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Topoisomerase II SUMOylation activates a metaphase
checkpoint via Haspin and Aurora B kinases
Nootan Pandey1*, Daniel Keifenheim2*, Makoto Michael Yoshida1, Victoria A. Hassebroek1, Caitlin Soroka1, Yoshiaki Azuma1, and
Duncan J. Clarke2

Topoisomerase II (Topo II) is essential for mitosis since it resolves sister chromatid catenations. Topo II dysfunction promotes
aneuploidy and drives cancer. To protect from aneuploidy, cells possess mechanisms to delay anaphase onset when Topo II is
perturbed, providing additional time for decatenation. Molecular insight into this checkpoint is lacking. Here we present
evidence that catalytic inhibition of Topo II, which activates the checkpoint, leads to SUMOylation of the Topo II C-terminal
domain (CTD). This modification triggers mobilization of Aurora B kinase from inner centromeres to kinetochore proximal
centromeres and the core of chromosome arms. Aurora B recruitment accompanies histone H3 threonine-3 phosphorylation
and requires Haspin kinase. Strikingly, activation of the checkpoint depends both on Haspin and Aurora B. Moreover, mutation
of the conserved CTD SUMOylation sites perturbs Aurora B recruitment and checkpoint activation. The data indicate that
SUMOylated Topo II recruits Aurora B to ectopic sites, constituting the molecular trigger of the metaphase checkpoint when
Topo II is catalytically inhibited.

Introduction
Type II DNA topoisomerases are universal enzymes that play
crucial roles in mitosis due to their unique strand passage re-
action (SPR). The SPR is a multistep action involving large
conformational changes and using ATP hydrolysis (Dong and
Berger, 2007; Wang, 2007). A dimeric Topoisomerase II (Topo
II) holoenzyme introduces a double-strand break into a bound
DNA helix. A second, intact DNA helix is passed through the
break, which is then religated. This catalytic cycle has been well
studied, because widely used anticancer drugs target the SPR
(Nitiss, 2009b).

Previous studies showed that yeast Topo II mutants with a
low rate of ATP hydrolysis activate the metaphase checkpoint
(Andrews et al., 2006; Furniss et al., 2013). However, yeast Topo
II mutants defective at the initiation step of the SPR do not. This
suggests that the checkpoint is activated only when the SPR is
impaired at specific stages, requiring ATP hydrolysis, and not
due to a defect in SPR initiation.

The catalytic Topo II inhibitor ICRF-193 acts at the step of
ATP hydrolysis and thus chemicallymimics the genetic effects of
the yeast mutants with a slow rate of ATP hydrolysis (Nitiss,
2009b). Human cells treated with ICRF-193 also activate a
metaphase checkpoint (Clarke et al., 2006; Skoufias et al., 2004;
Toyoda and Yanagida, 2006). However, it remains unclear how
disruption of the Topo II SPR, particularly as late as the ATP

hydrolysis stage, can induce a metaphase checkpoint. Recent
studies provided a hint toward the molecular mechanism. HeLa
cells treated with ICRF-187 (which inhibits Topo II using the
same mechanism as ICRF-193) up-regulate small ubiquitin-like
modifier 2/3 (SUMO2/3) modification of Topo IIα on mitotic
chromosomes (Agostinho et al., 2008). Another Topo II inhibi-
tor, merbarone, that blocks an early step of the SPR, did not up-
regulate SUMO2/3 modification. SUMOylation is important
for error-free chromosome segregation in many eukaryotes
(Biggins et al., 2001; Hari et al., 2001; Mukhopadhyay and Dasso,
2017; Takahashi et al., 2006; Zhang et al., 2008). These ob-
servations indicate that catalytic inhibition of Topo IIα at the
ATP hydrolysis step leads to SUMO2/3-modified Topo IIα and
that this biochemical event may play a role in metaphase
checkpoint activation.

Supporting this notion, we reported that Topo IIα C-terminal
domain (CTD) SUMOylation regulates Aurora B at mitotic cen-
tromeres (Edgerton et al., 2016; Yoshida et al., 2016). Aurora B is
the kinase component of the chromosome passenger complex
(CPC) that controls the metaphase-to-anaphase transition. In
Xenopus laevis egg extracts (XEEs), SUMOylated Topo IIα CTD
interacts with Claspin (Ryu et al., 2015), which binds to Chk1
kinase; Chk1 can activate Aurora B via phosphorylation of S331
in human cells (Petsalaki et al., 2011). Further, SUMOylated Topo
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IIα CTD binds to Haspin kinase and promotes Aurora B re-
cruitment to inner centromeres via phosphorylation of histone
H3 threonine 3 (H3T3p; Dai and Higgins, 2005; Dai et al., 2005;
Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 2010). This
Topo II SUMOylation-dependent mechanism of Aurora B re-
cruitment to mitotic centromeres is conserved in yeast and XEEs
(Edgerton et al., 2016; Yoshida et al., 2016).

Here, we provide evidence that the metaphase checkpoint
accompanies SUMOylation-dependent activation of Aurora B
kinase in XEE and cultured cells. Checkpoint activation requires
Aurora B and Haspin, both of which are recruited to novel
chromosomal positions upon Topo II catalytic inhibition. Aurora
B and H3T3p are depleted from their normal residence at inner
centromeres: ectopic phosphorylation of H3T3 is induced at ki-
netochore proximal centromeres (KPCs) and chromosome arms;
Aurora B is recruited to those same locales. We propose that
upon detection of a stalled SPR, SUMOylation of the Topo II CTD
triggers Aurora B activation to induce a metaphase delay. The
data have implications for cancer therapies that may use Aurora
B and Topo II inhibitors.

Results
Topo II catalytic inhibition increases Topo IIα SUMOylation on
mitotic chromosomes in XEE
SPR defects at the step of ATP hydrolysis activate a metaphase
checkpoint in yeast and human cells (Clarke et al., 2006; Furniss
et al., 2009). We found that Topo IIα SUMOylation stimulates
Aurora B recruitment to centromeres in yeast and XEE
(Edgerton et al., 2016; Yoshida et al., 2016), and Aurora B is
known to regulate anaphase onset. Thus, we postulated that
SPR stalling at the ATP hydrolysis step leads to SUMOylation of
Topo II that recruits Aurora B to mitotic centromeres.

We first asked if ICRF-193, which inhibits ATP hydrolysis by
Topo II, induces Topo II SUMOylation. In the XEE cell-free
system, we observed chromosome condensation under the mi-
croscope, then immediately added ICRF-193 or merbarone (a
Topo II inhibitor that does not act at the step of ATP hydrolysis).
Adding the inhibitors after condensation eliminates indirect
effects due to disruption of Topo IIα activity required for chro-
mosome condensation (Fig. 1 A). After 10-min incubation with
the inhibitors, chromosomes were isolated and subjected to
Western blotting. Both inhibitors increased chromosomal mi-
totic SUMOylation, but ICRF-193 had a much greater effect
(Fig. 1, B and C). Increased mitotic SUMOylation was observed
prominently for large molecular weight proteins, consistent
with the molecular weight of SUMOylated Topo IIα. Indeed,
anti-Topo IIα antibodies revealed that ICRF-193–treated chro-
mosomes had more SUMOylated Topo IIα than control and
merbarone-treated samples (Fig. 1, B and D). Quantification re-
vealed a significant increase in SUMOylated Topo IIα in ICRF-
193–treated extracts, ∼1.2 times more than the DMSO control,
whereas merbarone-treated extracts showed only a slight in-
crease. Increased SUMOylation of PARP1, another major
SUMOylated protein onmitotic chromosomes in XEE (Ryu et al.,
2010a), was not observed (Fig. 1, B and E). Notably, increased
chromosomal SUMOylation with ICRF-193 was significantly

reduced in the presence of a dominant-negative E2 SUMO-
conjugating enzyme, UbC9 (dnUbC9), indicating that the nor-
mal SUMOylation machinery was used for ICRF-193–mediated
SUMOylation of Topo IIα (Fig. 1 B). Because we observed a large
increase in overall chromosomal SUMO2/3 modification, we
examined if the SUMOylation machinery itself is affected by
ICRF-193. Addition of ICRF-193 to in vitro SUMOylation assays
using recombinant Topo IIα-CTD as a substrate did not have a
measurable effect on SUMOylation efficiency (Fig. S1). Thus, the
SUMOylation machinery was not targeted directly by ICRF-193.
This is consistent with a specific effect of ICRF-193 on Topo IIα
SUMOylation, not on PARP1 SUMOylation, on chromosomes in
XEE. The results demonstrate that the Topo II inhibitor ICRF-
193, which inhibits ATP hydrolysis by Topo II, specifically in-
creases Topo IIα SUMOylation, and that merbarone, which
blocks initiation of the SPR, has a much weaker effect. Thus,
Topo IIα at a specific stage in the SPR cycle could be especially
susceptible to SUMOylation.

Topo II catalytic inhibition induces SUMOylation of the
physiologically relevant CTD residues
Next, we asked if ICRF-193 induces Topo IIα SUMOylation at the
physiologically relevant residues. We had identified all SUMO
acceptor sites in Xenopus Topo IIα, which is exclusively modified
with SUMO2/3 during mitosis (Ryu et al., 2015). Three sites are
located in the CTD, and one is in the DNA gate domain. To ask if
ICRF-193–mediated Topo IIα SUMOylation occurs at the native
lysines in the CTD, we prepared mitotic chromosomes after
immunodepletion of endogenous Topo IIα from XEEs and ad-
dition of recombinant T7-taggedWT Topo IIα or the 3KR mutant
where all three CTD lysines are mutated to arginine (Fig. 2, A
and B). Since Topo IIα depletion prevents proper chromosome
formation in replicated chromatin, we used unreplicated chro-
mosomes for this analysis, which have less SUMOylated Topo IIα
than replicated mitotic chromosomes (Azuma et al., 2003). Still,
the mitotic chromosomes with recombinant WT Topo IIα ex-
hibited increased SUMOylation with ICRF-193, although the
SUMOylation increase was not as clear as in replicated chro-
mosomes (see Fig. 1). Importantly, the mitotic chromosomes
with recombinant Topo IIα 3KR did not show Topo IIα
SUMOylation even with ICRF-193 (Fig. 2 B). Thus, ICRF-193 in-
creased Topo IIα SUMOylation on the native SUMO acceptor
residues in the CTD.

