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Abstract During meiotic prophase, cohesin complexes
mediate cohesion between sister chromatids and pro-
mote pairing and synapsis of homologous chromo-
somes. Precisely how the activity of cohesin is con-
trolled to promote these events is not fully understood.
In metazoans, cohesion establishment between sister
chromatids during mitotic divisions is accompanied by
recruitment of the cohesion-stabilizing protein Sororin.
During somatic cell division cycles, Sororin is recruited
in response to DNA replication-dependent modification
of the cohesin complex by ESCO acetyltransferases.
How Sororin is recruited and acts in meiosis is less clear.
Here, we have surveyed the chromosomal localization
of Sororin and its relationship to the meiotic cohesins
and other chromatin modifiers with the objective of
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determining how Sororin contributes to meiotic chro-
mosome dynamics. We show that Sororin localizes to
the cores of meiotic chromosomes in a manner that is
dependent on synapsis and the synaptonemal complex
protein SYCP1. In contrast, cohesin, with which Sororin
interacts in mitotic cells, shows axial enrichment on
meiotic chromosomes even in the absence of synapsis
between homologs. Using high-resolution microscopy,
we show that Sororin is localized to the central region of
the synaptonemal complex. These results indicate that
Sororin regulation during meiosis is distinct from its
regulation in mitotic cells and may suggest that it inter-
acts with a distinctly different partner to ensure proper
chromosome dynamics in meiosis.

Keywords Meiosis - Meiotic prophase- Chromosome
synapsis - Cohesin - Sororin

Abbreviations

SC  Synaptonemal complex
SA  Stromal antigen

AE Axial element

LE Lateral element

Introduction

The pairing and synapsis of homologous chromosomes
during the first meiotic prophase is essential for meiotic
recombination and proper disjunction of chromosomes
during gametogenesis. Failures in recombination result
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in non-disjunction, precocious sister chromatid separa-
tion and the formation of aneuploid gametes (reviewed
in Hunter 2015). The absence of synapsis results in
meiotic failure and apoptosis. Synapsis of homologous
chromosomes is facilitated by the assembly and stabili-
zation of a proteinaceous structure between homologous
chromosome pairs, called the synaptonemal complex
(SC). The SC is assembled in a stepwise fashion with
the complete complex having a tripartite structure
consisting of lateral elements, transverse filaments,
and, finally, the central element present on the mature
SC (reviewed in Cahoon and Hawley 2016). Axial
element proteins, including SYCP3 and SYCP2 in mice,
begin to assemble on the chromosome axes in
leptonema, before pairing, and synapsis of homologous
chromosomes are evident (Lammers et al. 1994,
Dobson et al. 1994; Offenberg et al. 1998). Later, in
zygonema, the axial elements begin to zipper together to
form the tripartite SC (reviewed in Handel and
Schimenti 2010) Once the mature SC has formed, the
axial elements are referred to as lateral elements and the
structure that bridges the lateral elements is referred to as
the central region. The central region includes the cen-
tral element formed by the SYCE1, SYCE2, SYCES3,
and TEX12 proteins joined to the lateral elements by
transverse filaments that include the SYCP1 protein
(Meuwissen et al. 1992; Costa et al. 2005; Hamer
et al. 2008; Schramm et al. 2011). The SC is fully
assembled in pachynema. Cells remain in pachynema
until checkpoints that monitor recombination and syn-
apsis are satisfied. Upon exit from the pachytene stage,
the SC disassembles as the meiotic cell progresses
through diplonema. Diplonema is identified cytological-
ly by the removal of the central element; in
immunolabeling studies, SYCP1 is lost from chromo-
somal arms at this stage (Meuwissen et al. 1992). Final-
ly, after diplonema, the cells enter diakinesis, a stage
prior to metaphase I in which chromosome condensa-
tion is completed and homologs remain associated only
through their centromeres and sites of recombination
(chiasmata).

The appearance of SC components on chromosome
axes is preceded by axial enrichment of cohesin (Eijpe
et al. 2000; reviewed in Rankin 2015). Cohesin is a
protein complex that tethers sister chromatids together
along their length during both mitotic and meiotic cell
divisions. Sister chromatid cohesion in somatic cells is
essential for mitotic progression, accurate chromosome
segregation, and certain kinds of DNA repair (reviewed

@ Springer

in Nasmyth and Haering 2009). In somatic cells, the
core cohesin complex is composed of four subunits:
SMCI1, SMC3, RAD21, and either SA-1 or SA-2. Dur-
ing meiotic cell divisions, in addition to the mitotic form
of the cohesin complex, meiosis-specific isoforms of
several of the cohesin subunits are expressed and incor-
porated into distinct complexes (reviewed in Rankin
2015). In mammals, these include one of two meiosis-
specific isoforms of RAD21 or the “kleisin” subunit:
RECS8 or RAD21L (Lee et al. 2003; Bannister et al.
2004; Ishiguro et al. 2011; Gutiérrez-Caballero et al.
2011). In addition to the kleisin subunits, in meiotic
complexes, the core cohesin SMC subunit SMCl is
replaced with the related SMC13 (Revenkova et al.
2004). Finally, a meiosis-specific form of the stromal
antigen (SA) or “stromalin” subunit called STAG3 is
thought to be the pre-dominant SA isoform in all mam-
malian meiotic cohesins (Pezzi et al. 2000; Pricto et al.
2001; Fukuda et al. 2010; Lee and Hirano 2011).

