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During meiosis, homologous chromosome (homolog) pairing is promoted by several layers of regulation that
include dynamic chromosome movement and meiotic recombination. However, the way in which homologs
recognize each other remains a fundamental issue in chromosome biology. Here, we show that homolog
recognition or association initiates upon entry into meiotic prophase before axis assembly and double-strand
break (DSB) formation. This homolog association develops into tight pairing only during or after axis
formation. Intriguingly, the ability to recognize homologs is retained in Sun1 knockout spermatocytes, in
which telomere-directed chromosome movement is abolished, and this is the case even in Spo11 knockout
spermatocytes, in which DSB-dependent DNA homology search is absent. Disruption of meiosis-specific
cohesin RAD21L precludes the initial association of homologs as well as the subsequent pairing in
spermatocytes. These findings suggest the intriguing possibility that homolog recognition is achieved primarily
by searching for homology in the chromosome architecture as defined by meiosis-specific cohesin rather than
in the DNA sequence itself.
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Meiosis generates haploid gametes from a diploid parental
cell. This process is initiated by the pairing of homologous
chromosomes (homologs) and subsequent double-strand
break (DSB)-mediated recombination (Neale and Keeney
2006; Baudat and de Massy 2007). A number of mecha-
nisms are involved in chromosome pairing and alignment.
The first step is the attachment of telomeres (or pairing
centers in Caenorhabditis elegans) to the nuclear envelope
(NE) (Scherthan 2001; Hiraoka and Dernburg 2009). The
following telomere-led nuclear movement and polarized
chromosome arrangement bouquet facilitate chromosome
alignment and homolog pairing/synapsis (Zickler and
Kleckner 1999; Scherthan 2001; Page and Hawley 2004).
The physical recognition of homologs might be driven by

DSB-dependent recombination machinery that involves a
homology search on the basis of DNA sequence. However,
since repetitive elements comprise 30%–50% of mamma-
lian genomes, wide-range homology search, rather than
regional DNA sequence identity, might be important to
avoid nonallelic pairing and recombination in meiosis
(Zickler and Kleckner 1999; Page and Hawley 2004; Sasaki
et al. 2010). In fact, in some organisms undergoing recom-
binationless meiosis, homologs are properly paired and
even synapsed in a DSB-independent manner (Dernburg
et al. 1998; McKim et al. 1998). Also, in fungi (yeasts
and Sordaria), while a tight association is established by
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DSB-dependent recombination and subsequent synapsis,
DSB-independent mechanisms seem to promote the juxta-
position of homologs (Weiner and Kleckner 1994; Peoples
et al. 2002; Storlazzi et al. 2003; Bhuiyan and Schmekel
2004; Ding et al. 2004; Peoples-Holst and Burgess 2005). A
recent study in mice reported that a DSB-independent
mechanism promotes homolog pairing during premeiotic
S phase prior to DSB formation (Boateng et al. 2013). The
molecular mechanism of DSB-independent homolog rec-
ognition remains a mystery, although the aggregation of
heterochromatin, noncoding RNA, the SPO11 protein,
or sequence-specific DNA-binding proteins such as tran-
scription factors are suggested to contribute to this pro-
cess (Page and Hawley 2004; Barzel and Kupiec 2008;
Dombecki et al. 2011; Ding et al. 2012; Boateng et al.
2013).

The cohesin complex in meiosis differs from that in
mitosis, in which the a-kleisin subunit SCC1/RAD21 is
largely replaced by a meiotic counterpart, REC8 (Watanabe
2004; Nasmyth and Haering 2005). Meiotic cohesin is
crucial not only for sister chromatid cohesion but also to
act as a structural basis for axial element (AE) formation
and synaptonemal complex (SC) assembly during prophase
I (Klein et al. 1999; Zickler and Kleckner 1999; Prieto et al.
2001; Page and Hawley 2004; Novak et al. 2008; Llano
et al. 2012). Recent studies in mice have identified a novel
meiosis-specific a-kleisin subunit of cohesin, RAD21L
(Herran et al. 2011; Ishiguro et al. 2011; Lee and Hirano
2011), in addition to the previously identified REC8
(Bannister et al. 2004; Xu et al. 2005). RAD21L and REC8
form distinct cohesin complexes and distribute uniquely
along each chromosome but identically between homo-
logs during early meiotic prophase I, whereas the mitotic
a-kleisin subunit RAD21 appears only transiently at the
later pachytene stage in meiosis (Ishiguro et al. 2011; Lee
and Hirano 2011). Although RAD21L and REC8 may play
predominant roles in meiotic prophase, as their knockout
spermatocytes show zygotene-like arrest, the precise func-
tions of these meiosis-specific cohesin complexes remain
largely elusive.

In this study, we demonstrate that Spo11 knockout
spermatocytes retain the ability to promote homolog
pairing, indicating that DSB-independent homolog pair-
ing operates prior to or independently of DSB-depen-
dent homology search. Furthermore, we show that the
disruption of Rad21L in spermatocytes causes a primary
defect in the process of meiotic homolog pairing,
resulting in arrest at the bouquet stage with aberrant
synapsis. Our study highlights previously unknown
properties of the atypical meiotic cohesin RAD21L in
DSB-independent homolog pairing and the bouquet exit
checkpoint.

