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During meiosis, each pair of homologous chromosomes becomes connected by at least
one crossover, as required for accurate segregation, and adjacent crossovers are widely
separated thereby limiting total numbers. In coarsening models, this crossover patterning
results from nascent recombination sites competing to accrue a limiting pro-crossover
RING-domain protein (COR) that diffuses between synapsed chromosomes. Here, we
delineate the localization dynamics of three mammalian CORs in the mouse and deter-
mine their interdependencies. RNF212, HEI10, and the newest member RNF212B show
divergent spatiotemporal dynamics along synapsed chromosomes, including profound
differences in spermatocytes and oocytes, that are not easily reconciled by elementary
coarsening models. Contrasting mutant phenotypes and genetic requirements indicate that
RNF212B, RNF212, and HEI10 play distinct but interdependent functions in regulating
meiotic recombination and coordinating the events of meiotic prophase-I by integrating
signals from DNA breaks, homolog synapsis, the cell-cycle, and incipient crossover sites.

meiosis | crossover | reproduction | gamete | ubiquitin

During sexual reproduction, parents contribute equally to their offspring by producing gam-
etes with precisely half the normal cellular ploidy. This is achieved via two successive rounds
of chromosome segregation during meiosis. Accurate segregation during the first division
(MI) requires crossing over between each pair of homologous chromosomes (homologs). In
combination with cohesion between sister-chromatids, crossovers create connections called
chiasmata that enable stable biorientation of homolog pairs on the meiosis-I spindle (1-3).
Defective crossing over can trigger cell death (4), or cause aneuploidy (5, 6), and is therefore
associated with infertility, miscarriage, and congenital syndromes (7-10).

Crossing over is typically the minority outcome of meiotic recombination with most
initiating DNA double-strand breaks (DSBs) being repaired as noncrossovers without
exchange of chromosome arms (11). Also, crossover sites are selected such that each pair
of chromosomes obtains at least one, termed crossover assurance; adjacent events are widely
and evenly spaced via crossover interference (which also limits total crossovers); and
crossover numbers per nucleus show low variance relative to precursor DSBs, reflecting a
buffering process known as crossover homeostasis (2, 3, 12). The molecular basis of crossover
patterning remains unclear but manifests at the cytological level as selective retention/
accumulation of certain pro-crossover factors at designated crossover sites as prophase
progresses (2, 3). Among these are RING-domain proteins related to budding yeast Zip3
(13), inferred to mediate modification by SUMO and ubiquitin (2, 14-21). Species differ
with respect to the number and subgroup (Zip3/RNF212 and HEI10) of these CrossOver
RING proteins (CORs): Sordariales and plant genomes encode a single HEI10 homolog
(13, 18, 22); Drosophila encodes three Zip3/RNF212-like proteins (21, 23); and C. elegans
has four members with homology to both subgroups (19, 20, 24).
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Significance

Meiosis produces haploid
gametes by precisely halving

the chromosome complement.
Crossing over between
homologous chromosomes
(homologs) is essential for their
accurate segregation and defects
are associated with infertility,
miscarriage, and congenital
disease. Factors that ensure
crossing over between each pair
of homologs include mammalian
RING-domain proteins RNF212,
HEI10, and RNF212B, alleles of
which are linked to infertility and
heritable variation in crossover
rate. This study focuses on
understanding the functions and
relationships between these
pro-crossover RING proteins
(CORs) in the mouse, providing
important insights into their roles
in regulating recombination, the
DNA repair process that
produces crossovers. Notably,
chromosomal localization
dynamics of the three CORs are
distinct and show striking sexual
dimorphism with important
implications for models of
crossover control.
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N.H. analyzed data; and M.I. and N.H. wrote the paper.

Mammalian genomes encode both RNF212 and HEI10 homologs with interrelated
functions that are essential for crossing over (15-17, 25). RNF212 localizes between synapsed
chromosomes, initially as numerous foci along the central region of synaptonemal complexes
(SCs), before undergoing HEI10-dependent repatterning to accumulate at prospective cross-
over sites while diminishing elsewhere (15-17). RNF212 and other CORs are inferred to
stabilize pro-crossover factors that directly mediate the DNA events of crossing over (15-19,
26, 27). These include the MutSy complex (MSH4-MSH5) that can bind D-loop and
Holliday junction intermediates (28-30), and is inferred to protect them from dissociation
by the Bloom-helicase/decatenase complex, BLM-TOPIIIa-RMI1-RMI2 (analogous to
Sgs1-Top3-Rmil in budding yeast) (31-34). In mouse spermatocytes, MutSy initially local-
izes to most recombination sites during late zygotene and early pachytene as homologs
complete synapsis (11, 15). Subsequently, RNF212- and HEI10-dependent processes
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mediate loss of MutSy from most sites but retention at prospective
crossover sites, which then accumulate crossover-specific factors
such as the MutLy endonuclease (2, 29).

A key question for understanding meiotic crossover control is
whether crossover sites are specified by the dynamic focal patterning
of CORs along SCs, as proposed by recent models that invoke
phase-transition/condensation, coarsening, and/or Ostwald ripen-
ing processes (19, 35-37). In these models, adjacent recombination
sites compete to accumulate a limiting amount of COR protein
diffusing along the SC, with crossover designation ensuing at “win-
ning” sites where COR has accrued. Alternatively, COR patterning
could occur downstream of crossover patterning via a distinct pro-
cess, such as mechanical stress (38, 39), in which designation of a
crossover site triggers a spreading zone of inhibition that mediates
crossover interference. This class of models does not exclude COR
coarsening, which could have downstream functions.

Here, we characterize and compare mammalian CORs RNF212,
HEI10, and the newest member RNF212B (40-45). Contrasting
phenotypes, localization, and genetic dependencies imply that they
function as distinct but interdependent modules that integrate sig-
nals from DSBs, synapsis, the cell-cycle, and developing crossover
complexes to effect spatiotemporal coordination of meiotic
prophase. Importantly, the three CORs show diverse spatiotemporal
dynamics including striking differences between males and females,
features that are not easily reconciled by coarsening models of cross-
over patterning.
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Results

Rnf212b™"" Mice Are Sterile Due to Diminished Crossing Over.
Rnf212b null mutants were created via CRISPR-Cas9 (SI Appendix,
Figs. S1 and S2 and Table S1) and two identical lines, with a
frameshift after the eighth codon and premature stop codon after
just 27 codons (SI Appendix, Fig. S2B), were chosen for detailed
phenotypic analysis. An independent Rnf212b line was recently
reported with similar phenotypes to those described below (45).
Rnf21 2b™" males were sterile with testes ~threefold smaller than
wild type (WT), cauda epididymides devoid of sperm, and an
absence of post metaphase-1 spermatocytes (57 A}Dpendz’x, Fig. S3 4
and B). Sterility was also observed for Rnf2125™" females, analysis
of which is })resented in Fig. 6 and SI Appendix, Fig. S13.
Rnf2127" mutants are sterile because crossover failure results in
unconnected univalent chromosomes (15). Analysis of chromo-
some spreads from diakinesis/metaphase-1 spermatocytes showed
this is also the case for RnﬂIZb_/_ mutants (Fig. 14). In WT
nuclei, all autosomes presented as bivalents with 24.1 + 2.3 chias-
mata per nucleus (mean + SD; # = 61). Conversely, Rnﬁle_/_
nuclei contained primarily univalents with a residual of 1-3
chiasmata (0.66 + 0.75 chiasmata, # 77). Absence of
crossover-specific MLH1 immunostaining foci on pachytene-stage
chromosomes (Fig. 1B) indicates defects in designation and/or
maturation of crossover-specific recombination complexes (con-