Previous work revealed that SUMOylated proteins are
mainly confined to mitotic centromeres during mitosis in XEE.
Thus, we asked if increased SUMOylation with ICRF-193 occurs
at centromeres. Immunostaining of mitotic chromosomes from
ICRF-193–treated XEEs showed increased SUMO2/3 at cen-
tromeres as well as chromosome arms (Fig. 2, C and D). Con-
sistent with the Western blot analysis, SUMOylation on
chromosome arms with ICRF-193 was diminished by addition of
dnUbC9 (Fig. 2 C). The ICRF-193–mediated increase in SUMO2/3
on chromosome arms was observed in 97% of treated chromo-
somes (Fig. 2 D). Interestingly, we also observed spreading of the
inner-kinetochore protein CENP-A after ICRF-193 treatment,
which did not alter the overall chromosome morphology but
could affect recruitment of centromeric components (Fig. 2 C).
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In contrast, the localization of Topo IIα throughout the chro-
mosome axis andwith enrichment at themitotic centromerewas
not affected by ICRF-193 or merbarone (Fig. 3, A and B). The data

show that ICRF-193 induces increased mitotic SUMOylation
(primarily at the CTD lysine residues) of Topo IIα located on
chromosome arms and at centromeres.

Figure 1. Topo II inhibitor addition increases mitotic SUMOylation on mitotic chromosomes in XEEs. (A) Schematic representation for preparation of
mitotic replicated chromosomes treated with inhibitors from XEEs (see Materials and methods). (B) Inhibitor-treated mitotic chromosomes were isolated from
XEEs as shown in A with (+dnUbc9) and without (control) dnUbc9 and subjected to Western blotting. Histone H4 was probed as a loading control for the
mitotic chromosomes. (C–E) Quantification of mitotic SUMOylation in the inhibitor-treated mitotic chromosomes relative to DMSO-treated chromosomes,
percentage SUMOylation of Topo IIα and PARP1 as seen in B, from four independent experiments (n = 4). Error bars, standard deviation. *, P value from
Student’s t test. **, Statistically significant difference, P ≤ 0.01.
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Figure 2. Topo II inhibitor ICRF-193 increases Topo IIα SUMOylation at CTD and up-regulates SUMOylation onmitotic centromeres and chromosome
arms in XEEs. (A) Schematic representation for the primary structure of WT X. laevis Topo IIα and Topo IIα 3KR mutant. The three lysine residues indicated in
the CTD were mutated to arginine, which inhibits SUMO2/3 conjugation of the CTD. (B) Endogenous Topo IIα in CSF XEEs was depleted using affinity-purified
anti-Topo IIα antibody and replaced with recombinant full-length WT T7-tagged Topo IIα or Topo IIα 3KR (left). β-Tubulin, loading control for Topo IIα levels in
CSF XEEs. The inhibitor-treated mitotic chromosomes were isolated from Topo IIα–replaced CSF XEEs and probed for Topo IIα SUMOylation using T7 antibody
by Western blotting (right). Histone H4 is the loading control for the mitotic chromosomes. (C) DMSO- and ICRF-193–treated mitotic replicated chromosomes
were isolated from XEEs as shown in Fig. 1 A with or without dnUbc9 (control). The mitotic chromosomes were subjected to immunofluorescence staining
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ICRF-193–induced Topo IIα SUMOylation recruits Aurora B to
mitotic chromosomes
Previously, we demonstrated a role for Topo IIα CTD SUMO-
ylation in mediating protein interactions in XEEs (Ryu et al.,

2015; Yoshida et al., 2016). Mass spectrometry identified Clas-
pin and Haspin as SUMOylated CTD binding proteins, and both
were recruited to mitotic centromeres dependent on CTD SU-
MOylation. Since we observed ICRF-193–mediated up-regulation

using the indicated antibodies, and DNA was stained with Hoechst 33342. Bars, 10 µm. (D) Quantification of mitotic chromosomes showing arm region
SUMO2/3 signals. The mitotic chromosomes with arm region SUMO2/3 signal were counted for 30 chromosomes from three independent experiments (n = 3).
Error bars, standard deviation. *, P value from Student’s t test. ***, Statistically significant difference, P ≤ 0.001.

Figure 3. Aurora B is recruited to chromosome arms in response to ICRF-193 addition in XEEs. (A and B)Mitotic replicated chromosomes were prepared
from XEEs with the inhibitor treatment as in Fig. 1 A. Isolation of fixed chromosomes was performed as described in Materials and methods for immunostaining
using the indicated antibodies. DNA was stained with Hoechst 33342. (C) Immunostaining of a single pair of sister chromatids showed Aurora B recruitment to
chromosome arms with ICRF-193 addition. Inhibition of SUMOylation by dnUbc9 addition reduced Aurora B signals at chromosome arms. Bars, 10 µm.
(D)Quantification of the mitotic chromosomes showing arm region Aurora B signals. The mitotic chromosomes showing arm region Aurora B foci were counted
for >25 chromosomes from four independent experiments (n = 4). Error bars, standard deviation. *, P value from Student’s t test. *, P ≤ 0.05.
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of Topo IIα SUMOylation, we asked if Topo IIα SUMOylation-
dependent binding proteins are recruited to chromosomes in the
context of Topo II inhibition. First, we examined Claspin local-
ization on mitotic chromosomes isolated from ICRF-193–treated
XEEs. Claspin was enriched at mitotic centromeres and colo-
calized with Topo IIα foci (Fig. 3 A), but this pattern did not
change after ICRF-193 treatment. Next, we examined Aurora B,
which is recruited to centromeres in part by SUMOylated Topo
IIα via Haspin-mediated H3T3p (Edgerton et al., 2016; Yoshida
et al., 2016). In contrast to Claspin, Aurora B became more
abundant at centromeres after ICRF-193 treatment and was also
recruited to chromosome arms (Fig. 3 B). The chromosome arm
foci were striking, because Aurora B normally remains re-
stricted to inner centromeres in metaphase. In contrast, Aurora
B remained localized at centromeres and did not move to
chromosome arms after merbarone treatment (Fig. 3 B). Also
consistent with Topo II SUMOylation inducing the recruitment
of Aurora B to these novel chromosome sites, addition of dnUbc9
eliminated the Aurora B signals on chromosome arms with
ICRF-193 treatment (Fig. 3 C). The ICRF-193–induced and
SUMOylation-dependent chromosome arm localization of Au-
rora B was observed in 45% of mitotic chromosomes, and addi-
tion of dnUbc9 reduced (by about half, ∼22.6%) the number of
chromosomes showing arm-region Aurora B signals. However,
after merbarone treatment, the number of mitotic chromosomes
with arm-region Aurora B signals was less than the DMSO
control and was not affected by dnUbc9 (Fig. 3 D). Together, the
results suggest that Topo IIα SUMOylation on chromosomes
arms induced by ICRF-193 triggers recruitment of Aurora B. On
the other hand, Claspin remained restricted to the mitotic cen-
tromeres, suggesting that the chromatin association of Claspin is
not solely dependent on the SUMO/SUMO-interacting motif
interaction between Claspin and the SUMOylated Topo II CTD.

Aurora B recruitment to chromosome arms is conserved in
human cells
To find out if Aurora B recruitment is conserved, we treated
mammalian cells with nocodazole to give a pure population of
pseudometaphases with condensed chromosomes, and then in-
cubated a further 45 min with or without ICRF-193. As in XEE,
we avoided effects that may arise due to Topo II inhibition
during chromosome condensation. To validate that this ap-
proach and the ICRF-193 treatment did not grossly affect chro-
mosome structure, we measured widths of chromosome arms in
live HeLa andMuntiacus muntjak cells expressing H2B-GFP. This
revealed a similar distribution of arms widths with or without
ICRF-193 (Fig. S2, A and B). Then, we defined the positions of the
KPCs by immunostaining with anti–CENP-A antibodies and
CS1058 CREST serum (Fig. 4 A). The KPCs are distinct from
the inner centromere of a chromatid pair, lying more periph-
erally at the base of the kinetochores, (Cheeseman et al., 2002,
Hindriksen et al., 2017). In control and ICRF-193–treated HeLa
cells, chromosomes were indistinguishable in terms of these
colocalizing KPC epitopes (Fig. 4, B and C). The distribution of
KPC-to-KPC distances was similar (Fig. 4 D). Thus, ICRF-193
treatment did not measurably alter overall centromere archi-
tecture. Finally, we examined KPC–KPC distances without

nocodazole, in live cells (Fig. S2 C). The KPC–KPC distances
observed in controls were consistent with previous reports
(Smith et al., 2016) and were not altered by ICRF-193 treatment.

