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and synaptonemal complex disassembly events

during mammalian spermatogenesis
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ABSTRACT Homologous recombination (HR) is an essential meiotic process that contributes
to the genetic variation of offspring and ensures accurate chromosome segregation. Recom-
bination is facilitated by the formation and repair of programmed DNA double-strand breaks.
These DNA breaks are repaired via recombination between maternal and paternal homolo-
gous chromosomes and a subset result in the formation of crossovers. HR and crossover
formation is facilitated by synapsis of homologous chromosomes by a proteinaceous scaffold
structure known as the synaptonemal complex (SC). Recent studies in yeast and worms have
indicated that polo-like kinases (PLKs) regulate several events during meiosis, including DNA
recombination and SC dynamics. Mammals express four active PLKs (PLK1-4), and our previ-
ous work assessing localization and kinase function in mouse spermatocytes suggested that
PLK1 coordinates nuclear events during meiotic prophase. Therefore, we conditionally mu-
tated Plk1 in early prophase spermatocytes and assessed stages of HR, crossover formation,
and SC processes. Plk1 mutation resulted in increased RPA foci and reduced RAD51/DMC1
foci during zygonema, and an increase of both class | and class Il crossover events. Further-
more, the disassembly of SC lateral elements was aberrant. Our results highlight the impor-
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tance of PLK1 in regulating HR and SC disassembly during spermatogenesis.

INTRODUCTION
Meiosis is an essential cell cycle required by all reproducing mam-
mals for gametogenesis, which involves one round of DNA replica-
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tion and two rounds of cell division to ultimately generate four hap-
loid gametes. After completing chromosome replication in the
premeiotic S phase, a primary germ cell undergoes homologous
chromosome synapsis during prophase |. Synapsis between homol-
ogous chromosomes is facilitated by a zipper-like protein structure
called the synaptonemal complex (SC; Zickler and Kleckner, 1999).
The SC is made up of lateral and central elements. Lateral elements
consist of SYCP2, SYCP3, and cohesins, which form axes between
sister chromatids. Homologous chromosome pairs are synapsed by
bridging the lateral elements via central region proteins. The central
region of the SC contains traverse filament, SYCP1, and central ele-
ments, SYCE1/2/3, SIX60OS1, and TEX12 (Costa and Cooke, 2007;
Fraune et al., 2012; Bolcun-Filas and Handel, 2018). SC assembly
and disassembly processes are divided into five substages of pro-
phase |, known as leptonema, zygonema, pachynema, diplonema,
and diakinesis. At leptonema, SYCP2 and SYCP3 form axial ele-
ments between each pair of sister chromatids, with cohesins under-
lying the framework for axial element formation (Fraune et al., 2012).
By zygonema, central elements start to form between homologous
chromosomes. At the pachytene stage, the SC is fully assembled
along the axis of homologous chromosomes. By diplonema,
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SC central region proteins dissociate but remain at the centromere
and sites of crossover recombination. By diakinesis, central region
proteins are absent and lateral elements disassemble from arms but
persist at the kinetochore (Cahoon and Hawley, 2016).

Concomitant with synapsis, homologous chromosomes undergo
DNA recombination. During leptonema, the homologous recombi-
nation (HR) process is initiated by the formation of double-strand
breaks (DSBs), induced by an evolutionarily conserved DNA topoi-
somerase, SPO11-TOPOVIBL (Bergerat et al., 1997; Keeney et al.,
1997; Cole et al., 2010; Robert et al., 2016). DSB formation is aided
by localization of HORMAD1 on unsynapsed axes. HORMAD1 to-
gether with meiosis-specific interacting proteins, CCDC36 (IHO1),
MEI4, and REC114 form a complex to promote DSB formation
(Stanzione et al., 2016). DSB formation stimulates the DNA damage
response (DDR) signaling cascade directed by ataxia telangiectasia
mutated (ATM) and Rad3-related (ATR) kinases. ATM and ATR phos-
phorylate histone H2AFX (yH2AX) and recruit other DDR proteins
including the ATR interacting protein (ATRIP; Bellani et al., 2005;
Refolio et al., 2011; Royo et al., 2013). DSBs undergo single-strand
resection to form 3’ single-stranded DNA (ssDNA) overhangs that
are bound by ssDNA binding complexes RPA and MEIOB-SPATA22
(Luo et al., 2013; Shi et al., 2019). RPA localization is instrumental for
recruitment of DNA recombinases RAD51 and DMC1, which enable
3" ssDNA overhangs to undergo strand exchange between homo-
logues, referred to as single-end invasions, forming D-loop recom-
bination intermediates (Hunter and Kleckner, 2001; Sansam and
Pezza, 2015). D-loop intermediates are processed via noncrossover
and crossover pathways, also known as the synthesis-dependent
strand annealing (SDSA) model and the double-strand break repair
(DSBR) model, respectively (Szostak et al., 1983; McMahill et al.,
2007). During SDSA, the invading 3" ssDNA of the D-loop is ex-
tended via DNA replication, then subsequently displaced via BLM
helicase to anneal to the other ssDNA end of the DSB, followed by
gap-filling DNA synthesis and ligation. In contrast, DSBR involves
the formation of double-Holliday junctions (dHJs) that form when
the other end of the DSB is also captured within the recombination
intermediate. After gap repair, dHJs can be resolved to form cross-
OVers or NONCrossovers.

In mammals, ~10-25% of meiotic DSBs are strictly controlled to
produce crossovers (Reynolds et al., 2013). At least one crossover
event occurs per homologous chromosome pair, which is defined as
crossover assurance or obligatory crossover (Shinohara et al., 2008).
In addition, multiple crossovers do not form near one another, which
is a process referred to as crossover interference (Hunter, 2015).
Most crossovers are generated by the interference-dependent (class
) pathway (Holloway et al., 2008). Class | crossover formation is
achieved by recruitment of a complex of recombination factors, in-
cluding MutS (MSH4-MSH5), RNF212, MutL (MLH1/3), CDK2, and
HEI10. MSH4-MSHS5 bind discretely at various recombination sites
along homologous chromosomes at the pachytene stage (Kneitz
et al., 2000). Meanwhile, RNF212, a central meiotic procrossover
factor, selectively localizes onto MSH4-MSHS5 sites to stabilize D-
loops and form dHJs. RNF212-dependent SUMO modification fur-
ther prevents the MSH4-MSH5-RNF212 complex from dissociation
(Reynolds et al., 2013). Approximately half of MSH4-MSH5 marked
sites progress into crossover sites, with the other half, without the
stabilization of RNF212, being processed to form noncrossovers
(Santucci-Darmanin et al., 2000; Reynolds et al., 2013). Cyclin-de-
pendent kinase, CDK2, and an E3 ubiquitin ligase, HEI10, associate
with MSH4-MSH5 -RNF212 marked foci to assist binding of MLH1/3,
which is proposed to mark class | crossover sites (Anderson et al.,
1999; Lipkin et al., 2002; Ward et al., 2007). A small subset of cross-
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overs, ~5-10%, are formed by the alternative class Il pathway, where
MUS81-EME1 heterodimers function as an HJ resolvase responsible
for resolving X-shaped joint molecules (Boddy et al., 2001; Holloway
et al., 2008, 2011).