Results

Homolog pairing initiates in early leptotene

To examine homolog pairing in mouse spermatocytes, we
performed fluorescent in situ hybridization (FISH) assays
using structurally preserved nuclei (;10-mm diameter)

and probes that detect specific DNA sequences in the mid-
arm regions of chromosomes 8 and 3 and the subtelomeric
region of chromosome 18 (Fig. 1A). In wild-type sper-
matocytes, homolog pairing was undetectable in both
the arm and subtelomeric regions during premeiotic
S phase, which is identified as EdU-positive, patchy
SYCP3 immunostaining and relatively spherical nuclei
larger than those of somatic cells (Fig. 1B). However, the
overall distance between FISH signals in both the arm
and subtelomeric regions decreased from the early to
late leptotene stages, the period during which AEs are
assembled with accompanying DMC1 and RAD51 foci,
but the SC remains absent (Fig. 1A; Supplemental Fig.
1). The overall distance between FISH signals decreased
further during the zygotene stage, when most chromo-
somes are paired but not completely synapsed. Homo-
logs are mostly paired in the pachytene stage, during
which AEs are totally synapsed by SC assembly (Fig.
1A,B). We confirmed that this pairing is significant by
showing that FISH probes hybridized to different chro-
mosomes do not pair (Supplemental Fig. 2A). These
results are consistent with the previous observations
(Scherthan et al. 1996) but partly contradictory to a re-
cent study that reports the appearance of a transient
pairing peak at late premeiotic S phase (see the Discus-
sion; Boateng et al. 2013). Under our experimental
conditions, the distance between paired FISH signals
decreases to <1.35 mm in 45%;60% of zygotene sper-
matocytes and in >95% of pachytene spermatocytes
(Fig. 1B). Therefore, we define this distance between
FISH signals as ‘‘paired’’ throughout the assays. By this
criterion, pairing at the late leptotene stage reaches
30%;40% in both the arm and subtelomeric regions in
wild-type spermatocytes.

To delineate the initial homolog association, we next
performed FISH chromosome painting, a method to
monitor chromosome territory. FISH chromosome paint-
ing using preserved nuclei of wild-type spermatocytes
revealed that chromosome 8 homologs occupy spatially
limited territories during meiotic prophase, as previously
reported in human spermatogonia (Fig. 1C; Scherthan
et al. 1996), which is similar to the chromosome territo-
ries observed in interphase somatic cells (Cremer and
Cremer 2010). Although most homologs are separated
from each other during premeiotic S phase, some homo-
logs start to locate in close proximity to one another
(juxtaposed) at the early leptotene stage (Fig. 1C) despite
the fact that they have not yet developed chromosome
axes and accompanying compaction (Fig. 1A,B). The
homolog association develops into a single rod-shaped
entity (fusion) from the leptotene to zygotene stages,
when most chromosomal sites are paired (Fig. 1C). These
results suggest that meiosis-specific homolog association
starts presumably through interaction of the surface of
the homologous chromosome territory in the early lep-
totene stage, where DNA replication is completed, but
chromosome axes defined by SYCP3 staining are not yet
formed.

We reason that homolog interaction is not always
detected by paired point FISH signals (cutoff value of
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1.35 mm), especially when chromosomes are associated
but not paired at the specific site, and that the proximity
of homologs can be measured more quantitatively by the

overall distance between point FISH signals or its median
(Fig. 1D). We therefore used this value throughout the
study to inspect homolog association.

Figure 1. Homologs recognize each other during early leptotene stage. (A, left) Structurally preserved nuclei from wild-type (WT)
spermatocytes (4–8 wk old) immunostained with the indicated antibodies or EdU were subjected to FISH with a point probe (Chr. 3).
(Right) The schematic illustrates three-dimensional (3D) measurement of distance between FISH signals and relative positions of the
point probes. (B) Homolog pairing was examined using the point probes to detect the mid-region on chromosome 3, the mid-region on
Chr. 8, or the subtelomeric region on Chr. 18. (Bottom) The distances between two probe signals are represented in a scatter plot with
medians. The dashed line at 1.35 mm indicates the threshold for pairing. P-values (Mann-Whitney t-test) are shown. (*) P < 0.05; (**)
P < 0.01. (Top) The homolog pairing ratio is shown in the graph. (Pre-mei. S) Premeiotic S; (e. Lep.) early leptotene; (l. Lep.) late
leptotene; (Zyg.) zygotene; (Pachy.) pachytene. (C) Structurally preserved nuclei from wild-type spermatocytes (4 wk old) were
stained as indicated and labeled by FISH with a Chr. 8 painting probe (green). (Left) Representative images are shown with four single
Z-sections of Chr. 8 FISH signals. The schematic model illustrates the relative positioning of homolog chromosome territories.
(Right) The proximity of chromosome territories of homologs was classified as separated, juxtaposed, or fused and is shown in the
graph. (*) P < 0.05 (Pearson’s x2 test). Bars, 5 mm. (D) Schematic illustration of the relative positioning of FISH point probes (green
stars) and chromosome territories (gray) of homologs in meiotic prophase spermatocytes. AE and lateral element (LE) are shown
(dark-gray bar).
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Homolog association in Sun1 knockout

A crucial event promoting homolog synapsis is telomere-
mediated chromosome movement and the bouquet con-
figuration of chromosomes, a process that depends on the
NE proteins SUN/KASH and is disrupted in Sun1 knock-
out mice (Ding et al. 2007). We examined the effect of
Sun1 knockout on the process of homolog pairing. FISH
assays using point probes reveal that Sun1 knockout
spermatocytes also retain pairing ability, albeit less than
that of wild-type spermatocytes (Fig. 2A). This result is
contradictory to the previous observation that homolog
pairing is abolished in Sun1 knockout spermatocytes (see
the Discussion; Boateng et al. 2013). Furthermore, FISH
chromosome painting assays indicate that the initial
chromosome association at the early leptotene stage is

delayed in Sun1 knockout spermatocytes (Fig. 2B). These
results indicate that homolog association and pairing
progress slowly in Sun1 knockout spermatocytes, imply-
ing that active chromosome movement is not essential
for homolog recognition, although it is required to facil-
itate and ensure pairing.