Having established that ICRF-193 treatment did not grossly
affect condensed mammalian chromosome morphology, we
immunostained with anti-Aurora B antibodies. As observed
previously in control cells, Aurora B localized to a discrete focus
at the inner centromere of each chromatid pair (Adams et al.,
2000; Bischoff et al., 1998; Gassmann et al., 2004; Hindriksen
et al., 2017; Nozawa et al., 2010; Terada et al., 1998; Vagnarelli
and Earnshaw, 2004; Fig. 5 A). In contrast, ICRF-193 treatment
induced recruitment of Aurora B to chromosome arms, similar
to the observations in XEE. Aurora B was diminished at inner
centromeres and instead was enriched at KPCs. To quantify this,
we first categorized chromosomes based on localization of Au-
rora B to inner centromeres versus chromosome arms and KPCs
(Fig. 5 B). Second, we performed line scans across pairs of KPCs
and averaged the positions of the KPCs relative to the Aurora B
signal (Fig. 5 C). Both analyses revealed a pronounced recruit-
ment of Aurora B to chromosome arms and a redistribution from
inner centromere to the KPCs induced by ICRF-193. Finally, we
analyzed metaphase cells (not synchronized with nocodazole).
Here, we made line scans across KPCs perpendicular to the
kinetochore–kinetochore axis (Fig. 5 D). Quantification of CENP-
A and Aurora B signals revealed that ICRF-193 treatment did not
affect the CENP-A signal (Fig. 5 E), but significantly increased
the Aurora B:CENP-A ratio at KPCs (Fig. 5 F). Altogether, the
data reveal that catalytic inhibition of Topo II induced recruit-
ment of Aurora B to KPCs and chromosome arms. Consistent
with the lack of Topo II SUMOylation induced by merbarone,
merbarone did not induce recruitment of Aurora B to chromo-
some arms and did so only weakly to KPCs (Fig. S3, A and C).
Similar effects were observed upon treatment with etoposide, a
Topo II poison that traps Topo II in a covalent complex with
broken DNA (Fig. S3, B and C).

Aurora B is required for metaphase arrest upon Topo II
catalytic inhibition
Inmetaphase, Aurora B is largely restricted to inner centromeres.
Metaphase arrest can be induced by experimentally targeting
Aurora B to KPCs (Liu et al., 2009). Since ICRF-193 recruited
Aurora B to KPCs, we asked if Aurora B is required for metaphase
arrest induced by ICRF-193. First, we collected pseudometaphases
via nocodazole synchrony. After washing, we seeded them into
medium with or without ICRF-193 and the Aurora B inhibitor
ZM447439 and collected cells at intervals to make chromosome
spreads. We used a modified spreading method that retains
chromosome positions on the mitotic spindle, allowing accurate
assessment of anaphase onset (Giménez-Abián et al., 2005).
Control cells initiated anaphase after 45–90 min (Fig. 6 A). ICRF-
193–treated cells delayed in metaphase as expected, but inhibi-
tion of Aurora B completely abolished this response. With
ZM447439 and nocodazole, Aurora B inhibition was not able to
immediately bypass the spindle assembly checkpoint, as reported
previously (Ditchfield et al., 2003).

In a second approach, we used live-cell analysis. HeLa cells
were grown and imaged in normal culture conditions in an
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environmental chamber housed around an inverted micro-
scope (example images are presented in Fig. S3 D). ICRF-193
was added and images were recorded at 5-min intervals to
provide enough temporal resolution for accurate estimates of
metaphase duration. We analyzed only cells that were in
metaphase at the time of ICRF-193 and/or ZM447439 addition,
to exclude effects of Topo II and Aurora B inhibition before
metaphase. Finally, we included two other inhibitors of Topo
II: merbarone, which did not induce Topo II SUMOylation, and
6-hydroxydaidzein (6HD), a naturally occurring catalytic in-
hibitor abundant in plants (Baechler et al., 2014). In controls,
the interval from metaphase to anaphase was on average
39.2 min (Fig. 6 B). ICRF-193 addition in metaphase substan-
tially delayed the onset of anaphase, and most cells remained
arrested for the duration of the experiments. Consistent with
the lack of Topo II SUMOylation after merbarone treatment,
this inhibitor did not arrest cells in metaphase (Fig. 6 C). 6HD
did induce metaphase arrest, although more weakly than
ICRF-193 (Fig. 6 D). With both ICRF-193 and 6HD treatment,
inhibition of Aurora B abolished the metaphase arrest (Fig. 6,
B and D). Similarly, an alternative Aurora B inhibitor had the
same effect (Fig. S4 A). Thus, the data are consistent with

recruitment of Aurora B upon Topo II catalytic inhibition
promoting metaphase arrest.

H3T3p recruits Aurora B to KPCs and chromosome arms
Aurora B was recruited to KPCs and chromosome arms upon
Topo II catalytic inhibition and is required for the coincident
metaphase arrest. To understand the mechanism of Aurora B
recruitment, we asked if it is recruited with the inner centro-
mere protein (INCENP) subunit of the CPC to which Aurora B
binds directly. In control pseudometaphase cells, INCENP lo-
calized to inner centromeres, as expected (Fig. 7, A and B).
However, similar to Aurora B, INCENP was recruited to KPCs
and chromosome arms after ICRF-193 treatment. This indicates
that Aurora B is mobilized as a component of the CPC, where
Aurora B binds to INCENP and bridging molecules tether
INCENP to chromatin. One such bridging molecule is Survivin,
which binds to INCENP and interacts with H3T3p via its BIR
domain (Kelly et al., 2010; Wang et al., 2010; Jeyaprakash et al.,
2011). In metaphase, H3T3p is enriched at inner centromeres
and, in part, accounts for the specificity of CPC localization to
inner centromeres (Hindriksen et al., 2017). Thus, we asked if de
novo phosphorylation of H3T3 might account for Aurora B

Figure 4. CENP-A and CREST colocalize regardless of ICRF-193 treatment in HeLa cells. (A) Cartoon depicts centromere/kinetochore regions.
(B) Representative immunofluorescent-stained images of pseudometaphase HeLa cells (nocodazole arrested) ± ICRF-193 treatment for 45 min. CREST, red;
CENP-A, green. Bars, 10 µm (insets, 1 µm). (C)Quantification of immunofluorescent staining at centromeres (Cen). Error bars, standard deviation. (D) Distribution
plot of KPC-to-KPC distances. Error bars, standard deviation. Data were collected from three independent experiments.
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recruitment with ICRF-193. As expected, we detected H3T3p in
control pseudometaphase cells between the KPCs of sister
chromatids (Fig. 7, C and D). With ICRF-193, H3T3p localized to
ectopic sites corresponding to KPCs and chromosome arms,
similar to Aurora B and INCENP.

An explanation for these localization patterns is that Topo II
catalytic inhibition induced H3T3p within nucleosomes at KPCs
and chromosome arms, leading to CPC recruitment. To test this,
we asked if Haspin, which phosphorylates H3T3 (Dai and
Higgins, 2005; Wang et al., 2010), is required for recruitment
of Aurora B to KPCs and chromosome arms. We combined ICRF-
193 treatment with Haspin inhibitors, CHR-6494 (Fig. 8) or
5-ITu (Fig. S4 B). In pseudometaphases treated with ICRF-193
and the Haspin inhibitors, there was a qualitative difference in
Aurora B localization. Compared with ICRF-193 treatment alone,
Aurora B appeared more diffusely dispersed on chromatin, as
observed previously after Haspin inhibition (Bekier et al., 2015;
De Antoni et al., 2012; Kelly et al., 2010; Wang et al., 2010, 2012;
Yamagishi et al., 2010). Categorization of cells based on this
phenotype revealed a clear difference between cells treated with
ICRF-193 alone and with ICRF-193 plus Haspin inhibitor (Figs. 8

B and S4 B). To gain quantitative information, we analyzed
chromosomes based on two features observed to distinguish the
samples. First, we measured the distribution of Aurora B across
the width of chromosome arms, because inhibition of Haspin
appeared to spread the Aurora B laterally. An averaged plot of
Aurora B intensity indeed revealed a small difference in distri-
bution (Fig. 8 C). Second, we measured the abundance of Aurora
B on the chromosome arms. This revealed a significant reduction
in Aurora B recruitment in the presence of CHR-6494 (Fig. 8 D).
Together, the data are consistent with Haspin inhibition re-
stricting the ICRF-193–induced recruitment of Aurora B to
chromosomes. Thus, H3T3p likely contributes to Aurora B re-
cruitment upon Topo II catalytic inhibition.

Haspin activity is required for ICRF-193–induced
metaphase arrest
If the mechanism of metaphase arrest upon Topo II catalytic in-
hibition involves activation of Haspin at KPCs and chromosome
arms, which mobilizes Aurora B to these sites, then Haspin ought
to be required for themetaphase arrest. To test this, we used live-
cell analysis, adding CHR-6494 at the same time as ICRF-193.

Figure 5. Aurora B recruitment to KPCs and
chromosome arms during ICRF-193 treat-
ment in HeLa cells. (A) Representative
immunofluorescent-stained images of pseudo-
metaphase cells (nocodazole arrested) ± ICRF-
193 treatment for 45 min. CREST, red; Aurora B,
green. Line scans were done in the x and y axis.
Bars, 10 µm (insets, 1 µm). (B) Quantification of
immunofluorescent staining at centromeres/
chromosome arms. Error bars, standard devia-
tion. (C) Averaged plots of Aurora B and CREST
signal intensities in line scans across cen-
tromeres in cells treated as in A. Each scan was
normalized to the highest value. Control, n = 52
chromosomes from 25 cells; ICRF, n = 50 chro-
mosomes from 31 cells. (D) Images showing line
scans of Aurora B and CENP-A perpendicular to
the kinetochore–kinetochore axis in metaphase
cells (no nocodazole). Bars, 1 µm. (E) Quantifi-
cation of peak CENP-A signals from D. Control,
n = 15 cells and n = 124 kinetochores; ICRF-193,
n = 12 cells and n = 44 kinetochores; P = 0.85.
Data collected from three independent experi-
ments. P values from Student’s t test. n.s., not
significant. (F) Quantification of Aurora B/CENP-
A ratios from D. Control, n = 40 cells and n = 204
kinetochores; ICRF-193, n = 42 cells and n = 172
kinetochores; ****, P = 2 × 10−39. Data collected
from at least three independent experiments. P
values from Student’s t test. All error bars,
standard deviation.
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Metaphase cells treated with CHR-6494 alone behaved similar to
controls, spending on average 42.5 min in metaphase (not de-
picted). However, in the presence of ICRF-193, CHR-6494 by-
passed the metaphase arrest in most cells (Fig. 8 E). The Haspin
inhibitor 5-ITu more completely abolished the checkpoint re-
sponse (Fig. S4 A). Together, the data indicate that Haspin is
required for themetaphase arrest, presumably due to its ability to
generate H3T3p at KPCs and chromosome arms for CPC binding.

