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Meiotic cohesin STAG3 is required for chromosome
axis formation and sister chromatid cohesion

Tristan Winters, Francois McNicoll & Rolf Jessberger®

Abstract

The cohesin complex is essential for mitosis and meiosis. The
specific meiotic roles of individual cohesin proteins are incom-
pletely understood. We report in vivo functions of the only meiosis-
specific STAG component of cohesin, STAG3. Newly generated
STAG3-deficient mice of both sexes are sterile with meiotic arrest.
In these mice, meiotic chromosome architecture is severely
disrupted as no bona fide axial elements (AE) form and homolo-
gous chromosomes do not synapse. Axial element protein SYCP3
forms dot-like structures, many partially overlapping with centro-
meres. Asynapsis marker HORMAD1 is diffusely distributed
throughout the chromatin, and SYCP1, which normally marks
synapsed axes, is largely absent. Centromeric and telomeric sister
chromatid cohesion are impaired. Centromere and telomere clus-
tering occurs in the absence of STAG3, and telomere structure is
not severely affected. Other cohesin proteins are present, localize
throughout the STAG3-devoid chromatin, and form complexes
with cohesin SMC1p. No other deficiency in a single meiosis-
specific cohesin causes a phenotype as drastic as STAG3 deficiency.
STAG3 emerges as the key STAG cohesin involved in major func-
tions of meiotic cohesin.
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Introduction

Cohesin is essential for sister chromatid cohesion and contributes to
DNA repair and recombination, to the regulation of gene expression
and chromosome architecture (for reviews, see Haering & Jessberger,
2012; Nasmyth, 2011; Nasmyth & Haering, 2009; Onn et al, 2008;
Shintomi & Hirano, 2010; Wood et al, 2010). The tripartite core
cohesin complex consists of the SMC1 and SMC3 (structural mainte-
nance of chromosome) proteins and a kleisin protein which closes
the somewhat V-shaped SMC1/3 heterodimer to a ring-like complex.

Cohesin associates through its kleisin subunit with a fourth protein
called STAG or SA (stromalin) in vertebrates, initially identified in
human and Xenopus laevis cohesin complexes (Losada et al, 2000;
Sumara et al, 2000), and named Scc3p in Saccharomyces cerevisiae
(Michaelis et al, 1997). Despite very important recent progress, the
functions of STAG proteins are still the least understood of any of
the cohesin proteins. In vertebrates, there are three STAG/SA vari-
ants called STAG or SA1 to SA3, and the cohesin complex associates
with one of them.

SA1 and SA2 are ubiquitously expressed and appear to serve as
interaction platforms of cohesin with other factors. For example, the
insulator protein CTCF, which functionally interacts with and
depends on cohesin, associates with SA2 (Xiao et al, 2011), which
was also reported to interact with transactivator proteins (Lara-
Pezzi et al, 2004). SA1 also regulates transcription and cohesin
binding to genomic sites also bound by CTCF (Remeseiro et al,
2012b). In addition, SA1 is required for sister chromatid cohesion at
telomeres, while SA2 is necessary for centromeric cohesion (Canudas
& Smith, 2009). In mice, heterozygous SA1 deficiency increases
tumorigenesis, and embryonic fibroblasts derived from homozygous
Sal™’~ mice show telomere-associated chromosome segregation
defects and increased aneuploidy (Remeseiro et al, 2012a). SA1 is
enriched at telomeres in HeLa cells and directly binds telomeric
DNA through a characteristic motif, an AT hook (Bisht et al, 2013).
Phosphorylation of STAG proteins was reported in meiotic cells
(Fukuda et al, 2012), and in mitotic cells, SA2 phosphorylation is
required for dissolution of sister chromatid arm cohesion in
prophase and prometaphase (Hauf et al, 2005). Potential roles of
cohesins including STAG proteins in human cancer, whether tumor-
promoting or tumor-suppressing depending on the circumstances
such as overexpression, mutation, or protein loss, are currently
debated (Solomon et al, 2011; Balbas-Martinez et al, 2013).

STAGS3 was initially shown to be specific to spermatocytes where
it associates with the meiosis-specific synaptonemal complex (SC;
Pezzi et al, 2000). In early prophase I of meiosis, each pair of sister
chromatids forms a structure called the axial element (AE). The AEs
of homologous chromosomes start to pair and synapse in zygonema
and in pachynema have completed synapsis into the SC, where the
AEs are termed lateral elements (LEs). The SC is a ladder-like
protein-DNA structure and consists of several meiosis-specific
proteins including SYCP2 and SYCP3, present in the LEs of the
‘ladder’, the transverse filament protein SYCP1, and several central
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element proteins. While SYCP2 and 3 associate with the axes in
leptonema when the AEs form, SYCP1 associates only upon synapsis.
STAG3 was found to be associated with AEs and LEs and accumu-
lates at the intersister chromatid domain, consistent with its poten-
tial role in sister chromatid cohesion (Prieto et al, 2001). STAG3
also associates with the paired and unpaired regions of the X and Y
sex chromosomes and partially co-localizes with the inner centro-
meres and is also found at telomeres (Liebe et al, 2004). With
progression of meiosis beyond pachynema, that is, with dissolution
of the SC, STAG3 dissociates from the chromosome axes. At the
metaphase to anaphase I transition, STAG3 disappears from chro-
mosome arms and remains chromosome-associated at the centro-
meres. In anaphase I, STAG3 vanishes entirely and is not observed
at later stages of meiosis. In other vertebrates such as marsupials, a
similar localization of STAG3 in spermatocytes was reported (Page
et al, 2006) and expression patterns in human testis, ovary, sperma-
tocytes, and oocytes are consistent with the observations in mice
and a role in sister chromatid cohesion (Houmard et al, 2009;
Nogues et al, 2009; Garcia-Cruz et al, 2010). In oocytes, a similar
pattern of chromosome associations was observed where STAG3 is
found along chromosome axes from leptonema to diplonema and
dissociates during dictyate arrest (Prieto et al, 2004). In aged
oocytes from senescence-accelerated mice, STAG3 levels, like those
of other cohesin proteins, are significantly reduced (Liu & Keefe,
2008), consistent with the hypothesis of the loss of cohesin as a
major contributor to increased age-dependent aneuploidy (reviewed
in Jessberger, 2010, 2012). Very recently, a 1-bp deletion in the
Stag3 gene that causes a frameshift was found in patients of a family
affected by premature ovarian failure. If translated and stable, this
would lead to a small truncated protein of 194 amino acids of 1,225
amino acids (Caburet et al, 2014).

Besides STAG3, the SA1 and SA2 (Prieto et al, 2002) proteins are
also present in early prophase I, but their biological functions in
meiocytes are unclear. Mammalian meiocytes express three addi-
tional meiosis-specific cohesin proteins: one SMC1 protein variant
called SMCI1p and two Kkleisins, REC8 and RAD21L. Together with
the ubiquitous SMCla, SMC3, and the kleisin RAD21, multiple
combinations of cohesin proteins form several distinct complexes in
meiocytes. Cohesin serves several functions in meiosis. Perhaps
most prominently, cohesin determines meiotic chromosome archi-
tecture. Removal of individual cohesin proteins such as SMCI1f or
REC8 causes shortening of prophase I chromosomal axes (Bannister
et al, 2004; Revenkova et al, 2004; Xu et al, 2005; Herran et al,
2011). The simultaneous elimination of both meiosis-specific klei-
sins, REC8 and RAD21L, largely abolishes axis formation (Llano
et al, 2012).

