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Abstract Condensins are conserved multi-subunit protein
complexes that participate in eukaryotic genome organiza-
tion. Well known for their role in mitotic chromosome
condensation, condensins have recently emerged as integral
components of diverse interphase processes. Recent evi-
dence shows that condensins are involved in chromatin
organization, gene expression, and DNA repair and indicates
similarities between the interphase and mitotic functions of
condensin. Recent work has enhanced our knowledge of how
chromatin architecture is dynamically regulated by con-
densin to impact essential cellular processes.
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Introduction

It is a generally accepted view that genetic information
encoded in DNA exists and functions within the context of
chromatin. Chromatin organization is dynamic, and changes
in chromatin structure can either facilitate or inhibit DNA
accessibility. The packaging of DNA into chromatin presents
a significant challenge to essential cellular processes such as
transcription, DNA replication and repair, and chromosome
segregation. These processes rely on enzymatic activities
that require access to the DNA molecule and are therefore
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coordinated with precise modulation of chromatin structure
[1-4]. Furthermore, compelling evidence suggests that the
nucleus is organized into functional compartments contain-
ing different types of chromatin [5, 6]. The question of how
chromatin is organized in three-dimensional space within the
eukaryotic nucleus has been a long-standing interest of
geneticists and cell biologists, and is critical for under-
standing the regulation of these essential cellular processes.

That an important connection exists between the function
of genetic material and its spatial organization has been
supported by the identification of numerous defects in
nuclear morphology and chromatin organization in a variety
of human pathologies. What has remained a largely open
question is that of causation: Are defects in spatial organi-
zation of chromatin a cause of human disease and cellular
dysfunction, or are these morphological defects simply a
result of one or more defunct pathways? Perhaps this ques-
tion is only relevant if we still view biological pathways as
linear. Given the interconnected nature of biological net-
works, it is likely that morphological defects are both a cause
and a result of cellular processes gone awry. A particular
challenge to the advancement of this field has been the lack of
testable mechanistic models where specific chromatin and
nuclear organizational states can be experimentally manip-
ulated so as to ask how changes in organization may cause
defects in essential processes.

Condensins are conserved protein complexes that are
best known for their function in chromosome condensation
during mitosis. However, emerging evidence has uncov-
ered numerous non-mitotic functions suggesting that
condensin complexes are key players in eukaryotic chro-
mosome organization. This review will focus specifically
on the emerging role of condensin in interphase genome
organization; therefore, discussion of the mitotic and
meiotic roles of condensin is outside the scope of this
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Fig. 1 Condensins drive changes in chromosome organization and
nuclear shape in interphase. a Eukaryotic condensin complexes
consist of a heterodimer of two SMC proteins, SMC2 and SMC4.
Each SMC subunit has half its ATPase on its N-terminus (N) and the
other half on the C-terminus (C), which come together to form a
functional ATPase “head,” shown in yellow. SMC proteins form a
coiled-coil domain and a hinge domain, where dimerization occurs.
SMC dimers can interact directly with DNA or chromatin (black line).
Condensin not bound to ATP is thought to have an “open”
conformation. b The SMC dimer can bind one ATP molecule (red)
in each of the two ATPase heads, and ATP-bound head domains can
then recruit a kleisin subunit (green). Barren/Cap-H is a condensin
I-specific kleisin; Cap-H2 is a condensin II-specific kleisin. Other
chromosome associated proteins (Cap) can also be recruited to the
complex (not shown) in a condensn I- or II-specific manner.
Additional Cap subunits are thought to mediate specific protein-
protein interactions. See Table 1 for a complete list of SMC and Cap
subunit genes. ¢ ATP-bound SMC2/4 dimer induces a conformational
change to a “closed” state. This conformational change is thought to
drive axial shortening of chromosomes by inducing compaction of
chromatin. Kleisin binding inhibits ATP hydrolysis and may serve to
stabilize the closed SMC conformational state. High levels of kleisin
favor the closed conformation. Dissociation of kleisin and ATP
hydrolysis (as in b) reestablishes the open conformation and allows
decondensation of chromatin. d Chromosomes (colored lines) are

review. For recent reviews on these topics, see Hudson
et al. [7] and Thadani et al. [3].
Condensin Complexes

