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Abstract: In addition to its roles in transcription and replication, topoisomerase 2 (topo 2) is crucial in
shaping mitotic chromosomes and in ensuring the orderly separation of sister chromatids. As well as
its recruitment throughout the length of the mitotic chromosome, topo 2 accumulates at the primary
constriction. Here, following cohesin release, the enzymatic activity of topo 2 acts to remove residual
sister catenations. Intriguingly, topo 2 does not bind and cleave all sites in the genome equally; one
preferred site of cleavage is within the core centromere. Discrete topo 2-centromeric cleavage sites
have been identified in α-satellite DNA arrays of active human centromeres and in the centromere
regions of some protozoans. In this study, we show that topo 2 cleavage sites are also a feature of
the centromere in Schizosaccharomyces pombe, the metazoan Drosophila melanogaster and in another
vertebrate species, Gallus gallus (chicken). In vertebrates, we show that this site-specific cleavage
is diminished by depletion of CENP-I, an essential constitutive centromere protein. The presence,
within the core centromere of a wide range of eukaryotes, of precise sites hypersensitive to topo 2
cleavage suggests that these mark a fundamental and conserved aspect of this functional domain,
such as a non-canonical secondary structure.

Keywords: topoisomerase 2α (topo 2α); centromere; mitosis; etoposide; cleavage; secondary
DNA structure

1. Introduction

Topoisomerase 2 (topo 2) is an essential enzyme that controls DNA topology and contributes to
many aspects of DNA metabolism, including replication and transcription [1,2]. In mitosis, topo 2
is present throughout the entire length of the chromosome, where it plays a crucial role in shaping
and maintaining chromosome structure and in segregation. In addition, in vertebrate cells, it is well
established, from numerous studies on both fixed and live cells, that topo 2α (one of two isoforms
present in vertebrates) accumulates at the mitotic centromere during prophase, persisting there until
anaphase onset [3–9].

The centromere is the chromosomal locus upon which the kinetochore assembles, facilitating
microtubule capture and chromosome segregation. While the DNA sequences found at centromeres
vary widely between (and even within) species, epigenetic factors appear crucial in centromere identity.
In most eukaryotes, centromeres are characterised by the presence of a histone H3 variant CENP-A.
Nucleosomes containing CENP-A, interspersed with nucleosomes containing canonical H3, form
a region of specialised centrochromatin upon which a network of centromere proteins assembles.
This constitutive centromere-associated network (CCAN) is present throughout the cell cycle, but
varies in its complexity across eukaryotes, from 16/17 different proteins in vertebrates, to a highly
slimmed down version in Drosophila [10]. The highly interdependent proteins of the CCAN form a
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specialised domain that, during M phase, transiently recruits the outer kinetochore complex (the KMN
network) that captures microtubules [11].

Both enzymatic and structural roles for topo 2 at the centromere have been proposed. In metazoans,
while cohesin is largely removed from chromosome arms during prophase, it is retained at sister
centromeres until anaphase onset [12]. Consequently, centromeric topo 2 is essential in anaphase
to remove residual catenations, with directionality being provided by the separation of sister
chromatids [13]. The bulk of these catenations is removed in early anaphase, but some persist as ultrafine
threads that can be seen extending between separating sister chromatids, often only disappearing in
mid, or even late, anaphase [14]. More recently, evidence of a non-catalytic role for topo 2, in recruiting
other proteins to the inner centromere region during mitosis, has been reported for Xenopus and
Saccharomyces cerevisiae [15–19].

Topo 2 activity can be assayed using a topo 2 poison, such as etoposide, that traps the enzyme
mid-cycle, stabilising the normally transient phosphotyrosyl bonds linking each subunit of the topo 2
homodimer to the 5′ termini of the staggered DNA break [20]. As a result, these topo 2-mediated double
strand breaks (DSBs) can be recovered and their position in the genome mapped through pulsed-field
gel electrophoresis (PFGE) and Southern blotting. This approach has established that topo 2 does not
bind and cleave all sites in the genome equally [21–24]. One preferred site of cleavage, identified in
a few eukaryotes, is the centromere. This was first observed for the human Y centromere [25], and
has since been extended to several other human α-satellite DNA-based centromeres [8,26], and to
centromere regions in unicellular protozoa—specifically, the Kinetoplastids Trypanosoma brucei [27–29]
and Trypanosoma cruzi [30], and the Apicomplexans Plasmodium [31,32] and Toxoplasma gondii [33].

To determine whether centromeric topo 2 cleavage activity extends beyond humans and
unicellular protozoans, we have assayed the presence of this activity at centromeres of the fission yeast
Schizosaccharomcyes pombe (S. pombe), the metazoan Drosophila melanogaster (D. melanogaster) and in
another vertebrate species, Gallus gallus (chicken). The detection of centromeric topo 2 cleavage sites
in these diverse eukaryotes underlines the fundamental and highly conserved nature of the active
centromere “mark” recognised by topo 2.

2. Results

2.1. Topo 2 Cleavage within Centromeres of S. pombe

The fission yeast S. pombe has a monocentric chromosome architecture and is a powerful model
system for the study of regional, CENP-A-based, centromeres. The three endogenous centromeres of
S. pombe have similar overall DNA structures [34]. There is a central core (cnt) of 4–7 kb, surrounded
by innermost repeats (imr) and outer repeats (otr). CEN 1 and CEN 3 share a 3.3 kb element (tm) in
their central core (99% identical), while CEN 2 has a ~1.5 kb sequence in its central core that is similar
to tm (48% identical). Each centromere has unique innermost repeats that are inverted relative to each
other. The otr sequences show a high degree of sequence homology across the three centromeres, but
differ in their number, orientation and organisation. tRNA genes (single, or as clusters) are present
at all three centromeres. S. pombe centromeres have two distinct chromatin domains: the central core
(where the CENP-A orthologue Cnp1 and the constitutive centromere-associated protein network is
assembled), and the heterochromatic pericentromeric outer repeats.

It has been reported previously that fission yeast cells are insensitive to etoposide, but
sensitive to a more potent topo 2 poison, TOP53 [35,36]. Like etoposide, TOP53 is derived from
4′-demethylepipodophyllotoxin [37,38]. Initially we examined the impact of treating log-phase cultures
for 7 h (~3 cell cycles) with 50 µg/mL (85 µM) of TOP53, or with various TOP53 analogues (ICP 110,
129, 151, 166, 174, 193, 203). When fixed and stained with DAPI, most treated cells had a normal
morphology; however, in ICP 166- and TOP53-treated cultures most cells had an elongated phenotype,
consistent with a G2/M cell cycle arrest. We therefore proceeded to assay centromeric topo 2-cleavage
activity using TOP53. Analysis of high molecular weight (HMW) DNA extracted after TOP53 exposure
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of log-phase cells did not reveal any evidence of cleavage within centromeres. However, cleavage
was detected when log-phase cells were spheroplasted prior to TOP53 treatment. A range of TOP53
concentrations was tested (125–1000 µg/mL) for 90 min; since all yielded similar results experiments
were routinely undertaken using 500 µg/mL (850 µM).

To facilitate analysis two strains, each carrying an additional CEN3-based minichromosome, were
used: #521 and #2115 (Table 1). Such strains allow cleavage activity within the minichromosome-
carrying centromere to be assayed directly on uncut high molecular weight (HMW) DNA. Figure 1a
shows results obtained for strain #521, which has a ~0.5 Mb linear minichromosome (Ch16) that
retains the whole of centromere 3 (~110 kb) [39,40]. Probe DNAs from across the minichromosome
(Table 2) revealed several TOP53-specific signals. Notably probes from the left-hand side of the
minichromosome (ura-4 and c1259.02) detected a novel band of ~150 kb, while a cnt3-specific DNA
probe (Hae3) hybridised to two novel bands of ~150 and 350 kb. Probe DNAs from the right side of the
minichromosome, c4B3.03, ade-6 also revealed TOP53-specific signals of ~150 and 350 kb. Probe c4B3.03
detected an additional band of ~200 kb. Overall these signals suggest that, in a significant proportion
of cells, TOP53 traps DSBs generated by topo 2 within CEN3, cleaving the minichromosome into two
fragments of ~150 and 350 kb. The data also suggest the presence of additional, non-centromeric,
cleavage sites within the right-hand side of the minichromosome.

Topo 2 cleavage sites within CEN3 were examined by restriction enzyme mapping (Figure 1b).
Consistent with the lack of sites for the restriction enzyme NotI within the 146 kb CEN3 contig
available through PomBase (https://www.pombase.org), resolution of Not1-digested DNA by
standard gel electrophoresis and Southern blot hybridisation with the Cnt3-specific DNA probe yields
signals >30 kb (the limit of mobility). In strain #521 (carrying full sized copies of CEN3 on both
endogenous chromosome 3 and on minichromosome Ch16), no TOP53-specific signals were detected
in NotI-digested DNA. However, for strain #2115 a broad signal of ~20 kb is observed. In addition to
the normal endogenous chromosomes, this strain carries a 36 kb circular minichromosome (CM3112)
with its centromeric DNA limited to the central core of CEN3 and one set of outer repeats. CM3112
has a single NotI site within its plasmid backbone [41], accounting for the presence of a second signal
>30 kb compared with strain #521. The TOP53-specific signal detected in this strain is consistent with
DSBs trapped within the centrally-located CEN3 domain on the NotI-linearised 36 kb minichromosome
(Figure 1b).

Higher resolution mapping of cleavage sites within the ~15 kb central core region (the cnt and
imr domains) of CEN3 (with the signals originating from both the endogenous and minichromosome
copies of this centromere), using PvuII and NcoI, revealed multiple novel TOP53 signals (Figure 1b).
Cleavage activity could be mapped to three sites on the left-hand side of the central core domain.
Whether cleavage is mirrored at the equivalent sites to the right side of the central core could not be
ascertained, due to a lack of specific DNA probes. However, the fact that it is possible to detect both
the 150 and 350 kb cleavage products of linear minichromosome Ch16 using the single CEN3-specific
cnt3 subclone, Hae3 (Figure 1a) shows that it is possible to trap topo 2-mediated DSBs in both the left,
and right, sides of the central core domain.

The same mapping approach was then used to examine cleavage within CEN1 and CEN2 of the
endogenous chromosomes in the 521 and 2115 strains. At both centromeres, multiple TOP53-specific
signals were detected within the central core regions (Figure 1c).