Mutations in genes encoding meiosis-specific
cohesin subunits confirm that these isoforms are essen-
tial for normal chromosome axis formation, synapsis,
and double-strand break formation and repair (Xu et al.
2004; Bannister et al. 2004; Xu et al. 2005; Fukuda et al.
2010; Winters et al. 2014; Ward et al. 2016). The unique
phenotypes and patterns of association of the different
meiotic cohesin complexes with chromosome axes dur-
ing pairing and synapsis in meiotic prophase also sug-
gest non-overlapping roles in meiotic chromosome dy-
namics (reviewed in Rankin 2015). The meiosis-
specific kleisin subunits, REC8 and RAD21L, are found
in foci or stripes along chromosome axes beginning
during the leptotene-zygotene stage and are required
for normal axis formation (Eijpe et al. 2003; Lee et al.
2003; Bannister et al. 2004; Xu et al. 2005; Lee and
Hirano 2011; Ishiguro et al. 2011; Gutiérrez-Caballero
et al. 2011). Similarly, in the absence of the meiotic SA
subunit STAG3, axis formation is severely compro-
mised and the REC8 and RAD21L kleisins are
destabilized (Fukuda et al. 2014; Winters et al. 2014).
The meiosis-specific SMC1[3 subunit is required for
normal axis formation, chromosome loop size, and re-
combination in meiotic prophase I (Revenkova et al.
2004; Novak et al. 2008; Biswas et al. 2013). The
analysis of compound meiotic cohesin mutants confirms
both that STAG3-containing cohesins are essential for
normal axis formation and that STAG3 has functional
interactions with both the REC8 and the RAD2IL
kleisins (Ward et al. 2016).
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Although cohesin in its diverse forms is known to be
essential for normal meiotic chromosome dynamics, the
roles of cohesin regulators, such as Sororin, PDS5, and
the ESCO enzymes during mammalian meiosis, are less
clear. In somatic cells, PDS5 associates with cohesin
after it is loaded on chromatin (Sumara et al. 2000). The
cohesin-stabilizing protein Sororin interacts with PDS5
and is recruited to chromatin in response to DNA repli-
cation (Rankin et al. 2005; Song et al. 2012). This
association requires modification of the cohesin com-
plex by the acetyltransferase ESCO2 (Lafont et al.
2010). Sororin competes with the cohesion destabilizing
protein WAPL for PDS5 binding, and retention of
Sororin at the centromere ensures that centromeric co-
hesion is maintained in metaphase (Gandhi et al. 2006;
Kueng et al. 2006; Nishiyama et al. 2010; Liu et al.
2012; Ouyang et al. 2016). Collectively then, PDSS5,
Sororin, WAPL, and ESCO2 control the stability of
the interaction between cohesin and chromatin, ensuring
that cohesin tethers sister chromatids together at the
proper time and place on the chromosomes of mitotical-
ly dividing cells. But what is the role of these cohesin
regulatory proteins in meiosis? In budding yeast meio-
sis, Pds5 helps to prevent inter-sister recombination
events and thus is essential for proper chromosome
segregation (Zhang et al. 2005; Jin et al. 2009). Mam-
mals express two orthologs of PDS5, called PDS5A and
PDSS5B. Pds5B is highly expressed in the testis, and loss
of PDS5B expression at this site results in reduced
proliferation of primordial germ cells (Zhang et al.
2007). Therefore, the precise role of PDS5 in meiotic
prophase is not clear. In fission yeast, the Esol acetyl-
transferase, which is homologous to the vertebrate
ESCO1 and ESCO2 enzymes, is required for monopolar
attachment of sister kinetochores in meiosis I, consistent
with a model in which Esol promotes sister chromatid
cohesion through Rec8-containing cohesin (Kagami
etal. 2011).

The role of Sororin in meiotic prophase is poorly
understood, and the degree to which analogies can be
drawn to its role in mitotic cohesion is not clear. Here,
we have immunolocalized Sororin in mouse spermato-
cytes during meiotic prophase and tested the dependen-
cy of Sororin localization on several meiosis-specific
cohesin subunits. The timing with which Sororin loads
on meiotic chromosomes and its patterns of localization
are different from what has been observed in mitotic
cells and suggest that Sororin may have roles in synapsis
that are distinct from its role in regulating mitotic

cohesin. Our results are consistent with and extend upon
recent studies showing that Sororin is expressed in
meiotic cells and localizes to synapsed meiotic chromo-
somes (Gomez et al. 2016).

