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Abstract Genome/chromosome structures are formed
by a hierarchy of organizing processes ranging from gene
interactions to chromosome territory formation. The SMC
complex, cohesin, mediates interactions among enhancers
and promoters, thereby regulating transcription. Another
SMC complex, condensin, also plays critical roles in
genome organization, although the detailed mechanisms
remain much less well understood. Here, we discuss our
recent findings on how fission yeast condensin mediates
interactions among genes and how condensin-dependent
interactions play dual roles in the chromosome territory
arrangement during interphase and in mitotic chromosome
organization, which supports the fidelity of chromosome
segregation. Our studies suggest that condensin serves as
a functional ligature connecting gene interactions, chromo-
some territory arrangement, transcriptional regulation, and
chromosome segregation.
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Introduction

It has been widely accepted that the three-dimensional (3D)
chromosome/genome organization is linked to important
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nuclear processes, such as gene regulation, DNA replica-
tion and repair, and mitotic chromosome segregation (Mis-
teli 2007; Dekker and Mirny 2016). The condensin and
cohesin complexes consisting of Structural Maintenance
of Chromosomes (SMC) proteins are known to function
in mitotic chromosome assembly and in sister-chromatid
cohesion, respectively (Hirano 2006). Accumulating evi-
dence demonstrates that these SMC complexes also func-
tion in interphase genome organizations (Wood et al. 2010;
Hirano 2012). The importance of the condensin complex
for mitotic chromosome organization has been appreciated
for over 20 years, although exactly what the chromosomal
architecture assembled by condensin is, and how that struc-
ture contributes to chromosomal segregation remain largely
unclear.

We have recently shown that a direct interaction between
the TATA box-binding protein (TBP) and the Cnd2 kleisin
subunit of condensin mediates the specific chromosome
organization, which is required for the faithful segregation
of mitotic chromosomes in fission yeast, Schizosaccharo-
myces pombe (Iwasaki et al. 2015a). During interphase,
condensin-mediated gene interactions contribute to the for-
mation of chromosome territories (Iwasaki et al. 2015b).
Based on our recent findings, here, we discuss how the
general transcription factor, TBP, and condensin coordinate
global transcriptional activity with higher-order chromo-
some organizations, i.e., gene interactions, chromosome
territory arrangement, and mitotic chromosome assembly.

Physical interaction between condensin and TBP
It has previously been shown that a kleisin subunit of con-

densin physically interacts with all other condensin subu-
nits, thereby serving as a central scaffold of this protein
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complex (Onn et al. 2007). Fission yeast condensin com-
prises five subunits: two SMC subunits (Cut3 and Cutl4)
and three non-SMC subunits (Cndl, Cnd2, and Cnd3);
Cnd2 is the kleisin subunit. The C-terminal domains of the
kleisin subunits in the condensin and cohesin complexes
fold into a specific protein structure referred to as the
winged-helix domain, which forms an interaction surface
for the SMC subunit (Haering et al. 2004; Fennell-Fezzie
et al. 2005). We have shown that Cnd2 interacts with TBP,
and that the point mutations in the Cnd2 winged-helix
domain inhibit this condensin-TBP interaction (Iwasaki
et al. 2015a). Biochemical analyses with a series of Cnd2
mutant proteins further indicate that one side of the helix
within the winged-helix domain mediates the Cnd?2 interac-
tion with Cut3 (Smc4 condensin subunit), while the other
side of the same helix is involved in the interaction with
TBP. The cnd2-C703R point mutation does not affect the
Cnd2 interactions with any of the other condensin subunits,
but specifically diminishes the interaction with TBP.

