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Abstract: Mitotic chromosomes are long-known structures, but their internal organization and the
exact process by which they are assembled are still a great mystery in biology. Topoisomerase Il is
crucial for various aspects of mitotic chromosome organization. The unique ability of this enzyme
to untangle topologically intertwined DNA molecules (catenations) is of utmost importance for the
resolution of sister chromatid intertwines. Although still controversial, topoisomerase II has also
been proposed to directly contribute to chromosome compaction, possibly by promoting
chromosome self-entanglements. These two functions raise a strong directionality issue towards
topoisomerase II reactions that are able to disentangle sister DNA molecules (in trans) while
compacting the same DNA molecule (in cis). Here, we review the current knowledge on
topoisomerase I role specifically during mitosis, and the mechanisms that directly or indirectly
regulate its activity to ensure faithful chromosome segregation. In particular, we discuss how the
activity or directionality of this enzyme could be regulated by the SMC (structural maintenance of
chromosomes) complexes, predominantly cohesin and condensin, throughout mitosis.

Keywords: mitotic chromosomes; chromosome condensation; mitosis; topoisomerase II; condensin;
cohesin; ultra-fine bridges; sister chromatid resolution; catenation; sister chromatid intertwines

1. Introduction

Topoisomerase I is a homodimer that performs a unique role in living cells. Besides the ability
to change the supercoiling state of DNA that it shares with other types of topoisomerases, only
topoisomerase II can untangle topologically intertwined DNA molecules (catenations). These
reactions are accomplished through a strand-passing activity, in which one double-stranded DNA
segment passes through a transient double-strand break in another DNA molecule (Figure 1).
Notability, evidence in vitro suggests that this reaction is reversible, and topoisomerase Il is able to
release, but also introduce new entanglements between DNA molecules [1-3].
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Figure 1. Mechanism of DNA decatenation by topoisomerase II. Topoisomerase II binds to one of the
entangled (catenated) DNA molecules. The reaction involves cleavage of the bound DNA strand
(blue), introducing a double strand break. Topoisomerase II remains covalently connected to the cut
DNA, preventing its dissociation. Once the continuity of one of the DNA strands is severed,
topoisomerase II can transport the other DNA molecule (marked in red) through the created gap.
Upon strand passage, the cleaved DNA is ligated back together, and topoisomerase II releases the
DNA molecule.

This catenation/decatenation activity is crucial to maintain the topological state of both
interphase and mitotic chromosomes. Although the role of topoisomerase II is not limited to mitosis
[4], inhibition of topoisomerase II has the most dramatic consequence during nuclear division.
Failures in resolving sister chromatid intertwines and/or compacting chromosomes lead to extensive
DNA bridges when chromosomes attempt to segregate to opposite poles of the cell (Figure 2). These
errors can result in asymmetric chromosome segregation, followed by loss/gain of genome content
(e.g., segmental aneuploidy). Additionally, chromatin bridges may be trapped by the cleavage furrow
at the end of cell division. This can cause extensive DNA damage, and thereby potentiates the
accumulation of mutations and chromosome rearrangements. Thus, efficient chromosome assembly
requires major changes in chromatin organization: sister chromatid resolution, chromosome
individualization and chromosome compaction. Such changes induce concomitant modulation of
chromosomal mechanical properties, required to withstand the dynamic processes of nuclear
division. As described below, topoisomerase Il is a critical enzyme for all these processes.
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Figure 2. Segregation errors observed upon topoisomerase II malfunction. Impairment of
topoisomerase II function results in lack of sister chromatid resolution and insufficiently compacted
chromatin. In normal mitosis, sister chromatid intertwines are almost fully resolved at metaphase to
ensure faithful genome segregation. Lack of topoisomerase II results in extensive entanglements
between sister chromatids that persist during anaphase. Such entangled DNA threads not only hinder
equal chromosome segregation, but may also lead to generation of breaks in DNA. In addition,
chromosomes deprived of topoisomerase II display lowered levels of compaction. Under-compacted
chromosomes are also prone to segregation errors during anaphase and cytokinesis, as the cleavage
furrow may trap long and missegregated chromatids.

2. Topoisomerase II and Sister Chromatid Resolution

Two replicated DNA molecules are extensively topologically entangled with each other, mainly
as a consequence of the replication process. Copying the DNA molecule requires unwinding of its
double helix, leading to the accumulation of helical tension ahead (positive supercoils) and behind
(negative supercoils) the replication fork. Resolution of these topological constrains can be achieved
either by direct removal of supercoils (mediated both by topoisomerase I and II) or by rotation of the
replication fork. The latter results in intertwines between the two newly replicated strands. In
eukaryotes, topoisomerase Il is the only enzyme capable of resolving these catenations between DNA
molecules. Timely resolution of sister chromatid intertwines is especially important during mitosis
to ensure physical individualization of sister DNA molecules (and also neighboring chromosomes),
that need to be distributed between the two daughter cells. Cells lacking topoisomerase Il undergo a
faulty anaphase with extensive chromatin bridges due to unresolved topological links [5-7].
Additionally, loss of resolution, particularly at the centromeric region, impairs efficient bipolar
attachment to the mitotic spindle, thus increasing the extent of mitotic defects upon topoisomerase II
depletion [8].
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Most catenations linking DNA molecules are resolved during replication or before mitotic entry,
as revealed by measurements of the frequency of catenated circular mini-chromosomes throughout
the cell cycle [9]. Moreover, several lines of evidence support that the G2/M checkpoint is somehow
sensitive to the levels of DNA catenation, and is able to prevent mitotic entry in cells with
compromised topoisomerase II activity [10-14]. What is sensed by this putative “topology
checkpoint” is not clear. This checkpoint is unlikely to directly measure the presence of catenation,
but possibly indirect effects that an excessive topological stress may induce in the DNA molecules.
Consequently, cells enter mitosis with a considerable amount of unresolved catenations that need to
be resolved during the process of nuclear division [9,15-17].

Prophase is a crucial time for sister chromatid resolution. Analysis of the kinetics of sister
chromatid resolution has been recently studied in great detail, either by using live cell imaging
approaches, or methods that specifically label individual sister chromatids [15,16]. These studies
revealed that the vast majority of mitotic entanglements between sister chromatids are resolved by
the end of prophase, allowing clear individualization of two separate chromatid axes, a process
dependent on topoisomerase II activity [15,16]. Interestingly, this topoisomerase II-dependent
individualization of sister chromatids starts already in early prophase, and coincides in time with
chromosome condensation [15].

These, and other studies, led to the idea that sister chromatid resolution would be mostly
completed at early mitotic stages through a linear and gradual process. In contrast to this notion,
recent findings provide a critical change in our understanding of chromosome resolution during
mitosis by highlighting the reversibility of this process [18-20] (discussed in detail in Sections 5.4 and
5.5). These results highlight that previously separated DNA molecules are able to re-intertwine as a
consequence of topoisomerase II action. This implies that during metaphase, catenations are not only
resolved, but they can arise de novo. Therefore, the number of catenations during metaphase results
from a net effect of this bidirectional process. Tight regulation of topoisomerase II activity is thus
required to ensure that chromosomes display enough entanglements to ensure the right compaction
and mechanical stiffness (discussed below), which is still compatible with their efficient resolution in
late anaphase.

Anaphase segregation offers the “last chance” for the resolution of sister chromatid intertwines.
Several lines of evidence support that anaphase chromatids can still be connected with each other by
residual catenation, also known as ultra-fine bridges (UFBs). Major problems in sister chromatid
resolution can lead to large DNA bridges, easily visualized by common DNA dyes. In contrast, ultra-
fine DNA bridges, prevalent in unperturbed mitosis, cannot be visualized by chromatin dyes [21].
These UFBs are coated by specific helicases, namely Bloom syndrome protein (BLM) or Plkl-
interacting checkpoint helicase (PICH) [22,23]. Some of these bridges arise due to under-replication
of the DNA, particularly at sites whose replication itself is problematic, due to repetitive sequences
or secondary structures (e.g., centromeres, telomeres, fragile sites) [24-28]. However, the most
prevalent bridges detected in unperturbed cells actually arise from incomplete decatenation, and are
most prominent at the centromeric regions [22-24,29]. Topoisomerase II is found preferentially at
centromeres already during metaphase chromosomes [30,31], probably reflecting a high level of
entanglements in this region. The frequency of ultrafine bridges decreases as anaphase progresses,
implying these are actively resolved during these late mitotic stages [22,23,29]. In accordance, PICH
was recently shown to recruit and stimulate topoisomerase II activity to UFBs [32].

3. Topoisomerase II and Chromosome Compaction

Compaction of interphase chromosomes into rod-shaped structures is a crucial step in ensuring
faithful DNA division [33,34]. By condensing DNA, cells achieve spatial compaction necessary in a
limited cytoplasmic space, and favor biorientation of sister chromatids for even genetic material
division.

The idea that topoisomerase II could be involved in chromosome compaction stems from
classical studies that revealed that this enzyme is one of the most abundant non-histone proteins
found on mitotic chromosomes. Early research on chromosome structure showed that after histone
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extraction, chromosomes on electron microscopy images take shape of loops of DNA attached to a
dense scaffold [35-37]. Composition analysis of the observed scaffold revealed that the major
components were topoisomerase II and condensin complexes [38,39]. This discovery led to the
proposal that these proteins would form a scaffold within the chromosome axis to which radial
chromatin loops would be anchored, thereby compacting mitotic chromatin. Since those
observations, the presence of a rigid protein scaffold at the axis of chromosomes has been highly
debated (some of the discussion reviewed in [34,40]). Of particular relevance against the idea of a
highly stable stiff scaffold for DNA loops, was the finding that both condensin I and topoisomerase
II display a highly dynamic association with chromatin [41-44]. Such dynamic behavior would,
instead, be more compatible with an enzymatic action of topoisomerase II underlying mitotic
chromosome assembly (discussed below).

The extent to which topoisomerase II contributes to chromosome compaction has been difficult
to establish, as various research done in different model systems present conflicting results. Studies
using topoisomerase II inhibitors invariably report that, in addition to severe chromosome
segregation defects, chromosome compaction is also impaired [6,45-49]. However, it has been largely
argued that these results could stem from unspecific effects of the inhibitors, or to the fact that several
of these inhibitors trap topoisomerase II onto the DNA and/or induce DNA damage. For example, a
widely used topoisomerase Il inhibitor, ICRF-193, locks the enzyme in a DN A-bound “closed-clamp”
conformation [48,50]. Upon treatment with another inhibitor, teniposide (VM-26), the enzyme forms
a covalent intermediate with a cleaved DNA double strand [51]. However, long chromosomes were
also observed upon treatment with a wide range of topoisomerase II inhibitors, including catalytic
inhibitors that do not stabilize enzyme-DNA complexes [49,52]. Thus, defects in chromosomal
longitudinal compaction seem to be a consistent trait upon topoisomerase II inhibition, regardless of
the mechanism of action of the inhibitor.

