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Materials and Methods 
Mice 

All mice were congenic with the C57BL/6J background. Mice were maintained and 
used for experimentation according to the guidelines of the Institutional Animal Care and 
Use Committees of the University of California, Davis. The Hei10 and Rnf212 mutant 
lines were previously described (22, 29). 
 
Cytology 

Testes were dissected from freshly killed animals (14 days to 6 months old) and 
processed for surface spreading of spermatocyte chromosomes as described (30). To 
obtain chromosome spreads from fetal oocytes, ovaries were dissected from 16-18 dpc 
fetuses and processed as described (31). Immunofluorescence staining was performed as 
described (32), using the following primary antibodies with incubation overnight at room 
temperature:  mouse anti-SYCP3 (sc-74568 Santa Cruz, 1:200 dilution), rabbit anti-
SYCP3 (sc-33195 Santa Cruz, 1:300), mouse anti-SUMO1 (SUMO-1 21C7, 1:150)(33), 
mouse anti-SUMO2/3 (SUMO-2 8A2, 1:150; SUMO2 and SUMO3 are antigenically 
indistinguishable)(34), rabbit anti-ubiquitin (ab19247 Abcam, 1:200), mouse anti 
ubiquitin (FK2, Ubiquigent ,1:200 ), rabbit monoclonal anti-ubiquitin antibody, Lys48-
Specific, clone Apu2-07 (Genentech, 1:100), mouse anti-20S proteasome a-subunits 
(ST1049 Calbiochem,1:150), goat anti-20S proteasome b5 (C-19  Santa Cruz, sc-55009, 
1:100), mouse anti-RAD51 (51RAD01 Thermo scientific,1:200), rabbit anti-DMC1 (sc-
22768 Santa Cruz, 1:200), rabbit anti-MEI4 (1:200; generously provided by Bernard de 
Massy, Institut de Génétique Humaine, Montpellier)(19), rabbit monoclonal anti-RPA32 
(ab76420 Abcam, 1:100), rabbit anti-MER3 (Roberto Pezza, unpublished; 1:500), guinea 
pig anti-TEX11 (1:100)(35), rabbit anti-REC8 (1:300)(36), guinea pig anti-RNF212 
(1:50)(22), rabbit anti-MSH4 (ab58666 Abcam, 1:100), mouse monoclonal anti-
CCNB1IP1/HEI10 (ab118999 Abcam, 1:150), mouse monoclonal anti-γH2AX (05-636 
Millipore, 1:500). Slides were subsequently incubated with the following goat secondary 
antibodies for 1 h at 37 °C: anti-rabbit 488 (A11070 Molecular Probes, 1:1000 dilution), 
anti-rabbit 568 (A11036 Molecular Probes, 1:2000), anti-mouse 555 (A21425 Molecular 
Probes, 1:1000), anti-mouse 594 (A11020 Molecular Probes, 1:1000), anti-mouse 488 
(A11029 Molecular Probes, 1:1000), and anti-guinea pig fluorescein isothiocyanate (106-
096-006 FITC, Jackson Labs, 1:200). Coverslips were mounted with ProLong Gold 
antifade reagent (Molecular Probes). For all quantification, images from two to five 
animals were captured and analyzed. 12 to 50 nuclei were imaged for each prophase 
stage, unless stated otherwise. Comparisons were made between datasets obtained from 
animals that were either littermates, or matched by age. Two observers performed all 
cytological analyses; the second observer was blind to which group/genotype was being 
analyzed. SYCP3-staining nuclei were staged using standard criteria (37). For 
quantification of SUMO, ubiquitin and proteasome localization, only foci closely 
associated with (“touching”) the SYCP3-staining chromosome axes were counted; these 
included foci and flares that emanate from the SYCP3 staining lines, and foci located 
between synapsed axes. The large staining clusters localized to the sex chromosomes (for 
SUMO and ubiquitin) and at centromeres (for SUMO only) were not counted as they are 
mediated by distinct pathways (Rnf212-Hei10 independent). In some experiments, the 
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high density of SUMO2/3 and ubiquitin signals precluded focus counting. In these cases, 
signal intensity signal intensity ratios were calculated for SUMO2/3 and ubiquitin; total 
axis-associated signal for SUMO or ubiquitin was divided by the signal for SYCP3. 
Signal intensity ratios for HEI10 foci were calculated by dividing signals for individual 
HEI10 foci by SYCP3 signals in an adjacent region. 