Here, we report on the role in vivo of the only meiosis-specific
STAG protein, STAG3. It remained unclear whether STAG3 is essen-
tial for meiosis and whether it acts in one or several of the meiotic
processes mentioned above. Further, it was unknown whether
STAG3-associated cohesin complexes represent a major functional
fraction of the cohesin complexes in mammalian meiocytes. There-
fore, we set out to investigate the role of STAG3 using a STAG3-
deficient mouse strain and revealed an essential function of STAG3
in meiosis. STAG3-deficient spermatocytes and oocytes suffer from
an absence of chromosome axes and impaired sister chromatid
cohesion and are eliminated during meiosis. Thus, STAG3, which is
present in the most prominent types of cohesin complexes in
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mammalian meiocytes, represents the key STAG protein acting in
major functions of meiotic cohesin.

Results

Infertility of STAG3-deficient mice

The embryonic stem cell Stag3™!@KOMPIWEst was obtained from
KOMP and injected into blastocysts to produce the respective Stag3
mutant strain. This strain carries a knockout-first cassette, designed
to block gene expression after its insertion through providing a
splice acceptor in the lacZ component of the insert, from which no
further splicing occurs (Supplementary Fig S1).

We bred this strain to homozygosity (named Stag to indi-
cate its “knockout-first’ design). Male and female Stag3“”*° were
infertile but otherwise healthy. The testes of Stag3“”*° mice were
less than half the size and weight of those of wild-type (wt) mice
(Fig 1A). The presence of Stag3 mRNA was assessed by RT-PCR
diagnostic for transcription and/or splicing across or flanking the
knockout-first insertion (Supplementary Fig S1). This confirmed the
disruption of Stag3 gene expression (Fig 1B). STAG3 protein was
also absent in Stag3*”*° testis nuclear extracts analyzed by immu-
noblotting (IB; Fig 1C). In testis extracts, a protein signal just above
the STAG3 appears, but is absent in the mutant. Anti-STAG3 anti-
body immunostaining of wt and Stag3“”*® spermatocyte chromosome
spreads further corroborated the absence of STAG3 in Stag3*”/*°
spermatocytes (Fig 1D). In addition, cohesin immunoprecipitation
(IP) affirmed the lack of STAG3 protein (see below).

Sko/ku

Meiotic arrest in STAG3-deficient spermatocytes

To determine the stage of meiotic arrest, testis sections were
prepared from STAG3-deficient and STAG3-proficient mice and
stained for the AE and SC component SYCP3. The sections were also
stained for yH2AX, which marks unsynapsed regions of chromo-
somes, and with DAPI (Fig 2A; Supplementary Fig S2 provides
examples of individual Stag3**® tubules and their staging). The
diameter of the tubules of Stag3“”*® mice was reduced by about
half. Stag3** testis tubules in stages I and IV of the seminiferous
epithelium cycle harbored cells that showed some patches of SYCP3
staining and of yH2AX. Generally, the signal intensity for yH2AX
decreased with progression from stages I to IV, and thus, we
consider cells with less widespread YH2AX signals more advanced.
As visible in Fig 1C, no or only very short SYCP3-containing axial
structures were observed in the Stag3*”*® cells of any stage. The
presence of SYCP3 indicated cells in leptonema and possibly subse-
quent stages. The absence of AEs, however, renders precise staging
of the cells based on chromosome structure difficult. Therefore, we
also analyzed the developmental stages of individual tubules based
on their cell associations (Supplementary Fig S2). Progression up to
tubular stage IV was observed and was not grossly perturbed.
Analysis of the first wave of meiosis in young males also showed
spermatocytes at days 11, 13, and 15 pp, when they would have
normally reached late zygonema and are close to juvenile stage IV.
Stag3*’% tubules beyond stage V only showed one cell layer. For
example, in stage VI tubules only spermatogonia B type cells and no
mid-pachytene cells were seen, which would be expected in wt
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Figure 1. Characterization of spermatogenesis in Stag3**/*° mice.
A Testis samples from wt (Stag3*/*) and Stag3*/*° mice, 40 days of age.
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B RT-PCR analysis of testis mRNA from wt (Stag3*/*) and StagB'“’/’w mice. The primer pairs are shown indicating the respective exons (E3, E4, ES); the expected size (bp)

of the PCR products is provided.

C Immunoblot of testis nuclear extracts of the indicated mice, probed with anti-STAG3 or anti-SMC3 antibody as indicated. The anti-STAG3 antibody recognizes a
specific band corresponding to the predicted molecular weight (141 kDa) of STAG3, which was present in wt but absent in Stag3t/*° extracts. An unspecific band is
marked by an asterisk. A gel was loaded in parallel using the same extracts, and the corresponding membrane was probed with an antibody directed against SMC3,
which has the same predicted molecular weight (141 kDa). The pictures are representative of three independent experiments. M = biotinylated protein marker.

D Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3*%° mice, probed with anti-SYCP3 antibody for AEs and SCs and anti-STAG3;
nucleic acids were stained with DAPI. The stages of wt prophase | spermatocytes are indicated, and two examples of Stag3*”*° chromosome spreads are provided.

Size bars indicate 10 pm.

Source data are available online for this figure.

tubules at this stage. Stag3*”/*® tubules in stage VIII and beyond

showed only mildly SYCP3-positive pre-leptotene or leptotene cells,
but late pachytene or diplotene cells were absent. Stage I tubules
showed early pachytene cells only (besides somatic cells present in
all tubules). Stage II-III and stage IV Stag3“”*® tubules displayed
immature spermatogonia, and SYCP3-positive, YH2AX-positive cells,
which correspond to early pachytene cells. Thus, spermatogenesis
halts at tubular stage IV to the latest.

Together, the chromosomal stage can be described as leptotene-
like, the most advanced tubular stage as stage IV, which in wt
mice harbors early to mid-pachytene cells. In the following, we
use the term ‘leptotene-like’ for the mutant spermatocytes and thus
refer to the lack of AEs, although the cells and chromosomes
clearly have an appearance that is very different from normal
leptonema.

Deficient chromosome axis formation in
Stag3"°’*° spermatocytes

Immunostaining of chromosome spreads from Stag3*’*® spermato-
cytes using an anti-SYCP3 antibody confirmed a major deficiency of

The EMBO Journal Vol 33| No 11| 2014

spermatocytes to form AEs, as only dot-like structures and some-
times short stretches were observed, which may resemble extremely
short AEs, although they may be assemblies of several dots
(Fig 2B). In cells that seemed less advanced, SYCP3 staining was
either diffuse or appeared in aggregates of various shapes. Some
cells displayed 40 SYCP3 spots of which some were slightly elon-
gated, and other cells displayed fewer SYCP3 spots, often between
10 and 40 round spots. We considered the Stag3*”*° cells which
showed the most defined SYCP3 structures as most advanced. This
also agrees with the weak SYCP3 staining in tubules at stage VIII
and beyond, which would show leptotene and zygotene spermato-
cytes and the more intense SYCP3 in stages I to IV, which would
show pachytene cells in wt. In wt spermatocytes, the staining
pattern of the phosphorylated form of H2AX (yH2AX) becomes
more compact as most double-strand breaks (DSBs) are repaired
and homologous chromosomes start to synapse in zygonema, and
in pachynema, yH2AX is confined to the sex body, the particular
chromatin comprising the X and Y chromosomes, which are only
paired in a very short region (Fig 2C). While there are almost no
AEs in Stag3** cells and thus no synapsis and no synapsis-associ-
ated disappearance of yH2AX from the autosomes, the yH2AX

© 2014 The Authors
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Figure 2. Axial element (AE) formation requires STAG3.
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A Immunofluorescence staining of testis sections of wt and Stag3*”*° mice, probed with anti-SYCP3 and anti-yH2AX; nucleic acids are stained with DAPI.
B Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3t/*° mice, probed with anti-SYCP3 antibody for AEs and synaptonemal

complexes; nucleic acids were stained with DAPI. The stages of wt prophase | spermatocytes are indicated, and two examples of Stag
showing different SYCP3 staining patterns are provided. Size bars indicate 10 pm.
C Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag.