Direct removal of the protein using genetic approaches or RNA interference should circumvent
potential caveats arising from the use of inhibitors. Indeed, in several model systems, inactivation of
topoisomerase II often leads to defects in chromosome compaction, although the extent of these
defects varies significantly among different studies.

Genetic studies in Saccharomyces cerevisiae failed to detect significant changes in chromosome
compaction in mutants for topoisomerase II [53]. These studies were based on FISH measurements
of the rDNA locus, and thus, may reflect a particular organization of these chromosomal regions. By
contrast, direct measurements of the distance between two distal chromosomal sites support that
topoisomerase 1II is required for linear condensation in budding yeast [54]. Similar studies in
Schizosaccharomyces pombe further support the role of topoisomerase II in chromosome compaction
[5,55].

In metazoans, cells lacking topoisomerase II display abnormal chromosome morphology,
particularly along their longitudinal axis. However, the extent of these defects is highly variable
across various studies, ranging from very mild defects or delayed compaction kinetics, to severe

morphological alterations. These include studies in plants [48], Caenorhabditis elegans [56], Drosophila
melanogaster [57-59], chicken cells [60,61], and human cells [62-64].

In contrast to yeast and invertebrates, vertebrate cells have two topoisomerase Il isoforms: alpha
() and beta ((3). Both isoforms are required for sister chromatid resolution, and depletion of a single
isoform gives rise to segregation defects [62]. Although some reports suggest that topoisomerase I
and f3 are partially redundant for mitotic chromosome condensation [62], depletion of topoisomerase
II « alone was shown to compromise shortening of the longitudinal axis [61,65]. Moreover,
hypercompaction of chromosomes, induced by prolonged mitosis, is abolished in the absence of
topoisomerase II a [66].

Studies in vitro, where sperm chromatin is incubated with Xenopus laevis mitotic extracts, have
also provided a valuable tool to dissect the mechanisms of mitotic chromosome assembly.
Topoisomerase Il was shown to be absolutely required for the condensation of interphase nuclei into
discrete chromosomes in these in vitro systems [67,68]. More recently, a minimalistic approach aimed
to identify the components present in a mitotic extract that are sufficient to reconstitute
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phenotypically normal mitotic chromosomes from interphase Xenopus sperm chromatin, in vitro.
This approach has also highlighted topoisomerase II as one of the six factors required for
chromosome assembly in this assay [69]. It nevertheless remains to be addressed if topoisomerase
requirement relies exclusively on disentangling DNA, or also an active role in chromatin compaction.
Indeed, blocking topoisomerase II activity in these extracts, once chromosomes had already formed,
does not lead to chromosome disassembly, arguing that this enzyme is not required to maintain the
compacted state of chromosomes [68].

Despite the evidence supporting topoisomerase II role in chromosome compaction, several
discrepancies still make this a highly controversial issue. These discrepancies may be due to specific
assays, particularly the extent of topoisomerase II inhibition or the experimental layout. As
mentioned above, topoisomerase Il inhibition is known to block mitotic entry [10-12,14]. Thus, severe
reduction of topoisomerase II levels or activity leads to a drastic decline in the mitotic index
[11,14,57,70]. This precludes the analysis of complete absence of topoisomerase II during mitosis,
unless cells are artificially forced to bypass the G2/M checkpoint (with the confounding effects this
override may impose). Inhibition or removal of topoisomerase II prior to mitotic entry has an
additional caveat: even if cells are able to bypass cell cycle checkpoints and enter mitosis, it is
conceivable that the excess of DNA catenation present in topoisomerase II-depleted chromosomes
may alone mask, or modify, any compaction defect existing on those chromosomes.

Acute inhibition of topoisomerase II thus offers a powerful approach by which one can follow
the immediate changes in chromosome condensation levels, as metaphase-timed inhibition can be
triggered experimentally. Indeed, treatment with topoisomerase II inhibitors in metaphase cells, with
pre-assembled chromosomes, leads to rapid chromosome decompaction, particularly elongation of
the longitudinal axis [7,20,49,71]. To date, such metaphase-specific perturbations have only been
performed using small molecule inhibitors. Recent developments on experimental tools for acute
protein inactivation/degradation should soon clarify this controversial issue.

How topoisomerase II could mediate shortening of chromosomal axis remains unknown. It is
not clear whether or not the effect on chromosome compaction results from topoisomerase catalytic
activity or, alternatively, a non-enzymatic role of this protein. Classical studies highlight the
abundance of topoisomerase II on metaphase chromosomes, which argued for a more structural role
[38]. Additionally, differential inhibitor response further reasoned that catalytic activity of
topoisomerase II is not required for metaphase chromosome assembly [72].

Non-enzymatic roles for topoisomerase II have been described to contribute to various aspects
of mitotic fidelity, including the recruitment of mitotic regulators to centromeres and checkpoint
signaling, and occur through the C-terminal domain of this enzyme [73]. However, evidence supports
that the role of topoisomerase II in chromosome compaction involves its enzymatic catenation
activity. As mentioned above, topoisomerase II binds dynamically with mitotic chromatin [44,74].
Importantly, this dynamic behavior is abolished if cells are treated with VM-26 [74]. This drug
stabilizes covalent catalytic DNA intermediates of topoisomerase 1II, after double-stranded DNA
cleavage [75]. Thus, these findings imply that the dynamic behavior displayed on mitotic
chromosomes by the entire chromosomal-bound pool arises from engaging into cleavage reactions.
More direct proof arises from the findings that in human cells, topoisomerase II a displays
chromosome compaction defects that are rescued by a wild-type version of topoisomerase II, but not
by a catalytic mutant version (K662R) [66]. If so, how can catenation/decatenation reactions dictate
the state of chromosome compaction, particularly along the longitudinal axis? A potential
explanation is that the presence of extensive catenations linking sister DNA molecules could alone
impede the assembly and compaction of mitotic chromosomes. Alternatively, maintenance of
chromosome morphology may require a more active role of topoisomerase II throughout mitosis. A
possible model is that topoisomerase II is introducing self-entanglements in the DNA molecules, and
thereby promote shortening of axial length [3,76].

Chromosome shortening mediated by intramolecular entanglements would predict the
formation of knots within the same DNA molecule. Although these products are readily observed in
circular naked DNA [77-79], their possible formation and presence in the context of chromatin has
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been largely questioned. Recent findings now provide evidence for the existence of intramolecular
DNA knots in a variety of yeast circular minichromosomes [80]. Other evidence for chromosome self-
entanglement has mostly arisen from biophysical studies, and will be discussed below.

4. Topoisomerase II and Biophysical Properties of Chromosomes

Another important aspect of creating mitotic chromosomes is to ensure the right mechanical
properties of chromatin, to sustain DNA integrity when chromosomes are subjected to the pulling
and pushing forces imposed by the mitotic spindle, cytoplasmic drag, and other factors. The
regulation of topological entanglements within a chromatin network provides a means for changing
physical properties of chromosomes, such as stiffness, elasticity, bending rigidity, and physical
dimensions, among others. Thus, topoisomerase Il has been proposed to also contribute to mitotic
chromosome structure by modulating the biophysical properties of chromosomes. This idea was first
raised after observations that topoisomerase Il is able to decrease elastic stiffness of isolated newt
mitotic chromosomes [76]. Mitotic chromosomes become more elastic after treatment with
topoisomerase II a and ATP, which is interpreted as relaxing DNA entanglement within a
chromosome due to topoisomerase activity. These experiments led to the proposal that the number
of self-entanglements within the chromosomes, imposed by topoisomerase II, would influence the
biophysical properties of mitotic chromosomes. As topoisomerase II is able to both entangle and
disentangle DNA, it would provide a way to modulate stiffness and elasticity of chromosomes
throughout mitosis. This idea is further supported by lab-on-a-chip microfluidics approaches, in
which manipulation of topoisomerase II activity lead to drastic changes in the shape of protease-
treated mammalian chromosomes [3]. In these studies, addition of topoisomerase II to isolated
chromosomes leads to a significant decrease in chromosome length and an increase in roundness,
compatible with the excessive formation of catenations in the DNA network, within individual
chromatids.

The physical properties of chromosomes are of utmost importance at the centromeric region.
Many regulatory processes that ensure mitotic fidelity (e.g., spindle assembly checkpoint and error-
correction) depend directly or indirectly on the formation of tension (reviewed in [81,82]). Thus, if
topoisomerase II controls chromosomal stiffness, inhibition of this enzyme would be expected to
affect mitotic progression. In accordance, several studies report that topoisomerase II removal
triggers a metaphase arrest that delays anaphase onset [83-85]. It has been argued that such delay
reflects the presence of a “topology checkpoint” [73,86]. It is nevertheless conceivable that a
compromised structure on the pericentromeric chromatin may alone perturb microtubule-
kinetochore attachments, and thereby trigger the spindle assembly checkpoint by conventional
means. In agreement, yeast mutants for topoisomerase II display extensive chromatin stretching at
the centromeric region and an altered sensitivity to tension-dependent chromosome detachments,
suggesting that topoisomerase II determines the tensile properties of centromeric chromatin [87].

5. Regulation of Topoisomerase II Activity: Guidance by the Structural Maintenance of
Chromosomes (SMC) Complexes

5.1. The Directionality Problem

As outlined above, topoisomerase II is actively engaged into shaping mitotic chromosomes
throughout the process of nuclear division. It promotes the disentanglement of sister DNA molecules,
required for efficient chromosome resolution. In parallel, this enzyme contributes to the compaction
of individual chromatids, possibly by introducing self-entanglements. This dual function raises a
strong directionality problem. How can topoisomerase efficiently remove catenations in trans and
thereby resolve sister DNA intertwines, concomitantly with introducing entanglements in cis to
compact/confer rigidity to mitotic chromatin? In other words, how does topoisomerase II distinguish
between strands from the same DNA molecule from the sister strand?
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The activity of topoisomerase II throughout mitosis is regulated by post-translational
modifications, such as sumoylation and phosphorylation. Mitosis-specific phosphorylation of
topoisomerase II was shown to increase the catalytic activity of this enzyme [88,89]. Conversely,
sumoylation of topoisomerase Il is necessary for its localization to centromeres in metaphase, leading
to decreased decatenation activity of topoisomerase II [31,90-92]. This modification was shown to be
crucial for correct chromosome segregation [31,93,94]. However, to date, none of the modifications
that regulate of topoisomerase II enzymatic activity have provided mechanisms to solve the
directionally issue.