Aurora B and SUMO2/3 are recruited to KPCs and the
chromosome core upon Topo II catalytic inhibition
In XEE, Haspin binds specifically to SUMOylated Topo II
(Yoshida et al., 2016). To find out if Topo II SUMOylation in
human cells might induce Aurora B recruitment to KPCs and
chromosome arms, we characterized SUMO2/3 localization
in mitotic chromosomes after ICRF-193 treatment. In control
pseudometaphases, weak diffuse signals were observed in the
nucleoplasm after staining with anti-SUMO2/3 antibodies
(Fig. 8 F). After ICRF-193 treatment, SUMO2/3 became

prominently localized to chromosome arms and KPCs in most
cells, similar to Aurora B localization (Fig. 8 F). This provides
circumstantial evidence for a link between Topo IIα SUMOyla-
tion and Aurora B recruitment upon Topo II catalytic inhibition.

Although the patterns of Aurora B, INCENP, and SUMO2/3
staining after ICRF-193 treatment were similar, the small size
of human chromosomes limited the accuracy with which this
could be evaluated. To circumvent this, we examined mitotic
chromosomes in M. muntjak cells, which have the largest chro-
mosomes found in mammals. This allows higher-resolution
observations of chromosome arms and centromeres. Pseudo-
metaphase M. muntjak cells were prepared in the same manner
as the HeLa cells, by synchrony with nocodazole, mitotic shake-
off, and then a 45-min incubation in nocodazole alone or with
the addition of ICRF-193. Similar results to HeLa mitotic chro-
mosomes were observed in controls, where Aurora B and
SUMO2/3 were enriched at centromeres, with Aurora B typi-
cally adopting a bilobed position internal to the SUMO2/3 (Fig. 9,
A and B). After ICRF-193, the Aurora B and SUMO2/3 at

Figure 6. Aurora B inhibition bypasses the meta-
phase checkpoint induced by Topo II catalytic in-
hibitors. (A) Quantification of percentage preanaphase
cells following nocodazole arrest and release. Cells were
treated with various combinations of drugs after release
from nocodazole arrest, and preanaphase cells were
counted at each time point to assess mitotic progres-
sion. For each treatment and time point, n = 400 cells.
Data collected from three independent experiments.
Error bars, standard deviation. (B–D) Live single-cell
analysis of mitotic progression. Quantitation of time to
anaphase and decondensation during drug treatments.
Each vertical bar represents one cell, with each cell being
scored for time to anaphase and decondensation from
the start of the time course. Error bars, standard devi-
ation. Data collected from three independent experiments.
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centromeres were positioned more similarly (Fig. 9, A and B),
suggesting relocalization of the Aurora B to a more lateral po-
sition. Strikingly, after ICRF-193 treatment, SUMO2/3 and Au-
rora B accumulated on chromosome arms (Fig. 9, A and C). The
dimensions of M. muntjak chromosomes permitted analysis of
sub–chromosome arm distribution. Line scans across the width
of the arms revealed that, compared with the entire chromo-
some width, Aurora B and SUMO2/3 were restricted, occupying
the central axial core regions of chromosome arms (Fig. 9 C).
Costaining of Aurora B and SUMO2/3 confirmed that they
adopted similar distributions along the chromosome arms and
enriched at the axial core (Fig. 9, A–C). This was intriguing,
because Topo II is known to isolate biochemically within the

chromosome axial core (Earnshaw et al., 1985, Adachi et al.,
1989). We therefore costained SUMO2/3 and Topo II, which
revealed that they indeed have a similar restricted pattern
consistent with localization to the axial core (Fig. 9 D). Thus,
mobilization of Aurora B observed in XEE and human cells upon
Topo II catalytic inhibition is conserved inM. muntjak cells, and
Aurora B and SUMO2/3 are recruited to the central core regions
of chromosome arms, where Topo II is abundant in mitosis.

Evidence that Topo II CTD SUMOylation induces recruitment
of Aurora B and promotes metaphase arrest
The immunostaining results could not provide a definitive
link between Topo IIα CTD SUMOylation, Aurora B

Figure 7. INCENP and H3T3p at KPCs and chromo-
some arms after ICRF-193 treatment in mitosis.
(A and C) Representative immunofluorescent-stained
images of pseudometaphase HeLa cells (nocodazole
arrested) ± ICRF-193 treatment for 45 min. Bars,
10 µm (insets, 1 µm). (A) CREST, red; INCENP, green.
(C) CREST, red. H3T3p, green. (B and D) Quantification
of immunofluorescent staining at centromeres/chro-
mosome arms. Error bars, standard deviation. Data
collected from three independent experiments.
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recruitment to chromosomes, and metaphase checkpoint ac-
tivation. To test these relationships directly, we exchanged
endogenous human Topo IIα with a mutant lacking the three
conserved SUMOylation sites in the CTD. We used a system
previously characterized to insert a single copy of a doxycy-
cline (Dox)-inducible mCherry-Topo IIα or a mCherry-
3KR-Topo IIα mutant allele into the 5q31.3 locus using Flp
recombinase (Lane et al., 2013). We achieved efficient deple-
tion of endogenous Topo IIα using siRNAs targeting the 39
UTR, and we simultaneously induced the mCherry-Topo IIα
proteins with Dox (Fig. 10 A). We then synchronized the cells
with nocodazole and, after mitotic shake-off, incubated them
for a further 45 min with or without ICRF-193. Without ICRF-
193 treatment, immunostaining revealed that mCherry-Topo
IIα or mCherry-3KR Topo IIα cells had similar patterns of
Aurora B localization, largely restricted to inner centromeres
(Fig. 10, B and C). After ICRF-193 treatment, the mCherry-

Topo IIα cells efficiently recruited Aurora B to chromosome
arms. However, there was a statistically significant defect in
the ability of the mCherry-3KR Topo IIα cells to recruit Aurora
B (an approximate sevenfold increase in the percentage of
cells that were unable to recruit Aurora B to the chromosome
arms and KPC; P ≤ 0.03). This suggests that Topo IIα CTD
SUMOylation at these conserved residues promotes Aurora B
recruitment.

Next, we used the same strategy to test if the 3KR mutant
had a functional checkpoint. After depletion of endogenous
Topo IIα and induction of the exogenous Topo IIα alleles, cells
in metaphase were analyzed immediately following addition
of ICRF-193. Mitotic progression in these single cells using
time-lapse microscopy was followed by directly observing the
exogenous mCherry-Topo IIα or mCherry-3KR Topo IIα pro-
teins. Thus, we could quantify the level of the exogenous Topo
IIα proteins in the same cohort of cells analyzed to determine

Figure 8. Haspin promotes Aurora B locali-
zation to KPCs and chromosome arms during
ICRF-193 treatment in HeLa cells. (A) Repre-
sentative immunofluorescent-stained images of
pseudometaphase HeLa cells (nocodazole ar-
rested) ± ICRF-193 ± CHR-6494 treatment for 45
min. CREST, red; Aurora B, green. (B) Classifi-
cation of Aurora B staining pattern. (C) Quanti-
fication of average Aurora B signal intensity
spanning chromosome arms. Each scan was
normalized to the highest value. ICRF, n = 42
chromosomes from 35 cells; Haspin, n = 51
chromosomes from 27 cells. (D)Quantification of
Aurora B signal intensity on chromatin. P values
from Student’s t test. *, P = 0.04; **, P = 0.01;
***, P = 0.001; ****, P = 0.0004. a.u., arbitrary
unit. (E) Live single-cell analysis of mitotic pro-
gression. Quantitation of time to anaphase and
decondensation during drug treatments. Each
vertical bar represents one cell, with each cell
being scored for time to anaphase and decon-
densation from the start of the time course. (F)
Representative immunofluorescent-stained im-
ages of pseudometaphase HeLa cells (nocoda-
zole arrested) ± ICRF-193 for 45 min. CREST, red;
SUMO2/3, green. The individual channels are
provided for reference in Fig. S5 A. The plot
shows classification of SUMO2/3 staining pat-
tern. Bars, 10 µm. Error bars, standard deviation.
The images are representative examples of those
collected from three independent experiments.
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metaphase duration. Most single cells did not vary more than
twofold in their levels of exogenous Topo IIα expression, and
the distributions were similar (Fig. 10 D). However, exoge-
nous mCherry-Topo IIα–expressing cells had a substantially
more proficient checkpoint response in the presence of ICRF-
193 than did the mCherry-3KR-Topo IIα–expressing cells
(Fig. 10 E). These experiments therefore provide direct sup-
port to the hypothesis that SUMOylation of the conserved
Topo IIα CTD acceptor lysine residues constitutes a molec-
ular signal that recruits Aurora B to KPCs and the chromo-
some axial core and triggers activation of the metaphase
checkpoint.

Discussion
The SPR has been studied for decades because it has extensive
roles in cell division and is the target of major classes of anti-
cancer drugs (Nitiss, 2009a,b;Wang, 2002). A yeast top2mutant,
top2-B44, which hydrolyzes ATP slowly, triggers activation of
the metaphase checkpoint (Andrews et al., 2006; Furniss et al.,
2013). Thus, progression throughmitosis and Topo II activity are
coupled. However, molecular insight is lacking into the mech-
anism of activation of the metaphase checkpoint when Topo II is
perturbed.