firmed by analyzing two other crossover markers, PRR19 and
CDK2; SI Appendix, Fig. S3C) (16, 46, 47).
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Fig. 1. RNF212B is required for crossing over via
stabilization of ZMMs in mouse spermatocytes. (A)
Chiasmata are diminished in Rnf212b™" spermato-
cytes. Diakinesis/metaphase-I stage spermatocytes
stained with DAPI. (B) MLH1 foci are absent in Rn-
f212b™" spermatocytes. Mid-late pachytene-stage
spermatocyte nuclei immunostained for SYCP3
and MLH1. (C) Representative images of succes-
sive prophase-| stages in chromosome spreads
of WT spermatocytes immunostained for SYCP3.
(D) Distributions of spermatocytes in successive
prophase-l stages. Bar graphs indicate means
from two mice. P =0.001 for G test. >250 unselect-
ed SYCP3-positive cells were analyzed per mouse;
578 Rnf212b*"* and 549 Rnf212b™" total cells. ()
Autosomal and X-Y synapsis in pachytene-stage
spermatocyte nuclei immunostained for SYCP3 and
H1t. Magnified images show X-Y chromosomes.
(F) Premature desynapsis of X-Y chromosomes in
Rnf212b™" and Rnf212”" spermatocytes. ns, not
significant (P >0.05); ****P <0.0001, Fisher's exact
tests. Total numbers of cells analyzed from three
mice of each genotype are indicated below the X
axis. (G) Spermatocyte nuclei at indicated stages
immunostained for SYCP3 and a ZMM factor MSH4.
Representative chromosomes are magnified. (H)
MSH4 focus counts. Red bars indicate means +
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Irregular Chromosome Synapsis in Rnf212b_/_ Mutant Sperma-
tocytes. To begin to understand why crossing over fails in the
Rnf2126”"~ mutant, progression through prophase-I was assessed by
quantifying fractions of spermatocytes at each substage (leptonema,
zygonema, pachynema, and diplonema; Fig. 1C). Although
homologs synapsed in Rnf212b™" spermatocytes, stage distributions
indicated overrepresentation of zygotene and fewer pachytene nuclei
relative to WT (P =0.001, G test), suggesting delayed or unstable
synapsis (Fig. 1.D). Consistent with the latter, while initial pairing
and synapsis of the X-Y pseudoautosomal region was efficient,
premature desynapsis was elevated >fivefold in mid/late pachytene
Rnf212b”" spermatocytes (positive for histone variant H1t; Fig, 1
Eand F), analogous to the RanIZ_/_ mutant (15).

Intermediate Steps of Meiotic Recombination Are Defective in
the Rnf212b™"~ Mutant. The modest synapsis defects of Rnf2126™
cells imply that early steps of recombination occur normally, with
RNF212B promoting later steps. To test these inferences, pertinent
recombination markers were analyzed by immunostaining (Fig. 1
G and H and SI Appendix, Figs. S4 and S5). RAD51 and DMCI1
assemble onto DSB ends to form nucleoprotein filaments that catalyze
homologous pairing and DNA strand exchange (48). RAD51 and
DMCI focus numbers were slightly elevated in zygotene Rnf212b™"
spermatocytes (S Appendix, Fig. S4), suggesting mild perturbation
of recombination as chromosomes synapse that might reflect the
delayed/unstable synapsis inferred above (Fig. 1 C-F).

Replication protein A (RPA; comprising RPA1-3) binds
single-stranded DNA formed at DSB ends and at D-loops as strand
exchange ensues (49). Prominent RPA2 foci emerge in zygonema, as
DMCI1/RAD51 foci are diminishing, then disappear as DSB repair
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ensues. Mid-zygotene Rnf212b”" and WT spermatocytes formed
similar numbers of RPA2 foci, but in subsequent stages, levels were
lower in erﬂ]Zb*/’ cells suggesting faster DSB repair (57 Appendix,
Fig. S5 A and B). More dramatic reductions were observed for foci
of ZMM proteins MSH4, TEX117*, and HEM 1%, with ~three-
fold fewer foci in the Rnﬁ]Zb_/_ mutant (Fig. 1 G and H and
SI Appendix, Fig. S5 C-F). The altered dynamics of RPA2 and ZMM
foci in Ruf2126” spermatocytes were similar to those seen for

Rnf212”" (Fig. 1 G and H and SI Appendix, Fig. S5) (15).

RNF212B Dynamically Localizes to SCs and Recombination Sites. To
address whether RNF212B acts locally to stabilize ZMM:s at nascent
crossover sites, antibodies against RNF212B (isoform a; S Appendix,
Fig. S1B) were used to immunostain spermatocyte chromosomes
(Fig. 2 A and Band ST Appendix, Fig. S6). RNF212B was first detected
in very early zygonema, specifically localizing to sites of synapsis
initiation marked by SYCP1 (73.1% of short SYCP1 stretches <2
pm colocalized with RNF212B foci; 7 = 38/52 from 11 nuclei).
As synapsis ensued, punctate staining extended along SCs, with
focus numbers peaking in early pachynema, as synapsis completed,
at 175.9 + 15.2 foci per nucleus (mean + SD; n = 27; Fig. 2B).
Focus numbers then diminished as a small number of large, bright
“amplified” RNF212B foci emerged. By late pachynema, each SC had
only one or two large RNF212B foci (25.0 + 2.3 foci per nucleus;
mean + SD; » = 29; Fig. 2B). By mid-diplonema, as homologs
desynapsed, all RNF212B foci had disappeared. Superresolution
structured illumination microscopy (SIM) showed that RNF212B,
like RNF212, localizes to the SC central region (Fig. 2C).
Phenotypes of Rrf212b”" mutants and localization dynamics of
RNF212B indicate strong similarities with RNF212. To explore this

Fig. 2. RNF212Blocalization to SCs and recombina-
tion sites in prophase | spermatocytes. (A) RNF212B
localization at successive prophase | stages in sper-
matocyte nuclei immunostained for SYCP3, SYCP1,
RNF212B, and H1t. Arrowheads highlight amplified
RNF212B foci. Arrows indicate synapsed pseudo-
autosomal region between X-Y chromosomes. (B)
Numbers of RNF212B foci per nucleus in spermat-
ocytes at successive prophase | stages. Red bars in-
dicate means. Means of focus numbers are shown
below the graph. Lept., leptonema; Zyg., zygonema;
pach., pachynema; dip., diplonema; numbers of nu-
clei analyzed were 8, 12, 27, 29, 29, 19, and 11, re-
spectively. (C) Localization of RNF212B to the central
region of the SC via SIM imaging of early and late
100 pachytene spermatocytes immunostained for SYCP3
and RNF212B. Arrowheads highlight amplified RN-

o F212B foci. (D) RNF212B colocalization with RNF212
60 = in SIM image of a late zygotene spermatocyte im-
: munostained for SYCP3, RNF212B, and RNF212. (E)

40 Quantification of RNF212B-RNF212 colocalization.
Left, focus counts. Right, degree of colocalization.
Black and red bars indicate means. SIM images of

®
(=]

