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STAG3-mediated stabilization of REC8 cohesin
complexes promotes chromosome synapsis

during meiosis
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Abstract

Cohesion between sister chromatids in mitotic and meiotic cells is
promoted by a ring-shaped protein structure, the cohesin complex.
The cohesin core complex is composed of four subunits, including
two structural maintenance of chromosome (SMC) proteins, one
a-kleisin protein, and one SA protein. Meiotic cells express both
mitotic and meiosis-specific cohesin core subunits, generating
cohesin complexes with different subunit composition and possibly
separate meiotic functions. Here, we have analyzed the in vivo
function of STAG3, a vertebrate meiosis-specific SA protein. Mice
with a hypomorphic allele of Stag3, which display a severely
reduced level of STAG3, are viable but infertile. We show that meio-
cytes in homozygous mutant Stag3 mice display chromosome axis
compaction, aberrant synapsis, impaired recombination and devel-
opmental arrest. We find that the three different a-kleisins present
in meiotic cells show different dosage-dependent requirements for
STAG3 and that STAG3-REC8 cohesin complexes have a critical role
in supporting meiotic chromosome structure and functions.
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Introduction

Cohesion between sister chromatids is critical for the accuracy of
the chromosome segregation process during cell division (Peters
et al, 2008; Nasmyth & Haering, 2009). Cohesion is established
during replication of chromosomes in mitotic and meiotic cells
through chromosomal loading of a conserved ring-shaped protein

structure, the cohesin complex. The cohesin core complex in mitotic
cells is composed of four subunits, two SMC proteins (structural
maintenance of chromosomes), Smcl and Smc3, one o-kleisin
protein (Rad21, also called Sccl or Mcd1), and one SA protein (stro-
mal antigen, also called Scc3). Smcl and Smc3 together generate a
ring-like structure that is sealed through the association of Rad21 to
the globular terminal domains of the SMC proteins. Destruction of
Rad21, through proteolytic cleavage at the metaphase-to-anaphase
stage of mitosis, removes cohesion between sister chromatids,
allowing their individual segregation into separate daughter cells.
Two different SA proteins have been characterized in mitotic cells of
vertebrates, STAG1 and STAG2 (also called SA1 and SA2). The
binding of SA proteins to Rad21 generates two separate cohesin
complexes, contributing to centromere cohesion (STAG2), as well
as telomere cohesion (STAG1) (Canudas & Smith, 2009). Inactiva-
tion of Stagl in mice results in embryonic lethality, whereas hetero-
zygous Stagl mutant mice display a short lifespan and an enhanced
level of tumorigenesis (Remeseiro et al, 2012). Four meiosis-specific
cohesin core components have been identified in vertebrates,
SMCI1p, RAD21L, REC8, and STAG3 (also called SA3) (Pezzi et al,
2000; Prieto et al, 2001, 2002; Revenkova et al, 2001; Eijpe et al,
2003; Lee et al, 2003; Gutierrez-Caballero et al, 2011; Ishiguro et al,
2011; Lee & Hirano, 2011). Expression studies of the meiosis-specific
and the mitotic cohesin core proteins during meiosis in mice have
revealed both constitutive, as well as transient, expression patterns.
In agreement with these findings, biochemical experiments support
the presence of at least six different cohesin complexes in meiotic
cells (Fig 1A) (Ishiguro et al, 2011; Jessberger, 2011; Lee & Hirano,
2011).

The functions of the different cohesin complexes during meiosis
are yet poorly understood. It is known that cohesin core proteins
contribute to the assembly of a chromosome axis in meiotic cells
(a cohesin axis) that holds sister chromatids together and from
which chromatin loops emanate (Klein et al, 1999; Pelttari et al,
2001). The cohesin axis is necessary for the assembly of the
synaptonemal complex (SC), a meiosis-specific protein structure
(Klein et al, 1999; Llano et al, 2012). The SC is essential for
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Figure 1. Chromosomal localization of meiotic cohesin components.
A Composition of different cohesin complexes during mitosis and meiosis.
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B, C Chromosomal localization of STAG3 during prophase I. Nuclear spreads of wild-type spermatocytes were immunostained for STAG3, REC8, and RAD21L (B) or for
STAG3, REC8, and RAD21 (C). Note that the late pachytene spermatocyte in (C) is at a later stage than the one in (B). Bars, 10 um.

synapsis of homologous chromosomes, and for the formation of
crossovers in mammalian cells, recombination events that ensure
that the homologous chromosomes are faithfully segregated at the
first meiotic division (de Vries et al, 2005; Kouznetsova et al, 2009,
2011). The SC is composed of three distinct protein substructures,
axial elements (AEs), transverse filaments, and a central element
(Zickler & Kleckner, 1999; Page & Hawley, 2004). The AE of the SC
assembles on the sister chromatid axis at the leptotene stage of the
first meiosis (meiosis I), overlapping with the cytological localiza-
tion of the cohesin axis. Binding of transverse filament proteins to