Many studies have analysed chromatin structure at centromeres in S. pombe using MNase digestion
and have reported an unusual chromatin organisation in the central core, that appears to lack regularly
spaced nucleosomes [42,43]. In this study we have used a lower resolution in vivo approach that
traps topo 2-mediated DSBs. While for CEN3 and CEN1 the parts of the central core regions to which
cleavage sites have been mapped include tRNA genes, for CEN2 novel TOP53-induced fragments
were detected within a region lacking tRNA genes, indicating that at least some of this centromeric
topo 2-cleavage activity is independent of the presence of tRNA genes.

https://www.pombase.org
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Figure 1. Molecular mapping of Topo 2 cleavage sites within centromeres of S. pombe. (a) 
Spheroplasted cells from strains #521 and #2115 were treated with solvent (H2O) or TOP53. Uncut 

Figure 1. Molecular mapping of Topo 2 cleavage sites within centromeres of S. pombe. (a) Spheroplasted
cells from strains #521 and #2115 were treated with solvent (H2O) or TOP53. Uncut HMW DNA from
strain #521 was resolved by PFGE and Southern blotting performed. The 0.5 Mb linear minichromosome
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(Ch16) present in this strain carries the whole 110 kb CEN3 region, and can be resolved in the absence
of restriction enzyme digestion. DNA probes from across the minichromosome revealed the presence
of additional TOP53-specific signals. (b) Higher resolution mapping of topo 2-cleavage sites within the
central core region of CEN3 using strains #521 and #2115. Like #521, strain #2115 carries a CEN3-based
minichromosome in addition to the endogenous chromosomes. The minichromosome in strain #2115
is a 36 kb circular structure (CM3112) that retains the whole of the central core domain (cnt3, imr3L
and imr3R) but this is flanked by only one set of outer repeats. CM3112 is linearised by digestion with
NotI, which cuts at a single site within the minichromosome’s plasmid backbone. NotI does not cut
within any of the endogenous centromeres. Pvu2 and NcoI sites within the central region of CEN3
are indicated. The DNA probe from the CEN3 cnt3 region (subclone Hae3) is specific for CEN3 (and
does not cross react with CEN1). (c) Mapping of cleavage sites within the central regions of CEN1
and CEN2, using NcoI–cut DNA and centromere-specific DNA probes (originating from imr1, or cnt2,
respectively). In (b,c), the position of tRNA genes within the central core and innermost repeat regions
is indicated by blue arrowheads. TOP53-specific signals are indicated by “<”. Where possible, the
approximate positions of the topo 2-mediated cleavage sites are indicated by black arrowheads on the
schematic of the relevant centromere.

2.2. Topo 2 Cleavage within Drosophila Centromere 3

In D. melanogaster, each of the five endogenous centromeres contains different, and multiple,
satellite DNAs, and the organisation of these repeated DNAs and their relationship (if any) to
localisation of the histone H3 variant CENP-A (Cid in Drosophila), the essential epigenetic mark
of the centromere in most eukaryotes, is unclear. Thus, while topo 2 cleavage has been reported within
the 359 bp satellite III DNA that maps to the primary constriction of the Drosophila X chromosome [21],
how this DNA relates to the core centromere has not been determined. In 2015 the first detailed
physical map of an endogenous Drosophila centromere was reported [44]. The centromeric region of
chromosome 3 (cytological region h53) contains two extensive and adjacent blocks of dodeca satellite
repeat, which partially co-localise with CENP-A on polytene chromosomes and on extended chromatin
fibres [44,45]. Cytological mapping and PFGE revealed that the dodeca repeat is juxtaposed with an
extensive 10 bp satellite array, which extends from the primary constriction into chromosome arm 3 L
(region h52), leading Garavis and colleagues to conclude that the centromere lies within the block I of
the dodeca satellite DNA.

Using the published physical map based on the D. melanogaster isogenic red e strain [44,46],
we examined the dodeca region in Drosophila Kc cells for evidence of topo 2 cleavage (Figure 2a).
Asynchronously-growing Kc cells were exposed to etoposide (0, 50, 250 or 1000 µM) for 60 min before
embedding them in agarose. PFGE, of SwaI, PmeI or BssHII-digested DNA and Southern blotting,
using the dodeca DNA probe, placed DSBs from trapped cleavage complexes within the dodeca
region. The complexity of the dodeca hybridisation pattern makes precise assignment of the cleavage
sites within this domain challenging, but is consistent with cleavage within dodeca satellite block I
(Figure 2b).
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Figure 2. Molecular mapping of Topo 2 cleavage sites within centromere 3 of Drosophila Kc cells. (a) 
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centromere 3 based on the D. melanogaster red e strain [44], that takes into account PFGE and Southern 
blot hybridisation data obtained using the dodeca probe on DNA from Kc cells. (b) Asynchronously-
growing Kc cells were treated with solvent (DMSO) or etoposide (at 50–1000 µM as indicated) for 60 
min. The cells were then embedded in agarose and the HMW DNA digested with PmeI, SwaI or 
BssHII, resolved by PFGE (using various parameters) and Southern blot hybridisation undertaken 
using dodeca probe DNA. Etoposide-specific signals are indicated by “<“. The approximate position 
of topo 2-mediated DSBs is indicated by the black arrowhead on the physical map. 

2.3. Topo 2 Cleavage within Satellite and Non-Satellite DNA-Based Centromeres in Chicken DT40 Cells 

It has been demonstrated that in chickens most macrochromosomes have centromeres with 
homogeneous, chromosome-specific, satellite repeat arrays that span hundreds of kilobases. In 
contrast, the centromeres of chromosomes 5, 27 and the Z lack satellite DNAs, and instead have non-
satellite repeat DNA sequences spanning only ~30 kb [47]. To examine topo 2 cleavage activity within 
both types of chicken centromere, we focussed on the satellite DNA-based centromere of 
chromosome 2 and the non-satellite DNA-based centromere of the Z chromosome. Asynchronously-
growing cells from various DT40-derived cell lines (detailed in the Methods section) were treated 
with etoposide (0, 10 or 50 µM), for 15 min, before being embedded in agarose. Following PFGE, ClaI-
digested DNA was hybridised using the centromere 2 repeat unit (Figure 3a). Several etoposide-
specific signals were detected: in DT40 der1, the starting ClaI band is ~700 kb with a strong etoposide-

Figure 2. Molecular mapping of Topo 2 cleavage sites within centromere 3 of Drosophila Kc cells.
(a) The physical map of the centromere 3 region is a modified version of the published physical
map of centromere 3 based on the D. melanogaster red e strain [44], that takes into account PFGE
and Southern blot hybridisation data obtained using the dodeca probe on DNA from Kc cells.
(b) Asynchronously-growing Kc cells were treated with solvent (DMSO) or etoposide (at 50–1000 µM
as indicated) for 60 min. The cells were then embedded in agarose and the HMW DNA digested with
PmeI, SwaI or BssHII, resolved by PFGE (using various parameters) and Southern blot hybridisation
undertaken using dodeca probe DNA. Etoposide-specific signals are indicated by “<“. The approximate
position of topo 2-mediated DSBs is indicated by the black arrowhead on the physical map.

2.3. Topo 2 Cleavage within Satellite and Non-Satellite DNA-Based Centromeres in Chicken DT40 Cells

It has been demonstrated that in chickens most macrochromosomes have centromeres with
homogeneous, chromosome-specific, satellite repeat arrays that span hundreds of kilobases. In contrast,
the centromeres of chromosomes 5, 27 and the Z lack satellite DNAs, and instead have non-satellite
repeat DNA sequences spanning only ~30 kb [47]. To examine topo 2 cleavage activity within both
types of chicken centromere, we focussed on the satellite DNA-based centromere of chromosome 2
and the non-satellite DNA-based centromere of the Z chromosome. Asynchronously-growing cells
from various DT40-derived cell lines (detailed in the Methods section) were treated with etoposide
(0, 10 or 50 µM), for 15 min, before being embedded in agarose. Following PFGE, ClaI-digested DNA
was hybridised using the centromere 2 repeat unit (Figure 3a). Several etoposide-specific signals were
detected: in DT40 der1, the starting ClaI band is ~700 kb with a strong etoposide-specific signal of
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~600 kb also detected. In DT40 der2, the signal from starting array is at the gel’s limit of mobility
(>1 Mb), with three novel bands (of ~900, 800 and 700 kb) generated by the topo 2 poison. Satellite
DNA arrays are highly polymorphic and prone to changes in size and it appears that different DT40
subclones carry different sized arrays of this satellite DNA. In addition, the parental DT40 cell line is
triploid for chromosome 2. Therefore, it is not possible to distinguish whether the various novel bands
originate from different copies of chromosome 2 and/or from within the same array. Nevertheless, it is
clear that etoposide robustly traps DSBs within this chicken centromeric satellite array, reminiscent of
the situation reported for the α-satellite arrays at human centromeres.
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satellite DNA, it does contain other repeat DNAs, including extensive amounts of retrotransposon-
derived sequences (which make up ~55% of CEN Z). A unique DNA sequence (F1R1) was identified 
and used to probe XhoI- and SmaI-cut DNA from two DT40-based cell lines briefly exposed to 
etoposide. For the XhoI-digested DNAs a novel, but different, band was detected in each of the two 
DT40 derivatives. In SmaI-digested DNA a novel signal was detected for DT40 der3; no etoposide-
specific bands were apparent in DT40 der1. The likely position of the cleavage sites is indicated 

Figure 3. Mapping topo 2 cleavage sites within satellite and non-satellite DNA-based centromeres
in chicken DT40 cells. (a) A schematic showing the ClaI sites flanking the satellite DNA array which
forms the centromere of chromosome 2. The basic repeat unit, a 3 kb HindIII fragment, was used as
a centromere 2-specific DNA probe on ClaI digested DNA from two DT40-based cell lines (der1 and
der2, see the Methods for a full description) after treatment with etoposide, or solvent (DMSO). (b) A
physical map of the region around the CENP-A-associated DNA of the Z centromere, based on the
DT40 cell line characterised in [47]. Follow-up studies revealed that the size and precise position of the
CENP-A domain varies across different wild type DT40 subclones, with the central position drifting
within a 16.8 kb region, and the overall domain size averaging 33.4 ± 5.1 kb [48]. Probe DNA F1R1 is a
1.8 kb unique sequence from within the ~30 kb CENP-A-associated region identified by Shang et al. in
2010. The approximate locations of etoposide-trapped DSBs in CEN Z for the two DT40-derived lines
are indicated by the arrowheads. Etoposide-specific signals are indicated by “<”.

