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Summary

During meiosis, accurate coordination of the completion of homologous recombination and synaptonemal complex (SC) disassembly during
the prophase to metaphase I (G2/MI) transition is essential to avoid aneuploid gametes and infertility. Previous studies have shown that kinase
activity is required to promote meiotic prophase exit. The first step of the G2/MI transition is the disassembly of the central element
components of the SC; however, the kinase(s) required to trigger this process remains unknown. Here we assess roles of polo-like kinases
(PLKs) in mouse spermatocytes, both in vivo and during prophase exit induced ex vivo by the phosphatase inhibitor okadaic acid. All four
PLKs are expressed during the first wave of spermatogenesis. Only PLK1 (not PLK2—4) localizes to the SC during the G2/MI transition. The
SC central element proteins SYCP1, TEX12 and SYCELI are phosphorylated during the G2/MI transition. However, treatment of pachytene
spermatocytes with the PLK inhibitor BI 2536 prevented the okadaic-acid-induced meiotic prophase exit and inhibited phosphorylation of the
central element proteins as well as their removal from the SC. Phosphorylation assays in vitro demonstrated that PLK1, but not PLK2-4,
phosphorylates central element proteins SYCP1 and TEX12. These findings provide mechanistic details of the first stage of SC disassembly in
mammalian spermatocytes, and reveal that PLK-mediated phosphorylation of central element proteins is required for meiotic prophase exit.

Key words: Meiosis, Synaptonemal complex, G2/MI transition, Polo-like kinase, Spermatocyte

Introduction

Meiosis, a defining event of gametogenesis, is a specialized cell
division involving one round of chromosome replication followed
by two rounds of chromosome segregation (meiosis I and II),
resulting in the formation of up to four haploid gametes. During the
reductional meiosis I division, homologous chromosomes segregate
and the sister chromatids remain associated until their segregation in
the equational division of meiosis II. Unique and characteristic
chromosomal events define prophase I and the transition from
meiotic prophase I to metaphase I (G2/MI) (reviewed by Handel and
Schimenti, 2010). During prophase I, homologous chromosomes
recognize, pair and synapse with one another and undergo crossover
recombination, processes that are essential for successful
chromosome segregation. In most organisms, including mammals,
homologous chromosome synapsis and recombination is facilitated
by a zipper-like tripartite protein complex known as the
synaptonemal complex (SC). The SC is comprised of two lateral
elements that form the core of each homolog and a series of
transverse filaments known as the central element, which bridges the
two lateral elements. Precursors of the SC develop during the
leptotene sub-stage of prophase I, when the cohesin complex,
including meiosis-specific subunits REC8 (recombination 8) and
STAGS3 (stromal antigen 3), HORMA (Hop1-Rev7-Mad2)-domain
containing proteins (HORMADI and 2) and the synaptonemal
complex proteins SYCP2 and SYCP3 form the axial elements
between sister chromatids (Yanowitz, 2010). Concurrently, the
meiosis-specific topoisomerase-like enzyme, SPO11 introduces

double-strand breaks (DSBs) during leptonema. During the
zygotene stage, homologous chromosomes become associated
with one another via the initiation of inter-homolog recombination
and SC formation, whereby the axial elements become the lateral
elements of the SC and the central element, comprised of SYCPI,
synaptonemal complex elements SYCE1, SYCE2, SYCE3 and
testis expressed protein TEX12, links the homologs together
(Yanowitz, 2010). During SC formation, HORMADI and 2
disassemble from regions that have synapsed (Wojtasz et al.,
2009). By the pachytene stage, homologous chromosomes are fully
synapsed and a subset of inter-homolog recombination events
results in crossovers, which also hold homologs together. At this
stage during spermatogenesis, the largely non-homologous X-Y
chromosomes are synapsed at the pseudo-autosomal region (PAR)
and transcriptionally silenced via chromatin modifications that form
the X-Y body (Handel, 2004; Turner, 2007).

The crucial event of exit from meiotic prophase and initiation of
the meiosis I division phase is desynapsis, or disassembly of the
tripartite SC. The disassembly of the SC initiates during the
diplotene stage, when components of the central element dissociate
from the chromatin, remaining only at chromosome ends and sites
of crossovers. HORMAD proteins relocalize to desynapsed regions
at this stage (Wojtasz et al., 2009). During diakinesis, extensive
chromosome remodeling and condensation occurs, the central
element components completely dissociate, and the lateral element
proteins also dissociate, but remain at the centromeres. Following
diakinesis, further chromatin condensation leads to pairs of separate
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(individualized) metaphase I homologs, with pairing now
maintained by crossovers (visually manifest as chiasmata). These
chiasmata are essential to ensure accurate chromosome segregation
during anaphase of meiosis I; indeed the penalty of absence of
crossovers is aberrant segregation and subsequent aneuploidy of
gametes and offspring (Handel and Schimenti, 2010). Thus it is
essential that desynapsis be precisely executed, timed and
coordinated with completion of the molecular events of
recombination. Studies with budding yeast have shown that
failure to disassemble the SC results in aberrant chromosome
segregation during meiosis I (Jordan et al., 2009). However, in
mammalian spermatogenesis, the consequences are more severe;
failure to form recombination crossovers (Edelmann et al., 1996;
Lipkin et al., 2002) or failure to desynapse (Dix et al., 1997; Sun
et al,, 2010) both arrest meiosis at the G2/MI transition, thus
abrogating the possibility of mal-segregation and ensuing sperm
aneuploidy or infertility.

