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The different regulation of sister chromatid cohesion at centromeres and along chromosome arms is
obvious during meiosis, because centromeric cohesion, but not arm cohesion, persists throughout
anaphase of the first division. A protein required to protect centromeric cohesin Rec8 from separase
cleavage has been identified and named shugoshin (or Sgo1) after shugoshin (‘guardian spirit’
in Japanese). It has become apparent that shugoshin shows marginal homology with Drosophila
Mei-S332 and several uncharacterized proteins in other eukaryotic organisms. Because Mei-S332 is
a protein previously shown to be required for centromeric cohesion in meiosis, it is now established
that shugoshin represents a conserved protein family defined as a centromeric protector of Rec8
cohesin complexes in meiosis. The regional difference of sister chromatid cohesion is also observed
during mitosis in vertebrates; the cohesion is much more robust at the centromere at metaphase,
where it antagonizes the pulling force of spindle microtubules that attach the kinetochores from
opposite poles. The human shugoshin homologue (hSgo1) is required to protect the centromeric
localization of the mitotic cohesin, Scc1, until metaphase. Bub1 plays a crucial role in the localization
of shugoshin to centromeres in both fission yeast and humans.
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1. INTRODUCTION
Sister chromatid cohesion is carried out by a multi-

subunit complex; cohesin comprises two structural

maintenance of chromosome (SMC) family proteins,

Smc1 and Smc3, and two accessory subunits, Scc1

(also called ‘Mcd1’ in Saccharomyces cerevisiae and

‘Rad21’ in Saccharomyces pombe) and Scc3 (Nasmyth
2001; Uhlmann 2003). Recent studies suggest that

Smc1–Smc3 heterodimers, using their long stretches

of coiled coil, topologically embrace DNA strands

(Haering & Nasmyth 2003). Scc1 interacts with the

two ends of the cohesin ring, thereby presumably

closing it. Cohesion is maintained until metaphase

when sister kinetochores attach to microtubules

emanating from the opposite spindle poles. The

cohesion at centromeres is especially important at

this stage because the establishment of bi-polar

spindle attachment depends on the tension generated

by the pulling force of spindle microtubules and the

counteracting force of centromeric cohesion of sister
chromatids. At the onset of anaphase, the anaphase

promoting complex (APC) dependent degradation of

securin (Pds1 in S. cerevisiae and Cut2 in S. pombe)
allows the activation of a specific endopeptidase,

separase (Esp1 in S. cerevisiae and Cut1 in

S. pombe), which in turn cleaves Scc1/Rad21

(Nasmyth 2001; Uhlmann 2003). Thereby, the
tribution of 17 to a Discussion Meeting Issue ‘Chromosome
ion’.
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cohesin complex is disrupted to release sister
chromatid cohesion, resulting in the separation of
sister chromatids (figure 1). Although these
principles of sister chromatid cohesion and its
regulation are presumably applicable to all chromo-
somes of all eukaryotic organisms, there are some
modifications depending on the regions of the
chromosome and on whether it is mitosis or meiosis.
2. THE MECHANISM BY WHICH COHESIN IS
LOCALIZED ALONG CHROMOSOMES
How is the localization of cohesin along chromosomes
regulated? Cohesin associates with chromosomes
before DNA replication by a process that depends
largely on the Scc2/Scc4 cohesin loading complexes
(Ciosk et al. 2000; Tomonaga et al. 2000). Initial
inspections of cohesin localization along chromosomes
in budding yeast suggested that cohesin is enriched
around centromeres and at several sites along the arm
regions, spaced roughly every 5–10 kbp (Blat &
Kleckner 1999; Tanaka et al. 1999). A precise inspec-
tion of cohesin localization performed recently in
budding yeast suggests that cohesin is initially loaded
onto Scc2/Scc4 binding sites, and may quickly slide to
more permanent sites usually located at transcription-
ally convergent regions (Glynn et al. 2004; Lengronne
et al. 2004). Crucially, the location of cohesin is
directed by the active transcription of the flanking
genes, but not by the DNA sequences. These and other
experiments have suggested that the transcription
q 2005 The Royal Society



Figure 1. Schematic drawing of mitotic chromosome
segregation and behaviour of cohesin Scc1/Rad21. At the
onset of anaphase, mitotic cohesin Scc1/Rad21 is cleaved
along the whole chromosome length by separase.