Eukaryotes have two different condensin complexes, con-
densin I and condensin II, which are highly conserved
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contained within the nuclear envelope (black oval) and exist in the
Rabl conformation, where centromeres and telomeres are at opposite
ends of the nucleus. Centromeres, telomeres, and other regions are
thought to be tethered to the inner nuclear membrane through
chromatin interactions with envelope-associated proteins. e Interphase
chromosomes can adopt territories where each chromosome occupies
a discrete position in the three-dimensional space of the nucleus. The
position of each chromosome relative to the nuclear envelope and to
other chromosomes is important for the expression of genes. It has
been proposed that condensin II compaction forces in interphase are
required for organizing chromosomes into territories. Chromatin
tethers to the envelope are speculated to serve as anchors of
condensin-driven gathering of chromatin as it condenses. f An
interphase nucleus is shown with one chromosome (blue) for
simplicity. Chromosomes can have regions that are relatively
decondensed (green arrows) and condensed (magenta arrow) that
reflect tissue-specific chromatin and gene expression states. Chroma-
tin can be tethered to the inner nuclear membrane (red arrows). g A
speculative model where local condensation states can be modulated,
likely by local condensin activation, and envelope-tethered chromatin
anchors may be drawn toward the interior of the nucleus. Invagin-
ations and distortions of the envelope (red arrows) may result from
local chromatin condensation or defects in nuclear envelope structure
(see text for further details)

across eukaryotic species. Both are five-subunit complexes
that share a core heterodimeric SMC2-SMC4 subunit
belonging to the structural maintenance of chromosome
(SMC) family [8]. The two complexes each have three
unique non-SMC subunits (Fig. 1); condensin I contains
CAP-D2, CAP-G, and CAP-H, while condensin II contains
CAP-D3, CAP-G2, and CAP-H2. CAP-D2, CAP-D3, CAP-
G, and CAP-G2 contain HEAT repeats, which are thought
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to be important for protein-protein interactions [9]; CAP-H
and CAP-H2 belong to the kleisin family of proteins [10].
The SMC heterodimer forms a V-shaped structure, char-
acteristic of all SMC proteins, with an ATP-binding cata-
lytic “head” domain and a “hinge” domain required for
dimerization (Fig. la—c) [11, 12].

Condensin I and II have distinct spatial and temporal
localization patterns, with condensin II localizing to the
nucleus throughout the cell cycle while condensin I is
localized to the cytoplasm, only accessing the chromo-
somes following nuclear envelope breakdown in prometa-
phase [13-15]. This differential localization suggests that
the condensin complexes may have distinct roles in chro-
mosome organization. For example, condensin I facilitates
lateral compaction of mitotic chromosomes while con-
densin II facilitates axial compaction [16°]. Recent studies
suggest that the non-redundant roles of the eukaryotic
condensin complexes are not limited to mitosis, but are
important for a wide range of processes during interphase.

Condensin Functions in Interphase
Homolog Pairing and Polytene Disassembly

One of the most dramatic chromatin organizations is the
pairing of homologous chromosomes. This entails the
physical juxtaposition of maternal and paternal DNA
sequences along the entire lengths of chromosomes, spe-
cifically between homologs. Homologous chromosome
pairing is a key event in meiosis, and is required for
recombination and chromosome segregation (reviewed in
[17]). Homolog pairing also occurs in somatic cells, first
described in Dipteran insects [18, 19], and has been
observed in a number of organisms [20-22]. A unique
feature of somatic homolog pairing that distinguishes it
from meiosis is that homology-dependent pairing of
sequences does not require DNA breaks, recombination
machinery, or synaptonemal complex proteins that typi-
cally mediate meiotic pairing [23, 24]. Somatic homolog
pairing has been studied most extensively in Drosophila,
where pairing initiates in mitotic division 13 during
embryogenesis and persists throughout development [25-
29]. In tissues that are developmentally programed for
polyploidy, pairing also occurs to form giant polytene
chromosomes, where thousands of DNA strands are
aligned along the length of the chromosome [30]. Polytene
chromosomes occur in tissues of many species, including
the giant trophoblast cells of the mammalian placenta [31].

