
Fig.6¢c,d) 7KH $6 RRF\WHV GLVSOD\HG VLJQLILFDQWO\ KLJKHU FR
.., 1+6 3 DQG 7\SH ,, 1+6 RRF\WHV 3 QHYH
'0& 5%' IRFL LQ $6 ZHUH ORZHU WKDQ LQ 7\SH , 1+6 RRF\W|

'0& 5$' FRXQWV ZHUH VLPLODU LQ ZLOG W\SH YHUVXV PXWD
KLJKHU LQ PXWDQW OHSWRWHQH WKDQ LQ PXWDQW J\JRWHQF
WKDW WKH '0& 5$' IRFL LQ SDFK\WHQH OLNH PHLRF\WHV PDC
7KHVH UHVXOWV LQGLFDWH WKDW WKH PBR)GEOM LFFIL S DWW RRW L\
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PD\ GHSHQG RQ WKH W\SH RI VIQDSVLV WKH ORZHVW FRXQW!
ZHUH KLJKHU LQ 1+6 7\SH ,, DQG WKH KLJKHVWRIQS$6 DO\GWVLS |
'6%V + $; ZDV UHGXFHG LQ WKH UHJLRQV RI 1+6 PDUNHG E
)LJ 6 DUURZV DQDO\]JHG RRF\WHV IURP WZR IHPDOHYV
PDUNHG E\ 6<&3 RQO\ +RIDRRF\WHIW6 7\SH ,,, GLVSOD\HC
VLIJQDO UHGXFHG WR WKH OHYHOV RI +6 FRQWURO RRF\WHV
LPSRUWDQW IRU HIILFLHQW PHLRWLF '6% UHSDLU EXW QRW
$6 DQG 1+6 7\SH , EXM QBM, PARWVVRFLDWHG ZLWK IS¢1UVLVW
SDFK\WHRUHG BELMNIHFLHQW RRF\WHYV

The female crossover rate appears unaffected by rat PRDM9 but reducénl NHS and AS

7KH ODFN RI '0& 5%' IRFL DQG + $; SHRBUMW P & DFNNWENG W |
RRF\WHV )LJ LQGLFDWHTG detexd Biffe@dces ith the eeinty of the
products of meiotic DSB repair important for fertility and offspring variability - crossover rates
(CORs) xwe used immunocytochemistry and counting nontelomeric CDK2 foci, which represent

the class | CO nodules (see Fig. S3, and Liu et al. 2014). The COR of oocytes displaying complete

HS was similar in littermate controls (27£12.5 nontelomeric CDK2 foci per cell) arf®HR

3 U GPK© (27.0 + 4.8)Fig. 7a, b) The CORs of wild-type anBrdmSdeficient male rats and

mice are also similar (Mihola et al. 2019; Mihola et al. 2021). Our results suggest that PRDM9 has

no effect on COR in rodent females, when analyzed in oocytes with complete HS. The COR
dropped to 22 8in SHR3UGPKXO RRF\WH$6 ZIKMHK PHDQ &25 ZDV HYHQ ORZF
&2 SHU FKURPRVRPDO SDLU EQIR\NRBEWpE N Zi MKNHS Gype I,

and + 2 in NHS TypdlIl (Fig. 7b, c).To check the effect of NHS on COs more directly, we
estimated COR per two and three bivalents, and compared it to COR per quadrivalent and
hexavalent chromosome configurations. The mean @@R2.57 per two bivalents versus 1.14

per quadrivalent and 5.15 per three bivalents, but 2.11 per hexavalent (Fig. 7d, €). In conclusion,

we did not find ay direct effect of PRDM9 on COR, but our results imply a reduction of COR in

both AS andNHS.