One possible mechanism to ensure efficient decatenation could rely on an innate bias of
topoisomerase I, which could recognize DNA topology to find an appropriate substrate. It was
proposed that topoisomerase II could somehow recognize juxtapositions of two DNA helices, which
are common in knots and catenanes. Such substrate selection could drive the preferential removal of
topological links, thereby simplifying the topology (as reviewed in [95]). This intrinsic ability of type
2 topoisomerases fits with the observations that these enzymes are able to remove topological links
(knots, catenanes) from DNA, in vitro, even if the initial DNA substrates already contain a very small
proportion of linked DNAs [96]. The capacity of resolving topological links below equilibrium was
most prominent for topoisomerase IV from Escherichia coli, but weaker for human or Drosophila
topoisomerase II [96], suggesting that intrinsic topology simplification may not be sufficient to ensure
decatenation. Other mechanisms must then guarantee efficient bias towards decatenation of DNA
molecules.

Structural maintenance of chromosomes (SMC) complexes are emerging as critical players in
regulating the extent and/or the direction of topoisomerase II reactions. SMC complexes are major
organizers of mitotic chromosomes [33,97,98]. Most notably, SMC complexes in mitosis assist in
obtaining a condensed state of chromatin, mechanical properties necessary for segregation, and sister
chromatid cohesion. The exact mechanisms by which topoisomerase II cooperates with SMC
complexes in shaping mitotic chromosomes are yet to be understood. Below we discuss speculative
models for how SMC complexes could influence the outcome of topoisomerase II-mediated
decatenation/re-catenation reactions.

5.2. Bacterial SMCs

The most direct evidence for functional interactions between topoisomerases and SMC proteins
was observed in prokaryotes. MukBEF complex, the SMC complex found for example in E. coli, plays
an essential function in chromosome compaction and segregation [99]. Its MukB subunit was shown
to physically interact with ParC subunit of topoisomerase IV (a type 2 topoisomerase) and this
interaction increases the knotting and supercoiling relaxation activities of topoisomerase IV [100-
102]. Additionally, MukBEF is responsible for localizing topoisomerase IV to ori regions [103]. ParC
and MukB interaction was shown to be necessary to promote decatenation of freshly replicated oris,
further supporting that MukBEF promotes decatenation activity of topoisomerase IV in vivo [104].
Besides its role in chromosome segregation, topoisomerase IV was also proposed to aid MukBEF
complex in chromosome condensation. Recent data suggest that topoisomerase IV can stabilize the
MukB homodimer on the DNA, and thus enhance compaction of DNA [105]. Interestingly, the same
study shows that even catalytically inactive ParC subunit of topoisomerase IV is able to promote
MukB driven compaction. Thus, the interaction between topoisomerase IV and MukBEF complexes
may serve as a scaffold for efficient DNA compaction and organization.

In contrast to MukBEF, another member of prokaryotic SMC complexes, called SMC-ScpAB,
present in Bacillus subtilis, displays a different behavior in regards to topoisomerase IV. To date, SMC-
ScpAB was not reported to physically interact with topoisomerase IV subunits. Moreover, in B.
subtilis, the functional cooperation between topoisomerase IV and the SMC complex is not necessary
to resolve newly replicated oris and the SMC complex alone is sufficient to perform efficient ori
segregation [106]. However, overexpression of topoisomerase IV in B. subtilis is able to partially
rescue the segregation and compaction defects present in SMC mutants [107], suggesting a partial
overlap in functions of the two proteins.
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5.3. SMC5/6

The SMC5/6 complex is known mostly for its DNA repair activity and in aiding replication [108].
SMC5/6-topoisomerase II interplay seems to be important for error-free replication. Yeast SMC5/6
was observed to accumulate at sister chromatid intertwine sites, and topoisomerase II was needed
for the resolution of those links [109,110]. Similarly, human topoisomerase Il was shown to physically
interact with SMC5/6 subunits, in order to resolve topological entanglements during replication [111].
Although the function of this complex is mostly outside of mitosis, its impact on chromosome
organization also influences mitotic chromosome morphology. Direct evidence for the importance of
SMC5/6 to mitotic chromosome assembly is based on observations that human cells lacking SMC6 or
SMC5 display defective chromosome morphology and faulty mitotic localization of topoisomerase II
or condensin [112,113]. Whether or not the SMC5/6 complex is present on mitotic chromatin has been
controversial. Whereas some studies reveal it is virtually absent from mitotic chromosomes [112],
others report an enrichment at pericentromeric regions, at the chromosomal axis, and at DNA bridges
caused by topoisomerase II inhibition [113,114]. It thus remains unclear if this complex is actively
shaping chromatin during mitosis.

5.4. Cohesin — The Resolution Blocker

Cohesin is loaded onto chromosomes in the G1 phase of the cell cycle to establish sister
chromatids cohesion during replication [98,115,116]. In prophase, cohesin is removed from
chromosome arms, but it is retained at the centromeric region until the anaphase onset, giving rise to
the classical, X-shaped mitotic chromosomes morphology [115,117]. As described above, centromeres
of early anaphase are often connected by ultra-fine bridges, which are later resolved with help from
topoisomerase II and specialized helicases (i.e., BLM and PICH). It is hypothesized that centromeric
regions are prone to such bridges due to presence of cohesin, that keeps sister chromatids close
together until anaphase, preventing earlier removal of catenations [29,118,119]. Studies in yeast and
HeLa cells implied that cohesin release is absolutely necessary to enable the removal of persistent
catenations by topoisomerase II, and the presence of cohesin locally prevents topoisomerase II
decatenation activity [29,118]. If so, resolution of cohesin-rich regions can only fully resolve after
anaphase onset, once cohesin is completely removed, leading to temporary chromatin threads. In
agreement, chromosomes with increased levels of cohesin at chromosomal arms are still able to
segregate, but display significant chromatin bridges or stretching during late mitosis [120-122].
Although cohesin does hamper sister chromatid decatenation, this unlikely presents a full block.
Measurements of sister chromatid resolution based on differential labelling of individual sister
chromatids reveal that cells that retain cohesin along chromosome arms in prophase are still able to
resolve sister chromatids to a significant extent, enabling their visualization, despite the high levels
of cohesin [15].

Two possible models could explain how cohesin impairs sister chromatid resolution: cohesin
may work as a physical barrier, and thus prevent the accessibility of topoisomerase II to the
intertwined chromatin region, thereby preventing efficient decatenation. Alternatively, cohesin may
keep sister chromatids in such close proximity that biases topoisomerase reactions towards the
intertwined state (Figure 3). In support of the latter is the finding that overexpression of
topoisomerase II leads to sister chromatid re-entanglement, in a manner that depends on cohesin [19].

It has been extensively argued whether the presence of residual catenation in mitotic
chromosomes is simply a by-product of DNA decatenation enzymology or, alternatively, this
residual catenation may play a direct role in chromosome segregation. Before the identification of the
cohesin complex, persistent DNA catenations were proposed as the mechanisms that keeps sister
chromatids together [123]. Removal of cohesin has since been demonstrated to be sufficient to fully
abolish sister chromatid cohesion [7,124], and cohesin is thus the principal cohesive factor. This,
however, does not exclude that physical entanglements between sister chromatids (protected by
cohesin complexes) could also serve as an additional cohesion mechanism aiding to keep sister
chromatids together, and favoring biorientation [118,125-128]. Clarifying the exact contribution of
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these DNA links for sister chromatid cohesion is, nevertheless, a virtually impossible task, as their
presence and resolution depends on cohesin dynamics [19,29,118].
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Figure 3. A proximity model for the regulation of topoisomerase II reactions by cohesin.
Topoisomerase II undergoes bidirectional reactions, promoting both the resolution and re-catenation
of DNA molecules. The cohesin complex (in orange) binds together two DN A molecules (in light blue
and dark blue respectively), bringing them in close proximity. Such closeness can increase the chances
of topoisomerase II-driven catenation of those strands, and thereby shifts the equilibrium towards the
catenated state. Removal of cohesin results in physical separation of DNA molecules, rendering them
unlikely to re-entangle once topoisomerase II separates them. Thus, upon cohesin removal, the
equilibrium shifts, favoring sister chromatid resolution.

5.5. Condensin — The Guiding Complex

Condesins are key complexes required to establish and maintain mitotic chromosome
organization (for a recent review, see [33,129]). Condensin has been proposed to mediate
chromosome condensation [69,130,131] concomitantly with providing mitotic chromatin the right
physical properties [20,42,132-134].

In addition to the proposed structural role, condensin was shown to facilitate sister chromatid
separation, as lack of condensin in multiple organisms led to impaired segregation in anaphase
[9,20,132,135-137].

The exact mechanism of how condensin is contributing to DNA resolution is not fully
understood. Unlike topoisomerase II, condensin complexes cannot (de) catenate DNA molecules.
Thus, it is highly probable that condensin is cooperating with topoisomerase II (directly or indirectly)
to achieve this goal. Various mechanisms have been hypothesized to establish how condensin could
aid in sister chromatid resolution. Initial studies propose that condensin directly enhances
topoisomerase II enzymatic activity [135,138]. However, other studies failed to detect similar
topoisomerase activation, suggesting that condensin promotes sister chromatid resolution by other
means [9,139]. It has long been speculated that condensin could somehow provide directionality for
topoisomerase II activity. Although very attractive, this model lacked experimental validation of its
two major premises: (1) topoisomerase Il is indeed engaged into bidirectional reactions in metaphase
chromosomes; (2) condensin complexes direct this reaction in favor of decatenation.

Recent studies provide evidence in support of a directionality model in which condensin
emerges as a critical complex to favor sister chromatid resolution, rather their re-intertwine [18-20].
The first evidence that topoisomerase II is indeed able to catalyze the catenation/decatenation
reactions in a bidirectional manner, in vivo, arises from studies in budding yeast, using circular
minichromosomes. Metaphase-specific de novo re-catenation, i.e., re-intertwining of previously
separated DNA-strands, could be observed either by the disruption of spindle forces [18] or
overexpression of topoisomerase II [19]. Minichromosomes are, nevertheless, under different
topological constrains, due to their circular nature. Moreover, they are much smaller when compared
to native mitotic chromosomes. Whether or not these finding would translate to large, linear
chromosomes was unknown.
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Our recent studies in Drosophila embryos demonstrate that acute removal of condensin I from
pre-assembled chromosomes leads to extensive re-intertwining of previously separated sisters,
mediated by topoisomerase II [20]. In contrast, metaphase-specific inactivation of topoisomerase II
leads to minor segregation errors. These findings indicate that in metaphase chromosomes, the
majority of catenations are efficiently resolved. However, upon inactivation of condensin I complex,
specifically during metaphase, previously resolved sisters are able to re-intertwine, in a
topoisomerase II-dependent manner. Such de novo intertwines that arise during metaphase lead to
drastic defects in chromosome segregation, marked by massive anaphase bridges. Thus,
topoisomerase Il is engaged in both catenation and decatenation reactions in large linear
chromosomes. Importantly, these results highlight the need for condensin I complex in continuously
providing a bias in the direction of these reactions. All together, these results imply that condensin
modulation of topoisomerase II activity is not catalytic, but rather imposes strong bias towards
decatenation, which is absolutely necessary to prevent topoisomerase II from introducing excessive
de novo entanglements. Constant guiding activity of condensin I is therefore required throughout
metaphase. Such a dynamic view for the sister chromatid resolution process may thus explain the
rapid turnover behavior displayed by both condensin I and topoisomerase II in vivo [41-44].

