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Abstract Cells have evolved to develop molecules and
control mechanisms that guarantee correct chromosome
segregation and ensure the proper distribution of genetic
material to daughter cells. In this sense, the establishment,
maintenance, and removal of sister chromatid cohesion is
one of the most fascinating and dangerous processes in the
life of a cell because errors in the control of these processes
frequently lead to cell death or aneuploidy. The main
protagonist in this mechanism is a four-protein complex
denominated the cohesin complex. In the last 10 years, we
have improved our understanding of the key players in the
regulation of sister chromatid cohesion during cell division
in mitosis and meiosis. The last 2 years have seen an
increase in evidence showing that cohesins have important
functions in non-dividing cells, revealing new, unexplored
roles for these proteins in the control of gene expression,

development, and other essential cell functions in
mammals.
Keywords Centrosomes - Chromosome segregation -

Cohesin - Cohesinopathies - Gene expression control -
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Introduction

During cell division, the pair of recently synthesized DNA
molecules, now called sister chromatids, remain in close
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proximity until the precise moment at which they must be
segregated during the metaphase/anaphase transition. Sister
chromatid cohesion is mediated by a multiprotein cohesin
complex, which was first characterized in Saccharomyces
and Xenopus [1-3]. This complex is essentially composed
of four evolutionarily conserved core subunits: two that
belong to the structural maintenance of chromosomes
(SMC1 and SMC3) family of proteins, one kleisin o
(from the Greek word for closure) subunit SCC1/RAD21,
and stromalin SCC3/SA/STAG (Fig. 1). Vertebrates have
two mitotic SCC3/SA/STAG members, SA1/STAG1 and
SA2/STAG?2 [4], which do not coexist and are present in
different cohesin complexes in Xenopus and human [5, 6].
Based on the structural characteristics of SMC and elec-
tronic microscopy results, it has been proposed that these
complexes form a ring-like structure (Fig. 1) and mediate
cohesion by embracing chromatin fibers from the two sister
chromatids [7, 8].

During mitotic cell cycles in Saccharomyces cerevisiae,
cohesin complexes are loaded near the G1-to-S phase, but
in most organisms studied, cohesins bind to chromatin in
telophase [9]. Cohesin complex loading to chromatin
depends on the Scc2/Scc4 adherin complex [10, 11], while
the establishment and maintenance of cohesion depend on
the function of an ever-increasing number of proteins.
Ecol/Ctf7p acetyltransferase [12-15], Ctf4, a protein
associated with DNA polymerase, and the clamp-loader
RFC complex proteins Ctf8 and Ctf18 are reported to be
necessary for the establishment of correct cohesion
[16, 17]. Another four cohesion-regulator proteins, PDS5
[6, 18, 19], WAPL [20, 21], sororin [22], and haspin [23],
are involved in the control of the association/dissociation
of cohesin complexes to chromatin (Figs. 2, 3).

In addition to their canonical role as ‘“chromosome
glue” during cell division, cohesins are involved in
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Fig. 1 Cohesin subunits and ring-like structure proposed for the
cohesin complex. Structural maintenance of chromosomes SMC1 and
SMC3 form a heterodimer, interacting through their hinge regions.
The SMC1 and SMC3 head domains, which contain the ATPase
motifs of these proteins, interact with the C- and N-termini of the
SCCI1/RAD21 Kkleisin subunit, respectively, closing the ring. The
SCC3/SA/STAG subunit interacts with SCC1/RAD21, contributing to
maintenance of the ring structure

additional cellular mechanisms, including centromeric
heterochromatin formation, post-replicative double-strand
break repair, and gene expression in interphase. A number
of recent studies report cohesin expression and function in

Fig. 2 Representation of some
factors that contribute to A
cohesion regulation. a Adherins
Scc2/Sce4, also denoted
NippedB/Mau-2, form the
cohesin loading complex.

b The replication fork-
associated Ecol/ESCO2
acetyltransferase is required to
establish cohesion. ¢ Precocious
dissociation of sister (PDSS5) B
and sororin are the best-
characterized factors implicated
in the maintenance of sister
chromatid cohesion
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post-mitotic cells as well as the involvement of cohesin and
cohesin-interacting protein gene mutations in human
pathologies. These findings are changing our concept of the
cohesin complexes, indicating that the name “cohesin” is
probably a partial reflection of the many functions of these
proteins in the cell.