NHS might allow Prdm9-deficient rat oocytes to pass meiotic checkpoints



Since NHS was accompanied by reduced staining of markers for DSB under repaf;( D Q G
'0& 5%’ )and COR, we reasoned that NHS could allow DSB repair and passing meiotic
checkpoints (Rinaldi et al. 2017). The persistent HORMAD2 signal on mouse pachytene-like
chromosomes leads to meiocyte elimination, HORMAD?2 thereby acts as a barrier for sister-
chromatid repair and as a surveillance signal for meiotic checkpoints (Wojtasz et al. 2012; Rinaldi
et al. 2017).To verify that the HORMAD2Z2 binding is similar in rat and mouse meiocytes, we
examined the HORMAD2 immunolabeling pattern on chromosome spreads from rat ovaries.
Immunocytochemistry of pachytene and pachytene-like oocytes (81 from two control POl anima
and 142 from threéé + 53 UGP -2 3 | H P De®ddl¥d theD E V HI{HORMAD2 IURP +6
(Fig. 8a) but its presence on AS (Fig. 8b, arrow), thus validating the pattern of HORMAD2
localization in rat female meiosis:H WKHQ WHVWHG WKH \GNBNDXAE RWUB®& LY
GLVWLQJXLVKHG WKUHH FDWHIRWIGHFE HRLFH2HQ$Y RRFFDWEOIVQ J+ 2.
SKLJK”™ +250%' S3ORZ" DQG +250%' 3DEVHQW"~ WR WKH OHYHO
RRF\WHV 7KH +250RBRFAMHNYX FDUULHG +250%' VWDLQLQJ DORQ
DQG RU VHYHUDO SDUWLDOO\ $6 FKURPWWRRHV LQKBO %XQBEHGSP R
1+6 7\SH , RRF\WHV )LJ F RI 1+6 7(3GE D,ORRFOE VRHRV\ WLHV
WKH WRWDO RI RRF\WHWRFW2HY$SFROWEZLQHG D VKRUW VW
+250%$' RQ SDUWLDOO\ $6 FKURPRVRPHVY WKDW ZHUH LQYROY'
7\SH ,,, $00 +6 SDFK\WHQH QXFOHL R DQG R
+250$%' VLJQDO DEVHQW )LJ H &RQVLVWHQWO\ ZLWK WKH
FHOO ZH GHWHFWHG UHGXFHG VESTRE SOIUHXGB OB R KE) PRRPIH I
)L F G H WKH ODFN RI +250%$' VXUYHLOODQFH IDFWRU V
7\SH ,,, RRF\WHV WR SDVV WKH PHLRWLF FKHFNSRLQW V\VWH

2RF\WHV ZLWK 1+6 ISQVHE@ R FRI@WEEktient UDWYV EXW QRMWhELQ VWHU
deficient PLFH

6RPH UDW 1+BAHRR B WFHIYHWHG RI +2509%' DQG WKXV FRXOG SD\
DQG FRQWULEXWH WR WKH WRWDO RRF\WH SRRO :‘H WKHUH
URGHQWY ZRXOG FDUU\ D ORZHU SISHR B Q@RI HU BW 146P R R F\W H
WHVW WKLV K\SRWKHVLVY ZH UHDQDO\|HG LPDJHV IURP RXU
6 W HRudo© deficient % %" WYHQG 3:' YPWRXVH IHPDOHVY FDUULHG RQ
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DQG RI' 3 SDFK\WHQH1®G NHI RRF\WHVY SHMWMKLYHO\ ZKLFK FR
FXUUHQW ILQG L GBIRL3Q GHP tat HethslekoD 68% PO NHS. SHR3 U GO

DGXOW PDOHV FDUULHG R wigh RémplareHBPNhofaSaidall R VaRIF \ W H V
16% with NHS )L J .®HS was not detected in any wild-type rat or mouse investigated (Table

S2). The SHR 3 U G9/%C rat ovaries thus differ from both sterile mouse" ” % @G WP WP

ovaries by a higher percentage of oocytes Witt5.

Discussion

Offspring-producing rats witfPrdmSnull mutations (Mihola et al. 2021) provide a unique
opportunity to explore the effects &frdm9 beyond the initiation of meiotic recombination,

because they display mature gametes and a reduced reproductve2yéV GHIBRHIGHPQW LQ
GLVSOD\ DQ LQFUHDVHG IUHTXHQF\ RI DSRSWRWLF SDFK\W
GHIHFWLYH VSHUPDWLGYV 0L KR@GIDHW DOV WKH CRDEORWH R V¢
VSHUPDWR]RD LQ PRXVH LQWHUVXEVSHFLILF K\EULGV .XVELC
FRQFOXVLRQ WKDW WKH HIITHFW RI WKH ORVV RI HSLIJIHQHWLF
, E\ VKRZLQJ WKDW LW DOVR LQIOKRBPEERMD\L. WWKW RR B AWXIP HH R &l
VXSSRUW HPEU\RQLF GHYHORSPHQW 7KHVH HIITHFWM DUH OL
RRF\WHV VBRI GIRHG®H B H Q G HMRrdbvers e/ point to a mechanism enabling

defective oocytes to bypass the DNA damage and/or synapsis checkpoint(s). The inactivation of

the ratPrdm9gene causes incomplete chromosome synapsis, similarly a&"ff{'B6d PWD™™

mouse females (Fig. S4). However, these sterile mice without PRDM9 are characterize@by AS,

lack of completéHS oocytes, by unrepaired DSBs, and by oocyte depletion by P02 (Hayashi et al.