The exact mechanism by which condensins direct topoisomerase II reactions are not fully
understood, and several mechanisms may be envisioned. Initial studies in the Aragon lab propose a
model where this cooperation relies on condensin I ability to change the topology of the DNA
molecule [18,140]. Condensin is able to introduce positive supercoiling in vitro [141-143], and
positively supercoiled DNA was shown to be a preferred substrate for the decatenation reaction of
topoisomerase II on yeast circular chromosomes [18]. Thus, by introducing positive supercoiling in
the DNA molecule, condensin could bias the direction of topoisomerase II reaction, and thus explain
how topoisomerase II and condensin could functionally cooperate to achieve DNA resolution.
Surprisingly, recent data suggest that condensin compacts DNA at the same rate, independently of
the topological state of this DNA (uncut, nicked, positively, or negatively supercoiled) [144]. Thus,
unless condensin displays a different mechanism for sister chromatid resolution, condensin action,
in vivo, may not rely on the introduction of supercoils. Moreover, given that de novo intertwines are
able to arise from previously decatenated DNA strands in a topoisomerase II-dependent manner,
modulation of DNA topology to alter substrate preference is clearly insufficient to explain the
observed reversibility of the decatenation reactions.

A much simpler model is based on the modulation of contact probability [19,20] (Figure 4).
Condensins have been proposed to extrude chromatin loops [145-150]. An attractive feature of the
loop-extrusion model is that it would ensure that condensin promotes long-distance interactions
exclusively within the same DNA molecule [145,147]. High density of intrachromatid contacts, in cis,
reduces the probability of interaction of two sister DNA molecules. This decrease in probability of
contacts between sister DNA molecules could alone reduce the probability of re-catenation by
topoisomerase II, favoring their efficient resolution.
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Figure 4. A contact probability model for condensin-directed topoisomerase II reactions. (a)
Condensin complexes are proposed to create transient loops in the DNA molecule through an
extrusion mechanism: binding to a single DNA locus is followed by progressive pulling of DNA
strands (dark blue strand) through the condensin ring (red circle), extending the size of the created
chromatin loop; (b) Proposed model for condensin role in directing the decatenation activity of
topoisomerase II. Strands of replicated sister chromatids are initially heavily entangled. In such state,
one copy of DNA molecule (light blue strand) has a very high likelihood of its sister DNA (dark blue
strand). Topoisomerase 1II is therefore likely to catalyze re-intertwining intermolecularly, leading to
an extensive degree of re-catenation between two sister chromatids. Condensin activity favors the
creation of intramolecular chromatin loops, and thereby decreases the contact probability between
different DNAs. The physical separation of the two molecules makes them less likely to be re-
intertwined together, creating a bias towards intermolecular decatenation.

In contrast to the cooperative action for condensin and topoisomerase II in sister chromatid
resolution, the interplay of these two proteins in chromatin compaction is, by far, much less
understood. Phenotypic analysis suggest they have opposing/distinct roles: condensins were
proposed to drive lateral compaction, while topoisomerase II induces axial compaction [60,151].
These apparently antagonistic roles in chromatin organization may also be better explained by the
modulation of contacts imposed on mitotic chromosomes, dictating topoisomerase II reactions
(Figure 5). In wild type chromosomes, condensin-mediated loop instructs topoisomerase II to avoid
re-catenation in trans, which may concomitantly promote and regulate the extent of self-
entanglements. Active regulation of entanglements within the same DNA molecules would
consequently promote chromatin compaction along its longitudinal axis. In the absence of the
guiding role promoted by condensins, sister chromatids will entangle randomly, possibly both in cis
and in trans. This leads to an excess of catenation between sister chromatids, and potentially, self-
entanglements. Excess of intrachromatid intertwines could then promote the shortening of the
longitudinal axis and chromatin hypercompaction, as experimentally observed [20,65]. Short and
wide chromosomes may be the default state for mitotic chromosomes if faced with hyperactive
topoisomerase Il with no guidance for its action. In agreement, isolated chromosomes evaluated on
a microfluidic device appear shorter and more round if pre-treated with topoisomerase II [3].
Interestingly, hypercompaction has also been observed if condensin is hyperactivated, which in this
case, is likely to be mediated by excessive loop formation [152].

Note that the extent of self-entanglement will also depend on external forces applied on
chromosomes. Pulling forces of microtubules were shown to favor chromosome decatenation [18].
Addition of topoisomerase II to in vitro purified chromosomes causes relaxation of chromatin if
chromosomes are subjected to pulling forces [76], and chromosome shortening in a low force
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environment [3]. This may thus explain why meiotic chromosomes, which are pulled along their
longitudinal axis, disassemble upon condensin inactivation [153], in sharp contrast with their mitotic
counterparts. Similarly, centromeric regions in mitotic chromosomes, which are also pulled by the
mitotic spindle, undergo extensive distortion upon condensin removal [20,42,132,133].

Removal of topoisomerase II, in contrast, would lead to a drastic decrease in ability to form
chromatin self-entanglements necessary to ensure longitudinal compaction. The dynamic behavior
of topoisomerase Il suggests that this activity may be required constantly, to actively promote
shortening of the chromosomal axis. Removal of topoisomerase II may thus lead to chromosome
elongation, as continuous self-entanglement does not take place. Additionally, self-entanglements
could potentially stabilize condensin-mediated loops, or even stimulate their production.

Normal

Condensin |
depleted
4

Topoisomerase Il
depleted

Figure 5. A topology model for chromosome compaction mediated by topoisomerase II and
condensin. Proper chromosome compaction may result from a balance of self-catenation, imposed by
topoisomerase II, within condensin-mediated DNA loops (condensin depicted as red circles and DNA
strands in blue). Self-catenation may work as a loop-stabilizer between adjacent loops, thereby
ensuring chromosome compaction. Removal of condensin I from mitotic chromosomes prevents the
formation of loops, and consequently allows the formation of excessive chromosome entanglements
by topoisomerase II (both intra and intermolecularly). Such massive amounts of chromosomal
entanglements may lead to an overall increase in chromosome compaction. In turn, impairing
topoisomerase II causes loss of chromosome compaction, especially along the longitudinal plane. This
may be explained by the absence of self-entanglements promoted by topoisomerase II action, which
prevents loop-stabilization and/or distal intramolecular connections.
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6. Concluding Remarks

Despite extensive studies on metaphase chromosome architecture, the mechanisms that drive
chromatin reshaping throughout every cell division are far from being understood. In contrast to a
static view of chromosome organization, the maintenance of mitotic chromosome assembly is
emerging as a much more dynamic process, where modulation of DNA topology may account for
concomitant sister chromatid resolution and chromosome compaction. In a topology-centric view, it
is tempting to speculate that mitotic shape of chromosomes results from a balance of self-
entanglements (topoisomerase II-mediated) and chromatin loops (condensin) that drive chromosome
compaction. This active chromosome shaping, together with cohesin removal, ensures concomitant
sister chromatid resolution, a highly dynamic and reversible process. Chromatin itself has been long
assumed to play a rather passive role during mitosis, and chromosomes are usually compared to a
“corpse at a funeral: they provide the reason for the proceedings but do not take an active part in
them” [154]. The emerging view of a more dynamic chromosome assembly process may soon reveal
a more active role for chromosomes in the process of their own segregation.

Acknowledgments: We thank all members of the RAO laboratory for helpful comments on the manuscript. This
work was supported by the following grants awarded to RAO: FCT Investigator grant
(IF/00851/2012/CP0185/CT0004), Marie Curie Career Integration Grant (MCCIG321883/CCC), EMBO Installation
Grant (IG2778) and European Research Council Starting Grant (ERC-2014-STG-638917).

Author Contributions: Ewa Piskadlo and Raquel A. Oliveira wrote the manuscript. Raquel A. Oliveira prepared
the figures.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

SMC  Structural maintenance of chromosomes

UBF Ultra-fine bridges

BLM  Bloom syndrome protein

PICH Polo-like kinase 1-interacting checkpoint helicase

References

1.  Goto, T.; Wang, ].C. Yeast DNA topoisomerase II. An ATP-dependent type II topoisomerase that catalyzes
the catenation, decatenation, unknotting, and relaxation of double-stranded DNA rings. J. Biol. Chem. 1982,
257, 5866-5872.

2.  Hsieh, T.; Brutlag, D. ATP-dependent DNA topoisomerase from D. melanogaster reversibly catenates
duplex DNA rings. Cell 1980, 21, 115-125, doi:10.1016/0092-8674(80)90119-1.

3. Bauer, D.L.V; Marie, R.; Rasmussen, K.H.; Kristensen, A.; Mir, K.U. DNA catenation maintains structure of
human metaphase chromosomes. Nucleic Acids Res. 2012, 40, 11428-11434, d0i:10.1093/nar/gks931.

4.  Pommier, Y.; Sun, Y.; Huang, S.N.; Nitiss, J.L. Roles of eukaryotic topoisomerases in transcription,
replication and genomic stability. Nat. Rev. Mol. Cell Biol. 2016, 17, 703-721.

5. Uemura, T.; Ohkura, H.; Adachi, Y.; Morino, K.; Shiozaki, K.; Yanagida, M. DNA topoisomerase II is
required for condensation and separation of mitotic chromosomes in S. pombe. Cell 1987, 50, 917-925,
doi:10.1016/0092-8674(87)90518-6.

6. Clarke, DJ.; Johnson, R.T.; Downes, C.S. Topoisomerase II inhibition prevents anaphase chromatid
segregation in mammalian cells independently of the generation of DNA strand breaks. J. Cell Sci. 1993,
105, 563-569.

7. Oliveira, R.A.; Hamilton, R.S; Pauli, A.; Davis, I.; Nasmyth, K. Cohesin cleavage and Cdk inhibition trigger
formation of daughter nuclei. Nat. Cell Biol. 2010, 12, 185-192, d0i:10.1038/ncb2018.Cohesin.