Previous studies have implicated several key features of the
regulation of desynapsis and the G2/MI transition in mouse
spermatocytes. First, it is under strict translational control (Sun
et al., 2010); second, the chaperone protein HSPA?2 is involved in
critical events at the SC promoting desynapsis (Dix et al., 1997;
Zhu et al., 1997); and, third, kinase activation controls many key
processes of the G2/MI transition. Specifically, cyclin-dependent
kinases (CDKs) and aurora kinases (AURKS) are required for
disassembly of the lateral elements during the diplotene and
diakinesis stages (Cobb et al., 1999; Sun and Handel, 2008).
However, inhibitor analyses have suggested that neither CDKs nor
AURKSs are required for the first key step of desynapsis, namely,
disassembly of the SC central element. Here we provide new
evidence implicating polo-like kinase (PLK) in this process. The
polo-like kinase (Cdc5p) in yeast is required for the disassembly of
the SC central element during exit from meiotic prophase (Jordan
et al., 2009; Sourirajan and Lichten, 2008). In mammals, there are
five paralogs of polo-like kinases, PLK1-5, although key kinase
residues are absent in PLKS5 (de Carcer et al., 2011). PLK1 is the
mammalian ortholog of Cdc5p and is termed a ‘master regulator’
of cell division (de Céarcer et al., 2011). To probe the role of PLK in
desynapsis, we have taken advantage of the nearly synchronous
first wave of spermatogenesis in mice (Bellvé et al., 1977; Cohen
et al., 2006) and the ability to isolate highly enriched pachytene
spermatocytes and induce meiotic prophase exit ex vivo with the
phosphatase inhibitor okadaic acid (OA) (Handel et al., 1995). We
report that the four kinase-proficient PLKs are expressed during
mouse spermatogenesis and that PLK1 is localized to the SC
during the G2/MI transition. BI 2536, a small molecule inhibitor of
PLK1 (Steegmaier et al., 2007), inhibits disassembly of the SC
central element during the G2/MI transition. Moreover, we
document phosphorylation dynamics of SC central element
proteins during the G2/MI transition and the involvement of
PLK1 in phosphorylation of these proteins. Taken together our
findings provide robust evidence that PLK1 is required for the first
step of desynapsis, the disassembly of the SC central element.

Results

Polo-like kinase gene and protein expression during the
first wave of spermatogenesis

The pattern of expression of mRNA and protein of four polo-like
kinases (PLK1-4) during different stages of spermatogenesis was
analyzed in germ cells enriched from testes during the nearly
synchronous first wave of spermatogenesis (Fig. 1). Transcripts

for PlkI—4 increase with progression of the first wave of
spermatogenesis (Fig. 1A), with expression at low levels at 4
days postpartum (dpp) when spermatogonia are present and then
increasing to higher levels, particularly evident with onset of
expression of the gene encoding a central element component of
the SC, Sycel. To more clearly discriminate levels after onset of
expression, a reduced cycle RT-PCR was assessed (supplementary
material Fig. S1). Transcript levels from all four Plk genes were
highest when late prophase spermatocytes were abundant (16 dpp)
and when the leading edge of spermatogenic cells undergoes the
G2/MI transition (19-22 dpp).

PLK 14 proteins were detected throughout the first wave of
spermatogenesis (Fig. 1B). Relative levels of PLK1, PLK2 and
PLK3 protein are low when only spermatogonia are present, and
higher when the G2/MI stage spermatocytes are abundant during
the first wave of spermatogenesis (19-22 dpp), a pattern similar to
that of a central element protein of the SC, SYCE1 (Fig. 1B).
Relative levels of PLK4 are highest during the early and mid stages
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Fig. 1. Expression of PLKs during the first wave of spermatogenesis. This
figure provides representative results of analyses of RNA and protein
extracted from germ cells of B6SJL F1 male mice aged 4, 7, 10, 13, 16, 19, 22
and 56 (adult) dpp. (A) PCR analysis of mRNA expression of Plkl-4, Sycel
was used as a control for progression of the first wave of spermatogenesis and
Actb was used as a mRNA loading control. mRNA extracted from whole testis
and RNA-free H,O were used as positive (+ve) and negative (—ve) controls,
respectively (35 PCR cycles were used, see Materials and Methods). Each
transcript was assayed at least four times. (B) Western blot analysis of PLK1—
4 proteins; SYCE1 was used as a control for progression of the first wave of
spermatogenesis and TUBA (tubulin) was used as a protein loading control.
The faster migrating form of PLK4 detected in adult germ cells is indicated by
a black arrow. Each protein was assayed at least two times.
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of the first wave of spermatogenesis (7—16 dpp), then drop during
the G2/MI transition stages (19—22 dpp). Mixed germ cells from
adult testes have low PLK4 protein levels compared to germ cells
from the first wave of spermatogenesis, perhaps reflecting the
lower representation of meiotic cells. However, a prominent faster
migrating protein band was detected by the PLK4 antibody in
enriched germ cells from the adult testis; this protein may be a

A

Pachynema Diplonema Diakinesis

Metaphase |

truncated or a splice variant form of PLK4, but has not yet been
annotated by ENSEMBL or other annotation databases.

Localization of PLKs during meiosis

The localization of PLK1-4 during meiosis | was determined by
immunofluorescence assessment of spermatocyte nuclear spreads
(Fig. 2). During the leptotene and zygotene stages of meiotic

B

Pachynema Diplonema Metaphase |

Metaphase |

Fig. 2. Localization of PLK1—4 in male germ cells. Nuclear spreads from testicular germ cells of B6SJL F1 mice aged 19-23 dpp were stained with DAPI
(blue) and immunolabeled using antibodies against PLKs (green) and the SC lateral element protein SYCP3 (red). (A) PLK1, (B) PLK2, (C) PLK3 and (D) PLK4.
In D, the yellow arrowheads point to aggregates of PLK4 and the yellow arrows point to PLK4 that is localized to the X-Y body during pachynema and diplonema.
At least 100 nuclear spreads at pachynema, diplonema and metaphase I were scored for each antibody, and three independent rounds of nuclear spread

preparations were used for immunolabeling. Scale bars: 10 um.
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prophase I, PLK1 signal was observed in the chromatin (data not
shown). By pachynema, PLK1 was seen in the SC, as shown by
colocalization with signal from antibody against the lateral
element protein SYCP3 (Fig. 2A). PLK1 continues to colocalize
with the SC lateral element signals during diplonema, when the
central element of the SC has disassembled. At diakinesis, when
the lateral element disassembles and SYCP3 localizes to
centromeres, PLK1 signal was observed as linear profiles
between SYCP3 foci. By metaphase I, PLK1 was seen at the
centromeres, colocalizing with SYCP3 signal.

In contrast to the SC localization of PLK1, PLK2 and PLK3
protein signals were observed in the chromatin throughout
pachynema and diplonema (Fig. 2B,C). PLK4 signal was
observed in the XY body at pachynema and diplonema, as well
as in chromatin-associated aggregates (Fig. 3D). Localization of
PLK4 to the XY body was confirmed by colocalization of signals
for PLK4 and yYH2AX (the phosphorylated form of histone
H2AX, also known as H2AFX), which is known to accumulate in
the XY body during pachynema and diplonema (supplementary
material Fig. S2) (Fernandez-Capetillo et al., 2003). At
metaphase I, PLK2, PLK3 and PLK4 signals were enriched at
chromatin regions near the centromeres (Fig. 2B-D).