3k chromosome spreads

3% mice, probed with anti-SYCP3 and anti-yH2AX; nucleic acids were stained

with DAPI. The stages of wt prophase | spermatocytes are indicated, and six examples of Stag3t’*® chromosome spreads showing different staining patterns are
provided. In agreement with the analysis of the testicular sections, we assume those cells that show the most developed albeit very small SYCP3-positive axis-like
structures and the least yH2AX staining to be the most advanced. These leptotene-like cells typically show up to 40 separate SYCP3-positive dots or very short axial

structures (n = 65). Size bars indicate 10 pm.

staining pattern becomes generally more compact also in Stag3*”/*°

cells as these cells progress (Fig 2C, see also Fig 2A and Supplemen-
tary Fig S2), and sometimes single clouds of yH2AX are even
observed. This is consistent with cell development up to stage IV.
The protein SYCP1 marks synapsed chromosomes, that is, the
SC. Co-staining of wt spermatocyte chromosome spreads for SYCP1

© 2014 The Authors

and SYCP3 reveals axes that are unsynapsed (SYCP3-positive only)
and those that are synapsed (positive for both proteins). Analysis of
wt and Stag3*”*° chromosomes showed the expected pattern in wt
samples. SYCP1 signals were detected in at least half of the Stag3*”*°
cells. Figure 3A shows examples of cells without and with increas-
ing number of SYCP1 signals, and Supplementary Fig S3 provides
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Figure 3. STAG3 and synapsis-related proteins.
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SYCP3 SYCP1 DAPI

A Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3*”*° mice, probed with anti-SYCP3 for axial elements (AEs) and anti-SYCP1 for

synapsed axes; nucleic acids were stained with DAPI. Four examples of Stag

structures are shown magnified at the bottom of the figure and are numbered.

3/20/’60

nuclei are shown, representing different levels of SYCP1 staining. Five SYCP3/SYCP1

B Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3**° mice, probed with anti-SYCP3 for AEs and anti-HORMAD1. for unsynapsed
axes; nucleic acids were stained with DAPI. Three examples of Stag3** spreads are shown, displaying different levels of HORMAD1 staining, including occasional

aggregates and local accumulation.

C Immunofluorescence staining of spermatocyte chromosome spreads of wt and StagSk"/’z" mice, probed with anti-SYCP3 for AEs and anti-DMC1 for double-strand

break repair foci.

Data information: nucleic acids were stained with DAPI. Size bars indicate 10 pm.

single-color images. In the cells showing the most SYCP1 signals,
many but not all SYCP1 spots co-localized with SYCP3. They often
located in very close proximity but did not perfectly co-localize as
shown in magnified examples (Fig 3A, bottom). Many SYCP3 spots
also did not co-localize with SYCP1 signals. At least the non-co-
localizing spots may represent unspecific deposits of SYCP1 protein,
that is, SYCP1 not associated with an axial structure. Among the
SYCP1-/SYCP3-positive spots, some showed partial or full co-locali-
zation, but appeared as single dots or short rows of dots that may
indicate either unspecific co-deposits or failed initiation sites where
building an SC-like structure was initiated but failed. The data
confirm the absence of SCs in Stag3“”*° spermatocytes.

In wt meiocytes, HORMADI1 associates with AEs in leptonema
and remains bound as long as chromosomes stay unsynapsed
(Wojtasz et al, 2009; Fukuda et al, 2010). We analyzed the associa-
tion of HORMADI with wt and Stag3*”*° spermatocyte chromo-
somes to determine whether HORMADI1 binds to chromosomes in
the absence of STAG3, that is, of axes and of synapsis (Fig 3B;
Supplementary Fig $3). HORMAD] associated with Stag3*”*® chro-
matin in many dots, some more intense than others. The most
intense HORMADI signals co-localized with a fraction of the SYCP3

The EMBO Journal Vol 33| No 11 | 2014

dots or very short filaments, but did not co-localize with larger
aggregates. Some of the co-localization may happen by chance
considering the widespread distribution of HORMADI. Thus,
HORMADI preferentially localizes to SYCP3 dots and miniature axes
in the absence of STAG3. This also supports the notion that the
large SYCP3 signals are aggregates and not axis-containing struc-
tures.

Since very little if any AEs and no SCs are formed, we wondered
whether meiotic DSBs would be generated and processed in Stag3<”*°
spermatocytes. Staining for DMC1, a meiosis-specific recombinase
that contributes to repair of meiotic DSBs by homologous recombi-
nation (Habu et al, 1996; Pittman et al, 1998; Yoshida et al, 1998),
showed numerous foci distributed throughout the chromatin in
Stag3*’*° spermatocytes (Fig 3C, Supplementary Fig S3). Thus,
DNA DSB and DMCI1 foci formation does not require STAG3. With-
out AEs, no accumulation of foci on axes can occur and the DSBs
cannot be processed since the homologous partner chromosome is
not available as the two homologous pairs of sister chromatids have
not synapsed. Without axis co-localization, it is difficult to precisely
count the number of DMCI1 foci, but estimates are between 100 and
200 in Stag3*”/*° cells considered most advanced. This large number

© 2014 The Authors
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of DMCI signals in Stag3“”*® cells—in early pachytene wt cells,
there are <40 foci left, all localizing to the SCs—may indicate a defi-
ciency in processing the DSBs or a failure to reach this stage. Analy-
sis of DMC1 foci in spermatocytes derived from 11- and 13-day-old
mice, when in wt the spermatocytes are in late leptonema or
zygonema, respectively (Supplementary Fig S4), showed a similar
presence of DMCI foci in Stag3*”*° cells at both time points. In the
very rare cells which show some axis-like structures (one example
is shown in Supplementary Fig S4), some DMCI1 foci are associated
with these axes, suggesting that STAG3 is not required for axis asso-
ciation of DMCI.

Centromere and telomere cohesion is impaired in
Stag3"°’*° spermatocytes

Since SYCP3 in wt cells localizes all along the axes including close
to the centromeres, we analyzed whether many of the approxi-
mately 40 SYCP3 signals observed in stag3“/* cells, which often
appear in DAPI-intense heterochromatic regions, represent centro-
meres reflecting 40 unsynapsed pairs of sister chromatids. Immuno-
staining using anti-centromere antibodies (ACA) revealed that on
average 71% (n = 18) of the SYCP3 signals in stag3"*/%° cells are
very close to or partially overlap with a centromere signal (Fig 4A).
This ratio varies considerably between individual cells, possibly

A stag3++
Early Zygonema

Pachynema

ACA SYCP3 DAPI

B Stag3++ Stag3koke

Pachynema

SYCP3 RAP1 DAPI

Figure 4. Centromeres and telomeres in Si:agB""”“7 spermatocytes.

A Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag
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reflecting different stages of development. In almost all of these
cases, the SYCP3 signal does not completely overlap with the
centromere signal but localizes to the pericentric heterochromatin
with partial overlap to the inner centromere signal. When two
centromere signals are observed next to each other, the SYCP3 often
appears as very small extended structures between the signals or on
their edges. Examples are shown in Fig 4A. In some cells, the
centromeres cluster in groups of up to ten, and many but not all of
these clusters contain some SYCP3. Larger, irregularly formed
SYCP3 aggregates are typically not associated with centromeres, but
small SYCP3 dots and miniature axes are. These data suggest
that remnants of specific SYCP3 structures deposit preferentially
at centromeres, possibly indicating vain attempts to initiate AE
formation.

To assess whether depletion of STAG3 affects centromeric sister
chromatid cohesion, we counted the number of signals obtained by
ACA staining. In wt cells, 20 centromere signals are observed in
pachynema. Given the absence of synapsis in Stag3k”/ ko cells, intact
centromeric cohesion would show 40 centromere signals, whereas a
complete loss of centromeric cohesion would yield 80 distinct
signals. The average number of clearly separated centromere signals
in StagSk"/k" spermatocytes was 55 + 8 (n = 36). This shows loss of
centromere cohesion for some but not all chromosomes (Fig 4A and
Supplementary Fig S5A).

Stag3kofko

cluster

39 mice, probed with anti-SYCP3 and anti-centromere antibody (ACA); nucleic

acids were stained with DAPI. Three examples of Stag3/*° spreads are shown to indicate centromere cluster formation and to highlight partial co-localization of
SYCP3 with centromeres and the structures of these regions. Three areas are provided as magnified excerpts. Size bars indicate 10 pm.
B Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3*’*® mice, probed with anti-SYCP3 and anti-RAP1 to stain telomeres; nucleic

acids were stained with DAPI. Three examples of Stag3/*°

which is shown in a magnified excerpt as well. Size bars indicate 10 um.

© 2014 The Authors

spreads are shown to represent different stages and to show an example of telomere cluster formation,
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Cohesin SMC1p protects telomeres, which suffer several kinds of
large defects in the absence of SMC1 (Adelfalk et al, 2009). Since
STAG3 associates with SMCI1p (Prieto et al, 2001), we asked
whether telomeres are affected by the absence of STAG3. To
evaluate telomeric structure and sister chromatid cohesion, we
stained telomeres by using anti-RAP1 antibody (Fig 4B). In
prophase I, meiocytes contain 80 chromatids and thus 160 telo-
meres. If all sister chromatids are in cohesion, 80 telomere signals
would be expected. If all pairs of sister chromatids were completely
synapsed, 40 telomere signals are to be seen. In Stag3*”*° chromo-
some spreads, more than 40 signals are observed, indicative of
synapsis failures. It is not possible, however, to very precisely count
the numbers of RAP1 foci since in some cells they assemble into
clusters of often more than 10 foci, on some SYCP3-positive minia-
ture axes or dots the telomere signals may be on top of each other,
and in some spreads, several signals of different intensities lie next
to each other. These could be telomeres of separate chromosomes
that associate or could indicate a loss of telomeric cohesion. Never-
theless, counting RAP1 signals in those cells that do not show large
clusters revealed up to 114 signals per cell (Supplementary Fig S5B;
n =14), but this is likely a significant underestimation. This
suggests that telomeric sister chromatid cohesion is impaired in the
absence of STAG3. Individual RAP1 foci or clusters did not always
overlap with SYCP3 signals, suggesting that some telomeres may
associate with each other without the formation of SYCP3-containing

A
Stag3++ Stag3koke

Late Leptonema

Pachynema (°

SYCP3 SMC3 SYCP3 SMC3 DAPI

Cc
Stag3++

Late Leptonema

.

Stag3ke/ko

SYCP3 SMC1p DAPI

3ko/ko

Figure 5. Cohesin proteins in Stag spermatocytes.
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structures. SYCP3 signals were often detected in clusters of RAP1
foci reminiscent of telomere bouquets, where the chromosome ends
are closely next to each other. This suggests that telomeres can still
cluster as they do in wt in late leptonema/early zygonema (Scher-
than, 2001; Siderakis & Tarsounas, 2007). Clustering of Stag3*°
telomeres indicates that the cells reach at least late leptonema.
These results were confirmed by telomere-FISH (Supplementary
Fig S6), which also showed numbers of telomere signals up to 117
and clustered telomeres. The average number of FISH telomere
signals in cells which did not show clusters was 74 (n = 23). No
extended stretches of telomere signals or telomere bridges were seen
even in the most advanced cells. This contrasts SMC1-deficient
meiocytes (Adelfalk et al, 2009), although these cells advance
further than Stag3 ko cells to a late zygotene/early pachytene-like
chromosome structure with almost complete synapsis in some cases.

Cohesin proteins in Stag3t°*°

spermatocytes

Since sister chromatid cohesion is not entirely lost, some cohesin
complexes ought to be present in Stag3*’*° spermatocytes. To test
this, we stained Stag3*”*® spermatocyte chromosome spreads with
an anti-SMC3 antibody, since SMC3 represents the only cohesin
subunit present in all cohesin complexes (Fig 5A). In wt cells, SMC3
localizes along the entire AEs and SCs. In Stag3*’*° spermatocytes
with no AEs present, SMC3 localized in a dotty pattern diffusely

Stag3++ Sta93k°"*°

Late Leptonema

SYCP3 SMC1ia DAPI

Stag3korko
Pachynema

SYCP3 RAD21L DAPI

A-D Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3’2°”*" mice, probed with (A) anti-SYCP3 and anti-SMC3; (B) anti-SYCP3 and
anti-SMC1a; (C) anti-SYCP3 and anti-SMC1p; (D) anti-SYCP3 and anti-RAD21 or anti-RAD21L. Nucleic acids were stained with DAPI. Size bars indicate 10 pm.
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throughout the DAPI-stained chromatin. No particular accumulation
in certain nuclear regions was visible, suggesting that cohesin
complexes are evenly distributed and may to some extent still
support sister chromatid cohesion. Accordingly, the partner SMC
proteins, either SMClo or SMC1p, were also present in Stag3<”*®
spermatocytes in a diffuse, dotty pattern (Fig 5B,C). Staining for
two kleisins, RAD21 and the meiosis-specific RAD21L, showed that
both proteins are present in Stag3“”*® spermatocytes (Fig 5D),
although the signals for RAD21L were weak.

To further analyze cohesin complexes in wt and mutant sperma-
tocytes and to confirm the above findings, we performed immuno-
precipitation experiments. We used anti-SMC1f antibody to ensure
precipitation only from spermatocytes, for SMC1p is meiosis-
specific, and to capture the majority of meiotic complexes.
Figure 6A shows that SMC1p is present in wt and Stag3*”*° sperma-
tocytes and can readily be precipitated. Both SMC3 and RECS8 co-
precipitate, but there is much less REC8 in extracts and precipitates
from the mutant cells, perhaps indicating decreased stability. There
is no RAD21 co-precipitating. A wt-like co-precipitation signal
appeared in Stag3“”*° spermatocytes samples for RAD21L. STAG3
is absent in the anti-SMC18 IP from Stag3“”/*® spermatocytes, but is
clearly present in the IP from wt cells. SA1 and SA2 are also co-
precipitated by anti-SMC1p from wt cells, although rather weakly.
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Figure 6. Cohesin proteins in wt and in Stag3*’*° testis.
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Interestingly, this signal is much stronger in the anti-SMCI1p IP from
Stag3*”/*® spermatocytes.