Figure 2. Schematic drawing of meiotic chromosome
segregation and behaviour of cohesin Rec8. At the onset of
anaphase I, meiotic cohesin Rec8 is cleaved only along the
chromosome arms, while centromeric Rec8 is protected by
Sgo1.
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apparatus pushes cohesin; consequently, cohesin

passes through tandem genes until it reaches a site of

convergence. It is suggested that this property of

cohesin may be important in preventing the obstruc-

tion of transcription, although this has not been shown

experimentally. Because the transcription convergence

sites are distributed randomly along the chromosome

length, sister chromatid cohesion is scattered evenly

over entire chromosomes. Thus, sister chromatid

cohesion along the chromosome arm may be more

flexible than previously thought. This feature of

cohesin localization seems well conserved between

budding yeast and fission yeast (Lengronne et al.
2004) and, therefore, could be applicable to other

eukaryotes. The dynamic behaviour of cohesin along

the chromosome appears to support the ring model

of cohesin, which predicts considerable mobility

when cohesin associates with chromatin (Haering &

Nasmyth 2003).

Cytological observations in vertebrates have indi-

cated that cohesion is strong in the vicinity of

centromeres and, as expected, cohesin is indeed

enriched in this region (Hauf et al. 2001). The

extensive location of cohesin at centromeres cannot

be explained simply by the conventional cohesin

loading model. The data obtained in budding yeast

suggest that the formation of functional kinetochores

actively enriches cohesin to the centromeres, although

the identity of the factor that recruits cohesin is still not

clear (Megee & Koshland 1999; Tanaka et al. 1999;
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Weber et al. 2004). In fission yeast, peri-centromeric

heterochromatin plays a crucial role in recruiting

cohesin to the centromeres, and the inactivation of
heterochromatin formation by genetic mutations

abolishes the centromere-directed location of cohesin

(Bernard, et al. 2001b; Nonaka et al. 2002). Indeed,
sister chromatid cohesion in heterochromatin-deficient

cells is regionally impaired at centromeres, with an

accompanying disturbance of faithful chromosome
segregation at mitosis (Bernard 2001b). The recruit-

ment of cohesin by heterochromatin is not specific to

centromeres, because cohesin is also enriched at the
silent mating type loci on the chromosome arms, where

the formed heterochromatin plays a crucial role in

inactivating transcription. The cohesin subunit Psc3
(the Scc3 homologue in S. pombe) interacts in a two-

hybrid assay with Swi6, an S. pombe homologue of the

heterochromatin protein HP1, suggesting a direct role
for heterochromatin in recruiting cohesin complexes

(Nonaka et al. 2002). These findings may explain why

heterochromatin is formed around centromeres in
almost all cell species, and stress the importance of

centromeric cohesion in eukaryotic chromosome seg-

regation. Indeed, a recent report asserted that hetero-
chromatin formation at centromeres plays a crucial role
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Figure 3. Shugoshin constitutes a conserved protein family in eukaryotic organisms.

Figure 4. Human Sgo1 protect centromeric Scc1/Rad21 from prophase dissociation in M-phase. In contrast, human Sgo2 is
dispensable for centromeric protection but required for the metaphase congression of chromosomes.
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in concentrating cohesin and robust cohesion at
centromeres in animal cells (Fukagawa et al. 2004).
3. THE CONSERVED PROTEIN SHUGOSHIN
PROTECTSCENTROMERICCOHESIN INMEIOSIS I
Meiosis consists of two rounds of chromosome
segregation following a single round of DNA replica-
tion, leading to the formation of four haploid gametes
from a diploid germ cell. During the first meiotic
division (meiosis I), homologous chromosomes (homo-
logues) pair to recombine, forming chiasmata in which
one sister chromatid from one homologue is covalently
attached to a sister chromatid from the other homo-
logue. Hence, in order for homologues to segregate at
meiosis I, sister chromatid cohesion must be released
along the chromosome arms to resolve chiasmata.
However, sister chromatid cohesion is retained at the
centromeres until meiosis II, when sister chromatids
segregate as they do in mitosis, using the residual
centromeric cohesion (figure 2). Thus, meiotic
Phil. Trans. R. Soc. B (2005)
divisions require sister chromatid cohesion to be

released in two steps. However, the molecular basis

for the protection of centromeric cohesion only during

meiosis I and only at the centromeres has long

remained a mystery. The heterochromatin-dependent

cohesin enrichment at centromeres contributes to this

centromere-specific protection of cohesin at meiosis

I, because fission yeast heterochromatin mutants lose

the peri-centromere-associated cohesin as well

as persisting centromeric cohesion in meiosis

(Kitajima et al. 2003). However, this does not explain

meiosis I-specific protection because heterochromatin

is present throughout meiosis.