% of foci colocalizing
per nucleus

PNAS 2025 Vol.122 No.2

2412961121

0 3 late-zygotene and 8 early-pachytene nuclei were

(b&\f:@ w“\,{ff’ analyzed. Magnified images in (A), (C), and (D) show
@%_é‘é{%ﬂ representative chromosomes. (Scale bars, 10 pm for
& e full nuclei and 2 pm for magnified images).

https://doi.org/10.1073/pnas.2412961121

30of12


http://www.pnas.org/lookup/doi/10.1073/pnas.2412961121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412961121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412961121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412961121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412961121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412961121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412961121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412961121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412961121#supplementary-materials

4 0f 12

relationship, colocalization was analyzed by SIM (Fig. 2 D and E).
In late zygotene/early pachytene spermatocytes, RNF212-RNF212B
colocalization was high but incomplete with 75.9 + 3.4% of
RNF212B foci colocalizing with RNF212, and 62.1 + 5.1% of
RNF212 foci colocalizing with RNF212B (means + SDs; 7 = 11
nuclei; Fig. 2 D and E; note that many more foci are resolved by SIM
than by the conventional microscopy used in Fig. 2 A and B with an
average of 307.5 + 50.0 RNF212B foci, 374.6 + 43.2 RNF212 foci,
and 233.4 + 38.7 RNF212B-RNF212 cofoci per nucleus).

SIM was also used to analyze localization of RNF212B to
recombination sites marked by MSH4 (SI Appendix, Fig. S6 B
and C). In early pachynema, RNF212B foci were in twofold excess
over MSH4 and only 40.2 + 6.2% of RNF212B foci colocalized
with MSH4 foci; however, 77.2 + 4.7% MSH4 foci colocalized
with RNF212B (means + SDs; 7 = 7; SI Appendix, Fig. S6 B and
O). In late pachynema, numbers of amplified RNF212B foci per
nucleus were indistinguishable from those of crossover marker
MLHI1 and colocalization was essentially absolute (S Appendix,
Fig. S6D; 99.7 + 1.0% of RNF212B foci colocalized with MLH1
foci and 99.0 + 1.7% of MLHI1 foci colocalized with RNF212B
foci; means + SDs; 7z = 15 nuclei). Thus, RNF212B foci in late
pachytene spermatocytes exclusively localize to crossover sites.

Amplified RNF212B Foci and HEI10 Designate Crossover Sites in
Mid Pachytene Spermatocytes. Unlike RNF212B and RNF212,
numerous foci of HEI10 were not detected in zygotene or early
pachytene spermatocytes. Instead, HEI10 foci emerged in mid
pachynema already with a crossover-specific pattern, i.e. crossover
designation has occurred by this stage (Fig. 3 A and B) (16, 17).
Colocalizing foci of MLH1 appeared later, in nuclei with a full
complement of HEI10 foci.

Having defined HEI10 foci as the earliest detectable marker of
crossover designation to date, at least in spermatocytes (for oocytes;
see Fig. 7) we set out to determine their spatial-temporal relation-
ship with amplification of RNF212B and RNF212 foci. Focus
intensities were measured from images with matched exposures and
normalized to mean intensities in early pachytene nuclei lacking
HEI10 foci (Fig.3 C and D and S/ Appendix, Fig. S7A). In
mid-pachytene nuclei with > 1 HEI10 crossover focus per autoso-
mal SC, colocalizing RNF212B foci were 11-fold brighter than
other RNF212B foci in the same nuclei (6.29 + 2.66 for 194 cross-
over foci versus 0.57 + 0.59 for 2,004 other foci from 8 nuclei;
means = SDs; P < 0.0001, Mann—Whitney test) and 6.3-fold
brighter than foci in early pachytene, consistent with the possibility
that crossover foci grow at the expense of other foci. By comparison,
crossover-associated RNF212 foci were only threefold brighter than
other foci in the same nuclei (1.83 + 1.05 for 194 crossover foci
versus 0.60 + 0.58 for 2,291 other foci form 8 nuclei; means + SDs;
P <0.0001, Mann—Whitney test) and 1.8-fold brighter than those
in early pachytene. Thus, at designated crossover sites in mid pachy-
tene, RNF212B shows stronger amplification than RNF212.

In late pachytene spermatocytes, remaining RNF212B foci were
crossover specific and had intensities comparable to crossover foci in
mid-pachytene (6.42 + 4.84-fold brighter than early pachytene foci;
206 crossover foci from 8 nuclei; mean + SD) implying that RNF212B
foci do not continue to enlarge between mid and late pachytene, i.e.
RNF212B is lost from other sites as opposed to being absorbed into
crossover foci. By contrast, RNF212 staining in late pachytene nuclei
comprised a mixture of crossover foci and other small residual foci.
Crossover-associated RNF212 foci were sixfold brighter than other
foci in the same nuclei (1.53 + 1.13 for 206 crossover foci versus 0.24
+ 0.23 for 988 other foci from 8 nuclei; means + SDs; P < 0.0001,
Mann—Whitney test) but only 1.5-fold brighter than those in early
pachytene. Thus, crossover-associated RNF212 foci continue to

https://doi.org/10.1073/pnas.2412961121

differentiate between mid and late pachynema but this may occur
primarily via loss of RNF212 from noncrossover sites as opposed to
continued growth of crossover foci. Consistent with these inferences,
total signal intensity of RNF212B per nucleus was unchanged from
early to mid pachynema, but then decreased from mid to late pachy-
nema as RNF212B was lost from noncrossover sites; by comparison,
total signal intensity of RNF212 reduced during both early to mid,
and mid to late pachynema (1.00 £ 0.21, 0.97 + 0.24, and 0.54 =
0.33 for RNF212B; and 1.00 + 0.32, 0.69 + 0.31, and 0.22 + 0.10
for RNF212 in early, mid, and late pachynema, respectively, 7 = 8
nuclei each; ST Appendix, Fig. S7C).

Per chromosome analysis in mid pachytene highlighted addi-
tional distinctions (Fig. 3£ and SI Appendix, Fig. S7B). RNF212B
foci at crossover sites were on average 5.1-fold brighter relative to
the brightest other focus along the same chromosome, whereas
RNF212 foci were only 1.4-fold brighter (Fig. 3 E, Leff). When
relative intensities were plotted for individual pairs of colocalizing
RNF212-RNF212B crossover foci, almost no correlation was
detected (72 = 0.106), i.e. at mid pachynema, bright RNF212B
foci are not coincident with bright RNF212 foci (Fig. 3 E, Right).

In mid-pachynema, 76.1% of designated crossover sites (HEI10
foci; n = 140/184, 8 nuclei) showed amplification for RNF212B
(2 twofold brighter than the brightest other focus along the same
chromosome) but not for RNF212. Oppositely only 0.5% of cross-
over sites (z = 1/184; 8 nuclei) showed amplification of only
RNF212 butnot RNF212B (Fig. 3 E, Right). Thus, crossover-specific
amplification of RNF212B occurs earlier than RNF212. This was
most pronounced as HEI10 foci were emerging; in nuclei with <19
HEI10 foci, RNF212B showed clear amplification at designated
crossover sites but RNF212 did not (Fig. 3F).

Together, focus dynamics in spermatocytes reveal that RNF212B
foci amplify at designated crossover sites during early-to-mid pachy-
tene, coincident with the appearance of HEI10 foci (ST Appendix,
Fig. S8); then RNF212B is lost from other sites without additional
amplification of crossover foci. By contrast, RNF212 crossover foci
differentiate later, during mid-to-late pachytene; and loss of RNF212
from other sites, rather than growth, may be a major cause of changes
in relative intensity.

