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ABSTRACT Cohesin is an essential structural component of chromosomes that ensures accurate chromo-
some segregation during mitosis and meiosis. Previous studies have shown that there are cohesin
complexes specific to meiosis, required to mediate homologous chromosome pairing, synapsis,
recombination, and segregation. Meiosis-specific cohesin complexes consist of two structural maintenance
of chromosomes proteins (SMC1a/SMC1b and SMC3), an a-kleisin protein (RAD21, RAD21L, or REC8), and
a stromal antigen protein (STAG1, 2, or 3). STAG3 is exclusively expressed during meiosis, and is the
predominant STAG protein component of cohesin complexes in primary spermatocytes from mouse, inter-
acting directly with each a-kleisin subunit. REC8 and RAD21L are also meiosis-specific cohesin components.
Stag3 mutant spermatocytes arrest in early prophase (“zygotene-like” stage), displaying failed homolog
synapsis and persistent DNA damage, as a result of unstable loading of cohesin onto the chromosome axes.
Interestingly, Rec8, Rad21L double mutants resulted in an earlier “leptotene-like” arrest, accompanied by
complete absence of STAG3 loading. To assess genetic interactions between STAG3 and a-kleisin subunits
RAD21L and REC8, our lab generated Stag3, Rad21L, and Stag3, Rec8 double knockout mice, and com-
pared them to the Rec8, Rad21L double mutant. These double mutants are phenotypically distinct from one
another, and more severe than each single knockout mutant with regards to chromosome axis formation,
cohesin loading, and sister chromatid cohesion. The Stag3, Rad21L, and Stag3, Rec8 double mutants both
progress further into prophase I than the Rec8, Rad21L double mutant. Our genetic analysis demonstrates
that cohesins containing STAG3 and REC8 are the main complex required for centromeric cohesion, and
RAD21L cohesins are required for normal clustering of pericentromeric heterochromatin. Furthermore, the
STAG3/REC8 and STAG3/RAD21L cohesins are the primary cohesins required for axis formation.
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Formation of chromosomally normal gametes relies on accurate mei-
otic progression. During meiosis, replicated chromosomes undergo
two consecutive rounds of chromosome segregation, namely meiosis I
and meiosis II. Meiosis I is termed a “reductional” event because as-
sociated homologous chromosomes segregate from one another,
whereas meiosis II is termed “equational” as sister chromatids segregate.

To facilitate accurate chromosome segregation during meiosis I ho-
mologous chromosomes must pair, recombine and synapse. Inability
to efficiently link homologs prior to their segregation leads to cell
cycle arrest, apoptosis, or gamete aneuploidy.

Since sequencing technologies for screening humanmutations have
become more cost effective, there has been an influx of mutations
identified to cause male and female infertility (Lin and Matzuk
2014). Recently, mutation of Stag3 was found to cause premature ovar-
ian failure (Caburet et al. 2014). Analysis of mouse models of the Stag3
mutant showed that the mutation results in both male and female
infertility, due to a failure to pair and synapse homologous chromo-
somes, which resulted in cell cycle arrest and apoptosis (Caburet et al.
2014; Fukuda et al. 2014; Hopkins et al. 2014; Llano et al. 2014;Winters
et al. 2014).

Stromal antigen protein, STAG3, is a meiosis-specific component of
cohesin (Prieto et al. 2001). Cohesin is best known for its role in
maintaining sister chromatid cohesion prior to the metaphase to
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anaphase transition during mitosis (Michaelis et al. 1997). Cohesin is
comprised of two structural maintenance of chromosome proteins
(SMC3, and SMC1a or SMC1b), an a-kleisin subunit (RAD21,
RAD21L, or REC8), and a stromal antigen protein (STAG1, 2, or 3)
(Gutiérrez-Caballero et al. 2011; Ishiguro et al. 2011; Lee and Hirano
2011). Structural and interaction studies have demonstrated that the
SMC1 and SMC3 proteins interact with one another at a central hinge
domain, and then fold back on themselves through two large coiled-coil
domains resulting in the juxtaposition of their own N and C termini,
which are called the head domains. The head domains of SMC1 and
SMC3 are bridged by an a-kleisin subunit (Nasmyth and Haering
2005). The cohesin complex also comprises one of the STAG proteins,
which interact with the a-kleisin. Based on in vitro and in vivo studies
using budding yeast, it has been proposed that the STAG protein is
required either for cohesin binding to chromosomes or for the stability
of binding to chromosomes (Orgil et al. 2015; Rowland et al. 2009;
Sutani et al. 2009; Tóth et al. 1999). UsingHeLa cells, it has been shown
that STAG2 is the predominant cohesin component in mitotic cells,
and is required for cohesion along chromosome arms and centromeres,
whereas STAG1 is required for cohesion at telomeres (Hauf et al. 2005;
Canudas and Smith 2009; Holzmann et al. 2011; Sumara et al. 2000;
Losada et al. 2000).

