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Locking up Sisters

Ensures Daughters Get a Fair Deal
Bill Warren

Comparative Genomics Centre, James Cook University, Townsville, QLD 4811

Aneuploidy — an increase or decrease in the numbercohesion can cause chromosomes to be unequally distributed
composition of one or more chromosomes — is a commiogtween the daughter cells.
cause of birth defects in humans. Some babies Wiith

: . e cohesin complex
aneuploid cells, such as those suffering from Down’s i
Syndrome (trisomy 21) or Turner's Syndrome (XO For many years researchers have postulated the existence

karyotype), mature into adults with only mild to moderafef @ molecular glue that holds newly replicated chromatids

handicaps. The majority, however, are afflicted by Suéﬂge'ther until the cell is ready to partition each chromatid
severe developmental abnormalitiesutero that they die into its daughter cells. In the last decade, the components of
before or shortly after birth. this so-called glue have been identified and their

. . S mechanisms of action studied in some detail. At the
Aneuploidy-associated genetic imbalances lead

. ) . |Ir?olecular level, these components act more like a lock than
abnormal cellular functions through the production of eith P

. . . 8[ue, as described below.
excess levels of protein (as occurs in Down’s Syndrome), or _ ) _ ) o
The primary mediator of sister-chromatid cohesion is a

insufficient levels (as occurs in Turner’s Syndrome). The i - .
end result of these imbalances is perturbation of nornf@yr-subunit protein complex, called cohesifig( 1C).

development. Most foetuses with genetic imbalanc&®hesin forms the physical linkage that joins sister
involving chromosomes other than the X or 21 abgffromatids during S and G2 phases of the cell cycle, and is
spontaneously, as they typically alter the expression oflestroyed at the metaphase to anaphase transition. Cohesin-

larger number of genes and perturb an increased numbef@fiologous genes have been found in all eukaryotic
cellular and biochemical processes. organisms examined to date, suggesting that this complex

Th ority of loid iated birth defect arose early in eukaryotic evolution. A combination of
€ majority of aneuploidy-assoclated birth detects aig atic  and  biochemical studies in budding yeast

thought to result from errors in chromosome segregati accharomyces  cerevislae fruitfly  (Drosophila

?u:!Fg gt].ame;cogenes:s orin the earl)t/ (ie" d'VISIPnSr:OHO\;]V' elanogastér African clawed frog Xenopus laev)s and
eruiisation. In recent years, prenatal screening has ha an and mouse cells have revealed that cohesin is

major |mpact on reducing the number. of affected Ch'!dr?gquired for both the establishment and maintenance of
born with such overt Kkaryotypic abnormalities.

Nevertheless, we still know relatively little of how these
errors in chromosome segregation arise in the first pl

The molecular mechanisms that ensure chromos
segregation occurs correctly have only recently st
coming into focus. A greater understanding of
molecular details of how chromosome segregatiot] sister chromatids is
regulated can only improve our chances of developi established in S phase
more sophisticated screening and prevention technig and maintained until
for birth defects caused by chromosome abnormalities. B: chromatid pairs are
under tension, having
nucleated microtubules
from opposite poles of
the spindle.

B. Simultaneous

Fig. 1. Sister-
chromatid cohesion is
mediated by the
cohesin complex.

A. Cohesion between
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Sister chromatid cohesion
Sister chromatid cohesion is one of several careft
regulated cellular mechanisms critical for ensuring a si
copy of each chromosome gets partitioned into
daughter cell. Normally, newly replicated chromoso - dissolution of cohesion
(sister chromatids) become co-joined immediately followji C: on all chromosomes

DNA synthesis in S phase. This linkage is normal e allows a single
maintained until a cell has entered the M phase of the : o Ch,roina“d frotm eac}lll
cycle. Only then, after chromosomes have become hi . A patf to move fo cac
: pole of the spindle.
L,

[a})
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con_d_ensed, a spm_dle _has been asg,emble_:d, _and each C. Model of the cohesin
co-joined chromatids is attached via their kinetochore complex. Double-

opposite poles of the spindle, is sister chromatid cohes D headed arrows indicate
dissolvedFig. 1). This robust mechanism, which is comm - known subunit

to all eukaryotic species, ensures each daughter cell rege RAD ™% ]- . interactions

an identical copy of each and every chromosome. Howg . AL demonstrated in ref. 2.

errors in either the establishment or release of chro

S
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sister chromatid cohesion. terminus binding both the N- and C-termini of SMC3, and
In budding yeast, cohesin is composed of the productsitefC-terminus binding both the N- and C-termini of SMC1.
four genes (1). These are called Smclp, SmcZECC3 only interacts with the C-terminus of RAD21, perhaps
Scclp/Mcdlp/ Rad21p and Scc3p/irrl. As is common in maagting as a key that inserts into the body of the lock.
fields, the naming of proteins is not always consistent Although this model can account for much of the data, many
sensible. To minimise confusion, | will henceforth refer taspects of the regulation of cohesin in metazoans (described
these four proteins, irrespective of the species or experimebtlbw) are still unaccounted for.
system under discussion, as SMC1, SMC3, RAD21 a?fjohesin dynamics in yeast

