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Condensins are multisubunit protein complexes that
play a fundamental role in the structural and functional
organization of chromosomes in the three domains of
life. Most eukaryotic species have two different types of
condensin complexes, known as condensins I and II, that
fulfill nonoverlapping functions and are subjected to dif-
ferential regulation during mitosis and meiosis. Recent
studies revealed that the two complexes contribute to
a wide variety of interphase chromosome functions, such
as gene regulation, recombination, and repair. Also emerg-
ing are their cell type- and tissue-specific functions and
relevance to human disease. Biochemical and structural
analyses of eukaryotic and bacterial condensins steadily
uncover the mechanisms of action of this class of highly
sophisticated molecular machines. Future studies on
condensins will not only enhance our understanding of
chromosome architecture and dynamics, but also help ad-
dress a previously underappreciated yet profound set of
questions in chromosome biology.

During the past two decades, we have witnessed geno-
mics and epigenomics quickly entering the central stage
in biology and immensely transforming our understand-
ing of gene functions, cell differentiation, development,
biodiversity, and evolution. There is no doubt that this
trend will continue. To fully ‘‘decode’’ genomic and
epigenomic information, however, understanding their
three-dimensional organization and dynamics is essen-
tial. In this sense, elucidation of higher-order chromo-
some structure will remain at the frontier of modern
biology. From a historical point of view, a main branch of
chromosome research had focused on structural and
biochemical dissection of ‘‘condensed’’ chromosomes
that become visible during cell divisions, eventually
leading to the discovery of a class of multisubunit protein
complexes collectively referred to as condensins. The
founding member of condensins (now known as con-
densin I) was identified from Xenopus egg extracts as a ma-
jor component of chromosomes that plays a crucial role
in assembling chromosomes in the cell-free extracts.

Concurrent genetic studies in different model organisms
provided strong lines of evidence that condensin I is es-
sential for proper condensation and segregation of chro-
mosomes in vivo. Remarkably, even bacteria and archaea
turn out to have condensin-like complexes, and many
eukaryotic species have a second condensin complex
(condensin II). Most recently, ample evidence has been
accumulating that condensins’ functions are not limited
to chromosome condensation and segregation in mitosis
(or meiosis): They participate in a wide range of chromo-
some functions supporting genome stability, cell differ-
entiation, and development. Hence, condensins are now
recognized as universal organizers of chromosomes con-
served among the three domains of life. In this review, I
summarize and discuss recent progress in the field of
condensins. Emphasis is placed on the evolutionary land-
scape of the chromosome organizers and the differential
yet coordinated actions of the two different condensin
complexes in eukaryotes. For recent reviews on this topic,
see also Hirano (2005), Hudson et al. (2009), and Wood
et al. (2010).

Evolutionary landscape

Eukaryota

It is currently known that there exist (at least) two dif-
ferent types of condensin complexes, known as conden-
sins I and II, among eukaryotes. The two complexes share
the same pair of SMC2 and SMC4 subunits, both belong-
ing to the structural maintenance of chromosomes (SMC)
family of chromosomal ATPases (Hirano 2006). Each com-
plex has a unique set of three non-SMC subunits (i.e.,
CAP-D2, CAP-G, and CAP-H for condensin I, and CAP-
D3, CAP-G2, and CAP-H2 for condensin II). CAP-D2 and
CAP-D3 (and CAP-G and CAP-G2) are distantly related to
each other and have a degenerated repeat motif called
HEAT repeats (Neuwald and Hirano 2000). On the other
hand, CAP-H and CAP-H2 are members of the kleisin
family of SMC-interacting proteins (Schleiffer et al. 2003).
Electron microscopic analyses have visualized the highly
characteristic architecture of condensin I (Anderson et al.
2002), and protein–protein interaction assays using re-
combinant subunits have revealed the geometry of
the subunits within each complex (Fig. 1A; Onn et al.
2007).
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Condensin I is conserved from yeast to humans (Table
1; Hirano et al. 1997; Sutani et al. 1999). When condensin
II was first discovered from vertebrate cells (Ono et al.
2003; Yeong et al. 2003), none of the corresponding sub-
units specific to condensin II was found in fungi such as
Saccharomyces cerevisiae and Schizosaccharomyces
pombe. It was therefore hypothesized that condensin
II might be a new invention in evolution that provided
an additional level of organization and rigidity for
organisms with large chromosomes (Ono et al. 2003).
However, information from an ever-growing number of
eukaryotic genomes that have been sequenced since
then strongly suggests that the original view is wrong.
In fact, both condensins I and II are almost ubiquitous
in eukaryotes, and only a limited number of organisms
have condensin I only (Fig. 1B). There is no apparent
relationship between the possession of condensin II and
the size of genomes among eukaryotic species. The
implication is that the last common ancestor of eu-
karyotes possessed both condensins I and II and that
some species have lost condensin II during evolution.
Moreover, a phylogenetic tree indicates that loss of

condensin II occurred independently multiple times in
different kingdoms during evolution (Fig. 1B).

Bacteria/archaea

Most if not all species of bacteria and archaea have a single
condensin-like complex composed of three subunits: SMC,
ScpA, and ScpB (hereafter referred to as the SMC–ScpAB
complex) (Graumann and Knust 2009). On the other hand,
some species belonging to a subclass of g-proteobacteria,
which includes Escherichia coli, have a distinct complex
composed of MukB, MukE, and MukF (referred to as the
MukBEF complex) instead of SMC–ScpAB (Hiraga 2000).
Increasing lines of evidence from structural and genetic
studies suggest that the MukBEF complex shares some
functional properties with SMC–ScpAB, although the
similarities between the corresponding subunits (SMC/
MukB, ScpA/MukF, and ScpB/MukE) are rather limited
at the amino acid sequence level. The core of the bacterial
condensin complex is a homodimer of SMC/MukB sub-
units, and ScpA/MukF is likely to function as a kleisin
(Fennell-Fezzie et al. 2005). The subunit–subunit interac-

Figure 1. Molecular architecture and evolution of condensins. (A) Subunit composition of three different condensin complexes.
Condensin I (left) and condensin II (center) share the same pair of SMC2 and SMC4 as their core subunits. The SMC dimer has
a characteristic V shape with two ATP-binding ‘‘head’’ domains and a ‘‘hinge’’ domain responsible for dimerization. Each of the three
non-SMC subunits of condensin I has a distantly related counterpart in those of condensin II. The CAP-H and CAP-H2 subunits belong
to the kleisin family of proteins, whereas the CAP-D2, CAP-G, CAP-D3, and CAP-G2 subunits contain HEAT repeats. (Right) C.

elegans has a condensin I-like complex (condensin IDC) that participates in dosage compensation. Condensin IDC differs from canonical
condensin I by only one subunit: DPY-27, an SMC4 variant (SMC4V), replaces SMC4 in condensin IDC. (B) Phylogenetic tree of
condensins in Eukaryota. Unikonts: (Hs) Homo sapiens (human); (Dm) D. melanogaster (fruit fly); (Ce) C. elegans (nematode); (Sc)
S. cerevisiae (budding yeast); (Sp) S. pombe (fission yeast); (Dd) Dictyostelium discoideum (slime mold). Chromalveolates: (Tt)
T. thermophila (ciliate); (Pt) Phaeodactylum tricornutum (diatom). Plantae: (At) A. thaliana (green plant); (Cr) Chlamydomonas

reinhardtii (green algae); (Cm) Cyanidioschyzon merolae (red algae). Excavates: (Ng) Naegleria gruberi; (Tb) Trypanosoma brucei. The
presence of condensins I and II in each species is indicated by the green and red circles, respectively (condensin IDC is indicated by the
light-green circles). The asterisks are added when not all three non-SMC subunits (of condensin I or II) are found in the sequenced
regions of each genome, and the numbers indicate the genome size of each species. The composition of the tree was adapted from
Koonin (2010) with permission from Elsevier (� 2010).
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tions are possibly highly dynamic, and the subunit stoi-
chiometry in a single complex might be either (SMC/
MukB)2(ScpA/MukF)2(ScpB/MukE)2 or (SMC/MukB)2(ScpA/
MukF)2(ScpB/MukE)4 (Hirano and Hirano 2004; Gloyd et al.
2007; Woo et al. 2009).

Overview of essential functions

Recent series of genetic and cell biological studies reveal
that condensins I and II fulfill nonoverlapping functions
in many aspects of chromosome biology. Intriguingly,
however, the relative contribution of the two condensin
complexes to mitotic chromosome assembly and segre-
gation apparently varies among different eukaryotic spe-
cies, as discussed below.