We then examined the much smaller, non-satellite repeat-based Z centromere, which is present
as a single copy in DT40 cells. A physical map of the ~30 kb region of the chicken Z chromosome
associated with CENP-A in DT40 [47,48] is shown in Figure 3b. It has been reported that the size of
the CENP-A-associated domain, as well as its precise position on the Z chromosome, varies slightly
between wild type DT40 subclones, indicating that the centromere can drift (across an ~15–20 kb
region) during cell proliferation [48]. Although this centromere region lacks tandemly-repeated satellite
DNA, it does contain other repeat DNAs, including extensive amounts of retrotransposon-derived
sequences (which make up ~55% of CEN Z). A unique DNA sequence (F1R1) was identified and used
to probe XhoI- and SmaI-cut DNA from two DT40-based cell lines briefly exposed to etoposide. For the
XhoI-digested DNAs a novel, but different, band was detected in each of the two DT40 derivatives.
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In SmaI-digested DNA a novel signal was detected for DT40 der3; no etoposide-specific bands were
apparent in DT40 der1. The likely position of the cleavage sites is indicated (Figure 3b). The mapping
of cleavage sites to slightly different positions in these two DT40 derivatives may reflect centromere
drift during cell proliferation. Nevertheless, the detection of etoposide-induced cleavage in this region
is consistent with non-satellite DNA-based centromeres in chicken cells also displaying the “mark”
recognised by topo 2.

2.4. CENP-I Depletion Reduces Centromeric Site-Specific Topo 2 Cleavage

We investigated whether disrupting the structure of the centromere impacts on topo 2 centromeric
cleavage activity. DT40 is a powerful model system for assaying this phenotype because: (i) there are
conditional null mutant DT40 lines available for many centromere proteins [49]; and (ii) centromeres
in DT40 cells display robust topo 2-mediated DSBs upon brief exposure to low levels of etoposide [26].
We opted to quantitate cleavage activity within an extensively studied human α-satellite DNA-based
centromere, present on a linear 2.7 Mb minichromosome. This “reporter” minichromosome was
transferred into the DT40 mutant cell line M690 using microcell-mediated chromosome transfer. M690
expresses a doxycycline-regulatible CENP-I transgene as its only source of this essential, constitutive,
core centromere protein [50]. The reporter minichromosome has a major topo 2 cleavage site within its
α-satellite array, that can be resolved in otherwise undigested HMW DNA [8,26,51,52].

Depletion of CENP-I following doxycycline addition to two human X minichromosome:DT40
hybrid cell lines (FA3M690-2 and -3) was confirmed by indirect immunofluorescence and Western
blotting (Figure 4a,b). Consistent with the findings of Nishihashi and colleagues, CENP-I turns
over rapidly, becoming undetectable within 24 h [50]. Following etoposide exposure, HMW DNA
was prepared and analysed by PFGE and Southern blotting using the α-satellite repeat unit (DXZ1).
The human minichromosome migrates at ~2.7 Mb, with an etoposide-specific signal of ~1.85 Mb
(a weaker etoposide signal of <1 Mb was often indistinguishable from the lower molecular weight
smear) (Figure 4c). This is consistent with previous characterisation of etoposide-trapped DSBs
within the centromere on this minichromosome [26,52]. The amount of topo 2 cleavage within the
centromeric region of the minichromosome was estimated by comparing the signal for the 1.85 Mb
cleavage fragment with that of the intact minichromosome in each sample. The effect of doxycycline
exposure (CENP-I depletion) on topo 2-DXZ1 cleavage levels was assayed multiple times, both on
asynchronously-growing and nocodazole-arrested cell cultures (Figure 4d). We found that the mitotic
index of asynchronously-growing cells increased following doxycycline addition (Figure 4d), consistent
with CENP-I depletion inducing a prometaphase arrest [50]. We have reported previously that, in wild
type DT40 cells, the amount of centromeric topo 2-cleavage varies through the cell cycle, being highest
in G2/M and lowest in G1/S [8]. However, despite CENP-I-depleted cells showing an increased MI,
we observed a marked decrease in the amount of centromeric cleavage activity (as measured by levels
of the 1.85 Mb DXZ1 fragment). This was observed both in etoposide-treated asynchronously-growing
cultures and in cells exposed to nocodazole (p ≤ 0.005 when comparing the 0 and 72 h values within
either set of samples) (Figure 4d).
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addition of doxycycline. (c) A representative Southern blot of a time course of the topo 2-PFGE 
cleavage assay. Cells were briefly exposed in vivo to etoposide (0 or 50 µM DMSO, 15 min) at various 
time points (0–96 h) after doxycycline addition and harvested into agarose blocks. Where indicated, 

Figure 4. CENP-I influences levels of topo 2 cleavage activity at preferred sites within the centromere.
(a) Indirect immunofluorescence for CENP-I in clone FA3M690-2, generated from a microcell-mediated
chromosome transfer fusion between the DT40 CENP-I conditional knock out clone M6-90 and the
human minichromosome:DT40 hybrid IKNFA3. The cell line retains the 2.7 Mb human X centromere
(DXZ1)-based minichromosome (see (c)) in the CENP-I conditionally null mutant background.
Cells were treated with doxycycline and samples prepared for IF over 72 h. Untreated cells, expressing
CENP-I normally, are designated CENP-ION, while those cells in which transcription of the CENP-I
transgene is repressed, by doxycycline, are referred to as CENP-IOFF. DNA is stained with DAPI (blue
in merged image). CENP-I was not detectable on chromosomes from cells treated with doxycycline
for ≥24 h. Scale bar 10 µm. (b) Western blotting of whole cell extracts from clone FA3M690-3,
with anti-CENP-I and anti-α-tubulin antibodies, sampled at various time points after the addition of
doxycycline. (c) A representative Southern blot of a time course of the topo 2-PFGE cleavage assay.
Cells were briefly exposed in vivo to etoposide (0 or 50 µM DMSO, 15 min) at various time points
(0–96 h) after doxycycline addition and harvested into agarose blocks. Where indicated, cells were
treated with nocodazole for 24 h prior to etoposide (or DMSO only) exposure. HMW DNA was
resolved by PFGE, transferred and hybridised with the human DZX1 α-satellite DNA probe, specific
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for the minichromosome. The intact linear minichromosome is 2.7 Mb, with an etoposide-specific DXZ1
band of 1.85 Mb (indicated by the open “<”). (d) Summary of data from topo 2-PFGE cleavage assays.
The amount of topo 2 cleavage within the centromeric region of the minichromosome was estimated
by comparing the amount of signal for the 1.85 Mb cleavage fragment with the amount of the intact
DXZ1 molecule in each sample. The effect of doxycycline exposure/CENP-I depletion on topo 2-DXZ1
cleavage levels was assayed for two hybrids multiple times, both on asynchronously-growing and
nocodazole-arrested cell cultures. Presented are the mean values (s.e.m.) based on ≥6 independent
experiments for each set of conditions. The mitotic index (MI) of each sample was assayed by indirect
immunofluorescence for phosphorylated histone H3S10.

3. Discussion

In this study, we show that site-specific cleavage by topo 2 within active centromeres is conserved
widely across eukaryotes. As well as being detectable at satellite DNA-based centromeres in human,
chicken and Drosophila, topo 2-mediated cleavage sites have also been identified in non-satellite
repeat-based centromeres in S. pombe and chicken. This suggests that topo 2 must recognise a
fundamental aspect of the centromere, such as the structure of the DNA or underlying chromatin.

We have shown previously that the level of topo 2 cleavage at specific sites within the centromere
is cell cycle-dependent [8]. However, determining whether this reflects changes at the centromere
locus during the cell cycle is not straightforward, due to the fact that topo 2 protein levels and activity
are also cell cycle regulated (being higher in G2/M than in G1/S) [53]. In addition, in vertebrate
cells the alpha isoform of topo 2 (which, unlike the beta isoform, is upregulated in proliferating
cells) is recruited to mitotic chromatin and accumulates at centromeres [3–9]. In an earlier study,
we reported that centromeric cleavage sites remain detectable when topo 2α levels are extensively
depleted (<1% normal) [51]. While cleavage levels are reduced when topo 2α is depleted, it was only
when both isoforms were depleted simultaneously that residual cleavage essentially disappeared [48].
Thus, although it is the alpha isoform that is recruited to mitotic chromatin and that accumulates at the
centromere during M phase, both isoforms contribute to cleavage within the vertebrate centromere.
This, together with the fact that in human cells topo 2 activity and cleavage are not detected at
α-satellite arrays that are no longer associated with a centromere [6,25], allows topo 2 cleavage, the
presence of a centromere, and topo 2 recruitment to be teased apart: site-specific cleavage requires an
active centromere, but centromeric accumulation of topo 2 is not essential. While the robust levels of
centromeric cleavage detected in asynchronously-growing vertebrate cells indicate that susceptibility
of these sites to topo 2-mediated cleavage is not restricted to M-phase (and hence unlikely to be
linked to assembly of the mature kinetochore complex) whether the centromere-associated mark being
recognised by topo 2 is constitutive, or cell cycle-regulated, remains unclear.

Whatever aspect of the centromere locus is recognised by topo 2 it is determined by more than
simply primary DNA sequence. As discussed earlier, in human cells topo 2 activity is associated
with centromere-active, but not inactive, α-satellite arrays [6,25]. Moreover, it has been demonstrated
that, while such satellite DNA arrays are often very extensive (hundreds, or even thousands, of kbps),
topo 2 preferentially mediates cleavage within a highly restricted region of <50 kb which, based on
immunofluorescence on stretched chromosomes and extended chromatin preparations, co-localises
with the part of the array occupied by centromere proteins [25,26]. Similarly, for the non-satellite repeat
DNA-based centromeres examined in this study (the chicken Z chromosome, and in S. pombe), where
centromere proteins have been mapped at much higher resolution than is possible on homogeneous
arrays of satellite DNA [34,47,48], topo 2 cleavage sites co-localise with the core centromeric chromatin.

DT40 cells have provided a powerful model system with which to assay centromeric topo
2-mediated DSBs because of the precise nature of the centromeric cleavage, which generates discrete
signals reminiscent of a restriction enzyme. This has been observed irrespective of whether the
activity was monitored at endogenous chicken centromeres, or at human α-satellite based centromeres
transferred into the DT40 cell background. It may reflect the fact that centromeres in chicken are
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much more compact than those in human cells, as revealed both by the size of the CENP-A chromatin
domain (spanning ~50 kb in chicken compared to ~500 kb or more in human cells) and in the number
of microtubules captured by the kinetochore (estimated to be in the range of 3–7 microtubules
per DT40 kinetochore, four- to five-fold fewer than for other metazoan kinetochores examined,
including human) [47,54,55]. In an earlier study, we observed that, when mapping topo 2 cleavage
sites within a series of human X centromere-derived minichromosomes generated in the DT40 cell
background, in some clones, the position of cleavage had shifted slightly relative to that of the
parental minichromosome [26]. Recently, Hori and colleagues reported that the extent and position
of the Z centromere, as defined by the DNA associated with CENP-A, could shift slightly during cell
proliferation [56]. Our observations on the human X centromere locus, as well as the finding, in the
current study, that the position of topo 2 cleavage within the chicken Z centromere differed between
two DT40-derived cell lines, argues that the region of topo 2 hypersensitivity tracks any drift in the
position of the centromere relative to the underlying DNA.