Homolog association in Spo11 knockout

To examine whether DSB or its dependent DNA search is
the primary determinant of homolog recognition, we
analyzed Spo11 knockout mice in which DSB formation
is abolished (Supplemental Fig. 1). Spo11 knockout sper-
matocytes form cohesin axes and AEs but fail to undergo
proper synapsis, thus arresting at the late leptotene or
zygotene-like stage (Fig. 3A; Baudat et al. 2000; Romanienko

Figure 2. Homolog pairing occurs independently of SUN1-mediated chromosome movement. (A) Structurally preserved nuclei from
Sun1 knockout (KO) spermatocytes (4–8 wk old) immunostained with the indicated antibodies were subjected to FISH using the
point probes to detect the mid-region on Chr. 8 (left) or the subtelomeric region on Chr. 18 (middle). (Bottom right) The distances
between two probe signals are represented in a scatter plot with medians. P-values (Mann-Whitney t-test) are shown. (*) P < 0.05; (**)
P < 0.01. (Top right) The homolog pairing ratio is shown in the graph. (B, left) Structurally preserved nuclei from Sun1 knockout
spermatocytes (4 wk old) were stained as indicated and labeled by FISH with a Chr. 8 painting probe. (Right) The proximity of the
chromosome territories of homologs was classified as separated, juxtaposed, or fused and is shown in the graph. P-values are shown
(Pearson’s x2 test). Bars, 5 mm.
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Figure 3. Homolog pairing occurs independently of DSB. (A, top) Structurally preserved nuclei from Spo11 knockout (KO)
spermatocytes (4–8 wk old) immunostained with the indicated antibodies were subjected to FISH with the Chr. 8 point probe.
Homolog pairing was examined using the point probes to detect the mid-region on Chr. 3, the mid-region on Chr. 8, or the subtelomeric
region on Chr. 18. (Bottom) The distances between two probe signals are represented in a scatter plot with medians. P-values (Mann-
Whitney t-test) are shown. (*) P < 0.05; (**) P < 0.01. (B, left) Structurally preserved nuclei from Spo11 knockout spermatocytes (4 wk
old) were stained as indicated and labeled by FISH with a Chr. 8 painting probe. (Right) The proximity of the chromosome territories of
homologs was classified and is shown in the graph. (*) P < 0.05 (Pearson’s x2 test). Note homologous synapsis in zygotene-like
spermatocyte. (C) Mildly spread nuclei from wild-type (WT) and Spo11 knockout spermatocytes (4 wk old) were analyzed by FISH with
a Chr. 8 painting probe (green). Images from a Z-section are shown. (Panels i–v) Enlarged images are shown at the bottom. Arrows
indicate aligned or paired homologs. Bars, 5 mm.
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and Camerini-Otero 2000). Strikingly, in Spo11 knockout
spermatocytes, FISH analysis using point probes detected
homolog association and pairing at all tested chromosomal
regions, although less than in wild-type spermatocytes (Fig.
3A). We confirmed that this pairing is significant by showing
that FISH probes hybridized to different chromosomes do
not pair (Supplemental Fig. 2B).

To delineate Spo11-independent homolog pairing, we
performed FISH chromosome painting. As in wild-type
spermatocytes, homologs start to associate at the early
leptotene stage in Spo11 knockout spermatocytes (Fig.
3B). Zooming in on the chromosome axes (SYCP3) reveals
that the axes are synapsed during the zygotene stage only
in wild-type spermatocytes (;42%; n = 59), while the
homolog synapsis is hardly detected in Spo11 knockout
spermatocytes, at least in the early zygotene stage (Fig. 3C).
(Note that Spo11 knockout spermatocytes produce aber-
rant nonhomologous synapsis in the late zygotene-like
stage [Baudat et al. 2000; Romanienko and Camerini-Otero
2000].)

These results indicate that homolog recognition is
retained even in the absence of SPO11, although SPO11-
dependent events may also facilitate homolog pairing.

Cohesin and chromosome architecture

The foregoing results suggest that although meiotic
homolog pairing indeed requires DSB or chromosome
movement, another mechanism of homolog recognition
still operates in their absence because disruption of either
pathway does not remove the pairing property of meiotic
chromosomes (Figs. 2, 3). Considering that the early
leptotene stage is the period when homolog association
initiates, we envisaged that some proteins that are already
assembled on chromatin during this stage might be in-
volved in homolog recognition. Because cohesin might be
such a candidate, we decided to explore the function of
meiotic cohesin by newly making a Rad21L knockout
(Supplemental Fig. 3) and combining it with the Rec8(mei8)
mutant (hereafter referred to as Rec8 knockout) (Bannister
et al. 2004) and other meiotic mutants.

We first examined the meiotic chromosome structures
of Rad21L knockout, Rec8 knockout, and Rec8/Rad21L
double-knockout spermatocytes. Chromosome spread
assays indicated that both Rad21L knockout and Rec8
knockout spermatocytes form AEs, presumably on the
chromosome axis where the core cohesin subunit SMC3
locates, while they arrest at the leptotene/zygotene stage
with aberrant SC formation (Fig. 4A,B; Supplemental Fig.
3J). Although SC assembly occurs solely between sisters
in Rec8 knockout spermatocytes as reported (Bannister
et al. 2004; Xu et al. 2005), Rad21L knockout spermato-
cytes assemble SC at both intersisters and interchromo-
somes (Fig. 4B; Llano et al. 2012). In contrast to the results
using mice with a single mutation, Rec8/Rad21L double-
knockout mice (male and female) did not form either
cohesin axes or chromosome axes, including SYCP3 (Fig.
4A; Supplemental Fig. 3J,K), suggesting that RAD21L and
REC8 redundantly function in forming the cohesin axis,
a base for the assembly of the AE (Fig. 7, below; Llano