Interdependence Between HEI10, RNF212B, and RNF212. Our
previous studies evoked a model in which RNF212 establishes a
precondition for crossover/noncrossover differentiation by stabilizing
nascent intermediates and stalling recombination by rendering
progression dependent on HEI10 (16, 17). Notably, in Heil 0"
mutant spermatocytes, abundant RNF212 foci persist along synapsed
chromosomes and recombination stalls at an intermediate step marked
by persistence of ZMM foci (16, 17). Similarly, initial RNF212B
staining in early pachytene spermatocytes was indistinguishable from
WT but abundant foci persisted along SCs until early diplonema
(Fig. 4 A and B). Moreover, amplified RNF212B foci were not
detected along most chromosomes (Fig. 4 C and D). Specifically,
for 54.4% of chromosomes from late-pachytene Heil(0"*""*
spermatocytes (with strong H1t staining), neither the first nor second
brightest focus was 21.5-fold brighter than the third-brightest focus
along the same chromosome, and only 17.0% of chromosomes had
RNF212B foci > twofold brighter than the third brightest focus (7
=93/171 and 29/171, respectively; 9 nuclei; Fig. 4 A and C). The
most amplified RNF212B foci were on average only 1.6-fold brighter
(with a maximum of 4.2-fold) relative to the third brightest focus;
whereas RNF212B crossover foci in WT mid-pachytene nuclei
were on average 6.7-fold brighter relative to the brightest other focus
(Fig. 4D; 33 WT chromosomes with two crossover foci were used
for comparison to Hei10"""**; 8 nuclei). Thus, crossover-specific
patterning of RNF212B is dependent on HEI10. Reciprocally,
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focus along the same chromosome

Fig. 3. Distinct timing and development of
crossover-specific foci of HEI10, RNF212B,
and RNF212 (A) HEI10 forms crossover
foci by mid pachynema. Pachytene sper-
matocyte nuclei immunostained for SYCP3,
HEI10, MLH1, and H1t. Top: representative
H1t-negative, mid-pachytene nucleus in
which small MLH1 foci are emerging on
just a few chromosomes (indicated by ar-
rows) whereas bright HEI10 foci are pres-
ent on all autosomes. Bottom: represent-
ative H1t-positive late-pachytene nucleus
in which both MLH1 and HEI10 form clear,
overlapping crossover-specific foci on all
autosomes. (B) Quantification of HEI10 and
MLH1 foci in pachytene spermatocytes
confirms that MLH1 foci develop only in
nuclei with a full complement of HEI10
foci. 25 pachytene nuclei were randomly
selected and analyzed. (C) Amplification
of RNF212B at prospective crossover
sites is stronger than RNF212. Airyscan
images of early, mid and late pachytene
spermatocyte nuclei immunostained for
SYCP3, RNF212B, RNF212, and HEI10. In
all cases, RNF212B and RNF212 image
exposures are matched. Arrowheads in-
dicate crossover sites marked by HEI10.
(D) Quantification of focus intensities for
RNF212B and RNF212. Black bars indicate
means. ****P <0.0001, two-tailed Mann-
Whitney tests. 8 nuclei at each stage were
analyzed by Airyscan imaging. Total num-
bers of foci analyzed: 2,449 RNF212B foci
and 2,513 RNF212 foci in early pachynema;
194 crossover foci, 2,004 other RNF212B
foci and 2,291 other RNF212 foci in mid
pachynema; 206 crossover foci and 988
other RNF212 foci in late pachynema. All,
all foci; COs, crossover foci colocalized with
HEI10 foci; Others, foci that do not colo-
calize with HEI10 foci. ND, not detected.
Quantification of focus intensities in repre-
sentative individual nucleiin (D) is shown in
SI Appendix, Fig. S7A. (E) Per chromosome
analysis for autosomes in mid-pachytene
spermatocyte nuclei. Intensity of each
crossover-associated RNF212B or RNF212
focus relative to that of the brightest oth-
er (non-crossover) focus along the same
chromosome plotted separately (Left) and
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in two dimensions (Right). Red dashed
lines indicate a relative focus intensity of
2. Detailed representation of a per chro-
mosome analysis is shown in S/ Appendix,
Fig. S7B. ****P <0.0001, two-tailed Mann-
Whitney tests. 186 crossover foci from 8
mid-pachytene nuclei were analyzed. Two
crossover-associated RNF212B foci with
no other RNF212B foci along the same
chromosome were excluded from the
plots. (F) RNF212B differentiation without
detectable RNF212 differentiation during

early to mid pachynema. Airyscan images of an early to mid-pachytene spermatocyte nucleus, with 8 HEI10 foci, immunostained for SYCP3, RNF212B, RNF212,
and HEI10. Arrowheads indicate crossover sites marked by HEI10. Magnifiedimages in (C) and (F) show representative chromosomes. (Scale bars, 10 pm for full

nuclei and 2 pm for magnified images.)

immunostaining for HEI10 in Rnf212b”" spermatocytes revealed
that HEI10 foci are dependent on RNF212B (Fig. 4E).

Our localization analysis is incompatible with RNF212B and
RNF212 functioning as an obligate heterocomplex of fixed stoichi-
ometry. Even so, immunostaining in Rnﬂle and Rnf2]2’/’
mutants indicated an interdependent relanonshlp RNF212 and
RNF212B foci were diminished in Rnﬂl2bi “and Rnf212 mei-
ocytes, respectively (Fig. 4 Fand G and SI Appendix, Fig. S9 A and
B). Immunoblotting revealed levels of RNF212 and to a greater
extent RNFZ]ZB were reduced in testis extracts from Ruf21 2b™" and
Rnf212 mutants, respectively (Fig. 4H); by contrast levels were
unaffected by Heil (¥ mutation (Fig. 41).

PNAS 2025 Vol.122 No.2 e2412961121

RNF212B-RNF212 interaction was suggested by yeast
two-hybrid assay (Y2H), and self-interaction of both proteins was
also inferred, although RNF212 self-interaction appeared to be
much weaker than that of RNF212B (87 Appendix, Fig. S9 Cand
D). Thus, RNF212B and RNF212 may physically interact and
are mutually dependent for protein stability and thus chromo-
somal localization. Additional analysis showed that an intact
RING finger domain was essential for RNF212B self-interaction
by Y2H, for the stability of RNF212B and RNF212 in vivo, and
thus for the pro-crossover function of RNF212B (87 Appendix,
Figs. S10 and S11). Y2H interaction between HEI10 and
RNF212B (but not HEI10 and RNF212) was also detected

https://doi.org/10.1073/pnas.2412961121
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Fig. 4. Interdependence be-
tween HEI10, RNF212, and
RNF212B (A) Persistent RN-
F212B staining in Hei10™e#mei4
spermatocytes. Airyscan imag-
es of a late-pachytene nucle-
us immunostained for SYCP3,
RNF212B, RNF212, and H1t.
Magnified panels show repre-
sentative chromosomes with:
i) no apparent differentiation
of RNF212B; or ii) some dif-
ferentiation, indicated by ar-
rowheads. (Scale bars, 10 pm
in images of full nuclei and 2
pm in the magnified panels).
(B) Focus counts of RNF212B.
Red bars indicate means.
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tosomes where the brightest
RNF212B foci were respective-
ly >twofold, 1.5 to 2-fold, or
<1.5-fold brighter relative to
the third brightest focus along
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that have only one or two
bright RNF212B foci. 8 late-
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chromosome in late pachy-
tene Hei10™*™“ and mid
pachytene Hei10™" spermato-
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35
RNF212B
Histone H3 EI‘ 15 means. Nuclei analyzed were
the same as in (C) and Fig. 3E,

spermatocytes. Total numbers of foci analyzed are indicated below the X-axis.