To investigate further the role of constitutive centromere proteins in the susceptibility of this
locus to topo 2 cleavage we focussed on CENP-I. CENP-I (Mis 6) is part of the CCAN in vertebrates
and in S. pombe [50,57]. An essential protein, CENP-I forms a subcomplex with CENP-H, CENP-K
and CENP-M, and its depletion disrupts the localisation of all members of the subcomplex [54].
Moreover, since the CENP-I/H/K/M subcomplex interacts with the other subcomplexes in the CCAN
(CENP-C, CENP-L/N, CENP-T/W/S/X and CENP-O/P/Q/R/U), the presence of CENP-I is essential
for maintenance of the of the inner centromere [49]. We show that depletion of CENP-I reduces levels
of topo 2-mediated cleavage at sites within the vertebrate centromere. This contrasts to condensin
depletion, where no impact on cleavage levels was observed [52]. This indicates that the aspect of the
centromere that renders sites within it hypersensitive to topo 2 is unaffected by general disruption of
mitotic chromatin structure (and loss of the normal axial distribution of topo 2), but is dependent on
the integrity of the inner centromere.

What is it about the presence of a centromere that confers precise sites with hypersensitivity to
topo 2 cleavage? Reports from others have identified centromeric topo 2 cleavage sites in various
unicellular protozoa: trypanosomes, plasmodium and toxoplasma [27–33]. While candidate CENP-A
orthologues have been identified in plasmodium and toxoplasma, CENP-A has not been identified in
trypanosomes [58]. Indeed, it has recently been shown that, while trypanosomes have distantly-related
homologues of some outer kinetochore proteins, a novel set of centromere proteins is present, that
appears completely unrelated to the CENPs at conventional eukaryotic centromeres [59,60]. This argues
for the centromere mark recognised by topo 2 not being linked specifically to CENP-A and the CCAN
proteins of conventional eukaryotic centromeres, but to something more fundamental.

Although epigenetic factors, such as CENP-A, appear critical to centromere identity in many
eukaryotes, the underlying DNA sequence also has a role to play. While the DNA sequences found
at eukaryotic centromeres vary widely between species (and even within some species, like chicken),
suggesting that they have not been selected for their primary DNA sequence, several studies have
reported that diverse centromeric DNA sequences are enriched for dyad symmetries and for the
propensity to form unusual DNA structures. In particular, the potential of centromeric DNAs to
form intramolecular hairpin structures has been reported for primates, mouse, chicken, budding and
fission yeasts and for the dodeca satellite-based Drosophila centromere [44,61–63]. If non-canonical
secondary structures form specifically at active centromeres due to the torsional stress that arises
within these domains, such non-B DNA structures may be the “mark” recognised by topo 2. In vitro
studies have demonstrated that hairpins, including those formed from α-satellite DNA, can act as
topo 2 substrates [64–66]. Such secondary structure might be induced by the binding of constitutive
centromere proteins (such as CENP-B [63,67] or the CENP-T-W-S-X complex [68]), or could be triggered
within the centromere in response to replication, or transcription, of this domain. RNA pol II
transcription has been detected at human centromeres, both in interphase and in M-phase itself [69–73]
and shown to be functionally important at fission yeast centromeres [74,75] and in Drosophila [76,77].
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Alternatively, DNA entanglements and torsional stress arising during replication may be hard to
resolve until cohesin is removed at anaphase onset [13,78].

While the accumulation of topo 2 at the centromere in M phase clearly has an essential function
in resolving residual catenations during early anaphase, it is of interest to consider whether this
site-specific cleavage has additional functional consequences for the core centromere domain itself, or
whether it is simply a reflection of torsional stress. We have reported previously that depletion of topo
2α in a conditional null mutant human cell line had no obvious effect on the centromere/kinetochore
over a 5 day period following transcriptional repression and gradual turnover of pre-existing
protein [51]. However, the essential activities of topo 2 in shaping mitotic chromosomes, and in
the separation of sister chromatids, may mask any centromere-specific role. Given that CENP-A
(together with some other constitutive centromere proteins) has been reported to be recruited rapidly
to DSBs in DNA [79], it is possible that topo 2 cleavage activity within the core centromere plays a role
in priming the region for CENP-A recruitment. Alternatively, topo 2 cleavage might be required to
relax DNA supercoils in non-coding RNA loci within centromeres during transcription [72,80]. On an
evolutionary timescale, topo 2-mediated DSBs may promote centromeric-sister chromatid exchange
(C-SCE) [81] and the evolution of centromeric satellite DNA arrays [82]. It seems likely that yet more
roles for topo 2 remain to be identified.

4. Materials and Methods

4.1. S. pombe Strains

S. pombe media and growth protocols were essentially as described [83,84].

Table 1. Strain genotypes.

Strain Genotype

#521 h− ade6-210 leu1-32 ura4-DS/E [Ch16 ade6-216 m23::ura4]
#2115 h+ ade6-704 his3-D1 leu1-32 ura4-D18 [CM3112 sup3e]

Sp521 carries a ~510 kb minichromosome (Ch16) that was generated from chromosome 3 and
retains the whole of the ~143 kb CEN3 region [39,40]. Sp2115 carries a circular 36 kb CEN3-based
minichromosome (CM3112) with the centromeric DNA limited to the central core of CEN3 and one set
of outer repeats [41].

4.2. Insect and Vertebrate Cell Culture

The suspension insect cell line Kc167 (originating from female D. melanogaster embryos) was
maintained according to the instructions provided by the Drosophila Genomics Resource Center,
Indiana University. Standard DT40 culture conditions were used [85]. The endogenous chicken CEN 2
and CEN Z were examined in various DT40 derivatives: IKNFA3 (=DT40 der1), a somatic cell hybrid
that is DT40 carrying a 2.7 Mb human X centromere-based minichromosomes [86]; ∆∆F5 (=DT40
der2), a DT40 conditional null CENP-A mutant [87]; and tTA5-5 (=DT40 der3), a DT40 conditional
null CENP-H mutant [88]. The CENP-I conditional null mutant DT40 line, M690, carries a regulatable
transgene as its only functional CENP-I locus [50]. Upon doxycycline (Sigma, St. Louis, MO, USA)
addition (1 µg/mL) the CENP-I transgene is repressed, with protein levels are undetectable within
24 h. The reporter minichromosome was transferred into the recipient CENP-I DT40 mutant line using
microcell-mediated cell fusion as described previously [85,89]. Microcells generated from the ~3 Mb
human minichromome-DT40 line, IKNFA3 were fused with M690 and hybrid clones selected using
2 mg/mL G418SO4 (Geneticin, Invitrogen, Carlsbad, CA, USA), 2 mg/mL hygromycin (Calbiochem)
(resistance cassettes present on the human minichromosome), 5 mM histidinol (Sigma), 0.5 µg/mL
puromycin (Merck, Kenilworth, NJ, USA) and 1 mg/mL zeocin (Invitrogen) (resistance cassettes present
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in the null mutant line. Transfer of the human minichromosome was confirmed by PFGE of uncut
HMW and Southern blot analysis with DZX1. Depletion of CENP-I in hybrid clones was confirmed
by indirect immunofluorescence and by Western blotting. Once established, hybrids were routinely
passaged in 300 µg/mL zeocin and 1 mg/mL hygromycin. For M-phase arrests, nocodazole (Sigma)
was added to DT40 cells at a final concentration of 500 ng/mL.

4.3. Topoisomerase 2 Poisons

Etoposide (Sigma) was dissolved in 100% dimethylsulphoxide (DMSO) at 100 mM and stored in
the dark at −20 ◦C. The inhibitor was added at a final concentration of 10–50 µM (as indicated) for
15 min at 37 ◦C (DT40 cells), or at 50–1000 µM for 60 min at 25 ◦C (for Drosophila Kc cells). TOP53
(HCl) was dissolved in H2O at 5 mg/mL and stored in the dark at −20 ◦C. Logarithmically-growing
yeast cells were spheroplasted prior to treatment with TOP53. A range of concentrations was tested
(50–1000 µg/mL, 85–1700 µM); since all yielded similar results on spheroplasts, most experiments
were undertaken at 500 µg/mL (850 µM), for an incubation time of 90 min. In addition, various TOP53
derivatives were also tested for their effect on S. pombe in vivo. They were dissolved in DMSO, unless
indicated otherwise: ICP110 (8b), ICP129 (8n), ICP151 (HCl) (solvent H2O) (13a), ICP166, ICP174 (8s),
ICP193 (4a) and ICP203 (4g). In brackets are the original compound designations [37,38]. All have
a similar molecular weight and were tested in vivo, alongside TOP53, at a final concentration of
50 µg/mL (85 µM). Why the topoisomerase 2 poison, its concentration and/or length of exposure,
required to trap cleavage complexes efficiently varies across species and cell types is unclear, but may
reflect differences in the import/efflux and/or metabolism of these drugs across species and cell types.

4.4. Molecular Biology

4.4.1. Probe DNAs

DNA probes for S. pombe were obtained by PCR of strain 521 genomic DNA. Sequence information
was obtained from PomBase (https://www.pombase.org/) and probe sequences designed to minimise
cross-hybridisation and avoid tRNA genes. Centromere DNA probe sequence positions relate to
the CEN contigs available in PomBase: CEN1: imr1—857 bp (CEN1 contig DNA sequence positions
34,627–35,500 and 41,542–42,398); CEN2: cnt2—a mix of two probes of 1057 and 1482 bps (CEN2 contig
DNA sequence positions 50,175–51,232 and 53,628–55,110); and CEN3: cnt3(Hae3)—960 bp (DNA
sequence position 66,083–67,043).

Table 2. PCR primers for S. pombe probe DNA.

S. pombe Locus Forward Primer 5′-3′ Reverse Primer 5′-3′ Size (nt)

ura4 CAGAGGAAGCCTTTTTGCCAG CCCATCTCACCGACCAACTTAG 618
c1259.02 CGTTCAATACGGAAACCTTACAG GCAGAATCAGCAGAAGCAATGG 1041
c4B3.03 CGTTAGTGCTGAAAAGGATTCGG AGGTGATTGCGACATTGACCC 1285

ade6 TCCTACTGCCATCAAAGCACTTG GCAATAATCACACGCAACCCTC 846
imr1 TTTTTTACGCCACAATGTCGC CAAACAGATACTTAGCCTCAAG 857

cnt2-1 TGCTATGTGGGTCTGTATTGCCTC GGGGTTACCTTTTGCGATGG 1482
cnt2-2 TGAAGAAGCATGGTTAGTCCTGG CCTGAACGGAACAAAACTCCTG 1058
cnt3 TCAGATTGTGGTCATAACAGTGC TAGGTGAAGCGTAAGTGAGTGG 1642 1

1 The 960 bp centromere 3-specific Hae3 probe fragment was isolated following digestion of the 1642 bp cnt3 PCR
product with HaeIII.