 
Spermatocyte culture and chemical inhibition 

Short-term culture of spermatocytes was performed essentially as described (14). 
Inhibitors were added at the following concentrations: 30 µM 2-D08 (Millipore; 505156; 
30 mM stock dissolved in DMSO) (15); 10 µM PYR41 (Millipore; 662105; 10 mM stock 
dissolved in DMSO)(16), 10 µM MG132 (Sigma-Aldrich; M8699; 10 mM stock 
dissolved in DMSO). To induce progression to metaphase I, Okadaic acid (LC 
Laboratories, 1mM stock in ethanol) was added to a final concentration of 2.5 mM after 
20 hrs of culture and cells were incubated for a further 6 hrs (38). Cells were then 
pelleted, washed with PBS and processed for surface spreads. Equivalent volumes of 
DMSO or ethanol alone were added to “no treatment” control cultures. In all cell culture 
experiments, cell viability was quantified using the Trypan Blue exclusion assay. 

 
Imaging 

Immunolabeled chromosome spreads and DAPI-stained diakinesis/metaphase I 
nuclei were imaged using a Zeiss AxioPlan II microscope with 63× Plan Apochromat 1.4 
NA objective and EXFO X-Cite metal halide light source. Images were captured by a 
Hamamatsu ORCA-ER CCD camera and processed using Volocity (Perkin Elmer) and 
Photoshop (Adobe) software packages. SIM analysis was performed using a Nikon N-
SIM super-resolution microscope system and NIS-Elements 2 image processing software. 
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Fig. S1. 
SUMO1 and SUMO2/3 immunostaining of prophase mouse spermatocytes. (A and B) 
Wild-type spermatocyte nuclei immunostained for SUMO1 or SUMO2/3 (green) and 
SYCP3 (red). Arrows indicate sex bodies and arrowheads highlight centromeric 
heterochromatin. (C and D). Nuclei imaged by SIM. (E) Single pair of synapsing 
chromosomes imaged by SIM. L, leptonema; EZ, early zygonema; MZ, mid zygonema; 
LZ, late zygonema; EP, early pachynema; MP, mid pachynema; LP, late pachynema; D, 
diplonema. Scale bars: 10µm in panels A and B, 5µm in C and D, and 1µm in E. 
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Fig. S2 
Ubiquitin immunostaining of prophase mouse spermatocytes. (A–C) Wild-type 
spermatocyte nuclei immunostained with SYCP3 (red) and polyclonal, monoclonal or 
K48-linkage-specific antibodies against ubiquitin (green). Arrows highlight sex bodies. 
Arrowheads indicate individual chromosomes magnified in D. (E) Early pachynema 
nucleus imaged by SIM using the polyclonal anti-ubiquitin antibody. Arrows highlight X-
Y chromosome pair. (F) Single pair of chromosomes with nearly full synapsis imaged by 
SIM. Scale bars: 10µm in panels A-C, 5µm in  E, and 1µm in D and F.  L, leptonema; EZ, 
early zygonema; MZ, mid zygonema; LZ, late zygonema; EP, early pachynema; MP, mid 
pachynema; LP, late pachynema; D, diplonema. 
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Fig. S3 
Proteasome immunostaining of prophase mouse spermatocytes. (A and B) Wild-type 
spermatocyte nuclei immunostained with antibodies against the alpha or beta subunits of 
the 20S particle (green) and SYCP3 (red). Arrows highlight sex bodies. Arrowheads 
indicate individual chromosomes magnified in C. (D) Late pachynema nucleus imaged by 
SIM using the anti-alpha subunit 20S antibody. (E) Single pair of chromosomes from a 
late pachytene nucleus imaged by SIM. Scale bars: 10µm in panels A and B, 5µm in D, 
and 1µm in C and E.  L, leptonema; EZ, early zygonema; MZ, mid zygonema; LZ, late 
zygonema; EP, early pachynema; MP, mid pachynema; LP, late pachynema; D, 
diplonema. 
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Fig. S4 
Characterization of synapsis defects following proteasome inhibition. Examples of 
spermatocyte nuclei containing synapsis defects (A) or SYCP3 aggregates (B) following 
proteasome inhibition with MG132. Nuclei were immunostained for the chromosome 
axis markers SYCP2 and SYCP3, and the central region component SYCP1. This 
analysis confirmed that unsynapsed chromosome axes lack SC central region: in 75 
nuclei with synapsis defect, none of the unsynapsed axes showed staining for SYCP1. 
SYCP3 aggregates were found to always include a second axis component, SYCP2, but 
coaggregation of SYCP1 was much rarer and generally only seen in the smaller 
aggregates: only 4% of SYCP2/3 (3/75) aggregates contained SYCP1 and these were 
confined to smaller structures (3/12 aggregates of < 1.3 µm2). Analogous defects were 
also seen following inhibition of SUMO and ubiquitin conjugation (not shown). Scale 
bars: 10µm. 
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Fig. S5 
Inhibition of the SMS or UPS blocks precocious progression into metaphase I. Prophase 
spermatocytes do not progress beyond diplonema under standard culture conditions, but 
treatment with the phosphatase inhibitor okadaic acid triggers precocious progression into 
metaphase I (38). We asked whether the block to pachytene exit following inhibition of 
the SMS and UPS (Fig. 2D) could be overridden by okadaic acid treatment. (A) 
Immunostaining regimen used to distinguish diakinesis and metaphase I nuclei. Surface-
spread spermatocyte nuclei were DAPI (grey) and stained immunostained for SYCP3 
(red), which is lost from axes during diakinesis and retained only at centromeres in 
