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Summary

Sister chromatid cohesion is maintained from DNA synaptonemal complexes in meiotic prophase from the
replication to metaphase-to-anaphase transition by multi- leptotene to diplotene stages. At later stages, diakinesis and
subunit protein complexes called cohesin, which include at metaphase |, Rec8 was localized along the interstitial axes
least four proteins, SMCInr, SMC3, Rad21 and either SA1 of chromosomes, including both centromere and arm
or SA2, in mammalian somatic cells. We report here the regions of chromosomes. However, concomitantly with
first evidence of the involvement of Rec8 protein, a separation of homologous chromosomes in anaphase |,
mammalian homolog of yeast Rec8p, in meiosis-specific Rec8 was no longer detected along the arm regions, while
chromosome behavior in mammals. In immunoblotting it persisted on centromere regions up to metaphase Il. In
and immunohistochemical analysis using specific anaphase ll, the centromeric signals were diminished. We
antibodies against mouse Rec8, we found that Rec8 was propose from these results that mammalian Rec8 protein,
expressed in the testis but not in the kidney or liver; more in association with SMC3 and SMC8 but not SMClaq, is
precisely, it was expressed in spermatocytes and spermatids involved in meiosis-specific chromosome behavior, and that
but not in spermatogonia or other somatic cells. We also homologous chromosome separation is triggered by
found that Rec8 is present in both phosphorylated and selective loss of Rec8 from chromosome arms in meiosis |,
dephosphorylated states in vivo. Immunoprecipitation while sister chromatid cohesion is maintained until
analyses revealed that Rec8 associates with other cohesinmetaphase Il/anaphase Il transition by centromeric Rec8
proteins, SMC1B3 (meiosis-specific protein) and SMC3 and during mammalian meiosis.

with a component of synaptonemal complexes, SCP3, but

not with SMC1a. In meiotic chromosome spreads, Rec8 Key words: Rec8 protein, Chromosome cohesion, Sister chromatid,
was localized along the axial/lateral elements of the Homologous chromosome, Mammalian meiosis

Introduction (Michaelis et al., 1997). Dissociation of Scclp from the

In eukaryotes, maintenance of sister chromatid cohesion isciromosomes is caused by its cleavage by separin, a cysteine
prerequisite for correct bipolar attachment of the chromosomigrotease related to caspases (Uhlmann et al., 1999; Uhlmann
to the spindle in prometaphase, and then loss of the cohesigh al., 2000). At the metaphase-to-anaphase transition,
triggers the segregation of sisters to opposite poles in anaphaBgQteolytic activity of separin is turned on by the destruction
Thus, sister chromatid cohesion from DNA synthesis t®f its inhibitor, called securin, through its ubiquitination by
anaphase onset is essential for generation of two daughter ceélgaphase-promoting complex (APC) (Ciosk et al., 1998). In
with exactly the same complement of chromosomes. RecentBtgnopus, two distinct cohesins are present; a 14S complex
multisubunit protein complexes called cohesin have been fouridrmed x-cohesinSA1, which contains XSMC1, XSMC3,
to be responsible for sister chromatid cohesion in eukaryote§RAD21 and XSAl1, and a 12.5S complex termed x-
and most of the components are well conserved from yeasohesinSA2, which contains XSMC1, XSMC3, XRAD21 and

to human. In the budding yeast Saccharomyces cerevisia¥pA2 (Losada et al., 1998; Losada et al., 2000). Both XSA1
cohesin contains at least four subunits: Sccipefsthiromatid ~ and XSA2 belong to the SA family of mammalian proteins and
cohesion) [also called Mcdlp _(itotic chromosome exhibit similarity to yeast Scc3p (Losada et al., 2000). In
determinant) or Rad21p gdation-sensitive mutants) in the contrast to yeasts, cohesin in vertebrate cells dissociates from
fission yeast Schizosaccharomyces pdmi8ec3p, Smclp the chromosomes in two steps, at first from arm regions in early
(structural _maintenance of _lwomosomes), and Smc3p prometaphase and then from centromere regions at the
(Michaelis et al., 1997; Téth et al., 1999). Scclp accumulatesetaphase-to-anaphase transition (Losada et al., 1998). It has
in early G1 phase, binds to chromosomes during S phase, abpelen proposed in vertebrates that a separin-independent
dissociates from them at the metaphase-to-anaphase transitathway removes cohesin from chromosome arms, whereas a
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separin-dependent pathway cleaves centromeric cohesigrminal domain of mouseec8 and the full length of mousscp3
(Waizenegger et al., 2000). were amplified by PCR using primer sets: foec8 5-
Meiosis is an essential step in sexual reproduction t&GAATTCCTGCTTCACTACCACTGGATG-3(S primer in which
produce gametes that have a reduced number of chromosonf@&CoR! site, indicated by an underline, has been introduced)and 5
from diploidy to haploidy. The reduction of chromosomeSTGCTCGACGGGGAATTTGGGTCCAG-3(3 primer in which an

number is conducted by two rounds of meiotic divisionth site, indicated by an underline, has been introduced)sdp8

followi inal d of DNA licati Duri h 5'-CGGAATTCAGATGCTTCGAGGGTGTGGG-3 (5 primer in
oflowing a singie round o replication. uring propnase, nich anEcerl site, indicated by an underline, has been introduced)

in meiosis I, homologous chromosomes pair, recombine, anghy s TTTCTCGAGGAATAACATGGATTGAAGAGA-3' (3
crossover with their partners, yielding junctional sites callegyrimer in which anXhd site, indicated by an underline, has been
chiasmata between non-sister chromatids in a bivalemitroduced). The amplified PCR products ret8 and scp3 were
chromosome. As a result, homologous chromosomes asgbcloned into theE. coli expression vectors pET-21c (Novagen,
aligned at the metaphase plate and separate at anaphaséadison, WI) and pGEX-KG (Guan and Dixon, 1991), respectively.
meiosis | without separation of sister chromatids. A pair offhe produced recombinant proteins of Rec8 and SCP3 were purified
attached fough meioss | i they finally separate at tWEANT 206 ToUse Poeons nteers, were ieed, sganet e
onset of anaphasg n me|95|s||.T_herefore, meiotically dividin roteins electroblotted onto an Immobilon membrane (Millipore,
cells must be equipped with special molecules that ensure th