Pairing of homologous chromosomes in diploid somatic
cells has been implicated in regulation of gene expression
through transvection as well as DNA damage repair [32,
33], but the mechanisms underlying pairing remain poorly

understood. Transvection refers to the physical interactions
of enhancers on one chromosome with promoters of another
chromosome, resulting in activation or repression of tran-
scription [32]. Suppressor of Hairy-wing [34] and topoiso-
merase II [35] were the first factors identified that function
to promote somatic pairing. Conversely, the CAP-H2 sub-
unit of condensin II promotes disassembly of polytene
chromosomes into unpaired homologs and chromatid fibers
during mid-oogenesis in Drosophila ovarian nurse cells and
antagonizes transvection in diploid nuclei [36]. Because
other condensin II subunits were also required for this
unpairing activity, condensin II was proposed to function as
an anti-pairing factor. The activity of condensin II is regu-
lated by the SCF*"™ ubiquitin ligase, which targets CAP-
H2 for degradation, thus resulting in homolog pairing and
inhibition of interphase chromosome compaction [37, 38¢].
Lending further support to the anti-pairing role of condensin
II, a recent study utilizing high-throughput FISH combined
with RNAI identified Cap-H2, Cap-D3, and SMC2 as fac-
tors that antagonize homolog pairing [38¢]. Additionally,
this and another recent study identified a number of novel
genes that promote or antagonize somatic pairing, further
suggesting that homolog pairing is a dynamic process that is
regulated by both pairing and anti-pairing factors [38e, 39].
Among the anti-pairing factors that have been identified are
chromatin proteins such as HP1, ORC1, and the Drosophila
homolog of the human Mortality Factor 4 (Morf4), Mrgl5
[38, 40]. Identification of factors that both promote and
disrupt pairing is important because it suggests that pairing
and unpairing are both actively regulated. The traditional
view has been that pairing is promoted by specific factors,
while unpairing is the default state driven by entropy.
Moreover, this brings up the exciting possibility that pair-
ing/unpairing may be actively modulated at the local gene
or region-specific level, thus regulating important trans-
chromosomal interactions. It has been speculated that
compaction activity on interphase chromatin disrupts pair-
ing by driving intrachromosomal accordion folds that
exclude interchromosomal interactions [41, 42e¢]. That
condensin II can promote interphase chromatin compaction
has been demonstrated in Drosophila and mouse [40, 42¢,
43]; however, it remains unclear how this higher-order
chromatin folding contributes to disruption of trans-chro-
mosomal interactions.

Chromosome Territories

Interphase chromosomes in higher eukaryotes are orga-
nized into distinct sub-nuclear regions referred to as
chromosome territories (CTs) (Fig. le) [44—48]. Formation
of CTs results in the partitioning of the genome into
functional domains, facilitating separation of actively
transcribed genes from inactive genes and repetitive DNA
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sequences [49, 50]. In Drosophila ovarian nurse cell dis-
ruption of polytene pairing in mid-oogenesis coincides with
formation of globular territories reminiscent of mammalian
CTs [51]. Condensin II is required for disassembly of poly-
tene chromosomes at this transition and also required for the
proper formation of CTs [42¢]. FISH in ovarian nurse cells
showed that Cap-H2 mutants are unable to alter their ori-
entation from the Rabl configuration (Fig. 1d), in which the
centromeres are localized at one pole of the nucleus and the
telomeres are positioned near the opposite pole. The finding
that CAP-H2 promotes axial compaction and CT formation
in both nurse cells and salivary glands, along with the
observation that CT formation in meiotic spermatocytes is
dependent on condensin II [41], suggests that condensin II
has arole in regulating CT formation in multiple tissue types.
Furthermore, these findings suggest that the interphase
function of condensin II is similar to its role in axial com-
paction of meiotic chromosomes [13, 16e, 52-54]. An
interesting implication arising from this work is that there is
competition between cis (intrachromosomal) and frans
(interchromosomal) interactions, and that condensin I may
regulate chromatin organization by tipping the scales in
favor of cis interactions.