During meiosis, cohesin complexes are important for chromosome
pairing and are thought to be structurally intrinsic to the formation of
axes between sister chromatids during prophase I (Heidmann et al.
2004; Ishiguro et al. 2014; Klein et al. 1999; Llano et al. 2012; Manheim
and McKim 2003; Mito et al. 2003; Pasierbek et al. 2003). At the
preleptotene stage, telomeres become attached to the nuclear periphery,
and initial chromosome pairing events are facilitated by rapid chromo-
some movements (Boateng et al. 2013; Scherthan et al. 1996; Shibuya
et al. 2014). Meiosis-specific cohesins are required for stable telomere
attachment to the nuclear envelope (Adelfalk et al. 2009; Herrán et al.
2011; Shibuya et al. 2014). Mouse chromosomes are telocentric, and the
pericentromeric heterochromatin regions assemble in clusters during
preleptotene to form “chromocenters”, which are also thought to be
required for chromosome pairing (Ishiguro et al. 2011; Scherthan et al.
1996; Shibuya et al. 2014). At the leptotene stage of meiotic prophase I,
DNA double-strand breaks (DSBs) are catalyzed by themeiosis-specific
topoisomerase II-like enzyme, SPO11 (Keeney et al. 1997). These DSBs
stimulate the ataxia telangiectasia mutated (ATM) and Rad3-related
(ATR) kinases to signal a DNA damage response, which results in
phosphorylation of histone H2AFX (gH2AX) and recruitment of
DNA repair proteins (Bellani et al. 2005; Bolcun-Filas and Schimenti
2012; Royo et al. 2013). Physical associations between homologous
chromosomes are required to facilitate DNA repair. Homolog interac-
tions are stabilized during the zygotene stage of prophase I, and dy-
namic movement of the chromosomes at this stage results in telomere
clustering (“bouquet formation”) at the nuclear periphery. DNA repair
and associations between homologs are stabilized by the formation of a
tripartite proteinaceous structure known as the synaptonemal complex
(SC) (Handel and Schimenti 2010). Cohesin complexes together with
other axial proteins such as the SC proteins SYCP2 and SYCP3, form
the two lateral elements of the SC, which are bridged together by the
transverse filament protein, SYCP1, thus stimulating homolog synapsis
(Moens et al. 1987; Offenberg et al. 1998; Yuan et al. 2000). At the
pachytene stage of prophase I, homologs are fully synapsed and DNA
repair is largely completed (Bolcun-Filas and Schimenti 2012; Handel
and Schimenti 2010). Errors during chromosome pairing, DNA repair
or synapsis generally result in meiotic cell cycle arrest and apoptosis.

Cohesin complexes are required for a number of different roles
during meiosis I, including telomere attachment to the nuclear

periphery, telomere maintenance, chromosome pairing, chromosome
synapsis and maintenance of sister chromatid cohesion (Adelfalk et al.
2009; Bannister et al. 2004; Biswas et al. 2013; Fukuda et al. 2014;
Heidmann et al. 2004; Herrán et al. 2011; Hopkins et al. 2014; Ishiguro
et al. 2014; Khetani and Bickel 2007; Klein et al. 1999; Llano et al. 2012,
2014; Manheim and McKim 2003; Mito et al. 2003; Novak et al. 2008;
Pasierbek et al. 2003; Revenkova et al. 2004;Winters et al. 2014; Xu et al.
2005). How does cohesin facilitate so many processes during meiosis?
In part, this can be explained by the fact that there is one SMC1 protein
(SMC1b), two a-kleisins (RAD21L and REC8), and one STAG protein
(STAG3) that are specifically expressed in meiosis. Previous interaction
studies indicate that there are at least four to six meiosis-specific forms
of cohesin (Gutiérrez-Caballero et al. 2011; Ishiguro et al. 2011; Lee and
Hirano 2011; Winters et al. 2014). In addition, the cohesin complexes
expressed during mitosis are also present during meiosis (Gutiérrez-
Caballero et al. 2011; Ishiguro et al. 2011; Lee and Hirano 2011). These
interaction studies suggest that STAG3 is the predominant STAG sub-
unit of cohesins during mouse spermatogenesis (Gutiérrez-Caballero
et al. 2011; Ishiguro et al. 2011; Lee and Hirano 2011).

Inorder todelineate function,mousemutants for allmeiosis-specific
subunits of cohesin have been characterized. In males, mutation of
Smc1b results in a pachytene-like arrest where most homologous chro-
mosomes synapse, but the SYCP3 length is reduced to �50%, and the
sex chromosomes fail to pair (Novak et al. 2008; Revenkova et al. 2004).
Although mutation of Smc1b in female mice causes a similar pheno-
type with regard to SYCP3 length, the oocytes progress through mei-
osis; however, loss of chromatid cohesion results in aneuploidy that is
exacerbated with age (Revenkova et al. 2004; Hodges et al. 2005).
Additionally, heterozygous mutation of Smc1b results in erroneous
synapsis, decreased levels of crossover recombination and aneuploidy
(Murdoch et al. 2013). The phenotypes derived from mutation of
Rad21l are also sexually dimorphic (Herrán et al. 2011). Rad21lmutant
spermatocytes arrest at a zygotene-like stage that is characterized by
incomplete synapsis between homologs, synapsis between nonhomol-
ogous chromosomes, and an inability to repair meiotic DSBs. In con-
trast, oocytes from Rad21l mutants display close to normal synapsis
between homologs, and progression throughmeiosis is observed. How-
ever, the female Rad21l mutants are subfertile, and demonstrate pre-
mature ovarian failure. Mutation of the gene encoding the other
meiosis-specific kleisin subunit, Rec8, also results in a zygotene-like
arrest; however, features of this arrest are distinct from the Rad21l
mutant (Bannister et al. 2004; Xu et al. 2005). Rec8 mutation results
in aberrant synapsis between sister chromatids, a partial defect in DSB
repair, and precocious loss of centromeric cohesion. This zygotene-like
arrest is also observed in Rec8mutant oocytes. Furthermore, heterozy-
gous mutation of Rec8 results in a higher frequency of sister chromatid
cohesion loss in MI oocytes (Murdoch et al. 2013). Mutation of the
meiosis-specific STAG gene, Stag3, resulted in the most severe single-
gene phenotype reported, and harbors characteristics of the Rad21l and
Rec8 mutants (Caburet et al. 2014; Fukuda et al. 2014; Hopkins et al.
2014; Llano et al. 2014; Winters et al. 2014). Both male and female
gametocytes arrest at a zygotene-like stage with SYCP3 stretches that
are�33% of the normal length, and synapsis between sister chromatids
is observed. In addition, DSBs are not repaired, and cohesion between
sister chromatid centromeres is lost prematurely. Although interaction
data have demonstrated that STAG3 is the predominant STAG protein
component of cohesin complexes in primary spermatocytes from
mouse, we observed limited amounts of meiosis-specific cohesin com-
ponents colocalizing to the SYCP3 stretches (Hopkins et al. 2014). This
led us to hypothesize that STAG3 is required for stabilizing themajority
of the meiosis-specific cohesin complexes to chromosome axes, and
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that STAG1 and STAG2 may be able to partially compensate. Interest-
ingly, the combination of Rad21l and Rec8 mutations results in a
leptotene-like stage arrest, with a small number of short SYCP3 signals
that consisted only low levels of mitotic cohesin components, RAD21
and SMC3. In this study, we combined mutations of Stag3 with Rad21l
andRec8mutations, respectively, and compared them side-by-side with
the single mutants, as well as the Rad21l, Rec8 double mutant. We
determined that the Stag3, Rad21l and Stag3, Rec8 double mutant mice
exhibit more pronounced meiotic defects than the Stag3 single mutant,
including a decrease in SYCP3 signal lengths, an increase in SYCP3
number, enhanced centromere cohesion defects, and decreased levels of
SYCP3-associated cohesin. In addition, these double mutants display
unique phenotypes from one another. We also determined that the
phenotypes observed for these double knockout mice are distinct from
the phenotype presented by the Rad21l, Rec8 double mutant, which has
lower number of short SYCP3 stretches and virtually no cohesin load-
ing. We demonstrate that STAG3/REC8 cohesins are critical for sister
chromatid cohesion, and that RAD21L cohesins are uniquely required
for normal pericentromeric heterochromatin clustering events. Our
study also suggests that STAG3/REC8 and STAG3/RAD21L cohesins
are critical for the formation of chromosomal axes during meiotic
prophase.