In addition to CDK2, polo-like kinases (PLKs) have been linked
with a role of mediating crossover recombination events. In budding
yeast, Cdc5 is required for SC disassembly and the resolution of
dHJs during meiosis contributing to the activation of class | and
class Il crossover pathways via its kinase activity (Clyne et al., 2003;
Sourirajan and Lichten, 2008; Matos et al., 2011; Argunhan et al.,
2017; Wild et al., 2019). Caenorhabditis elegans express three PLKs
of the same subfamily, PLK-1, 2, and 3 (de Céarcer et al., 2011). PLK-1
and PLK-2 have been shown to be important for regulating DSB
formation and crossover designation (Machovina et al., 2016; Nada-
rajan et al., 2017, Brandt et al., 2020). In addition, PLK-1 and PLK-2
are required for mediating chromosome pairing and synapsis
(Harper et al., 2011; Labella et al., 2011; Nadarajan et al., 2017).
Mammals express four kinase proficient PLKs (PLK1-4). Using small
molecule kinase inhibitors, it has been demonstrated that inhibition
of PLK1 prevents normal SC disassembly (Ishiguro et al., 2011; Jor-
dan et al., 2012). However, a role for PLK1 in meiotic recombination
had not previously been assessed. Using a Plk1 conditional knock-
out (cKO) approach we assessed the role of PLK1 during meiotic
recombination, and homologous chromosome synapsis and desyn-
apsis. We report that PlkT cKO spermatocytes undergo abnormal
disassembly of the lateral elements of the SC and cause perturba-
tions during meiotic recombination that result in increased cross-
over recombination levels.

RESULTS
Conditional knockout of Plk1 in spermatocytes results in
infertility
As PLK1 is essential for early embryonic development (Lu et al.,
2008), we used a cKO strategy for mutating Plk1 (see Materials and
Methods). Exon 3 of Plk1 was flanked by Cre recombinase target se-
quences, and this allele was termed Plk1 flox. By breeding mice ex-
pressing the Cre recombinase to mice heterozygous for the Plk1 flox
allele, we generated a KO allele termed Plk1 del. The heterozygous
Plk1 del mice exhibited no gross morphological abnormalities during
development and adult life. No homozygous offspring for the Plk1
del allele were produced in our study (n = 83 pups [15 litters] from
crosses between heterozygote Plk1 del mice; 55 pups were Plk1 del
heterozygotes and 28 pups were homozygous for the wild-type Plk1
allele), indicating that homozygosity for the deletion allele is lethal.
To determine the requirement for Plk1 during meiotic prophase
of spermatogenesis, we used the Spo11 promoter to specifically
express the Cre recombinase transgene in germ cells. Spo11-Cre is
expressed as early as 10 days postpartum (dpp), which corresponds
to early prophase, preleptotene/leptotene stage spermatocytes
(Lyndaker et al., 2013; Hwang et al., 2018; Wellard et al., 2020).
From analysis of hematoxylin and eosin (H&E) stained testis sections
of adult control and PlkT cKO male mice, it was evident that primary
spermatocytes were undergoing cell cycle arrest during meiosis |, as
round and elongating spermatids were never observed in Plk1 cKO
tubules (Figure 1A). STA-PUT density sedimentation was used to
purify mid to late prophase spermatocytes from control and Plk1
cKO testes. PLK1 protein levels and activation were then assessed
via Western blot (Figure 1B). PLK1 activation was detected by using
an antibody that specifically recognizes phosphorylation of the ser-
ine 137 residue (Phospho-PLK1 [Ser137]). Total PLK1 levels and
PLK1 activation were greatly reduced in PlkT cKO spermatocytes
compared with controls. In contrast, the levels of SC lateral element
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Plk1 cKO spermatocytes display aberrant disassembly of SC lateral elements during the transition from
diplonema to diakinesis. (A) H&E staining of 5-pum- thick testis sections of adult control and Plk1 cKO mice. Scale bars =
50 pm. (B) Protein extracts from STA-PUT-isolated midlate prophase spermatocytes were collected from control and
Plk1 cKO mice. Isolation via STA-PUT density sedimentation resulted in 90% pure midprophase spermatocyte
enrichment. Western blot analysis was performed for PLK1, Phospho-PLK1 (Ser137), SYCP2, SYCP3, and o-Tubulin as a
loading control. (C) Representative chromatin spread preparations of diakinesis-stage spermatocytes from control and
Plk1 cKO mice immunolabeled with SYCP3 (red) and SYCP2 (cyan), and stained with DAPI (white, lower panel). Scale
bars = 10 pm. (D) The percent of diakinesis-stage spermatocytes containing linear stretches of SYCP2 was quantified
from three biological replicates in control (95 cells assessed) and Plk1 cKO (70 cells assessed) mice. Error bars show
mean + SEM. P values (two-tailed Student'’s t test) comparing Plk1 cKO to the control are indicated by ****, P < 0.0001.
(E) The percent of diakinesis-stage spermatocytes containing linear stretches of SYCP3 was quantified from three
biological replicates in control (110 cells assessed) and Plk1 cKO (79 cells assessed) mice. Error bars show mean = SEM.
P values (two-tailed Student's t test) comparing Plk1 cKO to the control are indicated by ***, P < 0.001. (F) Representa-
tive chromatin spread preparations of diakinesis-stage spermatocytes from control and Plk1 cKO mice immunolabeled
with SYCP2 (red), centromere (CEN; green), and stained with DAPI (blue). Yellow arrow pointing to a polycomplex of
SYCP2. Scale bars = 10 pm. (G) The percent of diakinesis-stage spermatocytes containing lateral element polycomplexes
in control (103 cells assessed) and Plk1 cKO (76 cells assessed) mice. Error bars show mean + SEM. P values (two-tailed
Student’s t test) comparing Plk1 cKO to the control are indicated by ****, P < 0.0001.

components, SYCP2 and SYCP3, were increased in Plk1 cKO sper-  and confirmed the absence of PLK1 signal normally seen along
matocytes, suggesting a defect during meiotic prophase. We also ~ chromosome axes and kinetochores in Plk1 cKO spermatocytes
assessed the localization of PLK1 on chromatin spread preparations  (Supplemental Figure S1).
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PLK1 is required for efficient SC lateral element disassembly
and progression through meiosis |

We assessed the first wave of spermatogenesis in juvenile mice to
determine more closely what stage of spermatogenesis is affected.
We measured the testis weight of juvenile control and Plk1 cKO lit-
termates at ages that represent different stages of meiotic progres-
sion, spanning 15-16 dpp (mid-prophase), 18-19 dpp (late pro-
phase), and 21-25 dpp (meiosis | and II; Supplemental Figure S2A).
Testis weight was comparable between control and PlkT cKO mice
at the first two ages, but a significant difference in weight was ob-
served between 21 and 25 dpp, suggesting that primary spermato-
cytes are undergoing apoptosis during the transition between pro-
phase and metaphase I.