o : L o0, Japan). Mouse polyclonal antisera were raised against the
specific behaviors of meiotic chromosomes. It has been shovygcgmbina%t S)Cp3 proteF:n.y J

that a meiosis-specific cohesin subunit in yeast, Rec8p, concurrently with the investigation of mammalian Rec8, we have
replaces a mitotic cohesin subunit, Scclp/Rad21p, duringeen investigating cohesin proteins in fish. We have cloned a medaka
meiosis and that this replacement is needed for preventir(@ryzias latipes) homolog of mammalian smdfom a cDNA library
sister chromatids from separating precociously in meiosis donstructed from the testis, and we have produced a mouse polyclonal
(Klein et al., 1999; Watanabe and Nurse, 1999). Homologougntibody against the recombinant C-terminal 337-amino-acid
cromosare separaion n meloss | 15 promoted by theerce of nedaie, SHECORIENELContnk srersn
roteolytic cleav. f R rin (Buonom |number, : lgenic L-term ! : u
gocgg)o. )(:lcm(;;a:ng?se poutati(\a/%sﬁo%yolzzgaof tb(e8uger?e r?a\%adf medakg SMca Shofws 89% and 39% homology _tolthe
been isolated, and high levels of mMRNA expression of mou corresponding regions of mouse SMand SMCB, respectively.

; . ence, the anti-medaka SMC1 antibody has crossreactivity to
rec8 has been found in both male and female germ line cellsoth mouse SMaL and SMCB in western blotting and

(Parisi et al., 1999; Lee et al., 2002). In addition, meiosismmunoprecipitation analyses, although it is less reactive to mouse
specific cohesin proteins, STAG3 and SNBCWhose yeast SMC1B than to SMCr in immunoprecipitation analysis.
homologs have not been found in the database, have beerGoat polyclonal anti-SMC3 antibody and mouse monoclonal anti-
found on mammalian meiotic chromosomes (Prieto et alg-tubulin antibody (DM1A) were purchased from Santa Cruz
2001; Revenkova et al., 2001). However, there has been fptechnology (Santa Cruz, CA) and Sigma (St Louis, MO),
report on mammalian Rec8 protein so far. respectively.

In this study, we investigated the protein expression of
mammalian Rec8 during meiosis in the male mouse. For thisyeparation of extracts

purpose, specific antlqules against mouse Recs were ra's,eq\lf}clear extracts from tissues were prepared as follows. Tissues from
the mouse and rabbit and used for immunoprecipitatiors g \eek-old C57BL/6 mice were minced with a surgical blade and
immunoblotting, and immunohistochemistry. We found thatomogenized by a Teflon homogenizer in nine times volume (w/v) of
mammalian Rec8, which associated with SMC3 and SMC10.25 M sucrose-containing TKM solution (50 mM Tris-HCI, pH 7.5,
but not with SMC#i, was expressed from the pre-leptotene25 mM KCI, 5 mM MgC#). The homogenized solution was filtered
stage and was localized along the axial/lateral elemeniirough a 7Qum cell strainer (Becton Dickinson Labware, Franklin
(AE/LE) of synaptonemal complexes from leptotene tolakes, NJ) and centrifuged for 10 minutes at §00he pellet was
diplotene stages in prophase |. During diakinesis anéfsuspended in 0.25 M sucrose-containing TKM solution. Then 2
metaphase |, Rec8 was localized in both centromeres and alf{ume of 2.3 M sucrose-containing TKM solution was added to the
regions of chromosomal interstices. At the metaphase I-td) Suspension. After adding 1f0of 2.3 M sucrose-containing TKM

" . . Solution to each 1.5 ml tube, 600-800of cell suspension and 2Q0
anaphase | transition, Rec8 dissociated from the arms b 0.25 M sucrose-containing TKM solution were loaded in that order

remained associated with centromere regions until metaphageihe top. Nuclei were purified by centrifugation for 30 minutes at
ll. In anaphase Il, Rec8 was no longer detected 0R2000g. The nuclear pellet was resuspended in 0.25 M sucrose-
chromosomes. The localization and the step-wise dissociati@antaining TKM solution and then centrifuged for 5 minutes at 2000
of Rec8 from meiotic chromosomes suggests that Rec8 is tlgeThe pellet was extracted in RIPA buffeg® mM Tris-HCI (pH 7.4),
protein that is responsible for both cohesions betweeh50 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 1% Na deoxycholate,
homologs and sisters and that its dissociation from arn$1% SDS, 50 mM NaF, 5 mM 2-mercaptoethanabntaining
and centromeres causes the separation of homo|ogoﬁ’§otease-lnhlbltor-Cocktall (Roche, Mannheim, Germany). After

; ; : sonication, the extraction buffer was centrifuged at 1 01 hour.
chromosomes and that of sister chromatids, respectively. Then the supernatant was recovered as nuglear exﬁﬁ?