SCCs. The cell-cycle dynamics of cohesin, as elucidated from
The SMC1 and SMC3 components of cohesin aggdies inS. cerevisiaeare shown irFig. 2. In S. cerevisiae,
members of the Structural Maintenance of Chromosomgshesin is absent from G1 cells, is synthesised in late G1 and
protein family. These proteins have globular N- and & phase, and must be loaded onto chromatin during or shortly
termini, which closely associate with one another (2). Th@ier DNA replication in order to effect cohesion (4). Loading
termini are linked to a central globular hinge domain by lorg cohesin is achieved with the help of two other proteins,
antiparallel coiled-coils Kig. 1C). The structures of the scc2 and sccs (5). ECO1 and PDS5 are another two
other two components (RAD21 and SCC3) are much I§5%teins that act on cohesin to lock the newly replicated DNA
certain, as no crystal structures have been solved to date &fhds firmly together following DNA replication (6). In this
primary protein sequence provides few clues as to th@igy sister chromatid cohesion is established at discrete
molecular structure or biochemical function. chromosomal sites, which in yeast are located approximately
SMC-family proteins are not exclusively involved irevery 10 kilobases (7). Interestingly, preventing cohesin from
mediating sister chromatid cohesion. In higher eukaryotefecting chromatid cohesion during S phase cannot be
there are at least seven evolutionarily
conserved SMC proteins (3). In N
addition to cohesin, other SMQ [ Late : Do 3
containing multi-protein complexg | {31 E Gl &S AU
are required for chromosoni % P
condensation, dosage compensat | ﬁ
and DNA repair. In all cases thus fi ’
examined, the non-SMC componel

of these complexes show no ov SCC3

imilari : . SCC2 & SCC4 load ECO1 & PDS5
e similarty to_one a_noth Cohesin Synthesized cohesin onto DNA wenerate cohesion
This suggests that early in th

eukaryotic lineage a series of SM
gene duplications allowed th
evolution of specialist SMC
containing complexes to facilitat
alterations in higher order chromat
structure, with complex-specifi 5

SUbum.tS co-evolving to .r.efsmc'[ g Separase synthesized & Degrading PDSI Cohesion released
otherwise regulate the activities of tf | kept inactive by PDSI activates Separase by RAD2I cleavage

SMC subunits. ) ) — —
Several models have beefid: 2. Model of cohesin function irS. cerevisiae
t ohesin is synthesised in late G1. Loading of cohesin onto chromosomes requires the action

| ver the | few r
postu_ated ove t € a_st ew years gf both SCC2 & SCC4. During or immediately after DNA replication, cohesioh is
explain the relationship between t

%stablished with the assistance of ECO1 & PDS5. In G2, separase is synthesised |but kept
SMC gnd non-SMC components Olhactive by its inhibitor, PDS1. Immediately prior to the onset of anaphase, POS1 is
cohesin and how they interact [Qlegraded, activating separase and initiating the loss of sister chromatid cohesion by ¢leaving
establish and then release siStafie RAD21 component of cohesin. Cohesin is then degraded by the APC/C prior to [G1.
chromatid cohesion. The curreqt

model is presented irfrig. 1C, in
which cohesin acts to establish and maintain sisteempensated for by the later addition of cohesin in G2 (4).

chromatid cohesion by forming a closed ring, perhaps cohesin remains on chromatin throughout G2 and until
encircling both DNA strands and thereby preventing the twp phase. Just prior to the onset of anaphase, the cohesin
sister strands of DNA from separating once the complex hagk is broken open by site-specific cleavage of the RAD21
been loaded and activated (2). subunit. Severing the RAD21 linkage between the two SMC
In many ways, cohesin has both biochemical amdmponents allows sister chromatids to separate and move
structural attributes similar to a padloékd. 1Cand2). The to opposite poles of the spindle. RAD21 cleavage is
two SMC proteins form a heterodimer, interacting with onmegulated by the activities of two non-chromosomal
another via their central hinge domains to form the claspmbteins, ESP1 (separase) and PDS1 (securin) (8). PDS1
the lock. RAD21 forms the body of the lock, with its Nassociates with ESP1 in interphase, keeping it inactive until
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metaphase. Anaphase Promoting Complex/Cyclosoimemans have two separate RAD21 homologues and
(APC/C) mediated ubiquitination and degradation of PD®rabadopsishas at least 3, suggesting that higher species
just prior to anaphase frees and activates ESP1, induaimgy have evolved several specialist cohesin complexes
proteolytic cleavage of RAD21, dissociation of RADZ2Zeflecting additional complexity of function.

from chromatin and th ~
triggering of sister chromati

separation (9). Followin < D E X

sister separation the cohegin
9 RAD2I
cleavage L
\—I- = — —
&1  on- /‘
| cleavage

complex is then degraded by
the APC/C.