Mammals

Early studies employing siRNA-mediated gene knock-
down in human tissue culture cells demonstrated that
condensins I and II have differential contributions to
mitotic chromosome architecture and segregation, im-
plying that both complexes play essential roles in mitosis
(Ono et al. 2003, 2004; Hirota et al. 2004). These studies
also showed that the two condensin complexes display
strikingly different behaviors during the cell cycle (Fig.
2A, from top to right). Condensin I is sequestered in the
cytoplasm during interphase and gains access to chromo-
somes only after the nuclear envelope breaks down in
prometaphase. In contrast, condensin II localizes to the
nucleus from interphase through prophase and participates
in an early stage of chromosome condensation within the
prophase nucleus. After nuclear envelope breakdown
(NEBD), condensins I and II collaborate to support proper
assembly of chromosomes in which sister chromatids are
well resolved by metaphase and to promote faithful
segregation in anaphase. The characteristic behaviors of
the two condensin complexes are most likely to be central
to our understanding of their action and regulation. At the
level of ontogeny, knocking out the gene encoding the
CAP-G2 subunit in mice has been shown to cause embry-
onic lethality (Smith et al. 2004; Xu et al. 2006). Whereas

knockout mice for the other subunits have not yet been
described, all of them are anticipated to be essential for
embryogenesis. Remarkably, recent studies started to un-
cover tissue-specific developmental defects caused by a hy-
pomorphic mutation or misregulation of condensin sub-
units, which will be discussed in later sections.

Chicken DT40 cells

Generation of conditional knockout cell lines by using
chicken DT40 cells offers an alternative method for
silencing target genes of interest and is arguably superior
to siRNA-mediated knockdown techniques widely used
in mammalian cells. Such cell lines can be established by
the introduction of a tetracycline-regulated transgene,
followed by disruption of the authentic loci through
homologous recombination. Hudson et al. (2003) applied
this technique to the condensin core subunit SMC2 (also
known as ScII) and showed that it is required for non-
histone protein assembly and structural integrity of mi-
totic chromosomes. A subsequent mutational study dem-
onstrated that ATP binding, but not hydrolysis, by SMC2
is required for its stable association with chromosomes
(Hudson et al. 2008). In DT40 cells depleted of SMC2,
defects in chromosome condensation are relatively modest
in metaphase but become very severe in anaphase, leading
to the proposal that a hypothetical factor termed regulator
of chromosome architecture (RCA) might cooperate with
condensins to preserve the characteristic shape of meta-
phase chromosomes (Vagnarelli et al. 2006).

Xenopus laevis (cell-free egg extracts)

Metaphase chromosomes can be reconstituted in vitro
starting from simple substrates, such as sperm chroma-
tin, in Xenopus cell-free egg extracts. Biochemical char-
acterization of the chromosomes assembled in the cell-
free extracts led to the discovery of the first condensin
complex, now known as condensin I (Hirano and Mitchison
1994; Hirano et al. 1997). A subsequent study showed
that condensin II is also present in the cell-free extracts,
albeit as a less abundant component compared with

Table 1. Condensin subunits in eukaryotic model organisms

Subunits Vertebrates
D.

melanogaster
C.

elegans
S.

cerevisiae
S.

pombe
A.

thaliana

Core subunits (common to I and II)
SMC2 CAP-E/SMC2 SMC2 MIX-1 Smc2 Cut14 CAP-E1 and CAP-E2
SMC4 CAP-C/SMC4 SMC4/Gluon SMC-4 (DPY-27)a Smc4 Cut3 CAP-C

I-specific subunits
HEAT (IA) CAP-D2 CAP-D2 DPY-28 Ycs4 Cnd1 CAB72176
HEAT (IB) CAP-G CAP-G CAPG-1 Ycs5/Ycg1 Cnd3 BAB08309
Kleisin (IC) CAP-H CAP-H/Barren DPY-26 Brn1 Cnd2 AAC25941

II-specific subunits
HEAT (IIA) CAP-D3 CAP-D3 HCP-6 — — At4g15890.1
HEAT (IIB) CAP-G2 ? CAP-G2 — — CAP-G2/HEB1
Kleisin (IIC) CAP-H2/nessy CAP-H2 KLE-2 — — CAP-H2/HEB2

aIn C. elegans, the SMC-4 subunit of condensin I is replaced with its variant, DPY-27, to make condensin IDC, which has a specialized
function in dosage compensation.
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Figure 2. Sequential and balancing actions of condensins I and II. (A) Cell cycle dynamics of condensins I and II in mammalian cells
(shown from top to right). During G2 phase, condensin II localizes to the nucleus, whereas condensin I is sequestered in the cytoplasm.
(G2, bottom) Although little is known about what condensin II does at this stage of the cell cycle, it may counteract cohesin to prepare
for mitosis. For simplicity, catenation between sister DNAs is not shown. In prophase, condensin II participates in the early stage of
chromosome condensation within the nucleus. After nuclear envelope breakdown (NEBD), condensin I gains access to chromosomes
and collaborates with condensin II to assemble fully resolved sister chromatids by metaphase. It has been proposed that condensin II
primarily contributes to axial shortening of chromatids (prophase, bottom), whereas condensin I contributes to lateral compaction
(metaphase, bottom). How the differential distribution of the two complexes might be re-established upon nuclear envelope assembly
at telophase is unknown. Cohesin, condensin I, and condensin II are indicated by the blue, green, and red circles, respectively. The
cartoons presented here are intended to emphasize the proposed, differential contributions of condensins I and II to chromosome
assembly and are therefore admittedly oversimplified. Clearly, the two condensin complexes do not act in a completely step-wise
fashion: Condensin II continues to act in concert with condensin I even after NEBD. (B) A conceptual model of how the balancing
actions of condensins I and II might determine chromosome shapes. ‘‘Embryonic’’ chromosomes with a condensin I:II ratio of ;5:1 are
long and thin because condensin I’s contribution is predominant. In contrast, ‘‘somatic’’ chromosomes with a ratio of ;1:1 are short and
thick. Further depletion of condensin II from this condition lengthens the chromosomes (1:0), whereas depletion of condensin I widens
them (0:1). In the absence of both condensins I and II, only cloud-like, fuzzy masses of chromatin are observed (0:0). Condensins I and II
are indicated by the green and red circles, respectively.



condensin I (Ono et al. 2003). In accordance with the
relative ratio between the two complexes (condensin
I:condensin II = ;5:1), condensin I plays a predominant
role in chromosome assembly, whereas condensin II has
a minor contribution to this process in this cell-free
extract. As discussed later in this review, a more recent
study using this experimental system has demonstrated
that the relative ratio of condensin I to II indeed acts as
a critical factor that determines the shape of mitotic
chromosomes (Shintomi and Hirano 2011).

Drosophila melanogaster

Early genetic studies in Drosophila showed that proper
assembly and segregation of mitotic chromosomes require
condensin I subunits, including SMC4/Gluon (Steffensen
et al. 2001), CAP-H/Barren (Bhat et al. 1996), CAP-G (Dej
et al. 2004), and CAP-D2 (Savvidou et al. 2005). It has also
been shown that condensin I contributes to proper locali-
zation of topoisomerase II (topo II) to the chromosome
axis (Coelho et al. 2003) and maintenance of the struc-
tural integrity of centromeric heterochromatin (Oliveira
et al. 2005). It remains to be determined whether the five-
subunit condensin II complex is present in Drosophila
because the gene encoding CAP-G2 has not yet been
found in the sequenced region of the Drosophila genome.
Currently available evidence suggests that the putative
condensin II subunits (CAP-D3 and CAP-H2) may not
play a major role in mitotic chromosome organization
and segregation (Savvidou et al. 2005; Oliveira et al. 2007)
and that they have meiotic functions instead, making
a crucial contribution to anaphase I chromosome segre-
gation (Hartl et al. 2008b; see below).

Caenorhabditis elegans

Unlike other eukaryotes, C. elegans has three condensin
complexes (Csankovszki et al. 2009a). In addition to
condensins I and II, this organism possesses a condensin
I-like complex (known as condensin IDC) that constitutes
a part of the large protein complex involved in dosage
compensation. Condensin IDC differs from the canonical
condensin I complex by only one subunit (Fig. 1A; Table 1).
It is assumed that duplication of SMC4 during evolution
gave rise to DPY-27, leading to the creation of condensin
IDC with a specialized function of chromosome-wide gene
repression. Notably, the mitotic phenotypes observed in
condensin I-deficient cells are far less severe than those in
condensin II-deficient cells, implying that condensin II
plays a dominant role during mitosis in this organism.
This atypical observation could be related to the fact that
C. elegans has a unique holocentric structure in which
centromeres/kinetochores assemble and function along
the entire chromosome arms (Hagstrom et al. 2002).

Fungi

None of the genes encoding condensin II-specific sub-
units can be found in the genome of fungi. In S. pombe,
the five-subunit condensin I complex localizes to the
cytoplasm during interphase and relocates to the nucleus

in mitosis to support chromosome condensation and
segregation (Sutani et al. 1999). Unlike in S. pombe, the
condensin subunits localize to the nucleus throughout
the cell cycle in S. cerevisiae (Freeman et al. 2000).
Although this behavior is reminiscent of that of con-
densin II in human cells, the amino acid sequences of the
subunits of S. cerevisiae condensin clearly indicate that
it is condensin I. The constitutive nuclear localization of
condensin I in S. cerevisiae could be related to its rather
peculiar cell cycle in which S-phase and M-phase events
partially overlap with each other (e.g., the spindle begins
to form in late S phase, and there is no clear G2 phase).
Whereas many early studies on S. cerevisiae condensin
focused on its role in promoting the condensation and
segregation of rDNA (e.g., Freeman et al. 2000; Lavoie
et al. 2004), more recent, state-of-the-art imaging tech-
niques have uncovered the function of condensin I as
a chromatin ‘‘spring’’ at pericentromeric regions in meta-
phase (Stephens et al. 2011) and its contribution to
‘‘recoiling’’ of stretched chromosome arms in anaphase
(Renshaw et al. 2010).