We recently determined that the terminal phenotype for Plk1
cKO spermatocytes was due to centrosome separation failure
(Alfaro et al., 2021; Wellard et al., 2021). Nevertheless, PLK1 is also
present within the nucleus during meiotic prophase in mouse sper-
matocytes and has been linked with a role in SC disassembly (Ishig-
uro et al., 2011; Jordan et al., 2012). Therefore, we next assessed
the substages of meiotic prophase using chromatin spread prepara-
tions and staining for SC components, SYCP1, SYCP2, and SYCP3
(Figure 1C and Supplemental Figure S2B). At 14, 16, 18, and 20
dpp, we did not observe significant differences in the distribution of
meiotic stages between control and Plk1 cKO spermatocytes (Sup-
plemental Figure S2C). Chromosome synapsis and formation of the
sex body appeared normal in the Plk1 cKO spermatocytes (Supple-
mental Figure S2B). However, we did observe SC disassembly de-
fects in the Plk1 cKO (Figure 1, C-G, and Supplemental Figure S2B).
Most strikingly, the lateral elements of the SC, SYCP2 and SYCP3,
were retained along chromosome arms at diakinesis (Figure 1, C-E).
This contrasts with spermatocyte chromatin spreads from littermate
controls, where SYCP2 and SYCP3 are predominantly retained on
the kinetochore at diakinesis but disassembled from chromosome
arms, as previously reported (Parra et al., 2009; Bisig et al., 2012;
Qiao et al., 2012). Furthermore, intense SYCP2 and SYCP3 poly-
complex signals were observed in the majority of chromatin spread
preparations, indicating aberrancies in SC disassembly and SC pro-
tein degradation (Figure 1, F and G).

These observations were consistent with our assessment of pro-
tein levels in STA-PUT isolated prophase spermatocytes, where
SYCP2 and SYCP3 levels where higher in Plk1 cKO spermatocytes
compared with controls (Figure 1B). We also assessed changes in
protein levels in germ cell extracts isolated during the first wave of
spermatogenesis (Supplemental Figure 2, D-G). Control and Plk1
cKO spermatocytes progress to late pachynema with similar timing
according to accumulation of histone variant, H1T, which is present
on chromatin from late pachynema onward (Lin et al., 2004). This
complements the similar distribution of meiotic prophase stages
observed from 14 to 20 dpp in control and Plk1 cKO mice during
the first wave of spermatogenesis (Supplemental Figure S2C). Re-
garding SC components, protein extracts from the Plk1 cKO dis-
played higher levels of SYCP1 and SYCP2 during the later stages of
the first wave of spermatogenesis, particularly at 18 dpp. Taken to-
gether with the cytological analyses, these observations suggest
that SC processes leading up to late prophase are occurring with
normal kinetics in the Plk7 cKO, but the transition from diplonema
to diakinesis stages is perturbed.

It has been reported that PLK1 is required for activation of Au-
rora B kinase in mitotic cells (Chu et al., 2011; Lee et al., 2021). We
previously showed that Aurora B kinase and the germ cell-specific
Aurora C kinase are required for efficient disassembly of the SC lat-
eral elements during mouse and human spermatogenesis (Wellard
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et al., 2020). Both Aurora B and Aurora C have a common interac-
tion partner, INCENP, which localizes to the SC during pachynema
and then redistributes to pericentromeric heterochromatin by diplo-
nema (Parra et al., 2003, 2009). INCENP is reported to be required
for appropriate recruitment and activation of Aurora B and Aurora C,
which in turn phosphorylates the C terminus of INCENP (Tang et al.,
2006; Salimian et al., 2011). Therefore, we assessed whether the lo-
calization of phosphorylated INCENP (p-INCENP) was affected by
the absence of PLK1 in spermatocytes (Supplemental Figure S3A).
p-INCENP foci were evident on diplotene-stage chromatin spreads
from control and Plk1 cKO spermatocytes. By diakinesis, p-INCENP
predominantly localizes to pericentromeric heterochromatin in con-
trol spermatocytes. In contrast, p-INCENP localizes along chromo-
some axes, colocalizing with SYCP3, which is abnormally retained in
Plk1 cKO spermatocytes at diakinesis. These observations suggest
that Aurora B/C kinase activity is not affected by the absence of
PLK1, but their localization is perturbed.

PLK1 becomes enriched at the kinetochores during the transition
from diplonema to diakinesis (Jordan et al., 2012; Kim et al., 2015a).
Localization of PLK1 to the kinetochore was reported to be depen-
dent on MEIKIN, a meiosis-specific protein required for sister kinet-
ochore mono-orientation and centromeric cohesion (Kim et al.,
2015a). In contrast, from analysis of Plk1 cKO spermatocytes at dia-
kinesis, we found that PLK1 is not required for MEIKIN localization
to the kinetochore during meiotic prophase (Supplemental Figure
S3B). MEIKIN has been proposed to be the functional homologue
of Moal and Spo13 from Schizosaccharomyces pombe and Sac-
charomyces cerevisiae, respectively (Kim et al., 2015a). It has not
been reported whether mutation of PlkT homologues in these two
species affects localization of Moal or Spo13. However, it is known
that expression of the budding yeast PLK, Cdc5, influences Spo13
protein levels, as overexpression of Cdc5 caused premature Spo13
degradation, and depletion of Cdc5 results in Spo13 stabilization
during meiosis (Attner et al., 2013).

Conditional mutation of Plk1 results in increased RPA foci
and reduced RAD51/DMC1 foci during zygonema

Although mutation of PlkT does not affect the progression through
the early stages of meiotic prophase, it has been demonstrated that
PLK1 is important for DNA recombination events during meiosis in
other model organisms (Clyne et al., 2003; Sourirajan and Lichten,
2008; Matos et al., 2011; Argunhan et al., 2017; Nadarajan et al.,
2017; Wild et al., 2019). Therefore, we assessed markers of different
stages of meiotic recombination on prophase spermatocyte chro-
matin spread preparations.