The replacement of the mitotic cohesin,

Rad21/Scc1, with the meiotic version, Rec8, is a

prerequisite for protecting centromeric sister cohesion

through anaphase of meiosis I (Watanabe & Nurse

1999; Toth et al. 2000; Yokobayashi et al. 2003).

When Rec8 is expressed ectopically during mitosis,

however, Rec8 localization at centromeres disappears
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at anaphase, with sister chromatids segregating to the
opposite sides. These observations suggest a meiosis
I-specific centromeric protector of Rec8. Drosophila
MEI-S332, a protein that resides at centromeres and
is required for the persistence of centromeric cohe-
sion during meiosis I, has features of a candidate
protector (Lee & Orr-Weaver 2001). However, the
failure to find counterparts in other organisms
prevents it being a favourite for the role. To identify
a Rec8 protector in fission yeast, we searched a
cDNA library prepared from the mRNA of meiotic
cells to obtain a gene that yields toxicity during
mitotic growth only when co-expressed with Rec8.
This screening identified a novel gene encoding a
meiosis-specific protein named Sgo1, or ‘shugoshin’
(Japanese for ‘guardian spirit’; Kitajima et al. 2004).
Independent ‘knock-out’ screenings in fission yeast
and budding yeast also revealed the sgo1/SGO1 gene
(Marston et al. 2004; Rabitsch et al. 2004). Fission
yeast Sgo1 localizes at the pericentromeric hetero-
chromatin region, the site at which Rec8 was
predicted to play a role in centromeric protection
during meiosis I (Kitajima et al. 2003). Sgo1
disappeared from centromeres during anaphase I
and does not reappear during meiosis II. In the
absence of Sgo1, sister chromatids co-segregate to the
same pole at meiosis I, suggesting that mono-polar
attachment is intact. However, they start to separate
precociously during anaphase I. Consequently,
because the residual centromeric cohesion is required
for bi-polar attachment at metaphase II, the sister
chromatids segregate randomly at meiosis II. Thus we
conclude that Sgo1 plays a crucial role in protecting
centromeric Rec8 from degradation during meiosis I
(figure 2). Budding yeast Sgo1 also plays an essential
role in protecting centromeric Rec8 at meiosis I
(Kitajima et al. 2003; Katis et al. 2004; Marston et al.
2004). Remarkably, it turns out that shugoshin shares
a hitherto unperceived similarity to MEI-S332, and
constitutes a conserved protein family in eukaryotes
(Kitajima et al. 2004; Rabitsch et al. 2004; figure 3).