+/+

*+%¥p <0,0001, two-tailed Mann-Whitney test. (F) Crossover-specific HEI10 foci require RNF212B. Mid/late pachytene nuclei from WT and Rnf272b™" spermatocytes
immunostained for SYCP3 and HEI10. (Scale bars, 10 pm.) (Fand G) RNF212 (F) and RNF212B (G) are interdependent for chromosome localization. Early pachytene
spermatocyte nuclei were immunostained for SYCP3 and RNF212 (F) or RNF212B (G). (Scale bars, 10 um.) (H) Interdependent stability of RNF212B and RNF212.
Testis extracts from juveniles (16 to 18 dpp) immunoblotted for RNF212 and RNF212B. Histone H3 is a loading control. (/) RNF212B and RNF212 are stable in the
absence of HEI10. Immunoblotting for RNF212, RNF212B, and Histone H3 as in (H).

(SI Appendix, Fig. S9 C and D), which might reflect their spatio-
temporal colocalization at designated crossover sites.

Distinct Regulation of RNF212B and RNF212 by Recombination
and Synaptonemal Complex. Relationships between RNF212B
and RNF212 were further explored by analyzing their localization
in mutants defective for recombination or synapsis. SPO11-
induced DSBs are required for synapsis between homologs.
However, nonhomologous synapsis can occur in Spoll_/_
meiocytes (50, 51) and RNF212B specifically localized to
these sites, as shown previously for RNF212 (Fig. 54) (15).

https://doi.org/10.1073/pnas.2412961121

Intensities of RNF212B immunofluorescence in Spoll’/’
nuclei with late zygotene/early pachytene-like morphologies
(well-developed SYCP3-staining axes and extensive synapsis,
albeit nonhomologous) were ~50% lower than equivalent early-
pachytene Spol1™" nuclei (Fig. 5B). By contrast, intensities of
RNF212 staining were comparable for Spo717" and Spo11**
nuclei such that the normalized ratio of RNF212B/RNF212
intensity was reduced by ~50% in Spoll”" spermatocytes
(Fig. 5C). Thus, SPOll-initiated recombination promotes
association of RNF212B but not RNF212 with SCs, with only
RNF212B showing a significant dependence.
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Sycp1

SYCP1 is the major component of the SC central region.
Although Syep 1™~ meiocytes fail to synapse, recombmatlon initiates
normally and homologs coalign (52). In Sycpl™~ spermatocytes,
RNF212B staining was barely detectable in early/mid zygotene-like
nuclei indicating that initial association is strongly dependent on
the SC central region (SI Appendix, Fig. S124). However, dim
RNF212B foci formed between aligned axes in late zygotene/early
pachytene-like nuclei (Fig. 5D); and most foci localized to recom-
bination sites, revealed by a high level of RNF212B-RPA2 colocal-
ization (71.0 + 8.0%; mean + SD, 7 = 8 nuclei), as seen previously
for RNF212 (Fig. 5D and SI Appendix, Fig. S12B) (15).

RNF212B foci were reduced 2.4-fold in Sycpl nuclei
(Fig. 5E). Correspondingly, RPA2 colocalization with RNF212B
was 2.4-fold lower (Fig. 5F); and RNF212B-RPA2 cofoci were
reduced 1.9-fold (81 Appendix, Fig. S12C). In contrast, numbers
of RNF212-RPA2 cofoci remained essentially unchanged
despite a 1.5-fold reduction in total RNF212 foci (Fig. 5 £ and
F and SI Appendix, Fig. S12C). Consequently, colocahzatlon of
RNF212B and RNF212 foci was reduced in Sycp!™" spermato-
cytes (SI Appendix, Fig. S12D).

PNAS 2025 Vol.122 No.2 e2412961121

.
RNF212

"RNF212B

Fig. 5. Chromosomal localization of RNF212B and
RNF212 in mutants defective for recombination
and synapsis (A) RNF212B and RNF212 localize
to synapsed regions between nonhomologous
axes in DSB-defective Spo771”" spermatocytes.
Images show a late zygotene/early pachytene-
like nucleus immunostained for SYCP3, SYCP1,
RNF212B, and RNF212. (B and () Staining intensities
of RNF212B and RNF212 on synapsed regions.
Signal intensities per pm of SC per nucleus (B);
and ratios of intensities per pm of SC for RNF212B
relative to RNF212 (C). Black and red bars indicate
means. 14 early pachytene Spo771™* nuclei and 10
late zygotene/early pachytene-like Spo77™" nuclei
were analyzed. (D) RNF212B and RNF212 localize
to recombination sites between aligned homolog
axes in synapsis-defective Sycp?™” spermatocytes.
A late zygotene/early pachytene-like nucleus
immunostained for SYCP3, RNF212B, RNF212, and
RPA2 is shown. (E and F) Focus counts of RNF212B
and RNF212 (£); and degree of RPA2 colocalization
with RNF212B and RNF212 (F). Black bars indicate
means. 7 early pachytene Sycp?”* nuclei and 8 late
zygotene/early pachytene-like Sycp7™ nuclei were
analyzed. (G) Differentiation of crossover-specific
foci of RNF212B and RNF212 and persistence of
RNF212 staining in crossover-defective M/h3™"
spermatocyte nuclei. Late pachytene and early
diplotene nuclei immunostained for SYCP3,
RNF212B, and RNF212 are shown. Arrowheads
highlight large RNF212B foci. (H and /) Numbers
of RNF212B (H) and RNF212 (/) foci per nucleus in
successive late prophase | stages of spermatocytes.
Black bars indicate means. Numbers of nuclei
analyzed in early pachynema, late pachynema, and
early diplonema were 12, 20, and 13 for M/h3"";
and 12, 18, and 13 for Mlh3 - . ns, not significant
(P >0.05); ***P <0.001; ****p 50.0001, two-tailed
Mann-Whitney tests. Magnified images in (D) and
(G) show representative chromosomes. (Scale
bars, 10 um for full nuclei and 2 pm for magnified
images.)

Thus, normal localization of RNF212B to prophase-1 chromo-
somes is strongly dependent on synapsis, with respect to both
timing and abundance. Although RNF212B can independently
localize to recombination sites, it shows a much greater depend-
ence on synapsis than RNF212.

MLH3 and MLHI1 constitute the MutLy complex that facilitates
maturation and crossover-specific resolutlon of double-Holliday junc-
tions (29, 30). Consistently, MIh3”~ meiocytes are proficient for
synapsis and early steps of recombination, but defective for crossing
over (53). We previously showed that MutLy constrams HEI10 local-
ization both temporally and spatially; in Mlh3™" spermatocytes,
HEI10 foci appear during zygotene, much earlier than in WT, are
much more numerous (~90 per nucleus), and persist throughout
pachynema (16). By contrast, RNF212B staining in Mh3”" sper-
matocytes was comparable to WT: Foci peaked in early pachynema,
then diminished with 1-2 large RNF212B foci emerging on each SC
(Fig. 5 G and H and SI Appendix, Fig. S12 E and F). Numbers of
crossover-specific RNF212B foci were slightly lower M/A3” nuclei
than in WT, possibly reflecting reduced stability or efficiency of for-
mation (S/ Appendix, Fig. S12F). In addition, some smaller foci

https://doi.org/10.1073/pnas.2412961121
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remained until late pachynema suggesting that an additional signal
following the designation of crossover sites may trigger complete loss
of RNF212B from noncrossover sites. Nonetheless, this analysis indi-
cates that differentiation of RNF212B into crossover-specific foci
precedes crossing over and does not require MutLy. Importantly, we
can also infer that while crossover-specific patterning of RNF212B
requires HEI10 (above, Fig. 4 A-D), it does not require HEI10 to
undergo crossover-specific patterning, i.e. crossover-specific pattern-
ing of HEI10 appears to be downstream of initial crossover designa-
tion and requires a maturation step that is dependent on MutLy.

