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Methylated histones on mitotic chromosomes

promote topoisomerase lla function
for high fidelity chromosome segregation

Sanjana Sundararajan,’” Hyewon Park,’” Shinji Kawano,? Marnie Johansson,® Bunu Lama,’

Tomoko Saito-Fujita,* Noriko Saitoh,* Alexei Arnaoutov,® Mary Dasso,® Zhenggiang Wang,® Daniel Keifenheim,?

Duncan J. Clarke,*>* and Yoshiaki Azuma'-8-*

SUMMARY

DNA Topoisomerase lla (Topolla) decatenates sister chromatids, allowing their
segregation in mitosis. Without the Topolla Strand Passage Reaction (SPR),
chromosome bridges and ultra-fine DNA bridges (UFBs) arise in anaphase. The
Topolla C-terminal domain is dispensable for the SPR in vitro but essential for
mitotic functions in vivo. Here, we present evidence that the Chromatin Tether
(ChT) within the CTD interacts with specific methylated nucleosomes and is crucial
for high-fidelity chromosome segregation. Mutation of individual «ChT residues
disrupts aChT-nucleosome interaction, induces loss of segregation fidelity and
reduces association of Topolla with chromosomes. Specific methyltransferase
inhibitors reducing histone H3 or H4 methylation decreased Topolla at centro-
meres and increased segregation errors. Methyltransferase inhibition did not
further increase aberrant anaphases in the ChT mutants, indicating a functional
connection. The evidence reveals novel cellular regulation whereby Topolla
specifically interacts with methylated nucleosomes via the «ChT to ensure high-fi-
delity chromosome segregation.

INTRODUCTION

During mitosis, the products of DNA replication are meticulously partitioned between daughter cells. This
requires structural re-organization and complete decatenation of the sister chromatids. Topoisomerase Il
(Topolla) is an essential enzyme that performs these processes using a unique Strand Passage Reaction
(SPR)." However, it is not understood how cells coordinate SPR activity to ensure every catenation is
resolved for faithful chromosome segregation.

Vertebrates express two isoforms of topoisomerase Il (Topolle. and TopollB), encoded by separate genes.
Owing to conserved ATPase domains and catalytic cores, they show similar SPR activity in vitro.” However,
their C-terminal Domains (CTDs), with much lower homology, distinguish the isoforms and account for
diversity in their cellular functions: Topolla is essential for mitotic chromosome organization and segrega-
tion, whereas TopollB is dispensable for mitosis but has crucial roles in transcription, particularly in
non-dividing cells.*

The Topolla. CTD has distinct regions interacting with DNA and histones. Binding of aCTD to linker DNA
was implicated in controlling chromatin loop length which is essential for shaping condensed chromo-
somes in Xenopus egg extracts.”’ Loss of the «CTD also reduced Topolla activity in egg extracts, suggest-
ing the aCTD contributes to decatenation under physiological conditions. In contrast, the last 31 «aCTD
residues (named the Chromatin Tether domain; ChT) are required for direct interaction with recombinant
histone H3 and with methylated H3 N-terminal tails.® aCTD lacking the ChT retains interaction with DNA
suggesting a modest role of the ChT in DNA binding.? Topolla concentrates as centromeres in mitosis,
and analysis of centromere-specific histone modifications revealed prominent methylation of H3 and H4
N-terminal tails.” Although it is not known if methylated centromeric histones function in mitosis, the
data raise the possibility that interaction of aChT with specific nucleosomes contributes to chromosome
segregation.
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Figure 1. The Topolla ChT domain is required for interaction with methylated mono-nucleosomes and for accurate chromosome segregation
(A) Western blots showing precipitation of mono-nucleosomes from human cell extracts by recombinant Topolla-CTD (aCTD) or TopolIB-CTD (BCTD)
proteins.

(B) Representation of the primary structure of the Topolla. C-terminal domain (CTD) and a mutant version lacking the ChT (highlighted in yellow).
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Figure 1. Continued

(C) Western blots showing precipitation of mono-nucleosomes from human cell extracts by recombinant Topolla-CTD (aCTD) or Topolla-CTD-AChT («CTD-
AChT) proteins.

(D) Quantification of H3K27me3 signal intensity (left) and H4 signal intensity (right) per bait signal intensity (a.u.) from panel C. n = 3 experiments. p-values
indicate two-tailed unpaired samples t-tests. Error bars indicate SD.

(E) Scheme for cell synchronization to analyze effects of Topolla using the AID system (for data in panels F-J).

(F) Western blot of whole cell extracts showing depletion of endogenous Topolla (tagged with FLAG) on Aux addition, and replacement with mCherry-
Topolla or mCherry-Topolla-AChT upon Dox addition in engineered DLD-1 cells, following the scheme in panel E.