Results

Sororin is enriched on synapsed regions of homologous
chromosomes

To explore possible roles of Sororin in meiotic chromo-
some dynamics, surface chromosome spreads were pre-
pared from B57BL/6 mouse testes and immunostained
with an anti-Sororin antibody described previously (Wu
et al. 2011), after confirming that the antibody recog-
nizes mouse Sororin (Fig. S1). The chromosome
spreads were also immunostained with anti-SYCP3, an
axial/lateral element (LE) protein, and calcinosis,
Reynaud’s phenomenon, esophageal dysmotility,
sclerodactyly, and telangiectasia (CREST) serum to
mark centromeres and counterstained with 4’',6-
diamidino-2-phenylindole (DAPI) which allowed us to
assign to each spread a stage in meiotic prophase. In
these samples, Sororin enrichment could be seen on the
meiotic chromosome cores (Fig. 1). The enrichment of
Sororin at cores was not evident in early stages of
meiotic prophase, such as leptonema, but rather was
seen only along synapsed regions of the chromosomes
in zygonema, pachynema, and into diplonema. Short
linear stretches of Sororin staining could first be detect-
ed in zygonema, (Fig. la, second column). Sororin
staining was most strongly enriched on fully synapsed
chromosomes in mid-pachynema. The enrichment of
Sororin on the chromosome cores persisted into the
diplotene stage, where it could be seen associated both
with remaining synapsed regions and at centromeres, as
evidenced by colocalization of the Sororin signal with
CREST staining (Fig. 1b). In diakinesis, when chromo-
somes were fully desynapsed, Sororin enrichment at the
centromeres was no longer detectable. It is possible that
the epitope recognized by our antibody may be masked
in the inner centromere at this stage in meiosis, as
Sororin localization to the centromeres in diakinesis
was recently reported (Gomez et al. 2016).

Because Sororin is thought to stabilize interactions of
the cohesin complex with chromatin, we also stained
spreads with antibodies against the core cohesin subunit
SMC3, which is a constituent of all known cohesin
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Fig. 1 Sororin is enriched on a
cores of synapsed chromosomes.
Chromosome spreads from
spermatocytes of wild-type mice
were immunostained with anti-
bodies to the indicated proteins. a
Various stages in meiotic pro-
phase, as indicated by SYCP3
staining, were costained with
CREST serum (to localize cen-
tromeres) and anti-Sororin anti-
bodies. LEPT leptonema, ZYGO
zygonema, PACHY pachynema,
DIPLO diplonema, DIA diakine-
sis. Scale bar: 20 pum. b Enlarge-
ment of region from diplotene
sample shown above, showing
staining for SYCP3, Sororin, and
CREST serum. Centromeric
staining for Sororin and CREST is
indicated by the white arrow-
heads. Scale bar: 5 um

SYCP3

CREST

Sororin

Sororin

Sororin

complexes in meiotic and somatic cells. As expected,
SMC3 showed clear enrichment at the chromosome
axes, beginning in leptonema (Fig. 2). This staining
continues through pachynema and persisted into

LEPT Z2YGO

LEPT ZYGO

PACHY

PACHY DIPLO DIA

SYCP3 Sororin CREST

CREST

diplonema following chromosome desynapsis. These
observations are consistent with a number of previous
studies indicating that cohesin is enriched on meiotic
chromosome axes prior to pairing and synapsis (Eijpe

DIPLO DIA

Fig. 2 SMCS3 staining is distinctly different from Sororin. Chro-
mosome spreads from spermatocytes of wild-type mice were
immunostained with antibodies to the indicated proteins. The
SMC3 subunit of cohesin shows axial enrichment prior to
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synapsis, as seen in leptonema sample at /eff. This axial staining
persists through pachynema and following desynapsis in
diplonema. In diakinesis, centromere staining is detected. Scale
bar =20 uM
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et al. 2000; Pelttari et al. 2001; Eijpe et al. 2003). We
conclude from the data in Figs. 1 and 2 that cohesin is
enriched at the chromosome cores well before Sororin
staining is detectable. While axial enrichment of SMC3
was evident in leptonema, Sororin enrichment or recruit-
ment occurred only at regions of chromosome synapsis
as they began to appear in zygonema and remained at all
synapsed regions as meiotic prophase progressed.

Sororin enrichment at chromosome cores correlates
with the formation of a mature SC

We noted in the previous experiments that the enrich-
ment of Sororin on chromosome cores correlated with
the appearance of SYCPI, an SC transverse filament
protein and marker of mature SC formation (Handel and
Schimenti 2010). To elucidate further the requirements
for enrichment of Sororin at chromosome cores and the
role of SC assembly in this process, we investigated the
localization of Sororin in spermatocytes from mice that
do not express SYCPI. In the absence of SYCP1, chro-
mosomes condense, close juxtaposition of the homologs
is observed, and axial structures form that are enriched
in cohesin and SYCP3, but homologous chromosomes
fail to synapse (de Vries 2005). In contrast to samples
from wild-type animals, spermatocyte spreads from
Sycpl™™ mice stained with anti-Sororin antibody
showed no obvious enrichment of Sororin protein on
particular chromosome structures (Fig. 3a). Because
SYCPI is required for synapsis and because previously
we had observed a correlation between sites of Sororin
enrichment and regions of chromosome synapsis, we
conclude that Sororin binding at the chromosome cores
is both coincident with and dependent upon synapsis.
Alternatively, Sororin recruitment may depend on the
presence of the SYCP1 protein per se.