As a control, the antibodies used to determine the localization
(and protein expression) of PLKs during meiosis were pre-
incubated with the corresponding PLK proteins. All four pre-
absorbed PLK antibodies, when used for immunofluorescence
assessment of spermatocyte nuclear spreads, failed to recapitulate
the localization patterns observed above (supplementary material
Fig. S3), demonstrating their specificity.

SC disassembly kinetics induced ex vivo

Before analyzing PLK function, we refined and added to previously
published landmarks of exit from meiotic prophase induced ex vivo
(Cobb et al., 1999; Cobb et al., 1997; Sun and Handel, 2008).
Pachytene spermatocytes from adult mice were enriched by
sedimentation at unit gravity and subjected to short-term culture
and treatment with the phosphatase inhibitor, okadaic acid (OA) as
previously described (Handel et al., 1995). OA treatment initiates
the G2/MI transition with exit from meiotic prophase, although a
metaphase spindle is not formed in these conditions (Handel et al.,
1995). The dynamics of SC central element and lateral element
disassembly together with serine 10 phosphorylation of histone H3
were observed from immunolabeled nuclear spread preparations as
previously reported (Cobb et al., 1999; Sun and Handel, 2008)
(Fig. 3). Prior to the addition of 5 uM OA, 90% of cells exhibited
fully synapsed autosomes and sex chromosomes synapsed at the
pseudo-autosomal region (PAR; Fig. 3A-C). Approximately
2.5 hours after the addition of OA, most cells progressed to
diplonema when the central element components of the SC were
disassembled from the autosomes, remaining only at crossover
recombination sites and chromosome ends (Fig. 3A-C).
Additionally, phosphorylation of histone H3 Serl0 occurred at
the heterochromatin-rich chromocenters (Fig. 3D,E). Interestingly,
during this stage of prophase exit, SYCPI labeling on the X-Y
chromosomes is more extensive than immediate PAR localization
(Fig. 3A), an observation reported previously for rat spermatocytes
(Tarsounas et al., 1999), and one we have confirmed in freshly
retrieved testicular spermatocytes (supplementary material Fig.
S4). After 4 hours of OA treatment, most spermatocytes were
observed to have progressed to diakinesis, when the lateral
elements had disassembled from the autosomes and lateral

element component, SYCP3, remained at the chromosome ends
(Fig. 3A—C) and histone H3 phosphorylation was evident
throughout the chromatin (Fig. 3D,E). SYCP1 signal was still
detected on the X and Y chromosomes at this stage, but levels were
reduced (Fig. 3A). After 5 hours of OA treatment, most cells were
observed to have reached metaphase I and SYCP1 signal was no
longer present on the X and Y. As previously observed (Dobson
etal., 1994; Sun and Handel, 2008), at MI, chromosomes were fully
condensed and SYCP3 was localized at the centromeric ends of the
chromosomes (Fig. 3A-C).

Bl 2536 inhibition of disassembly of central and lateral
elements of the SC

Having established these landmarks, we assessed the effect of the
PLK inhibitor BI 2536 on G2/MI progress. First we tested its effect
on phosphorylation of the centromeric protein MLF1IP (myeloid
leukaemia factor 1 interacting protein). During the mitotic G2/M
transition MLF1IP is phosphorylated by PLK1 (Kang et al,
2006). During OA-induced prophase exit, MLFI1IP was also
phosphorylated (Fig. 3F). When 100 nM of BI 2536 was added
to cultured pachytene spermatocytes, OA-induced MLFI1IP
phosphorylation was inhibited (Fig. 3G), providing evidence that
BI 2536 inhibits this activity of PLK1 in spermatocytes.

When pachytene spermatocytes were treated with 100 nM BI
2536 and OA, the OA-induced disassembly of the SC central and
lateral elements was inhibited (Fig. 3B,C; supplementary
material Fig. SSA—F). Interestingly, although SC disassembly
was inhibited by BI 2536, SYCPI1 localization along the XY
chromosome pair was still observed (supplementary material Fig.
S5B). The effect of BI 2536 on OA-induced disassembly of the
meiotic cohesin subunit, REC8 from the chromosomal axes was
also assessed (supplementary material Fig. S5). When cultured
pachytene spermatocytes were treated with OA, REC8 was
disassembled with kinetics similar to the SC lateral element
component, SYCP3 and by 5 hours axial REC8 was absent in
more than 90% of cells (supplementary material Fig. S5G). In the
presence of BI 2536, REC8 was retained, as were components of
the SC (supplementary material Fig. S5B,G). These results
provide evidence that PLKs are required for SC disassembly in
spermatocytes, as in yeast (Sourirajan and Lichten, 2008).

As previously observed and attributed to AURK activity (Sun
and Handel, 2008), OA-induced phosphorylation of the serine 10
residue of histone H3 was observed (Fig. 3D,E). However, in the
presence of BI 2536, only 27% of cultured pachytene cells showed
evidence of H3 phosphorylation, compared to 100% of cells
treated with OA only (Fig. 3E), and, moreover, although not
quantified, the intensity of fluorescent signal per nucleus for H3
phosphorylation was lower in those BI 2536-treated spermatocytes
that did show H3 phosphorylation. This reduction in H3
phosphorylation dynamics suggests that PLK function could be
upstream to H3 phosphorylation. This is consistent with the fact
that disassembly of the central element occurs prior to H3
phosphorylation (Sun and Handel, 2008). Alternatively, BI 2536
may directly and/or indirectly inhibit phosphorylation of non-PLK
substrates (Santamaria et al., 2010).