et al. 2012). Immunogold electron microscopic analyses
revealed that cohesin complexes localize on the inner-
most sides of the two lateral elements in wild-type
bivalents (Fig. 4C), reminiscent of a study in Drosophila
(Anderson et al. 2005). Furthermore, immunoprecipita-
tion assays using spermatocyte extracts indicated that
both REC8 and RAD21L precipitate the transverse fila-
ment protein SYCP1 of the SC but little of the central
element protein SYCE1 (Fig. 4D). Thus, the assembly of
meiotic chromosome axis structures (both AEs and SC) is
largely mediated by REC8 and RAD21L in a redundant
manner.

RAD21L is an atypical cohesin

Rec8 knockout and Rad21L knockout spermatocytes
show an accumulation of DMC1 and RAD51 foci (DSB
markers) during zygotene-like arrest (Supplemental Fig. 1;
Llano et al. 2012), suggesting that some recombination
process that includes DSB formation is initiated, at least
in part. When Spo11 was further depleted from Rec8
knockout or Rad21L knockout mice, SC formation was
largely abolished (cf. Figs. 4B and 5A), suggesting that the
intersister SC in both Rec8 and Rad21L mutants is
promoted by DSBs and, conversely, that the residual SC
formation in Spo11 mutants depends on the kleisins. We
further noticed that Rec8/Spo11 double-knockout sper-
matocytes, but not Rad21L/Spo11 double-knockout sper-
matocytes, exhibit AE splitting in the zygotene-like
stage, although RAD21L is fully loaded onto chromatin
(Fig. 5A). Accordingly, even in Rec8 knockout spermato-
cytes, regional splitting of AEs is observed at the early
zygotene stage but is suppressed in later stages (Fig. 5B),
when DSB markers accumulate (Supplemental Fig. 1).
Given that sister chromatid cohesion in Rec8 knockout
spermatocytes is mediated primarily by RAD21L (Sup-
plemental Fig. 4), the foregoing results suggest that
RAD21L-mediated cohesion might be established largely
depending on DSB formation in the leptotene stage rather
than by coupling with premeiotic DNA replication.
Because the SC assembled in Rec8 knockout spermato-
cytes seems intact (Supplemental Fig. 5), we infer that the
‘‘cohesion’’ of AEs mediated by RAD21L and SPO11
might be achieved mainly by a zipper-like assembly of
SC rather than canonical sister chromatid cohesion. In
excellent agreement with these results, RAD21L appears
on the chromosomes mostly after DNA replication and
culminates at the leptotene/zygotene stage, while REC8
fully localizes along chromosomes before DNA replica-
tion and persists until metaphase I (Fig. 5C; Lee and
Hirano 2011). These results reveal the functional diver-
gence of the two meiosis-specific a-kleisin subunits in
mice, stressing the unique role of RAD21L during the
leptotene/zygotene stage.

Curiously, immunostaining of the telomere protein
TRF1 revealed that Rad21L knockout spermatocytes
often arrest in the zygotene-like stage while exhibiting
telomere clustering along the NE (bouquet configuration
of chromosomes) (Supplemental Fig. 6). Furthermore,
chronological analyses of spermatocytes from juvenile
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mice revealed that although wild-type spermatocytes
show transient telomere clustering along the NE at ;12 d
post-partum (dpp), Rad21L knockout spermatocytes ac-
cumulate nuclei at the bouquet stage thereafter (Fig. 5D).
This arrest is suppressed by Sun1 knockout (Fig. 5E),
suggesting that chromosome movement mediated by
SUN1 is indeed acting and is the reason of the bouquet
configuration in Rad21L knockout spermatocytes. No-
tably, bouquet arrest is not abolished in Rad21L/Spo11

double knockout (Fig. 5E), implying that this arrest
does not originate from aberrant recombination or DSB-
mediated checkpoint activation. Although Rec8 knock-
out spermatocytes do not accumulate bouquet nuclei,
Rad21L/Rec8 double-knockout spermatocytes show en-
hanced bouquet arrest (Fig. 5E), implying that REC8 only
partly substitutes for RAD21L in bouquet exit. These
results underscore the unique role of RAD21L.

RAD21L is required for DSB-independent homolog
recognition

Given that cohesin-deficient spermatocytes proceed into
a zygotene-like stage, we examined homolog pairing
in these mutants by FISH analysis (Fig. 6; Supplemental
Fig. 7). Despite the absence of synapsis between homo-
logs in Rec8 knockout spermatocytes (Fig. 4B), a signifi-
cant population of spermatocytes (28%;35%) exhibits
homolog pairing in the chromosome mid- and subtelo-
meric regions (Fig. 6A; Supplemental Fig. 7). These re-
sults are consistent with previous cytological observations
(Bannister et al. 2004; Xu et al. 2005). Strikingly, however,
homolog association in the chromosome arm regions is
largely impaired in Rad21L knockout spermatocytes (Fig. 6B)
regardless of the accumulation of bouquet nuclei (Fig. 5D).
Although some association at the subtelomeric region
can be detected in Rad21L knockout spermatocytes, this