The EMBO Journal Vol 33| No 11| 2014

the AEs at the zygotene stage of meiosis I regulates assembly of a
central element in between the aligned homologous chromosomes
(Costa et al, 2005; Hamer et al, 2006; Schramm et al, 2011).
Longitudinal polymerization of the transverse filaments and the
central element of the SC along the aligned homologous chromo-
somes then results in synapsis, that is, close pairing of the homolo-
gous chromosomes at the pachytene stage of meiosis I. The SC is
dissolved at the diplotene stage of meiosis I, after which the
homologous chromosomes remain attached to each other through
chiasmata, physical linkages resulting from the crossover

© 2014 The Authors
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recombination process (Petronczki et al, 2003). Cohesin complexes
are removed from the sister chromatids in two steps, at the meta-
phase—anaphase transition of meiosis I, when arm cohesion is lost,
and at the metaphase-anaphase transition at meiosis II, when
centromere cohesion is lost (Petronczki et al, 2003).

The functions of the vertebrate meiosis-specific cohesin core
components SMCI1B, REC8, and RAD21L in cohesion, synapsis,
and recombination have been studied in mice (Bannister et al,
2004; Revenkova et al, 2004; Xu et al, 2005; Herran et al, 2011;
Llano et al, 2012; Ishiguro et al, 2014). Rec8-null mice were found
to display shortened chromosome axes, inter-sister SC assembly
and impaired DNA double-strand break (DSB) repair in meiotic
cells (Bannister et al, 2004; Xu et al, 2005), whereas Rad2I1L-null
mice displayed fragmented chromosome axes, non-homologous
synapsis and impaired DSB repair (Herran et al, 2011). In contrast,
Rec8 and Rad21L double-null mice failed to form meiotic chromo-
some axes and did not assemble AEs or SCs (Llano et al, 2012;
Ishiguro et al, 2014). Finally, inactivation of SmcIf has been
shown to result in shortened chromosome axes, extensions of
chromatin loops, and incomplete synapsis, and to affect sister
chromatid cohesion and recombination, as well as telomere integ-
rity (Revenkova et al, 2004; Novak et al, 2008; Adelfalk et al,
2009). We have now investigated the in vivo function of the only
known meiosis-specific SA component, STAG3. Phenotypic analy-
sis of mice with a hypomorphic allele of Stag3 reveals that STAG3
is of critical importance for stabilization of REC8 cohesin
complexes and their association with the meiotic chromosome
axes. Loss of REC8 in homozygous Stag3 mutant mice from the
meiotic chromosome axes, but not RAD21L or RAD21, results in
chromosome axis compaction and synapsis failure. Thus, a-kleisins
show a different dosage-dependent requirement for STAG3,
contributing to a functional diversification among the different
cohesin complexes present in meiotic cells.

Results

The localization pattern for STAG3 on the chromosome axes
mimics the distribution of three different a-kleisins

STAG3 has been shown to interact with the a-kleisin subunit of the
cohesin core complex in meiotic cells (Fig 1A) (Ishiguro et al, 2011;
Lee & Hirano, 2011). To assess the expression pattern and localiza-
tion of STAGS3 relative to the three different a-kleisin subunits of the
cohesin core complex during the prophase stage of meiosis I (pro-
phase I), nuclear spreads of mouse spermatocytes were immuno-
stained for STAG3 and RECS, as well as either RAD21L or RAD21.
STAG3, REC8, and RAD21L, but not RAD21, were found to be local-
ized at the axes of meiotic chromosomes at the leptotene stage of
meiosis 1 (Fig 1B and C). STAG3 and RAD21L accumulated in a
uniform manner along the axes of chromosomes at the zygotene
and early pachytene stages of meiosis I. The intensity of the
immunofluorescence signals for STAG3 was drastically reduced at
the late pachytene stage of meiosis I, temporally coinciding with a
loss of RAD21L from the axes of chromosomes (Fig 1B). Instead, a
non-continuous STAG3 pattern emerged, closely resembling the
axial patterns observed collectively for REC8 and RAD21 at the late
pachytene and diplotene stages of meiosis I (Fig 1B and C).

© 2014 The Authors

The EMBO Journal

In summary, our results suggest that STAG3 is part of several
different cohesin complexes distinguished by the presence of
different a-kleisin core subunits.

Homozygous Stag3 mutant mice that express a severely reduced
level of STAG3 are viable but infertile

To assess the function of STAG3 in meiotic cells, we have used a
transgenic mouse line generated by a transgene-based random
mutagenesis protocol. In the mouse line, a transgene was inserted
in between exons 8 and 9 within the Stag3 gene locus (Fig 2A and
B). We have characterized this mutant mouse strain and examined
mRNA and protein expression levels in the testis of Stag3 mutant
animals by RT-PCR and immunoblotting experiments. Mice homo-
zygous for the mutation showed an approximately 10-fold lower
level of Stag3 mRNA in testicular cells (Fig 2C). In agreement with
this, the STAG3 protein levels were drastically reduced (~20-50-
fold) in adult and juvenile testes (Fig 2D, Supplementary Fig S1A
and B) and in embryonic ovaries (embryonic day 16.5, E16.5)
(Supplementary Fig S1C). A severely reduced level of STAG3 was
also found to be associated with the axis of meiotic chromosomes in
homozygous Stag3 mutant mice (Fig 2E).