Sororin interacts with the cohesin complex in mitotic
cells to stabilize its interaction with chromatin (Rankin
et al. 2005; Nishiyama et al. 2010). Therefore, we com-
pared Sororin localization in Sycpl~ spermatocyte
spreads to that of cohesin. Using an antibody against
the universal cohesin subunit SMC3, we found, as de-
scribed previously (Eijpe et al. 2000; de Vries 2005),
that cohesin consistently localized to axial structures of
paired, unsynapsed chromosomes in the Sycpl '~
spreads, colocalizing with the AE/LE protein SYCP3
(Fig. 3a). These data confirm that cohesin does not
require assembly of the SC for axial enrichment, where-
as Sororin does, and is consistent with a model in which

a Sycpt”

SYCP3 Sororin Sororin CREST

SMC3 CREST

Fig. 3 Synaptonemal complex mutants affect Sororin localiza-
tion. Spermatocytes spreads from animals with the indicated ge-
notypes were immunostained with antibodies as shown. a Spreads
prepared from Sycpl ™~ spermatocytes were probed with antibod-
ies to both SYCP3 and Sororin. In these samples, no clear staining
for Sororin was detected. b Spreads prepared from Sycp3 ™
spermatocytes were probed with CREST serum, to identify cen-
tromeres and either anti-Sororin or anti-SYCP1 antibodies. Short
linear Sororin-positive tracks (white arrowheads) are similar to
those seen with anti-SYCP1 antibody from identical preparations.
Scale bar = 20 pym

axial enrichment of cohesin precedes both synapsis and
Sororin recruitment to chromosome cores.

The axial/lateral element protein SYCP3 begins to
assemble onto chromosome cores in leptonema and
forms part of the lateral element of the mature SC
(Parra et al. 2004). In spermatocytes lacking SYCP3,
SC assembly is abnormal, and synapsis is largely
prevented though homologous pairing still occurs
(Yuan et al. 2000; Kolas et al. 2004). In spite of these
significant defects, short axial stretches enriched in
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SYCPI1 can be identified in the spreads from mice
lacking SYCP3, suggesting partial or incomplete at-
tempts at synapsis (Yuan et al. 2000; Pelttari et al.
2001). To further investigate the role of individual SC
components in Sororin recruitment, we stained spreads
from Sycp37/7 spermatocytes with anti-Sororin anti-
body. In these samples, we found that Sororin was
enriched in short linear stretches in a manner reminis-
cent of SYCP1 staining in the same mutant (Fig. 3b).
Although we were unable to costain for both Sororin
and SYCPI1 (available primary antibodies were both
made in the same host species), the similarity in staining
patterns is entirely consistent with a model in which
both Sororin and SYCP1 localize to short tracks of
pseudo-synapsis seen in Sycp3 " animals.

Meiotic cohesin subunits and sororin recruitment

Meiotic cohesin complexes comprised of specific mei-
otic cohesin subunits show unique spatio-temporal lo-
calization on the chromosome axes during meiotic pro-
phase and are essential to normal meiotic progression.
To investigate the relationship between Sororin enrich-
ment on chromosome cores and meiotic cohesin, we
stained spermatocyte chromosome spreads from mice
that do not express various meiotic cohesin subunits
with anti-Sororin antibodies. We began with spreads
from mice that have compromised expression of the
meiosis-specific SA subunit STAG3. In the absence of
STAG3, synapsis of homologous chromosomes largely
fails, and meiosis progresses only to an early zygotene-
like stage, in which short linear tracks of SC compo-
nents are observed (Fukuda et al. 2014; Winters et al.
2014; Hopkins et al. 2014). These tracks may represent
abortive attempts at synapsis and at least partial SC
assembly, as they contain both SYCP3 and SYCPI
(Hopkins et al. 2014). In chromosome spreads from
Stag3™" spermatocytes stained with anti-Sororin anti-
body, some of the SYCP3-positive tracks were also
positive for Sororin (Fig. 4). In this mutant, the SMC3
signal generally colocalized with the complete length of
SYCP3 axes (Fig. 4c and Hopkins et al. 2014), whereas
Sororin only partially overlapped with the SYCP3 axes.
This pattern is reminiscent of the partial SYCP1 signal
observed in the Stag3 mutant (Hopkins et al. 2014) and
is consistent with our observations in spreads from wild-
type animals, in which Sororin enrichment on chromo-
some axes was dependent upon synapsis or at least
SYCPI assembly (Fig. 1).
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a
SYCP3

ACA

Sororin

Fig. 4 Sororin and meiotic cohesin. Spreads prepared from wild-
type, or Stag3~’ animals were immunostained with antibodies
against Sororin and SYCP3. CREST serum immunofluorescence
was used to identify centromeres. Linear tracks of Sororin, evident
in the wild-type samples (a) were not detected in the Stag3™""
spreads (b). Instead, short linear tracks that colocalize with SYCP3
were frequently found (white arrowheads). ¢ The cohesin subunit
SMC3 is localized to linear tracks that encompass the length of the
chromosome axes in wild-type spermatocytes (leff). In Stag3 "
spermatocytes, short tracks of SMC3 of varying lengths are seen,
the longer of which colocalize with the lateral element protein
SYCP3 (right). In scale bar = 5 um