Figure 4. RAD21L and REC8 are required redundantly for meiotic chromosome axis assembly. (A) SYCP3 and SMC3 signals were
examined by immunostaining surface spread nuclei from the indicated mouse spermatocytes (4- to 8-wk-old males). (B) SYCP3 and
SYCP1 signals were examined by immunostaining surface spread nuclei from the indicated mouse spermatocytes. (Bottom right) An
enlarged image of aberrant SC and intersister SC from Rad21L knockout (KO) is shown. The arrow indicates interchromosome SC,
where two different chromosomes are overlapped with SYCP1 staining. The arrowhead indicates intersister SC. (Right) The number of
chromosomes showing intersister or interchromosome synapsis in Rec8 knockout and Rad21L knockout are shown in the scatter plot
with the medians. (C) Post-embedding immunogold electron microscopy analysis of wild-type (WT) spermatocytes demonstrates that
RAD21L and REC8 are located in the innermost part of the lateral element (LE) of the SC. A central element (CE) protein, SYCE1, was
similarly detected. Red circles indicate the immunogold particles. Bar, 200 nm. A histogram for the location of SYCE1, RAD21L, and
REC8 is shown on the bottom (see also Supplemental Fig. 5). (D) RAD21L and REC8 antibodies were immunoprecipitated (IP) from
spermatocyte extracts (Input) and analyzed by immunoblot using the indicated antibodies (IP). Note that RAD21L and REC8 cohesin
complexes coprecipitate with SYCP1 (transverse element) but not SYCE1 (central element). Bars (except C), 5 mm.
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might be an indirect effect of telomere clustering because
Rad21L/Sun1 double-knockout spermatocytes show abol-
ishment of this superficial pairing as well as bouquet arrest

(Figs. 5E, 6B). The suppression is specific because Sun1
knockout spermatocytes retain the pairing ability (Fig. 2A).
Moreover, we found that Rec8/Spo11 double-knockout

Figure 5. RAD21L is an atypical cohesin. (A) SYCP3 and SYCP1 (or RAD21L) signals were examined in the indicated mice (4 wk old) by
immunostaining surface spread nuclei of zygotene-like spermatocytes; enlarged images of a univalent are also shown on the bottom.
(Right) Univalents with separated axes were measured and are represented as scatter plots with medians. (B, left) SYCP3 and SYCP1
signals were examined in Rec8 knockout (KO) zygotene-like spermatocytes as in A. (Right) Univalents with separated axes were measured
and are represented as scatter plots with medians. (C) Immunolocalization of REC8 (top right) and RAD21L (bottom right) were examined
in structurally preserved nuclei (with addition of 0.1% [v/v] Triton X-100) from premeiotic S to metaphase I stages in wild type (WT)
(4-wk-old male). (Left) Relative intensities of immunofluorescent signals of REC8 and RAD21L were quantified and are represented as
scatter plots with medians. (e. Pachy.) Early pachytene; (l. Pachy.) late pachytene; (Dip.) diplotene; (Meta I) metaphase I. (D, top) The
indicated spermatocyte nuclei were immunostained with antibodies against SYCP3 (red), TRF1 (green), and SYCP1. Telomere clustering
in wild-type and Rad21L knockout was scored at 9, 12, 15, 18, and 28 d post-partum (dpp). Telomere distribution in bouquet was classified
into tight and moderate clustering. (Bottom) The frequency of bouquet stage spermatocytes is shown (see also Supplemental Fig. 6). (E)
Rad21L/Spo11 double-knockout (dKO) and Rad21L/Sun1 double-knockout spermatocyte nuclei were immunostained as in D. The
frequency of bouquet stage spermatocytes is shown for wild-type and the indicated mutant spermatocytes (4 wk old). Bars, 5 mm.

Meiosis-specific cohesin mediates homolog pairing

GENES & DEVELOPMENT 601



spermatocytes show significant homolog association,
while Rad21L/Spo11 double-knockout spermatocytes
do not (Fig. 6C). Crucially, FISH chromosome painting
assays also demonstrate that homolog association dur-
ing the leptotene stage initiates in Rec8 knockout
spermatocytes while it rarely does in Rad21L knockout
spermatocytes (Fig. 6D). Although some residual associ-
ation of homologs can be detected in Rad21L knockout
spermatocytes, this might be also an indirect effect of
bouquet arrest because it is largely abolished in Rad21L/
Sun1 double-knockout spermatocytes. Overall, these results

suggest that RAD21L plays a prominent role in DSB-in-
dependent homolog association and pairing, while REC8
may play a minor role in this process.

Discussion

Because of the multiple requirements of meiotic cohesin
for overall chromosome structure, it remains elusive
whether the observed pairing defects in cohesin mutants
are direct or indirect consequences of cohesin loss. In
mice, two meiotic a-kleisin subunits, REC8 and RAD21L,

Figure 6. RAD21L is uniquely required for homolog recognition. (A) Homolog pairing was examined in structurally preserved nuclei
from Rec8 knockout (KO) spermatocytes (4–8 wk old) by FISH using the point probes detecting the indicated chromosome sites.
(Bottom) The distances between two probe signals are represented in a scatter plot with medians. (Top) The homolog pairing ratio is
shown in the graph. (B) Homolog pairing was examined in structurally preserved nuclei from Rad21L knockout and Rad21L/Sun1

double-knockout (dKO) spermatocytes using the indicated point probes as in A. (C) Homolog pairing was examined in structurally
preserved nuclei from Spo11 knockout, Rec8/Spo11 double-knockout, and Rad21L/Spo11 double-knockout spermatocytes using the
point probe to detect the mid-region on Chr. 8 as in A. Note that the same data set of Spo11 knockout (Fig. 3A) is shown for reference.
(Right) Examples of surface spread nuclei of wild-type (WT) and Rec8/Spo11 double-knockout spermatocytes immunostained by SYCP3
are shown. P-value (Mann-Whitney t-test) is shown. (*) P < 0.05. (D) Structurally preserved nuclei from Rec8 knockout, Rad21L