Studies in mammalian cells revealed that this checkpoint
may be conserved (Clarke et al., 2006; Skoufias et al., 2004).

Figure 9. Aurora B and SUMO2/3 are recruited to the chromosome core upon Topo II catalytic inhibition. Representative immunofluorescent-stained
images ofM. muntjak cells arrested in mitosis with nocodazole then treated ± ICRF-193 for 45 min. The experiment was performed at least three times, and the
images shown are a true representation of the staining patterns that were consistently observed. (A) Aurora B, red; SUMO2/3, green; DAPI (DNA), blue. Bars,
10 µm. (B) Magnification of kinetochores from boxed regions in A. Bars, 1 µm. (C) Right: Magnified chromosome arms from the boxed region in the image on
the left. Bar, 4 µm (inset, 2 µm). (D) Aurora B, red; Topo IIα, green. Bars, 5 µm (inset, 0.5 µm). In B–D, the histogram plots show average signal intensities of a
5-pixel-wide line scan across the planes indicated in the magnified images. The line scans are representative examples from three independent experiments.
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Analogous to the top2-B44 mutant, catalytic Topo II inhibitors
(e.g., ICRF-193) inhibit ATP hydrolysis and activate a metaphase
checkpoint in human cells (Clarke et al., 2006; Skoufias et al.,
2004; Toyoda and Yanagida, 2006). In both cases, impaired ATP
hydrolysis delays the enzyme in a particular structural confor-
mation, within the SPR. This suggests that cells might detect the
persistence of that Topo II conformer. Here we have provided
evidence that SUMOylation of the Topo II CTD triggers the
checkpoint, perhaps because the conformation of the enzyme is
specifically recognized by SUMO ligases when ATP hydrolysis
is slow.

In yeast, the checkpoint is transduced by the CTD of the
enzyme, which possesses conserved SUMOylation sites (Bachant
et al., 2002). Inhibition of Topo II with ICRF-193 in mitotic XEE
induced Topo II CTD SUMOylation on these physiologically
relevant sites (Figs. 1 and 2). This SUMOylationwas conserved in
mitotic HeLa cells treated with ICRF-193, which activated the
metaphase checkpoint, but was not observed after treatment
with merbarone, which did not activate the checkpoint (Figs. 6
and S5 B). How might Topo II CTD SUMOylation activate the
downstream checkpoint factors? In both budding yeast and XEE,

Topo II CTD SUMOylation can regulate Haspin kinase activity to
promote H3T3 phosphorylation that recruits the CPC to mitotic
centromeres (Edgerton et al., 2016; Yoshida et al., 2016). This
mechanism relies on binding of Haspin to the SUMO2/3moieties
on the Topo II CTD. Thus, it is predicted that direct binding of
Haspin to SUMOylated Topo II occurs upon ICRF-193 treatment
in human cells.

When we mutated the three conserved SUMOylated sites in
the Topo II CTD, activation of the checkpoint and recruitment of
Aurora B were abrogated but not abolished (Fig. 10). This may
indicate that additional CPC recruitment pathways are activated
by ICRF-193 (Zhou et al., 2017; Goto et al., 2017). Another pos-
sibility is that additional SUMOylated CTD lysine residues con-
tribute to Aurora B recruitment and activation. A recent study
provided important insight into as many as 11 lysine residues
that can be SUMOylated, as well as their functions in Topo II
localization in mitosis (Antoniou-Kourounioti et al., 2019). To-
gether with data presented here, the study made it clear that
CTD SUMOylation serves at least two mitotic functions: Topo
II localization and recruitment of Aurora B. These functions
could be mediated by different SUMOylation sites, or the same

Figure 10. Topo II CTD SUMOylation promotes Aurora B recruitment and metaphase checkpoint activation. (A) Western blot showing endogenous
Topo II depletion achieved after RNAi in HeLa EM2-11ht cell lines and induction (Dox) of exogenous mCherry-Topo II and mCherry-TopoII-3KR. (B) Classification
of Aurora B localization in cells treated as in A, with endogenous Topo II depleted and exogenous Topo II expressed. (C) Representative examples of Aurora B
localization categories as in B. (D and E) Analysis of metaphase duration in live HeLa cell lines in A, after depletion of endogenous Topo II and expression of
exogenous alleles. (D) Quantification of the mCherry-Topo II signal at the first time point captured for each of the cells analyzed in E. a.u., arbitrary unit. Bars,
10 µm. Error bars, standard deviation. Data collected from three independent experiments.
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SUMOylated residues may be capable of providing the protein–
protein interactions needed for both functions.

In XEE, ICRF-193 simultaneously induced CTD SUMOylation
and mobilization of Aurora B. This was conserved in human
cells, where Aurora B was recruited away from inner cen-
tromeres to the KPC and chromosome arms and the metaphase
checkpoint was activated. Aurora B has been experimentally
targeted to the KPC using several approaches, including ex-
pression of a fusion between INCENP and the DNA binding
domain of CENP-B (Hengeveld et al., 2017). This leads to forced
activation of the metaphase checkpoint. Moreover, a pool of
Aurora B is revealed near kinetochores after inhibition of Has-
pin, which causes Aurora B to be dispersed from chromatin
(Bekier et al., 2015). Thus, when Topo II is catalytically inhibited,
it is possible that cells similarly induce recruitment of Aurora B
to the KPC to activate the checkpoint. However, another study
reported that Aurora B kinase activity at the KPC is diminished
upon Topo II inhibition, based on reduced phosphorylation of
CENP-A (Coelho et al., 2008). This may indicate that Aurora B
recruitment to the chromosome arms activates the checkpoint.
It will be interesting to test if Aurora B recruitment to either
arms or KPCs is sufficient for checkpoint activation.

A body of work has revealed that restriction of the CPC to
inner centromeres in mitosis is based on feedback cycles
(Hindriksen et al., 2017). Factors that recruit Aurora B are
themselves regulated by Aurora B, e.g., phosphorylation by
Aurora B enhances Haspin kinase activity (Ghenoiu et al., 2013;
Wang et al., 2011; Zhou et al., 2014). Conversely, phosphorylation
of Repo-Man by Aurora B protects the centromeric H3T3p from
PP1γ-Repo-Man (Qian et al., 2011, 2013). Clustering of Aurora B
promotes its maximum activity by inducing autophosphor-
ylation (Kelly et al., 2007, Bishop and Schumacher, 2002). It is
perhaps striking, then, that catalytic Topo II inhibition is able to
break this cycle, release Aurora B from inner centromeres, and
allow recruitment to KPCs and chromosome arms. It will be
interesting to establish if H3T3p is sufficient for Aurora B re-
cruitment to KPCs and chromosome arms. Previous work has
established that Pds5 functions to recruit Aurora B by facilitat-
ing localization of Haspin to inner centromeres (Goto et al., 2017;
Zhou et al., 2017). It will be important to test if Pds5 is recruited
to KPCs and chromosome arms upon Topo II catalytic inhibition.

The ICRF-193–mediated metaphase checkpoint requires Au-
rora B activity, suggesting that up-regulation of Aurora B ac-
tivity at the KPC and/or chromosome arms induces mitotic
arrest. What molecules are phosphorylated by Aurora B to ac-
tivate this checkpoint? If Aurora B at the KPC is responsible for
checkpoint activation, we anticipate the downstream targets are
Ndc80/Hec1, Dsn1, and CENP-E (Cheeseman et al., 2006; DeLuca
et al., 2006; Welburn et al., 2010), and in that case, checkpoint
activation likely occurs via microtubule detachment from ki-
netochores. If recruitment to the chromosome arms is required
for checkpoint activation, Aurora B may have novel substrates.

In summary, we propose a model in which Topo II catalytic
inhibition activates a metaphase checkpoint via Aurora B.
Checkpoint activation involves Topo II CTD SUMOylation as an
initial signaling step, which recruits Haspin kinase as a direct
downstream mediator of Aurora B recruitment via H3T3p. We

anticipate that this mechanism contributes to the timing of
mitosis so that cells can monitor catenations and stalled SPR
cycles. Studies revealed that Topo II catalytic inhibition in G2
cells delays entry into mitosis (Damelin and Bestor, 2007;
Deming et al., 2001; Downes et al., 1994), but that this cell cycle
response is frequently diminished in cancer cells (Brooks et al.,
2014; Deiss et al., 2019; Franchitto et al., 2003; Jain et al., 2015).
Intriguingly, a deficiency in the G2 checkpoint may make the
metaphase checkpoint critical for survival of cancer cells
(Brownlow et al., 2014; Deiss et al., 2019). Targeting the mech-
anism of metaphase arrest upon Topo II catalytic inhibition may
differentially kill cancer cells.

Materials and methods
Plasmid construction, site-directed mutagenesis, recombinant
protein expression and purification, and XEE antibodies and
inhibitors
For full-length recombinant WT Topo IIα and 3KR Topo IIα, the
coding sequence was subcloned into a modified pPIC3.5Kb
vector, which had a calmodulin-binding protein–T7 tag sequence
for N-terminal fusion (Ryu et al., 2010b; Yoshida et al., 2016).
The recombinant proteins were expressed in GS 115 strain of
Pichia pastoris yeast and purified. Frozen yeast cells were ground
with dry ice in a coffee grinder followed by lysis using lysis
buffer (150 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 30 mM Hepes,
pH 7.8, 1 mM DTT, 0.1% Triton X-100, 5% glycerol, and 10 mM
PMSF). The lysed samples were centrifuged at 25,000 g for
40 min. To capture the calmodulin-binding protein–tagged
protein, supernatant was mixed with calmodulin-sepharose
resin and rotated for 90 min at 4°C. The resins were washed
with lysis buffer and eluted with 10 mM EGTA (GE Healthcare).
The eluted fractions were checked by Coomassie staining and
further purified by Q-sepharose anion-exchange chromatogra-
phy (GE Healthcare). For 3KR Topo IIα, lysine-to-arginine
substitution was done by site-directed mutagenesis using
QuikChange II kit (Agilent) according to the manufacturer’s
protocol.