Whole extracts of testes from 0-, 1-, 2-, 3- and 5-week-old mice
. were also prepared by extracting them in RIPA buffer containing
Materlal.s and M?thqu Protease-Inhibitor-Cocktail. ~ Briefly, —after testes had been
Preparation of antibodies decapsulated, they were homogenized, sonicated in the buffer, and
According to the known sequences (DDBJ/EMBL/GenBankcentrifuged at 18,000 for 1 hour at 4°C. Then the supernatant was
accession numbersec8 AF262055;scp3 AF181473S6), the C- recovered as whole testis extracts.
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Western blotting and immunoprecipitation According to the labeling methods described by Heyting and
In immunoprecipitations, testis nuclear extracts were incubated witRietrich (Heyting and Dietrich, 1991), the coverslips were placed for
either of the antibodies (anti-Rec8, anti-SMC1 and anti-SMC3L0 minutes in PBS, for 20 minutes inug/ml DNase | (Sigma) in
antibodies) in the presence of Protein G Sepharose (AmershafBS, for 10 minutes in detergent (5 mM EDTA, 0.25% gelatin, and
Biosciences, Piscataway, NJ) at 4°C overnight with rotor agitationd-05% Triton X-100 in PBS), for 10 minutes in PBS, and for 30
Then, the sephoroses were washed six times in the RIPA buffer, aftinutes in blocking buffer (3% BSA, 10% goat serum, 0.05% Triton
the immunoprecipitates were analyzed by SDS-PAGE followed b?(-lOO In PBS) The COVerS'IpS Were.mCUbated with the f|rst.ant|b0d|es
western blotting. As a control, testis extracts were incubated witho@t appropriate dilutions in the blocking buffer at 4°C overnight. After
the primary antibody or with control preimmune serum in the presenc&ashing for 10 minutes in PBS, for 10 minutes in detergent and for
of Protein G Sepharose, and the immunoprecipitates were analyzed’#sminutes in PBS, the coverslips were incubated with the secondary
above. For the treatment of Rec8 with protein phosphatases (PPas@é)ibodies at appropriate dilutions in the blocking buffer. After
immunoprecipitates obtained with anti-Rec8 antibody were washe@ashing three times in PBS, DNA was counterstained with propidium
five times in RIPA buffer and twice in alkaline PPase buffer (50 mmodide in single-labeled samples. The samples were mounted with
Tris-HCI, pH 8.0, 1 mM Mg@Q) or in 1x A-PPase buffer equipped Vectashlelq Mountlpg Med!um (Vector Labqratorles) and observed
with the A-PPase, then incubated with 0.251lfalf intestine alkaline ~ under a Bio-Rad MicroRadiance confocal microscope.
PPase (Takara, Tokyo, Japan) or 2QIW-PPase (New England
BioLabs, Beverly, MA) for 30 minutes at 30°C. As controls, the
immunoprecipitates were incubated without PPases in the buffers. Results

The immunoprecipitates, nuclear extracts, and whole testis extracgpecific expression of Rec8 in meiotic cells

were separated by SDS-PAGE with 7.5% or 12.5% gels. After blottin th vsis of lian Recs tei bbit and
onto an Immobilon membrane, the proteins were probed with primar%Or € analysis ol mammalian Reco protein, rabbit and mouse

antibodies. The antigen-protein complex was detected with alkalin@0lyclonal antibodies were raised against the C-terminal 342-
phosphatase (AP)_Conjugated secondary antibmgoat anti- amInO-aCId Sequences Of mouse ReC8 proteln eXpressed N E
mouse IgG (American Qualex International, San Clemente, CA), APcoli. Both mouse and rabbit polyclonal anti-Rec8 antibodies
goat anti-rabbit IgG (Zymed Laboratories,San Francisco, CA), APrecognized the antigenic recombinant protein in western blot
rabbit anti-goat 1gG (Chemicon International, Temecula,]JG¥)d  analysis (only the results obtained with the rabbit polyclonal
visualized by incubation in a color-substrate solution (0.2 mMantibody are shown in Fig. 1A). In testis nuclear extract, both

100 mM Tris-HC, pH 9.5, 5 mM MgG). in SDS-PAGE. The absorption of antibody with the antigenic
protein prior to western blotting gave no signals of either
Tissue staining recombinant Rec8 or endogenous proteins (Fig. 1A). In the

Testes from 6-8-week-old mice were frozen in liquid nitrogen, andNOUse genome, there are two genes showing sequence
10um-thick cryostat sections were prepared. The sections were agimilarity to yeastec§ mouserad21andrec8have 20.2% and
dried on Vectabond (Vector Laboratories, Burlingame, CA)-coate®1.3% homology to S. pombec8 and 16.7% and 19.8%
slides and fixed in cold 1% paraformaldehyde in PBS for 15 minutefiomology to S. cerevisiaeec8 in amino acid sequence,
After washing in PBS twice, sections were blocked in 10% goat serufiespectively. Since mammalian Rad21 protein has been

(Sigma) in PBS for 1 hour and incubated with the primary antibodiegetected as a 120 kDa band in SDS-PAGE (Losada et al.,

at appropriate dilutions in the blocking buffer at 4°C overnight. After. ;
washing three times in PBS, the Rec8 and SCP3 signals were detecfgo 0), the three bands did not represent mouse Rad21. Yeast

: S . . . c8p has been reported to be phosphorylated during meiosis
with secondary antibodiefAlexa 488-conjugated anti-rabbit 1gG . !
antibody, Alexa 488-conjugated anti-mouse 1gG antibody, Alexa 546(Watanabe an_d Nurse, 1.999)' It IS very I_Ikely that the three
conjugated anti-mouse IgG antibody (Molecular Probes, Eugen®@nds recognized by anti-Rec8 antibody in the present study

OR)]. DNA was counterstained with propidium iodide in the single-represent different phosphorylated states of mammalian Rec8.

labeled sections. To verify this possibility, anti-Rec8 immunoprecipitates from
testis nuclear extracts were treated with either alkaline PPase
or A-PPase. Incubation in their buffers in the absence of PPases