2005; Mihola et al. 2019Prdm9deficiency delays rat meiosis, but longer duration of rat versus

mouse meiotic prophase | may allow some oocytes (10% on P0) to complete HS arirl dep@ir
independent DSBs to COs and nonCOs. However, the majority of SHRGP’KC pachytene-

like oocytes (63% on PO) switch to NHS. The counts of persisting DSB repair marker foci
(DMC1/RAD51 foci) were low and similar in NHS Type Il and HS control oocytes, whereas NHS

Type | and AS oocytes carried higher counts of DMC1/RAD51 foci. The AS and NHS Type |
oocytes are therefore at higher risk of elimination by the DNA damage response checkpoint. In
agreement with this expectation, SHRU G/ rats form 25% of the wild-type levels of

follicles (Mihola et al. 2021). The wild-type SHR females efficiently eliminated oocytes with AS
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detectable at PO, as judged by the lack of postnatal aneuploid eggs. Moreover, unlike PO NHS Type
| and AS oocytes, some PO NHS oocytes (about half of Type Il and a few of Type II) displaye
no HORMAD? signal, which is expected to reduce their recognition by the checkpoint factors
(Wojtasz et al. 2012; Rinaldi et al. 2017). We therefore argue that NHS Type Hésa@ontribute

to the oocyte pool in SHR3 U G*9/XC females.

We also observeNHS in the two mouse strains lacking fPeim9 gene,B6™'™ and PWD™™
However, the percentage of NHS meiocytes in B&H™ and PWI™™ newborn ovaries (21%

and 19%) was lower than SHR 3 U GKf/*Coocytes (63%). In contrast, 16% rat spermatocytes
deficient for thePrdm9gene carried NHNHS has been reported in mice that carry mutations in
genes involved in meiotic recombination, mostly in spermatocytes (Yoshida et al. 1998; de Vries
et al. 1999; Petukhova et al. 2003). SteBleolt and Msh5deficient mice display NHS in
meiocytes of both sexes; spermatocytes arrest aygotene-like stage and are completely
eliminated, while some oocytes advance beyond the zygotene stage and form some follicles,
indicating sex-specific differences in the meiotic progress of meiocytes that carry NHS3gsle Vr

et al. 1999; Baudat et al. 2000). Genetic backgrounds in rodent species and subspecies influence
chromosome synapsis and COR (Balcova et al. 2016; Mihola et al. 2019; Powers et al. 2020;
Mihola et al. 2021). The rat genetic background in the absence of PRDM9 could allow oocytes to
switchto NHS when DSB repair is compromised

$ SRVLWLYH FRUUHODWLRQ Rl &30 &ZRGMKLWIKHHQOWSRDP W KD N (H
LQ WKH PRXVH OLKROD HW DO SHR B Q GRKPK ID&2-BVRA RAHPHL VIS R
WR WKH YDOXH UDQJH H[SHFWHG IURP WKLV FRBefEM@mEBWLRQ O

mice is 1.48 CO per chromosome (29.6/20; Balcova et al. 2016), which is higher than for PWD
female mice (25.4/20 = 1.27; Balcova et al. 2016). Likewise, the synapsis rate appeared to be
higher inPrdm3deficient VW HU L O'H WHan if3 ;' WP WPW H U L @Gifem&es \\Hhola

et al. 2019). It was therefore tempting to speculate that the COR correlates with the female synapsis

rate as well7KH UDWH RI FKURPRVRPH V\QDSVLV ZDV KLJKHU LQ I}
DQRG % IRU ERWK3UGO&GHW\SIH D QYGl HBP DARHYD ODEOMWH WKH FRUU
H[SHFWHG WSKR X PEPKI IHPDOHVY WR EH DOVR HOHYDWHG FRP!

+ R Z H Yhddean female SHR rate of 1.29 CO per chromosome (Fig. 7/22Y as similar to
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the COR of PWD (1.27) and lower than that of B6 (L.ABKHUHIRUH ZH GIQGVQRRYORIEVH
FRUUHODWLRQ EHWZHHQ &25 DQG V\QDSVLVY RU IHUWLOLW\ L
Studies in male mice bearing chromosome rearrangements suggest that chromosome synapsis in
early pachytene is homology dependent, while in late pachytene it is homology independent
(Moses et al. 1982). 7KLY PRGHO RI 3V\QDSWLF DliebhXrepartedi @W~ KDV
recombination mutants (Baudat et al. 2000). We also obsérvedQ D SW L F DiGRMIOEWPHQW
deficient rat oocytes, when oocytes swidhHrom AS (on E22) to NHS (oR0). In addition,

studies inC. elegansuggested that NHS could permit sister-chromatid recombination (Almanzar

et al. 2021; Liu et al. 2021). Here, we show thitH 3 VX UYHLOODQFH" SURWHLQ
retained onAS chromosomes, and could block sister-chromatid repair and activate the
surveillance mechanism that eliminates AS oocytes. However, HORMAD?2 was absent from some
NHS oocytes, suggesting that NHS could permit CO, nonCO, and sister-chromatid recombination
(Rinaldi et al. 2017). Based on fewer CO nodules on NHS compared to HS chromosomes, DSBs