We first assessed IHO1, which is essential for the formation of
DSBs during meiosis (Stanzione et al., 2016). Based on the localiza-
tion of IHO1 during zygonema, we did not observe any difference
between the control and PlkT cKO (Supplemental Figure S4).

To assess early response to SPO11-induced DSBs, we analyzed
the localization of components of the RPA and MEIOB-SPATA22
complexes, which both independently bind to the 3" ssDNA over-
hangs that are produced when meiotic DSBs undergo 5 single-
strand resection (Luo et al., 2013; Shi et al., 2019). We determined
that Plk1 cKO spermatocytes contained 25% more axial RPA2 foci
compared with control spermatocytes at zygonema (Figure 2, A and
B). In contrast, we did not observe a change in axial SPATA22 foci
numbers in Plk1 cKO spermatocytes compared with control sper-
matocytes at zygonema (Figure 2, C and D). We also assessed pro-
tein levels of RPA components, RPA1 and RPA2, and SPATA22 dur-
ing the first wave of spermatogenesis (Figure 2E). No significant
difference in protein levels between control and PlkT cKO was
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observed, indicating that the increased RPA2 foci in Plk1 cKO sper-
matocytes are not due to a change in expression level. Together, the
data suggests that PlkT cKO spermatocytes fail to efficiently process
RPA bound ssDNA at break sites, but do not influence MEIOB-
SPATA22 processes.

To facilitate strand exchange between homologues, RPA on
the 3’ ssDNA overhangs is displaced by the DNA recombinases
RAD51 and DMC1 (Hunter and Kleckner, 2001; Sansam and Pe-
zza, 2015). We observed significantly less RAD51 and DMC1 foci
localized along the SYCP3 axes during late zygonema in the Plk1
cKO spermatocytes compared with controls (Figure 2, F-I). Mean
RAD51 and DMC1 foci numbers at late zygonema were 93.9 and
85.1, respectively, for Plk1 cKO spermatocytes, compared with
126.3 and 133.2, respectively, for control spermatocytes. As re-
pair of DSBs via HR is being completed, the numbers of RAD51
and DMC1 foci reduce, which is evident by pachynema. Despite
the Plk1 cKO having an ~25% reduction in RAD51 foci and an
~35% reduction in DMC1 foci at late zygonema, by early
pachynema the numbers of RAD51 and DMC1 foci on autosomal
pairs are similar between Plk1 cKO and control mice (Figure 2, G
and I). The reduced RAD51 foci during zygonema was not due to
a reduction in protein expression, as we did not observe a signifi-
cant decrease in RAD51 protein levels during the first wave of
spermatogenesis via Western blot analysis (Figure 2, J and K). In
fact, there may be an increase in RAD51 protein levels in Plk1 cKO
spermatocytes compared with control at 14 dpp. In a previous
study, it was shown that PLK1 phosphorylates the serine 14 resi-
due of RAD51 (pRAD51(ser14)) in human cell lines (Hela, U20S,
and HEK cell lines), and inability to phosphorylate this residue
results in diminished foci formation upon DNA damage (Yata
etal., 2012). The researchers of this study developed an antibody
to specifically detect pRAD51(ser14). The amino acid sequence
used to create the pRAD51(ser14) is conserved in mouse, with the
exception of one amino acid (asparagine in human vs. serine in
mouse at position 10). We reasoned that mutation of Plk1 during
spermatogenesis may lead to reduced pRAD51(ser14) levels,
which may be responsible for the reduced RAD51 foci on SYCP3
axes during late zygonema. Unfortunately, using the
pRAD51(ser14) antibody, we did not detect a specific band via
Western blot or foci on chromatin spreads and, thus, were unable
to assess levels of pRAD51(ser14).

Taken together, conditional mutation of PlkT in spermatocytes
results in disruption of meiotic DDR events, specifically in the con-
text of RPA, DMC1, and RAD51 foci formation during zygonema.
However, this defect does not cause meiotic arrest and Plk1 cKO
spermatocytes progress beyond the pachytene stage.

Conditional mutation of Plk1 results in increased class |
crossover events

We further assessed DNA damage repair by examining the immu-
nostaining pattern of phospho-histone H2A.X (yH2AX[ser139]). Dur-
ing leptonema and early zygonema yH2AX(ser139) marks most of
the chromatin. As DNA repair and synapsis occur, during later stages
of zygonema, the YH2AX(ser139) positive regions diminish. By
pachynema yH2AX(ser139) is predominant at the X-Y chromosome
pair, which undergoes specialized DDR and repair processes known
as meiotic sex chromosome inactivation that persists into diplo-
nema (Chicheportiche et al., 2007). In addition to the X-Y chromo-
some pair, YH2AX(ser139) is also maintained at ongoing recombina-
tion sites on the autosomes during pachynema (Bondarieva et al.,
2020). We determined that PlkT cKO spermatocytes contain 21%
more autosomal YH2AX(ser139) foci than control spermatocytes
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(Figure 3, A and B). This observation implies that Plk1 cKO sper-
matocytes take longer to repair DSBs than control spermatocytes.
Moreover, there may be an altered recombination landscape in Plk1
cKO spermatocytes, which could change the distribution of cross-
overs and noncrossovers.

To address whether mutation of PlkT in spermatocytes causes
changes in class | crossover frequency, we assessed the number of
CDK2 and MLH1 foci along SYCP3 axes at midpachynema. Control
spermatocytes had averages of 19.5 and 23.1 crossover-associated
CDK2 and MLH1 foci, respectively (Figure 3, C-F), whereas Plk1
cKO spermatocytes had higher averages of crossover-associated
CDK2 and MLH1 foci, 23.1 and 25, respectively. The higher number
of CDK2 foci in the Plk1 cKO compared with control was not cou-
pled with a significant difference in CDK2 protein levels at any stage
of the first wave of spermatogenesis (Figure 3G). In addition, SYCP3
axes that contained more than one MLH1 focus showed no altera-
tion in the spacing between crossovers (Supplemental Figure S5, A
and B). Nevertheless, the higher levels of CDK2 and MLH1 cross-
over foci observed in Plk1 cKO spermatocytes compared with con-
trols suggests that PLK1 is required to modulate class | crossover
frequency.