MATERIALS AND METHODS

Ethics statement
Allmice were bred by the investigators at The Jackson Laboratory (JAX,
Bar Harbor,ME) and JohnsHopkins University (JHU, Baltimore, MD)
under standard conditions in accordance with the National Institutes of
Health (NIH) andUSDepartment of Agriculture criteria, and protocols
for their care and use were approved by the Institutional Animal Care
and Use Committees (IACUC) of both JAX and JHU.

Mice
The two Stag3 mutations used in this study have been described pre-
viously (Hopkins et al. 2014). Briefly, the Stag3OV allele was created by
integration of the SB-cHS4core-SB-Tyro-WPRE-FUGW lentiposon
transgene (LV2229) in intron 8 of Stag3 (https://www.jax.org/strain/
017424) in an FVB background. The Stag3JAX allele was obtained by
targeting C57BL/6N-derived JM8.N4 embryonic stem (ES) cells with a
b-galactosidase-containing cassette that generated a knockout first
reporter allele for Stag3 that harbored a floxed exon 5 (http://www.
mousephenotype.org/data/alleles/project_id?ikmc_project_id=22907).
The corresponding mice were bred to B6N.Cg-Tg(Sox2-cre)1Amc/J
mice to excise the floxed neomycin cassette and exon 5. The resulting
mice [B6N(Cg)-Stag3tm1b(KOMP)Wtsi/2J] were used in this study.
The Rec8 (B6;129S4-Rec8mei8) mutant mice used in our study has pre-
viously been described (Bannister et al. 2004). Briefly, the Rec8Mei8 allele
contains a C . T nonsense mutation corresponding to the terminal
amino acid of exon 6, creating a premature translational stop at amino
acid 154 of 591 and eliminating exons 7 through 20. The Rad21lJAX

allele was obtained using C57BL/6N-derived JM8.N4 ES cells that were
targeted with a b-galactosidase-containing cassette. This generated a
knockout first reporter allele for Rad21l that harbored a floxed exon 3.
These ES cells were sourced from the International Knockout Mouse
Consortium (Skarnes et al. 2011), http://www.mousephenotype.org/
data/genes/MGI:3652039). As part of the KOMP2 program (http://
commonfund.nih.gov/KOMP2/), these ES cells were injected into
B6(Cg)-Tyrc-2J/J blastocysts. The resulting chimeric males were bred
to C57BL/6NJ females, and then to B6N.Cg-Tg(Sox2-cre)1Amc/J mice
to excise the floxed neomycin cassette and exon 3 (Supplemental Ma-

terial, Figure S1). Offspring were bred to C57BL/6NJmice to remove the
cre-expressing transgene resulting in the B6N(Cg)-Rad21ltm1b(KOMP)
Wtsi/2J strain used in this study. Single heterozygous mutants of each
gene were bred together to create F1 double heterozygous mutants.
These were subsequently bred to create homozygous double mutants.
At least three mice for each double mutant were assessed, and compared
with littermate controls that were either homozygote for a single gene or
heterozygote for both genes.

Mouse germ-cell isolation
Germ cells were isolated from 14- to 15-d-old male mice, which are
enriched for midprophase spermatocytes. Isolation of mixed germ cells
from testes was performed using techniques previously described
(Bellve 1993; La Salle et al. 2009). Mice were killed via cervical dislo-
cation, testes were obtained, and the tunica albicans removed. Using
forceps, the testis tubules were shredded in Krebs-Ringer Bicarbonate
Buffer (KRB) supplemented with protease inhibitor (PI) cocktail solu-
tion to liberate germ cells. The cell suspensions were filtered through a
0.8 mm Nitex mesh.