Both guinea pig and rabbit polyclonal anti-SUMO2/3 anti-
bodies were generated using full-length human SUMO2 as an
antigen. Human SUMO2 cDNA was subcloned into pGEX4T-1 or
pET28a using BamHI/XhoI sites. Expressed proteins were pu-
rified using either glutathione-sepharose (GST) affinity resin
(GE Healthcare) or hexa histidine affinity resin (Talone Metal;
Clontech/Takara). GST moiety on GST-SUMO2 was cleaved by
thrombin (T7513; Sigma-Aldrich) to obtain full-length untagged
SUMO2 for antigen. Hexa histidine–tagged SUMO2 was conju-
gated to N-hydroxysuccinimidyl (NHS)–sepharose (GE Health-
care) for antigen affinity column. cDNA fragments encoding
Xenopus Topo IIα (C-terminus region, aa 1,358–1,579) and Xen-
opus PARP1 (N-terminus region, aa 1–150) were amplified and
subcloned in pGEX4T-1 (GE Healthcare) and pET28a (Novagen).
The recombinant proteins were expressed in Escherichia coli
and purified by hexa histidine tag–based purification or gluta-
thione affinity tag–based purification followed by ion-exchange
chromatography. Polyclonal antibodies for Topo IIα and PARP1
were generated in rabbit by injecting hexa histidine–tagged
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recombinant proteins. The rabbit antisera were collected, and
antibodies were affinity purified using NHS-Sepharose columns
with their covalently bound GST-tagged antigens. In-house-
made antibodies were used for Western blotting at 1:1,000 di-
lution. Commercial primary antibodies used in this study and
their dilution forWestern blotting weremouse monoclonal anti-
histone H4-HRP (197517, 1:1,000; Abcam), mouse monoclonal
anti-β-tubulin (T4026-2ML, 1:1,000; Sigma-Aldrich), mouse
monoclonal anti-histone H3 (IB1B2, 1:2,000; Cell Signaling), and
rabbit polyclonal anti-T7 tag (ab19291, 1:1,000; Abcam). Sec-
ondary antibodies included Licor-specific goat anti-rabbit IRDye
680RD (925-68071, 1:20,000), goat anti-rabbit IRDye 800CW
(925-32211, 1:20,000), goat anti-mouse IRDye 800CW (925-
32210, 1:20,000), and goat anti-rat IRDye 680 RD (925-68076, 1:
20,000).

For immunofluorescence staining, anti-SUMO2/3 guinea
pig polyclonal antibody was used at a 1:500 dilution. For
CENP-A antibody, a synthesized peptide of the N-terminus of
Xenopus CENP-A was used as an antigen, and then antibody
was purified with an antigen affinity column with the antigen
peptide conjugated to NHS-sepharose. Anti-Aurora B rabbit
polyclonal antibody (1:500) was prepared using full-length X.
laevis Aurora B kinase as an antigen, and anti-Claspin rabbit
polyclonal antibody was prepared using a His6-T7–tagged
N-terminus region of Claspin (aa 1–271). For Topo IIα stain-
ing, a commercial anti-Topo IIα/βmouse monoclonal antibody
(M052-3, 1:500, MBL International) was used. The fluores-
cence labeled secondary antibodies goat anti-mouse IgG Alexa
Fluor 568 (A11031, 1:500; Invitrogen), goat anti-rabbit IgG
Alexa Fluor 568 (A11036, 1:500; Invitrogen), goat anti-rabbit
IgG Alexa Fluor 488 (A11034, 1:500; Invitrogen), goat anti-
guinea pig IgG Alexa Fluor 647 (A21450, 1:500; Invitrogen),
and goat anti-chicken IgG Alexa Fluor 488 (A11039, 1:750;
Invitrogen) were used for visualization in experiments
using XEE.

The Topo II inhibitors used in this study, ICRF-193 (BML-
GR332; Enzo Life Sciences), merbarone (445800; Calbiochem),
and 6-hydroxydaidzein(49,6,7-trihydroxyisoflavone; CAS#17817-
31-1; Carbosynth), were dissolved in DMSO and stored at −20°C.

XEE assays
Xenopus demembraned sperm nuclei and low-speed cytostatic
factor (CSF) arrested XEEs were prepared according to standard
protocols (Kornbluth and Evans, 2001; Murray, 1991). In detail,
sperm was isolated from dissected testis then treated with de-
tergent (lysophosphatidylcholine, L4129; Sigma-Aldrich) con-
taining buffer to obtain demembraned sperm nuclei. Corrected
frog eggs were dejellied with cysteine-containing buffer, and
then crushed by centrifugation in buffer containing EGTA to
preserve CSF activity. For mitotic replicated chromosome iso-
lation, CSF extracts were driven into interphase with the addi-
tion of 0.6mMCaCl2. Demembraned sperm nuclei were added to
interphase extract at either 4,000 sperm nuclei/µl (for Western
blotting analysis) or 800 sperm nuclei/µl (for immunofluores-
cence analysis), then incubated for ∼45 min. Equal amounts of
CSF XEEs were used to induce mitosis. To inhibit the mitotic
SUMOylation, dnUbC9 was added to XEEs at 150 ng/µl at the

onset of mitosis induction by addition of CFS XEEs. After incu-
bating for 60∼90 min, followed by microscopic analysis of
condensed mitotic chromosomes, Topo II inhibitors (ICRF-193
1 µM and merbarone 10 µM) were added into XEEs for 10 min.

For isolation of inhibitor-treated mitotic chromosomes,
CSF XEEs were diluted with three times their volume of 0.5×
CSF-XB containing 18 mM β-glycerophosphate, 0.25% Triton
X-100, 10 mg/ml protease inhibitors (leupeptin, pepstatin,
and chymostatin; EMD Millipore), and 0.2 µM okadaic acid
(EMD Millipore). Diluted XEEs were layered on top of a 40%
glycerol cushion and centrifuged at 10,000 g for 5 min at 4°C.
Isolated mitotic chromosomes were boiled in SDS-PAGE
sample buffer. Samples were resolved on 8–16% gradient gels
and subjected to immunoblotting with the indicated anti-
bodies. Signals were acquired using a LI-COR OdysseyFc dig-
ital imager, and quantification was performed using Image
Studio Lite software.

Relative SUMOylation levels were calculated for each sample
and normalized to the loading control histone H4. The mean and
standard deviation of four independent experiments were cal-
culated. Statistical analysis for each sample was calculated by
Student’s t test of the mean. Percentage Topo IIα and PARP1
SUMOylation were calculated for each sample with respect
to total protein levels. For the immunofluorescence staining,
XEEs were diluted with three times their volume in immuno-
fluorescence dilution buffer (0.5× CSF-XB containing 18 mM
β-glycerophosphate and 250 mM sucrose) and fixed with an
equal volume of fixation buffer (immunofluorescence dilution
buffer containing 4% p-formaldehyde) for 6-min incubation at
RT. Fixed chromosome samples were loaded onto 8 ml of a 40%
glycerol cushion with coverslips at the bottom and spun at
6,000 g for 20 min at RT. Precipitated chromosomes on cover-
slips were postfixed with 1.6% p-formaldehyde in PBS, blocked
with PBS containing 5% BSA, and processed for immunostaining
with the indicated antibodies. For DNA staining, Hoechst 33342
dye (EMD Millipore) was used, and for mounting the specimen,
Vectashield H-1000 medium (Vector Laboratories) was used.
Images were acquired at 20°C using the Plan Apo 100×/1.4 ob-
jective lens on a Nikon TE2000-U microscope with a Retiga SRV
charge-coupled device camera (QImaging) operated by Volocity
imaging software (PerkinElmer). Adobe Photoshop (CS6) soft-
ware was used to process the images for signal intensities and
size according to journal policy. For immunofluorescence
quantification, ImageJ software (National Institutes of Health)
was used. 30 mitotic chromosomes for arm region SUMO2/3
signal were counted from three independent experiments. The
statistical analysis for each sample was calculated by Student’s
t test of the mean. For Aurora B mislocalization, distinct Aurora
B foci at chromosome arms were counted for >25 chromosomes
for four independent experiments. Statistical analysis for each
sample was calculated by Student’s t test of the mean.

The immunodepletion/add-back experiment and chromo-
some isolation were performed exactly as previously described
(Yoshida et al., 2016). Specifically, Topo IIα antibodies (1 mg/ml)
were captured on protein A–conjugated magnetic beads
(Thermo Fisher Scientific) at a 1:1 ratio. Anti-Topo IIα-Protein A
beads were blocked with 5% BSA containing CSF-XB (100 mM
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KCl, 0.1 mM CaCl2, 2 mM MgCl2, 5 mM EGTA, 50 mM sucrose,
and 10 mM Hepes, pH 7.8). To obtain >99% Topo IIα depletion,
we used anti-Topo IIα-Protein A beads at a ratio of 1.1 µl to 1 µl
CSF XEEs. Protein A Dynabeads and XEEs were incubated at RT
for 15 min followed by 15-min incubation on ice, repeated twice.
For add-back, purified recombinant proteins were added to
immunodepleted extracts similar to endogenous Topo IIα, which
was confirmed by immunoblotting. For mitotic chromosome
isolation, demembraned sperm nuclei were added to CSF XEEs
and incubated for 60 to ∼90 min. Chromosomes were isolated as
described above.