Arabidopsis thaliana

The genome of A. thaliana encodes all subunits of con-
densins I and II (Hirano 2005). Whereas the A. thaliana
genome has a single essential gene (AtCAP-C) encoding
SMC4 (Siddiqui et al. 2006), it possesses two paralogous
genes for SMC2, known as AtCAP-E1 and AtCAP-
E2 (Siddiqui et al. 2003). The two SMC2 proteins are
functionally redundant: Single-homozygous mutants
(E1�/� and E2�/�) are viable, whereas double-homozygous
(E1�/�E2�/�) and E1�/�E2+/� plants are both embryonic-
lethal. On the other hand, an E1+/�E2�/� plant results in
meristem disorganization and fasciation, indicating that
SMC2 activity above a certain threshold is required for
proper development of A. thaliana. Very recently, a genetic
screen for mutants that exhibit hypersensitivity to excess
boron has led to the somewhat surprising conclusion that
condensin II is nonessential for mitosis and instead plays
a role in alleviating DNA damage (Sakamoto et al. 2011).
Whereas genetic studies have yet to be reported for the
genes encoding condensin I-specific subunits, it is antici-
pated that condensin I is sufficient for mitotic chromosome
assembly and segregation in this organism.

Tetrahymena thermophila

T. thermophila is a ciliate that maintains two nuclei,
a germline micronucleus and a somatic macronucleus, in
a cell. The micronucleus divides by mitosis in a manner
similar to that observed in many other eukaryotes. On
the other hand, the formation and division of the macro-
nucleus is highly unique: It is derived from the micronu-
cleus through genomic rearrangement, contains >200 chro-
mosome fragments ranging in size from 20 to >3000 kb,
and divides by a poorly characterized mechanism of
‘‘amitosis’’ (Yao and Chao 2005). The macronucleus
genome of T. thermophila encodes SMC2, SMC4, and
all condensin I-specific subunits but lacks the genes
for condensin II-specific subunits (Eisen et al. 2006).

Condensins and chromosome regulation
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Somatic gene knockdown of SMC4 causes defects in
amitotic division of the macronucleus, thereby compro-
mising vegetative growth of T. thermophila (Cervantes
et al. 2006). Notably, the T. thermophila genome pos-
sesses multiple genes for CAP-D2 and CAP-H, a situa-
tion rarely found in other eukaryotic genomes. It will be
of great interest in the future to test whether distinct
forms of the condensin I complex may exist in this or-
ganism and localize differentially to the micronucleus
and micronucleus.

Bacteria

Although numerous studies have provided evidence that
SMC–ScpAB and MukBEF play an important role in
chromosome compaction and segregation in bacterial
cells, exactly how the bacterial condensin complexes
might work remains poorly understood (Graumann and
Knust 2009). Recent studies in Bacillus subtilis have
shown that SMC is recruited to centromere-like se-
quences (termed parS) near the replication origin in a
manner dependent on ParB/Spo0J (Gruber and Errington
2009; Sullivan et al. 2009). It is hypothesized that re-
cruitment of SMC–ScpAB to the origin region promotes
efficient chromosome segregation by compacting repli-
cated DNAs as they emerge from the replisome located
at mid-cell. Consistent with this idea, a recent analy-
sis employing chromosome conformation capture car-
bon copy (5C) has shown that the parS sites have a great
impact on global orientation, compaction, and segregation
of chromosomes in Caulobacter crescentus (Umbarger
et al. 2011). Moreover, expression of a dominant-negative
form of SMC allows replication of the parS sites yet
interferes with their segregation (Schwartz and Shapiro
2011).

How might condensins I and II collaborate to assemble
chromosomes?

As discussed above, most eukaryotic species have two
different condensin complexes, and, at least in verte-
brates, both of them appear to play essential roles in
mitotic chromosome assembly and segregation. A num-
ber of fundamental questions then arise. How are the two
condensin complexes regulated differentially during the
cell cycle? How are their functions coordinated with each
other during the process of chromosome assembly?

Sequential actions of condensins I and II

Perhaps one of the most intriguing observations made in
early studies using HeLa cells was that condensins I and II
display strikingly different localization during interphase:
Condensin I is cytoplasmic, whereas condensin II is
nuclear (Fig. 2A, G2; Hirota et al. 2004; Ono et al. 2004;
Gerlich et al. 2006). Importantly, the differential distri-
bution of condensins I and II in interphase can faithfully
be recapitulated in the Xenopus cell-free egg extracts
(Shintomi and Hirano 2011). Moreover, even in meiotic
cells such as mouse oocytes, condensin II is present
within the germinal vesicle (i.e., the large nucleus found

in fully grown oocytes), whereas condensin I is seques-
tered in the cytoplasm (Lee et al. 2011). Thus, the
characteristic localization of the two condensin complexes
appears to be a fundamental feature highly conserved
among many eukaryotic species and cell types.

What, then, is the physiological significance of this
spatial regulation? There are several possible scenarios.
For instance, condensin II plays an important role in the
interphase nucleus and therefore needs to stay within the
nucleus after mitosis. On the other hand, condensin I has
a minimal function during interphase or is even toxic if it
stays in the nucleus and therefore needs to be actively
transported out of the nucleus. An alternative possibility
is that the sequestration of condensin I in the cytoplasm
until NEBD may act as a mechanism that determines the
order of actions of the two condensin complexes, thereby
ensuring the two-step process of mitotic chromosome
condensation (Hirano 2005; Marko 2008). In fact, it seems
natural that condensin II initiates the first step of con-
densation during prophase because it is already present
within the nucleus (Fig. 2A, prophase; Hirota et al. 2004;
Ono et al. 2004). The second step is triggered when
condensin I gains access to chromosomes after NEBD in
prometaphase and is completed by coordinated actions of
condensins I and II in metaphase (Fig. 2A, metaphase).
Consistent with this scenario, whereas both complexes
are concentrated in the axial region of metaphase chro-
matids, condensin I signals tend to be found outside of
condensin II signals (Ono et al. 2003). Moreover, as
judged by fluorescence recovery after photobleaching
(FRAP), condensin I interacts with chromosomes in
a more dynamic manner than condensin II does (Gerlich
et al. 2006).

Balancing the actions of condensins I and II

An early study noticed that the relative abundance be-
tween condensins I and II might vary among different cell
types and that this simple parameter might directly re-
flect their functional contribution to chromosome as-
sembly in a given cell type (Ono et al. 2003). For instance,
in Xenopus egg extracts where the ratio of condensin I to
II is estimated to be ;5:1, condensin I’s function is
predominant. On the other hand, in HeLa cells with an
;1:1 ratio, the functional contribution of the two com-
plexes is apparently equal (Fig. 2B). Also intriguing is the
observed tendency of embryonic chromosomes assem-
bled in Xenopus egg extracts to be long and thin, whereas
somatic chromosomes observed in HeLa cells are short
and thick. To directly test the hypothesis that the bal-
ancing actions of the two condensin complexes might
determine the shape of metaphase chromosomes, a recent
study manipulated the level of condensins I and II by
quantitative immunodepletion in Xenopus egg extracts
(Shintomi and Hirano 2011). Remarkably, when the
relative ratio of condensin I to II was forced to be smaller
(from ;5:1 to ;1:1), the embryonic chromosomes be-
came shorter and thicker. When condensin II was de-
pleted further to make an extract with a 1:0 ratio, the
chromosomes got longer. These results strongly suggest

Hirano

1664 GENES & DEVELOPMENT



that condensin II’s action primarily contributes to axial
shortening of chromatids, whereas condensin I supports
their lateral compaction (Fig. 2A,B).

This idea has gained additional support from recent
studies in vivo. First, when cells are arrested at meta-
phase for a long period, condensin I is inactivated through
caspase-dependent cleavage, resulting in the formation of
short and thick chromosomes (Lai et al. 2010). Second,
abnormally short and wavy chromosomes are observed
when condensin II is hyperactivated in cells deficient in
its negative regulator, MCPH1 (Yamashita et al. 2011).
Third, a more recent study has depleted condensin I- or II-
specific subunits from chicken DT40 cells and has shown
that condensin II is required for establishing rigid chro-
mosome axes whereas condensin I helps organize chro-
matin loops around the axes (Green et al. 2012).