Preparation of nuclear spreads and immunocytochemistry did not affect the mobility of the three bands in SDS-PAGE
Preparation of meiotic nuclear spreads was performed according ?ig. 1B). Treatment with alkaline PPase affected the mobility
the methods for surface spreading of meiotic chromosomes describ H

previously (Moens and Pearlman, 1991) with some modification .d. q'ﬂ"g'?ﬁed the u%per_dzi':mg. (Tjrea.‘tme”t \é\hﬂﬁ’Pas%h th
described below. Testicular cell suspension was prepared according%'mnIS edihe upper and middie bands, in accordance wi e

the method described by Heyting and Dietrich (Heyting and Dietrichincrease in the lower band’s intensity (Fig. 1B). Therefore, we
1991), and the cells were put on poly-L-lysin-coated coverslips. Theoncluded that the three bands detected specifically with anti-

cells on the coverslips were placed in 85 mM NaCl for 3 minutesRec8 antibodies represent mouse Rec8 protein and that the
transferred to 1% paraformaldehyde solution (pH 8.2 with 0.01 Mupper and middle bands are phosphorylated forms of Rec8,
sodium borate) containing 0.03% SDS for 3 minutes, and then to 1%hereas the lower band is a dephosphorylated form of Rec8.
paraformaldehyde solution (pH 8.2) without SDS for 3 minutes. The Using the anti-Rec8 antibody, we first examined the
coverslips were rinsed three times for 1 minute each in 4% (v/gxpression of Rec8 protein in various mouse tissues. Nuclear
Photo-Flo (Kodak, Rochester, NY) in distilled water (pH 8.0) and airgyiracts from kidney, liver and testis were analysed by western
dried overnight. For preservation of chromatin loops in the nucle lotting with the rabbit polyclonal anti-Rec8 antibody (Fig.

spreads, the cells on coverslips were incubated in 75 mM KCI solutio; ) W | ined th . f oth hesi
for 3 minutes instead of 85 mM NaCl solution. Further, for the ). € also examine € expressions of other cohesin

preservation of meiotic chromosome shape, the operation to diffus!Punits (SMC1 and SMC3) and a component of synaptonemal
chromatin by SDS during fixation was omitted. Instead, after th€omplexes (SCP3) to guarantee that cohesin proteins and
incubation in 85 mM NaCl for 3 minutes, the cells were fixed in 1%Synaptonemal complex proteins were extracted properly in

paraformaldehyde in PBS for 15 minutes. those extracts. SMC3 was observed in all of the extracts as a
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145-kDa band. SMQ1 was detected as a 160-kDa band in Next, we examined when Rec8 protein is expressed in
kidney, liver and testis extracts, whereas Sf@@flotein was mouse testis. Testis extracts were prepared from 0-, 1-, 2-, 3-
detected as a 155-kDa band only in testis extract as has besrd 5-week-old mice (Fig. 1D). In male mice, meiosis starts
previously reported (Revenkova et al., 2001). SCP3 proteibetween 1 and 2 weeks of age. Tubulin protein, as a loading
was detected as 30/33-kDa bands only in testis extract as hamtrol, was expressed in extracts from 0- to 5-week-old mice
been previously reported (Heyting et al., 1987; Lammers et alat a similar level. SMG4 and SMC3 were also expressed in
1994). Thus, proteins of mitotic and meiotic cohesin andxtracts from 0-5-week-old mice. By contrast, protein
synaptonemal complexes were extracted properly in eadxpression of Rec8 began at 2 weeks of age. Other meiosis-
extract. Of these extracts, anti-Rec8 antibody detected threpecific proteins, SM@land SCP3, were also expressed in
bands (82 to 95 kDa) only in testis nuclear extracts (Fig. 1Cxtracts from 2-week-old mice. These results suggest that Rec8
Essentially the same result was obtained with mousis a meiosis-specific protein that is expressed only when
polyclonal anti-Rec8 antibody (data not shown). spermatogenesis starts in the testis.

preabsorptlon Association of Rec8 protein with other
+ () +) () B cohesin proteins
162 alkaline To examine the association of Rec8

= _ protein with other cohesin proteins, we
97— 162— PPase A-PPase immunoprecipitated testis nuclear extracts
66— (-) (+) (-) () with the antibodies against cohesin
proteins and analyzed the
STl - [l immunoprecipitates by western blotting.
97 - Anti-Rec8 immunoprecipitates contained
! e -1 Rec8, SMCB, SMC3, and SCP3 but not

“ SMCla (Fig. 2). Immunoprecipitates

27— 66— with anti-SMC1 or anti-SMC3 antibodies

66— . i 66— contained Rec8, SMC1, SMC3 and SCP3-
reactive bands, although the intensities of
16.5- 51- 51— B s hands were very faint in anti-SMC1

immunoprecipitates, probably due to
weaker crossreactivity to SMB1han to
C-terminal Testis SMC1a in immunoprecipitation analysis
Rec8 nuclei (compare the relative band intensity of
SMC13 to SMClo in testis nuclear
C extracts in Fig. 1C with that in anti-SMC1
immunoprecipitates in Fig. 2). No band
SMC1 SMC3 Rec8 66— SCP3 was detected in immunoprecipitates
' without the primary antibodies or with
- 'L- > 51- control preimmune serum (data not
shown). These results demonstrate that
Rec8 protein associates with other cohesin
proteins, SMCB and SMC3, and a
synaptonemal complex protein, SCP3 (30

97— 97—| v e

A A

162-

97— 36— <

AAA

27—~

66— \

51— Fig. 1. Specific expression of Rec8 protein in
e 16.5- meiosis-undergoing testis, as revealed by an
anti-mouse Rec8 antibody. (A) The anti-mouse
KLTIKLT KLT K LT Rec8 antibody was raised in a rabbit against the
bacterially expressed C-terminal fragment of
D mouse Rec8 protein. The antigenic C-terminal
week: 0 1 2 3 5 mouse Rec8 protein (C-terminal Rec8) and nuclear extracts from mouse testis (Testis
nuclei) were subjected to western blotting with the anti-Rec8 antibody after pre-
SMC | e ey 95} = absorption of the antibody with (+) or without () the antigen. (B) Testis nuclear
extracts were immunoprecipitated with anti-Rec8 antibody and treated with (+) or
SMC3 — < without () either alkaline PPase)ePPase. The immunoprecipitates were separated
by SDS-PAGE and subjected to western blotting with anti-Rec8 antibody. (C) Nuclear