How chromosomes transition from Rabl to CT configu-
ration is not clearly understood. Because condensin II
compaction forces have been implicated in CT formation
[42-], it has been proposed that the intrinsic self-gathering
properties of chromosome condensation can lead to discrete
and non-overlapping CT formation. Moreover, chromatin
tethers to the nuclear envelope act as anchoring points to reel
in specific chromosomal regions to at each tethering point
[42¢]. Although chromatin tethers to the nuclear matrix can
also exist, only tethers at or near the envelope can serve to
draw CTs away from the center of the nucleus and form an
inner nuclear space depleted of chromatin.

Maintenance of rDNA Stability

The most abundant genes in the eukaryotic genome are
those encoding ribosomal RNA (rRNA), an integral com-
ponent of ribosomes. rRNA genes are arranged in clusters
of repeats, allowing cells to produce sufficient amounts of
rRNA when demand for ribogenesis is high. In Saccharo-
myces cerevisiae, ~200 copies of rRNA genes (rDNA) are
arranged on chromosome XII in tandem arrays consisting
of a coding sequence for 35S rRNA that is transcribed by
Pol I, 5S rRNA that is transcribed by Pol III, and two non-
transcribed spacers (NTS1 and NTS2) [55-57]. The highly
repetitive nature of rDNA, however, causes it to be
intrinsically unstable as it is prone to losing copies of the
repeats through homologous recombination. Copy number
maintenance is achieved through regulation of recombi-
nation by the protein FOB1 [58]. Condensin, previously
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found to be required for proper mitotic condensation and
segregation of rDNA regions [59], was identified in a
genetic screen as an additional factor required for IDNA
maintenance. Condensin is recruited by FOB1 to the rep-
lication fork barrier (RFB) sequence in early S-phase [60],
a finding that points to a role for condensin in interphase
cells and suggests a link between condensin loading and
replication termination.

The role of condensin in rDNA maintenance is further
supported by a report that condensin is loaded onto chro-
matin to promote condensation of rDNA in response to
transcriptional repression during nutrient starvation [61].
Conditions such as nutrient starvation inhibit Target of rap-
amycin complex 1 (TORC1), resulting in rDNA transcrip-
tion inhibition, nucleolar contraction, and condensin-
mediated rDNA condensation [61-64]. Under these condi-
tions, condensin acts antagonistically to Rad52, a component
of the homologous recombination (HR) machinery, by pre-
venting its localization to the nucleolus where it can mediate
inappropriate HR among the rDNA repeats [65]. Conse-
quently, inactivation of condensin leads to rDNA repeat
instability [61]. The idea that condensin-mediated compac-
tion generally restricts access to DNA by excluding binding
proteins like Rad52 from DNA surfaces is also consistent
with recent findings in human cells where condensin II
compaction quenches checkpoint signaling of double-strand
breaks (DSBs) ([66] and see section below on DNA damage
repair). Furthermore, it has been hypothesized that repres-
sion of recombination within rDNA repeats might be due, in
part, to the ability of condensin to mediate both cis- and
trans- chromatin interactions [67]. For example, interactions
between condensin-bound RFB sites scattered throughout
the genome could promote the formation of chromatin
folding, which would limit interactions among the rDNA
repeats, thereby repressing recombination.

