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Summary

INCENP and aurora-B kinase are two chromosomal
passenger proteins that are thought to play key roles in
coordinating chromosome segregation with cytokinesis in
somatic cells. Here we have analyzed their subcellular
distribution, and that of phosphorylated histone H3, and
the timing of their relative appearance in mouse
spermatocytes during both meiotic divisions. Our results
show that in mitotic spermatogonial cells, INCENP and
aurora-B show the same pattern of distribution as they do
in cultured somatic cells. INCENP labels the synaptonemal
complex central element from zygotene up to late
pachytene when it begins to relocalize to heterochromatic

shaped signals at their inner domains, just below associated
sister kinetochores. During late anaphase | both proteins
relocalize to the spindle midzone. Both proteins colocalize
at a connecting strand traversing the centromere region

and joining sister kinetochores, in metaphase Il

centromeres. This strand disappears at the metaphase
Il/anaphase |l transition and relocalizes to the spindle

midzone. We discuss the complex dynamic relocalization of
the chromosomal passenger complex during prophase |I.
Additionally, we suggest that this complex may regulate

sister-chromatid centromere cohesion during both meiotic

divisions.

chromocentres. Aurora-B first appears at chromocentres in
late diplotene before the initial phosphorylation of histone
H3. INCENP and aurora-B concentrate at centromeres

Key words: INCENP, Aurora-B kinase, Phosphorylated histone H3,
during diakinesis and appear during metaphase | as T-

Meiosis, Centromere, Sister-chromatid cohesion

Introduction 1987). Although much is known about the role of different
The centromere is the chromosomal region that interacts witkinetochore proteins, the role of the pairing domain proteins
the spindle microtubules and holds sister chromatids togeth&gmains poorly characterized.

until their segregation at anaphase (Craig et al., 1999; Choo,INCENP is a protein that is conserved from budding yeast
2001). Three domains have been defined at the centromere: teRdhumans (Ainsztein et al., 1998; Kim et al., 1999; Saffery et
kinetochore domain, the central domain and the pairing domag., 1999; Adams et al., 2000; Adams et al., 2001b; Kaitna et
(Earnshaw and Rattner, 1989; Pluta et al., 1990). Thal., 2000; Oegema et al., 2001; Leverson et al., 2002). This
kinetochore domain is a proteinaceous structure located alomgotein, as a chromosomal passenger protein, distributes
the outer surface of the centromere that interacts with théynamically during mitosis (Adams et al., 2001c; Terada,
spindle microtubules. This domain contains different2001). INCENP concentrates at the pairing centromere
constitutive proteins, as well as microtubule motor proteinsgomain, also called the inner centromere domain, during
which are involved in chromosome alignment duringmetaphase, transfers to the spindle midzone and to the cell
prometaphase and chromatid segregation at anaphase, @witex at the cleavage furrow during anaphase, and then
mitotic spindle checkpoint proteins, which are implicated inconcentrates at the midbody during telophase (Cooke et al.,
the regulation of the metaphase/anaphase transition (Craig 387; Earnshaw and Cooke, 1991; Mackay and Earnshaw,
al., 1999). The central domain is located beneath the innd©93). Expression of truncated INCENP proteins, or of a
kinetochore plate and was defined by the presence of tligENP-B-INCENP chimeric protein in transfected cells, has
constitutive centromere protein CENP-B (Cooke et al., 1990demonstrated that INCENP is required for prometaphase
Finally, the pairing domain is the region along the inner surfacehromosome congression, sister chromatid disjunction at
of the centromere that represents the site of interaction betweanaphase and the completion of cytokinesis (Eckley et al.,
sister chromatids at metaphase. This domain was first defind897; Mackay et al., 1998). These processes are severely
by the location of the CLiPs_lfjcomatid Inking poteing  affected in INCENP-knockout mouse embryos, thus
(Rattner et al., 1988), and later by INCENPé&ncetromere  demonstrating that INCENP is essential for cell division (Cutts
protein), a chromosomal ‘passenger’ protein (Cooke et algt al., 1999). INCENP forms a chromosomal passenger
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complex and colocalizes with survivin, and with the aurora-Ekinase expression during mammalian meiosis, we analysed
serine-threonine protein kinase, in all organisms studied, frortheir subcellular distribution throughout meiosis in squashed
budding yeast to humans (Kim et al., 1999; Adams et al., 2000pouse spermatocytes. For comparative purposes, we
Adams et al., 2001a; Adams et al., 2001b; Kaitna et al., 200@dditionally studied INCENP distribution in mitotic
Speliotes et al., 2000; Uren et al., 2000; Morishita et al., 2005permatogonial cells and 3T3 cultured mouse cells. We
Wheatley et al., 2001; Leverson et al., 2002). It has beesurprisingly found that in prophase | INCENP appears at the
proposed that INCENP targets survivin to centromeresentral element of the synaptonemal complex and redistributes
(Wheatley et al., 2001) and that INCENP and survivin aréo the heterochromatic chromocentres during late pachytene.
essential for the targeting of aurora-B to chromosomes (Adanihen, INCENP and aurora-B concentrate at centromeres
et al.,, 2000; Adams et al., 2001lb; Rajagopalan andhowing peculiar T-shaped signals at their inner domain in
Balasubramanian, 2002). This chromosomal passengenetaphase |. Both proteins are also found at a connecting
complex has been implicated in coordinating chromosomstrand traversing the centromere region, and joining sister
segregation with cytokinesis in somatic cells. kinetochores, at metaphase Il centromeres. We discuss the
Aurora-B kinase is overexpressed in many human canceomplex dynamic relocalization of the chromosomal passenger
cell lines (Giet and Prigent, 1999), as is INCENP (Adams etomplex during prophase |. Additionally, we suggest that this
al., 2001a), and has also been implicated in both chromosormmemplex regulates sister-chromatid centromere cohesion
congression and segregation, and efficient completion afuring both meiotic divisions.
cytokinesis (Terada et al., 1998; Schumacher et al., 1998;
Kaitna et al., 2000; Leverson et al., 2002; Murata-Hori et al.,
2002; Kallio et al., 2002). Several substrates for aurora-B haJdaterials and Methods
been identified. In budding yeast the single aurora kinase Ipl1gell culture
phosphorylates the kinetochore protein Ndc10p (Biggins et alfor this study, cultured 3T3 mouse cells and Hela cells were used.
1999) and is required to allow an accurate biorientation dflouse 3T3 cells were grown on coverslips, and HelLa cells in flasks,
mitotic chromosomes (Tanaka et al., 2002). Aurora-B als# Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
phosphorylates the human centromeric protein CENP-A, fpetal calf serum, 50 units/ml penicillin, $@/ml strgptomy0|noand
histone H3-like kinetochore protein (Zeitlin et al., 2001). Int% 0.2 ML-glutamine (all from Imperial Laboratories), at 37°C in a