Cohesin dynamics in
metazoans
At present, OU! (.l...fi.l) Cyloplasmic
understanding of cohesin ;
function in higher species is Gl G2 PROPHASE METAPHASE ANAPHASE TELOPHASE

less advanced than for yeakst

Although any features seem ” ! i
completely conserved, several | = ¥ Bl ¥
important differences have q

been observed between
cohesin dynamics in yeast and

higher species (some of whigh \* (g@.)cl’mplasnﬂc ——j

depicted inFig. 3). These

include:

. Fig. 3. Cohesin dynamics in metazoa.

0 I_ntracellular cell cycl_e A. In G1, cohesin is localised to chromatin.
dynamics show that ing Following S phase, cohesion is established via the locking mechanism of cohesin.
vertebrates androsophila the | . In prophase, as chromosomes condense, the vast majority of cohesin dissociates from chromatin
bulk of cohesin dissociatgs and becomes cytoplasmic without RAD21 being proteolytically cleaved.
from chromatin in prophase,D. A small pool of centromere-proximal cohesin remains on chromosomes until the orjset of
well before sister chromatids @anaphase, which is triggered by the activation of separase.
separate (10,11). Although |aE- Cleavage of RAD21 allows sister chromatids to be pulled to opposite poles of the spindle.
g n telophase, the cytoplasmic pool of cohesin reassociates with the decondensing chromatin.

©

minor centromere-associat
pool of cohesin remains oh
chromosomes until the onset of anaphase, cohesion along thilthough many features of cohesin structure and

arms is still maintained until the onset of anaphase (10, 12)runction are well conserved between higher and lower

(i) Prophase dissociation of the bulk of cohesin fro@pecies (14), there appears to be greater complexity in
chromosomes is associated with altered phosphorylationcghesin activity and regulation in metazoan species, as
SCC3 and not proteolytic cleavage of RAD21 (11), whereggidenced by more intricate cell-cycle dynamics and
separation of sister chromatids at the metaphase-anaph@g8native subunit variations compared to yeast.
transition requires the cleavage of the RAD21 component@fp|oration of the regulatory and functional basis of these
the centromere-associated pool of cohesin by separase @ifibrences is an ongoing area of research of great interest,

Non-chromosomally located RAD21 is protected fromoth in my lab here at the Comparative Genomics Centre
separase cleavage by an as yet unknown mechanism.  and internationally.

(i) Metazoa}n cohesin reassociates with chromatin Cohesin function and birth defects
telophase and is present throughout G1 phase, whereas Iin

yeast cohesin is completely degraded in M and is absentP0€es altered cohesin activity contribute to birth defects
from G1 phase cells (1, 10). in humans? At present we don’t know, chiefly because of the

) Vertebrat © hilacell tain two disti tdifﬁculty in accessing relevant human material. In lower
| (v) erfe r.?(;,\_ an r:osgp |acei S con all? Wot_ IS 'ggcs ecies, only cohesin loaded and locked onto chromosomes
classes of mitotic cohesins containing atternative aring S phase can effect chromatid cohesion. Ectopic

r(.alat.ejd subunits (cohe§if‘_ril.or cohesiﬁAZ) (_13)' Th? cohesin introduced to cells outside of S phase is incapable of
significance of these two distinct types of mitotic cohesins ?fecting cohesion between sister chromatids (4). If this
not yet clearly established, as studies to date have faile £Rervation holds true for mammals, then this could help

show any overt differences in their chromosomal distributi%l;(pIain the maternal age effect, in which the chances of a

at any stage of the cell cycle. woman having a baby with an aneuploid-associated birth
(v) A fifth as yet unidentified cohesin component hagefect increases as she gets older.

been shown to be associated with coffésinontaining While a female human foetus is shiluterg cells in her

complexes (11). _ developing ovary undergo pre-meiotic S phase and shortly
(vi) Genome project data reveals th@t elegansand after arrest in meiosis |. These cells remain arrested in

J
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meiosis | for decades until they are reactivated, one
each month, during follicle maturation following
puberty. This raises the possibility that human cohesin,
synthesised and loaded onto pre-meiotic chromosomes
during embryonic development, has to remain
functional for several decades without being replaced
by newly synthesised protein. If this proves to be so,
then birth defects caused by chromosome segregation
errors, which escalate in frequency after the age of 35,
could simply be the result of the cumulative attrition of
embryonically-synthesised cohesin. In other words,
with time the padlock might just rust enough to allow
the chromosomes to fall apart.

Further studies on the function and regulation of
cohesin will no doubt yield insights into these and other
clinically important issues where failure to lock up
sister chromatids stops daughter cells from getting a
fair deal.
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