Spread chromatin analyses
Germ cell chromatin spreads were prepared as previously described
(Gómez et al. 2013; Jordan et al. 2012). Isolated germ cells were centri-
fuged at 5800 · g for 5 min. Cells were resuspended in 0.1 M sucrose
solution, and dropped onto slides prewet with 1%PFA, 0.05% Triton-X
solution. Slides were incubated at room temperature for 2.5 hr, and
washed with 1· PBS, 0.4% Kodak Photoflo solution. Slides were air-
dried, and then incubated for 30 min in prehybridization solution.
Primary antibodies and the dilution used are presented in Table S1.
Secondary antibodies against human, rabbit, rat, mouse, and goat IgG,
and conjugated to Alexa 488, 568, or 633 (Life Technologies) were used
at 1:500 dilution. Chromatin spreads were mounted in Vectashield +
DAPI medium (Vector Laboratories).

Microscopy and image analyses
Nuclear spread images were captured using a Zeiss CellObserver Z1
linked to an ORCA-Flash 4.0 CMOS camera (Hamamatsu), and ana-
lyzedwith theZeissZEN2012blue edition image software including foci
and lengthmeasurement capabilities. ZEN2012 image softwarewas also
used to determine and subtract background from each image then
calculate theManders’ colocalization/overlap coefficient (MCC) for the
signal obtained for each cohesin component within the SYCP3 axes
(Dunn et al. 2011). Image J was used to count chromocenters. Photo-
shop (Adobe) was used to prepare figure images.

Data availability
The authors state that all data necessary for confirming the conclusions
presented in the article are represented fully within the article.

RESULTS

Combining the Stag3 mutation With Rec8 or Rad21l
mutations result in decreased SYCP3 length and
increased SYCP3 number
We compared single homozygous mutants for Stag3, Rad21l, and Rec8,
together with the three combinations of homozygous double mutants
(i.e., Stag3, Rad21l; Stag3, Rec8, and Rad21l, Rec8). Each single and
double homozygous mutant harbored small testes (Figure S2A). Anal-
ysis of gH2AX signal on meiotic chromatin spreads indicated that each
mutant was proficient in initiating a DNA damage response; however,
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they were unable to repair the DSBs formed (Figure S2B). The most
advanced meiotic stages observed for the Rad21l and Rec8 single mu-
tants displayed gH2AX enriched in concentrated patches, indicating
that some DNA repair may have occurred. In contrast, the gH2AX
signal was diffuse throughout the chromatin in the Stag3mutant. Each
of the three double knockout combinations displayed similar diffuse
gH2AX signal.

To assess the meiotic defects of each mutant, we analyzed the for-
mation of chromosome axes using immunofluorescence microscopy of
spread chromatin (Figure 1A). We staged the progression of prophase
I using antibodies against axial/lateral element, SYCP3, and the central
region protein SYCP1. The most advanced stage was assigned based
on the extent of SYCP1 staining, which signifies chromosome synap-
sis. We used wild-type pachytene stage as a reference of SYCP3
length observed during normal meiotic progression. Based on the
20 synapsed SYCP3 axes, we measured an average length of
9.46 mm 6 1.71 mm per axis (N = 100 nuclei). Each cohesin mu-
tant resulted in arrest at a zygotene-like stage. However, the different
mutants showed distinct aberrant features with regards to SYCP3
length and number (Figure 1, B and C). The Rad21l mutant exhibited
partially synapsed axes that were fragmented; the SYCP3 length aver-
aged 6.29 mm6 0.96 mm, and the number of SYCP3 stretches aver-
aged 31.7 6 9.9 (N = 50 nuclei). The Rec8 mutants also displayed a
decrease in SYCP3 length, averaging 5.63 mm 6 1.24 mm (N = 75
nuclei). However, axis fragmentation was not commonly observed in
the Rec8 mutant chromatin spreads. The number of SYCP3 stretches
observed in Rec8 mutant chromatin spreads was 40.5 6 8, which
corresponds with previous work that showed synapsis occurs between
sister chromatids (Bannister et al. 2004; Xu et al. 2005). Chromatin
spreads from the Stag3mutant primary spermatocytes displayed�40–
50% shorter SYCP3 stretches than either the Rad21l and Rec8mutants,
3.32 mm 6 0.61 mm (N = 50 nuclei). The SYCP3 count is similar
to the Rec8 mutant, averaging 41 6 8.5 axes. The extensive synapsis
observed in Stag3 mutant chromatin spreads has been shown to be
primarily between sister chromatids (Fukuda et al. 2014; Hopkins
et al. 2014).

Combination of the Stag3 mutation with the Rad21l and Rec8
mutations resulted in further decreases in SYCP3 length (Figure 1).
The average SYCP3 lengths quantified from the Stag3, Rad21l
double mutant (2.01 mm 6 0.32 mm, N = 50 nuclei) were
longer than those observed for the Stag3, Rec8 double mutant
(1.21 mm 6 0.35 mm, N = 65 nuclei). The SYCP3 counts for
these double mutants were greater than the single mutations, the
Stag3, Rad21l double mutant having an average of 61.8 6 11.1,
and the Stag3, Rec8 double mutant averaging 66.6 6 12.8 SYCP3
stretches per chromatin spread. Additionally, the amount of SYCP1
signal observed on axes from the Stag3, Rec8 double mutant was
much more extensive than that observed for the Stag3, Rad21l dou-
ble mutant (Figure 1A). We also obtained data that were consistent
with these observations by using an independently derived Stag3
mutation, which was combined with the Rad21l and Rec8mutations
(Figure S3). The Rad21l, Rec8 double mutant also displayed short
SYCP3 length, averaging 1.14 mm 6 0.19 mm (N = 50 nuclei).
However, the number of SYCP3 signals was reduced compared to
the other double mutants, with an average of 25.3 6 7.4 signals per
chromatin spread. Low levels of SYCP1 signal that colocalized with
SYCP3 were observed on the Rad21l, Rec8 double mutant chromatin
spreads. We also observed SYCP1-only positive foci in Rad21l, Rec8
double knockout chromosome spreads, which may be due to in-
appropriate loading of SYCP1 onto the chromatin or nonspecific
staining from the antibody.