Human X centromere: DXZ1, an X chromosome-specific α-satellite DNA 2 kb BamHI repeat unit
from pSV2X5. Gallus gallus centromere 2: a CEN2-specific 3 kb HindIII satellite DNA repeat unit from
p13-01. Gallus gallus Z centromere: most probe DNAs tested from within the CENP-A-associated
DNA domain (AB556731.1 [44]) were found to work poorly on genomic DNA. However, one unique
1840 bp DNA sequence (designated F1R1) was identified that hybridises specifically, although
weakly, to genomic DNA: this maps to the Gallus gallus genome sequence release 90.5 at position

https://www.pombase.org/
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42,757,179–42,759,018 and was generated using the following PCR primers: For: 5′-CCTAACCTGCTT
CCACTGTTCG-3′ and Rev: 5′-ATCTGTGAGTCTTCTTTCAACGGG-3′.

Drosophila melanogaster centromere 3: Dodeca satellite DNA was PCR-amplified from pBK6E218 [62].

4.4.2. Gel Electrophoresis and Southern Blotting

DNA preparation, restriction enzyme digestion, gel electrophoresis, Southern blotting,
hybridisation, and autoradiography were essentially as described [90]. To prepare S. pombe spheroplasts,
logarithmically-growing cells were treated with zymolase (Zymo Research, Irvine, CA, USA) [84,91].
High molecular weight (HMW) DNA from yeast, insect and chicken cells was prepared in agarose
blocks using standard methods and resolved by pulsed-field gel electrophoresis (PFGE) using either
a Chef DRII (BioRad, Hercules, CA, USA) or Biometra Rotaphor Type V (Analytik, Jena, Germany)
apparatus [26]. DNA size markers used were: lambda DNA ladder, S. cerevisiae chromosomes, H. wingei
chromosomes (BioRad). DNA was transferred to nylon membrane (Hybond N+, GE Healthcare Life
Sciences, Little Chalfont, UK). Probe DNA was radioactively labelled by random-priming [92]. Southern
blot hybridisations were carried out in a Hybaid oven and membranes washed at high stringency
(0.2 × SSC/0.1% SDS at 65 ◦C).

4.5. Centromeric Topo 2-Cleavage Assay in DT40 Cells

Two independently generated human minichromosome, i.e. DT40 CENP-I conditional null hybrid
clones (FA3M690-2 and -3), were used to assay topo 2-mediated cleavage activity within the centromere
region. The amount of topo 2 cleavage within the centromeric region of the human X centromere
(DXZ1)-based minichromosome was estimated by comparing the amount of signal for the 1.85 Mb
cleavage fragment with the amount of the intact DXZ1 molecule in each sample (% cleavage = 1.85 DXZ1
signal/1.85 + 2.7 DXZ1 signal). Quantitation of the hybridisation signals was carried out on a Packard
Instant Imager. Data are presented as the mean (s.e.m.). Statistical comparisons were performed using
unpaired Student’s t-tests.

4.6. Indirect Immunofluorescence and Microscopy

Asynchronously-growing cells were treated for 15 min with Colcemid (KaryoMax, Invitrogen),
resuspended in 75 mmol/L KCl and spun onto poly-L-lysine-coated slides (Cytospin, Shandon).
Following fixation in absolute methanol, the cells were permeabilised in KCM (120 mmol/L KCl,
20 mmol/L NaCl, 10 mmol/L Tris.Cl, pH 8.0, 0.5 mol/L EDTA and 0.01% Triton X-100) and rabbit
anti-chicken CENP-I antibody used at 1:1000 [50]. To estimate the mitotic index, cells were spun
onto poly-L-lysine-coated slides in growth medium, fixed with 2% paraformaldehyde (ThermoFisher,
Waltham, MA, USA) in PBS before permeabilisation in 0.1% Triton X-100 in PBS. The rabbit anti-histone
H3S10ph antibody was used at 1:100 (Upstate). Secondary antibody, swine anti-rabbit FITC (Dako),
was used at 1:100.

4.7. Western Blot Analysis

Total cell extracts were separated by SDS-polyacrylamide gel electrophoresis (PAGE) (XCell
SureLock gel system, Invitrogen) and blotted onto PVDF-P membrane (Immobilon, Millipore, Billerica,
MA, USA). After transfer, membranes were blocked with 5% skimmed milk in PBS and processed
for ECL (ECL Plus, ThermoFisher) essentially as described [93]. Primary antibodies used were:
rabbit anti-chicken CENP-I antibody (1:10,000 [50]) and mouse anti-α-tubulin (1:5000, ab7291 (DM1A),
Abcam, Cambridge, UK). Secondary antibodies used were goat anti-rabbit HRP (1:4000) and goat
anti-mouse HRP (1:4000).
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Topo 2 Topoisomerase 2
CEN Centromere
CCAN Constitutive centromere-associated network
DSB Double strand break
DMSO Dimethylsulphoxide
PAGE Polyacrylamide gel electrophoresis
PFGE Pulsed-field gel electrophoresis
SDS Sodium dodecyl sulphate

References

1. Nitiss, J.L. DNA topoisomerase II and its growing repertoire of biological functions. Nat. Rev. Cancer 2009, 9,
327–337. [CrossRef] [PubMed]

2. Vos, S.M.; Tretter, E.M.; Schmidt, B.H.; Berger, J.M. All tangled up: How cells direct, manage and exploit
topoisomerase function. Nat. Rev. Mol. Cell Biol. 2011, 12, 827–841. [CrossRef] [PubMed]

3. Rattner, J.B.; Hendzel, M.J.; Furbee, C.S.; Muller, M.T.; Bazett-Jones, D.P. Topoisomerase II alpha is associated
with the mammalian centromere in a cell cycle- and species-specific manner and is required for proper
centromere/kinetochore structure. J. Cell Biol. 1996, 134, 1097–1107. [CrossRef] [PubMed]

4. Tavormina, P.A.; Come, M.G.; Hudson, J.R.; Mo, Y.Y.; Beck, W.T.; Gorbsky, G.J. Rapid exchange of mammalian
topoisomerase II alpha at kinetochores and chromosome arms in mitosis. J. Cell Biol. 2002, 158, 23–29.
[CrossRef] [PubMed]

5. 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 IIalpha and IIbeta in living
cells. J. Cell Biol. 2002, 157, 31–44. [CrossRef] [PubMed]

6. Andersen, C.L.; Wandall, A.; Kjeldsen, E.; Mielke, C.; Koch, J. Active, but not inactive, human centromeres
display topoisomerase II activity in vivo. Chromosome Res. 2002, 10, 305–312. [CrossRef] [PubMed]

7. Porter, A.C.; Farr, C.J. Topoisomerase II: Untangling its contribution at the centromere. Chromosome Res. 2004,
12, 569–583. [CrossRef] [PubMed]

8. Spence, J.M.; Fournier, R.E.; Oshimura, M.; Regnier, V.; Farr, C.J. Topoisomerase II cleavage activity within
the human D11Z1 and DXZ1 alpha-satellite arrays. Chromosome Res. 2005, 13, 637–648. [CrossRef] [PubMed]

9. Linka, R.M.; Porter, A.C.; Volkov, A.; Mielke, C.; Boege, F.; Christensen, M.O. C-terminal regions of topoisomerase
IIalpha and IIbeta determine isoform-specific functioning of the enzymes in vivo. Nucleic Acids Res. 2007, 35,
3810–3822. [CrossRef] [PubMed]

10. Westhorpe, F.G.; Straight, A.F. The centromere: Epigenetic control of chromosome segregation during mitosis.
Cold Spring Harb. Perspect. Biol. 2014, 7, a015818. [CrossRef] [PubMed]

11. McKinley, K.L.; Cheeseman, I.M. The molecular basis for centromere identity and function. Nat. Rev. Mol.
Cell Biol. 2016, 17, 16–29. [CrossRef] [PubMed]

12. Kschonsak, M.; Haering, C.H. Shaping mitotic chromosomes: From classical concepts to molecular
mechanisms. Bioessays 2015, 37, 755–766. [CrossRef] [PubMed]

13. Baxter, J. “Breaking up is hard to do”: The formation and resolution of sister chromatid intertwines.
J. Mol. Biol. 2015, 427, 590–607. [CrossRef] [PubMed]

14. 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. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrc2608
http://www.ncbi.nlm.nih.gov/pubmed/19377505
http://dx.doi.org/10.1038/nrm3228
http://www.ncbi.nlm.nih.gov/pubmed/22108601
http://dx.doi.org/10.1083/jcb.134.5.1097
http://www.ncbi.nlm.nih.gov/pubmed/8794854
http://dx.doi.org/10.1083/jcb.200202053
http://www.ncbi.nlm.nih.gov/pubmed/12105179
http://dx.doi.org/10.1083/jcb.200112023
http://www.ncbi.nlm.nih.gov/pubmed/11927602
http://dx.doi.org/10.1023/A:1016571825025
http://www.ncbi.nlm.nih.gov/pubmed/12199144
http://dx.doi.org/10.1023/B:CHRO.0000036608.91085.d1
http://www.ncbi.nlm.nih.gov/pubmed/15289664
http://dx.doi.org/10.1007/s10577-005-1003-8
http://www.ncbi.nlm.nih.gov/pubmed/16170628
http://dx.doi.org/10.1093/nar/gkm102
http://www.ncbi.nlm.nih.gov/pubmed/17526531
http://dx.doi.org/10.1101/cshperspect.a015818
http://www.ncbi.nlm.nih.gov/pubmed/25414369
http://dx.doi.org/10.1038/nrm.2015.5
http://www.ncbi.nlm.nih.gov/pubmed/26601620
http://dx.doi.org/10.1002/bies.201500020
http://www.ncbi.nlm.nih.gov/pubmed/25988527
http://dx.doi.org/10.1016/j.jmb.2014.08.022
http://www.ncbi.nlm.nih.gov/pubmed/25194916
http://dx.doi.org/10.1016/j.gde.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24795279


Int. J. Mol. Sci. 2018, 19, 534 16 of 19

15. Ryu, H.; Yoshida, M.M.; Sridharan, V.; Kumagai, A.; Dunphy, W.G.; Dasso, M.; Azuma, Y. SUMOylation
of the C-terminal domain of DNA topoisomerase IIalpha regulates the centromeric localization of Claspin.
Cell Cycle 2015, 14, 2777–2784. [CrossRef] [PubMed]

16. Edgerton, H.; Johansson, M.; Keifenheim, D.; Mukherjee, S.; Chacon, J.M.; Bachant, J.; Gardner, M.K.;
Clarke, D.J. A noncatalytic function of the topoisomerase II CTD in Aurora B recruitment to inner centromeres
during mitosis. J. Cell Biol. 2016, 213, 651–664. [CrossRef] [PubMed]