Toward mechanistic understanding of the assembly
and shaping of chromosome arms

Although the recent studies discussed above start to shed
new light on a previously underappreciated set of ques-
tions, it remains unclear mechanistically how the se-
quential and balancing actions of condensins I and II
might support chromosome assembly and shaping. Fu-
ture experiments should critically test what would hap-
pen if the order of actions were reversed experimentally,
for example. It will also be of great importance to un-
derstand why the shape of metaphase chromosomes
might change during development and vary among dif-
ferent cell types. Conceivably, the ratio of condensin I to
II would not be the sole parameter that affects chromo-
some shaping. Its relationships with other activities, such
as gene expression and replication programs, need to be
explored rigorously. Finally and most importantly, an in-
depth comparison of biochemical activities associated
with condensins I and II would be vital in fully under-
standing the mechanistic basis of chromosome assembly
and shaping.

The outcome from these efforts should eventually be
integrated with structural studies of chromosomes,
which themselves have a long history yet remain contro-
versial (for review, see Belmont 2006; Marko 2008). For
example, on the basis of the visualization of early phases
of chromosome condensation by light and electron mi-
croscopy, one study proposed a hierarchical folding, axial
glue model (Kireeva et al. 2004). According to this model,
condensation starts with progressive folding of a 30-nm
fiber into fibers with increasing diameters by middle
prophase. The next step involves large-scale coiling of
a 200- to 250-nm fiber in late prophase, followed by
stabilization by ‘‘glue’’ distributing along the chromatid
axis in metaphase. On the other hand, another study
using cryoelectron microscopy and X-ray scattering does
not support the existence of the 30-nm fiber in mitotic
chromosomes, arguing that chromosomes are primarily
composed of irregularly folded nucleosome fibers (Nishino
et al. 2012). Despite the apparent differences, the two
models share the common view that condensins become
enriched at the chromatid axis and thereby play crucial

roles in establishing rod-shaped chromatids observed in
metaphase. From a biochemical point of view, it is im-
portant to note that metaphase chromosomes, when iso-
lated with great caution, have a surprisingly simple pro-
tein composition (Gasser and Laemmli 1987; Hirano and
Mitchison 1994). Therefore, seemingly bold attempts to
reconstitute a ‘‘chromosome’’ from purified components
would not be completely unrealistic, possibly offering
a powerful approach to filling the gap that currently exists
between the biochemical and structural studies of chro-
mosomes. Other important lines of experimental ap-
proaches would include state-of-the-art microscopic
observations of chromosomes in living cells (Mora-
Bermudez et al. 2007; Renshaw et al. 2010) and mechan-
ical and enzymatic manipulations of native chromo-
somes in vitro (Pope et al. 2006; Kawamura et al. 2010).

Roles of condensins I and II in centromere/kinetochore
organization

Condensins play crucial roles in the structural and func-
tional organization of the centromere/kinetochore region
of chromosomes. In animal cells, for instance, condensin I
(but not condensin II) regulates the stiffness of centro-
meric heterochromatin, the loss of which loosens cen-
tromeric cohesion and leads to abnormal orientations
and/or movements of sister kinetochores (Ono et al.
2004; Oliveira et al. 2005; Gerlich et al. 2006; Ribeiro
et al. 2009). In S. cerevisiae, condensin is responsible for
axial compaction of pericentric chromatin and acts as
part of a molecular ‘‘spring’’ that generates tension be-
tween bioriented sister centromeres (Stephens et al.
2011).

C. elegans has unique chromosome structures, known
as holocentric chromosomes, in which numerous centro-
meres/kinetochores assemble along the entire length of
each chromatid. In this organism, although condensin I
distributes to entire chromosomes (Csankovszki et al.
2009a), condensin II is largely confined to the centro-
meres, and its mutation causes massive merotelic attach-
ments and chromosome segregation defects (Stear and
Roth 2002). Interestingly, a subfraction of condensin II is
also found to be enriched at or near the inner kinetochore
plate on monocentric chromosomes in humans (Ono
et al. 2004), Xenopus (Shintomi and Hirano 2011), and
Drosophila (Savvidou et al. 2005). To what extent con-
densin II might contribute to the assembly and structural
maintenance of kinetochores remains unclear. For in-
stance, although kinetochores are apparently normal both
structurally and functionally in SMC2-depleted DT40
cells (Ribeiro et al. 2009), a recent study using Xenopus
egg extracts reports that condensin II is required for
efficient loading of CENP-A and contributes to retention
of CENP-A nucleosomes at centromeres (Bernad et al.
2011).

Cell cycle regulators of condensins

Given the multisubunit architecture of condensins and
their diverse functions in chromosome dynamics through-
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out the cell cycle, it is anticipated that a wide variety of
regulatory signals are imposed on condensin subunits to
control their subcellular localization, chromosomal load-
ing/unloading, activation/inactivation, and fine-tuning of
all these events. It seems clear, however, that even the
most updated list of their phosphorylation sites, created by
modern phosphoproteomics approaches, remains incom-
plete (Nousiainen et al. 2006; Hegemann et al. 2011;
Pagliuca et al. 2011). On the other hand, multiple mitotic
kinases such as cyclin-dependent kinase 1 (Cdk1), aurora
B, and polo-like kinases (Plks) have been shown to phos-
phorylate and regulate condensins, although their relative
contributions apparently vary among different organisms.

Cdk1

Condensin I purified from Xenopus egg extracts displays
an ability to introduce positive superhelical tension
into dsDNA in vitro (Kimura and Hirano 1997). This and
other related activities are stimulated by Cdk1–cyclin
B-dependent phosphorylation of the regulatory subunits
(Kimura et al. 1998, 1999), implying that these activities
might represent physiologically relevant ones that help
promote mitotic chromosome condensation in vivo.
Evidence is also available that in S. pombe, Cdk1 phos-
phorylation of the SMC4/Cut3 subunit promotes con-
densin’s entry into the nucleus during mitosis (Sutani
et al. 1999). A recent study in HeLa cells has shown that
Cdk1 phosphorylates the CAP-D3 subunit of condensin II
at Thr 1415 and thereby promotes the early stage of
chromosome condensation (Abe et al. 2011). It will be of
great importance to understand precisely how different
combinations of Cdks and mitotic cyclins might regulate
the spatiotemporal activation of condensins I and II. It is
possible, for instance, that Cdk1/2–cyclin A and Cdk1–
cyclin B sequentially phosphorylate condensin II to co-
ordinate the early and late stages of chromosome con-
densation (Hirano 2005). On the basis of a quantitative
proteomics approach, Pagliuca et al. (2011) have recently
proposed that a class of Cdk substrates might interact
first with cyclin A and later with cyclin B through the so-
called ‘‘handover’’ mechanism. Condensin II is indeed an
excellent candidate for such Cdk substrates, although
direct evidence supporting this idea remains to be
obtained.

Aurora B

An early study reported that siRNA-mediated depletion
of aurora B from Drosophila S2 cells causes a drastic
decrease of a condensin I subunit associated with mitotic
chromosomes (Giet and Glover 2001). However, the
extent of the functional contribution of aurora B to chro-
mosomal loading of condensins appears to vary among
different species or cell types. For example, depletion of
aurora B from Xenopus egg extracts barely or only subtly
affects the level of condensin I loaded onto metaphase
chromosomes and the resulting chromosome morphol-
ogy (MacCallum et al. 2002; Takemoto et al. 2007). In
HeLa cells, inhibition or depletion of aurora B reduces
the amount of condensin I, but not of condensin II,

loaded onto chromosomes in prometaphase (Lipp et al.
2007). Conceivably, aurora B’s impact on condensin I
would be maximal in anaphase when an additional amount
of condensin I becomes associated with the chromosome
arms (Gerlich et al. 2006; Tada et al. 2011). Evidence is also
available that aurora B might have a role in anaphase
chromatid contraction through a mechanism independent
of condensins (Mora-Bermudez et al. 2007). In C. elegans,
a requirement for aurora B in condensin I loading appears
much more severe than in vertebrate cells (Hagstrom et al.
2002). Although bulk loading of condensin II is barely
affected in the absence of aurora B, its localization at
kinetochores appears compromised (Collette et al. 2011),
as has been reported previously in HeLa cells (Ono et al.
2004). In S. cerevisiae, it was proposed that mitotic folding
of the rDNA repeat involves two steps: an aurora B/Ipl1-
independent step from G2 through metaphase and an
aurora B/Ipl1-dependent step in anaphase (Lavoie et al.
2004). In S. pombe, aurora B/Ark1 phosphorylates three
specific residues at the N-terminal domain of CAP-H/
Cnd2, a condensin I subunit, to support proper chromo-
some segregation (Nakazawa et al. 2011), possibly by
modulating condensin–chromatin interactions (Tada
et al. 2011).