This review illustrates the general features of the
cohesins involved in the regulation of sister chromatid
cohesion in chromosome arms, centromeres, and telomeres
during mitosis and meiosis and focuses essentially on the
role of cohesins in functions other than chromosome
segregation.

Cohesins and chromosome cohesion
Sister chromatid arm cohesion

In mitosis in the budding yeast S. cerevisiae, cohesins are
loaded into the chromatin near the G1-to-S phase, probably
joining with the replication process [9], and the cohesion of
both arms and the centromere is lost during the metaphase/
anaphase transition. The action of a specific protease called
separin/separase is needed to remove cohesin complexes
from chromatin; this protease cleaves specific residue
bonds of the cohesin complex Sccl subunit and promotes
the dissociation of cohesin complexes from DNA [24].
Until it is activated, separase remains inactive by binding
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Fig. 3 Chromosome segregation in fly and vertebrate mitosis. In
prophase chromosomes, the cohesin complexes are located along the
middle region of the arms and at the inner centromere domain. During
the prophase/metaphase transition, the kinases Aurora-B and/or Polo-
like kinase 1 (PLK1) phosphorylate the SA2 subunit of most cohesin
complexes at the arms and promote their removal from chromosomes.
Wing apart-like (WAPL) is a regulator of sister chromatid resolution
in the mitotic prophase. Centromere cohesins are protected from

to its specific inhibitor securin [25-28]. In metazoa, how-
ever, dissociation of the cohesin complexes from chromatin
takes place in two distinct processes (Fig. 3). Most cohesin
complexes are removed from chromosome arms during
prophase by a separase-independent pathway [29], in a
step triggered by phosphorylation of the SA2/STAG2
subunit by Aurora B and Polo-like kinases [30]. Cohesin
complexes subsequently remain at the centromeres, main-
taining centromeric cohesion until the chromosomes are
correctly bioriented and the spindle assembly checkpoint is
satisfied in metaphase. Securin is ubiquitinized, mediated
by activation of the anaphase-promoting complex/cyclo-
some (APC/C). It is then released from the securin/separase
complex, allowing the activation of separase, which
cleaves the RAD21 subunit from centromeric cohesin
complexes and triggers the onset of anaphase [31]. This is
the common mechanism; in cells lacking separase or
expressing a non-cleavable SCCI1 subunit, cohesin com-
plexes from arms do not dissociate completely during
nocodazole arrest, suggesting that the complete removal of
arm cohesion depends on separase [32]. Cohesin cofactor
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phosphorylation by phosphatase PP2A, which is recruited to the
centromere by shugoshin. Once all chromosomes are bi-oriented at
the metaphase plate in the metaphase/anaphase transition, shugoshin
and PP2A are delocalized from the centromeres. At this time, the
APC/CDC20 complex ubiquitinizes the separase inhibitor securin,
which is dissociated from separase, allowing cleavage of the few
remaining cohesin complexes at the arms and centromere cohesins

WAPL is the product of the previously identified
Drosophila wings apart-like (WAPL) gene involved in
heterochromatin organization [33]. Two recent reports
have shown that human WAPL regulates the resolution of
sister chromatid cohesion and promotes cohesin complex
dissociation by direct interaction with the RAD21 and
SA/STAG cohesin subunits [20, 21].

Meiosis is the specific division process in germ cells by
which diploid cells yield haploid gametes through a single
round of DNA replication and two successive steps of
chromosome segregation. During meiosis I in most
organisms studied to date, the sister chromatid arm cohe-
sion is removed by a separase-dependent mechanism
throughout the metaphase I/anaphase I transition [9]. In the
budding yeast S. cerevisiae, the meiotic cohesin complex
contains Smcl, Smc3, Scc3, and Rec8 instead of Rad21. In
fission yeast there is a second Scc3 paralogue, termed
Recl1, and different cohesin complexes are described in
S. pombe meiosis [34]. In mammals, the meiotic-specific
paralogues of SMC1, SCC1/RAD21, and SA/STAG1/2 are
thus SMCI1p [35], REC8 [36, 37], and STAG3 [38],
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respectively. Cytological and biochemical analyses have
revealed the contribution of different cohesin complexes to
synaptonemal complex (SC) formation and meiosis I arm
cohesion during mammalian meiosis. Current knowledge
of the diverse cohesin complexes and their contribution to
chromosome segregation during mammalian meiosis has
been extensively reviewed by Suja and Barbero [39].