In addition, we analyzed whether cohesins are chromatin-associ-
ated in testes from wt and Stag3“”*° mice and performed differential
salt extraction with increasing salt concentrations of 0, 25, and
250 mM ammonium sulfate (Fig 6B). SMC3 and SMCla are present
in somatic and meiotic cells of the testis, and SMC1f and RECS8 only
in spermatocytes. In wt and Stag3“”*° samples, at least a substantial
fraction if not nearly all of each of these cohesins dissociated from
chromatin at high salt, indicative of rather tight chromatin associa-
tion. A fraction of REC8 was extracted with 25 mM salt or even
leaked out of nuclei without any extra salt added. Together, these
results show that cohesin complexes still exist on spermatocyte
chromosomes in the absence of STAG3.

Deficiencies in Stag3**’*° oocytes largely parallel those

in spermatocytes

No oocytes were found in adult Stag3“”*° mice of ages 6 weeks and
higher. As we observed major defects in early male prophase I, we
analyzed embryonic oocytes at embryonic day 15 when cells of
leptonema to the very late stage of zygonema can be found in
wt mice (Fig 7). Similar to spermatocytes, staining for SYCP3 in
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A Immunoprecipitation of cohesin complexes from wt and Stag3*”* testis nuclear extract using anti-SMC1p antibody (1) or control IgG as indicated. Precipitates and
5% of input extracts are probed with the indicated antibodies for specific cohesin proteins.

B Stepwise extraction of proteins from wt and in StagB'“’/k" testes nuclei using 0, 25, and 250 mM ammonium sulfate (AS) as indicated. Extracts were immunoprobed
using the antibodies indicated on the right. *Unspecific band; M = marker; kDa numbers refer to marker signals.

Source data are available online for this figure.
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Figure 7. Analysis of embryonic day 15 oocyte chromosomes of wt and Stag3'*"/"° mice.

A-E

Immunofluorescence staining of chromosome spreads with anti-SYCP3 and (A) SYCP1 as a synapsis marker; (B) HORMAD1 as a marker for unsynapsed regions; (C)

YH2AX to show progression through the initial stages of prophase I; (D) anti-centromere antibody ACA; (E) anti-RAP1 to visualize telomeres. Size bars indicate

10 um.

embryonic oocytes showed the absence of chromosome axes or
extremely short axis-like structures and occasionally SYCP3 aggre-
gates. SYCP1 signals were very weak or absent in about 20% of the
cells, and in most of the other cells, small dots of SYCP1 appeared,
which overlapped with SYCP3 in about 40% of the cases (Fig 7A).

HORMADI localizes diffusely to the entire chromatin and also
overlaps with SYCP3, which can hardly be avoided as HORMADI is
widespread and thus there is no indication for a specific structure
(Fig 7B). The yH2AX was either present in large quantities covering
almost the entire chromatin, or in smaller clouds, particularly in
those cells, which had formed many SYCP3 spots and a few very
short SYCP3 filaments (Fig 7C). We consider cells that have many
defined SYCP3 spots and little yYH2AX as most advanced.

Similar to spermatocytes, many centromere signals overlapped
with SYCP3 signals, and in some Stag3*”*® oocytes, likely of the
more advanced early zygotene stage, centromere clusters were

The EMBO Journal Vol 33| No 11| 2014

observed (Fig 7D). The number of centromere signals varied
between at least 41 and 68 and was never 40 or less (n = 12). Like
for the spermatocytes, these numbers are likely underestimates
since only clearly identifiable spots were counted and some of the
spots presented in clusters. Examples of images used for counting
are provided in Supplementary Fig S7A. Wt oocytes showed 38—
40 centromere signals, illustrating the difficulty to identify all
centromeres.

Telomere signals obtained by anti-RAP1 staining varied greatly
in numbers, similar to observations made for spermatocytes.
Figure 7E shows three examples of Stag3*/*® oocytes of different
stages (see Supplementary Fig S7B for RAP1 inverted color spots
used for counting). The numbers of clearly distinct RAP1 spots were
above 80, between 83 and 122, but again are likely underestimates
since telomeres cluster and signal intensities vary between spots.
Telomere signals often came in pairs, which suggests a loss of
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cohesion at least in the case of non-clustered telomeres. If synapsis
completely fails, which is highly likely given the absence of axes, 80
telomere spots are expected; if in addition telomere sister chromatid
cohesion completely fails, 160 spots are expected. Any number
above 80 indicates at least partial loss of telomere cohesion. Like in
spermatocytes, no telomere extensions or bridges or other telomere
defects were seen. Thus, Stag3*”*® oocytes suffer from at least a
partial loss of centromeric and telomeric sister chromatid cohesion.

Cohesin proteins such as SMC3, SMCla, SMC1f3, RAD21, and
low levels of RAD21L were detected in Stag3”*® oocytes spreads
and localized diffusely in dotty patterns throughout the chromatin
(Supplementary Fig S8).

Discussion

Similar to other cohesin mouse mutants, spermatogenesis in Stag3k”/ ko
mice is aborted at a leptotene-like stage based on the absence of
AEs. According to the tubular stage, the increased formation of SYCP3
dot-like structures and miniature filaments as well as of increasing
spotty SYCP1 deposits, the reduction in yH2AX staining, and the pres-
ence of telomere clusters, we suggest that the most advanced cells
reach late zygonema defined as a tubular developmental stage. If,
however, staging relies exclusively on chromosome features, and thus
clearly visible extended AEs that are undergoing synapsis are to be
considered the major or even sole defining parameter for ‘zygonema’,
then the Stag3“”*® spermatocytes shall be called leptotene-like cells.
The terminology is not clearly defined in such cases.

The analysis of male and female meiocytes deficient in the only
meiosis-specific STAG cohesin protein, STAG3, revealed a drastic
phenotype in both sexes: the virtual absence of AEs and thus of SCs.
While dots or aggregates of SYCP3 are seen in many cells, only few
Stag3*®’*° meiocytes show one or a small number of miniature axis-
like structures, which may constitute AE initiator units or unspecific
aggregates of SYCP3, which tends to form filamentous structures by
itself (Yuan et al, 1996). SYCP3 is particularly visible on clustered
centromeres or telomeres. The centromere-associated SYCP3 signals
do not cover the entire centromere but rather extend from the peri-
centromeric region, reaching partially into the inner centromeric
region stained by ACA. Very little of the SC-specific protein SYCP1
is present in Stag3*”’*® meiocytes, and if present, SYCP1 often but
not always overlaps with SYCP3 in small dot-like structures. We do
not consider this an indication for synapsis but rather as unspecific
deposits. DSBs are still formed in the Stag3*”/*® chromatin as the
staining for DMC1 foci showed. This is consistent with other cohe-
sin deficiencies such as in the SmcIB’/ ~ mouse (Revenkova et al,
2004; Biswas et al, 2013), where DMC1 and RAD51 foci are present,
and suggests that the introduction of these breaks by SPO11 and the
formation of repair foci do not depend on STAG3. The presence of
high numbers of DMC1 foci may suggest that these foci are not
processed, that is, the DSBs are not repaired. In wt cells at the end
of zygonema, there are typically <50 DMCI foci left, down from 120
to 200 foci present in early zygonema. Most Stag3*”/*° cells display
more than 100 foci, but it is not possible to derive precise numbers
for specific stages, since precise staging of individual cells is not
possible. This suggests that DSBs may not be repaired efficiently,
similar to delayed repair seen in SmcI~/~ spermatocytes (Biswas
et al, 2013) or in Rec8/~ Rad21L™/~ spermatocytes, which show a
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similar phenotype with the absence of AEs and SCs (Llano et al,
2012), or that it is a consequence of the cells not developing suffi-
ciently to repair the DSBs.