Plks

A recent study has shown that in S. cerevisiae, the major
kinase that phosphorylates condensin subunits in ana-
phase is in fact Polo/Cdc5, rather than aurora B/Ipl1 (St-
Pierre et al. 2009). Polo/Cdc5-mediated phosophorylation
causes hyperactivation of condensin’s supercoiling activ-
ity in vitro and is required for proper anaphase condensa-
tion in vivo. It is very important to note, however, that
Polo/Cdc5-mediated phosphorylation alone is insuffi-
cient to activate the supercoiling activity and must act
in concert with Cdk1-mediated phosphorylation. Possi-
ble cooperative actions of Polo/Plk1 and Cdk1 in the
regulation of condensin II have been suggested in a recent
study using HeLa cells (Abe et al. 2011). Thus, an
emerging view is that a single dominant kinase is not
enough to regulate the highly complex and dynamic
actions of condensins in any organisms (Bazile et al.
2010). It will be important in the future to fully un-
derstand how multiple phosphorylation events catalyzed
by the mitotic kinases help coordinate the spatiotempo-
ral loading and activation of condensins in each species.

Other positive and negative regulators

In addition to the mitotic kinases discussed above, a series
of recent studies has identified other positive and nega-
tive regulators of condensins. For example, casein kinase
2 (CK2) phosphorylates condensin I and negatively regu-
lates its functions during interphase (Takemoto et al.
2006). Notably, CK2-mediated phosphorylation of con-
densin I reduces its DNA supercoiling activity in vitro.
According to another study, protein phosphatase 2A
(PP2A) facilitates chromosomal recruitment of conden-
sin II in Xenopus egg extracts as well as in human cells in
a manner independent of its own catalytic activity
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(Takemoto et al. 2009). Moreover, the monomethylation
of histone H4 at Lys 20 (H4K20me1) has been reported to
play a role in recruiting condensin II to prophase chro-
mosomes (Liu et al. 2010). Finally, it has been shown
that MCPH1, a BRCA1 C-terminal (BRCT) domain-
containing protein responsible for primary microceph-
aly, acts as a highly specific, potent inhibitor of con-
densin II and helps prevent premature condensation of
chromosomes during G2 phase (Yamashita et al. 2011).
Its potential involvement in the etiology of microceph-
aly and in brain development are discussed below.

Gene regulation and other chromosomal functions

Accumulating lines of evidence demonstrate that con-
densins participate in a wide variety of nonmitotic chro-
mosome functions in many different model organisms.
Such examples are as diverse as gene regulation (trans-
vection and dosage compensation), recombination (rDNA
repeat maintenance), DNA damage response, and repair.

Polytene disassembly and transvection control
in Drosophila

Polytene chromosomes are gigantic chromosomes in
which thousands of chromatids are aligned in precise
register and are found in some specialized cells. In Dro-
sophila, for example, ovarian nurse cells assemble poly-
tene chromosomes, which are then disassembled into
unpaired homologs and chromatid fibers during mid-
oogenesis. A recent genetic study has shown that two
genes encoding putative subunits of condensin II, Cap-
D3 and Cap-H2, are required for the disassembly of these
polytene chromosomes (Fig. 3A; Hartl et al. 2008a).
Consistently, overexpression of Cap-H2 in the larval
salivary glands induces drastic disassembly of their

polytene chromosomes. Equally important, the same
study has provided evidence that condensin II negatively
regulates transvection, a process in which certain mu-
tant alleles are transcriptionally influenced through
association with their homologous locus (Fig. 3B). These
results strongly suggest that the ability of condensin II to
separate (or ‘‘resolve’’) chromatids is not limited during
mitosis; rather, it promotes disruption of chromatid–
chromatid interactions within polytene chromosomes
and also restricts homolog–homolog interactions in
diploid somatic nuclei.

Dosage compensation in C. elegans

Dosage compensation is the process that equalizes the
level of X-linked gene expression between the sexes in
animals. In C. elegans, a large protein complex called the
dosage compensation complex (DCC) binds to both X
chromosomes in hermaphrodites to down-regulate gene
expression by half, thereby equalizing X-linked gene ex-
pression levels with those in males (Fig. 3C; Csankovszki
et al. 2009b; Ercan and Lieb 2009). The DCC is composed
of a condensin I-like complex (known as condensin IDC)
and another five-subunit complex containing SDC-1,
SDC-2, SDC-3, DPY-21, and DPY-30. Experiments com-
bining genome-wide chromatin precipitation assays have
revealed that the DCC is enriched at ;1500 sites scat-
tered along the length of the X chromosomes that can
be categorized into two different classes: rex (recruiting
element on X) sites and dox (dependent on X) sites
(McDonel et al. 2006; Ercan et al. 2007; Blauwkamp and
Csankovszki 2009; Jans et al. 2009). The rex sites contain
a 12-base-pair sequence motif called MEX (motif enriched
on X) and are able to recruit the DCC when detached from
the X. On the other hand, the dox sites are bound by the
DCC only when they are located on the X chromosome

Figure 3. A diverse array of interphase chromo-
somal functions supported by condensins. (A)
Condensin II promotes the disassembly of polytene
chromosomes in D. melanogaster. (B) Condensin II
antagonizes transvection in D. melanogaster, pos-
sibly by restricting physical interactions between
homologous chromosomes. (C) In C. elegans her-
maphrodites, condensin IDC associates with both X
chromosomes and down-regulates expression of
X-linked genes by half, possibly by changing
higher-order chromosome structures of the X.
(D) S. cerevisiae condensin plays a crucial role
in stabilizing the rDNA repeat. (E) S. cerevisiae

condensin promotes clustering (and subsequent
nucleolar localization) of tRNA genes that are
scattered along its genome.
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(Jans et al. 2009). It will be important to understand how
the DCC might initially be recruited to some of these sites
and how it might potentially use a ‘‘spreading’’ mechanism
to distribute along the length of the X chromosome (Ercan
et al. 2009).

The difference between condensin I and condensin IDC

resides in only one subunit (Fig. 1A; Table 1; Csankovszki
et al. 2009a). It remains unknown how such a single-
subunit substitution might alter the original molecular
activity of condensin I, thereby allowing condensin IDC to
participate in chromosome-wide gene repression. Intrigu-
ingly, a recent study suggests that the DCC may not
repress genes by direct binding; rather, the DCC may act
at a distance, possibly by bringing dosage-compensated
genes to the vicinity of DCC-bound sites (Jans et al. 2009).
Another study provided evidence that the histone H2A
variant H2A.Z might function in dosage compensation
through a mechanism that helps restrict the DCC to the X
chromosome (Petty et al. 2009). Thus, information from
these studies on condensin IDC should provide a paradigm
that will readily be applicable to our understanding of the
general mechanisms of action of condensins.

Maintenance of the rDNA repeat in S. cerevisiae

In S. cerevisiae, ;200 copies of rDNA are clustered in
a long tandem array on chromosome XII. A single unit of
rDNA (;9.1 kb long) comprises a 35S rRNA-coding
sequence (transcribed by RNA polymerase I [Pol I]), a 5S
rRNA-coding sequence (transcribed by RNA polymerase
III [Pol III]), and two nontranscribed spacers (NTS1 and
NTS2). Fob1, which binds to the replication fork barrier
(RFB) sequence located in NTS1, is known to contribute
to the maintenance of rDNA copy number by stimulating
recombination. Johzuka et al. (2006) set up a genetic
screen for gene products that, in concert with Fob1, are
required for preventing contraction of the rDNA repeat
and identified three subunits of budding yeast condensin.
Condensin is recruited to the RFB in a Fob1-dependent
manner, and this recruitment requires three additional
gene products: Tof2, Csm1, and Lrs4 (Johzuka and Horiuchi
2009). Whereas condensin also associates with the 35S
rRNA-coding region, this association is swept away by
Pol I-dependent transcription in fob1 mutant cells. Con-
versely, inactivation of Pol I suppresses the drastic con-
traction of the rDNA repeat in a fob1-condensin double
mutant (Johzuka and Horiuchi 2007). These results
strongly suggest not only that condensin plays a critical
role in maintaining the copy number of the rDNA repeat
(Fig. 3D), but that condensin’s association with chroma-
tin is incompatible with active transcription.

Two recent studies further pointed out the counterac-
tion between transcription and condensin functions.
First, the protein phosphatase Cdc14 inhibits Pol I
transcription during mitosis, which in turn allows con-
densin’s association with rDNA and thereby leads to
proper condensation and segregation (Clemente-Blanco
et al. 2009). Second, in a strain with a low rDNA copy
number, the average rate of rDNA transcription per copy
increases, leading to the loss of condensin association

from this locus. Under this condition, pairing between
the sister rDNA loci is weakened, and the cells become
sensitive to DNA damage, presumably due to compro-
mised recombinational repair (Ide et al. 2010). Thus, the
rDNA repeat in S. cerevisiae represents a busy crossroad
where a number of chromosomal activities (e.g., replica-
tion, transcription, recombination, and segregation) meet
and it will continue to act as an excellent model system
for dissecting the multilayered functions of condensin.
The observation that nutrient starvation promotes con-
densin loading onto the rDNA repeat to maintain its
stability is another example of promising future studies
(Tsang et al. 2007). In S. pombe, some nucleolar proteins
have been found to affect condensin’s accumulation at
the rDNA region (Nakazawa et al. 2008).