- . . . . humidified atmosphere containing 5% £®ouse 3T3 cells were
this sense, it has been shown in rat cells that the kinase actlvﬁ ed in freshly pr%pared 20 forngaldehyde in PBS (137 mM NaCl,

of_ aurora-B is required fpr the Ioc_alization of different, 7" \m KCl, 101 mM NgHPQs, 1.7 mM KHPQi pH 7.4)

microtubule ~motor proteins at  kinetochores ~and  fofcontaining 0.1% Triton X-100 (Sigma) and washed in PBS.

chromosome biorientation and then congression (Murata-Hori

and Wang, 2002; Murata-Hori et al., 2002). Aurora-B kinase,

and their homologues, also phosphorylates histone H3 at serifctrophoresis and immunoblotting

10 in different organisms (Hsu et al., 2000; Speliotes et altjeLa cells were harvested and washed twice with PBS. Then, they

2000; Adams et al., 2001b; Giet and Glover, 2001; Crosio etere lysed in boiling SDS sample buffer (50 mM Tris-HCI pH 6.8,

al., 2002; MacCallum et al., 2002). 3% SDS, 2 mM EDTA, 15% sucrose, $4nercaptoethanol, 0.005%
Recently, different observations have led us to propose thfomophenol blue).

. . . . . Testes from adult male C57BL/6 mice were removed and placed in
INCENP and aurora-B are implicated in S|ster—chromat|d2 ml of SDS solubilization solution (50 mM Tris-HCI pH 6.8, 5 mM

Centromer_e cohesion. In Stab.le dlgentrlc human Chromoso_meéDTA, 3% SDS, 1% protease inhibitor cocktail). Then, testes were
INCENP is present at the inactive centromere when sist@jomogenized on ice in a Potter homogenizer. The extract was placed
chromatids appear joined, whereas it is no longer detectabig a boiling water bath for 5 minutes. The appropriate quantity of
when centromere cohesion is lost (Vagnarelli and Earnshawxtract was diluted with>6SDS-lysis buffer (62.5 mM Tris-HCI pH
2001). Additionally, the abnormalities observedimsophila 6.8, 2% SDS, 5%[B-mercaptoethanol, 10% glycerol, 0.005%
cells undergoing anaphase after abrogation of INCENP arfztomophenol blue) and boiled for 5 minutes.

aurora-B function by RNA interference suggest that these SDS-PAGE was carried out in 10% polyacrylamide gels. Gels were
protelns are Impllcated |n centromere Cohesn)n (Adams et aﬁleC}”Ca”y transferred to TranS-B|0t SheetS (B|0'Rad) fOl’ 1.5 hOUI’S
2001b). The abnormal distribution of INCENP at centromere&t 4°C and 310 mA. Sheets were blocked for 1 hour with 4% non-fat

; . . ; : ry milk in PBS, followed by an overnight incubation at 4°C with
:‘Erfﬁ;kegu%%”srtwltg tr;;g;f’;ﬁ;i?pcoggtsvlvlgﬁbu{;‘:fgf;?\?sl/ iﬁc Ab1186 serum against INCENP at 1:500 dilution in 4% non-fat dry

. ilk in PBS. Immunoreactive bands were visualized by incubation for
centromere cohesion (Sonoda et al., 2001). Although numero4shor at room temperature with horseradish-peroxidase-conjugated

studies have analysed the subcellular distribution and pattegankey anti-rabbit Ig (Amersham Life Science) at a 1:5000 dilution
of expression of the chromosomal passenger complex i PBS and subsequently developed using an ECL (Enhanced
somatic cells from different systems, information concerningchemiluminescence) detection system (Amersham) according to the
their distribution in meiotic cells is scarce. Recently, themanufacturer instructions.

subcellular localization of aurora-B has been studied during

meiosis inC. elega}ns.DepIeti.qn of aurora-B prevents the Squashing and spreading of spermatocytes

release of the meiosis-specific cohesin subunit Rec8 fro dult male C57BL/6 mice were killed by cervical dislocation. The

chromosomes. It has been proposed that aurora-Reies were then removed and detunicated, and seminiferous tubules
phosphorylates Rec8, and therefore promotes the releasedp cessed for either squashing or spreading. For squashing, we

sister-chromatid cohesion during both meiotic divisionsllowed the technique previously described (Page et al., 1998; Parra
(Rogers et al., 2002). et al., 2002). Briefly, seminiferous tubules were fixed in freshly
Owing to the absence of studies on INCENP and aurora-Brepared 2% formaldehyde in PBS containing 0.1% Triton X-100.
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1 2 dilution in PBS. To detect SCP1 we used a polyclonal rabbit serum

(A2) that recognises SCP1 [kindly provided by Christa Heyting
Z{E‘ antnh St (Meuwissen et al., 1992)] at a 1:200 dilution in PBS. To detect aurora-
119- B kinase, we employed the mouse monoclonal AIM-1 antibody
573 Fig. 1.Immunoblot analysis of HeLa cell (Transduction Labs) at a 1:30 dilution in PBS. To detect survivin, we