The presence of yH2AX indicates unsynapsed AEs and unre-
paired DSBs. With progression of synapsis in wt meiocytes, YH2AX
disappears from unsynapsed chromosomes except the X and Y chro-
mosomes, which remain largely unsynapsed. In the Stag3“”*
cytes, essentially no AEs and no SCs are formed, yet YH2AX signals
appear weaker and more concentrated in a few cloud-like structures
when cells appear to progress as indicated by tubular stage and by
increased formation of SYCP3 foci or miniature axes. This suggests
that in the absence of STAG3, the ATM-mediated phosphorylation
of H2AX cannot be maintained despite the failure to synapse. One
may speculate that activation of ATM initially requires AEs to be
formed, or the maintenance of ATM activity requires AEs and thus
AE-associated proteins such as HORMADI1 (Fukuda et al, 2010;
Daniel et al, 2011). HORMADI, which normally associates with
unsynapsed axes, has no axes to bind to but is still present diffusely
throughout the nuclei. HORMAD1 was not reported to be analyzed
in the Rec8/~ Rad21L™/~ spermatocytes, which also mostly lack
AEs and SCs (Llano et al, 2012).

While axis formation entirely depends on STAG3, sister chroma-
tid cohesion is only partially impaired in STAG3-deficient meiocytes.
The presence of an average of at least 55 separate centromeres in
Stag3*”’*® meiocytes indicates that there is no synapsis between
homologous chromosomes and that centromeric sister chromatid
cohesion is impaired but not eradicated. Otherwise, 80 separate
spots would have been observed. This observation is in agreement
with the presence of sister chromatid cohesion in REC8-, RAD21L-,
or SMC1p-deficient mutants, although at reduced levels (Bannister
et al, 2004; Revenkova et al, 2004; Xu et al, 2005; Herran et al,
2011; Biswas et al, 2013), and with impaired centromeric cohesion
found in oocytes of a very recently generated Stag3 insertional
mutagenesis mouse strain (Caburet et al, 2014). Another recent
study showed that the SMCla-based complexes present in prophase
I provide a substantial fraction of centromeric sister chromatid cohe-
sion (Biswas et al, 2013). Thus, SMCla and/or SMC1p complexes
containing SA1 or SA2 should provide sister chromatid cohesion in
the absence of STAG3. Only a minor fraction of SMC18 is likely to
associate with SA1 or SA2 in wt cells (Lee & Hirano, 2011), but this
fraction appears to increase in the absence of STAG3 (Fig 6A). Thus,
SA1 or SA2 complexes, either associated with SMCla or SMCI1p,
support much of sister chromatid cohesion in Stagsk“/ ko meiocytes,
but also provide some cohesion in wt cells. In SMC1-deficient
spermatocytes, SMClo/SA1 or SA2 complexes likely support the
remaining cohesion (Biswas et al, 2013).

The above concerns centromeric cohesion. Telomere staining
suggests that telomeric sister chromatid cohesion is not entirely
abolished in Stag3“”*® either. In Stag3*”’*° meiocytes, we observed
more than 80 but never 160 telomeres identified by RAP1 staining
or by telo-FISH. While we cannot exclude that some telomere
signals were missed as they may have been very weak, this suggests
that a substantial fraction of telomeric cohesion depends on STAG3.
Together, we conclude that STAG3-type cohesin complexes play a
significant role in meiotic sister chromatid cohesion.

SMC1B was found to protect telomeres from damage such as
breaks, large extensions, and easily identifiable interchromosomal
telomere bridges (Adelfalk et al, 2009). No such damage was seen
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upon RAP1 or FISH staining of Stag3*/*® chromosomes. This may

suggest that STAG3 is at least not prominently involved in telomere
protection and that a different SMC1B-type complex fulfills this role,
perhaps a complex with SA1 or SA2. However, the mutant cells
remained in a leptotene-like chromosomal stage. Telomere damage
such as seen in SMCI1p-deficient zygotene and early pachytene
spermatocytes (Adelfalk et al, 2009) may therefore not be present or
visible in Stag3*”*° spermatocytes.

The previously described meiosis-specific cohesin mutants defi-
cient in REC8, RAD21L, or SMC1f (Bannister et al, 2004; Revenkova
et al, 2004; Xu et al, 2005; Herran et al, 2011) still form AEs and
SCs although these are shorter than in wt and synapsis is incom-
plete. In contrast, STAG3-deficient spermatocytes and oocytes do
not form AEs. This suggests that STAG3-containing cohesin
complexes are most important for axis formation and that STAG3 is
present in several different types of cohesin complexes in meiocytes.
An almost complete absence of chromosome axes was reported in
Rec8/~ Rad21L™/~ spermatocytes (Llano et al, 2012). Together
with the results reported here, this suggests that these two kleisins
are part of the major forms of cohesin complexes acting in axis
formation and that these are associated with STAG3. This is in
agreement with the very weak signals for RAD21 observed before
pachynema in wt meiocytes and its absence in anti-SMC1f immuno-
precipitates (Fig 6). Deficiency in STAG3 would affect RAD21L- and
REC8-based complexes and thus elicit a similar phenotype as the
‘double-knockout’. However, the continued presence of cohesin on
Stag3*’*° but not on Rec8/~ Rad21L~/~ chromosomes (Llano et al,
2012), and the impairment of sister chromatid cohesion only in the
former but not in the latter mutant, illustrates that other cohesin
protein combinations exist.

The cohesin proteins present in Stag meiocytes localize
diffusely throughout the chromatin. There is no axis to associate
with, but the presence of all three SMC proteins, SMCla, SMC1f3
and SMC3, suggests that a population of cohesin complexes exist in
the absence of STAG3. These include REC8 and RAD21L Kkleisins,
although the stability of REC8 may be reduced in the absence of
STAG3. Looser association of REC8 with testis chromatin is also
indicated by the differential salt extraction experiment, where more
REC8 appeared in the Stag3*”*® low-salt fractions. To form a four-
subunit cohesin complex, these complexes would have to associate
with SA1 or SA2. However, no interaction of SMC1f or REC8 or
RAD21L with SA1 or SA2 was observed (Ishiguro et al, 2011; Lee &
Hirano, 2011). We observed a rather weak but clear signal for SA1
and SA2 co-precipitating with SMC1p in wt, and these signals were
enhanced in the absence of STAG3. One may speculate that in the
absence of STAG3, expression of SA1 and SA2 is upregulated in
spermatocytes (not visible in total testis extract), or its stability is
enhanced through association with cohesin complexes typically
associated with STAG3, or that SA1 and SA2 can more efficiently
associate with SMC1f complexes in the absence of STAG3, which
may bind with the highest affinity.