Compensation of centromeric cohesion in the absence
of REC8
Previous work has demonstrated that REC8-containing cohesins are
the primary source of centromeric cohesion between sister chromatids
(Herrán et al. 2011; Hopkins et al. 2014). However, other cohesin
complexes may contribute. To assess this further, we counted centro-
mere signals in chromatin spread preparations of the cohesin mutants,
using an anti-centromere autoantibody (CEN; also known as ACA and
CREST, Figure 2). We used wild-type littermate controls as a reference
for centromere numbers during meiotic progression. Assessment of
chromatin spread preparations from wild-type spermatocytes demon-
strated that, at late zygotene stages, there are an average of 29.5 6 6
(N = 100 nuclei) centromere signals, and this decreased by pachytene
stage to 21 (N = 50 nuclei) centromere signals, corresponding to com-
plete synapsis of homologous chromosomes. The Rad21l single mutant
showed similar centromere numbers aswild-type spermatocytes during
the late zygotene stage, with an average of 29.8 6 6.6 (N = 50 nuclei)
centromeres per nuclei. On the other hand, both the Rec8 and Stag3
mutant showed an increase in centromere signal, averaging 42.6 6 5.9
and 42.4 6 6.5 centromere counts respectively (N = 50 and 60 nu-
clei, respectively). At this stage, mouse spermatocytes contain 40 pairs
of sister chromatids; however, a majority of the Rec8 (64%) and Stag3
(60%) mutant chromatin spreads have a centromere count of greater
than 40. These observations are consistent with a role in maintaining
centromeric cohesion between sister chromatids.

Combination of the Stag3 mutation with the Rad21l mutation
resulted in a very similar phenotype to the Stag3 single mutant with
regards to centromere signal (44.3 6 6.9, N = 50 nuclei). This indi-
cates that the RAD21L-containing cohesin complexes do not contrib-
ute significantly to cohesion between sister centromeres in Stag3
mutants. In contrast the Stag3, Rec8 double mutant showed an increase
in centromere numbers compared to both of the single mutants, aver-
aging 65.2 6 10.1 centromeres per chromatin spread. This intriguing
observation leads us to speculate that there is an additional or com-
pensatory mechanism that partially maintains centromeric cohesion in
the Rec8mutants, which is facilitated by the presence of STAG3. These
data were consistent with the observations we made using an indepen-
dently derived Stag3 mutation, which was combined with the Rad21l
and Rec8 mutations (Figure S4). Centromere counts of chromatin
spreads from the Rad21l, Rec8 double mutant showed that there were
decreased numbers of centromere signal compared to each of the other
mutant combinations, and the wild-type control (16.3 6 3.6 centro-
mere signals,N = 50 nuclei). This is consistent with the reduced num-
ber of chromosome axes we observed for this mutant (Figure 1C), and
suggests that centromeres are clustered together at the point of meiotic
arrest.

RAD21L and REC8 cohesins are differentially
required for regulating pericentromeric
heterochromatin clustering
Telomeres anchor to the nuclear envelope during preleptotene, and
rapid chromosome movements facilitate initial pairing of homologous
chromosomes (Boateng et al. 2013; Scherthan et al. 1996). Meiosis-
specific cohesins localize to the telomeres at this stage and are required
for stable telomere anchoring to the nuclear periphery (Herrán et al.
2011; Ishiguro et al. 2014; Shibuya et al. 2014; Shibuya and Watanabe
2014). Mouse chromosomes are telocentric and STAG3, REC8, and
RAD21L cohesins localize in the proximity of the telomeres and het-
erochromatin rich pericentromeric clusters (“chromocenters”) that
form during preleptotene, and are required for chromosome pairing
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(Ishiguro et al. 2011; Shibuya and Watanabe 2014). We previously
reported that mutation of Stag3 resulted in increased numbers of peri-
centromeric clusters (Hopkins et al. 2014), and sought to determine
whether this feature could further delineate the phenotype of these
meiosis-specific cohesin mutants (Figure 3 and Figure S5). For wild-
type we observed an average of 7.5 6 1.9 and 9.1 6 2.7 chromocen-
ters during zygotene and pachytene stages respectively (N = 80
nuclei). Our analysis revealed that the Rad21l mutant had reduced
numbers of chromocenters compared to wild type, averaging
4.3 6 1.3 per chromatin spread (N = 50 nuclei). In contrast the
Rec8 and Stag3 mutants show an increase of chromocenter number,
averaging 17.9 6 2.5 and 17.2 6 2.9 chromocenters per chroma-
tin spread respectively (N = 50 nuclei). Interestingly, the ratio of

centromere signals per chromocenter is similar between wild type
at pachytene stage, and the Stag3 and Rec8 mutants, whereas it is
increased fourfold in the Rad21l mutants (Figure 3C).

Our analysis of chromatin spreads from the Stag3, Rad21l double
mutant showed that the chromocenter number and ratio of centromere
signals per chromocenter was intermediate between the low numbers
observed for the Rad21l mutant, and higher numbers observed for the
Stag3 mutant (7.9 6 2.0 chromocenters, N = 50 nuclei, Figure 3).
However, the ratio of centromere signals to chromocenters was similar
to the Rad21l single mutant (Figure 3C). The higher level of chromocen-
ters observed for both Stag3 and Rec8mutants was exacerbated when the
mutations were combined, resulting in an average of 23.6 6 3.8 chro-
mocenters (N = 50 nuclei). However, the ratio of centromere signals per