Sister chromatid cohesion at centromeres

This cohesion is needed to prevent premature chromatid
separation before all chromosomes are correctly bi-ori-
ented into the metaphase plate during mitosis and for
correct transit through meiosis I and homologue segrega-
tion in meiosis. Phosphorylation by Polo-like and Aurora B
kinases also participates in the removal of centromeric
cohesins, but unlike arm cohesion, this is a separase-
dependent mechanism in all organisms studied to date [9].
Phosphorylation of centromeric cohesin by Polo-like and
Aurora B kinases enhances separase cleavage of these
complexes [40, 41] (Fig. 4).

An important question is “What is the mechanism
protecting centromere cohesin during the loss of arm
cohesion in mitosis prometaphase and meiosis 1”? Some
years ago, Kitajima et al. [42] identified a protein family
involved in the protection of centromeric cohesion in
fission yeast, which they denoted shugoshins (from the
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Fig. 4 Chromosome segregation in meiosis. In metaphase I bivalents,
cohesin complexes are located at the interchromatid domain along the
arms and at the inner centromere domain below the closely associated
sister kinetochores. At the onset of anaphase I, only the cohesin
complexes at the arms are cleaved by separase to allow segregation of
recombined homologues to opposite poles. Centromere cohesins are
protected by SGO/PP2A. In metaphase II chromosomes, sister
kinetochores attach to microtubules from opposite poles, and cohesin

Japanese “guardian of the spirit”). A single shugoshin
(Sgol) is found in the budding yeast S. cerevisiae, but two
(Sgol and Sgo2) have been characterized in fission yeast
and mammals; Sgol is essential in yeast meiosis, whereas
Sgo2 has a major involvement in mitosis. In contrast,
SGOL2, the mammalian orthologue of yeast Sgo2, is
essential for the meiotic cell cycle but not for mitosis in
vivo [43]. Shugoshin recruits and forms a complex with
phosphatase PP2A at the centromeres in mitosis, sug-
gesting that blockade of the centromeric cohesin
phosphorylation by specialized kinases is the mechanism
by which these proteins avoid premature loss of centro-
mere cohesion [44, 45] (Fig. 3). Recent results from
mammalian studies suggest that shugoshins are also
components of the tension-sensing machinery during
mitosis [46] and meiosis II [47-49].

During the metaphasel/anaphasel transition in mam-
malian meiosis, shugoshin (essentially SGOL2) protects
centromeric cohesins from separase by targeting phospha-
tase PP2A at the centromeres, suggesting a putative
blockade of kinase action on cohesins. During metaphase
II, SGOL2 relocalizes in a tension-dependent manner in
mouse spermatocytes [47] and oocytes [49]. This reloca-
tion could cause PP2A to delocalize from centromeres,
allowing the action of activated separase and removal of
centromere cohesion and sister chromatid segregation
(Fig. 4).
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complexes are found at the inner centromere domain. In late
prometaphase II chromosomes in mammals, the interaction of
microtubules from opposite poles with sister kinetochores generates
tension across the centromere and triggers the redistribution of SGO2
and probably PP2A delocalization from centromeres. During the
metaphase II/anaphase II transition, separase is now able to cleave
remaining centromeric cohesin complexes to trigger chromatid
segregation. The chromosomes depicted are telocentric
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Two new cohesion-regulator molecules, sororin and
haspin have been implicated in centromere cohesion.
Sororin was first identified in a screen for substrates of the
anaphase promoting complex (APC) in vertebrates, and no
homologues have been described in others organisms [22].
Different results in somatic cells suggest that sororin
interacts with the cohesin complex and that it is essential
for the maintenance of sister chromatid cohesion. Sororin is
ubiquitinized and degraded after sister chromatid cohesion
is dissolved [22, 50]. Studies on sororin-depleted and
shugoshin-depleted cells indicate that sororin and shugo-
shin may act in concert in the protection of centromeric
cohesion [51]. More recently, sororin has been found to be
needed for the efficient repair of DNA double-strand breaks
in G2 and for maintaining the stably chromatin-bound
cohesin in G2, suggesting a crucial cohesin regulator role
for this protein [52]. Haspin/Gsg2 is a histone H3 threo-
nine-3 kinase that colocalizes with the cohesin complex at
inner centromeres during vertebrate mitosis. The depletion
of haspin in human cells results in premature separation of
sister chromatids, and its overexpression rescues the phe-
notype of SGO1 deficiency, suggesting a role for haspin in
the maintenance of centromeric cohesion prior to anaphase
[23]. These findings reveal that these two proteins have
important functions in the control of sister chromatid
cohesion, but the precise molecular mechanisms by which
sororin and haspin regulate the cohesin association to
chromatin remain to be elucidated.