Condensin localization and regulation

Condensin localizes to RNA polymerase Ill-transcribed
genes (Pol III genes), such as tRNA and 5S rRNA, and
highly transcribed Pol II genes (Iwasaki et al. 2015a). We
have shown that condensin molecules are recruited by TBP
onto these highly active genes through the Cnd2-TBP inter-
action (Fig. 1a; Iwasaki et al. 2015a). Condensin is loaded
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Fig.1 Condensin-mediated gene interactions and their functions
in fission yeast. a Schematic of the TBP-dependent condensin load-
ing. Highly transcribed genes including Pol III genes and Pol II-
transcribed housekeeping genes are bound by TBP, which recruits
condensin to gene loci. Condensin in turn mediates interactions
(green arrows) among highly transcribed genes present on the same
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to centromeres through a mechanism involving kinetochore
proteins (Nakazawa et al. 2008; Tada et al. 2011); CENP-B
and Ku cooperatively recruit condensin to retrotransposons
(Tanaka et al. 2012). These results demonstrate that distinct
genetic elements rely on different factors for condensin
loading.

We have shown that condensin binding to chromatin
during S phase is inhibited by histone H3 lysine 56 acetyla-
tion (Tanaka et al. 2012). It also has been shown that cdc2-
dependent phosphorylation of the Cut3 condensin subunit
is required for the nuclear accumulation of condensin dur-
ing mitosis (Sutani et al. 1999). And, aurora B-dependent
phosphorylation of the Cnd2 subunit promotes its binding
to the histone H2A during mitosis (Tada et al. 2011). These
studies collectively demonstrate that condensin phospho-
rylation and epigenetic histone modifications regulate the
efficiency of condensin loading and the stability of conden-
sin binding to chromatin in a cell cycle-dependent manner.

Condensin and chromosome territory
arrangement

The fission yeast condensin complex is known to have both
interphase and mitotic functions (Saka et al. 1994; Aono
et al. 2002). We have recently shown that condensin medi-
ates the interactions among Pol III genes during interphase,
and that Pol III genes present on the same chromosomes
tend to associate via condensin—condensin interactions
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chromosomes and centromeres. This genome organization is cou-
pled to the chromosome territory arrangement and gene regulation.
b Model explaining how condensin-mediated gene interactions with
centromeres bolsters the fidelity of chromosome segregation during
mitosis
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(Iwasaki et al. 2015b). Since condensin is recruited to
many highly transcribed genes—Pol III genes and Pol II-
transcribed housekeeping genes—through the condensin-
TBP interaction, we predict that the intra-chromosomal
interactions occur preferentially among not only Pol III
genes, but also highly transcribed Pol II genes (Fig. 1a).
When these intra-chromosomal gene interactions are dis-
rupted by condensin mutations, the territorial arrangement
of chromosomes is compromised (Iwasaki et al. 2015b).
Therefore, we propose that condensin connects highly tran-
scribed genes on the same chromosomes, and that these
intra-chromosomal interactions contribute to the formation
of chromosome territories (Fig. 1a).

In terms of cell cycle-dependent regulation, chromo-
some territories become most indistinct during S phase,
when condensin-mediated intra-chromosomal gene interac-
tions occur to the least degree, whereas the territories are
most clearly separated during mitosis, when the interac-
tions are promoted. Note that territory formation is coordi-
nated with the intra-chromosomal interactions throughout
the cell cycle (Iwasaki et al. 2015b). These results suggest
that chromosome territories are regulated during the cell
cycle through the modulation of condensin-mediated intra-
chromosomal gene interactions.

Condensin and transcriptional regulation

Since condensin connects highly transcribed genes, it is
possible that condensin-mediated genome organization
affects gene expression. In support of this premise, when
interactions among Pol III genes and centromeres are dis-
rupted by condensin mutations, and transcription of Pol III
genes are enhanced (Iwasaki et al. 2010). The temperature-
sensitive mutation of the sfc3 TFIIIC (Pol III transcrip-
tion factor) gene, which we generated and termed sfc3-1,
reduces Pol III transcription and concomitantly facilitates
interactions of Pol III genes with centromeres. Similarly,
inhibition of Pol III transcription by chemical treatment
facilitates interactions of Pol III genes with centromeres.
These results suggest that condensin-mediated interactions
and gene transcription are reciprocally regulated, although
detailed mechanisms remain to be explored.