Because synapsis and SC assembly are severely com-
promised in the absence of STAG3 protein, it was
difficult to ascribe specific stages of meiotic prophase
to individual spreads from Stag3™" spermatocytes.
However, different levels of recruitment of SC proteins
could be seen in individual spreads, and the length of
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tracks of Sororin staining appeared to correlate with the
extent of the SYCP3 staining, with longer Sororin tracks
coinciding with longer SYCP3 tracks. In all cases, the
tracks of Sororin staining were less extensive than those
of SYCP3, and not all SYCP3-positive tracks showed
clear evidence of Sororin localization. We conclude
from this experiment that Sororin is recruited to a por-
tion of the SC-like assemblies that form in the absence
of STAG3.

Sororin and the meiotic kleisins

In addition to the meiosis-specific stromalin subunit
STAG3, meiotic cohesin complexes also contain one
of two meiosis-specific kleisin subunits: REC8 or
RAD21L. In the absence of REC8, synapsis and recom-
bination between homologous chromosomes are severe-
ly compromised, although chromosome pairing is evi-
dent (Bannister et al. 2004; Xu et al. 2005). Chromo-
somes in spreads from spermatocytes lacking REC8
have well-developed axes that can be detected by local-
ization of SYCP3. Some partial synapses may occur
between homologs, and SC-like structures develop be-
tween sister chromatids (Xu et al. 2005). To further
elucidate the relationship between the meiotic cohesin
and the axial enrichment of Sororin, we stained chro-
mosomes spreads from Rec8 ~ spermatocytes with
anti-Sororin antibodies. In these preparations, several
distinct staining patterns were observed. Sororin was
detected at chromosome cores, and this staining over-
lapped with staining for SYCP3 (Fig. 5a). There was
significant variability in the staining for Sororin: in some
spreads, Sororin staining was limited to short patches or
tracks (Fig. 5a (i, ii)), while in others, nearly every
chromosome axis was well decorated with Sororin
(Fig. 5a (iii)). In all samples, Sororin staining
colocalized with SYCP3 staining. The heterogeneity in
extent of Sororin staining may reflect the non-
homogeneous meiotic phenotype of Rec8’~ spermato-
cytes, in which up to five distinct zygotene-like stages
can be distinguished in the adult testes based on patterns
of SYCP3-positive staining (Xu et al. 2005). Our results
indicate that in the absence of RECS, the signals that
lead to axial enrichment of Sororin still develop, in spite
of clearly abnormal chromosome structure and dynam-
ics. Additionally, Sororin staining was most extensive in
samples that had a mature, pachynema-like degree of
chromosome compaction (Fig. 5a (iii)). We interpret this
to suggest that Sororin may be enriched on sister

Sororin

b  Rad21F

SYCP3
ACA

Sororin

Fig. 5 Sororin and meiotic kleisin subunits. Spermatocyte chro-
mosome spreads prepared from mice that do not express the
indicated kleisin subunits were immunostained for Sororin and
SYCP3. a Shown are representative spreads from Rec8 " ani-
mals. In these samples, Sororin can be seen to decorate the length
of chromosome axes of unsynapsed sister chromatid pairs. This
staining is coincident with the staining for the AE/LE protein
SYCP3. b Spreads prepared from animals that do not express
RAD2I1L were immunostained for Sororin and SYCP3. As in
the Rec8”’~ mutant, Sororin is coincident with the SYCP3-
positive tracks but is less extensive. Scale bar =5 pm

chromatids that have developed near continuous SYCP1
staining previously reported in Rec8 "~ spermatocytes
(Xu et al. 2005).

We also examined the role of RAD2IL kleisin in
Sororin axial enrichment. In the absence of RAD21L,
spermatocytes show defects in synapsis and arrest in a
zygotene-like state, in which SYCP3 is found in short
axial tracks and SYCP1 can frequently be detected on
small stretches within these tracks (Herran et al. 2011).
When spermatocyte spreads from Rad21] animals
were immunostained for Sororin, short linear tracks of
Sororin staining were seen (Fig. 5b). As in the spreads
from the Rec8 /~ spermatocytes, these tracks coincided
with the tracks of SYCP3 staining but were less exten-
sive, rarely encompassing the entire length (Fig. 5b (i—

iii)).
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We conclude from these experiments that neither of
the meiotic kleisins is strictly required for Sororin to
load on the chromosome cores and that Sororin enrich-
ment depends instead upon development of SC-like
structures. Although chromosome dynamics are greatly
disrupted in mice lacking either kleisin subunit, in both
cases, linear tracks of Sororin were seen associated with
chromosome cores that showed at least partial SC
assembly.