Conditional mutation of Plk1 results in increased class Il
crossover events

The MUS81-EME1 resolvase is responsible for 5-10% of crossovers
during spermatogenesis, and is classified as the class Il crossover
pathway (Holloway et al., 2011). EME1 protein levels during the
first wave of spermatogenesis were similar when comparing con-
trol and Plk1 cKO (Figure 3G). To date, antibodies applicable for
spermatocyte chromatin spread assessment of the MUS81-EME1
complex are not available. However, it is known that in the absence
of the class | crossover pathway, class Il crossover events can be
assessed by counting how many homologues are linked via chi-
asma at the diakinesis stage, which are essential for bivalent forma-
tion (Holloway et al., 2008, 2011). Therefore, we ablated the class
| crossover pathway using an MIh3 knockout allele (Lipkin et al.,
2002). To observe bivalent formation, we treated spermatocytes
isolated from 20 dpp mouse testes with the phosphatase inhibitor
okadaic acid (OA), which stimulates midprophase spermatocytes
to undergo SC disassembly, condense their chromosomes, and
reach diakinesis (Wiltshire et al., 1995; Sun and Handel, 2008). We
assessed the number of bivalents in spermatocytes isolated from
control, Plk1 cKO, MIh3 KO, and Plk1 cKO; MIh3 KO compound
mutant mice. The control and Plk1 cKO displayed similar numbers
of bivalents, averaging 20 per spermatocyte (Figure 4, A-C). In
contrast, the MIh3 KO spermatocytes had an average of two biva-
lents, which is expected based on the knowledge that the class Il
pathway is responsible for 5-10% of crossovers during spermato-
genesis. Spermatocytes obtained from the Plk1 cKO; MIh3 KO
compound mutants had an average of four bivalents per sper-
matocyte, indicating that the absence of PLK1 during meiotic pro-
phase increases the number of class Il crossovers. To ensure that
these results were not an artifact of varying populations of pro-
phase substages in the testes of control and mutant mice, we
counted the distribution of prophase substages in chromosome
spreads immunolabeled against SYCP3 and SYCP1 in spermato-
cytes treated with a vehicle control (ethanol), or OA. No differ-
ences in prophase substage distribution were detected among the
mice, and OA stimulated progression to diakinesis to a similar de-
gree in any mouse (Figure 4, D and E). Conditional mutation of
Plk1 therefore influences both the class | and class Il crossover for-
mation pathways.

PLK1: meiotic recombination & desynapsis | 5



(A) Representative chromatin spread preparations of zygotene-stage spermatocytes from control and Plk1 cKO mice
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Deletion of Plk1 in mouse spermatocytes results in abnormal early DNA damage repair processes.

immunolabeled with SYCP3 (red) and RPA2 (cyan), and stained with DAPI (white inset). Scale bars = 10 pm.
(B) Quantification of RPA2 foci numbers at zygonema from three biological replicates in control (46 cells assessed) and
Plk1 cKO (46 cells assessed) spermatocytes. Error bars show mean + SEM. P value (two-tailed Student’s t test)
comparing Plk1 cKO to the control is indicated by ***, P < 0.001. (C) Representative chromatin spread preparations of
zygotene-stage spermatocytes from control and Plk1 cKO mice immunolabeled with SYCP3 (red) and SPATA22 (cyan),
and stained with DAPI (white inset). Scale bars = 10 pm. (D) Quantification of SPATA22 foci from three biologjical
replicates at zygonema in control (21 cells assessed) and Plk1 cKO (30 cells assessed) spermatocytes. Error bars show
mean + SEM. P value (two-tailed Student's t test) comparing Plk1 cKO to the control is indicated by ns (not significant).
(E) Western blot analysis of RPA1, RPA2, and SPATA22 in control and Plk1 cKO spermatocytes isolated from whole testis
extracts from 14 to 22 dpp. Total protein stained with 2,2,2-trichloroethanol (TCE) to display protein loading.

(F) Representative chromatin spread preparations of zygotene-stage spermatocytes from control and Plk1 cKO mice
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DISCUSSION

This study demonstrates that PLK1 influences several events during
DNA damage repair and crossover formation during spermatogen-
esis (Figure 5A). Male Plk1 cKO mice exhibit severe meiotic aberran-
cies and are infertile due to failed centrosome maturation and sepa-
ration (Wellard et al., 2021). Despite the cell cycle arrest we observe
during the first meiotic division, we were able to assess the efficacy
of DNA damage repair during meiotic prophase in mice undergoing
the first wave of spermatogenesis. We observed increased levels of
RPA2 foci and a concomitant decrease in single-end invasion inter-
mediates, RAD51 and DMC1, during zygonema in Plk1 cKO sper-
matocytes. Moreover, deletion of Plk1 results in increased class | and
class Il crossover intermediates. We also observed perturbations to
SC disassembly in Plk1 cKO spermatocytes, where axial compo-
nents persist into diakinesis (Figure 5B). These data indicate that
PLK1 regulates crossover formation, and may link DNA damage re-
pair with SC disassembly, in a cross-regulatory manner.

Roles for PLK1 in response to and repair of DSBs

PLK1 phosphorylates RAD51 (serine 14) during HR in mitotic cells
(Yata et al., 2012). This modification leads to further phosphoryla-
tion by casein kinase 2 (CK2), which facilitates the localization of
RAD51 to DNA damage sites through interaction with NBS1, a
component of the MRE11-RAD50-NBS1 (MRN) complex (Yata et al.,
2012). Interestingly, PLK1-dependent phosphorylation of MRE11
also results in further phosphorylation by CK2 (Li et al., 2017). The
dual phosphorylation by PLK1 and CK2 on MRE11 inhibits loading
of the MRN complex to sites of DNA damage, which may allow
downstream DNA repair proteins, such as RAD51 and DMC1, to
have access and repair damaged DNA (Li et al., 2017). The in-
creased RPA2 foci numbers and decreased RAD51/DMC1 foci num-
bers observed in Plk1 cKO zygotene-stage spermatocytes indicates
that PLK1 is required for efficient transition from DNA damage de-
tection to DNA damage repair during meiosis, which aligns well to
its known functions in somatic cells, detailed above. Furthermore,
the numbers of RAD51/DMC1 foci in Plk1 cKO spermatocytes by
early pachynema is similar to control spermatocytes. This observa-
tion suggests that rather than a reduction in RAD51/DMC1 foci
number per se, abrogating PLK1 function results in a delay in DSB
repair and recombination processes.