Bl 2536 inhibition of modification and degradation of
components of the SC

Western blotting analyses of pachytene spermatocytes treated
with OA in the presence or absence of BI 2536 were used to
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Fig. 3. SC disassembly during the OA-initiated G2/MI transition is inhibited by PLK inhibitor BI 2536. (A) Nuclear spreads from STAPUT-purified germ
cells depicting steps in post-pachynema prophase exit induced by OA. Nuclear spreads were stained with DAPI (blue) and immunolabeled using antibodies against
the SC central element component SYCP1 (green) and the SC lateral element component SYCP3 (red). (B) Time course of the disassembly of the SC central
element component SYCP1 during OA-initiated G2/MI transition. STAPUT-purified pachytene spermatocytes were cultured without OA (red line, squares), with
5 uM OA (blue line, diamonds) or with 5 uM OA and 100 nM BI 2536 (green line, triangles). (C) Time course of the disassembly of the SC lateral element
component SYCP3 during OA-initiated G2/MI transition. Graph details are as in B. (D) Nuclear spreads from STAPUT-enriched germ cells depicting

phosphorylation of the serine 10 residue of histone H3 during the OA-initiated G2/MI transition. Nuclear spreads were immunolabeled using antibodies against
phosphorylated H3 (green) and the SC lateral element component SYCP3 (red). Nuclear spreads staged at pachynema (pre-OA treatment), and post-OA diplonema
and metaphase I stages are presented. (E) Time course for phosphorylation of the serine 10 residue of histone H3 during OA-initiated G2/MI transition. Graph
details are as in B. (F) Nuclear spreads from STAPUT-enriched germ cells depicting phosphorylation of the threonine 78 residue of centromeric protein MLF11P
during OA-initiated G2/MI transition. Nuclear spreads were immunolabeled using antibodies against phosphorylated MLF1IP (green) and the SC lateral element
component SYCP3 (red). (G) Bar graph presenting the number of nuclear spreads with phosphorylated MLF1IP after 5 hours in culture with 5 uM OA or with
5 uM OA and 100 nM BI 2536. For all experiments, at least 200 nuclei were counted per time point; experiments were performed in triplicate. Scale bars: 10 um.

extend cytological observations and provide evidence for BI 2536 inhibited modification of TEX12 and SYCEl and

modifications of SC and cohesin proteins during the G2/MI
transition (Fig. 4). OA-induced prophase exit was assessed by
Serl0 H3 phosphorylation; consistent with immunocytology

results (Fig. 3D,E), BI 2536 reduced the H3Serl0
phosphorylation levels (Fig. 4A). Modification of central
element protein SYCPl was apparent in OA-treated

spermatocytes from retardation of its migration on an SDS
PAGE gel (Fig. 4B). Additionally, modification of other central
element proteins, TEX12 and SYCEIl, in OA-treated
spermatocytes was apparent from the appearance of slower
migrating bands on an SDS PAGE gel (Fig. 4B). Treatment with

partially inhibited modification of SYCP1 (Fig. 4B). The SC
central element protein SYCE3 was partially degraded after OA
treatment, and this was inhibited by BI 2536 (Fig. 4B). Lateral
element protein SYCP2 was also modified after OA treatment
and this effect was inhibited by BI 2536 (Fig. 4C). Meiotic-
specific cohesin subunits STAG3 and REC8 were degraded after
OA treatment; these events were inhibited by BI 2536 (Fig. 4D).
Furthermore, intensity of the slower migrating band of REC8 was
reduced in the presence of BI 2536, regardless of addition of OA.
Finally the HORMA-domain-containing proteins (HORMAD]1
and 2) that localize to desynapsed axes at diplotene (Wojtasz
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et al., 2009) also showed modification during prophase exit; these
modifications were inhibited by BI 2536 (Fig. 4E). Because BI
2536 is a PLK kinase inhibitor, we hypothesize that the protein
modifications observed during the G2/MI transition are
phosphorylation events stimulated by PLKSs.

Phosphorylation of SC central and lateral elements during
SC disassembly

OA, a phosphatase inhibitor, acts in part by preventing activation
of kinases that regulate cell cycle progression. We hypothesized
that phosphorylation accounts for mobility shifts of SC central
and lateral element proteins after OA treatment of pachytene
spermatocytes. Protein extracts from OA-treated spermatocytes
were used in phosphatase assays to test this hypothesis.
Dephosphorylation of the serine 10 residue of histone H3 was
used as a control to determine both that calf-intestine phosphatase
(CIP) activity was evident and that its activity was successfully
inhibited by the commercial phosphatase inhibitor, PhosSTOP
(Fig. 5A). From these phosphatase assays, it is clear that central
element proteins TEX12, SYCEL and SYCP1 (Fig. 5B), lateral
element protein SYCP2 (Fig. 5C) and HORMADI and 2
(Fig. 5D) were phosphorylated during OA-induced SC

disassembly. Importantly, this modification also occurs in vivo
and is apparent from analysis of SYCP1, TEX12 and SYCEI
from germ cells enriched from testes during the first wave of
spermatogenesis (Fig. SE), at a time (22 dpp) when G2/MI
spermatocytes are represented at a high frequency. Indeed,
dynamic changes in modification occur during the first wave of
spermatogenesis. SYCE1 (Fig. 1B) appeared as a single band
before diplotene spermatocytes are abundant (10-16 dpp), but a
slower migrating band became evident when spermatocytes
undergoing desynapsis were abundant (19-22 dpp). As revealed
by the phosphorylation assay in Fig. S5E, the slower migrating
SYCE1 band represents a phosphorylated variant. It is
conceivable that SYCEL1 is phosphorylated during desynapsis as
it is removed from the SC. Together, these analyses provide
evidence that phosphorylation of SC components occurs after OA
treatment (Fig. 5) and are the modifications inhibited by the PLK
inhibitor BI 2536 (Fig. 4) that are inferred to be required for SC
disassembly (Fig. 3).