Sororin localizes to the central region of synapsed
chromosomes

We have shown that Sororin localization to chromo-
some cores is dependent on the assembly of SC
proteins. In particular, the transverse filament pro-
tein SYCP1, a marker of mature SC assembly, seems
to be critical. These results suggested the possibility

a SYCP3 Sororin

Fig. 6 Sororin localizes to the central region of synapsed chro-
mosomes. Structured illumination microscopy was used to inves-
tigate the relationship between the Sororin and the lateral elements
of synapsed chromosomes. a Three examples of individual pachy-
tene bivalents stained for SYCP3 (green) and Sororin (red). b The
spatial relationship between SYCP3 and Sororin was determined
by measuring intensity profiles in both channels over three regions
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that Sororin might assemble in the central region of
synapsed meiotic chromosomes. This indeed has
been suggested recently based on mutant analysis
but was not formally demonstrated (Gémez et al.
2016). To determine the precise relationship be-
tween the location of SC proteins and the enrich-
ment of Sororin on the chromosome cores, we used
3D structured illumination microscopy (SIM). Sper-
matocyte chromosome spreads from wild-type mice
were costained for Sororin and the AE/LE protein
SYCP3. Strikingly, the Sororin signal was limited to
the central regions of synapsed chromosomes
(Fig. 6). Condensed pachytene chromosomes were
casily identified by fully aligned paired tracks of
SYCP3 signals (Fig. 6a). Some chromosomes were
relatively straight while others formed a helical twist
(Fig. 6a, bottom example). In the twisted chromo-
somes, Sororin staining was most evident along the

on each of two chromosomes from two different spreads (/-6,
yellow lines). The intensity profiles of the yellow lines are graphed
at right, with the green and red traces representing SYCP3 and
Sororin, respectively. Each trace is normalized to an intensity
range of 0-100. Note that a single peak of Sororin signal lies
between two peaks of SYCP3 signal. Scale bars: 1 pm
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entire chromosome length and could be seen be-
tween lines of SYCP3 staining in the regions that
lay flat relative to the slide.

To confirm that Sororin localization was limited to the
central region, we performed image analysis, quantitating
the signal strength of both Sororin and SYCP3 relative to
each other. These analyses confirmed that Sororin was
localized to the region between the peaks of SYCP3
signals (Fig. 6b). In all cases where two signals of SYCP3
staining could be resolved, a single peak of Sororin signal
was evident between them. These results indicate that the
majority of detectable Sororin is localized to the central
region of the SC in synapsed chromosome pairs.

Discussion

Sororin binds meiotic chromosomes at regions
of synapsis

We have investigated the localization of Sororin on
chromosomes during meiotic prophase. Our results
are summarized in the cartoon shown in Fig. 7.
During mitotic cell divisions, the binding of
Sororin to cohesin on chromosomes occurs concur-
rently with DNA replication and represents a stage
during the cell cycle during which cohesin is sta-
bilized on chromatin (Gerlich et al. 2006). A re-
cent study demonstrated that Sororin accumulates
on meiotic chromosomes in prophase (Gomez
et al. 2016). To explore the possibility that a
Sororin-dependent cohesin stabilization event oc-
curs during meiotic chromosome development, we
investigated the localization of Sororin on chromo-
somes during meiotic prophase. Interestingly,
Sororin shows a localization pattern distinct from
that seen for meiotic cohesin, which was previous-
ly shown to colocalize with SYCP3 (Agostinho
et al. 2016). The results indicate that Sororin is
enriched on chromosome cores at regions of syn-
apsis between homologous chromosomes, with dy-
namics apparently related to formation of the tri-
partite SC complex rather than the axial enrich-
ment of cohesin. Furthermore, the time at which
Sororin enrichment is seen is not explained by
loading of the Sororin protein in response to
DNA replication. This result was quite surprising
as the cohesin complex, the only known
interacting partner of Sororin, is enriched at the
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Fig. 7 Summary of Sororin localization in wild-type and mutant
primary spermatocytes. Schematic illustrations depicting the lo-
calization of Sororin in spermatocytes in various genetic back-
grounds. a Wild-type: observed localization of Sororin to chromo-
some cores during meiotic progression, which is depicted from lefi
to right. L leptonema, Z zygonema, P pachynema, DIP diplonema,
DIA diakinesis. Linear enrichment of Sororin is seen from late
zygonema and peaks during pachynema at regions of chromosome
synapsis. Shorter tracks of enrichment are seen in diplonema at
regions that remain synapsed, as well as at centromeres (not
shown). We include an asterisk (*) to indicate that this precise
localization of Sororin on top of SYCP1 is in all cases speculative.
b Sycpl™": Staining for Sororin is not detected in spreads from
animals that do not express SYCP1, though axial SYCP3 is clearly
present. ¢ Sycp3” or Stag3™": short tracks of Sororin staining
were seen in both of these backgrounds These tracks, which
colocalized with SYCP3 in the Stag3™"~ samples, likely coincide
with partial synaptic events that have previously been observed
and characterized (Hopkins et al. 2014; Ward etal. 2016). d Rec8™
~: Long tracks of Sororin staining were seen in primary spermato-
cyte chromatin spreads from animals that do not express the REC8
kleisin. These likely represent pseudo-synapsis between sister
chromatids, as homolog synapsis fails in this mutant
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AE/LE of chromosomes well before homolog syn-
apsis. Furthermore, our observations cannot be ex-
plained by localization of the cohesin accessory
factor and immediate binding partner of Sororin,
PDSS5. PDSS5 is localized to axial cores of meiotic
chromosomes well before synapsis (Fukuda and
Hodg 2010, our unpublished observations).