The homozygous Stag3 mutant mice were found to develop
normally; however, both males and females were infertile.
Consistent with this, the sizes of the testes and the ovaries of
homozygous Stag3 mutant mice were smaller than observed for
wild-type mice (Fig 2F and H). Histological analysis revealed that
spermatids and ovarian follicles were absent in the homozygous
Stag3 mutant testes and ovaries, respectively (Fig 2G and I). Our
results therefore show that the integration of a transgene into the
Stag3 gene locus has generated a hypomorphic allele of Stag3,
severely disrupting expression of STAG3 in homozygous Stag3
mutant mice, resulting in arrested gametogenesis and male and
female infertility.

RAD21L, RAD21, and AE proteins, but not RECS, localize to
axial structures formed in meiotic cells in homozygous Stag3
mutant animals

Cohesin complexes and AE proteins contribute to the formation of a
chromosome axis during prophase I. To find out the role for STAG3
in axis organization, nuclear spreads of homozygous Stag3 mutant
spermatocytes and embryonic oocytes (E16.5) were immunolabeled
with antibodies against SMC3 and the AE proteins SYCP2 and
SYCP3. SMC3 was found to co-localize with SYCP2 and SYCP3 along
the axial structures formed in homozygous Stag3 mutant spermato-
cytes and oocytes (Fig 3A and Fig 4A) having either short
(leptotene-like) or more extended axial structures (zygotene-like).
Immunolabeling of homozygous mutant spermatocytes and oocytes
with antibodies against the three different o-kleisin proteins
expressed in meiotic cells, REC8, RAD21L, and RAD21, revealed that
RAD21L and RAD21 co-localized with the axial structures labeled
by SYCP2 (or SYCP3), while little or no REC8 signal was observed
on the axial structures in homozygous mutant meiocytes (Fig 3B
and C, Fig 4B and C). Consistent with this, immunoblotting analysis
showed that the level of REC8, but not of RAD21, SMC1 or SMC3,
was severely reduced in homozygous mutant testicular cells
(Fig 3D). The level of RAD21L was slightly reduced in homozygous
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Figure 2. STAG3 is required for gametogenesis.
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A Structure of the Stag3 mutant allele. The transgene (LV2229) is inserted within the intron between exon 8 and exon 9 of the Stag3 gene. The positions of PCR primers

for genotyping are indicated.

B PCR analysis for genotyping. Genomic DNA from wild-type, heterozygous mutant, and homozygous mutant mice were analyzed using the primer pairs indicated in (A).
C RT-PCR analysis of RNA extracted from testes of wild-type, heterozygous mutant, and homozygous mutant mice. The signals were quantified, and relative values for

Stag3 mRNA abundance normalized to Actin are presented below the panels.

D Immunoblotting analysis of testicular protein extracts from wild-type, heterozygous mutant, and homozygous mutant mice. The signals were quantified, and relative

values for STAG3 normalized to actin are presented below the panels.

E Immunostaining of wild-type and homozygous Stag3 mutant spermatocytes and oocytes. Nuclear spreads were stained for SYCP3 (an AE protein labeling the meiotic
chromosome axis) and STAG3. High-exposure images of STAG3 staining (high) are shown to highlight residual STAG3 in the mutant. Bars, 10 pm.
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Source data are available online for this figure.

Stag3 mutant testes, albeit to a much lesser extent than
REC8 (Fig 3D). Fractionation of testis extracts and subsequent
immunoblotting analysis showed that RAD21L accumulated in the
cytoplasmic fraction of homozygous mutant testes, a situation not
seen in wild-type testes (Fig 3E). We conclude that STAG3 is
essential for the stability of REC8 and the accumulation of this
protein on the meiotic chromosome axes.

The presence of a meiotic chromosome axis in homozygous
Stag3 mutant meiocytes suggests that the axis forms indepen-
dently of STAG3, or alternatively that the residual level of

STAG3 present in homozygous meiocytes contributes to axis

The EMBO Journal Vol 33| No 11| 2014

Testes from 8-week-old wild-type, heterozygous Stag3 mutant, and homozygous Stag3 mutant mice.

Testicular histology of 8-week-old wild-type and homozygous Stag3 mutant mice. Testis sections were stained with hematoxylin and eosin. Bars, 100 pm.
Ovaries and oviducts from 8-week-old wild-type and homozygous Stag3 mutant mice.

Ovarian histology of 8-week-old wild-type and homozygous Stag3 mutant mice. Ovary sections were stained with hematoxylin and eosin. Bars, 100 pm.

formation. We asked whether the other SA proteins, STAG1 and
STAG2, to axis formation in homozygous Stag3
mutant meiocytes. Nuclear spreads of spermatocytes and oocytes
were immunostained for STAG1 or STAG2; however, similar to
the situation in wild-type cells (Prieto et al, 2002),
STAG1 nor STAG2 accumulated on the chromosome axes in
homozygous mutant spermatocytes (Fig SA and B) or oocytes
(Supplementary Fig S2A and B). Furthermore, immunoprecipita-
tion of meiotic cohesin complexes in wild-type and homozygous
Stag3 mutant spermatocytes using antibodies against RAD21L or
SMCI1p failed to detect STAG1 or STAG2 in meiotic cohesin

contribute

neither
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Figure 3. STAG3 is required for REC8 stabilization and accumulation onto the meiotic chromosome axes in spermatocytes.