Rec8 = - o 3 extracts from various mouse tissues were subjected to western blotting with anti-
SMC1, anti-SMC3, anti-Rec8 and anti-SCP3 antibodies. K, kidney; L, liver; T, testis.
SCP3 oy ) (D) Testis extracts from 0-, 1-, 2-, 3-, and 5-week-old mice were examined in western
== == — 1 blotting with anti-SMC1, anti-SMC3, anti-Rec8, anti-SCP3 and anti-tubulin
TR IIN T e ——— antibodies. Closed arrowheads indicate SMCIMC3, Rec8, SCP3 and tubulin

protein in the respective blots, while an open arrowhead indicates [Spatein.
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AAA

. or anti-SCP3 antibody or both (Fig. 3). SCP3 is one of the
IP: 3 major components of the axial/lateral element (AE/LE) of
Recs ' ‘ synaptonemal complexes (Lammers et al., 1994). In the
 — sections, SCP3 was detected as several lines, which
- represented the synaptonemal complexes in spermatocytes.
SMCI J ____;3 , ’ Similarly, Rec8 was _mainly detected.along the synaptonemal
+ T E?j'_ complexes, but the signal was dotty lines in spermatocytes. In
— contrast to SCP3, Rec8 was also detected in round and
SMC3 e A elongated spermatids_ although the signals were weak
compared to those in spermatocytes. No labeling was
. essentially observed in spermatogonia and other somatic cells.
SCP3 * ‘ & . Immuno.fluorescent.double labeling with anti-RecB antibody
L - -G and anti-SCP3 antibody showed that most signals of Rec8
and SCP3 overlapped with each other. However, some
Fig. 2. Association of Rec8 with other cohesin proteins in the mouseSpermatocytes showed Rec8 labeling but hardly showed SCP3
Testis nuclear extracts were immunoprecipitated with either of threelabeling (indicated by arrows in the lower panels in Fig. 3),
antibodies, anti-Rec8, anti-SMC1 or anti-SMC3 antibody. The indicating that Rec8 protein expression starts at an earlier stage
immunoprecipitates were subjected to SDS-PAGE followed by of meiosis than does the expression of SCP3 in spermatocytes,
western blotting with the same antibodies plus anti-SCP3 antibody. probably from pre-leptotene stage. In control sections
incubated with anti-Rec8 antibody preabsorbed with antigenic
proteins or with secondary antibodies alone, no specific signals
kDa), but not with SMCd. The results also demonstrate thatwere observed (data not shown).
the phosphorylation state of Rec8 protein does not affect To examine the localization of Rec8 on synaptonemal
its association with SM@L and SMC3, since both complexes in detail, we performed immunofluorescence
phosphorylated and dephosphorylated Rec8 proteins wedsuble labeling of Rec8 and SCP3 on nuclear spreads of mouse
coimmunoprecipitated with these proteins (Fig. 2). testis cells. Anti-SCP3 immunocytochemistry showed the
presence of short and fine AEs of synaptonemal complexes in
o ) leptotene spermatocytes (Fig. 4A). In this stage, Rec8 was
Localization of Rec8 on synaptonemal complex in detected as dotty signals along the AEs. In the zygotene stage,
meiotic prophase when AEs have become longer and have started to form
To examine the expression pattern of Rec8 protein in mousynapsis (AEs are now called LEs), Rec8 signals were more
testis cells, frozen sections of mouse testis were subjected ¢oncentrated and detected as dotty lines along the AE/LEs
indirect immunofluorescence labeling with anti-Rec8 antibody{Fig. 4B). The dotty lines of Rec8 signal were also detected
along LEs of synapsed chromosomes and
unsynapsed XY chromosomes (indicated by an
arrow) in the pachytene stage (Fig. 4C) and along
LEs of desynapsed chromosomes in the diplotene
stage (Fig. 4D).

In the above observations, chromatin was mostly
dispersed except for the proximal to synaptonemal
complexes (Fig. 5A). Hence, if Rec8 protein existed
on chromatin loops expanding from the axis of
synaptonemal complexes, the signal would not be
observable. By treatment of cells with KCI instead
of NaCl prior to fixation in the presence of SDS, we