17. Yoshida, M.M.; Ting, L.; Gygi, S.P.; Azuma, Y. SUMOylation of DNA topoisomerase IIalpha regulates histone
H3 kinase Haspin and H3 phosphorylation in mitosis. J. Cell Biol. 2016, 213, 665–678. [CrossRef] [PubMed]

18. Yoshida, M.M.; Azuma, Y. Mechanisms behind Topoisomerase II SUMOylation in chromosome segregation.
Cell Cycle 2016, 15, 3151–3152. [CrossRef] [PubMed]

19. Clarke, D.J.; Azuma, Y. Non-Catalytic Roles of the Topoisomerase IIalpha C-Terminal Domain. Int. J. Mol. Sci.
2017, 18, 2438. [CrossRef] [PubMed]

20. Deweese, J.E.; Osheroff, N. The DNA cleavage reaction of topoisomerase II: Wolf in sheep’s clothing.
Nucleic Acids Res. 2009, 37, 738–748. [CrossRef] [PubMed]

21. Kas, E.; Laemmli, U.K. In vivo topoisomerase II cleavage of the Drosophila histone and satellite III repeats:
DNA sequence and structural characteristics. EMBO J. 1992, 11, 705–716. [PubMed]

22. Govoni, M.; Neri, S.; Labella, T.; Sylvester, J.E.; Novello, F.; Pession, A. Topoisomerase-II-mediated DNA
cleavage within the human ribosomal genes. Biochem. Biophys. Res. Commun. 1995, 213, 282–288. [CrossRef]
[PubMed]

23. Borgnetto, M.E.; Zunino, F.; Tinelli, S.; Kas, E.; Capranico, G. Drug-specific sites of topoisomerase II DNA
cleavage in Drosophila chromatin: Heterogeneous localization and reversibility. Cancer Res. 1996, 56,
1855–1862. [PubMed]

24. Borgnetto, M.E.; Tinelli, S.; Carminati, L.; Capranico, G. Genomic sites of topoisomerase II activity determined
by comparing DNA breakage enhanced by three distinct poisons. J. Mol. Biol. 1999, 285, 545–554. [CrossRef]
[PubMed]

25. Floridia, G.; Zatterale, A.; Zuffardi, O.; Tyler-Smith, C. Mapping of a human centromere onto the DNA by
topoisomerase II cleavage. EMBO Rep. 2000, 1, 489–493. [CrossRef] [PubMed]

26. Spence, J.M.; Critcher, R.; Ebersole, T.A.; Valdivia, M.M.; Earnshaw, W.C.; Fukagawa, T.; Farr, C.J.
Co-localization of centromere activity, proteins and topoisomerase II within a subdomain of the major
human X alpha-satellite array. EMBO J. 2002, 21, 5269–5280. [CrossRef] [PubMed]

27. Obado, S.O.; Bot, C.; Nilsson, D.; Andersson, B.; Kelly, J.M. Repetitive DNA is associated with centromeric
domains in Trypanosoma brucei but not Trypanosoma cruzi. Genome Biol. 2007, 8, R37. [CrossRef] [PubMed]

28. Obado, S.O.; Bot, C.; Echeverry, M.C.; Bayona, J.C.; Alvarez, V.E.; Taylor, M.C.; Kelly, J.M. Centromere-
associated topoisomerase activity in bloodstream form Trypanosoma brucei. Nucleic Acids Res. 2011, 39,
1023–1033. [CrossRef] [PubMed]

29. Echeverry, M.C.; Bot, C.; Obado, S.O.; Taylor, M.C.; Kelly, J.M. Centromere-associated repeat arrays on
Trypanosoma brucei chromosomes are much more extensive than predicted. BMC Genom. 2012, 13, 29.
[CrossRef] [PubMed]

30. Obado, S.O.; Taylor, M.C.; Wilkinson, S.R.; Bromley, E.V.; Kelly, J.M. Functional mapping of a trypanosome
centromere by chromosome fragmentation identifies a 16-kb GC-rich transcriptional “strand-switch” domain
as a major feature. Genome Res. 2005, 15, 36–43. [CrossRef] [PubMed]

31. Kelly, J.M.; McRobert, L.; Baker, D.A. Evidence on the chromosomal location of centromeric DNA in
Plasmodium falciparum from etoposide-mediated topoisomerase-II cleavage. Proc. Natl. Acad. Sci. USA
2006, 103, 6706–6711. [CrossRef] [PubMed]

32. Iwanaga, S.; Khan, S.M.; Kaneko, I.; Christodoulou, Z.; Newbold, C.; Yuda, M.; Janse, C.J.; Waters, A.P.
Functional identification of the Plasmodium centromere and generation of a Plasmodium artificial
chromosome. Cell Host Microbe 2010, 7, 245–255. [CrossRef] [PubMed]

33. Brooks, C.F.; Francia, M.E.; Gissot, M.; Croken, M.M.; Kim, K.; Striepen, B. Toxoplasma gondii sequesters
centromeres to a specific nuclear region throughout the cell cycle. Proc. Natl. Acad. Sci. USA 2011, 108,
3767–3772. [CrossRef] [PubMed]

34. Pidoux, A.L.; Allshire, R.C. Kinetochore and heterochromatin domains of the fission yeast centromere.
Chromosome Res 2004, 12, 521–534. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/15384101.2015.1066537
http://www.ncbi.nlm.nih.gov/pubmed/26131587
http://dx.doi.org/10.1083/jcb.201511080
http://www.ncbi.nlm.nih.gov/pubmed/27325791
http://dx.doi.org/10.1083/jcb.201511079
http://www.ncbi.nlm.nih.gov/pubmed/27325792
http://dx.doi.org/10.1080/15384101.2016.1216928
http://www.ncbi.nlm.nih.gov/pubmed/27484981
http://dx.doi.org/10.3390/ijms18112438
http://www.ncbi.nlm.nih.gov/pubmed/29149026
http://dx.doi.org/10.1093/nar/gkn937
http://www.ncbi.nlm.nih.gov/pubmed/19042970
http://www.ncbi.nlm.nih.gov/pubmed/1311255
http://dx.doi.org/10.1006/bbrc.1995.2127
http://www.ncbi.nlm.nih.gov/pubmed/7639746
http://www.ncbi.nlm.nih.gov/pubmed/8620504
http://dx.doi.org/10.1006/jmbi.1998.2330
http://www.ncbi.nlm.nih.gov/pubmed/9878428
http://dx.doi.org/10.1093/embo-reports/kvd110
http://www.ncbi.nlm.nih.gov/pubmed/11263492
http://dx.doi.org/10.1093/emboj/cdf511
http://www.ncbi.nlm.nih.gov/pubmed/12356743
http://dx.doi.org/10.1186/gb-2007-8-3-r37
http://www.ncbi.nlm.nih.gov/pubmed/17352808
http://dx.doi.org/10.1093/nar/gkq839
http://www.ncbi.nlm.nih.gov/pubmed/20864447
http://dx.doi.org/10.1186/1471-2164-13-29
http://www.ncbi.nlm.nih.gov/pubmed/22257693
http://dx.doi.org/10.1101/gr.2895105
http://www.ncbi.nlm.nih.gov/pubmed/15632088
http://dx.doi.org/10.1073/pnas.0510363103
http://www.ncbi.nlm.nih.gov/pubmed/16617116
http://dx.doi.org/10.1016/j.chom.2010.02.010
http://www.ncbi.nlm.nih.gov/pubmed/20227667
http://dx.doi.org/10.1073/pnas.1006741108
http://www.ncbi.nlm.nih.gov/pubmed/21321216
http://dx.doi.org/10.1023/B:CHRO.0000036586.81775.8b
http://www.ncbi.nlm.nih.gov/pubmed/15289660


Int. J. Mol. Sci. 2018, 19, 534 17 of 19

35. Byl, J.A.; Cline, S.D.; Utsugi, T.; Kobunai, T.; Yamada, Y.; Osheroff, N. DNA topoisomerase II as the target for
the anticancer drug TOP-53: Mechanistic basis for drug action. Biochemistry 2001, 40, 712–718. [CrossRef]
[PubMed]

36. Malik, M.; Nitiss, J.L. DNA repair functions that control sensitivity to topoisomerase-targeting drugs.
Eukaryot Cell 2004, 3, 82–90. [CrossRef] [PubMed]

37. Duca, M.; Guianvarc’h, D.; Meresse, P.; Bertounesque, E.; Dauzonne, D.; Kraus-Berthier, L.; Thirot, S.;
Leonce, S.; Pierre, A.; Pfeiffer, B.; et al. Synthesis and biological study of a new series of 4′-demethylepipod
ophy llotoxin derivatives. J. Med. Chem. 2005, 48, 593–603. [CrossRef] [PubMed]

38. Guianvarc’h, D.; Duca, M.; Boukarim, C.; Kraus-Berthier, L.; Leonce, S.; Pierre, A.; Pfeiffer, B.; Renard, P.;
Arimondo, P.B.; Monneret, C.; et al. Synthesis and biological activity of sulfonamide derivatives of
epipodophyllotoxin. J. Med. Chem. 2004, 47, 2365–2374.

39. Matsumoto, T.; Fukui, K.; Niwa, O.; Sugawara, N.; Szostak, J.W.; Yanagida, M. Identification of healed
terminal DNA fragments in linear minichromosomes of Schizosaccharomyces pombe. Mol. Cell. Biol. 1987,
7, 4424–4430. [CrossRef] [PubMed]

40. Niwa, O.; Matsumoto, T.; Chikashige, Y.; Yanagida, M. Characterization of Schizosaccharomyces pombe
minichromosome deletion derivatives and a functional allocation of their centromere. EMBO J. 1989, 8,
3045–3052. [PubMed]

41. Murakami, S.; Yanagida, M.; Niwa, O. A large circular minichromosome of Schizosaccharomyces pombe
requires a high dose of type II DNA topoisomerase for its stabilization. Mol. Gen. Genet. 1995, 246, 671–679.
[CrossRef] [PubMed]

42. Polizzi, C.; Clarke, L. The chromatin structure of centromeres from fission yeast: Differentiation of the central
core that correlates with function. J. Cell Biol. 1991, 112, 191–201. [CrossRef] [PubMed]

43. Takahashi, K.; Murakami, S.; Chikashige, Y.; Funabiki, H.; Niwa, O.; Yanagida, M. A low copy number central
sequence with strict symmetry and unusual chromatin structure in fission yeast centromere. Mol. Biol. Cell
1992, 3, 819–835. [CrossRef] [PubMed]

44. Garavis, M.; Mendez-Lago, M.; Gabelica, V.; Whitehead, S.L.; Gonzalez, C.; Villasante, A. The structure of an
endogenous Drosophila centromere reveals the prevalence of tandemly repeated sequences able to form
i-motifs. Sci. Rep. 2015, 5, 13307. [CrossRef] [PubMed]