Pol IIT Gene Clustering

The budding yeast S. cerevisiae contains 274 tRNA genes
dispersed throughout the genome. Throughout the cell
cycle, however, these widely distributed genes are clustered
in the nucleolus [68, 69]. While nucleolar positioning of
tRNA genes is a microtubule-dependent process, tRNA
gene clustering occurs by a separate condensin-dependent
mechanism. Mutations in the five budding yeast condensin
mutants smc2-8, smc4-1, ycgl-2, ysc4-1, and brnl-9 cause
varying degrees of tRNA gene positioning defects and
partially inhibit tRNA gene-mediated silencing, in which
transcribed tRNA genes suppress RNA polymerase II-
dependent transcription of nearby genes [69]. Yeast con-
densin was shown to bind to tRNA genes as well as genomic
regions bound by the Pol III transcription factor TFIIIC in
both small-scale and genome-wide ChIP experiments [69,
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70]. These observations suggest that condensin is recruited
to tRNA genes by TFIIIC where it might facilitate nucleolar
clustering by participating in numerous interactions with
multiple condensin complexes throughout the genome.

A more recent study has shown that condensin associ-
ates with Pol III genes at the c417 locus in S. pombe in both
mitosis and interphase [71]. Pol III-bound tRNA and 5S
rRNA genes that are dispersed throughout the linear gen-
ome are clustered in centromeric regions near the nuclear
periphery [71, 72]. Centromeric localization of Pol III
genes is mediated by condensin and can be counteracted by
active Pol III transcription, which is thought to result in
dissociation of TFIIIC and condensin from these regions
[71]. Condensin-mediated localization of Pol III genes
within the nucleus contributes to the three-dimensional
organization of the genome in both budding and fission
yeast; however, it remains to be determined whether this
organization is conserved in higher eukaryotes. Interest-
ingly, TFIIIC binding sites corresponding to tRNA genes
have recently been shown by 4C to cluster in the nucleus of
human cells [73]. It is tempting to speculate that the
nuclear organization of Pol III genes mediated by TFIIIC is
conserved among eukaryotes and that condensins might be
important effectors of this process.

Gene Regulation

Increasing lines of evidence suggest that condensins play
important roles in the regulation of gene expression, and
this process is thought to be intimately linked to the role of
condensins in regulation of chromosome architecture. For
example, condensin has been proposed to maintain the
silenced state of homeotic genes by regulating chromo-
some topology [74]. In budding yeast, loss of condensin
binding to rDNA in Smc2p mutants results in relocation of
the silencing protein Sir2p from telomeres to rDNA [75],
suggesting that condensin helps to ensure the correct bal-
ance of nucleolar and telomeric Sir2p and that condensin
might act as a barrier to prevent the spread of silent
chromatin into active regions.

Condensins have been implicated in Drosophila position
effect variegation (PEV). Condensin subunits have been
linked not only to suppression, but also enhancement of
PEV [74, 76-78], a finding that is surprising considering its
well-established role in chromosome condensation. It is
interesting to note that reporter genes located in close
proximity to rDNA arrays are most sensitive to the effects
of condensin mutations [78]. This raises the possibility
that, as in S.cerevisiae [59, 79, 80], condensins may be
enriched at rDNA in Drosophila, although to date the
potential involvement of condensins at these loci has not
been explored further.

Dosage compensation in C.elegans represents a well-
established model system for studying condensin function
in regulation of gene expression. The dosage compensation
complex (DCC) achieves a two-fold downregulation of
each of two X chromosomes in hermaphrodites and ensures
a level of X-linked gene expression equal to that from the
single male X chromosome [81]. The DCC consists of ten
proteins, five of which are homologous to condensin
complex subunits (Table 1), [82-86] and binds to two
distinct classes of sites. The rex (recruitment element on X)
sites recruit the DCC in an autonomous, sequence-depen-
dent manner via a 12-base-pair sequence motif called MEX
(motif enriched on X) [87, 88], whereas dox (dependent on
X) sites are only able to recruit the DCC when located on
the X chromosome [88].