Figure 1 Combining the Stag3 mutation with Rec8 or Rad21l mutations result in decreased axis length and increased axis number. (A) Example
chromatin spread preparations from purified testicular germ cells of control, Rad21l, Rec8, Stag3 single mutants and the three possible double
mutant combinations aged 15 d postpartum. Chromatin spreads were immunolabeled using antibodies against the SC lateral element protein
SYCP3 (red), and the transverse filament of the central region of the SC SYCP1 (green). Zygotene and pachytene stages are depicted for control,
and typical examples for each mutant are given. (B) Scatter dot-plot graph of the average SYCP3 length per spermatocyte chromatin spread. (C)
Scatter dot-plot graph of the number of SYCP3 linear stretches per spermatocyte chromatin spread. Mean and SD of the columns of each graph
are represented by the black bars, and P values are given for indicated comparisons (Mann–Whitney, two-tailed), significant differences were
defined when the P value was , 0.05, otherwise it was considered not significant. Experiments were performed using four separate littermate
pairs of mutant and control mice. Scale bars = 10 mm. Images in (A), and data in (B) and (C) are of spermatocytes carrying the Stag3OV mutant
allele, but similar phenotypes were observed for spermatocytes with the Stag3JAX mutant allele (Figure S3).
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chromocenter was similar to wild type at pachytene stage and the Stag3
and Rec8 single mutants (Figure 3C). Combination of the two a-kleisin
mutations resulted in chromocenter numbers similar to the data obtained
for the Rad21l single mutant (3.3 6 1.1 chromocenters, N = 50 nu-
clei). Due to the decreased number in centromere signals observed for the

Rad21l, Rec8 double mutant, which is likely due to an inability to distin-
guish each centromere, the ratio of centromeres per chromocenter was
reduced compared to the data obtained for the Rad21l single mutant
(Figure 3C). Taken together, our data suggest that cohesins containing
RAD21L are required following chromocenter clustering.

Figure 2 STAG3 maintains centromere cohesion, which is primarily mediated by REC8-containing cohesin complexes. (A) Example chromatin
spread preparations from purified testicular germ cells of control, Rad21l, Rec8, Stag3 single mutants, and the three possible double mutant
combinations aged 15 d postpartum. Chromatin spreads were immunolabeled using antibodies against the SC lateral element protein SYCP3
(red), and the CEN anti-centromere autoantibody (green). Zygotene and pachytene stages are depicted for control, and typical examples for each
mutant are given. (B) Scatter dot-plot graph of the average number of centromere signals per spermatocyte chromatin spread. Mean and SD of
the columns of each graph are represented by the black bars, and P values are given for indicated comparisons (Mann–Whitney, two-tailed),
significant differences were defined when the P value was, 0.05, otherwise it was considered not significant. Experiments were performed using
four separate littermate pairs of mutant and control mice. Scale bars = 10 mm. Images in (A), and data in (B) and (C) are of spermatocytes carrying
the Stag3OV mutant allele, but similar phenotypes were observed for spermatocytes with the Stag3JAX mutant allele (Figure S4).
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Different defects in cohesin loading in
mutant spermatocytes
As we observed varying phenotypes with regards to SYCP3 in each
cohesin mutants, we hypothesized that cohesin colocalization with
SYCP3 will also be differentially affected. We assessed the localization
pattern observed for the mitotic (RAD21) and meiosis-specific (REC8
and RAD21L) a-kleisin subunits of cohesin, and the SMC components
of cohesin, SMC3, SMC1a, and the meiosis-specific SMC1b (Figure 4
and Figure 5). Furthermore, we determined the average Manders’
colocalization/overlap coefficient (MCC) for the signal obtained for
each cohesin component within the SYCP3 axes (Figure 4 and Figure
5; Dunn et al. 2011). Using littermate wild-type controls, we showed
that each a-kleisin and SMC subunit localized along the chromosome
axis during zygotene and pachytene stages (Figure 4 and Figure 5). As
expected, we observed no signal for RAD21L in chromosome spreads

from the Rad21lmutant, and similarly no signal for REC8 in chromo-
some spreads from theRec8mutant. TheRad21lmutant did not display
any major aberrancy with regard to localization of other cohesin com-
ponents, with the exception of a slight decrease in SMC1a signal on
SYCP3 stretches (Figure 5B). The decrease in SMC1a signal is consis-
tent with what was previously observed reported (Herrán et al. 2011).
The Rec8 mutant did not show diminished colocalization between
SYCP3 and any of the other cohesin components (Figure 4 and Figure
5). The Stag3 mutant displayed decreased levels of colocalization with
SYCP3 for all of the meiosis-specific cohesin components, RAD21L,
REC8, and SMC1b (Figure 4, B and C, and Figure 5C), which is
consistent with our previous observations (Hopkins et al. 2014).
SMC3 and RAD21 colocalization with SYCP3 was not affected in
any of the single mutants (Figure 4A and Figure 5A), which is consis-
tent with a prior report (Llano et al. 2012).

Figure 3 RAD21L and REC8 cohesins are differentially required for regulating pericentromeric heterochromatin clustering. (A) Example chromatin
spread preparations from purified testicular germ cells of control, Rad21l, Rec8, Stag3 single mutants, and the three possible double mutant
combinations aged 15 d postpartum. Chromatin spreads were stained with DAPI (turquoise, DNA), and immunolabeled using antibodies against
the SC lateral element protein SYCP3 (red). Zygotene and pachytene stages are depicted for control, and typical examples for each mutant are
given. (B) Scatter dot-plot graph of the average number of pericentromeric heterochomatin signals per spermatocyte chromatin spread. Mean
and SD of the columns of each graph are represented by the black bars and P values are given for indicated comparisons (Mann–Whitney, two-
tailed), significant differences were defined when the P value was , 0.05, otherwise it was considered not significant. Experiments were
performed using four separate littermate pairs of mutant and control mice. Scale bars = 10 mm.
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The Stag3, Rad21l double mutant demonstrated diminished
REC8, SMC1a, and SMC1b signal on SYCP3 stretches (Figure
4C, and Figure 5, B and C), which is a combination of the defects
we observed in the two single mutants. Colocalization of cohesin
with SYCP3 observed for the Stag3, Rec8 double mutant was sim-
ilar to the Stag3 single mutant with RAD21L and SMC1b locali-
zation being diminished (Figure 4B and Figure 5C). The Rad21l,
Rec8 double mutant showed absence of RAD21L and REC8 immu-
nostaining, and the signals for RAD21, SMC3, SMC1a, and
SMC1b were greatly reduced (Figure 4 and Figure 5).