metaphase I; REC8 (green), which marks the cohesion axis and is retained along 
chromosome arms until anaphase; and CREST (white), which marks kinetochores. (B) 
Quantification of prophase progression following culture with or without inhibitors, and 
stimulation with Okadaic acid. In the absence of inhibitors, 56% of prophase 
spermatocytes had progressed to diakinesis/metaphase-I, 6 hrs after addition of okadaic 
acid, while progression was largely blocked when cells were treated with 2-DO8, PYR41 
or MG132. L, leptonema; Z, zygonema; P, pachynema; D, diplonema; DK, diakinesis; 
MI, metaphase I. Error bars show mean ± s.e.m. Scale bars: 10 µm. 
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Fig. S6 
SUMO and ubiquitin immunostaining in cultured spermatocytes following inhibitor 
treatments. (A) Analysis of mid pachytene spermatocyte nuclei following chemical 
inhibition of SUMO conjugation, ubiquitin conjugation or proteasomes. Spread nuclei 
were immunostained for SUMO2/3 or ubiquitin (green), and SYCP3 (red). Abnormal 
accumulation and persistence of SUMO is seen following inhibition of the UPS 
(ubiquitylation and proteasomes), with coexistence of axial/chromatin and sex body 
staining. By contrast, axial staining for ubiquitin is diminished following SUMO 
inhibition by 2-DO8. We note that weak staining of the sex bodies for SUMO and 
ubiquitin is still observed following treatment with 2-DO8 and PYR-41, respectively. 
This may represent conjugation implemented prior to inhibitor treatment and/or 
incomplete inhibition of SUMO/ubiquitin conjugation. (B) Images of spermatocyte nuclei 
following chemical inhibition of SUMO conjugation, ubiquitin conjugation or 
proteasomal degradation. Nuclei were immunostained for SUMO1 and SYCP3 (red). 
Patterns mirror those seen for SUMO2/3: SUMO1 staining is diminished by 2-DO8 and 
persists following treatment with PYR-41 or MG132.  LZ, late zygonema; MP, mid 
pachynema. Arrows indicate sex bodies. Scale bars = 10µm. 
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Fig. S7 
The SCS and UPS regulate turnover of DMC1 and RAD51. (A) Representative images of 
spermatocyte nuclei immunostained for SYCP3 (red) and either DMC1 or RAD51 
(green) following chemical inhibition of SUMO conjugation, ubiquitin conjugation or 
proteasomes. (B) Quantification of DMC1 and RAD51 foci from the experiments 
represented in panels A , respectively. EZ, early zygonema;  MZ, mid zygonema;  LZ, 
late zygonema; MP, mid pachynema. Arrows indicates sex chromosomes. Error bars 
show mean ± s.d. (*) P ≤ 0.05, (**) P ≤ 0.01,  (***) P ≤ 0.001, two-tailed Mann-Whitney 
test. Scale bars = 10µm. 
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Fig. S8 
The SCS and UPS regulate turnover of RPA and the ZMM proteins. (A, C, E and G) 
Representative images of spermatocyte nuclei immunostained for SYCP3 (red) and either 
RPA, TEX11, MSH4 or RNF212 (green) following chemical inhibition of SUMO 
conjugation, ubiquitin conjugation or proteasomes. (B, D, F and H) Quantification of 
RPA, TEX11, MSH4 and RNF212 foci from the experiments represented in panels A, C, 
E and G, respectively. LZ, late zygonema; EP, early pachynema; MP, mid pachynema. 
Arrows indicates sex chromosomes. Error bars show mean ± s.d. (*) P ≤ 0.05, (**) P ≤ 
0.01,  (***) P ≤ 0.001, two-tailed Mann-Whitney test. Scale bars = 10µm. 
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Fig. S9 
HEI10 immunostaining following inhibition of the SMS and UPS.  
(A) Representative late-pachynema spermatocyte nuclei immunostained for SYCP3 (red) 
and HEI10 (green) following chemical inhibition of SUMO conjugation, ubiquitin 
conjugation or proteasomes. (B) Quantification of HEI10 immunostaining foci. By two-
tailed Mann-Whitney, HEI10 foci were significantly brighter following SUMO inhibition 
(P ≤ 0.001), and maybe also following ubiquitin inhibition (P ≤ 0.05), but not proteasome 
inhibition. Arrows indicates sex chromosomes. Error bars show mean ± s.d. Scale bars = 
10µm. 
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Fig. S10 
SUMO and ubiquitin immunostaining in Rnf212, Hei10 and Rnf212 Hei10 mutants. (A) 
Representative mid/late-pachynema spermatocyte nuclei from the specified mouse strains 
immunotained for SUMO2/3 (upper panels) or ubiquitin (lower panels). While axial 
SUMO staining is diminished in zygotene Rnf212-/- mutant nuclei (Fig. 4A,B), later 
staining of the sex body and centromeric heterochromatin is still detected. In the Hei10-/- 
mutant, SUMO staining along autosomal axes persists throughout pachynema, concurrent 
with prominent sex body staining; this pattern is never observed in wild type nuclei. The 
Rnf212-/- Hei10-/- double mutant shows that this persistence is RNF212 dependent. 
Ubiquitin staining of autosomal axes is diminished in nuclei from all three mutants, but 
ubiquitin still accumulates on the chromatin of the sex body. (B) SUMO1 staining in 
representative nuclei from the specified mouse strains. Staining patterns and genetic 
dependencies are analogous to those observed for SUMO2/3. LZ, late zygonema; MP, 
mid pachynema. Arrows indicates sex chromosomes. Scale bars = 10µm. 