PLK1 phosphorylation of SYCP1 and TEX12 in vitro
To provide more direct evidence for the role of protein
phosphorylation in disassembly of SC central elements
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Fig. 5. SC components are phosphorylated during the G2/MI transition. STAPUT-enriched pachytene spermatocytes were cultured for 5 hours in 5 uM OA
to induce the G2/MI transition, protein was extracted from the spermatocytes and used to assess protein phosphorylation of SC components in a standard calf
intestinal phosphatase (CIP) assay. Protein extracts were analyzed in the absence of CIP (—CIP), in the presence of CIP (+CIP) and in the presence of CIP and the
phosphatase inhibitor cocktail PhosSTOP (+CIP +PhosSTOP). Product of the CIP assays was used for western analysis of (A) serine 10 histone H3
phosphorylation; (B) central element proteins SYCP1, TEX12, SYCEI, SYCE2 and SYCE3; (C) SC lateral element protein SYCP2; and (D) HORMA-domain-
containing proteins HORMAD1 and HORMAD?2. (E) Analysis of protein extracted from enriched germ cells of male C57BL/6J mice (22 dpp) in a CIP assay to
determine in vivo phosphorylation state of central element proteins SYCP1, TEX12 and SYCE1. White arrowheads point to the faster migrating dephosphorylated
protein signals; black arrowheads point to the slower migrating phosphorylated protein signals. Each CIP assay was performed a total of three times.

inhibited by BI 2536, it was important to establish whether
purified SC central element proteins can be directly modified by
PLKs. Three central element proteins, SYCP1, TEXI12 and
SYCEI1, are phosphorylated upon the OA-initiated G2/MI
transition of pachytene spermatocytes (Fig. 4B; Fig. 5B).
Therefore, we used an in vitro kinase assay to determine if
PLK1, 2, 3 or 4 exhibit phosphorylation activity toward SYCPI,
TEX12 and SYCEI1 (Fig. 6, and data not shown). By this kinase
assay, SYCP1 was shown to be phosphorylated by PLKI
(Fig. 6A,B); phosphorylation was inhibited by BI 2536 and not
observed using the corresponding vector control. Additionally,
PLK1-mediated SYCP1 phosphorylation was also observed using
a second commercial source of purified PLKI1 kinase
(supplementary material Fig. S6A). The other PLK kinases
(PLK2-4) failed to phosphorylate SYCP1 in vitro, resulting in
background signal similar to that seen for the substrate only
control (Fig. 6A; supplementary material Fig. S6A). Because
modification of SYCP1 was not completely inhibited by BI 2536
(Fig. 4B), we considered the possibility of phosphorylation by
other kinases. SYCPI contains a polo-binding domain (PBD)
binding motif (S-T/Sp-P) (Elia et al., 2003), a motif known to be
phosphorylated by CDK1/CYCBI1 (Park et al., 2010). Therefore
we assessed phosphorylation of SYCP1 by CDK1/CYCBI, and
found a band corresponding to the size of SYCP1 in the CDK1/
CYCBI1 kinase assay (Fig. 6A; supplementary material Fig.
S6A), suggesting that SYCP1 can be phosphorylated by both

PLK1 and CDK1/CYCBI kinases. However, other bands not
corresponding to the size of SYCPl were also evident.
Furthermore, the SYCP1 phosphorylation signal intensity in the
CDKI1/CYCBI kinase assay was more than eightfold less than
that observed for the PLK1 kinase assay (Fig. 6A; supplementary
material Fig. S6A). Control kinase assays with known PLK
substrates were performed to confirm the enzymatic activity of
the recombinant PLK2, PLK3 and PLK4 proteins used
(supplementary material Fig. S7).

TEX12-GST was also phosphorylated in vitro by PLK1 but
not by PLK2 (Fig. 6C,D). Although PLK3 and PLK4 exhibited
kinase activity toward TEX12—GST, the signals were more than
tenfold less than those observed for PLKI1. Furthermore, other
bands not corresponding to the size of TEX12—-GST were evident
at equivalent or higher signal intensity. BI 2536 inhibited PLK1-
mediated phosphorylation of TEX12-GST. Additionally, the
GST control substrate signal was similar to that of PLK1 without
a substrate, suggesting that only background phosphorylation
events were evident. The in vitro kinase analysis was repeated
with a TEX12-6*His substrate, which confirmed that PLK1
phosphorylates TEX12, whereas PLK2—4 give signals that were
at least 20-fold less than that observed for the PLK1 kinase assay
(supplementary material Fig. S6B). We also assessed whether
SYCE1-GST and SYCE1-6*His substrates were phosphorylated
by PLK1; only very low phosphorylation signals were observed
in these assays (data not shown).
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Fig. 6. In vitro phosphorylation of SC central element proteins by PLKI1. (A) Purified SYCP1 protein or control cell lysates were used as substrates for kinase
assays with PLK1, 2, 3, 4 or CDK1/CYCBI. The expected molecular mass of unmodified SYCPI is 114 kDa. (B) Western blot analysis of SYCP1 protein
used for the in vitro kinase assay. (C) Purified TEX12—GST protein or control GST protein were used as substrates in kinase assays with PLK1, 2, 3 or 4. The
expected molecular mass of unmodified TEX12—GST is 40 kDa. (D) Western blot analysis of TEX12—-GST protein used for the in vitro kinase assay. Signals in A
and C reflect autoradiographic detection of [y->2P] incorporation. The in vitro kinase assays were performed a total of three times.

Discussion

The data reported here reveal that PLK1 localizes to the SC before
and during the G2/MI transition, that phosphorylation of
central element proteins accompanies SC disassembly, that SC
disassembly is inhibited by the PLK inhibitor BI 2536, and that
purified PLK1 phosphorylates SC central element proteins in vitro.
The experimental design, capitalizing on our ability to manipulate
exit from meiotic prophase by mammalian spermatocytes ex vivo,
allowed us to focus on PLK function at this critical stage, apart from
any function that it might have earlier in meiotic prophase.
Together these data provide robust evidence for PLK1 as a key
player in the events that trigger spermatocytes to exit meiotic
prophase. These findings prompt several key questions, the
considerations of which provide deeper insight into this important
meiotic event: How does PLKI1 localize to the SC and is it a
structural component of the SC? What signals prompt the local
activation of PLK1 and other kinases mediating SC disassembly
and de-synapsis? What is the role of phosphorylation in SC
disassembly and removal of central element proteins?