in NHS regions are more likely repaired by sister-chromatid recombination. The formation of NHS

and CO suppression was reported in mice and yeast carrying chromosome rearrangements (Ashley
and Cacheiro 1990; Dresser et al. 1994), and in allopolyploid plants (Park et al. 2020). We
speculate that NHB somePrdm9+4eficent oocytes enabled sister-chromatid repair and helped to
overcome the surveillance system and thus avoid apoptosis. NHS has been previously implied in
the survival of mouse and human meiocytes (Speed, 1982; Saadallah and Hulten, 1986). However,
sister-chromatid repair does not produce COs, and thus increases the chance of chromosome
missegregation since at least €@ per each chromosome is required for normal chromosome
segregation (Bishop and Zickler 2004). Indeed, 67% of SHRGPXC oocytes carried
abnormalities in chromosome alignment and/or spindle morphology. Moreover, 45% of SHR

3 U G'¥%C gocytes failed to reach the Ml stage, suggesting that the error-prone spindle assembly
checkpoint (LeMaire-Adkins et al. 1997) likely failed to recognize some oocytes with misaligned
chromosomes and to stop them at the metaphase-anaphase | transition. Univalents, resulting from
the lack of COs, likely bi-orientated their kinetochores to tubulin filaments and segregated to
chromatids during MI; bi-orientated attachment of univalents lap&thaps satisfied the spindle
assembly checkpoint, allowing progression to metaphase Il (Lane and Kauppi 2019). In agreement
with this reasoningPrdm3deficient rat females produced aneuploid egQ G WKHLU RIIVSL
HISHULHQFHG LQFUHDMydGe debkhTThel Eldvatdd legdnic lethality can be
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explained by the known lethality of all mammalian autosomal monosomies and most trisomies
(Hassold and Hunt 2001). The link between advanced maternal age and aneuploidy thene of
best-documented risk factors for trisomic (aneuploid) pregnancies in humans (reviewed by
(Chiang et al. 2012). Processes such as accumulation of DNA damage and deterioration of sister-
chromatid cohesion have been proposed as the causes to the age-related aneuploidy in oocytes,
with several mouse models supporting the hypotheses (Liu et al. 2008; Chiang et al. 2010;
Marangos et al. 2015). The association of oocyte pool reduction and trisomic pregnancies has been
documented in age-matched women with versus without the signs of menopause (POF) (Kline et
al. 2000; Haadsma et al. 2010). Mouse females deficient for a gene ena®yingptonemal
complex componengycp3 and females with hypomorphic allelesaafene coding for a nuclease

that resolves CO intermediatedlil) produce aneuploid eggs and reduced numbers of pups
depending on age (Yuan et al. 2002; Singh et al. 2021). The feature distinguishing our animal POF
model lies in the fact that the aneuploidy and miscarriages could be explaiinddSWMost

mouse and rat POF models used are gene mutants with early follicle loss, which are less common
in human patients, or are drug-induced (Jagarlamudi et al. 2010; Lee et al. 2018). Hewdev@r,
deficient rats keep some follicles in adulthood and thus resemble the more common type of human
POF. Moreover, particuldRDM9variants have been associated with human POF (Wang et al.
2021) and with mothers of children with Down syndrome (Oliver et al. 2016; Chernus et al. 2019).
Thus, SHRPrdmd“K° could be a valuable model for studying POF and for developing
therapeutics.

In conclusion, we have revealthat the removal of rat PRDM9 affects multiple stages of female

germ cell development iRattus norvegicusNe point to an alternative mechanism that probably

allows the repair of some DSBs in oocytes via NHS and thus passing the meiotic checkpoints.
+RZHYHU WKH FRVW RI 3FKHDW IS@Jncrdaked araupldidy Srivl lelevatad XV L Q
embryonic lethality of the resulting offspring. Our rat model may provide one of the possible
mechanistic explanations for the link between the incidence of reduced human oocyte pool (POF)
and trisomic pregnancies found previously (Kline et al. 2000; Haadsma et al. 2010). We argue that
delayed (but not completely abolished) synapsis caused by mutations in meiotic genes could lead

to NHS, reduced COR, segregation errors, and egg aneuptbelides causing POF.
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Materials and Methods
Animals

Rats lackingPrdm9 SHRPrdmd“KO, were generated by intercrossing mutants obtained using

an artificial zinc-finger endonuclease programmed to target the PR/SET-domain-encoding exon of
thePrdm9gene (Mihola et al. 2021). Mutants were maintained on the SHR/OlalPcv (abbreviated
here as SHR) background. The rats were kept at the Specific Pathogen-Free FHwlitysiitute

of Molecular Genetics, Prague. Principles of laboratory animal care and handling obeyed the
Czech Republic Act for Experimental Work with Animals (Decree 207/2004 and Law 77/2004)
fully compatible with the corresponding EU regulations and standards, namely Council Directive
806/609/EEC and Appendix A of the Council of Europe Convention ETS123.