14 

Fig. S11 
In fetal oocytes, SUMO, ubiquitin and proteasomes decorate chromosome axes and are 
regulation by RNF212 and HEI10.  (A-C) Representative oocyte nuclei from the 
indicated strains immunostained for the chromosome axis marker SYCP3 and either 
SUMO2/3 (A), ubiquitin (B) or the alpha subunit of the 20S proteasome core particle (C). 
The patterns and genetic dependencies mirror those seen for male meiosis, described in 
Figs. 1 and 4. Late zygonema (LZ), pachynema (P). Scale bars = 10µm. 
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Fig. S12 
RNF212 and HEI10 differentially regulate the turnover of DMC1 and RAD51. (A) 
Representative images of spermatocyte nuclei from the specified mouse strains 
immunostained for SYCP3 (red) and either DMC1 or RAD51 (green). Arrows indicates 
sex chromosomes. (B) Quantification of DMC1 and RAD51 foci from the experiments 
represented in (A). EZ, early zygonema; LZ, late zygonema; MP, mid pachynema. Error 
bars show mean ± s.d. (*) P ≤ 0.05, (**) P ≤ 0.01,  (***) P ≤ 0.001, two-tailed Mann-
Whitney test. Scale bars = 10µm. 
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Fig. S13 
Turnover of recombination proteins is regulated by the RNF212-HEI10 pathway. (A, C, 
and E) Representative images of spermatocyte nuclei from the specified mouse strains 
immunostained for SYCP3 (red) and either TEX11, MSH4 or γH2AX (green). (B, D, and 
F) Quantification of TEX11, MSH4 and gH2AX foci from the experiments represented 
in panels A, C and E, respectively. EZ, early zygonema; LZ, late zygonema; MP, mid 
pachynema. Arrows indicates sex chromosomes. Error bars show mean ± s.d. . (*) P ≤ 
0.05, (**) P ≤ 0.01,  (***) P ≤ 0.001, two-tailed Mann-Whitney test. Scale bars = 10µm. 
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Fig. S14 
Localization of recombination sites relative to SUMO, ubiquitin and proteasomes. 
SIM images of wild-type spermatocyte nuclei immunostained for RPA (red) and either 
SUMO2/3, ubiquitin, or 20S proteasome core particles (green). Arrows indicate the 
individual chromosomes magnified in the adjacent panels. Colocalization frequencies, 
defined as ≥50% overlap between signals, were 27.8 ± 1.5 % (n = X), 32.8 ± 3.0 % (n = 
X) and 37.8 ± 2.9 % (n = 5), respectively, for RPA colocalization with SUMO2/3, 
ubiquitin and proteasomes. LZ, late zygonema; EP, early pachynema; MP, mid 
pachynema; Scale bars = 5µm for full nuclei and 1µm for single chromosomes. 
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Fig. S15 
Roles of the SMS and UPS during mammalian meiotic prophase and logic of the 
RNF212-HEI10 pathway. The top row represents the chromosomal events of meiotic 
prophase, highlighting the steps of meiotic prophase regulated by the SMS and UPS, and 
the dynamics of the recombination factors analyzed in this study. The bottom row shows 
the corresponding DNA events of meiotic recombination and the steps at which each 
factor is known or inferred to act. RNF212-dependent SUMOylation is proposed to be a 
prequisite for the selection of crossover sites, acting to stall recombination at a defined 
intermediate step, enabling regulated deselection of recombination sites via HEI10-
mediated proteolysis. CO, crossover; NCO, noncrossover. 
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