Since rex and dox sites are separated by distances up to
90 kb, long-range communication is essential to facilitate
DCC binding on the X. The similarity between the DCC
and condensin complexes suggests that the DCC could
facilitate chromatin looping, bringing rex and dox sites into
close proximity to one another. This looping model is
reminiscent of the role of condensin complexes in pro-
moting clustering of yeast tRNA genes [69], and ChIP-chip
experiments have shown that DCC is located at sites near a
majority of C. elegans tRNA genes [88]. Direct DCC
binding to the promoter or coding sequence of a gene is not
the determining factor in whether that gene will be com-
pensated, an observation that lends further support to the
idea that the reduction of gene expression over long dis-
tances occurs as a result of DCC-mediated changes in
chromatin structure.

The finding that mutations in DCC components result in
increased RNA Pol IT binding to the X chromosome provided
the first evidence that dosage compensation occurs at the
transcriptional level [89]. Using a strategy for mapping
transcription start sites (TSSs), it was shown that dosage
compensation in C. elegans occurs by reduction of Pol II
recruitment to X-linked gene promoters [90]. These obser-
vations suggest that the condensin-like DCC prevents Pol 11
recruitment to promoters and may disrupt long-range inter-
actions between enhancers and promoters or reduce acces-
sibility of Pol II to promoter regions [90]. The proposed
function of the DCC in altering chromosome architecture to
limit or facilitate interactions between distant regulatory
elements is analogous to the function of boundary elements.
Boundary activity is consistent with the role of condensin in
rDNA locus organization as well as the clustering of tRNA
genes, which are known to act as chromatin boundaries. The
recent finding that the C. elegans DCC promotes X chro-
mosome enrichment of H4K20mel [91] supports the idea
that inhibition of Pol II recruitment is a result of increased X
chromosome compaction, which might function to reduce
promoter accessibility of Pol II. Condensin II components
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Table 1 Eukaryotic condensin proteins

Species Subunits Interphase function
S. cerevisiae Core SMC Smc2 Nuclear organization [69]
Smc4 Nuclear organization [69]
Non-SMC Ycs4 Nuclear organization [69]
Ycs5/Ycegl Nuclear organization [69]
Brnl Nuclear organization [69]
S. pombe Core SMC Cutl4 DNA repair [95], nuclear organization [71]
Cut3 DNA repair [94], nuclear organization [71]
Non-SMC Cndl1
Cnd3
Cnd2 DNA repair [93]
A. thaliana Core SMC CAP-E1 and CAP-E2
CAP-C
Non-SMC CAB72176 ()
BABO08309 (I)
AAC25941 (I)
At4g15890.1 (II)
CAP-G2/HEBI1 (II) DNA repair [101]
CAP-H2/HEB2 (II) DNA repair [101]
C. elegans Core SMC MIX-1 Gene expression [85]
SMC-4
DPY-27 (I°%) Gene expression [84]
Non-SMC DPY-28 (I) Gene expression [82]
CAPG-1 (I) Gene expression [82]
DPY-26 (I) Gene expression [82]
HCP-6 (II)
CAP-G2 (1)
KLE-2 (II)
D. melanogaster Core SMC SMC2 Nuclear organization [37, 38¢]
SMC4/Gluon Gene expression [78], nuclear organization[42°]
Non-SMC CAP-D2 (1)
CAP-G (I) Gene expression [78]
CAP-H/Barren (I) Gene expression [78]
CAP-D3 (1) Gene expression [117], nuclear organization [38¢]
CAP-H2 (II) Gene expression [38¢], nuclear organization [38¢]
Vertebrates Core SMC CAP-E/SMC2 DNA repair [66]
CAP-C/SMC4
Non-SMC CAP-D2 (I)
CAP-G (D) DNA repair [99]
CAP-H(I)
CAP-D3 (1) DNA repair [100]
CAP-G2 (IT) Gene expression [43], nuclear organization [43, 104]

CAP-H2/nessy (II)

Gene expression [43], nuclear organization [43, 104]