8.  Coelho, P.A.; Queiroz-Machado, J.; Carmo, A.M.; Moutinho-Pereira, S.; Maiato, H.; Sunkel, C.E. Dual Role
of Topoisomerase II in Centromere Resolution and Aurora B Activity. PLoS Biol. 2008, 6, €207.

9.  Charbin, A.; Bouchoux, C.; Uhlmann, F. Condensin aids sister chromatid decatenation by topoisomerase
II. Nucleic Acids Res. 2014, 42, 340-348, doi:10.1093/nar/gkt882.



Int. ]. Mol. Sci. 2017, 18, 2751 15 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Downes, C.S.; Clarke, D.J.; Mullinger, A.M.; Gimenez-Abian, J.F.; Creighton, A.M.; Johnson, R.T. A
topoisomerase II-dependent G2 cycle checkpoint in mammalian cells. Nature 1994, 372, 467-470.
Giménez-Abian, ].F; Clarke, D.J.; Devlin, J.; Giménez-Abian, M.L; De la Torre, C.; Johnson, R.T.; Mullinger,
a M., Downes, C.S. Premitotic chromosome individualization in mammalian cells depends on
topoisomerase II activity. Chromosoma 2000, 109, 235-244, d0i:10.1007/s004120000065.

Clarke, D.J.; Giménez-Abian, ]J.F. Checkpoints controlling mitosis. BioEssays 2000, 22, 351-363,
doi:10.1002/(SICT)1521-1878(200004)22:4<351:: AID-BIES5>3.0.CO;2-W.

Furniss, K.L.; Tsai, H.-J.; Byl, JA.W.; Lane, A.B.; Vas, A.C,; Hsu, W.-S.; Osheroff, N.; Clarke, D.J. Direct
Monitoring of the Strand Passage Reaction of DNA Topoisomerase Il Triggers Checkpoint Activation. PLoS
Genet. 2013, 9, €1003832.

Bower, ].J.; Karaca, G.F.; Zhou, Y.; Simpson, D.A.; Cordeiro-Stone, M.; Kaufmann, W.K. Topoisomerase Il
maintains genomic stability through decatenation G(2) checkpoint signaling. Oncogene 2010, 29, 47874799,
doi:10.1038/0nc.2010.232.

Nagasaka, K.; Hossain, M.].; Roberti, M.].; Ellenberg, J.; Hirota, T. Sister chromatid resolution is an intrinsic
part of chromosome organization in prophase. Nat. Cell Biol. 2016, 18, 692-699.

Liang, Z.; Zickler, D.; Prentiss, M.; Chang, F.S.; Witz, G.; Maeshima, K.; Kleckner, N. Chromosomes
Progress to Metaphase in Multiple Discrete Steps via Global Compaction/Expansion Cycles. Cell 2015, 161,
1124-1137, doi:10.1016/j.cell.2015.04.030.

Koshland, D.; Hartwell, L.H. The structure of sister minichromosome DNA before anaphase in
Saccharomyces cerevisiae. Science 1987, 238, 1713-1716.

Baxter, J.; Sen, N.; Martinez, V.L.; De Carandini, M.E.M.; Schvartzman, ].B.; Diffley, J.F.X.; Aragon, L.
Positive Supercoiling of Mitotic DNA Drives Decatenation by Topoisomerase Il in Eukaryotes. Science 2011,
331, 1328-1332, d0i:10.1126/science.1201538.

Sen, N.; Leonard, J.; Torres, R.; Garcia-Luis, J.; Palou-Marin, G.; Aragén, L. Physical Proximity of Sister
Chromatids  Promotes  Top2-Dependent Intertwining.  Mol.  Cell 2016, 64, 134-147,
doi:10.1016/j.molcel.2016.09.007.

Piskadlo, E.; Tavares, A.; Oliveira, R.A. Metaphase chromosome structure is dynamically maintained by
condensin I-directed DNA (de)catenation. Elife 2017, 6, €26120, doi:10.7554/eLife.26120.

Liu, Y.; Nielsen, C.F.; Yao, Q.; Hickson, I.D. The origins and processing of ultra fine anaphase DNA bridges.
Curr. Opin. Genet. Dev. 2014, 26, 1-5, doi:10.1016/j.gde.2014.03.003.

Chan, K.; North, P.S;; Hickson, I.D. BLM is required for faithful chromosome segregation and its
localization defines a class of ultrafine anaphase bridges. EMBO ]. 2007, 26, 3397-3409.

Baumann, C.; Korner, R.; Hofmann, K.; Nigg, E.A. PICH, a Centromere-Associated SNF2 Family ATPase,
Is Regulated by Plkl and Required for the Spindle Checkpoint. Cell 2007, 128, 101-114,
doi:10.1016/j.cell.2006.11.041.

Chan, K.L.; Palmai-Pallag, T.; Ying, S.; Hickson, I.D. Replication stress induces sister-chromatid bridging
at fragile site loci in mitosis. Nat. Cell Biol. 2009, 11, 753-760.

Naim, V.; Rosselli, F. The FANC pathway and BLM collaborate during mitosis to prevent micro-nucleation
and chromosome abnormalities. Nat. Cell Biol. 2009, 11, 761-768.

Ishikawa, F. Portrait of replication stress viewed from telomeres. Cancer Sci. 2013, 104, 790-794,
doi:10.1111/cas.12165.

Barefield, C.; Karlseder, J. The BLM helicase contributes to telomere maintenance through processing of
late-replicating intermediate structures. Nucleic Acids Res. 2012, 40, 7358-7367, doi:10.1093/nar/gks407.
Debatisse, M.; Le Tallec, B.; Letessier, A.; Dutrillaux, B.; Brison, O. Common fragile sites: Mechanisms of
instability revisited. Trends Genet. 2012, 28, 22-32, d0i:10.1016/j.tig.2011.10.003.

Wang, L.H.-C.; Mayer, B.; Stemmann, O.; Nigg, E.A. Centromere DNA decatenation depends on cohesin
removal and is required for mammalian cell division. J. Cell Sci. 2010, 123, 806-813.

Sumner, A.T. The distribution of topoisomerase II on mammalian chromosomes. Chromosom. Res. 1996, 4,
5-14, doi:10.1007/BF02254938.

Diaz-Martinez, L.A.; Giménez-Abian, J.F.; Azuma, Y.; Guacci, V.; Giménez-Martin, G.; Lanier, L.M.; Clarke,
D.J. PIASy Is Required for Faithful Chromosome Segregation in Human Cells. PLoS ONE 2006, 1, e53.
Nielsen, C.F.; Huttner, D.; Bizard, A.H.; Hirano, S.; Li, T.-N.; Palmai-Pallag, T.; Bjerregaard, V.A.; Liu, Y.;
Nigg, E.A.; Wang, L.H.-C.; Hickson, 1.D. PICH promotes sister chromatid disjunction and co-operates with
topoisomerase II in mitosis. Nat. Commun. 2015, 6, 8962, doi:10.1038/ncomms9962.



Int. ]. Mol. Sci. 2017, 18, 2751 16 of 21

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kschonsak, M.; Haering, C.H. Shaping mitotic chromosomes: From classical concepts to molecular
mechanisms. Bioessays 2015, 37, 755-766, d0i:10.1002/bies.201500020.

Piskadlo, E.; Oliveira, R.A. Novel insights into mitotic chromosome condensation. F1000Research 2016, 5,
F1000 Faculty Rev-1807, doi:10.12688/f1000research.8727.1.

Paulson, J.R.; Laemmli, U.K. The structure of histone-depleted metaphase chromosomes. Cell 1977, 12, 817-
828, doi:10.1016/0092-8674(77)90280-X.

Adolph, KW.; Cheng, SM.; Laemmli, UK. Role of nonhistone proteins in metaphase chromosome
structure. Cell 1977, 12, 805-816, d0i:10.1016/0092-8674(77)90279-3.

Earnshaw, W.C. Architecture of metaphase chromosomes and chromosome scaffolds. J. Cell Biol. 1983, 96,
84-93, doi:10.1083/jcb.96.1.84.

Gasser, S.M.; Laroche, T.; Falquet, J.; Boy de la Tour, E.; Laemmli, U.K. Metaphase chromosome structure.
J. Mol. Biol. 1986, 188, 613-629, d0i:10.1016/50022-2836(86)80010-9.

Earnshaw, W.C. Topoisomerase Il is a structural component of mitotic chromosome scaffolds. J. Cell Biol.
1985, 100, 1706-1715, doi:10.1083/jcb.100.5.1706.

Belmont, A.S. Mitotic chromosome scaffold structure: New approaches to an old controversy. Proc. Natl.
Acad. Sci. 2002, 99, 15855-15857, doi:10.1073/pnas.262672799.

Christensen, M.O. Dynamics of human {DNA} topoisomerases {Ilalpha} and {IIbeta} in living cells. ]. Cell
Biol. 2002, 157, 31-44, doi:10.1083/jcb.200112023.

Gerlich, D.; Hirota, T.; Koch, B.; Peters, J.-M.; Ellenberg, ]J. Condensin I stabilizes chromosomes
mechanically through a dynamic interaction in live cells. Curr. Biol. 2006, 16, 333-344,
doi:10.1016/j.cub.2005.12.040.

Oliveira, R.A.; Heidmann, S.; Sunkel, C.E. Condensin I binds chromatin early in prophase and displays a
highly dynamic association with Drosophila mitotic chromosomes. Chromosoma 2007, 116, 259-274,
do0i:10.1007/s00412-007-0097-5.

Tavormina, P.A.; Come, M.-G.; Hudson, J.R.; Mo, Y.-Y.; Beck, W.T.; Gorbsky, G.J. Rapid exchange of
mammalian topoisomerase Ila at kinetochores and chromosome arms in mitosis. J. Cell Biol. 2002, 158, 23—
29, doi:10.1083/jcb.200202053.

Buchenau, P.; Saumweber, H.; Arndt-Jovin, D.J. Consequences of topoisomerase II inhibition in early
embryogenesis of Drosophila revealed by in vivo confocal laser scanning microscopy. J. Cell Sci. 1993, 104,
1175-1185.

Andoh, T.; Sato, M.; Narita, T.; Ishida, R. Role of DNA topoisomerase II in chromosome dynamics in
mammalian cells. Biotechnol. Appl. Biochem. 1993, 18, 165-174, doi:10.1111/j.1470-8744.1993.tb00263.x.
Gorbsky, G.J. Cell cycle progression and chromosome segregation in mammalian cells cultured in the
presence of the topoisomerase II inhibitors ICRF-187 [(+)-1,2-bis(3,5-dioxopiperazinyl-1-yl)propane; ADR-
529] and ICRF-159 (Razoxane). Cancer Res. 1994, 54, 1042-1048.