(G) Quantification of mCherry-Topolle signal intensity in interphase nuclei in live cells (from >295 cells for each cell line analyzed over three independent
experiments). Error bars indicate SD. Filled circles show means from each experimental repeat. p-value indicates two-tailed unpaired samples t-test. ns: not
statistically significant.

(H) Images of anaphase cells analyzed at the first mitosis after treatment as in panel E. Bars, 5um.

(1) Quantification of cells with aberrant anaphases (chromosome bridges and laggards) in mCherry-Topolla. or mCherry-Topolla-AChT at the first mitosis
after treatment as in panel E. Experiment was performed three times; WT, n = 140 cells; AChT, n = 266 cells. Filled circles show means from each experimental
repeat. p-value indicates two-tailed unpaired samples t-test. Error bars indicate SD.

(J) Aberrant mitoses observed in H and | were categorized into four groups. Plot shows the percentage for each category. The numbers of bridged and/or
lagging chromosomes in each anaphase cell examined are plotted in Figure S3.

Here, we used the auxin inducible degron (AID) system coupled with doxycycline inducible (Tet-ON) gene
replacement in DLD-1 cells to reveal a critical function of the Topolla ChT in mitotic chromosome segre-
gation. We show that aChT interacts with mono-nucleosomes containing H3K27me3 and/or H4K20me3.
Inhibiting methyltransferases that target these residues reduced centromeric Topolla and increased
chromosome segregation errors. The composition of aromatic amino acids within the aChT was critical
for interaction with methylated nucleosomes and for limiting segregation errors. The data reveal a novel
role of H3K27 and H4K20 methylation in promoting the mitotic function of Topolla to ensure faithful
chromosome segregation.

RESULTS
Topolla interacts with methylated nucleosomes through the ChT domain

The ability of aCTD to interact with DNA and bind directly to recombinant Histone H3 suggest nucleosome
binding could explain the mitosis specific functions of Topolla versus TopollB. We prepared a population
of mono-nucleosomes from human nuclear fractions, which were pre-extracted with detergent and 400 mM
salt (Figure STA) and performed pull-down assays using Topolla-CTD (CTD) and TopollB-CTD (BCTD) as
bait. Western blotting for Histone H3 and H4 revealed both aCTD and BCTD efficiently precipitate mono-
nucleosomes (Figure 1A). Next, we asked if the precipitated mono-nucleosomes possess specific
modifications, based on the methylated H3 peptides we observed to interact with aCTD.® Because
Topolla is known to enrich at centromere on mitotic chromosomes, we also examined known modifications
that exist at centromeric regions. The N-terminal tails of histone H3/H4 specifically lack acetylation at cen-
tromeres and are instead methylated, predominantly at H3K9, H3K27 and H4K20.” Of interest, H3K9me3
was observed in both precipitants with aCTD and BCTD, but H3K27me2/me3 and H4K20me3 were
observed only with aCTD (Figure 1A). H3K4me3 and H3528-Phos were absent from both. Because the
nucleosome preparations were homogeneous mono-nucleosomes (Figure S1B), interaction with these
specifically modified nucleosomes must be direct, rather than bridged by adjacent nucleosomes.
Therefore, although aCTD and BCTD interact with native mono-nucleosomes, there are distinct species
of nucleosome that bind preferentially. The contribution of aChT was determined using an aChT truncation
(aCTD-AChT) mutant (Figures 1B-1D). Loss of H4 in precipitates revealed aChT is required for interaction
with nucleosomes. This supports previous findings that «ChT is required for binding to recombinant H3®
and suggests that aChT governs the ability of aCTD to interact with nucleosomes in general, regardless
of their modification status. Swapping the ChT regions of aCTD and BCTD supported the contribution
of aChT in interaction with methylated histone containing chromatin (Figures S1C and S1D). The aCTD
with BChT lost enrichment of H3K27me3-containing chromatin in pull-down assays and, in contrast,
BCTD with aChT gained enrichment of H3K27me3-containing chromatin (Figures S1C and S1D).

oChT has critical functions in mitosis

aChT preferentially contributes to interaction with specific methylated nucleosomes that are present at
centromeres, but whether aChT has a role in chromosome segregation is not firmly established. Previous
studies depleted endogenous Topoll using siRNA against both isoforms while inducing a Topolla-AChT
mutant. This revealed sister chromatid resolution and condensation defects.® One complication of this
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Figure 2. Histone methyl-transferase inhibitors induce chromosome bridges and laggards in anaphase

(A) Scheme for cell synchronization to quantify mitotic H3K27me3 and H4K20me3 levels after treatment with histone methyl-transferase inhibitors within a

single cell cycle, from S-phase to mitosis.