extracts (lane 1) and mouse testes extracts er_nployed three p_oncIonaI rabbit sera against human survivin_(N_ovus
| (lane 2) probed with pAb1186 serum. The Biologicals, Calblc_)chem, and Autogenbioclear) at a 1:30 dilution.
positions of molecular mass markers are Phosphorylated hlstone. H3 (pH3) was detected Wlth a polyclqnal
indicated by numbers, and the arrowhead rabbit serum (Upstate Biotechnology) at a 1:1000 dilution. Following
indicates the INCENP bands. three washes in PBS, the slides were incubated for 30 minutes at room
temperature with secondary antibodies. A combination of fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Jackson) at a
After 5 minutes, several seminiferous tubules fragments were placed150 dilution in PBS with Texas-Red-conjugated goat anti-human
on a slide coated with 1 mg/ml palylysine (Sigma) with a small 1gG (Jackson) at a 1:150 dilution in PBS, a Texas-Red-conjugated
drop of fixative, and the tubules were gently minced with tweezergjoat anti-guinea pig IgG (Jackson) at a 1:150 dilution in PBS or a
The tubules were then squashed and the coverslip removed affBgxas-Red-conjugated goat anti-mouse IgG (Jackson) at a 1:150
freezing in liquid nitrogen. For spreading of spermatocytes, walilution in PBS was used for simultaneous double immunolabelling.
followed the drying-down technique of Peters et al. (Peters et alThe slides were subsequently rinsed in PBS and counterstained for 3
1997). minutes with 2ug/ml DAPI (4,6-diamidino-2-phenylindole). After a
final rinse in PBS, the slides were mounted in Vectashield (Vector
) Laboratories) and sealed with nail varnish. In double immunolabelling
Immunofluorescence microscopy experiments, primary antibodies were incubated simultaneously
After fixation, the slides and coverslips were rinsed three times for Bxcept for the double localization of INCENP and SCP1. In this case
minutes in PBS and incubated for 45 minutes at room temperatusdides were first incubated with the rabbit serum against INCENP for
with primary antibodies. To detect INCENP we used a polyclonall hour at room temperature, rinsed in PBS and incubated overnight at
rabbit serum (pAb1186) raised against chicken INCENP, but als4°C with an FITC-conjugated goat Fab’ fragment anti-rabbit 1gG
recognising human INCENP (Eckley et al., 1997), at a 1:100 dilutiofJackson) at a 1:100 dilution in PBS. Afterwards, slides were rinsed
in PBS. Centromeres were detected with the GS human antsix times for 5 minutes in PBS, incubated with the rabbit serum
centromere autoantibody (ACA) that recognises CENP-A, -B and -@gainst SCP1 for 1 hour, rinsed three times for 5 minutes in PBS and
(Earnshaw and Cooke, 1989) at a 1:10,000 dilution in PBS. To deteictcubated with a Texas-Red-conjugated goat anti-rabbit IgG (Jackson)
SCP3 we used a polyclonal guinea pig serum [kindly provided bt a 1:150 dilution. A control with the preimmune serum from rabbit
Ricardo Benavente (Alsheimer and Benavente, 1996)], at a 1:1001L86 was made and resulted in no staining.

36,8-

Fig. 2. Expression of INCENP in spermatogonial mitosis (INCENP, green; ACA serum, red; DAPI, blue). (A,B) Partial projection of two focal
planes throughout a spermatogonial interphase showing bright INCENP signals at heterochromatic chromocentres (arrovesl) Withhlight
DAPI. ACA signals are located inside chromocentres. (C-E) Partial projection of three focal planes throughout a spermeipbas@l p

Bright fuzzy INCENP signals are located at centromeres (arrow in C,E) where pairs of ACA dots, representing sister kir{atoohsris

D), are found. Inserts show a larger magnification of the arrowed centromere. A faint INCENP labelling is also found omgondensi
chromosomes. (F,G) Partial projection of five focal planes throughout an end-on view of a spermatogonial metaphase. A f&int INCEN
labelling is found on chromosome arms, whereas bright fuzzy signals are found at centromeric regions. The insert shaneria cegioa

with its two sister kinetochores. (H,l) Partial projection of two focal planes throughout a spermatogonial anaphase. INCEbEsostyne

thin threads (arrows) at the spindle midzone. (J,K) Partial projection of two focal planes throughout a spermatogoniaivtbknghase

INCENP is present at two small and very bright signals (arrowheads) at both sides of the midbody.uBar, 10
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Fig. 3.INCENP distribution in early prophase | spermatocytes (INCENP, green; ACA serum, red; DAPI, blue). (A,B) Partial projection of 21
focal planes throughout an early prophase | spermatocyte. No INCENP signals are discerned; instead only ACA signalggrappesesdin
centromeres are seen. (C,D) Partial projection of 15 focal planes throughout an early prophase | spermatocyte. Somesshotiraodisli
INCENP threads (arrows) are observed in the nucleus. (E,F) Partial projection of three focal planes throughout a pachyteogepeomg
INCENP threads (arrows) showing a heterogeneous thickness are detected in the nucleus. The sex body (XY) shows a fasibéNiGENP |
(arrowhead). (G) Projection of two focal planes of an INCENP-labelled thread at pachytene. The thread presents narrovaroedieads)
along its length. (H) Side view of the proximal end of an INCENP thread at pachytene. The single ACA signal, represers@t synap
homologous centromeres, surrounds the end of the thread. (1,J) End-on view of the proximal end of an INCENP thread atTyerhptane
representing the INCENP signal is lateral to the ACA signal. (K) Partial projection of three focal planes throughout theepsehitaly that
appears slightly labelled with INCENP. The unpaired sex centromeres (yellow arrowheads), and the INCENP-labelled pseuticegitmsoma
(arrow), are observed. (L-N) Two focal planes throughout a late pachytene spermatocyte. Chromocentres appear labelled¢aeamsvs),
INCENP labelling at nuclear threads is fainter. The sex body (XY) appears faintly labelled (white arrowhead in M). Theresrufdioth

sex chromosomes (yellow arrowheads in M) are separated. (A-F,L-N) Bar inu). {G,K) Bar in G, um. (H-J) Bar in H, 2um.

Observations were performed using an Olympus BH-2 microscop&he distribution of INCENP in spermatogonial mitosis is
equipped with epifluorescence optics, and the images were recordgpilar to that found in cultured somatic cells