PLK1, the SC and desynapsis
Proteins that function in desynapsis must be at least transiently
localized in the SC, positioned to exert effect on central element

proteins that maintain synapsis. Here we show that PLK1 is
present at the SC in pachytene-stage spermatocytes, and that, by
metaphase I, it relocates to the centromeres, colocalizing with
several other SC proteins that also re-distribute to the centromeric
ends of the chromosomes during the G2/MI transition. This is a
similar localization pattern observed for a PLKI ortholog in
Caenorhabditis elegans (Harper et al., 2011; Labella et al., 2011).
In contrast, the other three kinase-proficient PLKs, PLK2—4 do
not localize to the SC, further implicating PLK1 specifically in
desynapsis. Moreover homozygous deletions of Plk2 or Plk3 do
not result in fertility defects in mice (Ma et al., 2003; Myer et al.,
2011). Like Plkl, Plk4 is essential for cell viability and its
meiotic role has not been definitively tested, although when
heterozygous, an ENU-induced Plk4 mutation within the kinase
domain (PIk4™%*) causes a testicular phenotype of focal regions
of germ-cell loss (Harris et al., 2011), but not meiotic arrest or
infertility. Our finding that PLK4 is sequestered to the X-Y body
during pachynema and diplonema could implicate a role in
meiotic sex chromosome inactivation (Royo et al., 2010).
Although our results imply an important role for SC-localized
PLK1 in desynapsis, they do not exclude other meiotic roles
within the context of the SC. Recently, it has been shown that two
of three PLK1 subfamily genes (plk-1 and plk-2) in C. elegans
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localize to the chromosome pairing centers during early
prophase, with roles in early events of nuclear envelope
remodeling and fidelity of the pairing process (Harper et al.,
2011; Labella et al., 2011). Additionally, Cdc5p, the budding
yeast polo-like kinase, regulates the completion of crossover
recombination as well as SC disassembly (Clyne et al., 2003;
Sourirajan and Lichten, 2008), again suggesting SC-localized
function. Because the design of our study precluded discovery of
early prophase roles for the PLKs, it is not known if they might
play similar roles in pairing and recombination in mammalian
meiocytes.

These lines of evidence suggest several important roles for
PLKSs in the structural context of the SC. Yet surprisingly little is
known about how PLKs become structurally integrated into the
SC, or how tightly they are associated. Interestingly, SYCP1
contains a polo-box domain (PBD) binding motif (S-T/Sp-P), and
this motif could be important for localization of PLK1 to the SC.
Polo kinases all contain one (PLK4) or two (PLK1-3) polo-box
domains, which can play important roles in subcellular
localization (reviewed by Park et al., 2010). Moreover, studies
on PLK function in mitotically dividing somatic cells suggest that
it is closely integrated with sub-nuclear structures. PLKI
associates with centrosomes during mitotic prophase, is
enriched at kinetochores in prometaphase and metaphase, and
is recruited to the central spindle at anaphase, foreshadowing its
accumulation in the midbody at telophase (Petronczki et al.,
2008). Additionally, PLK1 has been recently shown to localize to
chromosome axes at the time of chromosome condensation
during transition out of mitotic prophase (Abe et al., 2011). This
is consistent with our demonstration of PLK1 localization to the
SC and with its similar localization in C. elegans (Harper et al.,
2011; Labella et al., 2011), suggesting the possibility that PLKs
interact with chromosome axial components (e.g. cohesins and
condensins), which may be a clue to its integration into the SC in
a strategic position for bringing about desynapsis.

PLK1, desynapsis and meiotic prophase exit

Although some proteins important for the G2/MI transition of
mammalian spermatocytes have been identified (Cobb et al.,
1999; Cobb et al.,, 1997; Sun and Handel, 2008), the full
repertoire of proteins required for the initiating event of
desynapsis is not known. Here we focused on this event
specifically, taking advantage of both the first wave of
spermatogenesis and our ability to initiate and analyze in detail
steps in the G2/MI transition in enriched mouse pachytene
spermatocytes. The efficacy of the PPl and PP2A protein
phosphatase inhibitor OA (Handel et al., 1995; Wiltshire et al.,
1995) in prompting the G2/MI transition suggests an antagonistic
relationship between phosphatases and kinases, whereby
phosphatases maintain the lengthy prophase and kinases initiate
the G2/MI transition (Wiltshire et al., 1995). We sought evidence
for PLK function by taking advantage of recent development of
highly specific PLK inhibitors, an effort propelled by their
potential use in cancer treatment (Strebhardt, 2010). BI 2536 was
designed to inhibit PLK1, and indeed, when somatic cells are
treated with BI 2536, they recapitulate the G2/M arrest observed
when PLK1 is knocked down by RNAi (Steegmaier et al., 2007).
BI 2536 has been shown to be at least 2000-fold more specific to
PLK than to a large panel of other kinases (Steegmaier et al.,
2007); however, it is only 4.5- and 11-fold more specific to PLK1
than PLK?2 and PLK3, respectively. Given that the specificity of

BI 2536 is not absolute, the role of PLK1 in desynapsis and the
spermatocyte G2/MI transition is best inferred from several
independent lines of evidence.

The effect of BI 2536 on desynapsis was tested using the ex
vivo OA-induced prophase exit assay. As shown, BI 2536
inhibited desynapsis and removal of the central elements from the
SC, the initiating events of the G2/MI transition. Interestingly,
these events are not prevented by CDKI1 and AURK inhibitors
(Sun and Handel, 2008), showing that they are not an effect of
generalized kinase inhibition. Further evidence that it is PLK1
among the polo kinases that plays a key role in desynapsis is that
only PLK1 (and not PLK2-4) that localizes to the SC during the
G2/MI transition, and that two SC central proteins (SYCP1 and
TEX12) are phosphorylated in vitro by PLK1 but not by PLK2—4.
Thus, the weight of several independent lines of evidence
suggests that the PLKI1 is required for SC central element
disassembly during the G2/MI transition in mammalian
spermatocytes.