Differential clustering of tRNA genes in S. cerevisiae
and S. pombe

Although as many as ;270 tRNA genes are scattered in
the S. cerevisiae genome, most of them are clustered and
located at the nucleolus at the cytological level (Fig. 3E;
Thompson et al. 2003). A recent study has shown that
clustering of tRNA genes requires condensin functions
and that condensin indeed binds to active tRNA genes, as
judged by a chromatin immunoprecipitation (ChIP) assay
(Haeusler et al. 2008). Disruption of microtubules re-
leases tRNA genes from the nucleolus without dispersing
the clusters themselves, indicating that clustering of
tRNA genes and their nucleolar localization are separable
processes. An independent, genome-wide ChIP–chip anal-
ysis has provided a complementary picture by demon-
strating that budding yeast condensin associates with
tRNA genes and other sites bound by TFIIIC, a compo-
nent of the Pol III transcription machinery (D’Ambrosio
et al. 2008b). It is therefore possible that TFIIIC is re-
sponsible for specifying a class of condensin-binding sites
in the budding yeast genome.

Notably, TFIIIC is also implicated in large-scale chro-
mosome organization in S. pombe, yet in a way different
from that in S. cerevisiae. In S. pombe, a fraction of TFIIIC
with Pol III at tRNA genes is clustered near centromeres,
whereas another fraction of TFIIIC without Pol III is
concentrated in several distinct bodies at the nuclear
periphery, referred to as chromosome-organizing clamps
(COCs) (Noma et al. 2006). A subsequent study has
shown that condensin mediates the centromeric locali-
zation of Pol III genes, which is negatively correlated with
Pol III transcription (Iwasaki et al. 2010). Remarkably,
a mutation in TFIIIC suppresses the temperature sensi-
tivity of a condensin mutant by restoring the centromere
localization of Pol III genes. Thus, condensin-mediated
clustering of Pol III genes at centromeres appears to
counteract their transcription during interphase and also
affects global condensation and segregation of chromo-
somes in mitosis.

DNA damage response and repair

Mitotic cell death (MCD) is a poorly characterized type of
cell death that is triggered when extensive double-strand
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breaks (DSBs) are introduced into cells deficient in the
p53-mediated G2/M checkpoint. In HeLa cells, for in-
stance, MCD accompanies premature activation of Cdk1
and unscheduled condensation of chromatin into coa-
lesced nucleoli, followed by the formation of micronu-
clei. Interestingly, it was found that condensin I, but not
condensin II, is recruited to the condensing chromatin
under this condition (Blank et al. 2006). This simple
observation not only demonstrates that the MCD-asso-
ciated chromatin condensation is mechanistically dis-
tinct from apoptosis-associated condensation, but also
offers an experimental system for studying how conden-
sins I and II might be differentially regulated. An in-
dependent study using HeLa cells reported that conden-
sin I is involved in DNA single-strand break (SSB) repair,
possibly through its interaction with poly(ADP-ribose)
polymerase 1 (PARP-1) and the base excision repair factor
XRCC1 (Heale et al. 2006). PARP-1 appears to contribute
to the retention, but not the initial recruitment, of
condensin I to DNA damage sites (Kong et al. 2011).

As mentioned earlier, a recent genetic study in A.
thaliana has shown that condensin II is likely to be
involved in DSB response and repair (Sakamoto et al.
2011). A genetic screen for mutants that exhibit hypersen-
sitivity to excess boron identified two mutants (heb1-1
and heb2-1) that turned out to be defective in the genes
encoding the CAP-G2 and CAP-H2 subunits of condensin
II, respectively. The boron toxicity is most likely to
involve incidence of DSBs, although the underlying mech-
anism remains to be clarified. This study also uncovered
the somewhat surprising notion that condensin II is not
essential for cell proliferation in this organism, thereby
opening a way to dissect the functional involvement of
condensin II in DSB response and repair in depth.

In S. pombe, a point mutation in the SMC2/Cut14
hinge domain confers defects in both DNA damage repair
and mitotic chromosome condensation (Akai et al. 2011).
Notably, a mutation in replication protein A (RPA), an
ssDNA-binding protein, rescues both phenotypes, imply-
ing that condensin’s DNA-reannealing activity might
counteract RPA-mediated ssDNA coating (see further
discussion below). The genetic properties of this muta-
tion overlap with, but are not identical to, those of
a mutation previously found in the CAP-H/Cnd2 subunit
of S. pombe condensin (Aono et al. 2002), suggesting the
existence of a complex regulatory network surrounding
the interphase and mitotic functions of condensin.

Meiotic chromosome function and segregation

Not surprisingly, condensins also play crucial roles in
meiotic chromosome architecture, dynamics, and func-
tions. It is important to mention, however, that no
meiosis-specific condensin subunits have been identified
so far in any organisms. This situation contrasts with the
cohesin fields, where the discovery and subsequent
characterization of meiosis-specific subunits have greatly
contributed to and accelerated our current understanding
of the unique behaviors of chromosomes during meiosis
(Petronczki et al. 2003).

Mammals

Currently, information regarding condensin functions in
mammalian meiosis remains very limited. An early study
using mouse spermatocytes reported that a condensin I
subunit (CAP-H) is concentrated on a fuzzy axial struc-
ture within chromatids in both meiosis I and meiosis II
(Viera et al. 2007). Whereas the existence of condensins I
and II was initially reported in pig oocytes (Lisková et al.
2010), a more recent study in mouse oocytes has de-
scribed a comprehensive picture of the dynamics and
function of condensins I and II (Lee et al. 2011). At
prophase of meiosis I (prophase I), condensin I is present
in the cytoplasm, whereas condensin II is localized within
the nucleus. After germinal vesicle breakdown, conden-
sin II associates with chromosomes and is concentrated
onto chromatid axes of bivalent chromosomes by meta-
phase I. In contrast, condensin I localizes primarily around
centromeric regions at metaphase I and starts to associate
with chromosome arms only after anaphase I. Together
with results from antibody injection experiments, it has
been proposed that during construction of bivalent chro-
mosomes, condensin II plays a primary role in resolving
sister chromatid axes, whereas condensin I may contribute
to monopolar attachment of sister kinetochores by assem-
bling a unique centromeric structure underneath (Lee et al.
2011). Future studies should address potential functions
of condensins I and II at early stages of meiosis (e.g.,
pachytene), possibly combined with conditional knock-
out approaches.

D. melanogaster

The D. melanogaster genome encodes the orthologs of
the CAP-D3 and CAP-H2 subunits of condensin II.
Although mitotic cells express them, it appears that they
do not play major functions in mitotic chromosome
assembly or segregation (Savvidou et al. 2005). Instead,
a recent genetic study has shown that both CAP-D3 and
CAP-H2 are necessary for male fertility (Hartl et al.
2008b). Cap-H2 mutants display defects in chromosome
territory formation in prophase I, which in turn result in
a failure to resolve heterologous and/or homologous
chromosomes in anaphase I. Thus, the putative conden-
sin II function is required for not only segregating homol-
ogous chromosomes, but also individualizing heterologous
chromosomes. Moreover, another study provided evidence
that CAP-G, a condensin I subunit, is required for disas-
sembly of the synaptonemal complex (SC) and keeping
chromosomes in their metaphase I configuration in fe-
male meiosis (Resnick et al. 2008). Neither study has
localized the condensin subunits to Drosophila meiotic
chromosomes.

C. elegans

An early study had shown that RNAi-based depletion of
SMC2/MIX-1 or SMC4/SMC-4 causes defects in chromo-
some segregation during meiosis II but not during meiosis I
(Hagstrom et al. 2002). A subsequent genetic study per-
formed under a tighter condition, however, demonstrated
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that the condensin II subunit CAP-D3/HCP6 is required
for chromosome segregation in both meiosis I and meiosis
II (Chan et al. 2004). Condensin II associates with sister
chromatids during diplotene and diakinesis of prophase I
and mediates their compaction and resolution, thereby
contributing to formation of bivalent chromosomes. Un-
like in mitosis, chromosomal loading of condensin I does
not require aurora B; rather, the kinase regulates spatial
distribution of condensin I by restricting it to the short arm
of the bivalent (Collette et al. 2011).

The occurrence of crossover (CO) recombination is
essential for accurate chromosome segregation in meio-
sis. The distribution of CO is tightly regulated so that in
C. elegans, a single CO forms between each homolog pair.
Recent studies provided evidence that condensin I plays
a major role in controlling CO distribution, whereas
condensin II has a minor yet nonredundant function in
this process (Tsai et al. 2008; Mets and Meyer 2009).
Condensins could help limit the number of DSBs and
COs through their activity to compact the meiotic chro-
mosome axis. The localization of the two condensin
complexes in pachytene chromosomes remains to be
determined.