HeLa cell Topo IIα SUMOylation assay
For the analysis of mitotic chromosomes, HeLa cells were syn-
chronized with 2 mM thymidine for 18 h. Cells were released
from thymidine into fresh medium, and 6 h later, 0.1 µg/ml
nocodazole was added to cells. 4 h after nocodazole addition,
mitotic cells were collected by mitotic shake-off and released
with 7 µM ICRF-193–containing fresh medium for 20 min. For
mitotic chromosome isolation, cells were lysed with lysis buffer
(250 mM sucrose, 20 mm Hepes, 100 mM NaCl, 1.5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, 0.2% Triton X-100, 1:2,000 lyso-
phosphatidylcholine, and 15 mM iodoacetic acid), and lysed cells
were layered on a 40% glycerol cushion as for chromosome
isolation from XEEs. Later, isolated mitotic chromosomes were
boiled in SDS-PAGE sample buffer, resolved on 8–16% gradient
gels, and subjected to immunoblotting with the indicated anti-
bodies. Signals were acquired using a LI-COR Odyssey Fc
machine.

In vitro SUMOylation Förster resonance energy transfer
(FRET) assay
The CyPet-tagged SUMO2G, CyPet-SUMO2GG, and YPet-tagged
Topo IIα CTDs were subcloned in pET28a with His6-tag. CyPet
and YPet coding sequences were amplified by PCR from pH2B-
CyPet-FHA2-AuroraB Substrate-YPet-IRES-puro2b obtained
through Addgene (Wurzenberger et al., 2012). Recombinant
proteins were expressed in Rosseta2(DE3) strain, and then pu-
rified using Cobalt affinity beads (Talon Beads; Takara Bio). The
imidazole-eluted His6-tag proteins were further purified using
ion-exchange columns. The enzymes used for in vitro SUMOy-
lation FRET assays, E1 complex (Aos1/Uba2 heterodimer), PIASy,
Ubc9, and the dominant-negative form of Ubc9 (dnUbc9-C93S/
L97S), were expressed in BL21 (DE3) or Rosetta2 (DE3) bacteria
(Azuma et al., 2003, 2005; Yoshida et al., 2016). E1 complex and
heterodimer of Aos1 and Uba2 were expressed in E. coli using
pRSF plasmid. Hexa histidine tag was fused to the N-terminus of
Uba2. The E1 complex was purified by hexa histidine affinity
resin followed by SUMO affinity column and Q-sepharose anion-
exchange column. Ubc9-containing bacterial lysate was initially
fractionated by DEAD-sepharose equilibrated with buffer con-
taining 100 mM NaCl. The unbound fraction containing Ubc9
was further purified by SP-sepharose cation-exchange column
followed by S-100 gel filtration column. Hexa histidine–tagged
PIASy proteins were purified by hexa histidine affinity resin,
and then further cleaned by Q-sepharose and SP-sepharose
column chromatography.

In vitro SUMOylation FRET reactions were performed at 25°C
for 30 min using 30 nM E1 Uba2/Aos1, 60 nM E2 Ubc9, 60 nM
PIASy, 2.5 µM Cypet-tagged SUMO2G and SUMO2GG, 0.5 µM
Ypet-tagged Topo IIα, 2.5 mM ATP, 1 µM ICRF-193, and 10 µM
merbarone. The reactions were stopped by addition of 10 mM
EDTA. There were different concentrations for PIASy and in-
hibitors and different time points used for time course experi-
ments, as indicated in Fig. S2. Reaction buffer consisted of
20 mM Hepes, pH 7.8, 100 mM NaCl, 5 mM MgCl2, 5% glycerol,
0.05% Tween 20, and 1 mM DTT. The emission spectrum at 530
nM was measured using a fluorescence spectrophotometer
(Varian Cary Eclipse) with excitation at 414 nM. The emission
spectrum was recorded at 530 nM for three independent ex-
periments. Standard deviation was calculated for statistical
analysis, and error bars represent standard deviation.

Cell fixation and staining
Mammalian cells were grown to ∼70–80% confluence on a 10-
cm dish and arrested for 3 h in 100 ng/ml nocodazole. Cells were
then treated with 14 µM ICRF-193 and/or 2 µM CHR-6494 for
45 min before isolating mitotic cells by mitotic shake-off into
500 µl of PBS. Cells were treated for 5 min with 1 ml of water to
hypotonic shock the cells for better chromosome spreading.
500 µl of the hypotonic mixture was added to a cytology funnel
attached to a glass slide with a Cytospin (Thermo Fisher Scien-
tific) clip. The assembly was spun for 5 min at 2,000 rpm with
maximum acceleration. Working quickly so that the cells did not
fully dry out, glass slides were removed from the clip, and a ring
was drawn around the deposited cells with a Super-PAP pen to
form a hydrophobic barrier to help keep the fixing and staining
reagents on the cells. There is a fine balance between letting the
Super-Pap solution dry (∼30–60 s) and not letting the cells dry
out. When the Super-PAP dried sufficiently, the cells were fixed
with 3.8% PFA for 5 min. Cells were permeated with 0.05%
Triton X-100 in PBS for 5 min. Cells were then treated with
50 mM ammonium chloride in PBS for 2 min to quench PFA.
Cells were washed with PBS-0.01% Triton X-100 and then
blocked with 0.1% casein in PBS-0.01% Triton X-100. Cells were
stained overnight at 4°C with primary antibodies. Following
primary antibody staining, cells were washed three times
with PBS-0.01% Triton X-100 and stained with secondary anti-
body for 1 h. Following secondary antibody staining, cells
were washed twice with PBS-0.01% Triton X-100 and once with
PBS-DAPI and mounted with ProLong Gold (Invitrogen). The
following primary antibodies were used for staining: CREST
antibody (human, CS1058, 1:200; Cortex Biochem), anti-Aurora
B antibody (mouse, 611083, 1:200; BD Transduction), anti–CENP-
A antibody (rabbit, 2186S, 1:200; Cell Signaling Technology),
anti-INCENP antibody (rabbit, I5283, 1:2,000; Sigma-Aldrich),
and anti-H3T3-Phos antibody (rabbit, ab78351, 1:1,000; Abcam).
Secondary antibodies used were goat anti-human (A11013, Alexa
Fluor 488 [green], 1:200; Thermo Fisher Scientific), goat anti-
rabbit (A11011, Alexa Fluor 568, 1:200; Thermo Fisher Scientific),
goat anti-mouse (A11004, Alexa Fluor 568, 1:200; Thermo Fisher
Scientific), goat anti-guinea pig (A21450, Alexa Fluor 647, 1:200;
Thermo Fisher Scientific), and goat anti-mouse (405322, Alexa
Fluor 647, 1:200; BioLegend).
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Image analysis of HeLa cells
To assess the localization patterns of Aurora B (Figs. 5, 8, 10, and
S3), H3T3p (Fig. 7), INCENP (Fig. 7), and SUMO2/3 (Fig. 8) at
centromeres and chromosome arms, individual chromosomes
were assigned to categories based on the following criteria: (a)
inner centromere, the signal was restricted to between the two
CENP-A/CREST foci; (b) KPC, the signal overlappedwith the two
CENP-A/CREST foci; (c) chromosome arms, the signal was en-
riched at the core of each chromatid rather than across the entire
chromatid width; and (d) diffuse, the signal was not localized as
described in categories a–c, but was present homogeneously on
the chromatin.

To quantify the amount of Aurora B at KPCs (Fig. 5, D–F),
metaphase HeLa cells (no nocodazole) were treated with ICRF-
193 or DMSO for 45 min, fixed, and stained immediately using
antibodies against CENP-A and Aurora B. Images were analyzed
by quantifying the signal in line scans across the KPCs perpen-
dicular to the kinetochore–kinetochore axis. The minimum and
maximum values were extracted from the resulting histogram
plots, and background-subtracted maximum signal intensities
were calculated as maximum minus minimum. The Aurora B
signal was then expressed relative to the maximum minus
minimum CENP-A signal as a ratio.

Somatic cell microscopy
Cells were imaged using a DeltaVision microscope system (Ap-
plied Precision) based on an Olympus IX-71 inverted microscope
and either an Olympus UPLSAPO 100×, 1.40-NA, oil objective for
stained images (mounted with ProLong Gold, Invitrogen) or an
Olympus LUCPLFLN 20×, 0.45-NA, air objective (with CO2-
independent culture medium; Thermo Fisher Scientific) for live-
cell imaging. A CoolSNAP HQ2 camera (Photometrics) was used
to capture images. Soft Worx (version 6.1.3; Applied Precision)
software was used to acquire images. Images were cropped and
contrast enhanced using ImageJ (Fiji) and Photoshop (Adobe).
All imaging was done at 37°C. Fluorochromes used are listed
for each secondary antibody in the Cell fixation and staining
section.

Quantification of metaphase checkpoint duration
For nocodazole arrest and release time courses, Hela cells were
grown to ∼80% confluence in a 15-cm dish. Cells were then
arrested in 100 ng/ml nocodazole for 3 h. After arrest, cells were
washed once with warm medium, and then mitotic cells were
shaken off and aliquoted into 14 3-cm dishes and treated with
various drugs. At each 45-min time point, cells were trypsinized
and then fixed for preparation of chromosome spreads
(Giménez-Abián and Clarke, 2009; Giménez-Abián et al., 2005).
Briefly, cells were washed with PBS and then resuspended in
2 ml of PBS in a 15-ml conical tube. To hypotonic shock the cells,
3 ml of water was added for 5 min. To the hypotonic mixture,
10 ml of freshly made Carnoy’s fixation solution (25% glacial
acetic acid and 75% methanol) was added to the cells, and the
mixture was spun at 1,000 g for 5 min. After the spin, the su-
pernatant was carefully aspirated off the pellet, taking care not to
disturb the delicate pellet. Cells were then washed three
times with 15 ml Carnoy’s solution, taking care to gently but

thoroughly resuspend cells during each wash. After the three
washes, the cells were incubated overnight at RT in 15 ml Car-
noy’s solution. The next day, the cells were spun down and re-
suspended in 0.2 ml Carnoy’s solution and dropped onto a glass
microscope slide. After the slides dried, they were stained with
5% Giemsa solution for 7 min and then mounted with Entellan
(Merck).