SMCla-based complexes are most clearly observed in early
prophase I and fade away when cells progress toward metaphase I
(Eijpe et al, 2000). The presence of SMCla-based complexes is
consistent with the existence of considerable sister chromatid cohe-
sion at centromeres and along chromosome arms in early prophase
I of Smcl B’/’ meiocytes (Revenkova et al, 2004; Biswas et al,
2013). IP data from several laboratories suggest that SMCla can
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associate with either RAD21 or RAD21L, at least in testis nuclear
extracts or somatic cell overexpression systems (Gutierrez-Caballero
et al, 2011; Ishiguro et al, 2011; Lee & Hirano, 2011), although one
study suggested that SMClo does not associate with RAD2IL
(Ishiguro et al, 2011). The presence of AEs and SCs in Smclp~/~
meiocytes suggests that SMCla-based complexes significantly
contribute to AE/SC formation, since cohesin is required for AE/SC
formation as this study and the analysis of Rec8 /~ Rad21L~/~
spermatocytes (Llano et al, 2012) show. An association of the
SMCla/RAD21 complex is consistent with anti-RAD21 IPs or
pull-downs of tagged proteins, both of which precipitated STAG3
(Gutierrez-Caballero et al, 2011; Ishiguro et al, 2011). This is also
consistent with co-IP experiments showing that RAD21 co-precipi-
tates with STAG3, although very little if any SMCla was precipitated
with anti-STAG3 antibodies (Lee & Hirano, 2011). Co-precipitates
from testis extracts may reflect the interaction between RAD21 and
STAG3 within an SMC1p-type complex, and the interactions seen
upon overexpressing tagged proteins in somatic cell lines may not
necessarily occur in primary meiocytes. Whether SMCla associates
with REC8 and RAD21L is uncertain, since these associations were
seen in some but not all studies (Revenkova et al, 2004; Ishiguro
et al, 2011; Lee & Hirano, 2011). There is evidence though from
several laboratories that SMC1 forms distinct complexes with each
of the three Kkleisins (Revenkova et al, 2004; Gutierrez-Caballero
et al, 2011; Ishiguro et al, 2011; Lee & Hirano, 2011). Each of these
complexes is associated with STAG3, consistent with the drastic
phenotypes reported here.

Notably, in an accompanying paper by Fukuda et al, a distinct
Stag3 mouse mutant is presented, which expresses low levels of
STAG3 and shows a characteristic dosage phenotype (Fukuda et al,
2014). There are still AEs, but they are short; there is still a low level
of synapsis, but it is aberrant, and only two of the three kleisins still
localize to the chromosome axes. REC8 does not, indicating a partic-
ular requirement of STAG3 for REC8-based complexes. A few days
before resubmission of this report, a publication appeared that also
describes phenotypes of a mouse strain carrying a lentiviral insertion
in exon 8 of the Stag3 gene (Llano et al, 2014). Whether a small
amount of residual STAG3 protein is present in this strain is uncer-
tain as no immunoblotting or highly sensitive mRNA RT-PCR data
were presented. The phenotype described in Llano et al, 2014 is
more consistent with that of the report by Fukuda et al, since there
are still small axes formed, some of which are synapsed and stained
continuously for SYCP1. A partial or even complete SC was
observed, unlike in the STAG3-deficient mouse strain described here.
Thus, the STAG3 deficiency reported here appears to be the most
severe. Other phenotypes such as partial loss of centromeric cohe-
sion and the presence of some cohesin on spermatocytes spreads of
the Stag3 insertion mutant are consistent with those reported here.

In summary, we propose that SMCla- and SMC1-based cohesin
complexes together determine meiotic chromosome AE formation
and synapsis, and they do so mainly in association with STAG3.
Meiotic sister chromatid cohesion, which as described above
depends to a significant part on STAG3, is mainly supported by
SMCI1B-type complexes, but SMCla complexes contribute in the
initial phase of meiosis I as well. Thus, STAG3 appears to be the
most important single meiotic cohesin protein. No other deficiency
in a single meiosis-specific cohesin causes a phenotype as drastic as
that of STAG3 deficiency.
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Materials and Methods

Animals

StagSko/k" ES cells were obtained from KOMP, San Diego, USA
(clone name EPD050_4_G09), and are derived from the parental ES
line JM8A3.N1. The allele name is Stag3"™!2KOMPIWist 3 s named
‘ko’ in this communication to indicate that this is a knockout-first
construct (see Supplementary Fig S1) and not a deletion allele. ES
cells were injected into C57BL/6 blastocysts and the resulting mice
bred to homozygosity for this locus. Genotyping was performed
using the following PCR primers: primer 1: 5-GTT ATC TAG CCA
CTC ATC CAC C-3’; primer 2: 5-CGC CTT CTT GAC GAG TTC TTC-
3’; primer 3: 5-GCA AGT GTT CTC CAC TGC TAA G-3/, and yielded
the following products: Stag3 ko: primers 1 and 2 (product:
1412 bp); Stag3 wt: primers 1 and 3 (product: 1077 bp). Animals
were bred and maintained under pathogen-free conditions at the
Experimental Center of the Medizinisch-Theoretisches Zentrum of
the Medical Faculty at the Dresden University of Technology accord-
ing to approved animal welfare guidelines, permission number
24-9168.24-1/2010-25 granted by the State of Saxony.

RNA extraction and RT-PCR

A single cell suspension was obtained from whole testes using
Dounce homogenization, followed by centrifugation at 600 rpm for
10 min at 4°C. One ml of TRIzol was added to the cell pellet and
incubated at room temperature (RT) for 5 min, followed by 200 pl
of chloroform and incubated at RT for 3 min. The mixture was
centrifuged at 1,770 g for 15 min and the aqueous phase used for
RNA precipitation with 500 pl of isopropanol followed by centrifu-
gation at 1,770 g for 10 min at 4°C. The pellet was washed with
70% ethanol, dried, and resuspended in 50 ul of RNAase-free water.
One pg of total RNA was used per 20 pl of reverse transcription
reaction (SuperScript II, Invitrogen). The mixture was incubated for
5 min at 65°C before adding the 5x first-strand buffer and DTT
(10 mM final concentration). The mixture was chilled and heated to
42°C before adding the SuperScript reverse transcription enzyme
(10 u/pul final concentration). The reaction was incubated for
50 min at 42°C, followed by inactivation at 70°C for 15 min. 2 pl of
the RT reaction was used as template in a standard 50 ul PCR (dena-
turation at 95°C for 30 s, annealing at 60.5°C for 30 s, and elonga-
tion at 72°C for 1 min).

Theprimersused were: E3 fwd 5-TAGTCCCTCCACTAACTAACGA-
AGACAG; E4 rev 5-CTGATTCATTCTTGCCATTCCCAC; E4 fwd 5'-
GTGGGAATGGCAAGAATGAATCAG; ES5 rev 5-AGTTATCTAGCCC-
ACTCATCCACC.

