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Topoisomerase Il SUMOylation activates a metaphase
checkpoint via Haspin and Aurora B kinases

Nootan Pandey'*, Daniel Keifenheim?*@®, Makoto Michael Yoshida'®, Victoria A. Hassebroek!®, Caitlin Soroka!, Yoshiaki Azuma'@®, and

Duncan . Clarke?®

Topoisomerase Il (Topo lI) is essential for mitosis since it resolves sister chromatid catenations. Topo I dysfunction promotes
aneuploidy and drives cancer. To protect from aneuploidy, cells possess mechanisms to delay anaphase onset when Topo Il is
perturbed, providing additional time for decatenation. Molecular insight into this checkpoint is lacking. Here we present
evidence that catalytic inhibition of Topo Il, which activates the checkpoint, leads to SUMOylation of the Topo Il 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 Il recruits Aurora B to ectopic sites, constituting the molecular trigger of the metaphase checkpoint when

Topo Il 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
IT) 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 chemically mimics 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 Ila 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 Ila at the
ATP hydrolysis step leads to SUMO2/3-modified Topo Ila and
that this biochemical event may play a role in metaphase
checkpoint activation.

Supporting this notion, we reported that Topo Ila 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 Ila. CTD
interacts with Claspin (Ryu et al., 2015), which binds to Chkl
kinase; Chk1 can activate Aurora B via phosphorylation of S331
in human cells (Petsalaki et al., 2011). Further, SUMOylated Topo
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Il 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 Il catalytic inhibition increases Topo lla 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 Ila 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 Ila 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 Ila. Indeed,
anti-Topo Ila antibodies revealed that ICRF-193-treated chro-
mosomes had more SUMOylated Topo Ila than control and
merbarone-treated samples (Fig. 1, B and D). Quantification re-
vealed a significant increase in SUMOylated Topo Ila 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 PARPl, another major
SUMOylated protein on mitotic chromosomes in XEE (Ryu et al.,
2010a), was not observed (Fig. 1, B and E). Notably, increased
chromosomal SUMOylation with ICRF-193 was significantly
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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 Ila (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 IIa-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 Ila
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 Ila SUMOylation, and that merbarone, which
blocks initiation of the SPR, has a much weaker effect. Thus,
Topo Ila at a specific stage in the SPR cycle could be especially
susceptible to SUMOylation.

Topo Il catalytic inhibition induces SUMOylation of the
physiologically relevant CTD residues

Next, we asked if ICRF-193 induces Topo IIa SUMOylation at the
physiologically relevant residues. We had identified all SUMO
acceptor sites in Xenopus Topo Ila, which is exclusively modified
with SUMO02/3 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 Ilo SUMOylation occurs at the native
lysines in the CTD, we prepared mitotic chromosomes after
immunodepletion of endogenous Topo Ila from XEEs and ad-
dition of recombinant T7-tagged WT Topo Ila or the 3KR mutant
where all three CTD lysines are mutated to arginine (Fig. 2, A
and B). Since Topo Ila depletion prevents proper chromosome
formation in replicated chromatin, we used unreplicated chro-
mosomes for this analysis, which have less SUMOylated Topo Ila
than replicated mitotic chromosomes (Azuma et al., 2003). Still,
the mitotic chromosomes with recombinant WT Topo Ila 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 Ila 3KR did not show Topo Ila
SUMOylation even with ICRF-193 (Fig. 2 B). Thus, ICRF-193 in-
creased Topo Ilo 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 SUM02/3
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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Figure 1. Topo Il 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 lla 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.

In contrast, the localization of Topo Ila throughout the chro- show that ICRF-193 induces increased mitotic SUMOylation
mosome axis and with enrichment at the mitotic centromere was  (primarily at the CTD lysine residues) of Topo Ila located on
not affected by ICRF-193 or merbarone (Fig. 3, A and B). Thedata  chromosome arms and at centromeres.
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Figure 2. Topo Ilinhibitor ICRF-193 increases Topo lla SUMOylation at CTD and up-regulates SUMOylation on mitotic centromeres and chromosome
arms in XEEs. (A) Schematic representation for the primary structure of WT X. laevis Topo lla and Topo lla 3KR mutant. The three lysine residues indicated in
the CTD were mutated to arginine, which inhibits SUM02/3 conjugation of the CTD. (B) Endogenous Topo lla in CSF XEEs was depleted using affinity-purified
anti-Topo lla antibody and replaced with recombinant full-length WT T7-tagged Topo lla or Topo lla 3KR (left). B-Tubulin, loading control for Topo lla levels in
CSF XEEs. The inhibitor-treated mitotic chromosomes were isolated from Topo lla-replaced CSF XEEs and probed for Topo lla 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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using the indicated antibodies, and DNA was stained with Hoechst 33342. Bars, 10 um. (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.

ICRF-193-induced Topo lla SUMOylation recruits Aurora B to 2015; Yoshida et al., 2016). Mass spectrometry identified Clas-
mitotic chromosomes pin and Haspin as SUMOylated CTD binding proteins, and both
Previously, we demonstrated a role for Topo Ila CTD SUMO- were recruited to mitotic centromeres dependent on CTD SU-
ylation in mediating protein interactions in XEEs (Ryu et al., MOylation. Since we observed ICRF-193-mediated up-regulation
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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 pum.
(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 Ila SUMOylation, we asked if Topo Ila 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 Ila 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
Ilo 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 Ilo 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 and Muntiacus 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
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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 Il
catalytic inhibition
In metaphase, 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-Abidn 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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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 um (insets, 1 um). (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.

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
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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
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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
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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 pum (insets, 1 um). (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 pm. (E) Quantifi-
cation of peak CENP-A signals from D. Control,
n =15 cells and n = 124 kinetochores; ICRF-193,

e, n =12 cells and n = 44 kinetochores; P = 0.85.
T Data collected from three independent experi-

% ments. P values from Student’s t test. n.s., not

ICRF-193

Control

Line @ Scans

CENP-A signal (a.u.)

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 x 10~3°. Data collected
Control ICRF-193 from at least three independent experiments. P
values from Student’s t test. All error bars,
Aurora B/CENP-A .
. standard deviation.
ratio at KPCs

°

|

L7

|

Control ICRF-193

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 the metaphase arrest. To test this, we used live-
cell analysis, adding CHR-6494 at the same time as ICRF-193.
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Figure 6. Aurora B inhibition bypasses the meta-
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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 the metaphase 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 Il 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
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phase checkpoint induced by Topo Il catalytic in-
O  hibitors. (A) Quantification of percentage preanaphase
S_ cells following nocodazole arrest and release. Cells were
S treated with various combinations of drugs after release
l = from nocodazole arrest, and preanaphase cells were
““I s counted at each time point to assess mitotic progres-
S 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
‘ o  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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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 IIo 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 SUM02/3 (Fig. 9,
A and B). After ICRF-193, the Aurora B and SUMO2/3 at
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A c 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 pm (insets, 1 um). (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
2 £ 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, SUM02/3 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 a