A Immunostaining of wild-type and homozygous Stag3 mutant spermatocytes for SMC3, SYCP2, and SYCP3. Bars, 10 pm.
Immunostaining of wild-type and homozygous Stag3 mutant spermatocytes for REC8, RAD21L, and SYCP2. Bars, 10 um.

Immunoblotting analysis of testicular protein extracts from wild-type, heterozygous Stag3 mutant, and homozygous Stag3 mutant mice.

B
C Immunostaining of wild-type and homozygous Stag3 mutant spermatocytes for SYCP3 and RAD21. Bars, 10 pum.
D
E

Testicular protein extracts were separated into cytoplasmic (Cyto) and nuclear fractions. The nuclear fraction was further fractionated into soluble (Nuc, S) and

insoluble (Nuc, P) fractions.

Source data are available online for this figure.

complexes (Fig SC and D). We conclude that STAG1 or STAG2
does not contribute to meiotic chromosome axis formation in
homozygous Stag3 mutant meiocytes. Instead, it is very likely
that the residual level of STAG3 present in homozygous Stag3
mutant meiocytes contributes to meiotic chromosome axis forma-
tion in these cells (see Discussion).

Synapsis is impaired in homozygous Stag3 mutant meiocytes
In order to further study the meiotic process in homozygous
Stag3 mutant spermatocytes and oocytes (E16.5 and E18.5),

mutant meiocytes were co-stained with antibodies against the AE
protein SYCP2 (or SYCP3) and the transverse filament protein

© 2014 The Authors

SYCP1, the latter a marker for synapsis (Fig 6A and B). We
found little evidence for synapsis in the homozygous mutant
meiocytes. In rare cases, closely aligned axial structures labeled
by SYCP1, possibly representing homologous or non-homologous
synapsis events, were observed (Fig 6A, indicated by an arrow-
head in the middle panel), suggesting that the temporally most
advanced homozygous Stag3 mutant spermatocytes could reach
an early zygotene-like stage of meiosis I. However, this SYCP1
pattern was identified in only 37% (n = 76) of the homozygous
mutant spermatocytes, and in most of these cases, only one such
event was detected per cell (82%, n = 28). Analysis of the
distribution of SYCP1 Stag3 mutant E18.5
oocytes (representing a stage of meiosis at which most wild-type

in homozygous
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Figure 4. STAG3 is required for REC8 accumulation onto the meiotic
chromosome axes in oocytes.

A Immunostaining of wild-type and homozygous Stag3 mutant E16.5 oocytes
for SMC3, SYCP2, and SYCP3. Bars, 10 pm.
B Immunostaining of wild-type and homozygous Stag3 mutant E16.5 oocytes
for REC8, RAD21L and SYCP3. Bars, 10 pm.
C Immunostaining of wild-type and homozygous Stag3 mutant E16.5 oocytes
for SYCP3 and RAD21. Bars, 10 pm.

oocytes have reached pachytene)

further progression of homologous

(Figure 6B).
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In support of the asynapsis phenotype, FISH (fluorescence in situ
hybridization) showed a separation of homologous chromosomes
into univalents, resulting in two chromosome 17 signals in homo-
zygous Stag3 mutant meiocytes and two X-chromosome signals in
homozygous Stag3 mutant oocytes (Supplementary Fig S3A and B).
Furthermore, labeling of homozygous Stag3 mutant and wild-type
spermatocytes using ACA, a centromere marker, identified on aver-
age 38 ACA foci (n = 10) in homozygous Stag3 mutant spermato-
cytes, whereas 21 ACA foci were seen in wild-type pachytene
spermatocytes (Fig 6C). Evidence of centromere separation
(2.0 £ 1.2 events per oocytes) was seen in homozygous mutant
E18.5 oocytes and spermatocytes (Fig 6C and D), together with
stretched or deformed centromeres (5.2 + 3.3 events per oocyte)
(Fig 6D). We conclude that whereas synapsis is impaired in STAG3
homozygous Stag3 mutant meiocytes, cohesion between sister
chromatids is to a large extent retained, even though centromere
cohesion appears to be weakened in the mutant.