S. cerevisiae

The single condensin complex localizes to the axial core
of pachytene chromosomes and contributes to their axial
compaction in S. cerevisiae (Yu and Koshland 2003).
Condensin mutants display pleiotropic defects in SC
assembly, homolog pairing, and DSB processing. In these
mutants, chromosome bridges are often observed during
anaphase I and II, indicating that condensin function is
required for proper segregation of chromosomes in both
meiotic divisions. It was also reported that condensin
helps recruit Polo/Cdc5 to meiotic chromosomes, which
in turn contributes to cohesin release through its direct
phosphorylation (Yu and Koshland 2005).

In S. cerevisiae, a four-subunit complex known as
monopolin plays a central role in co-orienting sister ki-
netochores during meiosis I (Rabitsch et al. 2003; Corbett
et al. 2010). A recent study suggested that condensin
contributes to properly localizing a monopolin subunit
(Mam1) at kinetochores, thereby ensuring co-orientation
(Brito et al. 2010). Interestingly, two of the monopolin
subunits, Csm1 and Lrs4, have an independent function
during mitosis: recruiting condensin to the RFB within
the rDNA repeat (Johzuka and Horiuchi 2009). Thus,
condensin works closely with the monopolin subunits in
both meiosis and mitosis, but does so in different con-
texts. In S. pombe, the orthologs of Csm1 and Lrs4 play
a role in recruiting condensin to mitotic kinetochores,
rather than contributing to meiotic co-orientation (Tada
et al. 2011). It remains unknown whether metazoan
species possess functional equivalents of Csm1 and Lrs4.

A. thaliana

As mentioned earlier, A. thaliana has two paralogous
SMC2 genes (AtCAP-E1 and AtCAP-E2) that have re-
dundant functions in mitosis. Plants with a reduced dose

of functional SMC2 (i.e., E1+/�E2�/�) display defects in
chromosome segregation in meiosis I (Siddiqui et al.
2003), and the homozygous SMC4 mutation (AtCAP-
C�/�) causes a failure in gametogenesis in both females
and males (Siddiqui et al. 2006). On the other hand, it
appears that homozygous mutations in the genes en-
coding the CAP-G2 and CAP-H2 subunits of condensin
II can produce viable gametes (Sakamoto et al. 2011).
These results suggest that condensin I alone might be
sufficient to support meiotic chromosome segregation
in A. thaliana, a situation strikingly different from that
in D. melanogaster or C. elegans.

Cell type-specific functions and development

Condensin subunits are widely expressed in proliferating
cells. Recent studies, however, have started to provide
evidence that a subtle disturbance of condensin functions
often causes cell type- or tissue-specific defects, thereby
unveiling the very rich biology beneath.

Embryonic stem (ES) cells

A recent RNAi screen for genes required for the viability
of mouse ES cells has identified the Smc2 and Smc4 genes
(Fazzio and Panning 2010). ES cells appear to be more
sensitive to loss of condensin functions compared with
somatic cells, and condensin-deficient ES cells display
unique defective phenotypes that are not observed in
somatic cells, such as massive enlargement of interphase
nuclei and metaphase arrest. Moreover, some epigenetic
modifications, such as H3K9me, H3S10ph, and 5meC, are
altered in condensin-depleted ES cells. It has become
increasingly clear that the structural and functional fea-
tures of chromatin in ES cells are strikingly different from
those in somatic cell, possibly to maintain their develop-
mental plasticity (Meshorer and Misteli 2006). ES cells
are likely to provide an important and powerful system
for studying the potential functions of condensins in
epigenetic regulation and cell differentiation.

T-cell development

A forward genetic screen for recessive genes involved in
T-cell development identified a mutant mouse strain,
termed nessy, that turned out to carry a point mutation in
the gene encoding the CAP-H2 (also known as kleisin b)
subunit of condensin II (Gosling et al. 2007). The homo-
zygous mutant mouse is viable and fertile and displays no
apparent defect in B-cell development, precluding a gen-
eral defect in chromosome condensation and segregation.
Thus, this particular mutation causes a specific defect in
T-cell development and a failure in normal immune re-
sponse (Gosling et al. 2008) while preserving the essential
function of condensin II. A more recent study has re-
ported that nuclear chromatin rapidly condenses during
thymocyte development in a condensin II-dependent
manner and that this condensation is required for proper
T-cell development and maintenance of the quiescent
state (Rawlings et al. 2011). Upon T-cell activation, the
chromatin decondenses again, making the transcriptional
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activator Stat5 accessible to its target promoters. These
results suggest that condensin II regulates a developmen-
tally programmed cycle of chromatin condensation and
decondensation that has a great impact on T-cell differ-
entiation. Intriguingly, similar if not identical chromatin
condensation is observed during erythroid cell differenti-
ation, and the condensin II subunit CAP-G2 is implicated
in this process and accompanying transcriptional repres-
sion (Xu et al. 2006).

Primary microcephaly

Primary microcephaly is a neurodevelopmental disorder
characterized by reduced brain size and mental retarda-
tion in humans (Thornton and Woods 2009). MCPH1
(also known as microcephalin) is one of the eight gene
products known to be responsible for this disease. In-
triguingly, cells from MCPH1 patients (but not from
other MCPH patients) display abnormal chromosome
dynamics, including premature chromosome condensa-
tion (PCC) in G2 phase (Trimborn et al. 2004). Although
the PCC phenotype may be a secondary consequence of
a compromised G2/M checkpoint observed in MCPH1-
deficient cells (Alderton et al. 2006; Tibelius et al. 2009),
other lines of evidence suggest that MCPH1 may work
very closely with condensin II (Trimborn et al. 2006;
Wood et al. 2008). In fact, a more recent study has demon-
strated that the N-terminal domain of human MCPH1
(hMCPH1) is able to specifically inhibit the action of
condensin II in Xenopus egg extracts and that its central
domain has an auxiliary role in shaping metaphase chro-
mosomes by physically interacting with condensin II
(Yamashita et al. 2011). Despite these observations, it is
rather surprising to find that MCPH1-deficient cells
segregate their ill-shaped chromosomes in a normal time
frame. Mcph1 knockout mice are viable (Liang et al. 2010)
and display microcephaly (Gruber et al. 2011). It is
currently unknown whether the MCPH1’s ability to
regulate condensin II functions might be directly relevant
to the etiology of microcephaly. The prevalent view in the
field is that loss of MCPH gene functions causes an un-
coupling between cell cycle progression and the centro-
some cycle, which in turn compromises proliferation of
neuroprogenitor cells with a highly unique division mode
(Thornton and Woods 2009). Condensin II and MCPH1
could, in fact, function as components of the signaling
network that regulates mitotic entry in response to a range
of cellular stresses (Hirano 2005; Chin and Yeong 2010).
Whatever the mechanism might be, it is important to
emphasize that MCPH1 microcephaly represents the first
example of human diseases that accompany misregulation
of the chromosome condensation machinery.

Cancers and tissue growth

Genome instability is a hallmark of cancers. Given the
critical role of condensins in proper assembly and segre-
gation of chromosomes, it is formally possible that
subtle perturbations of their functions might promote
genome instability, eventually contributing to tumori-
genesis. Although no direct evidence for this idea has

been reported so far, potentially interesting observations
can be found in the literature. For instance, somatic
point mutations in the SMC2/CAP-E and SMC4/CAP-C
subunits have been identified in several cases of pyothorax-
associated lymphoma in humans (Ham et al. 2007). In
zebrafish, a mutation in the condensin I CAP-G subunit
increases genomic imbalances and the rate of apoptosis
in the retina (Seipold et al. 2009). In Drosophila, it has
been reported that a retinoblastoma family protein (Rfb1)
is required for efficient localization of condensin II with
chromatin by physically interacting with its subunit,
CAP-D3 (Longworth et al. 2008). Finally, a mutation in
the condensin I CAP-G subunit has been found to be
tightly associated with an increase in body size at puberty
in cattle (Setoguchi et al. 2011). The corresponding
syntenic region in human chromosome 4 is also known
be to be associated with adult height, raising the possi-
bility that a condensin I variant might affect skeletal
growth in mammals.

Molecular mechanisms of action

Despite the rapid accumulation of information regarding
the biology of condensins, our understanding of their
molecular mechanisms of action remains poor. The large
size and intricate subunit architecture of the complexes
have made it a big challenge to reconstitute active com-
plexes from recombinant subunits (Onn et al. 2007).
Nonetheless, extensive efforts using a wide variety of
approaches are now gathering valuable information about
the structure and mechanics of condensins. For reviews on
the mechanistic aspects of condensins, see also Swedlow
and Hirano (2003), Hirano (2006), Cuylen and Haering
(2011), and Baxter and Aragón (2012).

Ensuring dsDNA: a preparatory step
for subsequent coiling?

One of the activities that have been found to be associ-
ated with condensins is a DNA-reannealing activity that
promotes conversion of complementary ssDNAs into
dsDNA (Fig. 4A, panel a). This activity does not require
a five-subunit holocomplex: The SMC2–SMC4 dimer is
sufficient to support DNA reannealing in the absence of
ATP (Sakai et al. 2003). Remarkably, the SMC dimer is
able to reanneal ssDNAs precoated with RPA, leaving the
final products of dsDNA free of RPA and SMC (Akai et al.
2011). Several lines of evidence further indicate that the
hinge domain of SMC subunits plays an important role in
interacting with ssDNA (Hirano and Hirano 2006; Griese
et al. 2010; Akai et al. 2011).