Fig. 3. Coexpression of Rec8 protein with SCP3 protein
in mouse testis. Frozen sections were incubated with
either a mouse polyclonal anti-SCP3 antibody or rabbit
polyclonal anti-Rec8 antibody, or both antibodies, and
detected with Alexa 488 (green)-conjugated or Alexa 546
(red)-conjugated, anti-mouse or rabbit IgG secondary
antibodies. DNA was stained with propidium iodide in
single-labeled sections. Broken lines indicate the
basement membrane of seminiferous tubules.
Spermatogonia (sg) lie next to the basement membrane.
Spermatocytes (sc) are larger cells and lie away from the
basement membrane. Spermatids (st) are farther from the
membrane and have a smaller nuclei. Arrows in lower
panels indicate the cells in which Rec8 protein was
expressed but in which SCP3 signal was hardly detected.
Bar, 50pum.
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dispersion of chromatin by SDS during fixation,
thereby preserving chromosome shape. In meiotic
prophase | at the pachytene stage (Fig. 6A), Rec8
was detected as lines of dotty signals, representing
synaptonemal complexes. At later stages, however,
the intensity of the Rec8 signal tended to decline as
meiosis proceeded. In diakinesis and metaphase |
stages (Fig. 6B,C,l), a considerable amount of Rec8
signal was still detected along the chromosomal
axes (indicated by arrows), which covered both the
regions of the centromere and the chromosome arm
proximal to chiasmata. In these stages, Rec8 was
also observed along chromosome arms distal to
chiasmata (indicated by blue arrowheads in Fig.
6B,C) or on the sites at which the homologs were
seen overlapped (indicated by an white arrowhead
in Fig. 6l). After metaphase I-to-anaphase |
transition (Fig. 6D,E,J), homologous chromosomes
separated from each other, whereas sister
chromatids were still attached to each other at their
centromere regions. In these stages, the Rec8
signals along chromosome arms were no longer
detected, while the signals were detected at the
conjunction sites of sisters (centromere regions)
(indicated by arrows in Fig. 6J). The centromeric
Rec8 signals often observed as doublets. The reason
why centromeric Rec8 signals were observed as
doublets is not clear, but we speculate that it may
reflect the antibody’s inability to access deep into
the inner centromere regions. The Rec8 signals at
centromere regions were detected up to metaphase
Il (Fig. 6F). In anaphase Il, however, the signals of
centromeric Rec8 were diminished (Fig. 6G). The
Rec8 signal was not observed on mitotic
chromosomes in spermotogonia (Fig. 6H). The
localization and selective loss of Rec8 from meiotic
chromosomes suggest that mammalian Rec8 protein
plays pivotal roles in chromosome cohesion and
Fig. 4.Localization of Rec8 protein on synaptonemal complexes during meioticseparation in both meiosis I and II.
prophase. Nuclear spreads from testicular cells were prepared as described in
Materials and Methods and subjected to immunofluorescent double labeling ) .
with anti-Rec8 and anti-SCP3 antibodies. (A) Leptotene; (B) zygotene; (C)  Discussion
pachytene; (D) diplotene. An arrow indicates an unsynapsed XY bivalent. Bar, Cohesin complexes in mammalian meiosis
10um. It has been reported thagc8 mRNA is specifically
expressed in germ line cells, spermatocytes and
found that chromatin diffusion was suppressed and chromatwocytes (meiotic cells) and spermatids (post-meiotic cells), in
loops could be seen (Fig. 5B,C). Using this method, wenice and also in the thymus in human (Parisi et al., 1999; Lee
examined the localization of Rec8 on chromatin loops. Rec8t al., 2002). However, protein expression of Rec8 has not been
existed on the portion of chromatin loops that came in contaexamined in mammals. In accordance with the results of
with synaptonemal axes, but it was hardly detected alongrevious reports, the present study showed that mammalian
chromatin loops extending from the synaptonemal axedkec8 protein was specifically expressed in germ line cells,
implying that Rec8 is involved in the conjunction of chromatinspermatocytes and spermatids. The biological meaning of the
loops with the synaptonemal axes and that Rec8-mediatexistence of Rec8 in spermatids is difficult to speculate, since
cohesion of sister chromatids is limited to the sites ofpermatids do not need to divide any more. It might be merely
chromatin adjacent to synaptonemal complexes. a reminiscent of meiosis.
The possible components of mitotic and meiotic cohesin
o o complexes in budding yeast and mammals, based on
Localization of Rec8 on meiotic chromosomes accumulated knowledge from the previous and present studies,
To examine the localization of Rec8 protein on meioticare illustrated in Fig. 7. In budding yeast, mitotic cohesin
chromosomes, chromosome spreads were prepared by tt@mplexes consist of at least Scclp, Scc3p, Smclp and Smc3p,
method described in Materials and Methods to preverdnd only the Scclp subunit is replaced by Rec8p during

SCP3 Rec8 Merged
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Fig. 5.Localization of Rec8 on chromatin loops in meiotic prophase.
Nuclear spreads from mouse testicular cells were prepared by
treatment of cells with 85 mM NacCl (A) or 75 mM KCI (B) before
fixation in 1% paraformaldehyde with SDS, as described in Materials
and Methods. The samples were immunofluorescently stained with
anti-Rec8 antibody. DNA was counter-stained with propidium

iodide. (C) Magnification of the region indicated in panel B. Bar,

2 pum.

DNA Rec8 Merged

meiosis. In fission yeast, two Scc3p homologs, Psc3p and
Recllp, have been identified, and Recllp is required for
chromatid cohesion in meiosis (Krawchuk et al., 1999;
Tomonaga et al., 2000). Therefore, Rad21p and Psc3p are
probably replaced by Rec8p and Recllp during meiosis,
respectively. Vertebrate cohesin complexes consist of, at least,
SMC1, SMC3, SCC1/Rad21 and either one of SA1 and SA2
in mitosis (Losada et al.,, 2000; Sumara et al., 2000). In
addition, mammalian meiotic cells express two other cohesin
proteins, SMC[ and STAG3 (SA3), of which homologs have
not been found in yeasts (Prieto et al., 2001; Revenkova et
al., 2001). Our immunoprecipitation study revealed that
mammalian Rec8 associates with SN3GInd SMC3 but not
with SMCla, suggesting that mammalian meiotic cohesin
consists at least of Rec8 (Rad21 isoform), SRICEMC1

Rec8 Merged

Fig. 6.Localization of Rec8
protein on chromosomes in
meiosis | and Il. Meiotic
chromosome spreads were
prepared to prevent chromatin
dispersion by SDS during
fixation. The chromosome
spreads were
immunofluorescently stained
with anti-Rec8 antibody, and
DNA was counter-stained with
propidium iodide. (A) Pachytene;
(B) diakinesis; (C) metaphase I;
(D) early anaphase I; (E) late
anaphase I; (F) metaphase II; (G)
anaphase Il; (H) mitosis. The
regions indicated in C and D are
magnified in | and J, respectively.
Arrows indicate Rec8 signals on
the interstices between sister
chromatids. White arrowheads
indicate Rec8 signals on the
overlapped sites of two
homologous chromosomes. Blue
arrowheads indicate Rec8 signals
on the interstitial axes between
homologous chromosomes
(chromosome arm regions distal
to chiasmata). Bar, pm.
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Mitosis Meiosis also participate in meiotic chromosome behavior at some
restricted time. In all cases, Rec8 is probably a common and
essential component of meiotic cohesin complexes from yeast to

@ human.
Budding Scelp RecSp
Yeast

Rec8 is a component of AE/LEs of synaptonemal
complexes in meiotic prophase |

(sman )Come)
The present study showed that Rec8 protein is expressed prior
to the expression of SCP3 in spermatocytes, suggesting that
@ Rec8 expression starts earlier than leptotene stage. Although it
is not clear exactly when mammalian Rec8 synthesis starts,
Rec8 yeast Rec8p starts to be expressed from pre-meiotic DNA
~/ synthesis (Klein et al., 1999). After pre-meiotic DNA synthesis,
@@ chromosomes are arranged along proteinaceous axes called
AEs, to which chromatin loops are attached during early
@ meiotic prophase. As meiotic prophase proceeds, the AEs
become aligned in parallel and incorporated in zipper-like
Rec8 structures (synaptonemal complexes), which are now called
~/. LEs. The mature synaptonemal complexes are a tripartite
@@ structure, two LEs and a central element (CE). Results of
genetic and cytological studies suggest that synaptonemal