knockout, and Rad21L/Sun1 double-knockout spermatocytes (3–4 wk old) were stained as indicated and labeled by FISH with a Chr. 8
painting probe. The proximity of the chromosome territories of homologs was classified into separated, juxtaposed, or fused and is
shown in the graph. (*) P < 0.05 (Pearson’s x2 test). Bars, 5 mm.
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act redundantly in the assembly of the AE and SC, which
are largely retained in both Rec8 knockout and Rad21L
knockout mice but abolished in double-knockout mice.
Our study reveals that homolog recognition is abolished
in Rad21L knockout but largely retained in Rec8 knock-
out spermatocyte chromosomes. Since SMC1b knockout
spermatocytes also show a partial defect in axis–loop
structure but still progress to the pachytene stage with
normal homolog pairing/synapsis (Revenkova et al. 2004;
Novak et al. 2008), our results highlight a specific role for
the a-kleisin subunit in homolog pairing/synapsis. Anal-
yses of pairing in several mouse mutants further illumi-
nate a fundamental mechanism of homolog recognition
that is mediated by some chromosome architecture de-
fined by meiosis-specific cohesin.

Homolog recognition precedes axis formation
and DSB-dependent tight pairing

Our FISH chromosome painting assays in mouse sper-
matocytes revealed that some homologs are already
placed in close proximity at the early leptotene stage,
when the chromosome axis is not yet assembled (Fig. 1C),
although assays using point FISH probes did not detect
this association (Fig. 1B). We reason that because homolog
association might be initiated through limited interstitial
interaction, associations of specific chromosome sites will
rarely be detected if the chromosome axes are not devel-
oped (Fig. 1D). Consistent with the existence of homolog
association from the early leptotene stage, when DMC1
and RAD51 foci have not yet formed, homolog associa-
tion occurs in the absence of the SPO11 protein (Fig. 3).
Nevertheless, because Spo11 knockout spermatocytes
show aberrant synapsis even between nonhomologous
chromosomes (Baudat et al. 2000; Romanienko and
Camerini-Otero 2000), we assume that SPO11 plays a cru-
cial role in stabilizing homolog pairing and promoting
synapsis, most likely through a recombination process
(Boateng et al. 2013). Notably, at the leptotene/zygotene
stage, chromosome axes, which do not assemble the SC,
are aligned at some distance (Fig. 3C). Based on these re-
sults, we propose a model in which homolog association
first appears in chromatin that lacks an axial structure at
the early leptotene stage and is then retained and de-
veloped during axis formation in the leptotene/zygotene
stage; axis assembly may preserve loop interaction (Fig. 7).

A recent study has identified transient pairing in late
premeiotic S phase, which does not depend on DSB but
depends on SPO11 protein (Boateng et al. 2013). However,
neither our point nor chromosome paint FISH assays
detected significant homolog association in premeiotic
S phase. The reason for this difference is unclear, al-
though some experiments in the earlier study used FACS
sorting, which we did not use in this study. Furthermore,
the earlier study showed that homolog pairing during the
leptotene to zygotene stages is absent in Spo11 knockout
and Sun1 knockout spermatocytes (Boateng et al. 2013),
although we detected homolog association in these knock-
out mice. This can be accounted for by the fact that
the experimental criteria for pairing or association differ

somewhat between the two studies; the earlier study
considered a 1.00-mm distance between FISH probes as
‘‘paired,’’ whereas we used a cutoff value of 1.35 mm.
Moreover, we monitored the overall distance between
point FISH signals and the association of painted chromo-
somes, thus enabling immature pairing of homologs to be
detected. These results are consistent with the notion that
homolog pairing is initiated but not completed in Spo11
knockout and Sun1 knockout spermatocytes.

Telomere-driven chromosome movement
is not essential for homolog recognition

In meiotic prophase, telomere-driven chromosome move-
ment is mediated by the NE protein SUN1. Arguably,
chromosome movement that may promote alignment is
thought to be crucial for homolog pairing (Voet et al.
2003; Lee et al. 2012; Boateng et al. 2013; Lui et al. 2013);
however, it has been reported that 22%;25% of zygotene-
arrested Sun1 knockout spermatocytes form synapses
(Ding et al. 2007). Sun1 knockout spermatocytes lack
overall chromosome movement (Shibuya et al. 2014) but
retain the ability to undergo homolog pairing (Fig. 2),
although the pairing is delayed as compared with wild-
type spermatocytes (Fig. 1). We noted, however, that
centromeric heterochromatin moves and gathers along
the nuclear periphery during the early leptotene stage in
Sun1 knockout spermatocytes, as in wild-type spermato-
cytes (Scherthan et al. 1996; data not shown), suggesting
that such mild chromosome movement may contribute
to initial homolog search independent of SUN1.

The pairing initiation site on chromosomes is also an
arguable issue in meiosis. Although pairing or synapsis

Figure 7. Schematic models of homolog pairing in mouse sper-
matocytes. Cohesin axes are developed into AEs during leptotene,
whereas DSB formation promotes SC assembly in zygotene. Some
homologs already locate in close proximity during early leptotene
even though AE is not yet developed. Pairing in late leptotene is
mediated presumably through chromatin loops depending on
meiotic cohesin complexes. The DSB-dependent recombination
process drives DNA homology search and establishes pairing,
further promoting synapsis between homologs.
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might initiate at different sites among organisms, there
are conflicting reports in mice. Some reports suggest that
the telomere is the initiation site for pairing/synapsis,
while others suggest interstitial sites on the chromosome
arms (Bisig et al. 2012; Qiao et al. 2012; Boateng et al.
2013). Our point probe FISH assays indicate that the
timing of homolog pairing/synapsis is similar between
the arm and subtelomeric regions in wild-type and Spo11
knockout spermatocytes (Figs. 1B, 3A), suggesting that
homolog recognition occurs via multiple interstitial in-
teractions along the entire chromosome length.