Sister chromatid cohesion in telomeres

Studies in yeast have provided evidence that cohesins are
also responsible for sister chromatid telomere cohesion [53,
54]. An initial study in HeLa cells showed that depletion of
tankyrase-I, a telomeric poly (ADP-ribose) polymerase
involved in TRF1 location, yields mitotic cells with sister
chromatid separated at the arms and centromeres but still
associated at the telomeres [55]. This result indicates that,
in human cells, telomeres have specific requirements for
separation and suggests a unique tankyrase-I dependent
mechanism for their resolution in mitosis. One year later,
however, Chang et al. [56], using RNAi, showed that
tankyrase-I depletion activates the spindle check point,
resulting in pre-anaphase arrest with intact sister chromatid
cohesion, thereby bringing the role of tankyrase-I in telo-
mere cohesion into question.

More recently, Canudas et al. [57], in a study to clarify
this discrepancy, identified the SA1/STAGI1 subunit
of cohesin complex as the protein that binds to TRF1
(a tankyrase-I substrate) and TIN2 (a TRFI-binding
partner). Depletion of cohesin SAI/STAGI or of the telo-
meric proteins TRF1 and TIN2 restores normal separation
of sister chromatid telomeres in tankyrase-I depleted cells,

providing additional evidence of a role for tankyrase-I in
telomere cohesion. These data suggest that tankyrase-I
could be involved in different pathways and that telomere
cohesion may be regulated in mitotic human cells by both
cohesins and components of telomere chromatin.

SA2/STAG2-containing complexes do not associate
with TRF1 in HeLa cells [57]. The ratio of SA1 to SA2
complexes is variable, depending on cell type [5], but there
is currently no reasonable explanation for the presence of
two different Scc3 orthologues (SA1 and SA2) in verte-
brate cells. Results showing telomeric cohesion involving
SA1 but not SA2 are possibly the first functional difference
reported for the two kinds of vertebrate mitotic cohesin
complexes.

There are also differing results on the involvement of
cohesin function in telomere dynamics during meiosis. The
absence of cohesin subunit Rec8 induces the persistence of
telomere clustering in yeast meiosis [58], and mice lacking
the specific meiotic cohesin SMC1pf show defective telo-
mere/nuclear envelope attachment [59]. For a recent
review of further aspects of telomere dynamics in meiosis,
see Scherthan [60].

Cohesins and regulation of gene expression
Cohesins and human developmental disorders

Although most studies of cohesins have focused on chro-
mosome cohesion during cell division, there is evidence
that cohesins participate in other important cell processes,
such as DNA damage repair [61] and heterochromatin
formation [62]. Nonetheless, one of the most surprising
findings has been the discovery of a link between cohesin
mutations and human diseases. Two groups, Krantz et al.
[63] and Tonkin et al. [64], found that the NIPBL gene, the
homologue to Scc2 adherin gene involved in cohesin
loading to chromatin in yeast, is mutated in the human
Cornelia de Lange syndrome (CdLS; OMIM: 122470,
300590, 610759). This pathology is a multiple neuro-
developmental disorder characterized by facial dysmor-
phisms, mental retardation, growth delay, and upper limb
abnormalities. Subsequent studies of several cases of this
syndrome showed that mutations in SMCla [65, 66] and
SMC3 [66] cause a mild variant of CdLS.