Fig. 7. Possible mitotic and meiotic cohesin complexes in yeast and Conjplexes play roles in malntengncg of h_omplog adhgs!on
mammals. In budding yeast, one of the mitotic cohesin subunits, during meiotic prophase and possibly in facilitation of meiotic

Scclp, is replaced by Rec8p in meiosis. In mammals, by contrast, €xchange (Walker and Hawley, 2000). In mammals, three
two types of cohesin complex exist in mitosis; their components areproteins have been identified as the components of
SMC1la, SMC3, Rad21 and either one of SA1 and SA2. In meiosis, Synaptonemal complexes; SCP1 (Synl) is a component of CE,

three proteins, SMQ, Rad21 and SA1/SA2, are likely to be and SCP2 and SCP3 (Corl) are components of LEs (Dobson et
replaced by SM(3, Rec8 and SA3/SAX (unidentified meiotic SA  al., 1994; Lammers et al., 1994; Offenberg et al., 1998). SCP3
homolog) in the meiotic cohesin complexes, respectively. is a main determinant of AEs of synaptonemal complexes since

SCP3deficient spermatocytes fail to form AEs and thus

synaptonemal complexes (Yuan et al., 2000). Recently, cohesin
isoform) and SMC3. However, close investigations intoproteins, Rec8p and Smc3p, have been found along the AEs in
localizations of SMCft and Rec8 in the previous and the presenteast, and these proteins have been proved to be essential for
studies shed light on the difference that dissociation of $MC1lthe formation of synaptonemal complexes, since AEs are not
from chromosome arms occurs earlier than that of Rec8 iformed inrec8deleted oismc3point mutants in budding yeast
meiosis I. SMC dissociates from the chromosome arms in latgKlein et al., 1999). In mammals, SME@1SMC13, SMC3 and
prophase and diakinesis stages, and very little $MiCany, is STAG3 are localized along AEs throughout prophase | from
localized on the arms at metaphase |, whereas a consideraldptotene to diplotene stages (Eijpe et al., 2000; Prieto et al.,
amount of Rec8 is still localized along chromosome arms &001; Revenkova et al., 2001). In the present study, we found
metaphase |. Therefore, Rec8 may associate with other as-y#tat mammalian Rec8 was also localized along the AE/LEs
unidentified meiotic isoforms of SMC1 in addition to SMIC1 throughout meiotic prophase |. Therefore, all cohesin proteins
It is also possible that the difference between dissociation tingo far examined are parts of components of AE/LEs of
of Rec8 and that of SM@lfrom chromosome arms was causedsynaptonemal complexes. The role of cohesin complexes in
by the difference in fixations utilized in the previous and preserAE/LEs is not clear, but it has been proposed that the cohesin
studies. STAG3 is known to be a meiotic isoform of SA1 andore recruits recombination proteins and promotes synapsis
SA2 and to associate with SMC1 and SMC3, although it is ndietween homologous chromosomes, since cohesin-containing
clear whether the STAG3-associated SMC1 is SMQ@t  chromosomal cores are formed and they are synapsed in meiotic
SMCI1B or both (Prieto et al., 2001). In contrast to Rec8 anchuclei in SCP3deficient spermatocytes (Pelttari et al., 2001).
SMC1B3, STAG3 is localized only in the arm regions of inter-In addition, Rec8 was localized only on the sites of chromatin
chromatids in metaphase I. Furthermore, in late anaphase | aladps adjacent to synaptonemal axes (Fig. 5C), suggesting that
thereafter, STAG3 is not detected (Prieto et al., 2001). ThereforBec8-containing cohesin cores determine the positions on
even if Rec8 and SM@lassociate with STAG3, the association chromatin loops at which synaptonemal axes are conjugated
should be limited spatially and temporally to the arm regions ofvith the replicated DNAs.
chromosomes until metaphase |. As has been previously
proposed (Prieto et al., 2001), it is very likely that two or more . .
mammalian cohesin complexes participate in meiosiscohesion and separation of homologous chromosomes
Furthermore, it has been shown recently that the mitotith meiosis | and of sister chromatids in meiosis II
cohesins, STAG2 and Rad21, are localized on axial elemenits most organisms, the chiasmata and the arm cohesion distal
during diplotene stage, but do not exist on the chromosome ax&schiasmata link homologous chromosomes together, allowing
thereafter in meiosis (Prieto et al., 2002). Mitotic cohesins mathem to align on the spindle in meiosis |I. Cohesion along
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chromosome arms is lost during meiosis |, while siste MEIOSIS I

chromatids remain associated at centromeres until the onset Py g
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anaphase Il. Loss of arm cohesion is required for the resolutic
metaphase anaphase

S

of chiasmata and thus for separation of the homologs in meios
I, whereas maintenance of cohesion at centromeres is neec
for sister chromatids to separate properly in meiosis |
(Miyazaki and Orr-Weaver, 1994). In mammals, localizations—"
of SMC1B3 and STAG3 have been investigated to account fo
the meiosis-specific chromosome behavior. STAG3, from it
localization as above mentioned, can possibly account for tf
selective loss of cohesion along chromosome arms in meiosit
but can not account for the maintenance of cohesion betwe MEIOSIS II

sister centromeres until anaphase Il. Conversely, $MC1
é( =

remains chromatin-associated at the centromeres up
metaphase anaphase

<

metaphase II, but its dissociation from chromosome arm
occurs so early, in diplotene stage, that SBI€4nnot maintain

