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Abstract

Mammalian meiotic recombination, which preferentially occurs at specialized sites called hotspots,
assures the orderly segregation of meiotic chromosomes and creates genetic variation among
offspring. A locus on mouse Chr 17, that controls activation of recombination at multiple distant
hotspots, has been mapped within a 181 Kb interval, three of whose genes can be eliminated as
candidates. The remaining gene, Prdm9, codes for a zinc finger containing histone H3K4 trimethylase
that is uniquely expressed in early meiosis and whose deficiency results resulting in sterility in both
sexes. Mus musculus exhibits five alleles of Prdm9; human populations exhibit two predominant
alleles and several minor alleles. The discovery of Prdm9 as the first protein regulating mammalian
recombination hotspots initiates molecular studies of this important biological control system.

Text

Genetic recombination is an essential biological process among eukaryotes. Mammalian
meiotic recombination, which preferentially occurs at specialized sites, 1-2 Kb long, known
as hotspots, assures the orderly segregation of meiotic chromosomes and creates genetic
variation among offspring. However, despite their importance in determining the
recombination landscape of the organism, we have little understanding of the elements
determining the location and relative activity of hotspots. That the location of a hotspot is not
determined simply by its internal DNA sequence is supported by both yeast * and mammalian
studies 2:3. Two recent reports 4> have described the existence of trans-acting loci that control
the activation of specific hotspots elsewhere. The loci, Dsbcl and Rerl, are located in
overlapping 5.4 Mb and 6.3 Mb regions on mouse chromosome 17.

We have now extended the mapping of both Rcrl and Dsbcl using 1580 progeny of a cross
between the C57BL/6J (B6) and CAST/EiJ (CAST) mouse strains differing in activity of the
Rcrl/ Dsbcl controlled hotspots HIx1, Esrrg-1 and Psmb9 (Fig. S1). We located both loci to
a common 181 Kb region containing four protein coding genes (Fig. 1): Psmb1, Tbp, Pdcd2,
and Prdm9. We found no differences in expression levels of the transcripts of any of these
proteins in testes when assayed by RT-PCR (Table S1).

Psmb1, proteasome beta type 1 subunit, is a ubiquitously expressed protein that functions as
a structural component of an organelle responsible for generalized protein degradation. Thp,
TATA binding protein, is an essential component of the TFIID transcription initiation complex
which has considerable DNA binding specificity. Pdcd2, programmed cell death protein 2, is
widely expressed, repressed during B cell lymphomagenesis. Based on DNA sequencing of
the entire coding regions of these three proteins, we found only five coding SNPs, all
synonymous, resulting in no amino acid differences between the B6 and CAST strains (Table
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S2). For the first exon of Pdcd2, we relied on the Sanger Institute sequence
(http://www.sanger.ac.uk/modelorgs/mousegenomes/).

Prdm9, PR domain containing 9, is uniquely expressed during early meiosis in both males and
females, and the knockout is blocked at the pachytene stage of meiosis | with reduction of the
number of Dmc1 foci and a loss of Dmc1 and y-H2AX colocalization, resulting in sterility in
both sexes and azoospermia in males ©. It has three functional domains, a N terminal KRAB
domain that can promote protein:protein binding and transcriptional repression when tethered
to DNA by an adjacent DNA binding domain, a central PR/SET domain providing a histone
methyl transferase activity capable of trimethylating H3K4 and thus altering chromatin
configuration, and a terminal zinc finger domain of C2H2 type. The zinc finger domain contains
tandem repeats, with one finger per repeat, and has 11 fingers in the CAST allele and 12 in the
B6 allele, with a number of amino acid substitutions in the 6, 9 and 12 positions after the second
cysteine of the fingers, the residues determining DNA binding specificity. (Fig. S2). Given the
properties of Prdm9, including its requirement for meiosis, its histone 3 lysine-4 trimethylation
activity and role in determining DNA DSBs, and the lack of a reasonable alternative candidate,
we conclude that Prdm9 is Rerl/Dsbcl. This is supported by the observation 7 that
recombination at hotspots Psmb9 and HIx1, regulated by Rcrl/Dsbcl, is preceded by histone
3 lysine-4 trimethylation.

We sequenced Prdm9 exon 12 containing the entire Zn finger domain in 20 mouse strains and
found five alleles differing in the number of zinc finger repeats, ranging from 11 to 14, as well
as in codons for the amino acids in 6, 9" and 12" position of each finger responsible for DNA
binding (Fig. S2). The alleles for C3H and PWD mouse strains are identical with those reported
by Mihola et al. 8 who identified Prdm9 as the gene underlying the Hst1 locus determining
male infertility in certain crosses between strains of M.m. musculus and M.m. domesticus.

We also sequenced exon 12 of human PRDMS9 in 64 DNA samples from the Coriell Institute
for Medical Research. We found two predominant alleles among these 128 chromosomes,
containing a zinc finger domain of 12 tandem repeats, and several minor frequency alleles (Fig.
S3A). African-Americans had eleven minor alleles with 11, 12 or 13 zinc fingers and a number
of amino acid substitutions, Han Chinese three minor alleles, two with 12 and one with 13
fingers, and Mexican-Americans one, identical to the Chinese variant with 13 fingers, while
Caucasians had none (Fig. S3B). These results conform well with presently accepted views of
human evolution.

The discovery of Prdm9 as the first mammalian protein regulating meiotic recombination
hotspots initiates studies of an important biological control system that has hitherto been
inaccessible. A recent paper ? identified Prdm9 as a speciation gene across diverse metazoans
and hypothesized that its essential role in meiosis is directly related to its ability to bind rapidly
evolving DNA sequences. Our results clearly show that these sequences represent
recombination hotspots. An immediate compelling question is whether Prdm9 controls
activation of all, or nearly all, recombination hotspots, or whether it is simply a member of a
family of proteins, each controlling a sub-set of all hotspots.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Fine mapping the location of Rcrl. Upper line shows the position, in Mb (Ensembl Build 37),
of the markers used for genetic mapping. Crossovers collected in this region are marked with
blue for B6 DNA and red for CAST. On the left are the serial numbers of the male progeny
tested for recombination activity. The critical region containing Rcrl is between markers at
15.589 and 15.770 Mb. Below are the order and coordinates of the four protein-coding genes
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