How, then, might this activity be physiologically
relevant? It is reasonable to assume that ssDNA regions
would not act as proper substrates for the formation of
mitotic chromosomes and must therefore be ‘‘fixed’’
before initiating such processes. The postulated fixation
step would involve not only rewinding of ssDNA regions
but also removal of ssDNA-binding proteins or RNAs
that would otherwise block dsDNA formation (Yanagida
2009). Thus, condensins’ reannealing activity might help
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ensure that dsDNA is ready for subsequent reactions (Fig.
4B, step a). It is tempting to speculate that condensins use
a similar basic mechanism to regulate other interphase
functions, such as fine-tuning of transcription (e.g., dos-
age compensation) and suppression of undesired recom-
bination (e.g., rDNA copy number maintenance). More-
over, it is important to note that the reannealing activity
bears a mechanistic parallel to the positive supercoiling
activity discussed below: The former involves rewinding
of ssDNA into dsDNA, whereas the latter accompanies
overwinding of dsDNA.

Supercoiling and decatenating dsDNA

Perhaps the best-characterized activity of condensin I is
its ability to introduce positive superhelical tension into
dsDNA, which can be assayed in vitro by using closed
circular DNA as a template in the presence of type I
topoisomerases (Fig. 4A, panel b). Unlike the reannealing

activity, this positive supercoiling activity demands the
five-subunit holocomplex and ATP hydrolysis by the
SMC subunits (Kimura and Hirano 2000). It has been
detected widely in many eukaryotic species, including
humans (Kimura et al. 2001), X. laevis (Kimura and
Hirano 1997), C. elegans (Hagstrom et al. 2002), and S.
cerevisiae (St-Pierre et al. 2009). Moreover, as judged by
a modified assay, condensin I is able to organize multiple
supercoils into an ordered, solenoidal form (Kimura et al.
1999). It has been proposed that the positive supercoiling
activity could promote ordered folding of chromatin
fibers to initiate the formation of chiral (positively super-
coiled) loops in eukaryotes (Fig. 4B, step c; Swedlow and
Hirano 2003; Hirano 2006).

A recent study in S. cerevisiae has provided evidence
that condensin is indeed responsible for accumulation of
positive supercoils on catenated sister DNAs in vivo un-
der the condition in which topo II is depleted (Baxter et al.
2011). Remarkably, when tested in vitro, catenated plas-

Figure 4. Molecular mechanisms of action of eukaryotic condensins. (A, panel a) Reannealing assay. The SMC2–SMC4 dimer is able
to convert complementary ssDNAs (green dotted line) into dsDNA (blue solid line) in vitro. This reaction does not require ATP binding
or hydrolysis. (Panel b) Supercoiling assay. Condensin I introduces positive supercoils into closed circular DNA in the presence of topo
I. This reaction requires ATP binding and hydrolysis by the SMC subunits. (Panel c) Decatenation assay. Condensin’s action allows the
accumulation of positive supercoils into catenated circular DNAs in topo II-depleted, mitotically arrested cells. When these templates
are purified and incubated with topo II in vitro, they are quickly decatenated before being relaxed. (B) An integrated model of how
condensins might promote conformational changes of chromosomes. (Step a) The reannealing activity helps ensure dsDNA, a
prerequisite for subsequent coiling steps. (Step b) Introduction of positive superhelical tension into catenated sister DNAs promotes
topo II-mediated decatenation, thereby facilitating the resolution of sister chromatids. (Step c) Continued positive supercoiling of the
decatenated (and therefore liberated) sister DNAs helps the formation of chiral loops. (Step d) Oligomerization or higher-order assembly
of condensins might further facilitate and stabilize ordered folding of chromatin fibers, eventually leading to the assembly of sister
chromatid axes. It is most likely that the four steps depicted here are not completely separable from each other and must occur in
a spatiotemporally coordinated fashion.
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mids with positive supercoils are more susceptible to
topo II-mediated decatenation than those with no super-
coils (Fig. 4A, panel c), suggesting that condensin-medi-
ated positive supercoiling could facilitate decatenation of
sister DNA molecules during mitosis (Fig. 4B, step b). It is
reasonable to speculate that when this action of conden-
sin is compromised, catenanes between sister DNAs fail
to be removed completely, thereby causing defects in sister
chromatid resolution and segregation in anaphase (e.g.,
Coelho et al. 2003; Hudson et al. 2003; D’Ambrosio et al.
2008a). In the future, it will be important to address how
positive superhelical tension imposed by condensin might
alter nucleosome structures (Bancaud et al. 2007) and how
topo II might act on such nucleosome templates (Roca 2009).

A pair of recent studies has shown that E. coli MukB
physically interacts with ParC, the DNA-binding subunit
of a type II topoisomerase (topo IV), and stimulates its
activity in vitro (Hayama and Marians 2010; Li et al.
2010). Although these observations are highly illuminat-
ing, careful consideration will be required before integrat-
ing all data currently available because there exist some
mechanistic differences in the eukaryotic and prokaryotic
decatenation systems (Hirano 2000; Postow et al. 2001).

How might condensins work?

The mechanism by which the condensin complexes
might interact with DNA to induce its conformational
changes is unknown. A recent study using minichromo-
somes isolated from yeast cells has provided evidence
that condensin encircles dsDNA, thereby forming topo-
logical links—a mechanism similar to that proposed for
cohesin–DNA interactions (Cuylen et al. 2011). It is
attractive to speculate that whereas cohesin holds two
different sister DNA strands together, a single condensin
complex might link two distant segments of a sister
chromatid to promote its folding and compaction. Indeed,
this idea is not incompatible with the chiral looping
model of condensin’s action, although condensin–DNA
interactions are clearly more complex than those pre-
dicted from a simple topological entrapment (Stray and
Lindsley 2003; Stray et al. 2005; Hudson et al. 2008).

Some of the previous models predicted that condensins
could oligomerize or form a higher-order assembly to fold
a chromatin fiber during the process of chromosome
condensation (Swedlow and Hirano 2003; Hirano 2006;
Graumann and Knust 2009). In fact, positive supercoiling
of DNA is likely to be a net product of reactions involving
multiple condensin I complexes, and a single DNA mol-
ecule manipulation assay using magnetic tweezers also
provides strong support for cooperative actions of con-
densin I (Strick et al. 2004). It is possible that highly
dynamic condensin–DNA interactions are further modi-
fied or stabilized by condensin–condensin interactions,
which in turn contribute to assembling sister chromatid
axes (Fig. 4B, step d; Maeshima and Laemmli 2003; Ono
et al. 2003; Kireeva et al. 2004). Moreover, the idea of
oligomerization gains support from several different ex-
periments using bacterial condensins, including electron
microscopy (Matoba et al. 2005; Fuentes-Perez et al.

2012), a single DNA molecule assay (Cui et al. 2008), and
a combination of structural and biochemical analyses
(Woo et al. 2009). Particularly important is the proposal
that ATP-dependent engagement of MukB head domains
disrupts a MukB–MukF interaction, thereby providing
an opportunity to initiate oligomerization of multiple
MukBEF complexes (Woo et al. 2009). Future studies
using the eukaryotic and prokaryotic complexes should
clarify exactly how the ATP-binding and hydrolysis cycle
of their SMC core subunits might be coupled with con-
densin–DNA interactions as well as putative condensin–
condensin interactions.

Conclusions and perspective

Although the condensin complexes were originally dis-
covered as central players in mitotic chromosome assem-
bly and segregation, recent studies revealed that they
participate in an amazingly diverse array of chromosomal
events. Evidence is also accumulating that condensins I
and II fulfill nonoverlapping functions, behave differen-
tially during the cell cycle, and are under the control of
distinct sets of specific regulators. From an evolutionary
point of view, the principal position of condensin I in
mitotic segregation is conserved among virtually all
eukaryotes. In contrast, condensin II is apparently used
in different contexts among different species. Although
these conceptual advances provide a valuable guide for
future studies in the field, a number of outstanding ques-
tions remain to be answered. For example, the molecular
mechanisms of action of condensins must be investigated
and understood in depth. Because most of our current
knowledge comes from analyses of condensin I, it will be
of great importance to critically address to what extent
the two condensin complexes might differentiate from
each other at a mechanistic level. Moreover, it will be of
great interest to explore cell type- and tissue-specific
functions of condensins and their relevance to the de-
velopment of organisms. Along these lines, functional
cross-talk of condensins with epigenetic control will be
an exciting area in future studies. The integration of
knowledge from multidisciplinary approaches should
eventually shed light on the evolutionary questions of
how a primitive form of life might have devised a strat-
egy for handling the long molecules of DNA and how
such an early principle of genome organization might
have evolved to help create the astonishing diversity of
life that we see today on Earth.
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