Roberts syndrome/SC phocomelia (RBS; OMIM:
268300) is an autosomal recessive disorder related phe-
notypically to CdLS; patients present craniofacial
abnormalities, growth retardation, and limb reduction.
Cells from RBS patients show a lack of cohesion at the
heterochromatic regions around the centromeres and at the
Y chromosome long arm [67]. Vega et al. [68] reported that
RBS is caused by mutations in ESCO2, the homologue to
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yeast Ecolp, which encodes a protein required for the
establishment of cohesion between sister chromatids during
S phase (Fig. 2). Analyses of different mutations in RBS
patients point to the loss of ESCO2 acetyltransferase
activity as a molecular mechanism involved in RBS
pathology [69].

Mice that lack PDS5B die shortly after birth and have
multiple developmental anomalies that resemble those
found in humans with CdLS [70]. PDS5A and PDS5B are
large HEAT-repeat proteins that associate with chromatin
in a cohesin-dependent manner in both human cells and
Xenopus egg extracts [71]. They are not required for
cohesin association to chromosomes, but they are needed to
maintain cohesion (Fig. 2). The study of chromosomes
from PdsSB~'~ mouse cells showed no defects in sister
chromatid cohesion, indicating a PDS5B function beyond
chromosome segregation [70]. Two excellent reviews by
McNairn and Gerton [72] and Liu and Krantz [73],
respectively, provide extensive information on the rela-
tionships between cohesins and human disease.

Cohesins and insulators

The phenotypes and molecular causes of these diseases and
the expression of cohesins in post-mitotic cells suggest
novel activities for cohesins that are distinct from that of
chromatin glue. The first results linking cohesin and the
control of gene expression came from research in yeast,
flies, and mammalian cells. Mutational analysis in S. ce-
revisiae implicated Smc proteins in boundary element
function [74, 75]. In Drosophila nipped-B, an orthologue
of the yeast Scc2 protein facilitates long-range activation of
the cut gene [76], and in human cells, SA2/STAG?2 may be
able to act as a transcriptional co-activator [77]. Although
the results of these studies indicate that cohesins are also
implicated in gene expression regulation and development,
the mechanism(s) by which they carry out these functions
remain unknown. Several groups have recently studied
cohesin localization in mammalian chromosomes and
found that numerous cohesin-binding sites overlap the
CCCTC-binding factor (CTCF), an insulator protein that
participates in blocking enhancer—promoter interactions
[78-80]. The studies also demonstrate that cohesins are
required for the CTCF insulation function and for control
of HI9/IGF2 locus imprinting in G2 and G1 phases in
mice. Because there is no sister chromatid cohesion in the
Gl phase, the function of cohesins in the control of
H19/IGF?2 transcription is independent of their role in sister
chromatid cohesion.

Using a quantitative proteomic approach to identify
cofactors recruited by CTCF, Rubio et al. [81] found that
Scc3/SA1/STAGI associates preferentially with DNA
containing the CTCF target sequence of the c-myc insulator

element. Their results suggest an interaction between co-
hesin and CTCF and that this interaction occurs via the
Scc3/SA1 subunit, as the other cohesin subunits RAD21,
SMC1, and SMC3 showed no significant enrichment in
proteomic analysis. This is an interesting observation since
the Scc3/SA/STAG subunit had remained up to this time a
relative mystery within the structure/activity of the cohesin
complex. SMC1/SMC3 heterodimers are the ring-forming
subunits with ATPase activity, SMC3 is an Ecol acety-
lase substrate, and acetylation of SMC3 is required for
sister chromatid cohesion in S phase [82-84]. Kleisin
Sccl/Rad21 clearly contributes to the maintenance of
the ring, as the N- and C-terminal domains of this subunit
interact with head SMC3 and SMC1 domains, respectively
[85], and is the principal cleavage substrate for separase
[31]. The Scc3/SA/STAG subunit emerges with important
roles in several cohesin functions: as the substrate of Polo-
like kinase to remove cohesin from the arms during mitosis
[30], as a co-activator of transcription based on the lucif-
erase-reporter assay in transfected cells [77], interaction
with the CTCF in the insulation effect [81], and as being
essential for axon pruning in neuron morphogenesis [86].