Roca, J.; Ishida, R.; Berger, ].M.; Andoh, T.; Wang, J.C. Antitumor bisdioxopiperazines inhibit yeast DNA
topoisomerase II by trapping the enzyme in the form of a closed protein clamp. Proc. Natl. Acad. Sci. USA
1994, 91, 1781-1785.

Anderson, H.; Roberge, M. Topoisomerase II inhibitors affect entry into mitosis and chromosome
condensation in BHK cells. Cell Growth Differ. 1996, 7, 83-90.

Tanabe, K.; Ikegami, Y.; Ishida, R.; Andoh, T. Inhibition of Topoisomerase II by Antitumor Agents Bis(2,6-
dioxopiperazine) Derivatives. Cancer Res. 1991, 51, 4903—-4908.

Chen, G.L.; Yang, L.; Rowe, T.C.; Halligan, B.D.; Tewey, K.M,; Liu, L.F. Nonintercalative antitumor drugs
interfere with the breakage-reunion reaction of mammalian DNA topoisomerase II. ]. Biol. Chem. 1984, 259,
13560-13566.

Fasulo, B.; Koyama, C.; Yu, K.R.; Homola, E.M.; Hsieh, T.S.; Campbell, S.D.; Sullivan, W. Chk1 and Weel
kinases coordinate DNA replication, chromosome condensation, and anaphase entry. Mol. Biol. Cell 2012,
23, 1047-1057, d0i:10.1091/mbc.E11-10-0832.

Lavoie, B.D.; Hogan, E.; Koshland, D. In vivo dissection of the chromosome condensation machinery:
Reversibility of condensation distinguishes contributions of condensin and cohesin. J. Cell Biol. 2002, 156,
805-815, d0i:10.1083/jcb.200109056.

Vas, A.C]J; Andrews, C.A,; Kirkland Matesky, K.; Clarke, D.J. In Vivo Analysis of Chromosome
Condensation in Saccharomyces cerevisiae. Mol. Biol. Cell 2007, 18, 557-568, d0i:10.1091/mbc.E06-05-0454.



Int. ]. Mol. Sci. 2017, 18, 2751 17 of 21

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Petrova, B.; Dehler, S.; Kruitwagen, T.; Hériché, J.-K.; Miura, K.; Haering, C.H. Quantitative analysis of
chromosome condensation in fission yeast. Mol. Cell. Biol. 2013, 33, 984-998, doi:10.1128/MCB.01400-12.
Ladouceur, A.-M.; Ranjan, R.; Smith, L.; Fadero, T.; Heppert, J.; Goldstein, B.; Maddox, A.S.; Maddox, P.S.
CENP-A and topoisomerase-Il antagonistically affect chromosome length. ]J. Cell Biol. 2017,
doi:10.1083/jcb.201608084.

Mengoli, V.; Bucciarelli, E.; Lattao, R.; Piergentili, R.; Gatti, M.; Bonaccorsi, S. The Analysis of Mutant
Alleles of Different Strength Reveals Multiple Functions of Topoisomerase 2 in Regulation of Drosophila
Chromosome Structure. PLoS Genet. 2014, 10, €1004739.

Somma, M.P.; Ceprani, F.; Bucciarelli, E.; Naim, V.; De Arcangelis, V.; Piergentili, R.; Palena, A.; Ciapponi,
L.; Giansanti, M.G.; Pellacani, C.; et al. Identification of Drosophila Mitotic Genes by Combining Co-
Expression Analysis and RNA Interference. PLoS Genet. 2008, 4, e1000126.

Chang, C.-J.; Goulding, S.; Earnshaw, W.C.; Carmena, M. RNAi analysis reveals an unexpected role for
topoisomerase II in chromosome arm congression to a metaphase plate. J. Cell Sci. 2003, 116, 4715-4726.
Samejima, K.; Samejima, I.; Vagnarelli, P.; Ogawa, H.; Vargiu, G.; Kelly, D.A; de Lima Alves, F.; Kerr, A.;
Green, L.C.; Hudson, D.F.; et al. Mitotic chromosomes are compacted laterally by KIF4 and condensin and
axially by topoisomerase Ila. J. Cell Biol. 2012, 199, 755-770, d0i:10.1083/jcb.201202155.

Johnson, M.; Phua, H.H.; Bennett, S.C.; Spence, ] M.; Farr, C.J. Studying vertebrate topoisomerase 2 function
using a conditional knockdown system in DT40 cells. Nucleic Acids Res. 2009, 37, e98-e98,
doi:10.1093/nar/gkp480.

Sakaguchi, A.; Kikuchi, A. Functional compatibility between isoform a and 3 of type II DNA
topoisomerase. J. Cell Sci. 2004, 117, 1047-1054.

Gonzalez, R.E.; Lim, C.-U.; Cole, K.; Bianchini, C.H.; Schools, G.P.; Davis, B.E.; Wada, 1.; Roninson, 1.B.;
Broude, E. V Effects of conditional depletion of topoisomerase II on cell cycle progression in mammalian
cells. Cell Cycle 2011, 10, 3505-3514, d0i:10.4161/cc.10.20.17778.

Carpenter, A].; Porter, A.C.G. Construction, Characterization, and Complementation of a Conditional-
Lethal DNA Topoisomerase Ila Mutant Human Cell Line. Mol. Biol. Cell 2004, 15, 5700-5711,
d0i:10.1091/mbc.E04-08-0732.

Green, L.C,; Kalitsis, P.; Chang, T.M.; Cipetic, M.; Kim, J.H.; Marshall, O.; Turnbull, L.; Whitchurch, C.B,;
Vagnarelli, P.; Samejima, K ; et al. Contrasting roles of condensin I and condensin II in mitotic chromosome
formation. J. Cell Sci. 2012, 125, 1591-1604.

Farr, CJ.; Antoniou-Kourounioti, M.; Mimmack, M.L.; Volkov, A.; Porter, A.C.G. The «a isoform of
topoisomerase II is required for hypercompaction of mitotic chromosomes in human cells. Nucleic Acids
Res. 2014, 42, 4414-4426, d0i:10.1093/nar/gku076.

Adachi, Y.; Luke, M.; Laemmli, U.K. Chromosome assembly in vitro: Topoisomerase II is required for
condensation. Cell 1991, 64, 137-148, doi:10.1016/0092-8674(91)90215-K.

Hirano, T.; Mitchison, J.T. Topoisomerase II does not play a scaffolding role in the organization of mitotic
chromosomes assembled in Xenopus egg extracts. J. Cell Biol. 1993, 120, 601-612.

Shintomi, K.; Takahashi, T.S.; Hirano, T. Reconstitution of mitotic chromatids with a minimum set of
purified factors. Nat. Cell Biol. 2015, 17, 1014-1023, d0i:10.1038/ncb3187.

Deming, P.B.; Cistulli, C.A.; Zhao, H.; Graves, P.R.; Piwnica-Worms, H.; Paules, R.S.; Downes, C.S.;
Kaufmann, W.K. The human decatenation checkpoint. Proc. Natl. Acad. Sci. USA 2001, 98, 12044-12049,
doi:10.1073/pnas.221430898.

Roberge, M.; Th'ng, J.; Hamaguchi, J.; Bradbury, E.M. The topoisomerase II inhibitor VM-26 induces
marked changes in histone H1 kinase activity, histones H1 and H3 phosphorylation, and chromosome
condensation in G2 phase and mitotic BHK cells. J. Cell Biol. 1990, 111, 1753-1762.

Andreassen, P.R.; Lacroix, F.B.; Margolis, R.L. Chromosomes with Two Intact Axial Cores Are Induced by
G(2 )Checkpoint Override: Evidence That DNA Decatenation Is not Required to Template the Chromosome
Structure. J. Cell Biol. 1997, 136, 29—-43.

Clarke, ].D.; Azuma, Y. Non-Catalytic Roles of the Topoisomerase Ilot C-Terminal Domain. Int. J. Mol. Sci.
2017, 18, doi:10.3390/ijms18112438.

Christensen, M.O.; Larsen, M.K,; Barthelmes, H.U.; Hock, R.; Andersen, C.L.; Kjeldsen, E.; Knudsen, B.R.;
Westergaard, O.; Boege, F.; Mielke, C. Dynamics of human DNA topoisomerases Ilalpha and Ilbeta in
living cells. J. Cell Biol. 2002, 157, 31-44, d0i:10.1083/jcb.200112023.



Int. ]. Mol. Sci. 2017, 18, 2751 18 of 21

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Long, B.H. Mechanisms of action of teniposide (VM-26) and comparison with etoposide (VP-16). Semin.
Oncol. 1992, 19, 3-19, d0i:10.5555/uri:pii:009377549290306L.

Kawamura, R.; Pope, L.H.; Christensen, M.O.; Sun, M.; Terekhova, K.; Boege, F.; Mielke, C.; Andersen,
A.H.; Marko, J.F. Mitotic chromosomes are constrained by topoisomerase II-sensitive DNA entanglements.
J. Cell Biol. 2010, 188, 653 LP-663.

Liu, L.F.; Liu, C.-C.; Alberts, B.M. Type Il DNA topoisomerases: Enzymes that can unknot a topologically
knotted DNA molecule via a reversible double-strand break. Cell 1980, 19, 697-707, doi:10.1016/S0092-
8674(80)80046-8.

Hsieh, T. Knotting of the circular duplex DNA by type Il DNA topoisomerase from Drosophila melanogaster.
J. Biol. Chem. 1983, 258, 8413-8420.

Roca, J.; Berger, ].M.; Wang, J.C. On the simultaneous binding of eukaryotic DNA topoisomerase II to a
pair of double-stranded DNA helices. J. Biol. Chem. 1993, 268, 14250-14255.

Valdés, A; Segura, J.; Dyson, S.; Martinez-Garcia, B.; Roca, J. DNA knots occur in intracellular chromatin.
Nucleic Acids Res. 2017, gkx1137-gkx1137.

Maresca, T.J.; Salmon, E.D. Welcome to a new kind of tension: Translating kinetochore mechanics into a
wait-anaphase signal. J. Cell Sci. 2010, 123, 825-835.

Khodjakov, A.; Pines, J. Centromere tension: A divisive issue. Nat. Cell Biol. 2010, 12, 919-923,
doi:10.1038/ncb1010-919.