During meiosis, both RAD51 and DMC1 affect DNA damage re-
pair and crossover formation, but how these proteins function to-
gether to promote strand exchange on the homologous chromo-
some remains an active area of research (Crickard and Greene,
2018). Studies have shown that RAD51 and DMC1 interact with
unique binding partners, but still colocalize and form protein fila-

ments in a side-by-side configuration at 3" ssDNA overhangs
(Sheridan and Bishop, 2006; Brown et al., 2015). Moreover, it has
been suggested that cross-talk between binding partners on RAD51
and DMC1 could influence the stability of the nucleofilament
(Crickard et al., 2018). Posttranslational modifications on RAD51
and DMC1 that modulate the binding of cofactors could therefore
have profound influences on DNA repair efficiency during meiosis.
Determining the phosphostatus of RAD51 and DMC1 and other key
repair factors during meiotic DNA damage repair in control and Plk1
cKO mice will be necessary to further elucidate the mechanisms by
which strand exchange and D-loop formation are regulated during
meiosis. For instance, the breast cancer gene BRCA1, which is re-
quired to promote exchange of RPA with RAD51 in somatic cells
during DSB repair, is also phosphorylated by PLK1 and is likely to
be another key factor being regulated by PLK1 during meiosis
(Chabalier-Taste et al., 2016).

Increased levels of class | and class Il crossover
intermediates
Our observation that class | and class Il crossover intermediates are
increased in PlkT cKO spermatocytes aligns with work conducted in
budding yeast, with some exceptions. The budding yeast PLK,
Cdc5, is necessary and sufficient for the resolution of crossovers in
meiosis (Clyne et al., 2003; Sourirajan and Lichten, 2008). Cells lack-
ing Cdc5 accumulate joint molecules, as do mouse spermatocytes
lacking PLK1. However, Cdc5 deficiency results in reduced numbers
of crossovers while maintaining their levels of noncrossovers (Allers
and Lichten, 2001; Clyne et al., 2003; Sourirajan and Lichten, 2008),
whereas Plk1 cKO mouse spermatocytes form equivalent numbers
of bivalents compared with control mice (Figure 4, A-C), suggesting
that crossover formation is completed, albeit with increased num-
bers compared with controls. These differences may be attributed
to there being a more complex network of crossover assurance and
interference in mammals, which must ensure crossovers are formed
over a much larger genetic distance (Broman et al., 2002). A recent
study assessing mitotically dividing human cells demonstrated that
PLK1 enhances the BLM-TOP3A-RMI1-RMI2 (BTR) -mediated dis-
solution of recombination intermediates late during the G2-M tran-
sition, which suppresses crossover recombination events (Balbo
Pogliano et al., 2022). This work aligns well with our observations, as
we see a general increase in crossover intermediates. In future work,
it would be interesting to determine whether the same relationship
between PLK1 and BTR exists during mammalian meiosis.

An important next step is to determine what are the PLK1 phos-
photargets that ensure crossover resolution. Cdc5 has been shown
to regulate the activity of the class Il resolvase Mus81-Mms4

immunolabeled with SYCP3 (red) and RAD51 (cyan), and stained with DAPI (white inset). Scale bars = 10 um.

(G) Quantification of RAD51 foci from three biological replicates at late zygonema and early pachynema in control

(32 zygonema and 16 pachynema cells assessed) and Plk1 cKO (36 zygonema and 21 pachynema cells assessed)
spermatocytes. Error bars show mean + SEM. P values (two-tailed Student’s t test) comparing Plk1 cKO to the control
are indicated by ****, P < 0.0001. (H) Representative chromatin spread preparations of zygotene-stage spermatocytes
from control and Plk1 cKO mice immunolabeled with SYCP3 (red) and DMC1 (cyan), and stained with DAPI (white inset).
Scale bars = 10 ym. (I) Quantification of DMC1 foci from three biological replicates at late zygonema and early
pachynema in control (53 zygonema and 15 pachynema cells assessed) and Plk1 cKO (42 zygonema and 12 pachynema
cells assessed) spermatocytes. Error bars show mean + SEM. P values (two-tailed Student’s t test) comparing Plk1 cKO
to the control are indicated by ****, P < 0.0001. (J) Western blot analysis of RAD51 in control and Plk1 cKO
spermatocytes isolated from whole testis extracts from 14 to 22 dpp. Total protein stained with 2,2,2-TCE to display
protein loading. (K) Quantification of relative band intensities for RAD51 from three independent Western blots. Error
bars show mean = SEM. P values (paired two-tailed Student's t test) comparing Plk1 cKO to the control are indicated by

**% P <0.001 or ns (not significant).
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(A) Representative chromatin spread preparations of pachytene stage
spermatocytes from control and Plk1 cKO mice immunolabeled with
SYCP3 (red) and YH2AX (cyan), and stained with DAPI (white inset).
The YH2AX signal intensity is intentionally overblown to visualize
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YH2AX (cyan/white) immunolabeling. Scale bars = 10 pm.
(B) Quantification of YH2AX foci from three biological replicates at
pachynema in control (32 cells assessed) and Plk1 cKO (35 cells
assessed) spermatocytes. Error bars show mean + SEM. P values
(two-tailed Student'’s t test) comparing Plk1 cKO to the control are
indicated by ***, P < 0.001. (C) Representative chromatin spread
preparations of pachynema spermatocytes from control and Plk1 cKO
mice immunolabeled with SYCP3 (red) and CDK2 (green). Scale bars =
10 pm. (D) Quantification of nontelomeric CDK2 foci at pachynema in
control (34 cells assessed) and Plk1 cKO (42 cells assessed)
spermatocytes. Telomere localized CDK2 foci are excluded from this
analysis. Error bars show mean = SEM. P values (two-tailed Student's
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(MUS81-EME1) by phosphorylating Mms4 (de los Santos et al.,
2003; Matos et al., 2011). This activity is conserved in mammals,
where PLK1 activates MUS81-EME1 by phosphorylating EME1 dur-
ing mitosis (Svendsen et al., 2009; Wyatt et al., 2013). Moreover,
Cdc5 directly interacts with MutLy-Exo1 complexes at class | recom-
bination sites (Sanchez et al., 2020). Therefore, Cdc5 has been
shown to associate with and regulate both class | and class Il cross-
overs, but whether these crossover-associated protein interactions
are conserved in mammals remains to be shown. Identification of
the phosphoproteomes from purified prophase spermatocytes in
control and Plk1 cKO mice would assist in determining the mecha-
nism through which PLK1 influences crossover formation in
mammals.