‘t';”etgte%nuglzén&f A%ESS S;%'tﬁgﬁ??gg' ng't%v't::e'_mages were ther?I'he squashing technlq_ue we _em_ployed allowed us to observe
in the same preparations mitotic spermatogonial cells and
spermatocytes at different developmental stages. To compare
INCENP expression during mouse spermatogenesis with that
Results found during mouse mitosis, we first analysed its distribution
Immunoblot assay in spermatogonial mitosis (Fig. 2). In interphase spermatogonia,
To test the specificity of the pAbl186 serum welNCENP appeared as large bright nuclear signals corresponding
performed an immunoblot analysis with mouse testeso the heterochromatic chromocentres observed after DAPI
and Hela cell extracts. We observed that this anti-INCENRtaining (Fig. 2A,B). Some faint nucleoplasmic staining was
pAb specifically recognised the same protein band in testedso observed. After a double immunolabelling of INCENP and
and Hela cells extracts that migrated at a positioentromeres with the ACA serum, it became evident that
representing approximateM, 150,000 (Fig. 1) (Adams et centromeres appeared as discrete foci immersed in the
al., 2001a). Thus, pAb1186 serum also recognises mousdCENP-labelled chromocentres (Fig. 2A,B). In prophase
INCENP. spermatogonia a bright INCENP labelling was observed at
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Fig. 4.INCENP expression in diplotene and
diakinesis spermatocytes (INCENP, green; ACA
serum, red; DAPI, blue). (A-C) Two partial
projections from the same diplotene spermatocyte.
INCENP labels the chromocentres, which appear
very bright (arrowheads in B,C), the sex body
(XY), which is fainter, and the short and faint
nuclear threads (arrows). The unsynapsed sex
centromeres (yellow arrowheads) are observed in
the sex body. (D,E) Side view of the insertion of
the proximal ends of two INCENP threads into the
nuclear envelope in an early diplotene
spermatocyte. The centromeric heterochromatin of
these two threads appears joined as a single bright
chromocentre. (F,G) End-on view of the insertion
of five autosomal centromeric regions into the
nuclear envelope in an early diplotene
spermatocyte. Note that the INCENP-labelled
heterochromatic regions are larger than the ACA
signals representing synapsed homologous
centromeres. (H,l) Partial projection of four focal
planes throughout a late diplotene spermatocyte.
No INCENP threads are observed. INCENP labels
intensely the chromocentres, and dimly the sex
body (XY) where the centromeres (yellow
arrowheads) are indicated. (J,K) Partial projection
of three focal planes throughout a diakinesis
spermatocyte. INCENP signals partially colocalize
with ACA ones. Inserts show a high magnification
of two centromeres. (A-C,H-K) Bar in K, 10n.
(D-G) Bar in G, 5um.

centromeric regions, and a diffuse staining on condensingNCENP distributes as nuclear threads in early

chromosomes was also seen (Fig. 2C-E). The centromenirophase | spermatocytes

INCENP signals were bright and fuzzy, and colocalized withn squashed seminiferous tubules, and after DAPI staining and
the brightly labelled centromeric heterochromatin detected witbentromere labelling with the ACA serum, leptotene and
DAPI (Fig. 2C-E). By contrast, the ACA serum recognised pairgygotene  spermatocytes showed about 40 signals
of dots, representing sister kinetochores, that appeared edrresponding to the unpaired autosomal and sex centromeres
opposing surfaces of the INCENP signals (insert in Fig. 2C,D)YFig. 3A-D). In some of these early prophase | spermatocytes
During metaphase, the INCENP labelling was similar to thaho INCENP staining was detected (Fig. 3A,B). However, in
found during prophase. Thus, bright and fuzzy centromeriother ones, INCENP was detectable as short and thin
signals were observed, and chromosome arms showed a fagliécontinuous nuclear threads (Fig. 3C,D). Pachytene
staining along their lengths (Fig. 2F,G). The INCENP labellingspermatocytes were easily recognized because 21 centromere
changed dramatically during anaphase. In early anaphassgnals, nineteen corresponding to paired autosomal
INCENP completely disappeared not only from centromeresentromeres and two additional ones corresponding to
but also from chromatid arms and was only detected as thimpaired sex centromeres, were detected throughout their
threads at the spindle midzone (Fig. 2H,l). During telophaseyuclear volume, and the sex body was discerned at the nuclear
two brightly labelled regions flanking the midbody wereperiphery (Fig. 3E,F). In these pachytene spermatocytes,
observed (Fig. 2J,K). Interestingly, the same pattern OfNCENP-labelled nuclear threads appeared longer and brighter
expression was observed for the aurora-B kinase (data niian in early prophase | spermatocytes, and their ends reached
shown). We also studied the INCENP expression in somatitie nuclear periphery (Fig. 3E,F). One of the ends of these
3T3 cultured mouse cells (data not shown) in order to compathreads colocalized with centromeres (Fig. 3E,F). Additionally,

it with its distribution in spermatogonial mitosis. Our resultsthe entire sex body showed a faint INCENP staining that was
showed that INCENP was similarly distributed in both kinds oforighter than the nucleoplasmic background (Fig. 3E,F,K). In
mouse mitotic cells, and its expression pattern is likewiseome favourable focal planes full-length threads were observed
similar to that described previously in chicken (Cooke et al.(Fig. 3G). It was apparent that these threads did not show a
1987),XenopugAdams et al., 2000) and human somatic cellshomogeneous thickness along their length but that they
(Eckley et al., 1997). presented some narrower regions (arrowheads in Fig. 3G).
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Fig. 5. Double immunolabelling of INCENP and
SCP3 in either squashed (A-O,R,S) or spread
(P,Q) prophase | spermatocytes (INCENP, green;
SCP3, red; regions of colocalization, yellow).
(A-C) Single focal plane of a zygotene
spermatocyte. Some short INCENP threads
colocalize with SCP3 threads where homologous
chromosomes have synapsed. (D-F) Partial
projection of two focal planes throughout a
pachytene spermatocyte. The long INCENP threads
colocalize with SCP3-labelled synaptonemal
complexes (SCs). (G-L) Selected pachytene SC
fragments where the two lateral elements (LES)
(arrowheads) are clearly individualised. The
INCENP threads, presenting narrow regions along
their lengths (arrows in G), are located in between
the LEs. (M-O) End of a pachytene SC showing
that the INCENP thread also appears in between
LEs (white arrowheads). (P,Q) Selected sex
bivalent from a spread of an early pachytene
spermatocyte. INCENP only labels the
pseudoautosomal region. The unsynapsed sex axial
elements (X,Y) are indicated. (R,S) Selected
diplotene bivalent. A short INCENP thread
(arrows) colocalizes with the region where LEs are
still synapsed. Chromocentres show a bright
INCENP labelling. (A-F) Bar in C, gm.

(G-O) Barin |, 0.7um. (P,Q) Bar in Q, 2im.

(R-S) Barin S, 3.3m.