45. Carmena, M.; Abad, J.P.; Villasante, A.; Gonzalez, C. The Drosophila melanogaster dodecasatellite sequence
is closely linked to the centromere and can form connections between sister chromatids during mitosis.
J. Cell Sci. 1993, 105 Pt 1, 41–50. [PubMed]

46. Losada, A.; Abad, J.P.; Agudo, M.; Villasante, A. Long-range analysis of the centromeric region of Drosophila
melanogaster chromosome 3. Chromosome Res. 2000, 8, 651–653. [CrossRef] [PubMed]

47. Shang, W.H.; Hori, T.; Toyoda, A.; Kato, J.; Popendorf, K.; Sakakibara, Y.; Fujiyama, A.; Fukagawa, T. Chickens
possess centromeres with both extended tandem repeats and short non-tandem-repetitive sequences.
Genome Res. 2010, 20, 1219–1228. [CrossRef] [PubMed]

48. Hori, T.; Shang, W.H.; Hara, M.; Ariyoshi, M.; Arimura, Y.; Fujita, R.; Kurumizaka, H.; Fukagawa, T.
Association of M18BP1/KNL2 with CENP-A Nucleosome Is Essential for Centromere Formation in
Non-mammalian Vertebrates. Dev. Cell 2017, 42, 181–189. [CrossRef] [PubMed]

49. Hara, M.; Fukagawa, T. Critical Foundation of the Kinetochore: The Constitutive Centromere-Associated
Network (CCAN). Prog. Mol. Subcell. Biol. 2017, 56, 29–57. [PubMed]

50. Nishihashi, A.; Haraguchi, T.; Hiraoka, Y.; Ikemura, T.; Regnier, V.; Dodson, H.; Earnshaw, W.C.; Fukagawa, T.
CENP-I is essential for centromere function in vertebrate cells. Dev. Cell 2002, 2, 463–476. [CrossRef]

51. Spence, J.M.; Phua, H.H.; Mills, W.; Carpenter, A.J.; Porter, A.C.; Farr, C.J. Depletion of topoisomerase IIalpha
leads to shortening of the metaphase interkinetochore distance and abnormal persistence of PICH-coated
anaphase threads. J. Cell Sci. 2007, 120, 3952–3964. [CrossRef] [PubMed]

52. Vagnarelli, P.; Hudson, D.F.; Ribeiro, S.A.; Trinkle-Mulcahy, L.; Spence, J.M.; Lai, F.; Farr, C.J.; Lamond, A.I.;
Earnshaw, W.C. Condensin and Repo-Man-PP1 co-operate in the regulation of chromosome architecture
during mitosis. Nat. Cell Biol. 2006, 8, 1133–1142. [CrossRef] [PubMed]

53. Heck, M.M.; Hittelman, W.N.; Earnshaw, W.C. Differential expression of DNA topoisomerases I and II
during the eukaryotic cell cycle. Proc. Natl. Acad. Sci. USA 1988, 85, 1086–1090. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/bi0021838
http://www.ncbi.nlm.nih.gov/pubmed/11170388
http://dx.doi.org/10.1128/EC.3.1.82-90.2004
http://www.ncbi.nlm.nih.gov/pubmed/14871939
http://dx.doi.org/10.1021/jm0495733
http://www.ncbi.nlm.nih.gov/pubmed/15658872
http://dx.doi.org/10.1128/MCB.7.12.4424
http://www.ncbi.nlm.nih.gov/pubmed/2830493
http://www.ncbi.nlm.nih.gov/pubmed/2583093
http://dx.doi.org/10.1007/BF00290712
http://www.ncbi.nlm.nih.gov/pubmed/7898434
http://dx.doi.org/10.1083/jcb.112.2.191
http://www.ncbi.nlm.nih.gov/pubmed/1988457
http://dx.doi.org/10.1091/mbc.3.7.819
http://www.ncbi.nlm.nih.gov/pubmed/1515677
http://dx.doi.org/10.1038/srep13307
http://www.ncbi.nlm.nih.gov/pubmed/26289671
http://www.ncbi.nlm.nih.gov/pubmed/8360277
http://dx.doi.org/10.1023/A:1009250411192
http://www.ncbi.nlm.nih.gov/pubmed/11117362
http://dx.doi.org/10.1101/gr.106245.110
http://www.ncbi.nlm.nih.gov/pubmed/20534883
http://dx.doi.org/10.1016/j.devcel.2017.06.019
http://www.ncbi.nlm.nih.gov/pubmed/28743004
http://www.ncbi.nlm.nih.gov/pubmed/28840232
http://dx.doi.org/10.1016/S1534-5807(02)00144-2
http://dx.doi.org/10.1242/jcs.013730
http://www.ncbi.nlm.nih.gov/pubmed/17956945
http://dx.doi.org/10.1038/ncb1475
http://www.ncbi.nlm.nih.gov/pubmed/16998479
http://dx.doi.org/10.1073/pnas.85.4.1086
http://www.ncbi.nlm.nih.gov/pubmed/2829215


Int. J. Mol. Sci. 2018, 19, 534 18 of 19

54. 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. [CrossRef] [PubMed]

55. Ribeiro, S.A.; Vagnarelli, P.; Earnshaw, W.C. DNA content of a functioning chicken kinetochore.
Chromosome Res. 2014, 22, 7–13. [CrossRef] [PubMed]

56. Hori, T.; Kagawa, N.; Toyoda, A.; Fujiyama, A.; Misu, S.; Monma, N.; Makino, F.; Ikeo, K.; Fukagawa, T.
Constitutive centromere-associated network controls centromere drift in vertebrate cells. J. Cell Biol. 2017,
216, 101–113. [CrossRef] [PubMed]

57. Goshima, G.; Saitoh, S.; Yanagida, M. Proper metaphase spindle length is determined by centromere proteins
Mis12 and Mis6 required for faithful chromosome segregation. Genes Dev. 1999, 13, 1664–1677. [CrossRef]
[PubMed]

58. Drinnenberg, I.A.; Akiyoshi, B. Evolutionary Lessons from Species with Unique Kinetochores. Prog. Mol.
Subcell. Biol. 2017, 56, 111–138. [PubMed]

59. Akiyoshi, B.; Gull, K. Discovery of unconventional kinetochores in kinetoplastids. Cell 2014, 156, 1247–1258.
[CrossRef] [PubMed]

60. D’Archivio, S.; Wickstead, B. Trypanosome outer kinetochore proteins suggest conservation of chromosome
segregation machinery across eukaryotes. J. Cell Biol. 2017, 216, 379–391. [CrossRef] [PubMed]

61. Koch, J. Neocentromeres and alpha satellite: A proposed structural code for functional human centromere
DNA. Hum. Mol. Genet. 2000, 9, 149–154. [CrossRef] [PubMed]

62. Abad, J.P.; Carmena, M.; Baars, S.; Saunders, R.D.; Glover, D.M.; Ludena, P.; Sentis, C.; Tyler-Smith, C.;
Villasante, A. Dodeca satellite: A conserved G+C-rich satellite from the centromeric heterochromatin of
Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 1992, 89, 4663–4667. [CrossRef] [PubMed]

63. Kasinathan, S.; Henikoff, S. Non-B-form DNA is enriched at centromeres. Mol. Biol. Evol. 2018. [CrossRef]
[PubMed]

64. Pognan, F.; Paoletti, C. Does cruciform DNA provide a recognition signal for DNA-topoisomerase II?
Biochimie 1992, 74, 1019–1023. [CrossRef]

65. West, K.L.; Austin, C.A. Human DNA topoisomerase IIbeta binds and cleaves four-way junction DNA
in vitro. Nucleic Acids Res. 1999, 27, 984–992. [CrossRef] [PubMed]

66. Jonstrup, A.T.; Thomsen, T.; Wang, Y.; Knudsen, B.R.; Koch, J.; Andersen, A.H. Hairpin structures formed by
alpha satellite DNA of human centromeres are cleaved by human topoisomerase IIalpha. Nucleic Acids Res.
2008, 36, 6165–6174. [CrossRef] [PubMed]

67. Garavis, M.; Escaja, N.; Gabelica, V.; Villasante, A.; Gonzalez, C. Centromeric Alpha-Satellite DNA Adopts
Dimeric i-Motif Structures Capped by AT Hoogsteen Base Pairs. Chemistry 2015, 21, 9816–9824. [CrossRef]
[PubMed]

68. Takeuchi, K.; Nishino, T.; Mayanagi, K.; Horikoshi, N.; Osakabe, A.; Tachiwana, H.; Hori, T.; Kurumizaka, H.;
Fukagawa, T. The centromeric nucleosome-like CENP-T-W-S-X complex induces positive supercoils into
DNA. Nucleic Acids Res. 2014, 42, 1644–1655. [CrossRef] [PubMed]

69. Chan, F.L.; Marshall, O.J.; Saffery, R.; Kim, B.W.; Earle, E.; Choo, K.H.; Wong, L.H. Active transcription and
essential role of RNA polymerase II at the centromere during mitosis. Proc. Natl. Acad. Sci. USA 2012, 109,
1979–1984. [CrossRef] [PubMed]

70. Wong, L.H.; Brettingham-Moore, K.H.; Chan, L.; Quach, J.M.; Anderson, M.A.; Northrop, E.L.; Hannan, R.;
Saffery, R.; Shaw, M.L.; Williams, E.; et al. Centromere RNA is a key component for the assembly of
nucleoproteins at the nucleolus and centromere. Genome Res. 2007, 17, 1146–1160. [CrossRef] [PubMed]

71. Quenet, D.; Dalal, Y. A long non-coding RNA is required for targeting centromeric protein A to the human
centromere. eLife 2014, 3, e03254. [CrossRef] [PubMed]

72. Perea-Resa, C.; Blower, M.D. Satellite Transcripts Locally Promote Centromere Formation. Dev. Cell 2017, 42,
201–202. [CrossRef] [PubMed]

73. McNulty, S.M.; Sullivan, L.L.; Sullivan, B.A. Human Centromeres Produce Chromosome-Specific and
Array-Specific Alpha Satellite Transcripts that Are Complexed with CENP-A and CENP-C. Dev. Cell 2017,
42, 226–240. [CrossRef] [PubMed]