Curiously, fission yeast possess a paralogue of Sgo1,
called Sgo2. Although Sgo1 is expressed only around
meiosis I, Sgo2 is ubiquitously expressed throughout
mitosis and meiosis. The deletion of Sgo2 is not lethal,
but results in a modest defect in the fidelity of
chromosome segregation in mitosis, as well as homo-
logue segregation in meiosis I (Kitajima et al. 2004;
Rabitsch et al. 2004). Sgo2, like Sgo1, localizes at the
pericentromeric region at metaphase; however, it is
totally dispensable for the centromeric protection
of Rec8 during meiosis I. Similarly, Sgo2 is not
required for protecting Rad21/Scc1 at centromeres,
because the amount of Rad21/Scc1 at centromeres
does not change by Sgo2 depletion. A conserved
checkpoint kinase, Bub1, also plays a crucial role
in centromeric cohesin in meiosis in fission yeast
(Bernard, 2001a). Bub1 apparently regulates shu-
goshin localization to kinetochores, as the centromeric
localization of either Sgo1 or Sgo2 is apparently
abolished in bub1 mutants (Kitajima et al. 2004).
The precise mechanism for the regulation of shugoshin
localization by Bub1 remains unsolved.
Phil. Trans. R. Soc. B (2005)
4. SISTER CHROMATIDS ARE RESOLVED PRIOR
TO ANAPHASE IN VERTEBRATE MITOSIS
During mitosis in vertebrate cells, chromosomes are
compacted along the longitudinal axis, mainly depend-
ing on a protein complex, condensin (Hirano 2002).
This step probably coordinates with the resolution of
sister chromatids, otherwise they would become heavily
tangled at anaphase. Evidence in vertebrates indicates
that during prophase, most, but not all, cohesin
complexes dissociate from the chromosomes while
condensin enters the chromosomes (Losada & Hirano
2001). Cytological observations indicate that sister
chromatid cohesion is partly resolved by metaphase
along the chromosome arm regions but not at the
centromeres, and prolonged arrest at this stage brought
about by the addition of a microtubule destabilizing
drug, nocodazole, leads to the complete separation of
chromosome arms, forming X-shaped chromosomes.
The expression of a non-cleavable Scc1 in HeLa cells
demonstrated that the cleavage of Scc1 is not required
for its dissociation at prophase, but is crucial for the
separation of sister chromatids at the onset of anaphase
(Hauf et al. 2001). The dissociation of cohesin at
prophase, which is largely dependent on the activities of
two mitotic kinases, Aurora B and polo-like kinase
(Plx1), happens at the same time with the association of
condensin to chromosomes, which is involved in the
process of compaction of metaphase chromosomes
(Losada et al. 2002; Sumara et al. 2002; figure 4).
However, the simultaneous inactivation of Aurora B
and Plx1 inhibits the release of cohesin at prophase,
but not the compaction of chromosomes. Remarkably,
on compacted chromosomes fully associated with
cohesin, sister chromatid resolution at metaphase
turns out to be compromised (Losada et al. 2002).
Thus, in order for sister chromatid resolution at mitosis
to occur, much of the cohesin must be released long
before the onset of anaphase, the time when the
residual cohesin is finally disrupted by separase
cleavage. The arm-specific dissociation of cohesin in
pro- and prometaphase suggests that the protection of
centromeric cohesin could be applicable to mitosis in
animal cells. However, the identities of the molecules
that protect cohesin in the vicinity of centromeres in
vertebrate mitotic cells have remained elusive.
5. TWO PUTATIVE HUMAN SHUGOSHIN
HOMOLOGUES ARE EXPRESSED DURING
MITOSIS
We identified two putative human Sgo proteins,
Q9BVA8 (Sgo1) and Q8IZK1 or Tripin (Sgo2), in
the database, although their overall sequence homology
to known Sgo proteins in other species is marginal
(Kitajima et al. 2004; figure 3). To examine whether
these proteins are indeed Sgo homologues in humans,
we first examine the localization of these proteins. For
this, we raised rabbit polyclonal antibodies against
recombinant proteins produced in bacteria. Western
blotting in HeLa cell extracts indicated that both Sgo1
and Sgo2 are expressed at least in proliferating HeLa
cells (our unpublished data).
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To examine whether these proteins are indeed
human Sgo homologues, we examined the intracellular
localization of human Sgo1 and Sgo2 by immunostain-
ing HeLa cells. We found that both Sgo1 and Sgo2
show very similar localizations during the mitotic cell
cycle. Neither was detected in interphase cells;
however, strong punctate signals appeared throughout
prophase until metaphase. These signals dramatically
decreased at the onset of anaphase, and almost
completely disappeared by telophase. Counterstaining
for CENP-A, a variant of histone H3 known to localize
at kinetochores, revealed that the Sgo1 and Sgo2
signals localized closely with CENP-A in prometa-
phase. In prometaphase and metaphase, when the
sister kinetochores are pulled outwards by spindle
microtubules that stretch the centromeric regions, the
locations of Sgo1 were virtually identical to those of
Aurora B (an inner centromere protein), whereas Sgo2
localizes just outside the region of Aurora B staining
(our unpublished data). Thus, two human Sgo-related
proteins localize mainly to the inner centromere
throughout prometaphase until metaphase. As
S. pombe Sgo1 and Sgo2 localize at pericentromeric
heterochromatin regions, which correspond structu-
rally to the mammalian inner centromere, these results
thus suggest that human Sgo1 and Sgo2 are indeed Sgo
homologues.
6. Sgo1 IS REQUIRED FOR CENTROMERIC
PROTECTION IN VERTEBRATE MITOSIS
An attractive possibility is that human Sgo proteins are
required to protect centromeric cohesion during
prophase until metaphase, when most cohesin dis-
sociates from chromosomes. To examine this idea, we
knocked down the Sgo protein by RNAi in mitotic
HeLa cells and spread the chromosomes to observe the
chromosome structure directly. In normal cells, cohe-
sion is tightly preserved in the centromeric region at
mitosis, showing a specific structure called ‘primary
constriction’. Strikingly, in Sgo1-repressed cells,
chromosomes are often resolved along the whole
chromosome length with the loss of the primary
constriction, although most sister chromatids remained
in close proximity. Thus, Sgo1 is apparently respon-
sible for preserving centromeric cohesion, consistent
with the recent report by Salic et al. (2004) (figure 4).
Moreover, the population of cells with unaligned
chromosomes increased in the Sgo1-depleted cells,
the phenotype of which was completely suppressed by
the repression of BubR1 or Mad2 (our unpublished
data). These observations suggest a scenario in which
the failure of persisting cohesion at the centromeres
caused by Sgo1-repression provokes a spindle check-
point, resulting in the accumulation of the prometa-
phase population. Importantly, we found that
cohesin Scc1 is displaced from centromeres during
prometaphase in the Sgo1-repressed cells whereas Scc1
persists at centromeres in normal cells. These results
suggest that the main role of Sgo1 in mitosis is to
protect centromeric cohesin from prophase dis-
sociation. It has been reported that Scc1-defective
cells show chromosomemisalignment probably the loss
Phil. Trans. R. Soc. B (2005)
of tension at the kinetochores has destabilized kine-
tochore attachment (Sonoda et al. 2001; Hoque &
Ishikawa 2002). It is therefore reasonable to think that
a loss of sister chromatid cohesion is the primary cause
of the aberrant chromosome congression observed in
Sgo1-repressed cells.