The nature of the SYCP1 staining pattern of the axial structures
in homozygous Stag3 mutant meiocytes is enigmatic, considering
that synapsis is abrogated in the mutant cells. The axial structures
found in homozygous Stag3 mutant meiocytes were labeled at one
of the two ends by ACA (Fig 6C) and at both end by TRF1 (a telo-
mere protein) (Supplementary Fig S4A), strongly arguing that the
axial structures observed in mutant meiocytes represent compacted
univalent chromosomes. Furthermore, the central element proteins
SYCE1, SYCE2, and TEX12 accumulated in a pattern similar to
SYCP1 along the axial structures found in homozygous Stag3
mutants (Supplementary Fig S4B-D), suggesting that an SC-like
structure assembles on the univalent in mutant meiocytes. To
further describe the organization of the SC-like structures in
mutant spermatocytes, the localization of SYCEI in wild-type and
homozygous Stag3 mutant spermatocytes was analyzed using
super-resolution structured illumination microscopy (SIM), a
method with a lateral resolution (XY) of 100-130 nm. We found as
expected SYCE1 to be localized in between the AEs (labeled by
SYCP3) of the SC in wild-type cells (Fig 6C, Supplementary Fig
S5B). Importantly, a tripartite structure with SYCE1 surrounded by
AEs was also observed in homozygous Stag3 mutant spermatocytes
(41% of the analyzed axial structures, n = 376) (Fig 6C, Supple-
mentary Fig S5A). These results show that SC-like structures
assemble on univalents in homozygous Stag3 mutant spermato-
cytes, similar to what has been observed in Rec8-null spermatocytes
(Xu et al, 2005). In summary, our results show that STAG3 supports
meiotic chromosome axis organization and integrity, promotes
initiation and progression of synapsis, and prohibits SC along the
axis of asynapsed chromosomes. The reduced expression of STAG3
in homozygous Stag3 mutant meiocytes, however, does not abolish
cohesion between sister chromatids.

Meiotic recombination is initiated but not completed in
homozygous Stag3 mutant meiocytes

Meiotic recombination is initiated by programmed DSBs. The DSBs
are repaired by homologous recombination using the homologous
chromosome as a template, a process that gives rise to crossovers
and chiasma formation. We have examined how impaired
STAG3 expression affects the meiotic recombination process. First,
DSB formation was monitored by the presence of yH2AX, a

© 2014 The Authors
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Figure 5. STAG1 and STAG2 do not accumulate at the meiotic chromosome axes in homozygous Stag3 mutant spermatocytes.

A Immunostaining of wild-type and homozygous Stag3 mutant spermatocytes for STAG1 and SYCP3. Bars, 10 um.

B Immunostaining of wild-type and homozygous Stag3 mutant spermatocytes for STAG2 and SYCP3. Bars, 10 pm.

C, D Immunoprecipitation using nuclear extracts from 15-day-old wild-type (WT) and homozygous Stag3 mutant (St) testes. The extracts were immunoprecipitated
with the antibody against RAD21L (C) or SMC1 (D). 4% of input samples (input) and the immunoprecipitates (IP) were subjected to immunoblotting using

antibodies against cohesin subunits.

Source data are available online for this figure.

phosphorylated histone variant that is a marker of DSBs. Wild-type
leptotene and homozygous Stag3 mutant leptotene-like spermato-
cytes and oocytes (E16.5) displayed similar yH2AX patterns, strongly
suggesting that the DSB formation process is initiated in the homozy-
gous mutant meiocytes (Fig 7A and F). We next examined the
expression of RAD51 and DMCI1, two repair proteins that mediate
strand invasion following DSB formation. Similar to wild-type cells,
RADS1 (Fig 7B and G) and DMC1 (Fig 7C and H) were detected on
the meiotic chromosome axes labeled by the AE protein SYCP3 in
homozygous Stag3 mutant spermatocytes and oocytes (E16.5).
Also RPA, a repair protein that is loaded at recombination sites
subsequently to RAD51 and DMCI, localized to the meiotic chromo-
some axes in homozygous mutant spermatocytes and oocytes
(Fig 7D and I). We analyzed the expression of yH2AX, RADSI,
DMCI, and RPA also in E18.5 homozygous mutant oocytes and
found that YH2AX, RADS1, and RPA continued to accumulate on the
axial structures present in homozygous mutant cells (Fig 7F-I). This
was in contrast to the situation in wild-type E18.5 oocytes, where
YH2AX staining and the number of RAD51 and RPA foci were
reduced relative to the situation in E16.5 oocytes. A deviation to this

© 2014 The Authors

pattern was seen for DMC1, for which foci no longer were detectable
in homozygous mutant E18.5 oocytes (Fig 7H). Finally, we analyzed
the expression of MLH1, a marker for late recombination events
representing crossover sites. One or two MLH1 foci were found to
localize to the axis of synapsed meiotic chromosomes at the pachy-
tene stage of meiosis I in wild-type spermatocytes and oocytes
(E18.5), but not at the zygotene stage of meiosis I (Fig 7E).
In contrast, no MLH1 foci were detected at the axial structures
found in homozygous Stag3 mutant spermatocytes (Fig 7E) or in
homozygous mutant E18.5 oocytes (Fig 7J). We conclude that
STAGS3 is required for progression, but not for the initiation of the
meiotic recombination process.

Discussion

In mammals, there are four known meiosis-specific cohesin core
subunits, SMC1, RAD21L, REC8, and STAG3. Mouse strains defi-
cient for SMC1p, RAD21L, and REC8 have previously been gener-

ated, and their functions analyzed (Bannister et al, 2004;

The EMBO Journal Vol 33| No 11| 2014
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Figure 6. STAGS3 is essential for chromosome synapsis.