These findings are notable because they provide the first
evidence implicating a specific protein in initiating exit from
meiotic prophase in mammalian spermatocytes. Although a role for
PLKI1 in meiotic exit is evident from these findings, we do not
know if it also acts earlier, how it is activated at meiotic prophase
exit, what other proteins might be involved in coordinating these
early events of the transition from meiotic prophase to metaphase,
or, indeed, what initiates these events. It may be active ‘initiation’,
or there may be ‘release from inhibition’ that propels spermatocytes
out of meiotic prophase. For example, in Drosophila, Xenopus and
mouse oocytes, inhibition of PLK1 maintains prophase arrest
(Kishimoto, 2003; Shen et al., 2010; Xiang et al., 2007). Certainly
both SC dynamics and repair of SPO11-induced DSBs involved in
meiotic recombination must be coordinated for timely completion
of meiotic prophase. The Cdc5p polo-like kinase of budding yeast
apparently plays such a role, as it is the only factor required for both
resolution of recombination events as crossovers and SC
disassembly (Sourirajan and Lichten, 2008). Moreover, Mms4p
(the ortholog in mammals is EME1) is phosphorylated by Cdc5p;
this modification is required for activation of the Mus81-Mms4
complex to stimulate crossover recombination events (Matos et al.,
2011). In mice, although the Mus81 gene is not essential for
fertility, it is required for repair of a subset of meiotic DSBs and
regulation of crossover frequency (Holloway et al., 2008). Future
studies of possible interactions among PLK1, EME1 and MUS81 in
mammalian spermatocytes could lead to identification of signals
that initiate the G2/MI transition. Additionally, the MLHI1-3
complex is required for fertility and crossover recombination in
mammals (Edelmann et al.,, 1996; Lipkin et al., 2002). This
complex localizes to late crossover recombination nodules at
pachytene (Moens et al., 2002), and these proteins are removed
from the SC during the G2/MI transition. Moreover large-scale
phospho-proteome analysis found evidence that the PBD sequence
of MLH1 is phosphorylated within the testis (Huttlin et al., 2010).
Together, these lines of evidence suggest that one possible signal
for initiation and coordination of completion of recombination with
desynapsis could be phosphorylation of MLH1; whether this is
upstream to or downstream of PLKI activation is an important
question to resolve.

PLK1, SC protein phosphorylation and SC disassembly
Previous to this study it was clear that phosphorylation is
required to stimulate the G2/MI transition, but the identity of
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specific relevant phosphorylation targets was not known. Our
findings fill this gap by revealing that central element proteins
(SYCPI1, TEX12 and SYCE1), a lateral element protein (SYCP2)
and HORMA-domain proteins (HORMADI and 2) are among
the proteins phosphorylated during the G2/MI transition.
Phosphorylation of these SC components is dependent on
kinase activity inhibited by BI 2536. Importantly, the amino
acid consensus sequence for PLK1, [D/N/E/Y]-X-S/T-[F/¢; no
P]-[¢/X] (Alexander et al., 2011) is present in these SC proteins.
SYCP1 contains 7 and TEX12 contains 2 PLK1 phosphorylation
consensus sites. We showed that SYCPl and TEXI12 are
phosphorylated by PLKI, but not by PLK2-4 in vitro.
Moreover, a large-scale tissue-specific phosphoproteome study
reported that SYCP1 is phosphorylated in testes at five unique
residues (Huttlin et al., 2010). SYCP1 contains a PLK1 PBD
binding motif and it is known that these motifs can be
phosphorylated either by a priming kinase such as CDKI-
CYCBI (nonself-priming) or by PLK1 itself (self-priming) which
then act as a binding site for PLK1 and stimulate subsequent
phosphorylation of the substrate at PLK1 consensus sites. Both
nonself- and self-priming models are implicated for SYCP1
phosphorylation by our work showing that SYCPI is efficiently
phosphorylated by PLK1 alone, but is also phosphorylated by
CDKI1-CYCBI in vitro. TEX12 does not contain a PDB binding
motif, but it is possible that once PLK1 is bound to a SYCPI
PBD binding motif, it could phosphorylate TEXI12 by
‘distributive phosphorylation’ (Park et al., 2010). Indeed this
mechanism of phosphorylation has been recently described for
PLK1 mediated phosphorylation of the Augmin subunit HAUSS8
(formerly HICE1), which is required for Augmin—microtubule
interaction and microtubule-based microtubule nucleation
(Johmura et al., 2011). In sum, several lines of evidence
presented here suggest PLK1 could act directly on SC
substrates to promote desynapsis. However, another, not
mutually exclusive, possibility is that PLKI1 acts more
indirectly, through promotion of other (yet unknown) G2/MI
transition events that lead to SC phosphorylation and desynapsis.

Spermatocyte SC protein phosphorylation events were initially
detected by assays using ex vivo OA-induced prophase exit.
Nonetheless, the modifications are also observed in CIP assays of
spermatocytes freshly retrieved from testes and are thus highly
likely to be of biological relevance. At 22 dpp, when G2/MI
spermatocytes are abundant among the germ cells retrieved from
testes, the central elements are phosphorylated. Furthermore, we
observed that a central element protein, SYCEI, is present as a
single band at the times when early to mid-prophase
spermatocytes are abundant (10-16 dpp), but a slower
migrating phosphorylated form of SYCEl was evident when
diplotene spermatocytes (those undergoing desynapsis) were
abundant (19-22 dpp), suggesting the possibility that SYCE1 is
phosphorylated during desynapsis as it is removed from the SC.

Protein interaction studies have been used to determine how
the SC central elements interact with one another (Bolcun-Filas
et al., 2007; Costa et al., 2005; Hamer et al., 2006; Hamer et al.,
2008; Schramm et al., 2011). From these studies, a model for SC
assembly emerges whereby SYCPI molecules forms head to
head dimers via their N-termini, an interaction locked in place by
multimers of SYCEL. To initiate synapsis, the C-termini of
SYCP1 associate with axial (lateral) element proteins that
interact with the chromatin of each homolog. SYCE2 and two
interacting partners, SYCE3 and TEXI12, bind with the

chromatin-associated SYCP1-SYCEI complexes, polymerizing
them to create the SC (Bolcun-Filas et al., 2007; Costa and
Cooke, 2007; Schramm et al., 2011). From our work, we can now
extend this with a model for SC disassembly, whereby PLKI
phosphorylates central element proteins SYCP1 and TEXI2,
thereby contributing to (and perhaps initiating) SC central
element disassembly, perhaps by disrupting protein—protein
interactions.  Additionally, PLKI1 mediates (directly or
indirectly) the phosphorylation of the central element protein
SYCEI, lateral element protein SYCP2 and the HORMAD
proteins, events that could be required for the disassembly of the
SC central elements.

In conclusion, we show that PLK stimulates the disassembly of
the SC during the G2/MI transition. Concurrent with SC
disassembly, central element components, notably SYCP1 and
TEX12 are phosphorylated, and these are substrates of PLK1 in
vitro. These findings do not exclude earlier meiotic roles for
PLK; ultimately conditional mutation studies will provide a
timeline of PLK action in spermatocytes. Our results contribute
to experimentally testable models of desynapsis and SC
disassembly. Future endeavors should identify specific
phosphorylation sites on SC proteins, and SC protein mutants
lacking the phosphorylation sites will contribute to resolving
their role in desynapsis and meiotic progress.