The data obtained for the singleRad21l and Rec8mutants, as well as
in the presence of the Stag3 mutation, indicates that REC8 and
RAD21L loading onto the axes is independent from one another. As
SMC1a localization is affected in the Rad21l mutant, we propose that
RAD21L cohesins are primarily, but not exclusively, formed with
SMC1a. Furthermore, STAG3 is required mainly for the stability of
cohesins containing SMC1b. The decreased SYCP3 colocalization lev-
els for all cohesin components observed for the Rad21l, Rec8 double
mutant indicates that all cohesins require the function of the two
meiosis-specific kleisins in order to load onto chromosome axes.

We also assessedwhetherwe could detect localization of STAG1 and
STAG2 along the axes in wild-type and Stag3mutant chromatin spread
preparations. However, we did not observe axial localization of either
STAG1 or STAG2, which is consistent with a previous study that used
the same antibodies (Figure S6; Fukuda et al. 2014).

DISCUSSION

Cohesins and axis formation
Meiosis-specific cohesins are an integral component of the axes that
form between chromosomes during prophase I. Based on interaction
studies it has been shown that STAG3 is the primary STAG protein
component of cohesin complexes during meiosis (Fukuda et al. 2014;
Gutiérrez-Caballero et al. 2011; Ishiguro et al. 2011; Lee and Hirano
2011; Winters et al. 2014). We observed diminished, but not complete,
loss of REC8 and RAD21L signal on the SYCP3 stretches in Stag3
mutant spermatocytes. This suggests that STAG3 is required for
stabilizing cohesin onto chromosome axes. Therefore, we sought to
determine whether the Stag3 mutant phenotype is exacerbated by
combining the Stag3mutation with either Rec8 or Rad21lmutations.

Figure 4 STAG3 is required for stable localization of RAD21L and REC8 cohesins at chromosome axes. (A–C) Example chromatin spread
preparations from purified testicular germ cells of control, Rad21l, Rec8, Stag3 single mutants, and the three possible double mutant combina-
tions aged 15 d postpartum. Chromatin spreads were immunolabeled using antibodies against the SC lateral element protein SYCP3 (red) and
either RAD21 (A), or RAD21L (B), or REC8 (C), all of which are shown in green. Zygotene and pachytene stages are depicted for control, and typical
examples for each mutant are given. The numbers within each chromatin spread represent the average Manders’ colocalization/overlap co-
efficient for each cohesin component within the SYCP3 axes (N = 25 chromatin spreads per strain). Scale bars = 10 mm.
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Both double mutants display a further reduction in SYCP3 stretch
length and increased stretch number. This supports the hypothesis
that RAD21L- and REC8-containing cohesin rely on STAG3 for
stabilization onto chromatin axes during meiotic prophase. The
Rad21, Rec8 double mutant spermatocytes arrest at an earlier stage
of prophase compared to the Stag3, Rad21l, and Stag3, Rec8mutants.
Considering that STAG3 does not localize to the short axes in the
Rad21l, Rec8 double knockout germ cells (Llano et al. 2012), it is
reasonable to propose that combination of Stag3, Rad21l, and Rec8
mutations as a triple knockout will result in a similar phenotype as
the Rad21l, Rec8 double knockout. The use of mutant analyses and
protein localization studies to infer function is useful, but has obvi-
ous limitations, such as compensatory processes and detection
thresholds. Additional analyses of unperturbed cells undergoing
meiosis, and techniques that allow rapid, reversible protein target
depletion studies can help verify these data and hypotheses.

Studies using budding yeast suggest that the STAGhomolog, Scc3, is
similarly required for stabilizing cohesin loading. For instance, a mu-
tation in Scc3 that abolishes its ability to interactwith the yeasta-kleisin
subunit Scc1/Mcd1, results in decreased levels of Scc1/Mcd1 on the

chromatin (Orgil et al. 2015). Furthermore, using an auxin-inducible
degron (AID) system, it was shown that depletion of Scc3 resulted in
partial loss of chromatin-bound Scc1/Mcd1 (Roig et al. 2014). In a
converse experiment, AID-mediated depletion of Scc1/Mcd1 resulted
in complete loss of Scc3. This mirrors the affect reported for the Rec8
and Rad21l double mutant, which results in the complete loss of
STAG3 localization (Llano et al. 2012), whereas mutation of Stag3
results in depletion of REC8 and RAD21L.

The differences observed between the double knockout combina-
tions with regards to axis morphology and cohesin loading may be
explained by the presence or compensation of the mitotic STAG
proteins, STAG1 and 2. One study has demonstrated that STAG2
localizes to meiotic chromosomes, and may participate in sister chro-
matid cohesion during diplotene stage of meiosis in mice (Prieto et al.
2002). Another study using antibodies developed by the investigators
showed that STAG1 and STAG2 localize to the axes during meiotic
prophase in wild-type and Stag3 mutant spermatocytes (Llano et al.
2014). However, we did not observe STAG1 or STAG2 localization on
the chromatin axes in wild-type or Stag3 mutant spermatocyte chro-
matin spreads using commercially available antibodies, consistent with