Andrews, C.A.; Vas, A.C.; Meier, B.; Giménez-Abian, J.F.; Diaz-Martinez, L.A.; Green, J.; Erickson, S.L.;
VanderWaal, K.E.; Hsu, W.-S.; Clarke, D.]. A mitotic topoisomerase II checkpoint in budding yeast is
required for genome stability but acts independently of Pdsl/securin. Genes Dev. 2006, 20, 1162-1174,
doi:10.1101/gad.1367206.

Skoufias, D.A.; Lacroix, F.B.; Andreassen, P.R.; Wilson, L.; Margolis, R.L. Inhibition of DNA Decatenation,
but Not DNA Damage, Arrests Cells at Metaphase. Mol. Cell 2004, 15 977-990,
doi:10.1016/j.molcel.2004.08.018.

Mikhailov, A.; Shinohara, M.; Rieder, C.L. Topoisomerase II and histone deacetylase inhibitors delay the
G2/M transition by triggering the p38 MAPK checkpoint pathway. J. Cell Biol. 2004, 166, 517-526,
doi:10.1083/jcb.200405167.

Clarke, D.J.; Vas, A.C; Andrews, C.A.; Diaz-Martinez, L.A.; Gimenez-Abian, J.F. Topoisomerase II
Checkpoints: Universal Mechanisms that Regulate Mitosis. Cell Cycle 2006, 5, 1925-1928,
doi:10.4161/cc.5.17.3200.

Warsi, T.H.; Navarro, M.S.; Bachant, ]. DNA Topoisomerase II Is a Determinant of the Tensile Properties of
Yeast Centromeric Chromatin and the Tension Checkpoint. Mol. Biol. Cell 2008, 19, 4421-4433,
do0i:10.1091/mbc.E08-05-0547.

Corbett, AH.; Fernald, AW.; Osheroff, N. Protein kinase C modulates the catalytic activity of
topoisomerase II by enhancing the rate of ATP hydrolysis: Evidence for a common mechanism of regulation
by phosphorylation. Biochemistry 1993, 32, 2090-2097, d0i:10.1021/bi00059a029.

Chikamori, K.; Grabowski, D.R.; Kinter, M.; Willard, B.B.; Yadav, S.; Aebersold, R.H.; Bukowski, R.M.;
Hickson, I.D.; Andersen, A.H.; Ganapathi, R.; Ganapathi, M.K. Phosphorylation of Serine 1106 in the
Catalytic Domain of Topoisomerase Ila Regulates Enzymatic Activity and Drug Sensitivity. . Biol. Chem.
2003, 278, 12696-12702, d0i:10.1074/jbc.M300837200.

Ryu, H.; Furuta, M; Kirkpatrick, D.; Gygi, S.P.; Azuma, Y. PIASy-dependent SUMOylation regulates DNA
topoisomerase Ila activity. J. Cell Biol. 2010, 191, 783-794.

Azuma, Y.; Arnaoutov, A.; Anan, T.; Dasso, M. PIASy mediates SUMO-2 conjugation of Topoisomerase-II
on mitotic chromosomes. EMBO J. 2005, 24, 2172-2182, doi:10.1038/sj.emboj.7600700.

Agostinho, M.; Santos, V.; Ferreira, F.; Costa, R.; Cardoso, J.; Pinheiro, I.; Rino, J.; Jaffray, E.; Hay, R.T.;
Ferreira, ]. Conjugation of Human Topoisomerase 2« with Small Ubiquitin-like Modifiers 2/3 in Response
to Topoisomerase Inhibitors: Cell Cycle Stage and Chromosome Domain Specificity. Cancer Res. 2008, 68,
2409-2418.

Dawlaty, M.M.; Malureanu, L.; Jeganathan, K.B.; Kao, E.; Sustmann, C.; Tahk, S.; Shuai, K.; Grossched], R.;
van Deursen, J.M. Resolution of Sister Centromeres Requires RanBP2-Mediated SUMOylation of
Topoisomerase Ila. Cell 2008, 133, 103-115, doi:10.1016/j.cell.2008.01.045.



Int. ]. Mol. Sci. 2017, 18, 2751 19 of 21

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Takahashi, Y.; Yong-Gonzalez, V.; Kikuchi, Y.; Strunnikov, A. SIZ1/SIZ2 Control of Chromosome
Transmission Fidelity Is Mediated by the Sumoylation of Topoisomerase II. Genetics 2006, 172, 783-794,
doi:10.1534/genetics.105.047167.

Liu, Z.; Deibler, R.W.; Chan, H.S.; Zechiedrich, L. The why and how of DNA unlinking. Nucleic Acids Res.
2009, 37, 661-671, doi:10.1093/nar/gkp041.

Rybenkov, V.V.; Ullsperger, C.; Vologodskii, A.V.; Cozzarelli, N.R. Simplification of DNA Topology Below
Equilibrium Values by Type II Topoisomerases. Science 1997, 277, 690—-693.

Hirano, T. At the heart of the chromosome: SMC proteins in action. Nat. Rev. Mol. Cell Biol. 2006, 7, 311-
322.

Uhlmann, F. SMC complexes: From DNA to chromosomes. Nat. Rev. Mol. Cell Biol. 2016, 17, 399-412.
Rybenkov, V. V; Herrera, V.; Petrushenko, Z.M.; Zhao, H. MukBEF, a chromosomal organizer. J. Mol.
Microbiol. Biotechnol. 2014, 24, 371-383, d0i:10.1159/000369099.

Li, Y.; Stewart, N.K,; Berger, A.].; Vos, S.; Schoeffler, A.].; Berger, ].M.; Chait, B.T.; Oakley, M.G. Escherichia
coli condensin MukB stimulates topoisomerase IV activity by a direct physical interaction. Proc. Natl. Acad.
Sci. USA 2010, 107, 18832-18837, doi:10.1073/pnas.1008678107.

Hayama, R.; Marians, K.J. Physical and functional interaction between the condensin MukB and the
decatenase topoisomerase IV in Escherichia coli. Proc. Natl. Acad. Sci. USA 2010, 107, 18826-18831,
doi:10.1073/pnas.1008140107.

Hayama, R.; Bahng, S.; Karasu, M.E.; Marians, K.J. The MukB-ParC Interaction Affects the Intramolecular,
Not Intermolecular, Activities of Topoisomerase IV. ]. Biol. Chem. 2013, 288, 7653-7661,
doi:10.1074/jbc.M112.418087.

Nicolas, E.; Upton, A.L.; Uphoff, S.; Henry, O.; Badrinarayanan, A.; Sherratt, D. The SMC Complex MukBEF
Recruits Topoisomerase IV to the Origin of Replication Region in Live Escherichia coli. mBio 2014, 5,
do0i:10.1128/mBio.01001-13.

Zawadzki, P.; Stracy, M.; Ginda, K.; Zawadzka, K., Lesterlin, C.; Kapanidis, A.N.; Sherratt, D.J. The
Localization and Action of Topoisomerase IV in Escherichia coli Chromosome Segregation Is Coordinated
by the SMC Complex, MukBEEF. Cell Rep. 2015, 13, 2587-2596, d0i:10.1016/j.celrep.2015.11.034.

Kumar, R,; Nurse, P.; Bahng, S.; Lee, CM.; Marians, K.J. The MukB-topoisomerase IV interaction is
required for proper chromosome compaction. . Biol. Chem. 2017, 292, 16921-16932,
doi:10.1074/jbc.M117.803346.

Wang, X.; Tang, O.W.; Riley, E.P.; Rudner, D.Z. The SMC Condensin Complex Is Required for Origin
Segregation in Bacillus subtilis. Curr. Biol. 2014, 24, 287-292, d0i:10.1016/j.cub.2013.11.050.

Tadesse, S.; Mascarenhas, J.; Kosters, B.; Hasilik, A.; Graumann, P.L. Genetic interaction of the SMC
complex with topoisomerase IV in Bacillus subtilis. Microbiology 2005, 151, 3729-3737.

Jeppsson, K.; Kanno, T.; Shirahige, K.; Sjogren, C. The maintenance of chromosome structure: Positioning
and functioning of SMC complexes. Nat. Rev. Mol. Cell Biol. 2014, 15, 601-614.

Kanno, T.; Berta, D.G,; Sjogren, C. The Smc5/6 Complex Is an ATP-Dependent Intermolecular DNA Linker.
Cell Rep. 2015, 12, 1471-1482, doi:10.1016/j.celrep.2015.07.048.

Jeppsson, K.; Carlborg, K K.; Nakato, R.; Berta, D.G,; Lilienthal, I.; Kanno, T.; Lindqvist, A.; Brink, M.C,;
Dantuma, N.P.; Katou, Y.; et al. The Chromosomal Association of the Smc5/6 Complex Depends on
Cohesion and Predicts the Level of Sister Chromatid Entanglement. PLoS Genet. 2014, 10, e1004680.
Verver, D.E.; Zheng, Y.; Speijer, D.; Hoebe, R.; Dekker, H.L.; Repping, S.; Stap, J.; Hamer, G. Non-SMC
Element 2 (NSMCE2) of the SMC5/6 Complex Helps to Resolve Topological Stress. Int. |. Mol. Sci. 2016, 17,
1782, d0i:10.3390/ijms17111782.

Gallego-Paez, L.M,; Tanaka, H.; Bando, M.; Takahashi, M.; Nozaki, N.; Nakato, R.; Shirahige, K.; Hirota, T.
Smc5/6-mediated regulation of replication progression contributes to chromosome assembly during
mitosis in human cells. Mol. Biol. Cell 2014, 25, 302-317, d0i:10.1091/mbc.E13-01-0020.

Pryzhkova, M.V.; Jordan, P.W. Conditional mutation of Smc5 in mouse embryonic stem cells perturbs
condensin localization and mitotic progression. J. Cell Sci. 2016, 129, 1619-1634.

Gémez, R.; Jordan, P.W.; Viera, A.; Alsheimer, M.; Fukuda, T.; Jessberger, R.; Llano, E.; Pendds, AM.;
Handel, M. A ; Suja, ].A. Dynamic localization of SMC5/6 complex proteins during mammalian meiosis and
mitosis suggests functions in distinct chromosome processes. J. Cell Sci. 2013, 126, 4239-4252.



Int. ]. Mol. Sci. 2017, 18, 2751 20 of 21

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Mirkovic, M.; Oliveira, R.A. Centromeric Cohesin: Molecular Glue and Much More. In Centromeres and
Kinetochores; Black, B.E., Ed.; Springer International Publishing: Cham, Switzerland, 2017; pp. 485-513 ISBN
978-3-319-58592-5.

Litwin, I; Wysocki, R. New insights into cohesin loading. Curr. Genet. 2017, doi:10.1007/s00294-017-0723-6.
Haarhuis, J.H.I,; Elbatsh, A.M.O.; Rowland, B.D. Cohesin and Its Regulation: On the Logic of X-Shaped
Chromosomes. Dev. Cell 2014, 31, 7-18, doi:10.1016/j.devcel.2014.09.010.