N-CAPD3 and N-CAPG2 have recently been found to bind
directly to methylated histone H4 on lysine-20 (H4K20mel),
raising the possibility that the DCC might bind directly to
H4K20mel to affect compaction of chromatin [92].
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DNA Damage Repair

Emerging evidence has linked condensin function to DNA
repair processes in S. pombe [93]. In addition to defects in
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condensation, mutants for Cnd2, a non-SMC condensin
subunit homologous to the Drosophila Barren protein,
exhibited hypersensitivity to UV, hydroxyurea (HU), and
methylmethane sulphonate. Recovery from HU-induced S
phase arrest and activation of the checkpoint kinase Cdsl
(a Chk2 homolog) requires Cnd2, and other condensin
subunits, indicating the entire condensin complex is
required for Cdsl activation. The hypersensitivity of cnd2-
1 mutants is suppressed by overexpression of Ctil, an in-
teractor of Cut3/SMC4 [94]. Ctil is more abundant on
chromatin after HU-induced DNA damage, and Ctil likely
recruits condensin to DNA damage sites. A mutation in the
S. pombe Cutl4/SMC2 exhibited sensitivity to DNA
damaging agents similar to those observed in Cnd2
mutants, and these defects were suppressed by mutation in
the replication protein A (RPA)-endcoding gene ssbl [95].
Thus, condensins act antagonistically to the ssDNA-bind-
ing RPA by promoting its removal from DNA, suggesting
condensin may function to remove repair proteins from
DNA in preparation for mitosis.

In higher eukaryotes, both condensin I and condensin II
are involved in DNA damage repair. Condensin I plays a
role in single-strand break (SSB) repair through its inter-
action with PARP1, a DNA nick-sensor that is thought to
play a role in organizing chromatin at the site of DNA
damage and in the recruitment of repair proteins [96-98].
Condensin I interacts with PARP-1 specifically in inter-
phase and forms a complex with PARPI1 and its binding
partner, the base excision repair (BER) factor XRCC11, in
response to SSB damage [99]. The repair function of
condensin I is specific for SSBs, as hCAP-D2 depletion
causes no defects in DSB repair. Furthermore, condensin I
was found to be recruited directly to sites of DNA damage
where it is stabilized by its interaction with PARP1 [100].

Condensin II is also thought to function in DNA DSB
repair. In A. thaliana, hebl-1 and heb2-1 encode the CAP-
G2 and CAP-H2 subunits of condensin II, and mutations in
these genes render these plants hyper-sensitive to boron-
induced DNA breaks [101]. The mechanism by which
condensins confer boron resistance remains unclear. In
human cells and A. thaliana, condensin II is involved in
HR-mediated repair [101, 102], and condensins also pro-
mote HR-mediated repair of DSBs at rDNA loci in yeast
[103]. It has been proposed, however, that condensin might
instead play a role in prevention of DNA damage induced
by genotoxic stress, as evidenced by its role organizing and
stabilizing the genome in response to nutrient starvation
[61]. Conversely, in human cells the bromodomain protein
Brd4 promotes inhibition of DNA damage signaling and
DSB repair through condensin II-mediated chromatin
compaction inhibition of DNA damage signaling and DSB
repair [66], pointing to species-specific functions of con-
densin II in DNA damage repair.

Cell-Type-Specific Roles of Condensins

Recently, condensin subunits have been identified as key
players in epigenetic regulation of cell-type specific gene
expression. For example, murine CAP-G2 promotes chro-
matin condensation and transcriptional repression during
erythroid cell differentiation [104]. Similarly, naive T
lymphocytes remain in a quiescent state until they undergo
T cell receptor inducted T-cell activation. This transition
involves changes in condensin-mediated higher order
chromatin structure that allow the expression of prolifera-
tion-specific genes [43]. Mutations in the kleisin B (CAP-
H2) subunit of condensin II lead to chromatin condensation
defects as well as misregulation of genes that are normally
silenced in naive T-cells, indicating that condensin main-
tains chromatin in a condensed state during the quiescent
period to suppress proliferation.