Linking crossover recombination with SC disassembly
Crossover formation during meiosis takes place in the context of
chromosome synapsis, mediated by the SC. The SC acts as a signal-
ing hub to link events occurring at recombination nodes to altera-
tions in chromatin morphology throughout the chromosome
(Cahoon and Hawley, 2016). The best example of interplay between
the SC and crossover formation has been determined in C. elegans,
where defects in crossover formation result in a cell cycle delay me-
diated by the cell cycle kinase CHK-2 (Kim et al., 2015b). C. elegans
PLK-1 and PLK-2 paralogues are recruited to pairing centers on the
SC and fulfill a similar role by mediating a cell cycle delay when
chromosomes fail to synapse (Harper et al., 2011; Labella et al.,
2011). In C. elegans, PLKs play an early role during crossover forma-
tion by regulating DSB formation through phosphorylation of SC
components. The phosphorylation of SYP-4 by PLK-1/2 changes the
SC from a more dynamic to a less dynamic state, reducing the ability
for further DSBs to form (Machovina et al., 2016; Nadarajan et al.,
2017). While PLKs seem to play a more critical role in the early
events of DNA damage formation and repair during meiosis in
worms than in mice, the localization of PLK-1 and PLK-2 to the SC
and pairing centers is important for regulating the timing of SC dis-
assembly, which is similar to what we observe in this study.

The localization of PLKs to the SC is not restricted to C. elegans.
PLK1 localizes to the SC and is capable of directly phosphorylating
the SC proteins SYCP1 and TEX12 (Jordan et al., 2012). Additionally,
inhibition of PLK activity resulted in SC disassembly defects (Ishiguro
etal., 2011; Jordan et al., 2012), which were similar to what we have
observed in Plk1 cKO spermatocytes (Figure 1, C-G). These obser-
vations raise the intriguing hypothesis that PLK1 may coordinate the
initiation of SC disassembly with the completion of crossover forma-
tion. However, due to the cell cycle arrest at metaphase | that occurs
in Plk1 cKO spermatocytes, we are unable to assess whether the
defects observed during crossover formation and SC disassembly
would contribute to chromosome missegregation and aneuploidy
(Wellard et al., 2021).

t test) comparing Plk1 cKO to the control are indicated by

***% P < 0.0001. (E) Representative chromatin spread preparations
of pachynema spermatocytes from control and Plk1 cKO mice
immunolabeled with centromere (CEN; blue), SYCP3 (red), and MLH1
(green). Scale bars = 10 pm. (F) Quantification of MLH1 foci numbers
at pachynema in control (59 cells assessed) and Plk1 cKO (66 cells
assessed) spermatocytes. Error bars show mean + SEM. P values
(two-tailed Student'’s t test) comparing Plk1 cKO to the control are
indicated by ***, P < 0.001. (G) Western blot analysis of CDK2 and
EME1 in control and Plk1 cKO spermatocytes isolated from whole
testis extracts from 14 to 22 dpp. Total protein stained with
2,2,2-trichloroethanol (TCE) to display protein loading.
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The number of class Il crossover repair intermediates is increased in Plk1 cKO mice. (A) Representative
chromatin spread preparations of spermatocytes at diakinesis following a 5-h okadaic acid (OA) treatment from control,
Plk1 cKO, MIh3 KO, and Plk1; MIh3 double KO (dKO) mice immunolabeled with centromeres (CEN; magenta) and
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following OA treatment and are indicated with white asterisks. (B) Optical zooms of individual bivalents labeled in A
with arrow and unique roman numeral (i from control; ii from Plk1 cKO; iii from MIh3 KO; iv, v, and vi from Plk1; MIh3
dKO). Each bivalent is immunolabeled with SYCP3 (green) and centromeres (magenta). The dashed outline represents
the DNA imaged via DAPI. Scale bars = 2 pm. (C) The number of bivalents observed per diakinesis spermatocyte
following OA treatment for control, Plk1 cKO, MIh3 KO, and Plk1; MIh3 dKO was quantified in 30 spermatocytes from
three biological replicates. Error bars show mean + SEM. P values (two-tailed Student’s t test) comparing mutant mice to
controls are indicated. (D, E) Prophase substages were quantified from 20 dpp control, Plk1 cKO, MIh3 KO, and Plk1;
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mean + SEM. P values (two-tailed Student's t test) comparing mutant mice to controls were not significant.

Phosphorylation of many SC and axis proteins during the first ~ and DNA repair in a cooperative and coordinated manner. For

wave of spermatogenesis has been reported, and these modifi- instance, Aurora B and Aurora C kinases are required for lateral
cations occur in a cell cycle-dependent manner (Fukuda et al.,  element disassembly (Sun and Handel, 2008; Wellard et al.,
2012). It is likely that PLK1 together with other cell cycle kinases, 2020), and we show here that PLK1 is required for normal local-
such as CDKs, and Aurora B and C kinases, regulate SC dynamics ization of its anchoring interaction partner and substrate, INCENP
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FIGURE 5: Model for the role of PLK1 during meiotic DNA damage
repair, crossover formation, and SC lateral element disassembly in
mouse spermatocytes. (A) Crossover formation during meiosis relies
on the complex regulation of DNA damage repair proteins which act
to ensure that each homologue pair generates a physical linkage
during meiotic prophase. Assessment of components required for
sequential steps during the DNA damage repair and crossover
formation pathways implies that PLK1 is involved in regulating several
key steps. First, PLK1 may influence early DNA damage repair by
regulating the localization of single-strand binding proteins such as
RPA (increased in Plk1 cKO spermatocytes) and RAD51/DMC1
(decreased in Plk1 cKO spermatocytes). Later, PLK1 may influence
the resolution of double holiday junctions, as Plk1 cKO spermatocytes
containing increased numbers of both class | and class Il recombina-
tion intermediates are observed. (B) Disassembly of central region
components of the SC initiates during the transition from pachynema
to diplonema. Lateral element components of the SC are then
disassembled during the transition from diplonema to diakinesis.
Based on the assessment of Plk1 cKO spermatocytes, PLK1 is
required for efficient disassembly and degradation of lateral element
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(Supplemental Figure S3A). However, further work is needed to
determine how these cell cycle kinases work together during
mammalian meiosis.

In conclusion, we show that PLK1 is important for regulating DSB
repair and SC disassembly during mouse spermatogenesis. Incor-
poration of the Plk1 cKO approach in a F1 hybrid genetic back-
ground would enable a genome-wide assessment of changes to the
recombination landscape. Furthermore, determining PLK1 interac-
tors and substrates will contribute to further defining the roles for
PLK1 in meiotic recombination and SC biogenesis.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Ethics statement

All mice were bred at Johns Hopkins University (JHU; Baltimore,
MD) in accordance with the National Institutes of Health (NIH) and
U.S. Department of Agriculture criteria and protocols for their care
and use were approved by the Institutional Animal Care and Use
Committees of JHU.

Mice

mESC clone HEPD0663_7_E04 (C57BL/6N-A/a genetic back-
ground) bearing a “knockout first” allele of Plk1 (Plk1tm1aEUCOMMHmgu)
were acquired from the Knockout Mouse Project as previously de-
scribed (Little and Jordan, 2020; Wellard et al., 2021).