Farcas, A.-M.; Uluocak, P.; Helmhart, W.; Nasmyth, K. Cohesin’s Concatenation of Sister DNAs Maintains
Their Intertwining. Mol. Cell 2011, 44, 97-107, d0i:10.1016/j.molcel.2011.07.034.

Gémez, R.; Viera, A,; Berenguer, L; Llano, E.; Pendas, A.M.; Barbero, J.L.; Kikuchi, A.; Suja, J.A. Cohesin
removal precedes topoisomerase Ila-dependent decatenation at centromeres in male mammalian meiosis
II. Chromosoma 2014, 123, 129-146, d0i:10.1007/s00412-013-0434-9.

Tedeschi, A.; Wutz, G.; Huet, S.; Jaritz, M.; Wuensche, A.; Schirghuber, E.; Davidson, LF.; Tang, W.;
Cisneros, D.A.; Bhaskara, V; et al. Wapl is an essential regulator of chromatin structure and chromosome
segregation. Nature 2013, 501, 564-568.

Haarhuis, J.H.L; Elbatsh, AM.O.; van den Broek, B.; Camps, D.; Erkan, H.; Jalink, K.; Medema, R.H.;
Rowland, B.D. WAPL-Mediated Removal of Cohesin Protects against Segregation Errors and Aneuploidy.
Curr. Biol. 2013, 23, 2071-2077, d0i:10.1016/j.cub.2013.09.003.

Oliveira, R.A.; Kotadia, S.; Tavares, A.; Mirkovic, M.; Bowlin, K.; Eichinger, C.S.; Nasmyth, K.; Sullivan, W.
Centromere-Independent Accumulation of Cohesin at Ectopic Heterochromatin Sites Induces
Chromosome Stretching during Anaphase. PLoS Biol. 2014, 12, e1001962, d0i:10.1371/journal.pbio.1001962.
Murray, A.W.; Szostak, ].W. Chromosome Segregation in Mitosis and Meiosis. Annu. Rev. Cell Biol. 1985, 1,
289-315, doi:10.1146/annurev.cb.01.110185.001445.

Uhlmann, F.; Wernic, D.; Poupart, M.-A.; Koonin, E.V.; Nasmyth, K. Cleavage of Cohesin by the CD Clan
Protease Separin Triggers Anaphase in Yeast. Cell 2000, 103, 375-386, d0i:10.1016/S0092-8674(00)00130-6.
Diaz-Martinez, L.A.; Giménez-Abian, ].F.; Clarke, D.J. Chromosome cohesion — rings, knots, orcs and
fellowship. J. Cell Sci. 2008, 121, 2107-2114.

Toyoda, Y.; Yanagida, M. Coordinated Requirements of Human Topo II and Cohesin for Metaphase
Centromere Alignment under Mad2-dependent Spindle Checkpoint Surveillance. Mol. Biol. Cell 2006, 17,
2287-2302, d0i:10.1091/mbc.E05-11-1089.

Vagnarelli, P.; Morrison, C.; Dodson, H.; Sonoda, E.; Takeda, S.; Earnshaw, W.C. Analysis of Sccl-deficient
cells defines a key metaphase role of vertebrate cohesin in linking sister kinetochores. EMBO Rep. 2004, 5,
167-171, doi:10.1038/sj.embor.7400077.

Dewar, H.; Tanaka, K.; Nasmyth, K.; Tanaka, T.U. Tension between two kinetochores suffices for their bi-
orientation on the mitotic spindle. Nature 2004, 428, 93-97.

Hirano, T. Condensin-Based Chromosome Organization from Bacteria to Vertebrates. Cell 2016, 164, 847—
857, doi:10.1016/j.cell.2016.01.033.

Hirano, T.; Mitchison, T.J. A heterodimeric coiled-coil protein required for mitotic chromosome
condensation in vitro. Cell 1994, 79, 449-458, d0i:10.1016/0092-8674(94)90254-2.

Hirano, T.; Kobayashi, R.; Hirano, M. Condensins, Chromosome Condensation Protein Complexes
Containing XCAP-C, XCAP-E and a Xenopus Homolog of the Drosophila Barren Protein. Cell 1997, 89, 511—
521, d0i:10.1016/S0092-8674(00)80233-0.

Oliveira, R.A.; Coelho, P.A.; Sunkel, C.E. The Condensin I Subunit Barren/CAP-H Is Essential for the
Structural Integrity of Centromeric Heterochromatin during Mitosis. Mol. Cell. Biol. 2005, 25, 8971-8984,
doi:10.1128/MCB.25.20.8971.

Ribeiro, S.A.; Gatlin, J.C.; Dong, Y.; Joglekar, A.; Cameron, L.; Hudson, D.F.; Farr, C.J.; Mcewen, B.F,;
Salmon, E.D.; Earnshaw, W.C.; et al. Condensin Regulates the Stiffness of Vertebrate Centromeres. Mol.
Biol. Cell 2009, 20, 2371-2380, d0i:10.1091/mbc.E08.

Hudson, D.F.; Vagnarelli, P.; Gassmann, R.; Earnshaw, W.C. Condensin Is Required for Nonhistone Protein
Assembly and Structural Integrity of Vertebrate Mitotic Chromosomes. Dev. Cell 2003, 5, 323-336,
doi:10.1016/51534-5807(03)00199-0.

Bhat, M.A; Philp, A.V.; Glover, D.M.; Bellen, H.]. Chromatid segregation at anaphase requires the barren
product, a novel chromosome-associated protein that interacts with Topoisomerase II. Cell 1996, 87, 1103—
1114.

Steffensen, S.; Coelho, P.A.; Cobbe, N.; Vass, S.; Costa, M.; Hassan, B.; Prokopenko, S.N.; Bellen, H.; Heck,



Int. ]. Mol. Sci. 2017, 18, 2751 21 of 21

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

M.M.S.; Sunkel, C.E. A role for Drosophila SMC4 in the resolution of sister chromatids in mitosis. Curr.
Biol. 2001, 11, 295-307, doi:10.1016/50960-9822(01)00096-3.

Hagstrom, K.A. C. elegans condensin promotes mitotic chromosome architecture centromere organization,
and sister chromatid segregation during mitosis and meiosis. Genes Dev. 2002, 16, 729-742,
doi:10.1101/gad.968302.

Coelho, P.A.; Queiroz-Machado, J.; Sunkel, C.E. Condensin-dependent localisation of topoisomerase II to
an axial chromosomal structure is required for sister chromatid resolution during mitosis. J. Cell Sci. 2003,
116, 4763-4776.

Cuvier, O.; Hirano, T. A role of topoisomerase II in linking DNA replication to chromosome condensation.
J. Cell Biol. 2003, 160, 645-655.

Baxter, J.; Aragdén, L. A model for chromosome condensation based on the interplay between condensin
and topoisomerase II. Trends Genet. 2012, 28, 110-117, doi:10.1016/j.tig.2011.11.004.

Kimura, K.; Hirano, T. ATP-Dependent Positive Supercoiling of DNA by 13S Condensin: A Biochemical
Implication for Chromosome Condensation. Cell 1997, 90, 625-634, doi:10.1016/S0092-8674(00)80524-3.
Kimura, K.; Hirano, T. Dual roles of the 11S regulatory subcomplex in condensin functions. Proc. Natl. Acad.
Sci. USA 2000, 97, 11972-11977.

Kimura, K.; Cuvier, O.; Hirano, T. Chromosome Condensation by a Human Condensin Complex in
Xenopus Egg Extracts. J. Biol. Chem. 2001, 276, 5417-5420, d0i:10.1074/jbc.C000873200.

Eeftens, ].M.; Bisht, S.; Kschonsak, M.; Haering, C.H.; Dekker, C. Real-time detection of condensin-driven
DNA compaction reveals a multistep binding mechanism. EMBO ]. 2017, 36, 3269-3405,
doi:10.15252/embj.201797596.

Nasmyth, K. Disseminating the Genome: Joining, Resolving, and Separating Sister Chromatids During
Mitosis and Meiosis. Annu. Rev. Genet. 2001, 35, 673-745, doi:10.1146/annurev.genet.35.102401.091334.
Alipour, E.; Marko, ].F. Self-organization of domain structures by DNA-loop-extruding enzymes. Nucleic
Acids Res. 2012, 40, 11202-11212.

Goloborodko, A.; Imakaev, M.V.; Marko, J.F.; Mirny, L. Compaction and segregation of sister chromatids
via active loop extrusion. Elife 2016, 5, 14864, doi:10.7554/eLife.14864.

Terakawa, T.; Bisht, S.; Eeftens, ].M.; Dekker, C.; Haering, C.H.; Greene, E.C. The condensin complex is a
mechanochemical motor that translocates along DNA. Science 2017, doi:10.1126/science.aan6516.

Wang, X.; Brandao, H.B.; Le, T.B.K.; Laub, M.T.; Rudner, D.Z. Bacillus subtilis SMC complexes juxtapose
chromosome arms as they travel from origin to terminus. Science 2017, 355, 524-527,
doi:10.1126/science.aai8982.

Diebold-Durand, M.-L.; Lee, H.; Ruiz Avila, L.B.; Noh, H.; Shin, H.-C.; Im, H.; Bock, F.P.; Burmann, F.;
Durand, A.; Basfeld, A, et al. Structure of Full-Length SMC and Rearrangements Required for
Chromosome Organization. Mol. Cell 2017, 67, 334.e5-347.e5, d0i:10.1016/j.molcel.2017.06.010.

Shintomi, K.; Hirano, T. The relative ratio of condensin I to II determines chromosome shapes. Genes Dev.
2011, 25, 1464-1469, d0i:10.1101/gad.2060311.

Elbatsh, A.M.O.; Raaijmakers, J.A.; van der Weide, R.H.; uit de Bos, J.; Teunissen, H.; Bravo, S.; Medema,
R.H.; de Wit, E.; Haering, C.H.; Rowland, B.D. Condensin’s ATPase Machinery Drives and Dampens
Mitotic Chromosome Condensation. bioRxiv 2017, d0i:10.1101/216630.

Houlard, M.; Godwin, J.; Metson, J.; Lee, J.; Hirano, T.; Nasmyth, K. Condensin confers the longitudinal
rigidity of chromosomes. Nat. Cell Biol. 2015, 17, 771-781, doi:10.1038/ncb3167.

Mazia, D. Mitosis and the physiology of cell division. Cell. Biochem. Physiol. Morphol. 1961, 77-412,
doi:10.1016/B978-0-12-123303-7.50008-9.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