Cohesins and neuron development

Initial results linking sister chromatid cohesion and neu-
ronal morphogenesis were reported by Takagi et al. [87]
and Seitan et al. [88], who demonstrated that the Caeno-
rhabditis elegans Scc4, which is the homologue of Mau-2
[11], the partner of Scc2 in the cohesin-loading complex, is
implicated in neuron migration. Two groups have provided
evidence that the cohesin complex subunits are needed for
morphogenesis of non-dividing neurons in Drosophila. In a
genetic screening using a modified piggyBac vector for
insertional mutagenesis, Schuldiner et al. [86] identified the
two cohesin subunits, SMC1 and SA/STAG, as essential
for axon pruning. Similar conclusions were reached in a
study by Pauli et al. [89], who generated flies expressing a
modified version of cohesin subunit RAD21, RAD21™EY, a
substrate of tobacco etch virus (TEV) protease. Through
tissue-specific expression of TEV protease and RAD21
cleavage, these researchers showed that axon pruning is
specifically blocked in mushroom body neurons. Seeking
the putative role of cohesins in these neuron effects,
Schuldiner et al. [86] analyzed the expression of the steroid
hormone receptor EcR, which encodes EcR-B1 protein, an
essential regulator of axon pruning in the mushroom body.
They observed that EcR-B1 expression is reduced in
SMCl1-depleted y-neurons and that the pruning defect is
reversed by EcR-B1 overexpression, suggesting that in this
case cohesins facilitate EcR transcription. This result is the
opposite of the effect previously described for cohesin
function in insulators, but it is not the only evidence of a
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positive regulation of gene transcription by cohesins. In
human cells, SA2/STAG2 co-activates a multimeric
NF-«B reporter construct and enhances the activity of the
p65/RelA transactivation domain [77]. Zebrafish embryos
lacking cohesin subunit RAD21 or SMC3 do not express
runx3 and lose runxl expression during early embryonic
development [90]. These findings suggest that the role of
cohesin in transcription regulation may be gene-dependent
(Fig. 5).

These results on neural development as well as the role
of cohesins in insulation function have important conno-
tations in CALS and RBS, which are characterized by
mental retardation and structural limb defects. Revenkova
et al. [91] recently generated mutations in the SMCla and
SMC3 hinge domain, where several CdLS mutations
cluster, and studied in vitro binding to DNA. They found
that mutated hinge dimers bind DNA with higher affinity
than wild-type proteins and that SMC-mutated cell lines
showed a higher frequency of spontaneous chromosome
aberrations than SMC-wild type lines; this was the first
suggestion of a molecular link for CdLS.

Other cohesin functions

In addition to the cohesin function in chromosome
dynamics in sister chromatid cohesion, DNA repair, and
the control of gene expression, new roles for cohesin roles
are now emerging in other cell machineries.

Fig. 5 Representation of
putative models by which
cohesins may regulate
transcription. a Chromosome-
bound cohesin complexes block
the transcriptional activation
signals from a distal enhancer
element, repressing gene
expression. b Dissociation of
cohesin complexes from
chromatin allows the
transmission of positive signals
from distal elements, activating
transcription. ¢ Isolated cohesin
subunits may act as
transcriptional co-activators by
interacting with the
transcription initiation complex
or with other co-activators

Immunodepletion of HeLa cells using anti-hSMCI,
-hSMC3, -SA1/SA2, and -hRAD21 antibodies have been
found to inhibit microtubule aster assembly in HeLa cells
[92]. The authors of this study also described cohesin
localization in spindle poles and an interaction between
cohesin and NuMA, a spindle pole-associated factor
required for mitotic spindle organization, suggesting a role
for cohesins in mitotic spindle aster assembly. In a recent
study of SMC1 in the spindle pole, Wong and Blobel [93]
reported that SMC1 is recruited at the spindle pole by
microtubule-bound RNA export factor Rael; SMCI bind-
ing to Rael was stimulated by the phosphorylation of
two SMCI1 serine residues by spindle-pole-anchored
ataxia-telangiectasia mutant (ATM) or a related kinase.
These authors proposed that ATM phosphorylation of
SMC1/SMC3 heterodimers takes place exclusively at the
spindle pole, preventing the spread of cohesin/Rael inter-
actions away from the spindle pole. They also speculated
that SMC1/SMC3 heterodimers would recruit other cohe-
sin complex subunits, completing the ring structure and
embracing microtubules at the spindle pole.