A Immunostaining of homozygous Stag3 mutant spermatocytes for SYCP2 and SYCP1. Enlarged views of the axes (arrowheads) are shown to the right. Bars, 10 um.

B Immunostaining of homozygous Stag3 mutant E16.5 and E18.5 oocytes for SYCP3 and SYCP1. Bars, 10 pm.

C SIM analysis of wild-type and homozygous Stag3 mutant spermatocytes immunostained for SYCP3, SYCEL, and ACA. Enlarged views of axial structures from mutant
spermatocytes and homologous chromosomes from wild-type spermatocytes are shown to the right. Scale bars are 10 um and 1 um for whole and close-up images,
respectively.

D Immunostaining of homozygous Stag3 mutant E18.5 oocytes for SYCP3 and ACA displaying different types of aberrant chromosome structures.

Revenkova et al, 2004; Xu et al, 2005; Herran et al, 2011; Llano resulting in a severely reduced level of STAG3 expression in meio-
et al, 2012). We have here studied the in vivo function of STAG3 in cytes. We find that homozygous Stag3 mutant mice fail to complete
homozygous mutant mice carrying a hypomorphic allele of Stag3, meiosis and that both males and females are infertile. We have used
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Figure 7. Meiotic recombination is initiated but not completed in homozygous Stag3 mutant spermatocytes and oocytes.

A-E Immunostaining of wild-type and homozygous Stag3 mutant spermatocytes for yH2AX (A), RAD51 (B), DMC1 (C), RPA (D), and MLH1 (E). Bars, 10 pm.

F-J Immunostaining of wild-type and homozygous Stag3 mutant oocytes for yH2AX (F), RAD51 (G), DMCL (H), RPA (I), and MLH1 (J). The chromosome axes were labeled
by SYCP3. Bars, 10 um.

these homozygous mutant mice to investigate the role of STAG3 in During the prophase I stage of meiosis in eukaryotes, cohesin
chromosome axis organization, synapsis, and recombination during complexes define a chromosome axis that acts as a structural scaffold
mammalian meiosis. for AE assembly (Klein et al, 1999; Pelttari et al, 2001; Molnar et al,
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2003; Severson et al, 2009; Llano et al, 2012; Ishiguro et al, 2014).
We show here that homozygous Stag3 mutant spermatocytes and
oocytes exhibit shortened chromosome axes. This is similar to what
has been observed in SmcIf and Rec8 knockout mice (Bannister
et al, 2004; Revenkova et al, 2004; Xu et al, 2005; Novak et al,
2008), revealing an important structural role for cohesin complexes
composed of the core subunits SMC1f, REC8, and STAG3 in chromo-
some axis organization. Cohesin complex proteins contribute to both
DSB formation and to DSB repair by homologous recombination
(Klein et al, 1999; Kugou et al, 2009; Kim et al, 2010). We find that
the early recombination events, including DSB formation and loading
of recombination proteins at DSBs, take place in homozygous Stag3
mutant meiocytes. The accumulation and persistence of RAD51 and
RPA foci in homozygous mutant spermatocytes and oocytes, together
with the absence of MLH1 in these cells, show that progression of the
recombination process is disrupted in homozygous Stag3 mutant
meiocytes. The disappearance of DMC1 foci and the persistence of
RADS1 foci in homozygous mutant E18.5 oocytes mimic the situation
in mouse SC mutants deficient in SC assembly and synapsis (Kouz-
netsova et al, 2011). Thus, this suggests that the continued presence
of DMC1 on the chromosome axes during prophase I of mammalian
meiosis is dependent on synapsis initiation, as shown for DMC1 in
yeast meiotic cells (Schwacha & Kleckner, 1997).

Synapsis defects have been reported in mutants for different
meiosis-specific cohesin core subunits. Rad21L-null oocytes show
fully synapsed bivalents, whereas Rad2IiL-null spermatocytes
display non-homologous chromosome synapsis (Herran et al,
2011). In SmcIf-null meiocytes, chromosome synapsis proceeds
completely or partially between homologous chromosomes, and
only occasionally asynapsed chromosomes (univalents) are
observed (Revenkova et al, 2004). In contrast, chromosomes in
Rec8-null meiocytes fail to undergo synapsis (Bannister et al, 2004;
Xu et al, 2005). The synapsis phenotype observed in homozygous
Stag3 mutant meiocytes is most similar to the one described for
Rec8-null meiocytes, including a loss of homologous chromosome
alignment and synapsis. It has been shown in Rec8-null spermato-
cytes that the central element of the SC assembles between axial
cores of sister chromatids instead of between the homologous chro-
mosomes (Xu et al, 2005). In agreement with this, we show here
that SYCEL, a central element protein, assembles in between AEs
composed of the sister chromatid cores of univalents in homozy-
gous Stag3 mutant spermatocytes. Our results therefore suggest that
STAG3-REC8 cohesin complexes promote synapsis between homol-
ogous chromosomes, while the same complexes also inhibit SC
assembly to take place between sister chromatids.