RAD21L is an atypical cohesin

Our results indicate that although REC8 persists on the
chromatin throughout prophase, RAD21L appears mostly
after DNA replication, peaks during the leptone/zygotene
stage, and declines thereafter (Fig. 5C). Strikingly, in Rec8
knockout spermatocytes, sister chromatid cohesion is
largely impaired during the leptotene stage but restored
in the zygotene stage, most likely by RAD21L-dependent
SC assembly between sisters (Fig. 5A). Therefore, we
assume that RAD21L plays only a minor role in canonical
sister chromatid cohesion but a major role in homolog
pairing and synapsis. In this regard, RAD21L might be
functionally homologous to Drosophila meiotic a-kleisin
C(2)M, which also localizes on chromatin after meiotic
DNA replication and is required for events associated
with meiotic exchange but not for sister chromatid
cohesion (Heidmann et al. 2004; Tanneti et al. 2011).
Divergence of the meiotic a-kleisin subunit is also observed
in C. elegans, in which three different types of a-kleisin,
REC-8, COH-3, and COH4, act redundantly to promote AE
and SC formation, although each may have additional
specialized functions as well (Severson et al. 2009).

Bouquet exit checkpoint?

We found that Rad21L knockout spermatocytes show
extensive arrest at the bouquet stage (Fig. 5D,E). Impor-
tantly, however, Rad21L/Sun1 double-knockout sper-
matocytes, in which RAD21L is absent and the bouquets
are disrupted, still show a defect in homolog pairing,
suggesting that the bouquet arrest is the consequence
rather than the cause of defective homolog pairing in
Rad21L knockout spermatocytes (Figs. 5E, 6B). Notably,
bouquet stage arrest is rarely observed in mouse mutants
that show meiotic prophase arrest, except for a mutant in
the ATM-mediated DSB repair process (Liebe et al. 2006).
Because deletion of Spo11 from Atm knockout suppresses
bouquet arrest, the ATM kinase-mediated DNA damage
response, which is associated with SPO11-dependent
DSBs, might be required for the exit from the bouquet
stage (Pandita et al. 1999; Fernandez-Capetillo et al. 2003;
Liebe et al. 2006). Also, in Sordaria Spo11 mutants, the
bouquet stage persists longer than in wild-type cells.
Therefore, it has been proposed that the exit from the
bouquet is mediated by a regulatory process that senses the
progression of a recombination-related process (Storlazzi
et al. 2003). In contrast, bouquet arrest in Rad21L knockout
spermatocytes is not suppressed by Spo11 knockout in

mice (Fig. 5E). In this regard, it is notable that budding yeast
meiotic cells depleted for Rec8 (the sole meiotic cohesin in
this organism) show pairing loss and bouquet arrest, and
neither the depletion of Spo11 nor the ectopic expression of
Scc1 (mitotic cohesin) suppresses this arrest (Trelles-Sticken
et al. 2005; Conrad et al. 2007). Thus, studies in budding
yeast and mice suggest the existence of a conserved
‘‘bouquet exit checkpoint’’ that might monitor chromo-
some pairing rather than DSB-dependent recombination.
We do not formally exclude the possibility that meiotic
cohesin may provide the chromosome structure neces-
sary for bouquet release or that bouquet arrest may reflect
an independent function of RAD21L at telomeres.

Meiotic cohesins are most likely the first proteins to
organize meiotic chromosome axes and localize on the
chromatin prior to axis formation (Fig. 7). Our results
suggest that homolog recognition occurs at the early
leptotene stage and develops into pairing toward the late
leptotene stage. This pairing is totally dependent on the
function of RAD21L but only partly on REC8. However,
it should be noted that sexual dimorphism is observed in
Rad21L knockout mice; spermatocytes progress to the
zygotene-like stage, while oocytes progress into the
pachytene-like stage, where many more homologs are
synapsed (Supplemental Fig. 3). This implies that the
contribution of REC8 and RAD21L to homolog pairing
might be weighted differently between meiosis in male
and female mice. Moreover, our data show that homolog
recognition does not always require the SPO11 protein,
which acts in DSB formation. Taken together, we propose
that homolog recognition is mediated by a specific chro-
mosome architecture defined by the meiosis-specific
cohesin rather than a DSB-dependent DNA sequence
search. Our study provides an important framework for
disclosing the molecular mechanism of homolog recog-
nition in meiosis.

Materials and methods

Animal experiments

Rec8(mei8) mutant (although the Rec8 allele has a point muta-
tion, here it is referred to as Rec8 knockout), Spo11 knockout,
and Sun1 knockout mice were reported earlier (Baudat et al.
2000; Bannister et al. 2004; Ding et al. 2007). All single- and
double-knockout mice were congenic with the C57BL/6J back-
ground. Since Rad21L and Spo11 alleles are linked on the same
chromosome 2, two males of Rad21L/Spo11 double knockout
from a total of 302 offspring were identified after intercrossing of
Rad21L+/�/Spo11+/� mice. Whenever possible, each knockout
animal was compared with littermates or age-matched (4–8 wk)
nonlittermates from the same colony unless otherwise described.
Animal experiments were approved by the Institutional Animal
Care and Use Committee (approval nos. 23001, 23013, 24001, and
25012).