Animal euthanization and dissection

The rats werasecrificed using cervical dislocation by a qualified worker. After euthanization, the
total body weight was recorded andiacp of the tail was taken for genotype verification. The
abdominal cavity was opened and both ovaries with oviduct tubes were removed, cleaned from the

surrounding tissue, and weighed.
Prophase chromosome spreads

Prophase chromosome spreads were prepared from embryonic and neonatal ovaries, from
embryonic day E20 to postnatal day PO1. After being placed into a hypotonic solutidvt (0.1
sucrose, 0.2 cocktail of protease inhibitors (Roche, 11 873 580 001) onto a glass slide, oocytes
were released into the hypotonic environment by passing the ovaries through 26-gauge needles
(BD Microlancd™ 3). After 18 minutes of incubation, 200 pl of 1% paraformaldehyde was added
onto glass slides and incubated for 4 hours at 4°C. Slides were rinsed with deionized water, dried
at room temperature, and incubated for 1 hour in a MAH blocking solution (1.5% BSA, 5% goat
serum, 0.05% Triton X-100, and ©.2cocktail of protease inhibitors in PBS) at +4°C.
Chromosome spreads on slides were stained with the appropriate primary antibody overnight at
4 & (see Table S3 for the list of antibodies). After washing in PBS, slides were stained with the
appropriate secondary antibody at§tfor 1 hour in the dark. Following washing and air-drying,
slides were mounted with one drop of VECTASHIELD DAPI (Vectorlabs, H-1200). The

chromosoral spreads were analyzed with Zeiss Z2 Imager.
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Staging of fetal and neonatal rat oocytes

Nuclear spreads of fetal rat oocytes stained by the antibodies against synaptonemal complex
proteins SYCP3, SYCP1 and DSB rep&dD UNH U weré& used to determine the stage of
prophase | of each oocyte. Representative images of five prophase | stages are showh in Fig.
Leptotene nuclei were identified by fragmented elements of SYCP3, lack of SYCP1 signal, and
GLIIXVHG VLJQDO RI + %$; =\JRWHQH QXFOHL ZHUH UHFRJQL]
and partial chromosome synapsis marked by SYCP3 and SYCP1 co-localization. Normal
pachytene nuclei were discerned by complete chromosome synapsis, complete co-localization of
6<&3 DQG 6<&3 DQG E\ GLPLQLVKLQJ VLJQDO RI + $; $EHUU
at least one asynapsed chromosomal p&U 1+6 %RWK SDUWLDO DQG WRWDO
ZHUH GHWHFWHG E\ VWDLQLQJ RI 6<&3 DQ Gwere rgcogz@ds DEV H
by detecting interaction(s) between apparently non-homologous chromosomal arms labeled by
SYCPL1 (Fig. S4, arrow). Aberra@ DFK\WHQH RRF\WHV ZHUH GLVWLQJXLVKH}
E\ FRPSOHWH DVVHPEO\ RI 6<&3 EHWZHHQ FKURPDWLGYV DC(C
EHWZHHQ VRPH KRPRORJRXV DQG RU QRQ KRPRORJRXV FKU
6 < & 3 Diplotene oocytes were identified by partial chromosome desynapsis, disassembly of
SYCP1,andODFN RI1 + $; V4)MhBrnly 8YCP3 was used to access the chromosome
synapsis (Fig. 6, Fig. 8AS and partially AS chromosomes were distinguished by a thinner axis
marked by SYCP3 (Fig. 8B, arrow), comparedtinicker axis of HS and NHS (Fig. 8 ¢, d, e,
arrowhead). When only SYCP1 was used to access the chromosome synapsis (Fig. &§, c, e),

and partially AS chromosomes were distinguished by irregular spots (Fig. 7c, arrowheads),
compared tathicker and continuous axis of HS and NH3iadrivalents and hexavalents were
determined by SYCP3 with SYCP1 or SYCP1 and centromeres (CENT). Ants; DQG- DQWL
SYCP3 antibodies both originated in mice, so the staining had to be performed sequentially. The
cross-reaction of SYCP3and- $; ZDV P L @ddetBr@ined from control pachytene oocytes.