When side views of the insertion of the threads to the nucleéiMoens and Spyropoulos, 1995). In leptotene spermatocytes,
envelope were observed, it became evident that one of theip INCENP labelling was detected, but during zygotene the
ends was always surrounded by ACA labelling (Fig. 3H)short INCENP threads colocalized with some SCP3-labelled
When these proximal ends were viewed end-on, INCENRragments that appeared thicker than those where
appeared as a dot located either inside or lateral to the AC#olocalization was not found (Fig. 5A-C). Thus, INCENP
labelling (Fig. 3l,J). Interestingly, in some focal planescolocalized with regions where homologous LEs were
throughout the pachytene sex body a small thread or a dot waggnapsed. During pachytene the INCENP threads colocalized
detected. This INCENP signal never colocalized with the twavith SCs (Fig. 5D-F). In squashed spermatocytes, the guinea
ACA signals corresponding to the unpaired sex centromergsg anti-SCP-3 antibody allowed us to resolve both LEs along
(Fig. 3K). The extent and location of this INCENP labellingthe entire SCs length (white arrowheads in Fig. 5H,K,N). As a
inside the sex body was reminiscent of the pseudoautosonrale, SCs appeared twisted along their length, and consequently
region, the site of pairing and recombination between sethe two LEs could only be accurately discerned in short
chromosomes. regions. When such regions were observed at higher
magnification it became evident that the INCENP threads were
) located in between the LEs (Fig. 5G-L). This pattern of
INCENP is found at the central element of the localization was also observed at the SC ends (Fig. 5M-O). To
synaptonemal complex corroborate these results we double immunolabelled INCENP
The results described above suggest that INCENP labelsaad SCP3 on spread spermatocytes. Results confirmed that
synaptonemal complex (SC) component. To test whether tHBICENP threads colocalized with SCs. Interestingly, in sex
INCENP labelling at putative SCs was specific we made Aivalents the unsynapsed axial elements did not show INCENP
control with the preimmune serum from rabbit 1186 thatabelling, which was only observed in the pseudoautosomal
resulted in no staining (data not shown). To precisely determimegion (Fig. 5P,Q).
the early prophase | stage when INCENP became first The findings described above suggest that INCENP labels
detectable, and to ascertain whether INCENP really labelletthe SC central element (CE). To verify this proposal, we double
SCs, we made a double immunolabelling of INCENP andmmunolabelled INCENP and SCP1, a component of the CE,
SCP3, a structural component of the SC lateral elements (LEsh squashed and spread spermatocytes. In zygotene (Fig. 6A-
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Fig. 6. Double immunolabelling of
INCENP and SCP1 in prophase |
squashed spermatocytes (INCENP,
green; SCP1, red; DAPI, blue).

(A-D) Partial projection of four focal
planes throughout a zygotene
spermatocyte. Short INCENP threads
colocalize with short SCP1 segments
representing SC portions with central
element where homologous
chromosomes have synapsed.

(E-H) Partial projection of two focal
planes throughout a pachytene
spermatocyte. INCENP threads and
SC central elements along autosomal
bivalents colocalize. The
peudoautosomal region in the sex
bivalent (XY) is labelled by both
proteins (arrows). (I-L) Partial
projection of three focal planes
throughout an early diplotene
spermatocyte. INCENP threads
(arrows in 1) and remaining SC central
elements in desynapsing autosomal
bivalents (arrows in J) colocalize. Note
that the INCENP threads are fainter
than the corresponding SCP1
fragments. Chromocentres
(arrowhead) are brightly labelled only
with INCENP. (M-P) Partial

projection of two focal planes
throughout a late diplotene
spermatocyte. Short INCENP threads
(arrows in M) are very faint in
comparison with the corresponding
SCP1 fragments (arrows in N).
Chromocentres (arrowhead) are
brightly labelled with INCENP. A

faint INCENP labelling of the sex
body (XY) is also observed. Bar in P,
10pm.

D) and pachytene (Fig. 6E-H) squashed spermatocytdfig. 3L-N). Interestingly, the centromeric regions of the sex
INCENP and SCP1 signals perfectly matched, although thehromosomes did not appear to be labelled (Fig. 3M).
INCENP threads appeared more discontinuous than the SCP1During early diplotene, the INCENP-labelled chromocentres
threads. As expected, the pseudoautosomal region of sappeared brighter than during late pachytene and matched with
chromosomes appeared to be labelled with both antibodig¢se heterochromatic chromocentres revealed with DAPI (Fig.
during pachytene (arrow in Fig. 6E,F). Altogether, these resul&A-C). Inside some chromocentres a single centromere signal
demonstrate that INCENP labels the synaptonemal complexas observed, whereas several centromere signals were
CE, but that its behaviour during prophase | is different fronobserved in other chromocentres (Fig. 4A-G). The sex body
that shown by SCP1. appeared fainter than chromocentres (Fig. 4A-C). Additionally,
a few short and faintly labelled INCENP threads were present
. either in the nuclear interior (arrows in Fig. 4A) or associated
INCENP relocalizes from synaptonemal complex CEsto  with the chromocentres (Fig. 4D,E). When early diplotene
heterochromatic chromocentres from late pachytene up spermatocytes where observed after a double immunolabelling
to late diplotene of INCENP and SCP3, the short INCENP threads colocalized
In late pachytene spermatocytes the INCENP threads appeamwith the still synapsed regions in desynapsing autosomal
to be slightly fainter than those found in earlier pachytendivalents (Fig. 5R,S). Moreover, these INCENP threads
nuclei. This loss of fluorescence intensity at the threads wa®localized with SCP1 ones, but whereas SCP1 threads were
simultaneous with a faint INCENP staining that began to béright, INCENP ones were fainter (Fig. 6I-L). In these early
recognised at the heterochromatic chromocentres found at tdglotene spermatocytes, heterochromatic chromocentres were
nuclear periphery (Fig. 3L-N). These chromocentres, whiclbrightly labelled with INCENP but not with either SCP3 (Fig.
represent clustered centromere heterochromatic regions BR,S) or SCP1 (Fig. 6l-L).
autosomes, appeared brighter than the labelling at the sex bodyDuring late  diplotene, INCENP threads became
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Fig. 7.INCENP distribution in metaphase | spermatocytes (INCENP, green; ACA serum, red in B, C, E, F, H, |, Kand L; SCP3, réd in N an
O; DAPI, blue). (A-F) Two partial projections, each one from three focal planes, throughout the same metaphase | spahGEdIyte.

labels the centromeres, as detected with the ACA serum. A diffuse faint labelling is observed on bivalents, and a biigghissigned at the
interchromatid domain (arrowheads) in the sex (XY) bivalent. (G-L) Two selected metaphase | autosomal bivalents. INCENPdhbpéd
structure beneath the kinetochore labelling obtained with the ACA serum, although both signals partially colocalize. (Me@)nSbgphase

| centromere. INCENP and SCP3 colocalize at a T-shaped structure. (A-F) Bar ipnf, (&-L) Bar in L, 2um. (M-O) Bar in O, 0.5um.