For the live-cell imaging time courses, HeLa cells with H2B-
GFP were plated on a 4-chamber, 3-cm glass-bottom plate and
grown overnight to a confluence of∼80%. Mediumwas replaced
with CO2-independent medium. Cells were then treated with
various drugs and quickly transferred to the heated Delta Vision
microscope chamber. Cells were imaged for 3 h, and cells that
were in metaphase at the beginning of the time course were
scored for time to anaphase and chromosome decondensation. In
the presence of Topo II inhibitors, chromatids are unable to
separate. In this case, metaphase checkpoint bypass is observed
as a failed attempt at chromosome segregation in anaphase,
followed by decondensation of the chromosomes in telophase.
Additional examples of these phenotypes have been provided
previously (Giménez-Abián and Clarke, 2009). Inhibitors were
used at the following concentrations: ZM447439 (8 µM), ICRF-
193 (14 µM), merbarone (200 µM), and 6HD (120 µg/ml).

Endogenous Topo IIα knockdown and mutant expression
The S2F-IMCg-F-mCherry-Topo IIα plasmid (Lane et al., 2013)
was mutagenized using QuikChange II XL (200521; Agilent) to
generate S2F-IMCg-F-mCherry-3KR-Topo IIα (K1240R, K1267R,
K1287R). The latter was then inserted into the Flp site at the
5q31.3 locus of the HeLa EM2-11ht cell line, as follows. Cells were
transfected with S2F vector, FLP recombinase vector, and pu-
romycin vector in a 1:2:1 ratio by weight using Lipofectamine
2000. After 24 h, transfected cells were selected by treating the
cells with 3.3 µg/ml of puromycin overnight. Cells that had
properly inserted the S2F vector were selected by treating the
cells with 100 µM ganciclovir, withmedium changes every 2–3 d
until colonies developed. The inserted Topo IIα was induced
with 250 ng/ml Dox for 24 h before experiments. Endogenous
Topo IIα was knocked down using the hs.Ri.TOP2A.13.1 (Inte-
grated DNA Technologies) oligonucleotide (59-GGUGUUUUU
AGUACAAGAUUUGAUGUCUUGUACUAA-39) targeting the 39
UTR. Cells were grown to ∼40% confluence in a 3-cm dish to
account for cells doubling during the RNAi treatment. The oli-
gonucleotide was prepared for transfection with 50 pmol of ol-
igonucleotide, 2 µl Lipofectamine RNAiMAX Reagent (Life
Technologies), and 150 µl OptiMEM as carrier for the oligonu-
cleotide and RNAiMAX per manufacturer’s protocol. Cells were
treated for 24 h before experiments.

Online supplemental material
Fig. S1 presents data from a FRET-based in vitro SUMOylation
assay using recombinant Topo II CTD as substrate. Fig. S2 shows
chromosome morphologies after inhibition of Topo II or Haspin
in mitosis. Fig. S3 shows effects of merbarone and etoposide on
Aurora B localization and examples of images from live-cell
microscopy. Fig. S4 shows metaphase checkpoint bypass with
Aurora B and Haspin inhibitors. Fig. S5 shows individual
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channels from the image in Fig. 8 F and presents Western
blotting results that show increased SUMOylation of Topo II
after treating HeLa cells with ICRF-193 but not merbarone.
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Creighton, and R.T. Johnson. 1994. A topoisomerase II-dependent G2
cycle checkpoint in mammalian cells/. Nature. 372:467–470. https://doi
.org/10.1038/372467a0

Earnshaw, W.C., B. Halligan, C.A. Cooke, M.M. Heck, and L.F. Liu. 1985.
Topoisomerase II is a structural component of mitotic chromosome
scaffolds. J. Cell Biol. 100:1706–1715. https://doi.org/10.1083/jcb.100.5
.1706

Edgerton, H., M. Johansson, D. Keifenheim, S. Mukherjee, J.M. Chacón, J.
Bachant, M.K. Gardner, and D.J. Clarke. 2016. A noncatalytic function of
the topoisomerase II CTD in Aurora B recruitment to inner centromeres
during mitosis. J. Cell Biol. 213:651–664. https://doi.org/10.1083/jcb
.201511080

Franchitto, A., J. Oshima, and P. Pichierri. 2003. The G2-phase decatenation
checkpoint is defective in Werner syndrome cells. Cancer Res. 63:
3289–3295.

Furniss, K., A.C. Vas, A. Lane, and D.J. Clarke. 2009. Assaying topoisomerase
II checkpoints in yeast. Methods Mol. Biol. 582:167–187. https://doi.org/
10.1007/978-1-60761-340-4_14

Furniss, K.L., H.J. Tsai, J.A. Byl, A.B. Lane, A.C. Vas, W.S. Hsu, N. Osheroff,
and D.J. Clarke. 2013. Direct monitoring of the strand passage reaction
of DNA topoisomerase II triggers checkpoint activation. PLoS Genet. 9:
e1003832. https://doi.org/10.1371/journal.pgen.1003832

Gassmann, R., A. Carvalho, A.J. Henzing, S. Ruchaud, D.F. Hudson, R.
Honda, E.A. Nigg, D.L. Gerloff, and W.C. Earnshaw. 2004. Borealin: a
novel chromosomal passenger required for stability of the bipolar
mitotic spindle. J. Cell Biol. 166:179–191. https://doi.org/10.1083/jcb
.200404001

Ghenoiu, C., M.S. Wheelock, and H. Funabiki. 2013. Autoinhibition and Polo-
dependent multisite phosphorylation restrict activity of the histone H3
kinase Haspin to mitosis.Mol. Cell. 52:734–745. https://doi.org/10.1016/j
.molcel.2013.10.002
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Figure S1. Topo II inhibitor treatment does not affect SUMOylation machinery. (A) A schematic representation of FRET-based in vitro SUMOylation
assay. YPet-tagged Topo IIα CTD was used as a substrate, along with CyPet-tagged SUMO2G and SUMO2 GG isoforms in the reaction. (B) In vitro SUMOylation
was performed with different PIASy concentrations and at different time points. a.u., arbitrary unit. (C) In vitro SUMOylation was performed for 30 min with
different ICRF-193 and merbarone concentrations. The emission spectrum was recorded at 530 nm from three different experiments (n = 3), and error bars
represent standard deviation. Paired t test was performed comparing the reaction with inhibitors and without inhibitors in C. None of the inhibitor-containing
conditions showed statistically significant differences from the conditions without inhibitors.
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Figure S2. Chromosome morphologies in unfixed cells after Topo II and Haspin inhibitor treatments in mitosis. (A)Muntjac chromosomes in live cells
expressing H2B-GFP, arrested with nocodazole, treated for 45 min as indicated, and then gently spun onto glass slides and imaged immediately. Bars, 4 µm.
Histogram plot shows the distribution of chromosome arm widths measured as indicated by lines in the magnified image above (corresponding to the boxed
region). (B) HeLa chromosomes prepared and analyzed as in A. Bars, 2 µm. (C) CENP-A-GFP in live metaphase HT-1080 (human) cells, treated for 45 min as
indicated, then gently spun onto glass slides and imaged immediately (without nocodazole). Bars, 2 µm. Histogram plot shows the distribution of KPC-to-KPC
distancesmeasured as indicated by lines in the images on the right of each example (corresponding to the boxed region). Circled region indicates the position of
the metaphase plate. Data were collected from three independent experiments.
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Figure S3. Topo II inhibitors etoposide and merbarone only weakly affect Aurora B localization in mitotic chromosomes. (A and B) Representative
immunofluorescent-stained images of pseudometaphase HeLa cells (nocodazole arrested) after merbarone (200 µM) or etoposide (10 µM) treatment for 45
min. Bars, 10 µm (insets, 1 µm). CREST, red; Aurora B, green. (C) Quantification of immunofluorescent staining at centromeres/chromosome arms. Error bars,
standard deviation. Etoposide, n = 873 chromosomes; merbarone, n = 683 chromosomes. Data were collected from at least three independent experiments. (D)
Representative examples of live-cell imaging showing normal anaphase onset, metaphase arrest, and decondensation (Decon) of chromatin following at-
tempted anaphase when Topo II is inhibited and chromosomes cannot segregate. Bars, 10 µm.
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Figure S4. Aurora B or Haspin inhibition bypasses the metaphase checkpoint induced by Topo II catalytic inhibitors. (A) Live single-cell analysis of
mitotic progression. Quantitation of time to anaphase and decondensation during drug treatments. Hesperadin (1 µM), an Aurora B inhibitor (Hauf et al., 2003),
and 5-ITu (10 µM), a Haspin inhibitor (De Antoni et al., 2012), were added to metaphase cells 10 min after ICRF-193 was added. Each vertical bar represents one
cell, with each cell being scored for time to anaphase and decondensation from the start of the time course. Cells that remained arrested in metaphase for the
duration of the experiment are indicated by a red bar. (B) Representative immunofluorescent-stained images of pseudometaphase HeLa cells (nocodazole
arrested) treated with ICRF-193 ± 5-ITu for 45 min. CREST, red; Aurora B, green. After ICRF-193 treatment, Aurora B localizes to the KPCs and chromosome
core (right). After ICRF-193 + 5-ITu treatment (left), Aurora B typically localizes diffusely on chromatin and is present on some KPCs. The histogram plot shows
classification of Aurora B staining pattern. Error bars, standard deviation. Bars, 10 µm. Data were collected from at least three independent experiments.
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