In vitro maturation

Three- to four-week old female rats were admewest an intraperitoneal injection of 15 U
pregnant mare'serum gonadotropin (PMSG, MSD Animal Health) to stimulate the growth of
ovarian follicles. After 48 hours, ovaries were dissected into M2 media (Sigma Aldrich, M7167

and only healthy-looking oocytes (see below for detailed criteria) were harvested. Oocgtes wer

16



cultured in Dminimal essential mediumIMEM) (Sigma Aldrich, M0450) supplemented with

5% fetal bovine serum (FBS, Sigma Aldrich, F2442) and 0.2 IU follicle-stimulating hormone
(FSH, ProSpec, HOR-249). After incubation I&hours, oocytes were denuded (separated) from
cumulus cells and meiotic progress until the MIl stage was assessed by the presence of the PB
under a stereo-microscope (Zeiss SteREO Discovery.V12). Oocytes were used for

immunofluorescence of metaphase spindles and/or chromosome spread analysis.
Metaphase chromosome spreads

In vitro matured oocytes were released from the zonaXgeLGD E\ WUHDWPHQW ZLW
solution for 30 seconds. Following washing with M2 media (Sigma Aldrich, M7167), oocytes

were left to recover for 1 hour enCOzincubator in IMEM + 5% FBS medium. After recovery,

oocytes were incubated for 15 minutes in 75 mM KCI hypotonic solution at room temperature.
Oocytes were transferred onto a glass slide and fixed with three drog® @Ofresh fixative

solution (methanol with glacial acetic acid, 3:1). Slides were air-dried for 30 minutes, mounted

with one drop of VECTASHIELD DAPI (Vectorlabs, H-1200), and analyzed with Zeiss Z2

Imager.
Metaphase spindles

In vitro matured and GV oocytes were fixed in 4% paraformaldehyde and incubated for 1 hour at
room temperature, washed three times for 5 minutes (1x PBS), and transferred toipeateab

buffer (0.5% Triton X-100) for 20 minutes. Following blocking (1% BSA, 0.5% Tween-20 in
PBS) for 1 hour, oocytes were incubated with the mouse anti-acetykiidddin primary
antibody (Woods et al. 1989) (kindly provided by Vladimir Varga, Institute of Molecular Genetics,
Prague) overnight at@&. After washing (0.5%-Tween-20 in PBS), oocytes were incubated with

the secondary antibody (1:400) afc4for 1 hour in the dark. Following another washing, oacyte

were stained with 1 ug Hoechst 33342 (Sigma Aldrich, B226PBS for 10 minutes. Finally,
oocytes were mounted onto glass slides and observed by a laser scanning confocal microscope
(Leica SP8).

In vitro embryo development
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Adult female rats were primed with an intraperitoneal injection of 15 IU PMSG to stimulate the
growth of ovarian follicles. After 44-48 hours, female rats were super-ovulated by administered
an injection of 20 IU human chorionic gonadotropin (Sigma Aldrasid placed in a breeding

cage with a male rat. Females with vaginal plugs were euthanized the next day. Oviductal ampulla
was opened with a needle to release the zygotes. After removal of immature and/or abnormally
looking oocytes (i.e., fragmented, dark colored, abnormal size/shape, abnormalPdizanafor

of perivitelline space), the zygotes and unfertilized MIl oocytes were counted. Embryos were
cultivated until the blastocyst stage in mMR1ECM medium according to Agca, 2019.

In vivo embryo development

Unstimulated female rats were bred overnight with a wild type control male rat and females were
then checked for vaginal plugs. After the pregnancy confirmation by increased weight, females

were euthanized on E20, dissected, and fetuses counted.
Statistics

Statistical comparisons between more than two groups were performed by one-way analysis of
YDULDQFH $129% ZLWK 7XNH\TV RestQW aliSdatd tHaRpasSsbdJthed RQ S
Shapiro-Wilk normality test and Kruskal-Wallis an& Q Q H W WdtVYesi&RWV ddta that did not

pass the normality tese WDWLVWLFDO FRPSDULVRQV EHWZHHQtWZR JUR
test, which does not require the assumption of equal variance between groups. Graphs were
produced by the software package Prism 7. A P value of <0.05 was cedsigeificant.
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LEGENDS

Fig. 1 Mutations in raPrdm9lead to partial metaphase | arrest and misalignment of chromosbinnes-

to four-week old females were used as oocyte doadPsrcentages of the GV (germinal vesicle), GVBD
(germinal vesicle breakdown) and MIl (metaphase Il) oocytes after 18irhatro maturation(IVM)
analyzed by ANOVA. Points depict individual animals; n, number of delRepresentative images of
oocytes withPB extrusion (i.e., MIl oocytes) and those whEBextrusions failed (arrowg Percentages
of the oocytes witlmisalignment of chromosomes and/or spindle defektsExamples obocyte stained
for DNA (DAPI) and metaphase spindle immunostained using an anti-tubulyodyitd Normal spindle

and chromosome alignmertAbnormal alignment: chromosome misalignment (left); spindle defect)right

Fig. 2 Aneuploidy increases in SHR oocytes witltdm9mutations.Three- to nine-weeks old female rats
were used as donora.The percentages and statistics (ANOVA) of oocytes with at least pacase
bivalent and univalent after 8 and 18 hours of IVM, respectively. Eight to 2%aath each of four or five
females per genotype were counted, total cell numbers per genotype (n) are showrhégiot. Ib