progressively fainter and shorter until they finally disappearedn the condensed chromatin both in autosomal and sex
whereas bright chromocentres and the fainter sex bodyivalents (Fig. 7A-F). Interestingly, the sex bivalent showed a
appeared to be labelled (Fig. 4H,l). It is worth noting thabright staining at the interchromatid domain, the contact
although the fluorescence intensity of INCENP threadsurface between sister chromatids (Suja et al., 1999), that was
gradually decreased, short segments of SCP1 were still brighthot discerned in the autosomal bivalents (Fig. 7A-C). However,
labelled (Fig. 6M-P). Thus, INCENP is lost from SC fragmentsorighter INCENP signals were detected at centromeres (Fig.
before SCP1. The pattern of distribution of INCENP from late7). These signals showed an unexpected T-shape when viewed
pachytene up to late diplotene suggests that there is dynanfiom the side (Fig. 7G,J). These signals were smaller than the
relocalization of INCENP from synaptonemal complex CEs taegion occupied by the centromeric heterochromatin revealed
the heterochromatic chromocentres. with DAPI (Fig. 7G-L). Thus, although from late pachytene up
During diakinesis, the INCENP labelling at the sex bodyto late diplotene the INCENP signals at chromocentres

disappeared, chromocentres were no longer identified andcalocalized with the centromeric heterochromatin detected
faint labelling was observed over the condensing chromosomesth DAPI, during diakinesis and metaphase | INCENP signals
(Fig. 4J3,K). A bright INCENP staining was observed at smalbnly occupy a small region at the centromeres. This result
regions partially colocalizing with the centromere signalsjndicates that INCENP progressively concentrates at the
although INCENP domains were slightly larger (Fig. 4J,K).centromere region during late prophase | stages. To precisely
This result suggests that the ongoing chromosomédetermine the location of these signals we double
condensation promotes the loss of INCENP from themmunolabelled centromeres with INCENP and the ACA
centromeric heterochromatin. serum GS, which mainly recognises proteins found at the inner

kinetochore plate (Earnshaw and Cooke, 1989). We observed

that most of the T-shaped INCENP labelling was found beneath
INCENP shows an unexpected labelling at metaphase | kinetochore signals, although some degree of colocalization
centromeres was detected (Fig. 7G-L). Thus, INCENP is mostly located
During metaphase | a diffuse INCENP labelling was observetieneath homologous kinetochores.
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Fig. 8.INCENP expression from anaphase | up to interkinesis
(INCENP, green; ACA serum, red in |; DAPI, blue).

(A-C) Two focal planes throughout an early anaphase |
spermatocyte. The only INCENP signals are at centromeres
(arrows). (D-E) Single focal plane of a late anaphase |
spermatocyte. A bright INCENP labelling is detected at the
spindle midzone. Some faint and dispersed INCENP labelling
is observed at centromeres. Since a short exposure time was
used to accurately visualize the midzone signal, labelling at
centromeres is very low. (F,G) Single focal plane of a
telophase | spermatocyte. INCENP only labels the spindle
midzone (arrowheads). (H-J) Partial projection of two focal
planes throughout an interkinesis spermatocyte. A bright
INCENP labelling is observed at chromocentres (arrows).

H Bar, 10pum.

Similar T-shaped signals have been previously described mhetected at chromocentres that colocalized with those observed
metaphase | centromeres with anti-SCP3 antibodies (Prieto &fter DAPI staining (Fig. 8H-J). All centromere signals were
al., 2001). In order to verify whether INCENP colocalizes withobserved inside those chromocentres (Fig. 8l). This result is
SCP3 we used double immunolabelling. Results showed th#tus comparable to that observed in interphase spermatogonia
both proteins appeared as T-shaped structures at centromefesmpare Fig. 2A,B with Fig. 8H-J). In metaphase |l
and that they colocalized (Fig. 7M-0). spermatocytes INCENP was not observed on condensed

chromatin but only at centromeres (Fig. 9A-C). Two INCENP
spots were observed on opposite faces of the centromere

INCENP is retained at centromeres throughout region. These spots partially colocalized with sister
anaphase | and relocalizes to the spindle midzone kinetochores revealed by the ACA serum, although most of the
during late anaphase | INCENP spots were beneath kinetochores (Fig. 9A-C).

During early anaphase | INCENP signals were only found abBurprisingly, INCENP also labelled an irregular strand
centromeres (Fig. 8A-C). These centromere signals were fuzbetween sister kinetochores that crossed the entire centromere
and fainter than those previously found during metaphase (&rrowheads in Fig. 9D-G), which is remarkably similar to the
(compare Fig. 7A,D with Fig. 8A,B). At late anaphase | aCLiP staining previously described in mitotic chromosomes
bright INCENP labelling was detected at the spindle midzongRattner et al., 1988). At the onset of anaphase Il, just when
although a fainter and more diffuse labelling at centromeresister chromatids began to separate, the strand appeared to
was still visible (Fig. 8D,E). However, at telophase | this faintoreak in the middle region (arrow in Fig. 9H,l). During early
centromere labelling disappeared and only two brighthanaphase II, however, INCENP was still detected at
labelled INCENP signals were observed at the midbody (Figcentromeres (Fig. 9J,K). At late anaphase I, as is the case
8F,G). These results show, in contrast to what was found durirduring late anaphase |, INCENP labelling was detected at the
mitosis, that INCENP remains at centromeres throughowgpindle midzone, finally concentrating at the midbody (Fig.
anaphase | and that the labelling at the spindle midzone on®t,M). During telophase I, in addition to midbody labelling,
appears at late anaphase I. clear INCENP signals were observed to colocalize with
kinetochores (Fig. 10A-C). These INCENP signals became