Sororin associates with the central element of the SC

We have shown that Sororin is localized to the
central region of synapsed chromosomes. In partial-
ly synapsed chromosomes, for example during
desynapsis in diplotene, Sororin is enriched only
on regions that remain synapsed and at the centro-
meres, which remain paired. Collectively, our data
suggest that synapsis, or at least the presence of SC
central region components, is a pre-requisite for
Sororin binding. We were interested to note that in
spreads from Rec8™ mice, Sororin was found on
chromosome cores, in spite of the fact that synapsis
between homologs is clearly compromised in this
mutant. However, although REC8 cohesin prevents
intra-sister synapsis, it is not essential for synapsis-
like events to occur (Bannister et al. 2004; Xu et al.
2005). In the absence of RECS, the ability to distin-
guish between homolog and sister is apparently lost.
This, in combination with decreased homolog
pairing, results in ectopic synapsis and SC assembly
between sister chromatids. Our data indicate that
this pseudo-synapsis is sufficient to promote the
Sororin binding. Similarly, in the Stag3™"" spreads,
in which synapsis is thought to occur at least in part
between sister chromatids (Hopkins et al. 2014),
tracks of Sororin assembly were also evident. The
correlation between SC assembly and Sororin bind-
ing was borne out in our analysis of spreads from
mice lacking the transverse filament protein SYCPI,
which shows a complete failure in synapsis and no
Sororin staining. These striking results confirm that
axial cohesin enrichment is not sufficient to recruit
Sororin, as axial staining for SMC3 is robust in the
absence of SYCP1. Also, consistent with a require-
ment for SC assembly, short tracks of Sororin were
seen in spreads with partial SC assembly, such as in
the Sycp3 or Rad21l mutant backgrounds. Finally,
like Sororin, SYCP1 is retained at centromeres in
diplotene cells, where association between homologs
persists even when the chromosome arms have
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desynapsed (Bisig et al. 2012; Qiao et al. 2012).
We have shown that Sororin not only depends on
SC development for chromosome binding but that it
is also localized to the central region of synapsed
chromosome pairs. The results suggest that Sororin
may bind proteins other than cohesin, such as cen-
tral element components of the SC. Alternatively,
Sororin may interact with only a minor subset of
cohesin complexes to promote synapsis, recombina-
tion, and centromere pairing between homologous
chromosomes.

During the preparation of this manuscript, a similar
report was published, in which it was shown that Sororin
is recruited to regions of chromosome synapsis in mei-
osis (Gomez et al. 2016). Here we have shown unam-
biguously that this occurs at the central region by utiliz-
ing high-resolution microscopy. We have shown that
single tracks of Sororin lie between lateral elements.
The results we present here are broadly consistent with
the data presented by Gomez et al. but provide critical
localization information not present in that previous
report. While Gomez et al. demonstrated that central
element formation was essential for Sororin recruitment
to the chromosome cores, they did not show the precise
localization of Sororin (Gémez et al. 2016). Our data
rule out the possibility that Sororin is recruited laterally,
but in response to signals downstream of central element
formation or maturation.

Signals that promote enrichment of sororin
on chromosome cores

What leads to enrichment of Sororin on synapsed chro-
mosomes during meiotic prophase? We know of no
other cohesion protein that shows the same pattern of
localization. In mitotic cells, Sororin is recruited to
interact with cohesin and thus associates with chromatin
in response to DNA replication (Lafont et al. 2010;
Nishiyama et al. 2010; Song et al. 2012). This interac-
tion is promoted by ESCO2-dependent modification of
cohesin and requires active DNA replication and inter-
action of ESCO2 with the replication machinery. In the
absence of DNA replication, the SMC3 subunit of
cohesin is acetylated by ESCO2 but Sororin is not
recruited (Song et al. 2012). The data we present here
suggest that in meiosis, Sororin recruitment to chromo-
some axes occurs much later than pre-meiotic S phase
and thus must occur through a different mechanism. Pre-
meiotic S phase, during which REC8 and RAD21L
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cohesin are loaded onto chromatin, occurs at a stage
before which we detect specific Sororin staining. In-
deed, cohesin clearly shows axial enrichment even un-
der conditions in which Sororin staining is undetectable,
such as in Syepl™~ spermatocytes. It is possible that
Sororin is diffusely recruited to chromatin during pre-
meiotic S and subsequently translocated to the chromo-
some cores during synapsis. This recruitment of Sororin
to chromosome cores well after DNA replication is not
the only example of post-replication binding of cohe-
sion factors during meiotic prophase. Several recent
studies indicate that cohesion continues to develop dur-
ing meiotic prophase, well after the time at which DNA
replication is complete. For example, RAD21 in mam-
mals and COH3/4 in nematodes are recruited to chro-
mosome axes after pairing and the initiation of recom-
bination (Lee and Hirano 2011; Severson and Meyer
2014). Like these meiosis-specific cohesin proteins,
Sororin may be recruited at a specific stage in meiotic
progression to ensure stabilization of specific chromo-
some interactions.