In parallel experiments, we repressed Sgo2 by RNAi
and found that Sgo2-repressed cells also showed a
delay in prometaphase, but to a lesser extent compared
with Sgo1-repressed cells. In the prometaphase cells,
several chromosomes were frequently associated with
either spindle pole, whereas the majority of chromo-
somes aligned at the metaphase plate, a typical
phenotype observed when kinetochore microtubule
attachment is perturbed (Putkey et al. 2002). In
contrast to Sgo1-repressed cells, however, cohesion as
well as Scc1 localization at the centromeres was largely
intact in the Sgo2-repressed cells (our unpublished
data). These results suggest that Sgo2 plays a crucial
role in establishing proper kinetochore microtubule
attachment, which is different from protecting cohesin
or cohesion at centromeres (figure 4).
7. CONCLUDING REMARKS
The centromere is a crucial part of the chromosome
where the kinetochore is assembled, and an essential
apparatus for chromosome segregation during mitosis
and meiosis. The centromere or kinetochore can be
structurally strengthened by the assistance of hetero-
chromatin-dependent chromatin compaction. Hetero-
chromatin plays another role at centromeres in
strengthening cohesion by recruiting cohesin to this
region. Centromeric cohesion is also strengthened or
protected by shugoshin, a conserved kinetochore
protein. The role of shugoshin is essential for preser-
ving cohesin at centromeres throughout meiosis I, at
least in fission and budding yeast, and Drosophila (and
presumably in most eukaryotes). Studies in vertebrate
cells have revealed that shugoshin also protects mitotic
cohesin at centromeres from dissociating in pro- and
prometaphase. It is possible to speculate that shugoshin
plays a primary role in strengthening centromeric
cohesion together with cohesin even before eukaryotic
cells obtained a meiotic system, and that during the
course of the establishment of meiosis, shugoshin
might have co-developed to protect centromeric cohe-
sion more thoroughly. Remarkably, both fission yeast
and vertebrate Sgo2 have no protective role for cohesin,
different from Sgo1, which may represent another
conserved role of shugoshin. From the data in HeLa
cells, we propose that Sgo2 plays a role in regulating the
attachment of the kinetochore to microtubules, thereby
ensuring proper congression of chromosomes
(figure 4). Further studies are required to address this
point more precisely.
NOTE ADDED IN PROOF
Our data on human Sgo1 is now published (Kitajima
et al. 2005).
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Discussion

T. Hyman (Max Planck Institute, Dresden, Germany).
It looks like the localization of Sgo1 is a little different
from that reported from Mitchison’s lab.

Y. Watanabe. Our data is identical to that just
reported by Jan-Michael Peters. We do not know the
real reason but this may originate from the fact that
Mitchison’s lab used a tagged Sgo1 protein instead of
the endogenous one for determining localization.

M. Yanagida (Kyoto University, Kyoto, Japan). Is your
interpretation that Bub1 restricts localization of Sgo1
at kinetochores? If so, Sgo1 has broad binding
specificity to the whole chromosome? Or any other
interpretation?

Y. Watanabe. Yes, we think that Bub1 has a role to
restrict the Sgo1 localization to centromeres. It is
Phil. Trans. R. Soc. B (2005)
possible that a single modification or interaction will

change the specificity of affinity of Bub1 from whole

chromosome region to centromeres.

T. Hirano (Cold Spring Harbor Laboratory, New York,
USA). Does the distribution of Aurora B alter by Bub1

depletion?

Y. Watanabe. We are currently studying that

possibility.
GLOSSARY
APC: anaphase promoting complex

Sgo: shugoshin

SMC: structural maintenance of chromosome
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