) _ larger and fainter during late telophase Il (Fig. 10D-F). In early
INCENP appears at a connecting strand between sister round spermatids one or two large INCENP signals were found
kinetochores in metaphase Il centromeres at the nuclear interior colocalizing with the heterochromatic
In spermatocytes undergoing interkinesis, INCENP wagshromocentres revealed after DAPI staining (Fig. 10G,H). In
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Fig. 9. INCENP labelling from metaphase Il up to telophase Il
(INCENP, green; ACA serum, red; DAPI, blue). (A-C) Partial
projection of five focal planes throughout a metaphase |l
spermatocyte. INCENP signals appear at centromeres and are
concentrated in two spots (arrowheads) partially colocalizing
with sister kinetochores as revealed with the ACA serum.
(D-G) Selected metaphase Il chromosomes. INCENP is
concentrated below sister kinetochores and at an irregular
connecting strand that joins them. (H,l) Early anaphase Il
chromosome. INCENP is concentrated at sister kinetochores
(arrowheads), and some faint interrupted labelling at the
connecting strand (arrow) is visible. (J,K) Partial projection of
two focal planes throughout an anaphase Il spermatocyte. A
diffuse INCENP labelling at centromeres (arrows) is observed.
(L,M) A single focal plane of a late anaphase Il spermatocyte.
The INCENP labelling is discerned as two parallel plates
(arrowheads) at the midbody. (A-C,J-M) Bar in M.
(D-l)Barin I, 2um.

more advanced spermatids the INCENP labelling was n@urora-B appears at diplotene chromocentres before
longer found at chromocentres, although the centromenghosphorylated histone H3

signals were still observed (Fig. 101,J). It has been demonstrated that in somatic cells the aurora-B
kinase is responsible for histone H3 phosphorylation (pH3). To
test this in meiosis we performed a double immunolocalization
o . . of aurora-B and pH3. Some diplotene spermatocytes showed
INCENP association, and both proteins colocalize in aurora-B at chron&ocentres butpno PH3 Sﬁammg (IXig. 11Q-T).
metaphase | and metaphase Il centromeres However, both proteins colocalized at chromocentres in some
In somatic cells INCENP targets aurora-B to chromosomesyther |late diplotene (Fig. 11U-X) and early diakinesis
We therefore performed a double immunolocalization of botRpermatocytes. During diakinesis, aurora-B appeared to be
proteins to test whether this also occurred in mouse meiosigencentrated at individualized centromeres, as is the case with
Aurora-B was first detected in diplotene spermatocyteNCENP, whereas pH3 labelled all condensing bivalents (data
Surprisingly, and in contrast to INCENP, aurora-B did not labehot shown). The first appearance of phosphorylated H3 in late
the synaptonemal complex CE in previous prophase | stagefiplotene spermatocytes agrees with previous localizations
In diplotene spermatocytes that still showed a faint INCENRCobb et al., 1999). Our results thus suggest that the presence
labelling at SC remnants, and bright staining at chromocentregf qurora-B may be necessary for the initial phosphorylation

no aurora-B labelling was observed (Fig. 11A-D). However, inyf histone H3 at heterochromatic chromocentres.
late diplotene spermatocytes, when no SC remnants were

visible with INCENP, aurora-B colocalized with INCENP at )

chromocentres (Fig. 11E-H). These results suggest th&scussion

INCENP also targets aurora-B in mouse spermatocytes. From this study we have analysed for the first time the subcellular
diakinesis onwards, INCENP and aurora-B colocalizeddistribution of the chromosomal passenger complex proteins
Interestingly, the localization of both proteins perfectlyINCENP and aurora-B kinase during mammalian meiosis. We
matched at the T-shaped structure at metaphase | centromeneexpectedly found that INCENP, but not aurora-B,
(Fig. 11I-L), and they also appeared to overlap at theolocalizes with the SC. Co-detection of INCENP with SCP3
connecting strand between sister kinetochores at metaphasetid SCP1, components of the synaptonemal complex LEs and
centromeres (Fig. 11M-P). We also tried to localize survivirCE, respectively (for a review, see Zickler and Kleckner, 1999),
with three different antibodies; however, none of them labelledemonstrates that INCENP is present at the CE from zygotene
meiotic centromeres. up to diplotene. We observed that INCENP begins to relocalize

Aurora-B kinase appears at chromocentres after



INCENP and aurora-B in male meiosis 971

Fig. 10.INCENP labelling at telophase Il poles and round
spermatids (INCENP, green; ACA serum, red; DAPI, blue).
(A-C) Partial projection of two focal planes throughout an end-
on view of an early telophase Il pole. INCENP signals
colocalize with kinetochores (arrows). (D-F) Partial projection
of two focal planes throughout an end-on view of a late
telophase Il pole. INCENP signals appear as diffuse and faintly
labelled clouds surrounding kinetochores. (G,H) Single plane
of an early round spermatid. INCENP localizes at a centrally
located and large brightly labelled chromocentre containing
centromeres. (1,J) Single plane of a late round spermatid where
only centromere signals are observed. Bamb