Initial RNF212 staining in M/h3™ spermatocytes was compa-
rable to WT but differentiation of crossover-specific foci was not
as conspicuous; and overall focus numbers remained relatively
high throughout pachynema (Fig. 5 G and 7 and S/ Appendix,
Fig. $12 Eand G). Numerous RNF212 foci persisted on synapsed
regions into early diplotene when RNF212B staining was barely
detectable. Together, localization studies in mutant contexts
extend our inference that the dynamics and regulation of RNF212B,
RNF212, and HEI10 are distinct.

RNF212B Is Essential for Crossing Over in Oocytes. Rnﬂ]Zb’/’
females were also sterile but unlike males, in which gametes were
absent (S1 Appendix, Fig. S3), large numbers of oocytes were made
(SI Appendix, Fig. S13 A and B). However, analysis of MLH1 foci in
prophase-I nuclei (from fetal ovaries, S Appendix, Fig. S13C), and
chiasmata in metaphase-I oocytes (from adult ovaries, ST Appendix,
Fig. S13D) revealed that a severe Crossover defect is the common
cause of sterility in Rnﬂ]Zb mutants of both sexes. MLH1 foci
were absent, and chiasmata were reduced >20-fold in mutant oocytes
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(1.11 + 0.92 chiasmata per nucleus in Ruf2126™", n = 38 oocytes;
compared to 24.6 £ 2.4 in Rnﬂ]ZF ¥, n =28 oocytes; means + SDs).

Sexually Dimorphic Localization of RNF212B, RNF212, and HEI10.
RNF212B: In fetal oocytes, the initial pattern of RNF212B during
zygonema was similar to spermatocytes, with foci localized to
regions of synapsis (Fig. 6 A and B). Focus numbers also peaked in
early pachynema (defined as pachytene oocytes with <4 MLH1 foci
from embryonic day E16.5 ovaries) but were 1.6-fold higher than
in spermatocytes (Fig. 6B; 279.0 + 50.4 foci per oocyte, 7 = 11,
versus 175.9 + 15.2 foci per spermatocyte, 7 = 27; mean + S.D.).
Also distinct from spermatocytes, high numbers of RNF212B foci
persisted throughout pachynema both during and after emergence
of amplified foci at designated crossover sites. Indeed, even after
a full complement of crossover sites had matured in mid/late
pachytene oocytes (i.e. 220 MLH1 foci, Fig. 6C), RNF212B foci
averaged 229.5 + 45.0 per nucleus (from E18.5 ovaries; mean + SD;
n = 22; Fig. 6B). Furthermore, RNF212B remained on synapsed
regions throughout diplonema, disappearing only as oocytes
entered the dictyate stage (Fig. 6 A and B).

Given the distinct dynamics of RNF212B in oocytes, we also ana-
lyzed the timing and amplification of RNF212B and RNF212 at
mature crossover sites marked by MLH1 (Fig. 6 Cand D). In early/
mid pachytene oocytes (<10 MLHI1 foci from E18.5 ovaries),
although crossover-associated RNF212B foci were on average 1.8-fold
brighter than other (noncrossover) RNF212B foci in the same nuclei,
their intensity distributions overlapped (Fig. 6 D); indeed, we readily
observed individual SCs with crossover and non-crossover RNF212B
foci of similar intensities (Fig. 6 C, Upper panels).

Fig. 6. RNF212B is required for crossing over
and localizes to SCs and recombination sites in
prophase | oocytes. (A) RNF212B localization in
fetal oocyte nuclei at successive prophase-I stages
from embryonic days 15.5 (E15.5) and 17.5 (E17.5),
and 0.5 d postpartum (0.5 dpp). Surface-spread
prophase-I oocyte nuclei were immunostained
for SYCP3 and RNF212B. Arrowheads indicate am-
plified RNF212B foci. Magnified images highlight
representative chromosomes. (Scale bars, 10 pm
for images of full nuclei and 2 pm for magnified
panels.) (B) Numbers of RNF212B foci in oocyte
nuclei at successive prophase-l stages. Red bars
indicate means. Means of focus numbers are indi-
cated below the graph. Numbers of nuclei analyzed
in leptonema (at E15.5), zygonema (at E15.5), early
pachynema (pachytene nuclei with <4 MLH1 foci at
E16.5), mid/late pachynema (pachytene nuclei with
>20 MLH1 foci at E18.5), early diplonema (at 0.5
dpp), mid diplonema (at 0.5 dpp), late diplonema (at
0.5 dpp), and dictyate stage (at 0.5 dpp) are 21, 22,
11, 22,18, 11, 15, and 7, respectively. (C) RNF212B
colocalization with RNF212 and MLH1 in oocytes.
Early pachytene (Top) and mid/late pachytene (Bot-
tom) oocytes from E18.5 ovaries immunostained

RNF212B
©® RNF212

Late diplonema

for SYCP3, RNF212B, RNF212, and MLH1. Arrow-
heads indicate crossover sites. Magnified images

Early/mid

Mid/late show representative chromosomal regions. (Scale

Early pachynema O

Mid/late pachynema

‘“<  RNF212B
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Pachynema (E18.5)

RNF212

bars, 10 pm for images of full nuclei and 2 pm for
magnified panels.) (D) Quantification of focus inten-
sities for RNF212B and RNF212. Black bars indicate
means. **P <0.01; ***P <0.001; ****P <0.0001, two-
tailed Mann-Whitney tests. 7 early/mid pachytene
(with <10 MLH1 foci) and 9 mid/late pachytene (with
>20 MLH1 foci) nuclei from E18.5 ovaries were ana-
lyzed. Total numbers of foci analyzed: 28 crossover
RNF212B foci, 1,375 other RNF212B foci, 30 cross-
over RNF212 foci and 1,596 other RNF212 foci in
early/mid pachynema; 250 crossover RNF212B foci,
1,468 other RNF212B foci, 245 crossover RNF212
foci and 1,580 other RNF212 foci. All, all foci; COs,
crossover foci colocalized with MLH1 foci; Others,
other foci that do not colocalize with MLH1 foci.
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By mid/late-pachynema (=20 MLH1 foci from E18.5 ovaries),
crossover-associated RNF212B foci were now 2.5-fold brighter
than other foci, suggesting continued amplification after initial
designation (Fig. 6D). Thus, in oocytes, growth/amplification of
RNF212B may be coincident with maturation of crossover-sites
marked by the emergence of MLH1 foci. This contrasts spermat-
ocytes, in which amplified RNF212B foci clearly precede the
appearance of MLH1 (Fig. 3). Again, while crossover-associated
RNF212B foci were brighter than other foci at the population level,
they were not always the brightest along the same SC (Fig. 6 C,
Lower panels). Moreover, a consistent pattern of RNF212B foci at
designated crossover sites was not observed: Some crossover foci
were adjacent to other similarly bright foci, others were embedded
in a domain of fainter foci, and others by gaps of diminished
RNF212B staining (Fig. 6C). Notably, intensities of other (non-
crossover) RNF212B foci and total signal intensity per oocyte
nucleus were largely unchanged throughout pachynema (Fig. 6D
and S/ Appendix, Fig. S14A), in sharp contrast to the loss of
RNF212B foci from non-crossover sites seen in spermatocytes
(Figs. 2 and 3 and SI Appendix, Fig. S7).