Representative images of Ml chromosome spreads after 8 h of IVM. Left; contreé®wadth all bivalents.
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Right: SHRPrdmd©° oocytes with prematurely separated bivalentRepresentative images of Mll
chromosome spreads after 18 h of IVM. Left; control oocytes with all univalents. BidRPrdmg©/<°

oocytes with prematurely separated univalents (chromatids, pointed to by an arrow)

Fig. 3 Defective embryonic development in the offsprindPoimd©%° female rats detected bdthvitro
andin vivo. a Percentage of isolated mutant zygotes that prognegsro to two-cell stage is similar to
controls, but the percentage of mutant blastocysts is decreased (ANOVA). The oLanadyzed embryos
(n) is given under the graph in color code. Three to four rat mothers wereensgpehptypeb Increased
percentage of resorbed embryo®mim3deficient females at E20. N, number of pregnant rats

Fig. 4 Synapsis among non-homologs prevails in SHR oocytes lacking PRBIA8rcentages of rat

oocytes of prophase | substages. E, embryonic day; P, postnatal day. The NHS oocytesnfakante

majority in mutant rats at PO and P1. See Fig. S1 for sample variations and stafRBM9 is important

but not essential for meiotic HS of female rat. Counts of completebpsed (HS) chromosomal pairs per

PO oocyte. Dots depict individual oocytes. Evaluated by Kruska®@ OLY DQG "XQQHWNYTV SRVW
number of animals; n, number of oocytesRepresentative images of a spread nucleus of oocytes at
different substages of prophase I. Arrow points to NHS, arrowhead to AS

Fig. 5 Three types of NHS ifPrdm3deficient pachytene-like SHR oocyteRepresentative images of
spread nuclei of three type of pachytene-like oocytes with NHS (armumdfin SHRPrdmg©e,
Percentages of the three NHS types of pachytene oocytes iP&HIEXC changed from PO to PO1.
Type | NHS oocytes (50% of all NHS on PO and 22% on P01) carried multivalentsSactit@dmosomes.
Type Il NHS (33% and 48%) oocytes encompassed many HS, hexavalents and/or quadrivalefds; and a
AS and/or partially AS. NHS type Il oocytes (17% and 30%) contained theritgapf HS, trivalents
and/or quadrivalents, but not AS chromosomes. Evaluated Hhp F K8 Points depict individual

animals; n, number of cells

Fig. 6 Persisting DSBs in AS but not in Type 1l/lll NHS pachytene-like ooc&®presentative images
of leptotene and zygotene spread nuclei immunolabeled for DSBs (early stagaigf DMC1+RAD51)
and for synaptonemal complex (SYCPB)The counts of DMC1+RAD51 foci in leptotene and zygotene
oocytes are similar in mutant and littermate controls (ANOVA); two cbatrd two mutant embryos were
utilized. ¢ Representative images of PO pachytene and pachytene-like spread dddiei.counts of
DMC1+RADS51 foci in HS mutant pachytene oocytes and oocytes with AS and NHSatF#@i(ANOVA).

Dots distinguish single oocytes; two control and three mutant embryos were used

Fig. 7 Reduction of female CO rate by NHS and ASRRepresentative spread nuclei immunostained for

CO and telomeric nodules via cyclin-dependent kinase 2 (CDK2) and for central slefrgmtaptonemal
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complex (SYCP1) in normal pachytene oocytes with bi8nalysis of differences between CORs in PO
oocytes (ANOVA). Dots distinguish single oocytesRepresentative spread nuclei of pachytene-like
oocytes with NHS (arrow) and AS (arrowheat) & RP S D U L V R Q testHoDEORp¥r x bivalent (one,
two and three bivalents) and per NHS chromosome configuration (quadrivalent and hexagale

lllustrative details of nuclei immunostained for CDK2, SYCP1, and centromeres (CENT)

Fig. 8 Absent HORMAD?2 signal on HS and NHS Type Ill but not on AS regions in SHR pachytene and
pachytene-like oocyteRepresentative images of PO nuclei immunostained for SYCP3 and for the synapsis
surveillance factor HORMAD2a HORMAD? signal was absent from HS andetained at AS (arrows),

as expected (Woijtasz et al. 2009HORMAD?2 was reduced compared to AS on NHS regions (arrowhead)
in NHS Type | andd NHS Type Il oocytes (arrowhead), arabsent in NHS Type Il oocytes (arrowhead)
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Fig. S1Detailed analysis of rat oocyte composition during early proph@etated to Fig. 4; ANOVA)
Note the reduced percentage of HS oocytes, but increased percentage of NHS odbgtaautants

compared to littermates - at both PO and PO1. The E21 data are from Mihola et al., 2021



Fig. S2RedXFWLRQ RI + $; VLJQDO IURP 1+6
Representative images of pachyte@d=-NH RRF\WHV ZLWK 1+6 7KH + $; VLIJQDO LV |

by SYCP3 only)while depleted from NHS (marked by SYCP3 and SYCPL1, arrows)



Fig. S3CDK2 immunocytochemistry detects differences between CORs

The differences between CORs of PWD and B6 males analyzed using MLH1 immunolabeliags |
CO nodules are well documented (e.g., Balcova et al. 2016). Here we show thatiffleesnces can be
also discerned using CDK2 immunolabeling and counting non-telomeric foci. CDKZzésc#b both
telomeric and class | CO nodules (Fig. 7, Liu et al. 2014). Every dot remeseairigle spermatocyte.