to heterochromatic chromocentres during late pachytene, ai@lover, 2001; Zeitlin et al., 2001; Crosio et al., 2002;
that it disappears from CEs during diplotene whereas SCP1 kacCallum et al., 2002).
still present at remaining SC regions. Thus, the pattern of INCENP and aurora-B colocalize  throughout
disassembly of INCENP and SCP1 from the CE is differentheterochromatic chromocentres during diplotene and
and, consequently, INCENP and SCP1 are unlikely to form eoncentrate at individual centromeres during diakinesis in
functional complex, at least during late pachytene angarallel with ongoing chromosome condensation and
diplotene. The presence of INCENP at CEs suggests a nowaparation. However, during metaphase | both proteins appear
undefined function for this protein during mammalian meiosisas T-shaped signals that do not occupy all the heterochromatic
It is tempting to speculate that INCENP, like SCP1, mediatesegion, as detected by DAPI, and that are located beneath
and maintains the association between both LEs from zygotemssociated sister kinetochores as detected with the ACA serum.
up to diplotene. Since INCENP and SCP1 appear at the sarfius, INCENP and aurora-B are progressively concentrated
time it is unlikely that one protein could recruit the other tofrom centromeric heterochromatin to the T-shaped centromere
CEs. Obviously, more ultrastructural and biochemical studiedomain between diakinesis and metaphase I. As these proteins
are needed to understand the role of INCENP in the SC, as walle located at the inner centromere domain in mitotic
as its dynamic relocalization from SCs to the heterochromatichromosomes, we propose that this T-shaped domain
centromere regions during late pachytene and diplotene.  corresponds to the inner centromere domain of metaphase |
Aurora-B first appears during late diplotene atchromosomes. A similar T-shaped distribution was not
heterochromatic chromocentres that are already labelled lwescribed when mammalian metaphase | centromeres were
INCENP. This result suggests that, as occurs in somatic ceks$ained for other centromeric components. Interestingly, we
(Adams et al., 2000; Adams et al., 2001b), INCENP may alspreviously reported that SCP3 appears as T-shaped signals at
target aurora-B to the chromocentres during the first meiotimetaphase | centromeres (Prieto et al., 2001). Here we
prophase. It is not obvious why, during male mouse meiosislemonstrate by a double immunolabelling that INCENP
INCENP targeting is first detected in zygotene spermatocytelocalizes with SCP3 at the inner centromere domain.
at least a week before aurora-B is first observed at diplotenkloreover, the cohesin subunit Rad21/Sccl also colocalizes
One possibility is that INCENP does not target aurora-B duringvith INCENP and SCP3 in this domain (J.A.S., unpublished).
meiosis. Secondly, it may be that aurora-B is not expressed Thus, the inner centromere domain in mouse metaphase |
zygotene spermatocytes. Aurora-B expression might occuentromeres contains not only the chromosomal passenger
during diplotene once INCENP has completely disappearecbmplex, with at least INCENP and aurora-B, but also some
from CEs. Thirdly, it is possible that these differences irsubunits of the cohesin complex. Taking into account the
targeting arise from meiosis-specific differences in survivin opresence of INCENP and aurora-B at the inner centromere
another as yet unknown subunit of the chromosomal passengimain during metaphase |, their colocalization with the
complex. Histone H3 phosphorylated on seffinis first cohesin subunit Rad21, and their release from centromeres
detected during late diplotene at chromocentres that are alreadlyring anaphase |, it is tempting to speculate that INCENP and
labelled by INCENP and aurora-B. This sequence o#urora-B are present at the right place and time for a function
appearance of aurora-B kinase and pH3 supports previours regulating sister-chromatid centromere cohesion. This is
reports suggesting that aurora-B phosphorylates histone H3 smipported by the observation that inactivation of INCENP and
somatic cells (Hsu et al., 2000; Speliotes et al., 2000; Giet arairora-B by RNAI interferes with the disjunction of sister
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Fig. 11.Double immunolabelling of

INCENP and aurora-B kinase (A-P), or
aurora-B and phosphorylated histone H3
(pH3) (Q-X), in squashed spermatocytes
(INCENP, green in A-P; aurora-B kinase,

red in A-P, green in Q-X; pH3, red in Q-X;
DAPI, blue). (A-D) Partial projection of

three focal planes throughout a diplotene
spermatocyte. Chromocentres and short and
faint nuclear threads (arrows) are labelled
with INCENP, but not with aurora-B.

(E-H) Partial projection of two focal planes
throughout a late diplotene spermatocyte.
Chromocentres (arrowheads) are labelled by
both INCENP and aurora-B. The sex body
(XY) appears faintly labelled with INCENP.
(I-L) Selected metaphase | centromere.
INCENP and aurora-B colocalize at a T-
shaped structure. (M-P) Selected metaphase
Il centromere. The connecting strand
traversing the centromere shows
colocalization of INCENP and aurora-B.
(Q-T) Late diplotene spermatocyte.
Chromocentres only appear labelled with
aurora-B. (U-X) Late diplotene
spermatocyte. Chromocentres and the sex
body (XY) are labelled with aurora-B and
pH3. (A-H,Q-X) Bar in D, 1Qum. (I-P) Bar

in P, 2um.

kinetochores ibrosophilacells undergoing anaphase (AdamsHowever, a connecting strand has been reported after silver
et al., 2001b). Additionally, it has been recently proposed thattaining in grasshopper metaphase Il centromeres (Rufas et al.,
the cohesin subunit Rad21 is necessary for the accurai®89; Suja et al., 1992). In somatic cells, CLiPs (Rattner et al.,
targeting of INCENP to the inner centromere domain (Sonod2988), DNA topoisomerase dl (Rattner et al., 1996), the
et al., 2001). Moreover, aurora-B phosphorylates the cohesmitotic centromere-associated kinesin (MCAK) (Maney et al.,
subunit Rec8, a meiosis-specific variant of Rad21l, and998) and Mei-S332 iBrosophila(Blower and Karpen, 2001)
therefore promotes the release of sister-chromatid cohesitrave been detected at a similar connecting strand and proposed
during both meiotic divisions irC. elegans(Rogers et al., to be somehow involved in centromere cohesion. Similarly, we
2002). propose that INCENP and aurora-B could regulate centromere
Another interesting result is the appearance of INCENP ancbhesion during mammalian meiosis Il, possibly through
aurora-B in a connecting strand traversing the centromes&ction of aurora-B on one of the other components.
region, and joining sister kinetochores, in metaphase linterestingly, we have recently shown that aurora-B can
centromeres. This strand disappears at the metaphaskosphorylate DNA topoisomeraset lin vitro (C. Morrison
Il/anaphase Il transition, and these proteins then relocalize amd W.C.E., unpublished). We have observed that neither the
the spindle midzone. A similar labelling has not beercohesin subunits Rad2l (J.A.S., unpublished) nor STAG3
previously observed in mammalian metaphase Il centromere@rieto et al., 2001) is present at the connecting strand during
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metaphase Il. However, it has been reported that the cohesimuman centromere protein located beneath the kinetoch@ell Biol.110,
subunits Smdi and Smc3 appear at metaphase Il centromeres1475-1488.

(Revenkova et al., 2001). Taking into account these results, §&9: J- M., Eamshaw, W. C. and Vagnarelli, P.(1999). Mammalian
. ible that INCENP and aurora-B reaulate Centromerecentrome_res. DNA sequence, protein composition, and role in cell cycle
IS possi g progressionExp. Cell Res246, 249-262.

cohesion by acting on different cohesin complexes duringrosio, C., Fimia, G. M., Loury, R., Kimura, M., Okano, Y., Zhou, H.,
meiosis | and meiosis Il. It remains to be tested whether Sen, S., Aliis, C. D. and Sassone-Corsi,(2002). Mitotic phosphorylation
INCENP colocalizes with Smﬁl Smc3 and Rec8. the of histone H3: spatio-temporal regulation by mammalian aurora kinases.

-1 o . . Mol. Cell. Biol.22, 874-885.
meiosis-specific variant of Rad21, in metaphase Il s 's" M. Fowler K. J., Kile, B.T., Hi, L. L. P., O'Dowd, R. A., Hudson,
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