RNF212: Abundant general RNF212 staining was also retained
throughout pachynema in oocytes but amplification at crossover
sites was less pronounced than RNF212B (Fig. 6C). Crossover-
associated RNF212 foci in early/mid pachynema were only 1.3-fold
brighter than other foci. By mid/late pachynema, crossover-associated
RNF212 foci were now 1.6-fold brighter than other foci in the
same nuclei and 1.9-fold brighter than those in early/mid pachytene
consistent with continued amplification (Fig. 6D). Intriguingly, the
intensity of RNF212 at noncrossover sites slightly increased in mid/
late pachynema nuclei suggesting general loading may continue
(Fig. 6D). Moreover, total signal intensity per oocyte nucleus was
largely unchanged between early/mid and mid/late pachynema, as
seen for RNF212B (87 Appendix, Fig. S14A).

HEI10: Localization of HEI10 was also sexually dimorphic. Unlike
spermatocytes, prominent HEI10 foci were already apparent in zygo-
tene oocytes, specifically at regions of synapsis (SI Appendix,
Fig. S14B). Focus numbers increased as synapsis ensued, peaking in
early pachynema (oocytes with <4 MLHI1 foci) at 123.9 + 28.7 foci
per nucleus (mean + SD; 7 = 18; Fig. 7 Aand D). At this stage, HEI10
foci were unevenly spaced and highly variable in size and intensity;
with configurations suggestive of growth, shrinkage, and/or fusion as
might be predicted by coarsening models (Fig. 7 A and F and
SI Appendix, Fig. S14 Band D). Focus numbers then reduced, devel-
oping into a crossover-specific pattern by mid pachynema (oocytes
with 220 MLH1 foci from E17.5 ovaries; Fig. 7 B~E). At this stage,
86.2 £ 9.6% of HEI10 foci colocalized with MLH1 and 98.0 + 2.7%
of MLHI1 foci colocalized with HEI10 (means + SDs; 7 = 14).

Crossover-associated HEI10 foci in early-mid pachytene oocytes
(5-15 MLHI1 foci from E16.5 ovaries) were on average 2.3-fold
brighter than other foci (Fig. 7 B and F). Even very faint emergent
MLHL foci in early pachytene oocytes (with <4 MLHI1 foci from
E16.5 ovaries) tended to be associated with slightly larger HEI10
foci suggesting that amplification accompanies crossover designa-
tion (Fig. 7 A and F). However, MLH]1 foci emerged when HEI10
foci still outnumbered crossovers by more than 3:1, i.e. before
HEI10 had attained a crossover-specific distribution. Moreover,
while crossover-associated HEI10 foci in early-mid pachynema were
on average 1.9-fold brighter than the brightest other focus along
the same chromosome (Fig. 7G), similarly bright HEI10 foci were
often observed along the same SC (Fig. 7B, magnified panels, and
SI Appendix, Fig. S14 Band C). After mid pachynema (220 MLH1
foci from E16.5 ovaries), crossover-associated HEI10 foci were
3.1-fold brighter than the foci detected in early pachynema and
1.7-fold brighter than the crossover-specific foci detected in
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early-mid pachynema (Fig. 7F), suggesting continued amplification
of HEI10 after crossover designation.

Together, these data reveal profound sexual dimorphism in the
localization dynamics of RNF212B, RNF212, and HEI10. Impor-
tandly, in oocytes, designation of crossover sites does not involve
general depletion of RNF212B and RNF212 from noncrossover
sites; and amplification may be coincident or downstream. Distinctly,
HEI10 amplifies at designated crossover sites while progressively
diminishing from other sites. While HEI10 amplification could play
arole in crossover-site designation, crossover sites are maturing well
before a crossover-specific pattern of HEI10 is attained.

Discussion

COR Patterning Vis-a-Vis Crossover Patterning. An elementary
coarsening model, that can reproduce crossover patterning in
Arabidopsis, posits that a finite amount of HEI10 (fixed amount
per unit length) diffuses along SCs and becomes progressively
absorbed into one or a few amplified foci to designate which
recombination sites will mature into crossovers (35, 36). Our
data in the mouse are hard to reconcile with this model, revealing
a more complex scenario in which patterning of a given COR
protein may precede, accompany, or follow apparent designation
of crossover sites; can occur with or without depletion of CORs
from non-crossover sites; and shows striking sexual dimorphism
(summarized in Fig. 7H). A challenge for the future is to reconcile
these data with an alternative model of crossover patterning.

Global and Local Regulation of Recombination by RNF212B, RNF212,
and HEI0. What might be the function(s) of the observed dynamics
of mammalian CORs? Our analysis emphasizes interdependencies
and distinctions between RNF212B, RNF212, and HEI10 and their
global and local functions that help coordinate key events of meiotic
prophase. Most evident is regulating the progression of recombination
in the context of the SC. Following initial DNA strand-exchange
and homolog pairing, RNF212-RNF212B associates with nascent
SCs and acts to stabilize ZMM factors and pause the progression of
recombination. In this way, RNF212-RNF212B may protect nascent
recombination intermediates from premature dissociation by the
Bloom complex, which is inferred to mediate default noncrossover
repair via synthesis-dependent strand annealing (31-34, 54). This
early function of RNF212-RNF212B appears to stabilize synapsis,
possibly acting as a proofreading mechanism to selectively reinforce
SC assembled at recombination sites, i.e. between homologs. As
prophase progresses, connection of homologs by recombinational
interactions is superseded by the SC. RNF212-RNF212B could
mediate this hand-off by ensuring recombinational connections are
not resolved until mature SC forms.

Pausing SC-associated recombination may also be a prerequisite
for crossover/noncrossover differentiation and/or to allow time for
crossover sites to mature. Importantly, RNF212-RNF212B renders
progression dependent on HEI10 (Fig. 4) and additional pro-
crossover factors including kinase CDK2, and the CNTD1-PRR19
complex (16, 17, 46, 55, 56). In the absence of HEIIO0,
RNF212-RNF212B and ZMM foci remain abundant and undif-
ferentiated along SCs, and recombination remains stalled, with
DSB repair being completed only as the SC is disassembled (Fig. 71).