74. Choi, E.S.; Stralfors, A.; Castillo, A.G.; Durand-Dubief, M.; Ekwall, K.; Allshire, R.C. Identification of
noncoding transcripts from within CENP-A chromatin at fission yeast centromeres. J. Biol. Chem. 2011, 286,
23600–23607. [CrossRef] [PubMed]

http://dx.doi.org/10.1091/mbc.E08-11-1127
http://www.ncbi.nlm.nih.gov/pubmed/19261808
http://dx.doi.org/10.1007/s10577-014-9410-3
http://www.ncbi.nlm.nih.gov/pubmed/24633498
http://dx.doi.org/10.1083/jcb.201605001
http://www.ncbi.nlm.nih.gov/pubmed/27940888
http://dx.doi.org/10.1101/gad.13.13.1664
http://www.ncbi.nlm.nih.gov/pubmed/10398680
http://www.ncbi.nlm.nih.gov/pubmed/28840235
http://dx.doi.org/10.1016/j.cell.2014.01.049
http://www.ncbi.nlm.nih.gov/pubmed/24582333
http://dx.doi.org/10.1083/jcb.201608043
http://www.ncbi.nlm.nih.gov/pubmed/28034897
http://dx.doi.org/10.1093/hmg/9.2.149
http://www.ncbi.nlm.nih.gov/pubmed/10607825
http://dx.doi.org/10.1073/pnas.89.10.4663
http://www.ncbi.nlm.nih.gov/pubmed/1584802
http://dx.doi.org/10.1093/molbev/msy010
http://www.ncbi.nlm.nih.gov/pubmed/29365169
http://dx.doi.org/10.1016/0300-9084(92)90022-7
http://dx.doi.org/10.1093/nar/27.4.984
http://www.ncbi.nlm.nih.gov/pubmed/9927730
http://dx.doi.org/10.1093/nar/gkn640
http://www.ncbi.nlm.nih.gov/pubmed/18824478
http://dx.doi.org/10.1002/chem.201500448
http://www.ncbi.nlm.nih.gov/pubmed/26013031
http://dx.doi.org/10.1093/nar/gkt1124
http://www.ncbi.nlm.nih.gov/pubmed/24234442
http://dx.doi.org/10.1073/pnas.1108705109
http://www.ncbi.nlm.nih.gov/pubmed/22308327
http://dx.doi.org/10.1101/gr.6022807
http://www.ncbi.nlm.nih.gov/pubmed/17623812
http://dx.doi.org/10.7554/eLife.03254
http://www.ncbi.nlm.nih.gov/pubmed/25117489
http://dx.doi.org/10.1016/j.devcel.2017.07.017
http://www.ncbi.nlm.nih.gov/pubmed/28787584
http://dx.doi.org/10.1016/j.devcel.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28787590
http://dx.doi.org/10.1074/jbc.M111.228510
http://www.ncbi.nlm.nih.gov/pubmed/21531710


Int. J. Mol. Sci. 2018, 19, 534 19 of 19

75. Catania, S.; Pidoux, A.L.; Allshire, R.C. Sequence features and transcriptional stalling within centromere
DNA promote establishment of CENP-A chromatin. PLoS Genet. 2015, 11, e1004986. [CrossRef] [PubMed]

76. Rosic, S.; Kohler, F.; Erhardt, S. Repetitive centromeric satellite RNA is essential for kinetochore formation
and cell division. J. Cell Biol. 2014, 207, 335–349. [CrossRef] [PubMed]

77. Chen, C.C.; Bowers, S.; Lipinszki, Z.; Palladino, J.; Trusiak, S.; Bettini, E.; Rosin, L.; Przewloka, M.R.;
Glover, D.M.; O’Neill, R.J.; et al. Establishment of Centromeric Chromatin by the CENP-A Assembly Factor
CAL1 Requires FACT-Mediated Transcription. Dev. Cell 2015, 34, 73–84. [CrossRef] [PubMed]

78. Diaz-Martinez, L.A.; Gimenez-Abian, J.F.; Clarke, D.J. Chromosome cohesion—Rings, knots, orcs and
fellowship. J. Cell Sci. 2008, 121, 2107–2114. [CrossRef] [PubMed]

79. Zeitlin, S.G.; Baker, N.M.; Chapados, B.R.; Soutoglou, E.; Wang, J.Y.; Berns, M.W.; Cleveland, D.W. Double-
strand DNA breaks recruit the centromeric histone CENP-A. Proc. Natl. Acad. Sci. USA 2009, 106,
15762–15767. [CrossRef] [PubMed]

80. Yu, X.; Davenport, J.W.; Urtishak, K.A.; Carillo, M.L.; Gosai, S.J.; Kolaris, C.P.; Byl, J.A.W.; Rappaport, E.F.;
Osheroff, N.; Gregory, B.D.; et al. Genome-wide TOP2A DNA cleavage is biased toward translocated and
highly transcribed loci. Genome Res. 2017, 27, 1238–1249. [CrossRef] [PubMed]

81. Jaco, I.; Canela, A.; Vera, E.; Blasco, M.A. Centromere mitotic recombination in mammalian cells. J. Cell Biol.
2008, 181, 885–892. [CrossRef] [PubMed]

82. Henikoff, S. Near the edge of a chromosome’s “black hole”. Trends Genet. 2002, 18, 165–167. [CrossRef]
83. Moreno, S.; Klar, A.; Nurse, P. Molecular genetic analysis of fission yeast Schizosaccharomyces pombe.

Methods Enzymol. 1991, 194, 795–823. [PubMed]
84. Allshire, R.C.; Nimmo, E.R.; Ekwall, K.; Javerzat, J.P.; Cranston, G. Mutations derepressing silent centromeric

domains in fission yeast disrupt chromosome segregation. Genes Dev. 1995, 9, 218–233. [CrossRef] [PubMed]
85. Dieken, E.S.; Epner, E.M.; Fiering, S.; Fournier, R.E.; Groudine, M. Efficient modification of human

chromosomal alleles using recombination-proficient chicken/human microcell hybrids. Nat. Genet. 1996, 12,
174–182. [CrossRef] [PubMed]

86. Mills, W.; Critcher, R.; Lee, C.; Farr, C.J. Generation of an approximately 2.4 Mb human X centromere-based
minichromosome by targeted telomere-associated chromosome fragmentation in DT40. Hum. Mol. Genet.
1999, 8, 751–761. [CrossRef] [PubMed]

87. Regnier, V.; Vagnarelli, P.; Fukagawa, T.; Zerjal, T.; Burns, E.; Trouche, D.; Earnshaw, W.; Brown, W. CENP-A is
required for accurate chromosome segregation and sustained kinetochore association of BubR1. Mol. Cell. Biol.
2005, 25, 3967–3981. [CrossRef] [PubMed]

88. Fukagawa, T.; Mikami, Y.; Nishihashi, A.; Regnier, V.; Haraguchi, T.; Hiraoka, Y.; Sugata, N.; Todokoro, K.;
Brown, W.; Ikemura, T. CENP-H, a constitutive centromere component, is required for centromere targeting
of CENP-C in vertebrate cells. EMBO J. 2001, 20, 4603–4617. [CrossRef] [PubMed]

89. Dieken, E.S.; Fournier, R.E.K. Homologous Modification of Human Chromosomal Genes in Chicken B-Cell X
Human Microcell Hybrids. Methods 1996, 9, 56–63. [CrossRef] [PubMed]

90. Sambrook, J.; Russel, R.W. Molecular Cloning: A Laboratory Manual, 3rd ed.; Cold Spring Harbor Press:
New York, NY, USA, 2001.

91. Allshire, R.C. Introduction of large linear minichromosomes into Schizosaccharomyces pombe by an
improved transformation procedure. Proc. Natl. Acad. Sci. USA 1990, 87, 4043–4047. [CrossRef] [PubMed]

92. Feinberg, A.P.; Vogelstein, B. “A technique for radiolabeling DNA restriction endonuclease fragments to
high specific activity”. Addendum. Anal. Biochem. 1984, 137, 266–267. [PubMed]

93. Johnson, M.; Phua, H.H.; Bennett, S.C.; Spence, J.M.; Farr, C.J. Studying vertebrate topoisomerase 2 function
using a conditional knockdown system in DT40 cells. Nucleic Acids Res. 2009, 37, e98. [CrossRef] [PubMed]

© 2018 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/).

http://dx.doi.org/10.1371/journal.pgen.1004986
http://www.ncbi.nlm.nih.gov/pubmed/25738810
http://dx.doi.org/10.1083/jcb.201404097
http://www.ncbi.nlm.nih.gov/pubmed/25365994
http://dx.doi.org/10.1016/j.devcel.2015.05.012
http://www.ncbi.nlm.nih.gov/pubmed/26151904
http://dx.doi.org/10.1242/jcs.029132
http://www.ncbi.nlm.nih.gov/pubmed/18565823
http://dx.doi.org/10.1073/pnas.0908233106
http://www.ncbi.nlm.nih.gov/pubmed/19717431
http://dx.doi.org/10.1101/gr.211615.116
http://www.ncbi.nlm.nih.gov/pubmed/28385713
http://dx.doi.org/10.1083/jcb.200803042
http://www.ncbi.nlm.nih.gov/pubmed/18541703
http://dx.doi.org/10.1016/S0168-9525(01)02622-1
http://www.ncbi.nlm.nih.gov/pubmed/2005825
http://dx.doi.org/10.1101/gad.9.2.218
http://www.ncbi.nlm.nih.gov/pubmed/7851795
http://dx.doi.org/10.1038/ng0296-174
http://www.ncbi.nlm.nih.gov/pubmed/8563756
http://dx.doi.org/10.1093/hmg/8.5.751
http://www.ncbi.nlm.nih.gov/pubmed/10196364
http://dx.doi.org/10.1128/MCB.25.10.3967-3981.2005
http://www.ncbi.nlm.nih.gov/pubmed/15870271
http://dx.doi.org/10.1093/emboj/20.16.4603
http://www.ncbi.nlm.nih.gov/pubmed/11500386
http://dx.doi.org/10.1006/meth.1996.0008
http://www.ncbi.nlm.nih.gov/pubmed/9245343
http://dx.doi.org/10.1073/pnas.87.11.4043
http://www.ncbi.nlm.nih.gov/pubmed/2349217
http://www.ncbi.nlm.nih.gov/pubmed/6329026
http://dx.doi.org/10.1093/nar/gkp480
http://www.ncbi.nlm.nih.gov/pubmed/19494182
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Topo 2 Cleavage within Centromeres of S. pombe 
	Topo 2 Cleavage within Drosophila Centromere 3 
	Topo 2 Cleavage within Satellite and Non-Satellite DNA-Based Centromeres in Chicken DT40 Cells 
	CENP-I Depletion Reduces Centromeric Site-Specific Topo 2 Cleavage 

	Discussion 
	Materials and Methods 
	S. pombe Strains 
	Insect and Vertebrate Cell Culture 
	Topoisomerase 2 Poisons 
	Molecular Biology 
	Probe DNAs 
	Gel Electrophoresis and Southern Blotting 

	Centromeric Topo 2-Cleavage Assay in DT40 Cells 
	Indirect Immunofluorescence and Microscopy 
	Western Blot Analysis 

	References