We imagine two likely explanations for why Sororin
shows a distinctly different localization pattern than
cohesin and PDS5 on meiotic chromosomes. In the first
model, Sororin might interact only with a minor subpool
of cohesin, perhaps to stabilize cohesin-dependent
events at this time and place. The enrichment of Sororin
on pachytene chromosomes may reflect a stabilization
of the interaction between homologous chromosomes
through this minor pool of cohesin. In fact, Sororin may
interact specifically with cohesin complexes that are
recruited following synapsis, such as those containing
the mitotic kleisin subunit RAD21 (Lee and Hirano
2011). An intriguing alternative model is that Sororin
has a different interacting partner in meiosis than it does
in mitotic cells. The dependence of Sororin binding on
the transverse filament protein SYCPI, as well as the
localization of Sororin to the central region of synapsed
chromosomes, is consistent with a model in which
Sororin interacts directly with the SYCP1 protein itself
or another component found in the central region, per-
haps to promote the structural stability of the SC. This
idea provides an interesting topic for biochemical inves-
tigation. Recently, it was found that Sororin still binds
meiotic chromosomes in the absence of the central
element protein SYCE3, so this protein is not a likely
candidate (Gomez et al. 2016). In addition, because
neither SYCE1 nor SYCE2 nor TEX12 load onto chro-
mosome cores in the absence of SYCE3 (Fraune et al.

2012), we can also rule these out as immediate
interacting partners of Sororin. We note that the molec-
ular basis for the interaction between the Sororin and the
cohesion protein PDSS has recently been described and
may provide a useful analogy for investigation of a
potential Sororin-SC protein interaction (Ouyang et al.
2016). The identification of the meiosis-specific part-
ners of Sororin will provide important information about
how Sororin contributes to meiotic chromosome
dynamics.

Materials and methods
Mice

The Stag3 mouse mutant strain used in this study has
previously been described (Hopkins et al. 2014; Ward
et al. 2016). Briefly, the Stag3 allele was created by
integration of the SB-cHS4core-SB-Tyro-WPRE-
FUGW lentiposon transgene (LV2229) in intron 8 of
Stag3 (http://www.mmrrc.org/catalog/sds.php ?mmrrc_
1d=36275) in an FVB background. The Rec§ (B6;129
S4-Rec8™“®) mutant mice used in our study have
previously been described (Bannister et al. 2004). The
Rad21] mouse mutant strain (B6N(Cg)-Rad211tm1
b(KOMP)Wtsi/2]) used in this study was previously
described (Ward et al. 2016). Sycpl and Sycp3 mutant
mice have been described previously (Yuan et al. 2000;
de Vries 2005).

Antibodies

Antigen Host  Source Catalog Dilution Reference
no.
Sororin ~ Rabbit  Rankinlab — 1to 150 Wu et al.
(2011)
CREST Human Antibodies 15-235 1to 50
Inc.
SYCP3  Mouse Santa Cruz SC- 1to 50
74569
SYCP3  Chicken Pezzalab —
SMC3 Rabbit  Rankin - 1 to 100 Song et al.
lab (2012)
SYCP1  Rabbit Novus NB300- 1to 150
229
PDS5B  Rabbit  Bethyl A300- 1:1000
538A (immuno-

blot)
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Immunofluorescence

Established experimental approaches were used for the
visualization of chromosomes in surface spreads (Peters
et al. 1997). Incubations with primary antibodies were
carried out for 1 h at room temperature in PBS plus 2%
BSA. All secondary antibodies were from Jackson
ImmunoResearch Laboratories and were used at a dilu-
tion of 1:300. Slides were subsequently counterstained
for 3 min with 2 pg/ml DAPI containing Vectashield
mounting solution (Vector Laboratories) and sealed with
nail varnish.

Microscopy

Broad field epifluorescence images were collected using
a Roper CoolSnap HQ2 camera on a Zeiss Axio Imager
7.1 with a 100%/1.4 numerical aperture (NA) objective
or a Zeiss Axioplan 2ie fitted with a 63%/1.4 NA objec-
tive microscope. Images were processed and analyzed
using the AxioVision software. Structured illumination
images were collected on a GE DeltaVision OMX SR
super resolution microscope using 3D SIM imaging.
The images were captured at 1024 x 1024 on liquid
cooled sSCMOS camera using an Olympus 60X Plan
APO 1.42 N.A. objective lens. SIM images were ana-
lyzed using ImagelJ, and data were plotted using Prism
(GraphPad Software, La Jolla).

Protein samples

For rapid lysis, the internal cell mass from a single adult
testis was extruded into hot sample buffer and boiled
immediately. For cell fractionation, approximately 10
cells were isolated from macerated adult testes and
subjected to fractionation as described (Méndez and
Stillman 2000). Plasmids expressing either GFP-
Sororin or GFP alone, under the control of the CMV
promoter, were introduced by transient transfection into
cultured HeLa cells using Lipofectamine 2000
(Invitrogen). Cells were lysed in sample buffer and
boiled.
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