Rec8-null, Rad21L-null, and Smclp-null spermatocytes are elimi-
nated at the zygotene to early pachytene stages of meiosis I
(Bannister et al, 2004; Revenkova et al, 2004; Xu et al, 2005; Herran
et al, 2011), similar to what we observe for homozygous Stag3
mutant spermatocytes. The situation is more complex when the
corresponding mutations in cohesin core subunits are analyzed in
oocytes. We find that homozygous Stag3 mutant females are
infertile, similar to Rec8-null females and SmcIf-null females,
whereas Rad21L-null females are fertile (Bannister et al, 2004;
Revenkova et al, 2004; Xu et al, 2005; Herran et al, 2011). Further-
more, homozygous Stag3 mutant oocytes fail to form MLH1 foci,
whereas MLH1 foci are formed in Smclif-null oocytes (Revenkova
et al, 2004). The severity of the phenotypes for the different cohesin
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mutants thus correlates with the extent to which synapsis is being
impaired in the mutant oocytes, suggesting that the quality of the
synapsis process is carefully monitored during meiosis.

The changes in the temporal and spatial distribution of STAG3,
which occur along the meiotic chromosome axis during the
prophase I stage (Fig 1), strongly support the notion that STAG3
interacts with the three different o-kleisin subunits present in
mammalian meiotic cells (Ishiguro et al, 2011; Lee & Hirano, 2011).
Remarkably, while a reduction in STAG3 levels in homozygous
mutant spermatocytes has a dramatic effect on the protein levels of
REC8, the same is not true for RAD21L and RAD21. Our data
suggest that STAG3 in a dosage-dependent manner contributes to
the stabilization of REC8 cohesin complexes associated with
prophase I chromosomes, a stabilization process that could be regu-
lated by phosphorylation of STAG3 (Prieto et al, 2001; Lee &
Hirano, 2011; Fukuda et al, 2012), possibly analogous to the role of
STAG2 in regulating cohesin complex dissociation from chromo-
some arms during mitosis (Hauf et al, 2005; McGuinness et al,
2005). It is not clear how a reduced level of STAG3 selectively
affects the stability of RECS8, but not the other a-kleisin subunits.
However, one possibility is that STAG3 has a lower binding affinity
for REC8 rendering this protein unstable at reduced levels of STAG3.
The drastic reduction in REC8 protein levels in homozygous Stag3
mutant meiocytes most likely explains the similarity in phenotypes
observed between Rec8-null and homozygous Stag3 mutant mice,
including female infertility, shortened chromosome axes, impaired
synapsis, and accumulation of the SC onto the univalents (Bannister
et al, 2004; Xu et al, 2005), phenotypes not observed in meiocytes
in Rad21L knockout mice (Herran et al, 2011).

Mouse mutant meiocytes that do not express either RAD21L or
RECS still form axial meiotic chromosome structures, whereas a
simultaneous loss of both proteins in meiocytes (that still express
RAD21) obliterates meiotic chromosome axis formation (Bannister
et al, 2004; Xu et al, 2005; Herran et al, 2011; Llano et al, 2012;
Ishiguro et al, 2014). Our results strongly suggest that the presence
of a residual level of STAG3 in homozygous Stag3 mutant meio-
cytes contributes to the formation of STAG3-RAD21L cohesin
complexes. The STAG3-RAD21L complexes then support the
formation of short cohesin-based meiotic chromosome axes in
homozygous mutant meiocytes, axial structures that then in turn
promote AE assembly. Our results do not support a compensatory
role for STAG1 or STAG2 in the formation of the meiotic chromo-
some axis in homozygous Stag3 mutant meiocytes. During the revi-
sion process of this paper, two publications emerged analyzing the
same homozygous Stag3 mutant mouse strain as analyzed by us
(Caburet et al, 2014; Llano et al, 2014). It was shown in these
papers that homozygous Stag3 mutant female and male mice are
infertile and that residual axial structures labeled by cohesin
complex proteins and SC proteins remain in mutant meiocytes. The
authors of the two studies claim that the homozygous Stag3 mutant
mouse model used in their studies represents a complete loss-of-
function (null) model, in which meiocytes are deficient for STAG3
expression. This statement is based on Northern blotting analysis of
mRNA expression and immunofluorescence staining of meiocytes,
neither method sufficiently sensitive to exclude a low level of
expression of STAG3. In contrast, we show here using RT-PCR and
Western blotting analysis that a low level of STAG3 expression
remains in homozygous Stag3 mutant meiocytes. The residual
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presence of STAG3 in the homozygous Stag3 mutant mice shown in
our study is in agreement with the formation of axial structure
labeled by cohesin complex proteins and SC proteins in mutant
meiocytes. Furthermore, as shown by Winters et al using a Stag3-
deficient mouse model (Winters et al, 2014), complete loss of
STAG3 expression eliminates formation of the meiotic chromosome
axes and the AEs, verifying that STAG3 (but not STAG1 or STAG2)
is essential for association of o-kleisins with the meiotic chromo-
some axes. In summary, our results show that STAG3-REC8 and
STAG3-RAD21L cohesin complexes jointly contribute to the forma-
tion of the meiotic chromosome axis, that REC8 and RAD21L cohe-
sin complexes display a different dosage-dependent requirement for
STAG3, and that STAG3-REC8 cohesin complexes contribute to
chromosome axes organization, synapsis, and progression of
meiotic recombination.