At designated crossover sites, continued protection of interme-
diates via RNF212-RNF212B may enable crossover-specific
events including dHJ formation and recruitment of crossover-
specific resolution machinery, organized around the MutLy endo-
nuclease (Fig. 71). Local stabilization of SC via RNF212-RNF212B
may also explain why crossover sites are the last sites to desynapse

during diplotene (57). We have suggested that patches of SC
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Dynamics of CORs relative to substages of

meiotic prophase-l in spermatocytes and oocytes. Accumulation of RNF212B at prospective crossover sites is stronger and occurs earlier than RNF212, coincident

with the appearance of HEI10 foci in spermatocytes and amplification of HEI10

in oocytes. RNF212B is lost from noncrossover sites earlier than RNF212 in

spermatocytes, while noncrossover foci of both RNF212B and RNF212 persist throughout pachynema in oocytes. In oocytes, HEI10 foci are present at noncrossover

sites at the time of crossover designation but eventually diminish. (/) Models of cro
bind Holliday junctions and convert into sliding clamps that embrace interacting

ssover maturation and defects in COR mutants. MutSy complexes (gray rings)
duplexes (28). At designated crossover sites, stabilization of MutSy by CORs

enables formation of double-Holliday junctions. An endonuclease-independent function of MutLy is recently implicated in this step (59). MutLy-catalyzed incision

and the Bloom complex (BLM-TOPIlla-RMI1-RMI2; BTRR) then mediate crossover-s
Rnf2127" mutants exposing nascent intermediates to dissociation by the Bloom com

pecific resolution (29). MutSy is destabilized in Rnf212b™", Rnf212b*¢/"N¢ and
plex resulting in noncrossovers. In the Hei10™*™“ mutant, RNF212, RNF212B,

and MutSy persist at all sites throughout pachytene, and crossovers fail to differentiate. DSBs are repaired as noncrossovers only after homologs desynapse.

retained at crossover sites help coordinate DNA events of crossing
over with exchange of underlying chromosome axes to form
chiasmata.

Distinct and Interdependent Functions of RNF212, RNF212B, and
HEIM0. Our ability to discern distinct functions of RNF212 and
RNF212B is compromised by their interdependence for protein
stability, i.e., Rnf212 and Rnf212b single mutant phenotypes likely
reflect diminished function of both proteins. However, localization
dynamics of RNF212 and RNF212B reveal divergent behaviors
that point to distinct functions and regulation.
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Notably, initial RNF212 foci outnumber RNF212B and up to
40% do not detectably colocalize. Also, amplification of
crossover-specific RNF212B foci is much stronger than RNF212
and occurs earlier, with the suggestion that differentiation may occur
via distinct processes, e.g. redistribution to crossover sites for
RNF212B, versus loss from noncrossover sites for RNF212 (at least
via different proportions of redistribution and loss). Thus, although
RNF212 and RNF212B interact, these observations argue against
an obligate heterocomplex of fixed stoichiometry and suggest
RNF212B function may be modulated by switching binding part-

ners as it accumulates at designated crossover sites. For example,
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RNF212B-RNF212B self-interaction could become prominent,
or RNF212B could partner with HEI10 to locally accumulate and
modulate E3 ligase activities at designated crossover sites.

Localization in mutant backgrounds also points to distinct func-
tions and regulation of the three CORs. RNF212 localization along
SCs remains robust without SPO11-catalyzed DSBs while RNF212B
localizes less efficiently, suggesting DSB signaling stabilizes RNF212B.
In this respect, RNF212B may be like budding yeast Zip3, which
requires phosphorylation by DNA-damage response kinases Mec1*™/
Tel 1™ for normal localization (58). Further distinctions are seen in
the absence of synapsis, with RNF212 robustly localizing to recom-
bination sites, while RNF212B is much weaker. Thus, inputs from
both DSBs and synapsis stabilize RNF212B and thereby coordinate
its activity in space and time, while RNF212 might act more as an
anchor for localization to SCs and recombination sites. HEI10 foci
in spermatocytes are largely dependent on both DSBs and synapsis
(16), consistent with our inference that they assemble only as crossover
sites differentiate, dependent on RNF212-RNF212B.

Defective crossover maturation in the M/h3 mutant impacts COR
dynamics to varying degrees. Although crossover-specific patterning
of RNF212-RNF212B foci still occurs in MIh3" spermatocytes,
numerous small foci of RNF212, and to a lesser extent RNF212B,
persist implying that a MutLy-dependent signal associated with mat-
uration of crossover sites enhances general loss from noncrossover
sites. HEI10 patterning is severely perturbed in MIA3 ™"~ spermato-
cytes, with high numbers of foci forming much earlier than normal
(in zygonema) and then persisting until chromosomes desynapse (16).
Thus, although HEI10 is required for crossover patterning of
RNF212-RNF212B foci, this function does not require crossover-
specific patterning of HEI10, i.e. crossover-specific localization of
HEI10 appears to be downstream of initial crossover designation.
Furthermore, crossover-specific patterning of HEI10 requires an
upstream maturation step that is dependent on the MutLy complex,
likely the dHJ formation function described by Premkumar et al.
(59). Consistently, in oocytes, MLHI1 foci can be detected before
HEI10 foci have attained a crossover-specific pattern (Fig. 74 and
SI Appendix, Fig. S14 B and C).

Collectively, these data suggest that CORs function as apical
effectors that coordinate meiotic prophase by integrating signals
from synapsis, DSB repair, cell cycle kinases, and maturating cross-
over sites (summarized in Fig. 71).

Sexual Dimorphism. Patterning of all three CORs shows striking
sexual dimorphism. In spermatocytes, complete differentiation
of RNF212B results in only large crossover-specific foci; while in
oocytes, numerous foci persist throughout pachytene even after
amplified crossover-specific foci form and crossover sites mature
(Figs. 2 A and B and 6 A and B). RNF212 dynamics are similarly
dimorphic. Thus, complete differentiation of RNF212B or RNF212
is not a prerequisite for the patterning and maturation of crossover
sites. Possibly, accumulating a threshold level of RNF212B ata given
recombination site is sufficient for it to mature into a crossover.
However, weaker amplification and incomplete differentiation
in females could render RNF212B crossover foci less stable and
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potentially reversible, possibly accounting for the inefficiency of
crossover maturation characterized in human oocytes that can result
in unconnected (achiasmate) homologs, or homologs connected
only by a single telomere-proximal chiasma, configurations that are
prone to segregation error (8, 9). HEI10 also shows striking temporal
and spatial dimorphism: In spermatocytes, foci emerging in mid
pachytene already show a crossover distribution; while in oocytes,
numerous foci first form during zygotene and then attain a crossover-
specific pattern in pachytene.

What could account for the sexually dimorphic behavior of
mammalian CORs? A pertinent difference may be the duration
of pachytene, which lasts almost 7 d in mouse spermatocytes (60)
compared to just 1 to 2 d in oocytes (61). Thus, if patterning
dynamics are relatively slow, differentiation may remain incom-
plete in oocytes. Also, oocytes have longer SCs and CORs appear
to be generally more abundant. COR dimorphism might also
reflect differences in the DNA-damage checkpoint and gamete
quality control. We previously showed that RNF212 is required
for quality control as oocytes arrest in dictyate and assemble into
primordial follicles (62), while the primary checkpoint in sper-
matocytes occurs much earlier, in mid pachytene (63).

Materials and Methods

Rnf212b mutant mice were generated by the Cornell Stem Cell & Transgenic
Core. Mice were maintained and euthanized according to IACUC guidelines
of UC Davis. Surface-spread chromosomes from prophase | and metaphase |
were prepared as described (64, 65) with minor modifications (S/ Appendix),
Histology, immunostaining, immunoblotting, Y2H, antibody production, and
RNA extraction were performed with standard protocols (S/ Appendix). Details
of image acquisition, processing, and analysis are described in S/ Appendix.
Statistics were performed using Graphpad Prism v.8-9 and R version 3.5.2;
parameters and tests, sample sizes, means, and error bars, are described in the
text, figures, or corresponding legends. Sample sizes were not predetermined
using statistical tests.

Data, Materials, and Software Availability. Raw images data have been
deposited in Mendeley (https://doi.org/10.17632/ysnftfyd8p.1) (66).
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