Cryosectioning of testes

Whole testes were fixed in 4% formaldehyde for 30 min, incubated
in 30% sucrose for 16 h at 4°C, and immersed in O.C.T Compound
(Tissue-Tek 4583) in specimen molds (Tissue-Tek 4566 Cyromold
15 x 15 x 5 mm) and frozen at —80°C. 7-um sections were cut
using a Leica CM1900 cryostat microtome and placed onto micro-
scope slides (StarFrost KO78; 76 x 26 mm). Sections were immersed
in cold methanol for 10 min, then in cold acetone for 1 min, and
dried for 10 min. The slides were washed in 1 x PBST (PBS plus
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0.1% Tween-20), then subsequently blocked in 2% BSA in 1x PBS
for 30 min, and incubated with primary antibodies at 4°C for 16 h.
Primary antibodies used in this experiment were anti-SYCP3 (mouse
monoclonal, hybridoma cell line supernatant) and anti-yH2AX
phospho-Ser139 (1:500, mouse monoclonal IgG,, Millipore 05-636).
Slides were washed three times in 1x PBS and incubated with
secondary antibodies for 1-2 h at 22°C. Slides were washed three
times in 1x PBS and mounted using VectaShield mounting media
(Vecta Laboratories, H-1000) containing 1 pg/ml DAPI and
24 x 50 mm coverslips  (Engelbrecht, K12450, depth 0.13-
0.17 mm). Testis sections were imaged using a Zeiss Axiophot
microscope at 20x or 40x magnification with oil of refractive index
1.518 (Zeiss, Immersol 518 F).

Immunoblot analysis of testes extracts

For protein extraction and immunoblotting, the tunica albuginea
was removed from the testes and a single cell suspension created
using Dounce homogenization (loose pestle) in buffer B (5 mM KCl,
2 mM DTT, 40 mM Tris (pH 7.5), 2 mM EDTA, and protease inhibi-
tors). Nuclear extracts were prepared essentially as described in
Jessberger et al, 1993. In brief, nuclear membranes were broken
using Dounce homogenization (tight pestle). The nuclear suspen-
sion was centrifuged at 1,180 g for 3 min, the nuclear pellets resus-
pended in buffer C (5 mM KCI, 1 mM DTT, 15 mM Tris (pH 7.5),
0.5 mM EDTA, and protease inhibitors), and nuclear proteins were
extracted by adding ammonium sulfate (pH 7.4) to a concentration
of 250 mM and incubating on ice for 30 min. Samples were centri-
fuged at 234,000 g for 30 min at 4°C. Supernatant was collected and
protein content measured by Bradford before being stored at —20°C
in Laemmli buffer for Western analysis. 5 pg of protein was run on
an 8% SDS-PAGE gel, transferred to a nitrocellulose membrane,
and blocked in 5% milk in PBST for 1 h at 22°C. Primary antibodies
were added at 1 pg/ml in PBST for 16 h at 4°C. Primary antibodies
used were as follows: rabbit anti-STAG3 (1:2000), mouse anti-
SMC1B (mAb #76 or #102 at 1 ug/ml or 1:2 diluted hybridoma
supernatant), and rabbit anti-SMC3 (1:1,000, Bethyl A300-060A).
Membranes were washed three times in PBST and HRP-conjugated
secondary antibodies were added for 1 h at 22°C in PBST. Second-
ary antibodies used were as follows: anti-rabbit IgG HRP (eBio-
science 18-8816-31) and goat anti-mouse IgG HRP (Dianova 115-
035-003). A biotinylated protein ladder (Cell Signaling Technology
7727) was loaded onto each gel and detected using an anti-biotin
HRP (Cell Signaling Technology 7075). Blots were washed three
times in PBST and developed using chemiluminescent HRP
substrate (Millipore, WBKLS) and imaged on a Kodak ImageStation
2000MM.

Nuclear spreads and immunofluorescence

The tunica albuginea was removed from the testes, and testis
tubules were incubated in 500 ul of 1 mg/ml collagenase for
10 min at 32°C. A single tubule suspension was obtained by
pipetting and then centrifuged for 5 min at 380 g at 22°C. The
pellet was resuspended in 0.05% trypsin and incubated for 5 min
at 32°C with agitation of 350 rpm. Trypsin activity was neutralized
by adding 200 pl of DMEM containing 10% FCS. The single cell
suspension was filtrated through a 40-um strainer by centrifugation
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at 2,000 rpm for 10 s and then centrifuged at 320 g for 5 min at
22°C. The pellet was resuspended in 500 pl of PBS. For embryonic
ovaries, a single ovary was incubated in PBS + 5 mM EDTA (pH
7.2) for 2 min at 4°C, incubated in a droplet of 1 mg/ml
collagenase in 1x PBS for 2 min at 4°C, washed in 1x PBS, and
macerated in 15 pl of 1x PBS. The single cell suspension was
obtained by diluting the macerate 10x in PBS. 1-2 ul of single cell
suspension was added to each well of a 10-well slide (Thermo
Scientific, ER-308B-CE24, 10 well, 6.7 mm) containing 0.25% NP-
40; cells were lysed for 2 min and fixed with 1% PFA, 5 mM
sodium borate pH 8.5, 0.15% Triton-X 100. The slides were incu-
bated in a wet chamber for 1 h, dried for 30 min to 1 h, washed
two times with 0.5% Photo-Flo (KODAK, 146 4510), washed two
times with PBS, dried, and stored at —20°C.

For immunofluorescence, primary antibodies used were as
follows: mouse anti-SYCP3 (hybridoma supernatant), rabbit anti-
SYCP3 (1:100, Novus Biologicals NB300-230), rabbit anti-STAG3
(0.2 pg/ml, Protein A-purified Ab), mouse anti-yH2AX (1:500, Milli-
pore 05-636), mouse anti-yH2AX biotin conjugate (1:500, Millipore
16-193), rabbit anti-SYCP1 (1:100, abcam ab15090), rabbit anti-
DMC1 (1:50, Santa Cruz Biotechnology sc-22768), human anti-
centromere (1:200, Antibodies Incorporated 15-235-0001), rabbit
anti-RAP1 (1:50, Imgenex IMG-289), rabbit anti-SMC3 (1:100,
abcam ab9263), rabbit anti-SMCla (1:100), mouse anti-SMC1f
(mADb #76 or #102 at 0.5 pg/ml or 1:2 diluted hybridoma superna-
tant), rabbit anti-RAD21 (1:100, abcam ab992), rabbit anti-RAD21L
(1:100, kindly provided by Dr A. Pendas), and guinea pig
anti-HORMADI1 (1:700, gift from Dr A. Toth). Secondary antibodies
were all used in 1:500 dilution as follows: Cy3 goat anti-mouse
IgG (Biolegend 405309), Alexa Fluor 488 goat anti-rabbit IgG (Invi-
trogen A11034), Alexa Fluor 568 goat anti-guinea pig IgG (Invitro-
gen A11075), and Alexa Fluor 568 goat anti-human IgG (Invitrogen
A21090).

Differential salt extraction and immunoprecipitation

For stepwise salt extraction of nuclei, the nuclei were first incu-
bated for 30 min, on ice in a hypotonic buffer to allow nucleoplas-
mic proteins to diffuse out of the nuclei. The nuclei were then
centrifuged (800 rpm, 5 min, 4°C) and the supernatant taken. The
nuclei were washed once with the same buffer and same low-
speed centrifugation. The nuclei were then resuspended in the
same buffer with 25 mM ammonium sulfate added to extract
proteins loosely bound to chromatin, and incubated for 30 min on
ice. Again, the nuclei were centrifuged, the supernatant taken
(25 mM fraction), washed once, and resuspended and incubated
for 30 min on ice in the same buffer containing 250 mM ammo-
nium sulfate to extract proteins tightly chromatin-associated. After
centrifugation at 1,770 g for 10 min at 4°C to pellet the remnant
nuclei, the supernatant was taken (250 mM fraction). The
immunoprecipitations were performed as described in Revenkova
et al, 2004. The primary antibodies used were the same as
described above for immunofluorescence staining. Protein G or
Protein A Dynabeads were used for precipitating the antibody-
antigen complexes.

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