Immunostaining of spermatocytes and fetal oocytes

Structurally preserved nuclei from spermatocytes were prepared
as described (Liebe et al. 2004) with modification. Briefly,
testicular cells were collected in PBS by mincing seminiferous
tubules into small pieces with fine-tipped tweezers, clipping
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them with flat forceps, and then pipetting. After removal of
tissue pieces, the cell suspension was filtered through a cell
strainer (BD Falcon) to remove debris. The cell suspension
(;5 mL) was dropped onto a MAS-coated slide glass (Matsunami),
fixed with 10 mL of 2% paraformaldehyde (PFA)/100 mM sucrose
in PBS for 10 min followed by the addition of 1.5 mL of 1.25 M
glycine/PBS, and then air-dried at room temperature. Immedi-
ately before they were completely air-dried, the slide glasses
were washed with PBS containing 0.1% Triton-X100 or frozen in
liquid nitrogen for longer storage at �80°C.

Surface-spread nuclei from spermatocytes and oocytes were
prepared by the dry-down method as described (Peters et al.
1997). Mildly spread nuclei from spermatocytes and oocytes
(with diameters less than twice that of the intact nuclei) were
prepared as described (Ishiguro et al. 2011) with modification.
Briefly, cells were suspended in PBS without hypotonic treat-
ment, dropped onto a slide glass together with an equal volume
of 2% PFA and 0.2% (v/v) Triton X-100 in PBS, and incubated at
room temperature in humidified chamber. The sides were then
air-dried and processed as the structurally preserved nuclei
preparation.

Immunofluorescence staining was performed as described
previously (Ishiguro et al. 2011). DNA was counterstained with
VectaShield DAPI. Images were captured with DeltaVision and
processed with DeltaVision SoftWorx software (Applied Preci-
sion). All of the images shown were Z-stacked.

FISH against immunostained nuclei

Immunostained samples of structurally preserved nuclei or
mildly spread nuclei were fixed in 4% paraformaldehyde for
5 min, washed with PBS, and subjected to sequential dehydration
through 70%, 80%, 90%, and 100% ethanol. Immunostained
samples were denatured in 50% formamide and 23 SSC for
10 min at 72°C and sequentially dehydrated through 70%, 80%,
90%, and 100% ethanol. Hybridization was conducted with
a fluorescence-labeled point probe in buffer containing 50%
formamide, 23 SSC, 20% dextran sulfate and 0.1 mg/mL of
mouse Cot-1 DNA (Invitrogen) and sealed with a cover glass
for 12–16 h at 37°C. The slides were washed sequentially in 23

SSC for 1 min and 0.43 SSC/0.3% Tween20 solution for 2 min at
room temperature and in 23 SSC for 1 min at room temperature.
The mouse point probe chromosome 8-A2 (ID Labs) detected the
mid-region of chromosome 8. The mouse point probe derived
from BAC clone RP23-6I6 detected the mid-region of chromo-
some 3. The mouse point probe derived from BAC clone RP23-
321L15 detected the subtelomeric loop region of chromosome 18
(Kauppi et al. 2011). To examine sister chromatid cohesion, the
point probe chromosomes 3 was employed, since it gives discrete
foci, unlike the point probe chromosome 8. For whole-chromosome
painting in structurally preserved nuclei, immunostaining was first
conducted as described above followed by hybridization with
chromosome 8 painting probe (Tokyo Instruments), after which
the slides were washed sequentially in 50% formamide/23 SSC
solution for 2 min, 23 SSC for 2 min, and 0.43 SSC/0.3% Tween 20
solution for 2 min at room temperature and in 23 SSC for 1 min at
room temperature. For telomere FISH in structurally preserved
nuclei, immunostained slides were treated with 100 mg/mL RNase
A for 30 min at 37°C in 23 SSC followed by dehydration.
Hybridization was conducted with TelC (CCCTAA)3 PNA probe
(Panagene) for 4 h at 37°C.

For every measurement, images were acquired with Z-sections
encompassing the entire nuclei. The distance between two
hybridization signals was measured for a pair of homologs using
structurally preserved nuclei. A pair of points was assigned for
which the maximum signals were identified from Z-sections. If

the FISH signals on one homolog were split (doublet), a measure-
ment point was assigned to the center of those signals. The
distance between two FISH signals was measured by calculating
the square root of X2 + Y2 + Z2 using DeltaVision SoftWorx
software (Applied Precision). The FISH experiments using mildly
spread nuclei were similarly assayed.

Although structurally preserved nuclei appear approximately
spherical in shape with less variation in size compared with
mildly spread nuclei, some show an irregular rather than
spherical shape. Structurally preserved nuclei showing such
extremely irregular shape and size were omitted from the
measurement if the longer axis was <7 mm or >12 mm. Since
mildly spread nuclei size shows variations between different
preparations, the pairing distances were normalized to the ap-
proximate diameter. The pairing indices are represented in
scatter plots with the median. In cohesion-defective Rad21L/
Rec8 double-knockout spermatocytes, averages of three or six
distance measurements of one pair out of three or four probe
signals were plotted, respectively.

For the classification of FISH chromosome painting, the over-
lapping of homologs was assessed by inspecting hybridization
signal masses on each single Z-section (Fig. 1C). Classification
was done as follows. Juxtaposed: Hybridization signals of
homologs overlap but are discernible in some sections. Fused:
Hybridization signals of homologs overlap and are not discern-
ible. Separated: Hybridization signal masses are separated in all
sections.

The data sets were pooled from different slide glass samples
prepared from two or three mice (2–8 wk old) for each knockout
strain and wild-type, except that one male was used for Rad21L/

Spo11 double-knockout spermatocytes (4 wk old). Statistical
analysis was carried out with GraphPad Prism5. For comparison
of independent data sets, the two-tailed nonparametric Mann-
Whitney t-test was used.
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