Evaluated by: H O F Ktést/ The same males were used for both MLH1 and CDK2 immunocytochemistry



Fig. S4Percentages of pachytene meiocytes with HS and pachytene-like meiocyte$i®ith Rkdmg
deficient newborn females and adult male rodents

Pink and blue colors are for females and males, respectively. Sterile, witature gametes and without
offspring; subfertile, with mature gametes and with reduced offspring. Evaluatdd®yA. The HS data

of B6™™andPWD™™ mice are from Mihola et al. 2019



Table S1Synapsis and COR in rat and mouse oocytes on PO

Chromosomes
B6"M™  BE™™M pwpDY™t pwD™™  SHR SHR
3UG 3UGPKO CAST"
Av. synapsed/all 17.4/20 8.3/20 15/20 5.1/20 20.9/21 16/21 ?
s.d. 5.5 4.9 5.1 3.3 0.3 3.3 ?
Average synapsis 0.870 0.415 0.750 0.255 0.995 0.762 0.96
Total meiocytes (n) 101 103 163 122 212 219 ?
Total animals (N) 2 2 2 2 3 5 ?
CO/chromosome  1.48 ND 1.27 ND 1.29 1.29 1.47

Data from PWD and B6 backgrounds are from Mihola et al. 2019 (synapsis) and Balcova et al.
2016 (COR), CAST data from Powers et al. 2020. ?, not done



Table S2NHS is absent from wild-type rat and mouse PO oocytes, and from adult spermatocytes

Species Genetic Background Sex Total Total Animals
andPrdm9Genotype Meiocytes (n) (N)
Mouse BE"Yt Female 101 2
Mouse PWD"W! Female 163 2
Rat SHR 3 U G"p" Female 212 3
Rat SHR 3 U G"p" Male 53 1




Table S3List of antibodies used for immunocytochemistry

Antibody Type Company, cat. no. Working dilution References
anti-mouseSYCP1 Rabbit-polyclonal Abcam, ab15087 1:300 Mihola et al. 2021
anti-SYCP3 Mouse-monoclonal Santa Cruz, sc-74569 1:50 Mihola et al. 2021
anti-SYCP3 Rabbit-polyclonal Abcam, ab15093 1:50 Mihola et al. 2021
anti-gammaH2AX Mouse-monoclonal Milipore, 05-636 1:5000 Mihola et al. 2021
anti-Centromeric Protein(s) Human autoimmune (CREST) AB-Incorporated, 15-235 1:300 Mihola et al. 2021
anti-DMC1 Rabbit-polyclonal Santa Cruz, sc-22768 1:300 Mihola et al. 2021
anti-RAD51 Rabbit-polyclonal Santa Cruz, sc-8349 1:300 Mihola et al. 2021
anti-acetylatedD tubulin Mouse-monoclonal (homemade, C3B9) 1:25 Woods et al. 1989
anti-CDK2 Mouse monoclonal Santa Cruz, sc-6248 1:200 Mihola et al. 2021
anti-Rabbit IgG-AlexaFluor488 Goat anti-Rabbit IgG (H+L)  MolecularProbes, A-1103 1:400 Mihola et al. 2021
anti-Rabbit IgG-AlexaFluor568 Goat anti-Rabbit IgG (H+L)  MolecularProbes, A-1103 1:400 Mihola et al. 2021
anti-Mouse IgG-AlexaFluor488 Goat anti-Mouse IgG (H+L)  MolecularProbes, A-1100 1:400 Mihola et al. 2021
anti-Mouse 1gG-AlexaFluor568 Goat anti-Mouse IgG (H+L)  MolecularProbes, A-1103 1:400 Mihola et al. 2021
anti-Mouse IgG-AlexaFluor647 Goat anti-Mouse IgG (H+L)  MolecularProbes, A-2123 1:400 Mihola et al. 2021
anti-Human 1gG-AlexaFluor594 Goat anti-Human IgG (H+L) MolecularProbes, A-1101 1:400 Mihola et al. 2021
anti-Human IgG-AlexaFluor647 Goat anti-Human IgG (H+L) MolecularProbes, A-2144 1:400 Mihola et al. 2021
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