the cohesion between homologs until metaphsae | (Revenko
et al., 2001). In the present study, we showed that mammalii
Rec8 is released along chromosome arm regions both proxir
and distal to chiasmata, when homologs separate from ea
other in anaphase |, while Rec8 on inter-sister centromel
regions is maintained until anaphase Il (Fig. 8). This spatiall © Rec8-containing meiotic cohesin
and timely selective loss of Rec8 from chromosomes i
concomitant with the two-step separation of Chromosomer%ammalian meiotic divisions. Rec8-containing meiotic cohesin is

d““”g me[03|s. Thus, Rec8 is the iny molecule so farocalized along the chromosomal axes between sister chromatids,
examined in mammals that can, for itself, account for théyciuding the centromere regions, the arm regions both proximal and
meiosis-specific chromosome behavior in both meiosis | and lhistal to chiasmata at metaphase I. At this stage, the arm cohesion
Then, how is the selective loss of Rec8 from chromosomeistal to chiasmata is responsible for uniting homologous
arms in meiosis | and from centromeres in meiosis Il regulatedhromosomes together, and the resolution of them triggers separation
In budding yeast, Rec8p is cleaved by separin, and this cleavagf¢he homologs at anaphase I. Rec8 is released from the arm regions
is essential for progression into anaphase |, since noncleaval§ghcomitantly with the separation of homologs. In metaphase I,
mutations in Rec8p’s potential separin cleavage sites, as well B§c8-containing meiotic cohesin is localized at centromere regions at
mutations in separin itself, arrest cells at metaphase | (Buononf{/ich sister chromatid cohesion is maintained. Release of Rec from
et al., 2000). Furthermore, securin, the inhibitor of separin, i e Cenirgm.ere reg'ﬁns ﬁ?'nc'des with the separation of sister
destroyed at the onset of anaphase in both meiosis | and nromal s Ih anapnase f.
probably through APC/Cdc20 pathway (Salah and Nasmyth,
2000). In contrast to the reports for yeast, however, APC activitg001). The two-step separation of chromosomes in the first and
and securin destruction are not required for the first meiotisecond meiotic divisions is reminiscent of the two-step
division but are required for the second meiotic division inseparation in prophase and anaphase in mitosis. Therefore, the
Xenopus oocytes, because microinjection of antibodies againstlective loss of Rec8 during meiosis may be caused by a
APC activator or APC core subunit or microinjection of mechanism similar to that in mitotic division. However, it is
destruction-box peptide or methylated ubiquitin, does not affectotable that loss of Rec8 from chromosome arms occurs at a
progression through meiosis | and arrests the oocytes different time from that of mitotic cohesin in the cell cycle;
metaphase Il (Peter et al., 2001). Therefore, it is assumed tH¢c8 is released in anaphase during meiosis |, while
segregation of homologous chromosomes and that of sist8&lCC1/Rad21 is released in prophase during mitosis. Therefore,
chromatids are differentially regulated in higher eukaryotes. lim mammals, it is possible that selective loss of Rec8 from the
somatic cells of vertebrates, most of the arm regions of sistaneiotic chromosomes depends on the partner(s) in the cohesin
chromatids are separated as chromosome condensatioomplex; for example, STAG3 (SA3)-associated Rec8 is
proceeds in prophase. Concomitantlyy, much of cohesireleased from chromosome arms at the onset of anaphase |,
dissociates from the arm regions, although a small amount efhile SAX (unidentified SA isoform)-associated Rec8 on
cohesin persists predominantly in centromere regions untidentromeres is maintained until the onset of anaphase IlI.
metaphase (Losada et al., 1998; Waizenegger et al., 2000). TBenversely, centromeric Rec8 may be protected from
dissociation of cohesin from chromosomes in prophase Wissociation by (an) unidentified molecule(s) such as Mei-S332,
independent of proteolytic cleavage, although the remainingrhich has been found on centromeres of meiotic chromosomes
cohesin at centromeres is finally destroyed by proteolytin Drosophila (Kerrebrock et al., 1995). These hypotheses are
cleavage of the subunit SCC1/Rad21l by separin at thmerely speculative in vertebrates and remain to be clarified.
metaphase-to-anaphase transition (Sumara et al.,, 2000;In conclusion, we propose that Rec8 is an essential meiosis-
Waizenegger et al., 2000). Instead, the dissociation of cohes$pecific cohesin and that its role in chromosome cohesion
from chromosome arms in prophase seems to be regulated thyring meiosis is conserved from yeasts to mammals even
phosphorylation of cohesin proteins by mitotic kinases, Cdkthough there may be several differences among species in its
kinase or polo-like kinase (Losada et al., 2000; Alexandru et alassociated partners in cohesin complexes and in the

]\fig. 8.Localization of meiotic cohesin complexes during
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mechanisms underlying its dissociation from chromosomesosada, A., Hirano, M. and Hirano, T. (1998). Identification of Xenopus
The possible roles of Rec8 in the behavior of meiotic SMC protein complexes required for sister chromatid cohe§ienes Dev.

i i 2, 1986-1997.
chromosomes are (1) maintenance of cohesion betwe r(;liada, A., Yokochi, T., Kobayashi, R. and Hirano, T(2000). Identification

hc_)mologous chromosome; until metgphase I by Its asso,c'at'onand characterization of SA/Scc3p subunits in Xenopus and human cohesin
with chromosome arms distal to chiamata; (2) separation of complexesJ. Cell Biol.150, 405-416.
homologous chromosomes in anaphase | by its selectiwdichaelis, C., Ciosk, R. and Nasmyth, K(1997). Cohesins: Chromosomal
dissociation from the chromosome arms; (3) maintenance ofPproteins that prevent premature separation of sister chron@&ti91, 35-
COheS.Ior.] betV\_/een sister Chromat_lds until mEtaphase ”_by ! lyazaki, W. Y. and Orr-Weaver, T. L. (1994). Sister-chromatid cohesion
association with centromere regions; and (4) separation Ofin mitosis and meiosisAnnu. Rev. Gene28, 167-187.
sister chromatids in anaphase Il by its final dissociation fronvoens, P. B. and Peariman, R. E(1991). Visualization of DNA sequences
the centromere regions. in meiotic chromosomes/ethods Cell Biol35, 101-108.
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