Materials and Methods

Animals

Male (C57BL/6JxSIJL/J) F1 (herein referred to as B6SJL) mice aged between 4
and 56 days postpartum (dpp) were used in this study. All mice were bred by the
investigators at The Jackson Laboratory (JAX; Bar Harbor, ME) under standard
conditions in accordance with the National Institutes of Health and US Department
of Agriculture criteria and protocols for their care and use were approved by the
Institutional Animal Care and Use Committee (IACUC) of The Jackson
Laboratory.

Mouse germ-cell isolation and culture

Isolation of mixed germ cells from testes was performed using techniques
previously described (Bellvé, 1993; La Salle et al, 2009). Pachytene
spermatocytes were enriched using a 2-4% BSA gradient generated in a STA-
PUT sedimentation chamber (ProScience Inc.) as previously described (Bellvé,
1993; La Salle et al., 2009; Sun and Handel, 2008). Highly enriched pachytene
spermatocytes (2.5x10° cells/ml) were cultured for 10 hours at 32°C in 5% CO, in
HEPES (25 mM)-buffered MEMo culture medium (Sigma) supplemented with
25 mM NaHCO;, 5% fetal bovine serum (Atlanta Biologicals), 10 mM sodium
lactate, 59 ug/ml penicillin, and 100 pg/ml streptomycin. To initiate the G2/MI
transition, cultured pachytene spermatocytes were treated with 5 uM okadaic acid
(OA; Calbiochem). To inhibit PLKs, cultured spermatocytes were treated with
100 nM BI 2536 (Selleck Chemicals) diluted in DMSO 0.5 hour prior to OA
addition and controls were treated with DMSO alone. For SC disassembly kinetic
analyses spermatocytes were harvested and processed as nuclear spreads (see
below) at 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0 and 5.0 hours after OA treatment. For
protein analyses spermatocytes were harvested at 0, 2.5 and 5.0 hours after OA
treatment for protein extraction as described below.

Transcript expression analysis

mRNA was prepared from enriched germ cells using the QIAGEN RNA
purification kit. Following purification RNA was treated with DNase and the
RNA purity and concentration was assessed using a NDI1000 Nanodrop
spectrophotometer. cDNA was synthesized via a reverse transcriptase reaction
(QIAGEN). 10 ng of ¢cDNA was used as a template for standard PCR (58°C
annealing, 70°C, 30 sec extension for 25 or 35 cycles) and reactions were assessed
via standard agarose gel -electrophoresis. Primers used are presented in
supplementary material Table S1.

Protein analyses

Protein was extracted from germ cells using RIPA buffer (Santa Cruz) or NP40
buffer (150 mM NaCl, 50 mM Tris-HCI, 1% NP40, pH 8.0) containing
Ixprotease inhibitor cocktail (Roche). Protein concentration was calculated
using a BCA protein assay kit (Pierce). For enriched germ cells 20 ul of 1 mg/
ml protein extract was loaded per lane on SDS polyacrylamide gels. For STAPUT
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purified pachytene cells 20 pul of 0.1 mg/ml was loaded per lane on SDS
polyacrylamide gels. Following protein separation via standard SDS-PAGE,
proteins were transferred to PVDF membranes using semi-dry western blotting
apparatus (Bio-Rad). Primary antibodies and dilution used are presented in
supplementary material Table S2. At a 1:20,000 dilution, Invitrogen horseradish
peroxidase-conjugated antibodies rabbit anti-mouse (R21455), rabbit anti-guinea
pig (NO. 614620), goat anti-rabbit (A10533), rabbit anti-goat (R21459) were used
as secondary antibodies. The presence of antibodies on the PVDF membranes was
detected by treatment with Pierce ECL western blotting substrate (Thermo
Scientific) and exposure to KODAK Blue XB film.

Calf intestinal phosphatase (CIP) assays

Protein from enriched pachytene spermatocytes that had been incubated with OA
for 5 hours was extracted into NP40 buffer. Protein extract was used in standard
CIP assays (New England Biosciences), and as controls reactions without CIP and
reactions containing PhosSTOP (Roche), which inhibits CIP function, were also
prepared. CIP reactions were incubated at 37°C for 60 min, then SDS PAGE
loading buffer was added followed by heat mediated protein denaturation and
samples were assessed using SDS-PAGE and western blotting.

In vitro kinase assays

SYCP1-Myc/DDK and the corresponding empty vector cell lysate control
(Origene); TEX12-GST (ProteinTech Group), SYCEI-GST (ProteinTech
Group) and the GST protein control (Abcam); TEX12-6*His, SYCE1-6*His
and the empty vector cell lysate control (ProteinTech Group) were used as
substrates for in vitro kinase assays. The substrates (2.5 ug) were combined with
Mg/ATP cocktail (7.5 mM MgCl, 500 uM ATP, 2 mM MOPS, pH 7.2, 2.5 mM
B-glycerol, 0.5 mM EGTA, 0.1 mM sodium orthovanadate, 0.1 mM DTT), 2%
DMSO or 25 nM of BI 2536 in DMSO, 1.5 uCi [y->>P]ATP; the kinases used were
recombinant PLK1 (Carna Bioscience and Abcam), PLK2, PLK3, PLK4 and
CDKI1/CYBI (Carna Bioscience). Reactions were carried out at 32°C for 20 min,
SDS PAGE loading buffer was added followed by heat-mediated protein
denaturation and samples were assessed using SDS-PAGE, western blotting and
autoradiography. Substrates and kinases used in these assays correspond to the
human sequences.

Spread chromatin analysis

Germ cell nuclear spreads were prepared as previously described (Cobb et al.,
1999; Cobb et al., 1997; Sun and Handel, 2008). Primary antibodies and dilution
used are presented in supplementary material Table S2. Secondary antibodies
against rabbit, rat, mouse and guinea pig IgG and conjugated to Alexa Fluor 488,
594 or 647 (Molecular Probes) were used at 1:500 dilution. Nuclear spreads were
mounted in Vectashield + DAPI medium (Vector Laboratories). For antibody pre-
absorption, the PLK antibodies were pre-incubated with the corresponding PLK
proteins (Carna Bioscience) for 45 min at 32°C. Nuclear spread images were
captured using a Zeiss Axio Observer Z1 linked to an AxioCam MR Rev3 camera
and analyzed with the AxioVision V4.8 image software.
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