A recent study has shown that YY1, a PcG protein,
functions in B-cell development. YY1 physically interacts
with condensin subunit SMC4 through its REPO domain,
which is necessary for Ig VJ segment rearrangement. YY1
also co-localizes with SMC4, SMC2, and BRRNI1, the
human CAP-H homolog, within the Ig [105]. Since the Ig
loci are thought to be organized into loops that form rosette-
like structures, it has been proposed that condensin might
promote long-range interactions between YY1 binding sites
that would facilitate rearrangement of Ig locus genes.

Conclusion

It has become evident that in addition to their well-estab-
lished role in proper condensation and segregation of
mitotic chromosomes, condensin complexes function in
diverse interphase processes. Condensin proteins have
therefore emerged as important regulators of chromatin
organization throughout the cell cycle. It remains
unknown, however, whether the mitotic and interphase
functions of condensin complexes share similar molecular
mechanisms. One proposed model for condensation is that
condensin promotes positive supercoiling [106—108]. Per-
haps a similar mechanism underlies the diverse interphase
functions of condensin. Indeed, evidence suggests that
supercoiling of DNA can facilitate long-range interactions
[109]. Furthermore, dynamic supercoiling influences tran-
scription [110], recombination [111, 112], and homolog
pairing [35, 113]. Future work will be important to eluci-
date the molecular mechanisms underlying condensin-
mediated regulation of interphase chromatin organization
as well as to determine commonalities and differences
among various condensin-mediated processes.
Understanding the molecular mechanisms by which
condensins function may also provide insights into human
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disease. The first link between chromosome condensation
and disease came from the observations that condensin II
contributes to premature chromosome condensation in
autosomal recessive primary microcephaly and that
MCPHI inhibits condensin II activity [114]. Condensin
complexes function in numerous processes that are
important to preserve genomic stability; therefore, it is not
surprising that mutations in condensin subunits have been
linked to tumorigenesis. For example, loss of heterozy-
gosity in the chromosomal region containing the Cap-D3
gene is often associated with breast cancer, and mutations
in SMC2 and SMC4 have been identified in several cell
lines and tumor samples from patients with pyothorax-
associated lymphoma [115]. Furthermore, the Drosophila
retinoblastoma family protein Rfbl is required for tar-
geting CAP-D3 to chromatin, suggesting that aneuploidy
in Rb mutants might result from loss of condensin II
function [116]. Additionally, both CAP-D3 and RBF1
regulate genes involved in development and cell fate
determination [117]. Finally, a mutation in Drosophila
CAP-G results in cell cycle delays and increased apop-
tosis in retinal cells, linking condensin I to genome
instability [118].

Higher-order chromatin organization has been impli-
cated in a number of other human diseases. Cornelia de
Lange syndrome (CdLS) is a developmental disorder that
results from mutations in NIPBL, which acts with the co-
hesin complex to promote long-range chromatin interac-
tions that are important for regulating gene expression.
Interestingly, cells from CdLS patients exhibit extensive
chromatin decondensation [119]; however, it is unclear
whether condensin function is altered in these patients.
Laminopathies, such as Hutchinson-Gilford progeria syn-
drome, are caused by mutations in nuclear lamins that are
thought to affect levels of gene expression. Cells from
patients with laminopathies exhibit abnormal nuclear
envelope morphologies and changes in chromatin organi-
zation [120]. Similar defects in nuclear envelope mor-
phology were observed upon inappropriate activation of
condensin II by depletion of the SCF>"™ ubiquitin ligase
[37]. Modulation of dynamic changes in nuclear organi-
zation might transduce mechanical forces to the nuclear
envelope, resulting in aberrant nuclear envelope distortions
in cells lacking normal lamin function [121]. It is tempting
to speculate that condensin may play a role in this process
(Fig. 1f, g). Certainly further research will be necessary in
order to explore the potential function of condensins in
diseases involving defects in higher-order chromatin
organization.
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