Chimeras were obtained by microinjection of HEPD0663_7_
EO4 mESCs into C57BL/6JN blastocyst-stage mouse embryos
and assessed for germline transmission. Heterozygous progeny
were bred with a C57BL/6J Flp recombinase deleter strain
(B6.129S4-Gt(ROSA)26Sortm(FLPUDYm/Raing, JAX) to remove the
SA-LacZ and Neo selection cassette and produce the floxed exon
4 (designated Plk1 flox).

To produce heterozygous offspring for the deleted exon 4
(designated PIkT del), heterozygous Plk1 flox males were mated to
Sox2-Cre C57BL/6J (B6.Cg-Tg(Sox2-cre)1Amc/J; JAX) mice.

Further, heterozygous PlkT del mice were bred to mice harboring
the Cre transgenes that are specifically expressed in germ cells;
Spo11-Cre (C57BL/6-Tg Spol1-cre)1Rsw/Pecol), which resulted in
male progeny heterozygous for the Plk1 del allele and hemizygous
for the germ cell-specific Cre transgene. These mice were bred to
female homozygous Plk1 flox mice to derive Plk1 cKO (Plk1 flox/del,
Cre) and control (Plk1 +/flox) genotypes.

PCR genotyping

Primers used are described in Supplemental Table S1 and as previ-
ously described (Little and Jordan, 2020; Wellard et al., 2021). PCR
conditions: 90°C for 2 min; 35 cycles of 90°C for 20 s, 58°C, 72°C for
1 min. A final extension of 10 min at 72°C was used.

Histological analysis

Testes were fixed in Bouins fixative. Fixed tissues were embedded
in paraffin and serial sections of 5-um thickness were placed onto
slides and stained with H&E.

components of the SC. SC disassembly is likely coordinated by the
action of several cell cycle kinases including PLK1, CDK1, Aurora B,
and Aurora C kinases (Sun and Handel, 2008; Ishiguro et al., 2011;
Jordan et al., 2012; Cahoon and Hawley, 2016; Gao and Colaiécovo,
2018; Wellard et al., 2020).
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Mouse spermatocyte isolation and culturing conditions
Mixed mouse germ cell populations were isolated as described pre-
viously (Bellvé, 1993; La Salle et al., 2009). Midprophase-enriched
spermatocytes were isolated from 14, 16, 18, 20, and 22 dpp mice,
undergoing the semisynchronous first wave of spermatogenesis.

Enriched primary spermatocytes from adult mice were isolated
using STA-PUT gravity sedimentation as previously described with
minor adjustments (La Salle et al., 2009). A density gradient was cre-
ated by flowing 550 ml of 4% bovine serum albumin (BSA) in Krebs-
Ringer modified buffer (KRB) and 550 ml of 2% BSA in KRB into the
25 ml of cell suspension in 0.5% BSA in KRB. Cells were sedimented
for 3 h before elution and fractionation into 12 x 75-mm glass cul-
ture tubes. Aliquots from each fraction were assessed to determine
the purity of isolated primary spermatocytes, as identified from cell
shape and size. Fractions containing abundant (0% pure) primary
spermatocytes were pooled, counted, and centrifuged at 500 x g to
resuspend at a cell concentration of 2.5 x 10¢ cells/ml.

Mouse spermatocytes were cultured at 32°C in 5% CO; in
HEPES (25 mM)-buffered MEMa culture medium (Sigma) supple-
mented with 25 mM NaHCO3, 5% fetal bovine serum (Atlanta Bio-
logicals), 10 mM sodium lactate, 59 pg/ml penicillin, and 100 pg/ml
streptomycin. Spermatocytes were stimulated to undergo the G2/
Ml transition by a 4 uM OA (Sigma) treatment for 5 h, then assessed
via chromatin spread preparation.

Protein analyses

For protein level analyses, proteins were extracted from germ cells
using RIPA buffer (Santa Cruz) containing 1x protease inhibitor cock-
tail (Roche). Protein concentration was calculated using a Bicincho-
ninic acid (BCA) protein assay kit (Pierce). Lanes of 6%, 10%, 15%,
and 4-15% gradient SDS polyacrylamide gels (Bio-Rad) were loaded
with 20 pl of 1 mg/ml protein extract. Following protein separation
via standard SDS-PAGE, proteins were transferred to polyvinylidene
difluoride (PVDF) membranes using the Trans-Blot Turbo Western
transfer system (Bio-Rad). Primary antibodies and dilution used are
presented in Supplemental Table S2. At a 1:5000 dilution, goat anti-
mouse (62-6520) and goat anti-rabbit (A10533) horseradish peroxi-
dase—conjugated antibodies (Invitrogen) were used as secondary
antibodies. The presence of antibodies on the PVDF membranes was
detected via treatment with Pierce ECL Western blotting substrate
(Thermo Scientific) and captured using the Syngene XR5 gel docu-
mentation system. Protein levels were assessed using Image J (NIH).

Chromatin spread analyses

Germ cell chromatin spreads were prepared as previously described
(Jordan et al., 2012), or with some modifications. Briefly, germ cells
were placed in 50% hypotonic buffer (30 mM Tris, 50 mM sucrose,
17 mM trisodium citrate dihydrate, 5 mM EDTA, 2.5 mM dithiothrei-
tol) for 8 min. The cells were then resuspended in a second hypo-
tonic buffer (1:1 of phosphate-buffered saline and 100 uM sucrose).
The cell suspension was fixed using 1% paraformaldehyde on a
glass slide for 1 h in a humid chamber. The slides were air dried for
1 h, washed in 0.4% Photo-Flo (Kodak) in H,O overnight, and dried
again for 30 min. The slides were immunolabeled immediately after-
ward. Primary antibodies and dilution used are presented in Supple-
mental Table S2. Secondary antibodies against human, rabbit, rat,
mouse, and guinea pig IgG and conjugated to Alexa 350, 488, 568,
or 633 (Life Technologies) were used at a dilution of 1:500.

Microscopy

Images from chromatin spread preparations were captured using a
Zeiss CellObserver Z1 microscope linked to an ORCA-Flash 4.0
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CMOS camera (Hamamatsu). Testis sections stained with H&E stain-
ing were captured using a Zeiss Axiolmager A2 microscope linked
to an AxioCam ERc5s camera, or Keyence BZ-X800 fluorescence
microscope. Images were analyzed and processed using ZEN 2012
blue edition imaging software (Zeiss) or with BZ-X800 Viewer and
Analyzer software (Keyence).
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