Materials and Methods
Mice

C56BL/6J was used for the analysis of chromosomal localization of
STAG3. The Stag3 mutant mouse line, Stag3T8Tn(sb-cHS4, Tyn2312C0ve.
was obtained from the Mutant Mouse Regional Resource Center
(MMRRC; Stock number, 036275-JAX). The line was generated by
mutagenesis on an FVB/N background (Paul A Overbeek, Baylor
College of Medicine) (Caburet et al, 2014). All mice were used
in accordance with regulations provided by the animal ethics
committee.

Antibodies

The following antibodies were used: guinea pig anti-SYCP2,
anti-SMC1f, anti-STAG3, anti-REC8, and anti-SYCP1 antibodies
(Kouznetsova et al, 2005); guinea pig anti-SYCE1, anti-SYCE2, and
anti-TEC12 antibodies (Hamer et al, 2006); mouse and rabbit anti-
RAD21L antibodies and mouse and rabbit anti-REC8 antibodies
(Ishiguro et al, 2011); rabbit anti-SYCP3 antibody (Liu et al, 1996);
mouse and rabbit anti-yH2AX antibodies (#05-636 and #07-164)
from Millipore; mouse anti-SYCP3 (sc-74569) and rabbit anti-RAD51
(sc-8349) antibodies and goat anti-DMC1 (sc-8973) and anti-TRF1
(sc-5475) antibodies from Santa Cruz Biotechnology; goat anti-
STAG1 (ab4457) and anti-STAG2 (ab4463) antibodies and rabbit
anti-SMC3 (ab9263), anti-SYCP1 (ab15090), anti-RAD21 (ab154769)
and anti-SMCla (ab21583) antibodies from Abcam; mouse anti-
actin (clone SC-40, A4700) antibody from Sigma; rabbit anti-RPA
antibody from P. Moens; mouse anti-MLH1 (clone G168-15, 551092)
antibody from BD Biosciences; human anit-centromere antiserum
(ACA, 15-234-0001) from Antibodies Inc.

RT-PCR

Total RNA was isolated from testes using Trizol reagent (Invitro-
gen). Equal amounts of the RNA were reverse transcribed into cDNA
by oligo-dT using Superscript II reverse transcriptase (Invitrogen).
PCR was performed using the primer pairs, Stag3 (5-GGA CCA TGT
CTT TCT CCA GCC-3' and 5-TAG AGC TGC TTT AGG CTC AGG-3')
and B-actin as described previously (Fukuda et al, 2010).
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Immunoblotting and immunoprecipitation

Testicular and ovarian extracts were prepared as follows. Testes or
ovaries were homogenized in a buffer containing 50 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% Na-deoxy-
cholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride (PMSF)
and the complete protease inhibitors (Roche). Fractionation of testis
extracts and immunoprecipitation were performed as described
previously (Fukuda et al, 2012). Proteins were separated on 4-12%
NuPAGE Bis-Tris gels (Invitrogen) in MOPS running buffer (Invitro-
gen) or 4-15% Mini-PROTEAN TGX gels (Bio-Rad) in Tris-glycine
running buffer and were subsequently transferred onto PVDF
membranes (Millipore or Bio-Rad). Signals were detected with
horseradish peroxidase-conjugated secondary antibodies and visual-
ized by ECL Prime (GE Healthcare). The quantitative evaluation of
the bands was carried out with Image Lab software (Bio-Rad).

Immunofluorescence staining

For preparation of nuclear spreads, a drying-down technique was
used (Peters et al, 1997). For immunohistochemistry, testis and
ovary sections were prepared as described previously (Fukuda
et al, 2010). Slides were viewed at room temperature using Leica
DMRA2 and DMRXA microscopes. Images were captured with a
Hamamatsu digital charge-coupled device camera C4742-95 and
processed with Openlab 3.1.4 software (Improvision) and Adobe
Photoshop. Super-resolution imaging was performed on a Zeiss
780LSM Elyra PS.1 system. Images were captured with an Andor
iXon DU 897 camera and a 100x (1.46 NA, oil) objective. Laser
wavelengths used were 488, 561 and 642 nm, an EMCCD-gain of
20 and 5 rotations. Images were processed with an integrated Zeiss
ELYRA S system software (Zen 2011 SP2 Black). FISH was
performed as described previously (Wang & Hoog, 2006). Meio-
cytes were detected by morphology and SYCP3 staining. We
utilized a chromosome painting probe recognizing chromosome 17
(Chrombios) and a point-probe hybridizing with DXMit190 loci
located on chromosome X (ID Labs Inc.) according to the manufac-
turer’s instructions.

Supplementary information for this article is available online:
http://emboj.embopress.org
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