Figure 5 STAG3 is required for stable axial localization of meiosis-specific cohesins, but not the mitotic cohesins. (A–C) Example chromatin
spread preparations from purified testicular germ cells of control, Rad21l, Rec8, Stag3 single mutants, and the three possible double mutant
combinations aged 15 d postpartum. Chromatin spreads were immunolabeled using antibodies against the SC lateral element protein SYCP3
(red), and either SMC3 (A), or SMC1a (B), or SMC1b (C), all of which are shown in green. Zygotene and pachytene stages are depicted for control,
and typical examples for each mutant are given. The numbers within each chromatin spread represent the average Manders’ colocalization/
overlap coefficient for each cohesin component within the SYCP3 axes (N = 25 chromatin spreads per strain). Scale bars = 10 mm.
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a previous report (Figure S6; Fukuda et al. 2014). Additional anti-
bodies against STAG1 and STAG2 should be developed and made
available to further test these contrasting observations. STAG1 and
STAG2 proteins are expressed during spermatogenesis and were
shown to interact with SMC1b, and these interactions are more
prominent in Stag3 mutant testis extracts (Winters et al. 2014).
However, another report did not observe STAG1 or STAG2 inter-
acting with SMC1b in wild-type or Stag3 mutant extracts (Fukuda
et al. 2014). More studies are required to determine whether the axis
formation observed in Stag3 mutants is due to the function of the
other two STAG proteins. Development of conditional knockout
mice will help determine the contribution of STAG1 and STAG2
during meiosis.

It is interesting to note that fission yeast expresses a meiosis-specific
STAG protein, Rec11 (SA3), and it has recently been shown to be a
phosphorylation target of the caesin kinase (CK) (Phadnis et al. 2015;
Sakuno and Watanabe 2015). CK-mediated phosphorylation of Rec11
facilitates its interaction with lateral element proteins, which is required
for proficient axis assembly. STAG3 is also phosphorylated, and future
studies will determine whether its phosphorylation is important for
normal axis formation (Fukuda et al. 2012; Jordan et al. 2012; Lee
and Hirano 2011).

REC8 and STAG3 are required for sister
chromatid cohesion
Using okadaic acid to stimulate an artificial transition to metaphase, it
was shown that Rec8 and Stag3 mutations result in loss of sister chro-
matid cohesion (Hopkins et al. 2014; Llano et al. 2014). This was not
the case for Rad21l (Herrán et al. 2011). Here, we show that the Stag3,
Rec8 double mutant displays an additive effect on centromeric cohe-
sion, again supporting the hypothesis that STAG3 is required to stabi-
lize REC8 cohesins. In most cases, sister chromatid cohesin is not
completely ablated, and this suggests that an additional cohesin com-
plex or another mechanism is able to partially maintain sister chroma-
tid cohesion. This is not likely to be cohesins containing RAD21L, as
the Stag3, Rad21l double mutant does not show an increase in centro-
mere counts compared to the Stag3 mutant. The mitotic cohesin
complex containing RAD21 may be responsible. Assessment of a
conditional knockout mutant for Rad21 will help resolve whether this
is the case.

Meiotic cohesins and pericentromeric
heterochromatin clustering
Prior to meiotic entry, mouse telocentric chromosomes are observed
in separate territories, and then at the preleptotene stage the peri-
centromeric heterochromatin and telomeres associate with the nu-
clear periphery (Scherthan et al. 1996). By late preleptotene stage,
the pericentromeric heterochromatin forms clusters called “chro-
mocenters” at the nuclear periphery. The chromocenters migrate to
one position and form a single mass by the zygotene stage, which
coincides with telomere “bouquet” formation. These events are
known to be important for establishing homolog pairing, mediating
DSB repair and synapsis. During the zygotene to pachytene stage
transition, the pericentromeric heterochromatin mass separates in-
to discrete chromocenters that remain attached to the nuclear pe-
riphery. STAG3, REC8, and RAD21L localize to the telomeres and
chromocenters at preleptotene (Ishiguro et al. 2011; Lee and Hirano
2011; Shibuya et al. 2014). RAD21L localization in particular, over-
laps well with the chromocenters (Ishiguro et al. 2011). The Rad21l
mutant was reported to arrest at a zygotene-like stage with a

telomere “bouquet” configuration (Ishiguro et al. 2014). Our results
complement this as mutation of Rad21l results in a decrease number
of chromocenters, and an increase in centromere number per chro-
mocenter compared to the control. In contrast, Stag3 and Rec8
single mutants and double mutant result in double the amount of
chromocenters, but similar numbers of centromeres per chromo-
center compared to the control. The increase in chromocenters for
these mutants is likely due to the synapsis between sister chromatids
observed in these mutants (Fukuda et al. 2014; Hopkins et al. 2014;
Xu et al. 2005). The Stag3, Rad21l and Rad21l, Rec8 double mutant
result in similar chromocenter counts to the Rad21l single mutant.
RAD21L localizes specifically to the chromocenters during the prelep-
totene/early leptotene stage, whereas REC8 and STAG3 localize as
punctate signals at the telomere (Lee and Hirano 2011; Shibuya et al.
2014). RAD21L was shown to be required for DSB-independent ho-
molog recognition, this was not the case for REC8, and our results
suggest that STAG3 is also not required (Ishiguro et al. 2014). As
Rad21l mutant females display normal synapsis (Herrán et al. 2011),
it is likely that this is a male-specific feature of mammalianmeiosis, and
further work addressing the differences between male and female mei-
osis is required.

Conclusions
Our data further demonstrate that STAG3 is required for the stability of
meiosis-specific cohesin complexes. Our genetic interaction analysis
further delineates the unique properties of the REC8 and RAD21L
cohesins. We show that the REC8-STAG3 cohesin complexes are the
primary source of centromeric cohesion between sister chromatids.We
propose that STAG3 is not essential for the DSB-independent chromo-
somepairing function ofRAD21L. To support ourfindings, futurework
using biochemical approaches analyzing specific stages of meiosis, live
cell imaging of spermatocyte cultures, and a degron-based protein
depletion studies are needed.
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