Our current hypothesis is that condensin-mediated
interactions force highly transcribed genes to cluster near
centromeres, and that the subnuclear environment around
centromeres, densely occupied by heterochromatin com-
ponents, is unfavorable for optimal transcription. On the
other hand, we posit that while transcription contributes to
the dissociation of condensin molecules from highly tran-
scribed genes, transcription factors such as TFIIC and
TBP remain bound to their target genes after transcrip-
tional inhibition. Therefore, transcriptional attenuation can

stabilize the binding of TBP-recruited condensin to chro-
matin and promote condensin-mediated gene interactions.

Mitotic chromosome assembly

Interactions among highly transcribed genes and cen-
tromeres are promoted during mitosis (Iwasaki et al. 2010,
2015a). Centromeres are the chromosomal regions where
kinetochore microtubules are attached and where the pull-
ing force is generated (George and Walworth 2016). The
tethering of chromosomal arm regions to centromeres con-
sequently facilitates the transmission of physical force at
centromeres to chromosomal arms (Fig. 1b). This mecha-
nism allows chromosomes to behave as units, thereby
improving the fidelity of chromosome segregation. Since
highly transcribed genes, including Pol III genes and Pol
II-transcribed housekeeping genes, tend to associate with
centromeres, we propose that this chromosome-organizing
mechanism contributes to the effective transfer of impor-
tant genetic materials to daughter nuclei during mitosis.

Condensin-TBP mechanism links transcription
and chromosome organization

As delineated above, condensin plays multifaceted roles in
the 3D chromosome organization (interphase and mitosis),
chromosome territory arrangement, gene regulation, and
chromosome segregation. Since TBP is the general tran-
scription factor (Vannini and Cramer 2012) and recruits
condensin to different types of highly transcribed genes,
i.e., Pol II and Pol III genes, global transcriptional activi-
ties can influence condensin-mediated genome organiza-
tion. For instance, when Pol III transcription is impaired by
the sfc3-1 gene mutation or chemical treatment, the intra-
chromosomal gene interactions mediated by condensin
and chromosome territory arrangement are concomitantly
facilitated, indicating that global transcriptional activities
are negatively correlated with territory formation (Iwasaki
et al. 2010, 2015b).

Transcription and mitotic chromosome assembly are
also reciprocally regulated by condensin-mediated inter-
actions. Mitotic defects caused by the condensin muta-
tion are suppressed by inhibiting Pol III and Pol II tran-
scription (Iwasaki et al. 2010; Sutani et al. 2015). Note
that this condensin mutation is temperature-sensitive and
partially impairs condensin activity. The condensin muta-
tion compromises the interactions among highly tran-
scribed genes and centromeres, but the transcriptional
reduction restores the interactions. Since the interactions
among highly transcribed gene loci and centromeres
are facilitated when transcription is attenuated, global
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transcriptional activities play an inhibitory role in the
mitotic chromosome assembly required for faithful chro-
mosome segregation.

Concluding remarks and future perspectives

In fission yeast, the protein—protein interaction between
condensin and TBP mediates interactions among highly
transcribed genes and centromeres, and these gene inter-
actions function in the formation of chromosome territory
during interphase and in mitotic chromosome assembly
(Iwasaki et al. 2015a, b). In higher eukaryotes, condensin
is also required for mitotic chromosome organization, but
is dispensable for global chromosome compaction during
mitosis (Hudson et al. 2003; Belmont 2006). It remains
enigmatic how condensin mediates the mitotic chromo-
some assembly that is required for proper chromosome
segregation in mammalian cells. Our study suggests that
the kleisin subunit of the human condensin I complex,
hCAP-H (Cnd2 cognate), interacts with human TBP (Iwa-
saki et al. 2015a). As in fission yeast cells, condensin is
enriched at highly transcribed genes in higher eukary-
otes (Kim et al. 2013; Sutani et al. 2015). It has recently
been shown that condensin mediates gene looping and
activation in human cells, and that condensin mutations
are significantly accumulated in various cancer types (Li
et al. 2015; Leiserson et al. 2015). Further work in the
fission yeast model, addressing how the condensin-TBP
interaction contributes to higher order genome organiza-
tion, gene regulation, and chromosome segregation, will
help elucidate the evolutionarily conserved mechanisms
of how condensin organizes eukaryotic genomes and
serves as a functional ligature among important cellular
processes.
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