In addition, phosphorylation of SMC-subunits of the
cohesin complex have also been found to be involved in
cellular responses to DNA damage. The phosphorylation of
Ser-957 and/or Ser-966 of human SMC1 by ATM is
required for the activation of the S-phase checkpoint in
response to ionizing radiation [94]. To address the func-
tional importance of SMCI1 phosphorylation, Kitagawa

Transcription off

Transcription on
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et al. [95] generated murine cells in which these two SMC1
phosphorylation sites were mutated. These mutated cells
presented normal focus of ATM, NBS1 and BRCA1 pro-
teins after ionizing radiation, but they exhibited a defective
S-phase checkpoint, decreased survival, and chromosomal
aberrations after DNA damage. The same positions in
SMC1 are phosphorylated after treatment with hydroxy-
urea or UV irradiation in an ATM-independent manner,
indicating that other kinase(s) must be implicated in SMC1
phsophorylation in response to other cellular stresses [96].
Luo et al. [97] recently reported that SMC3 is phosphor-
ylated at two distinct serine residues by two different
kinases: Ser-1083 phosphorylation of human SMC3 is
inducible by ionizing radiation and is ATM-dependent, and
Ser-1067 is phosphorylated constitutively by CK2 kinase
and is not enhanced by ionizing radiation. However, both
Ser-1067 and Ser-1083 phosphorylation were required for
S-phase checkpoint. These results show an important
function for the SMC subunits of the cohesin complex in
DNA repair, but how phosphorylated SMC1 and SMC3
work in the DNA damage response and whether they
perform this role as a subunit of the cohesin complex need
to be addressed.

The kinesin-related protein KIF3A and their associated
protein SMAP have been reported to interact with SMC3
[98], again supporting a cohesin function in microtubule
organization. It has also been suggested that SMCI1 is
associated with both centrioles of the centrosome at the
GO/G1 cell cycle stage in various mammalian cell lines,
including HeLa [99]. In this context, recent studies of
human SGOI1 isoforms have shed new light on centriole
cohesion. In a first study, Wang et al. [100] described a new
splice variant of human SGO1, sSGO1, which lacks SGOI
exon 6 and has a distinct subcellular localizations in human
cells. In a more recent work, these authors reported that
human sSGOI localizes at the centrosome in interphase
and at spindle poles in mitosis. Their studies using RNAi to
generate SGOI knockdown in HeLa cells provides com-
pelling evidence that sSGO1 has a important function in
centriole cohesion that is regulated by Polo-like kinase 1
[101]. Although the relationship of sSGOI1 to putative
centriole cohesins was not addressed in this work, the
results on cohesin localization in centrioles suggest that the
sSGO1 function in maintaining centriole cohesion would
be cohesin-dependent.

Concluding remarks

From the first identification of cohesins in yeast and
Xenopus a decade ago, cohesin functions have expanded
from sister chromatid cohesion to different aspects of
chromosome dynamics, gene expression, development, and

centrosome/microtubule organization. These roles reflect
the flexibility of the cohesin complex in interacting with
various factors, including cohesion regulators (Plk1, PDSS5,
WAPL, SCC2/SCC4), insulation factors (CTCF), spindle
pole-associated proteins (NuMA, Rael, ATM kinase) and,
probably, other still-unknown proteins that regulate the
many tasks of the cohesins. Although the interactions
among the different cohesin complex subunits that main-
tain the ring structure and are involved in separase cleavage
have been studied extensively (for two recent extensive
reviews, see 102 and 103), little is known about the cohesin
domains involved in interactions with the diverse regula-
tors. Are there specific cohesin complexes depending on
the function? What are the molecular signals that drive
cohesins to repress or activate transcription? Are all co-
hesin complex components required for all the cohesin
roles discussed here, or can some of these functions be
performed by specific isolated subunits (Fig. 5c)? These
are some of the questions that remain to be addressed in
future studies, to unravel the molecular networks in which
cohesins are essential architects.
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