(B and C) Western blots of purified mitotic chromosomes after treatment shown in panel A, for H3K27me3 (B) and H4K20me3 (C). Representative gel images
are shown in the left panels and quantification of signal intensities are shown in the right panels. p-values indicate one-way ANOVA analysis followed by
Tukey multicomparison correction. Horizontal bars indicate means and error bars indicate SD calculated for the means across the four independent

experiments. ns: not statistically significant.
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Figure 2. Continued

(D) Projected images of live mitotic cells showing chromosome bridges and/or lagging chromosomes using a cell line where both endogenous Topolla
alleles are fused to mNeon at the N-termini (mNeon-Topolla) and both endogenous CENP-A alleles are fused miRFP670 (miRFP-CENP-A) (Figure S5). Bars,
5 pum. Cells were treated as in panel A except Nocodazole was omitted and cells were imaged at the first mitosis after treatment.

(E) Quantification of cells with aberrant anaphases (chromosomes bridges or lagging chromosomes) after treatment as in panel D. Numbers of cells counted:
DMSO, n = 254; GSK-343, n = 242, A-196, n = 179. p-values indicate two-tailed unpaired samples t-tests. Error bars indicate SD and filled circles show means
from each experimental repeat.

approach is the long time frame needed to deplete Topoll (>1 cell cycle) which could lead to secondary
effects. To determine the role of aChT at the first mitosis after replacing endogenous Topolla with a
AChT mutant, we utilized AID-mediated Topolla-depletion with concomitant expression of various
Topolla mutants'® (Figure S2). For these experiments, cells synchronized at the G1/S border were treated
with Auxin (Aux) and doxycyline (Dox) on cell cycle resumption (Figure 1E). Endogenous Topolla depletion
and expression of exogenous mCherry-Topolla were confirmed by western blotting (Figure 1F) and consis-
tent expression levels of the transgenes were observed by quantification of mCherry signals from live
imaging (Figure 1G), validating this new Topolla-replacement system and allowing evaluation of aChT-
dependent mitotic functions within a single cell cycle from S-phase to mitosis. Depletion of endogenous
Topolla without replacement resulted in complete blockage of chromosome segregation (Figures S3A
and S3B), consistent with previous studies demonstrating the essential function of Topolle in
mitosis.*®'""1? Replacing endogenous Topolla with the aChT deletion mutant, within a single cell cycle,
increased aberrant anaphases including both chromosome bridges and laggards (Figures 1H-1J and
S3C), compared with the wild-type replacement. This is consistent with previous observations® using
siRNA-mediated replacement. The results definitively establish that aChT has critical mitotic functions
for accurate chromosome segregation.

Reduced H3K27me3 or H4K20me3 from S-phase to mitosis is accompanied by chromosome
mis-segregation

aChT is required for interaction with mono-nucleosomes containing H3K27me3 and/or H4K20me3 and pre-
vents segregation errors. However, because there was almost complete loss of nucleosome interaction in
the aChTA mutant, any specific contribution of aChT binding to nucleosomes with methylated histones
could not be inferred. Moreover, although methylated nucleosomes are enriched at centromeres, their
possible roles in mitosis have been scarcely studied. To determine whether H3K27me3 and/or
H4K20me3 have roles in chromosome segregation, we treated cells with potent inhibitors of methyltrans-
ferases, GSK-343 for H3K27'° and A-196 for H4K20,"* from S-phase to mitosis (Figure 2A). Previous studies
have shown that abolishing these methylations requires several days treatment with inhibitors. Neverthe-
less, because inheritance of histone modifications occurs after DNA replication, we reasoned that treat-
ment during this window ought to reduce their abundance and allow analysis of the first mitosis. Indeed,
western blotting of mitotic chromosomal fractions showed a dose-dependent reduction of each histone
methylation (Figures 2B and 2C). Moreover, both GSK-343 and A-196 increased the incidence of aberrant
anaphases (Figures 2D and 2E). GSK-343 did not affect H3K9me3 levels on mitotic chromosomes (Fig-
ure S4), supporting specificity of the inhibitor. The data raise the question whether H3K27me3 and
H4K20me3 have a functional relationship with «ChT-dependent interaction with nucleosomes containing
these methylations.

Aromatic aChT residues contribute to methylated nucleosome binding

If the direct interaction observed between recombinant aCTD and synthetic methylated histone tails® is
governed by the aChT, there could be a hydrophobic pocket composed of aromatic residues within the
aChT that allows tri-methylated lysine interaction, as shown for well-established methylated histone bind-
ing proteins including HP1 for H3K9me3 and PRC2 for H3K27me3.”""/ We examined whether aChT
aromatic residue substitutions affected interaction with methylated mono-nucleosomes (Figure 3A). All
three mutants had reduced interaction with mono-nucleosomes, indicated by reduced H4 and H3 precip-
itation (Figures 3B and 3C). Among them, Y1521A showed the least binding, a deficit similar to «CTD-AChT
(Figure 1C). However, F1502A retained nucleosome interaction, albeit much weaker than wt. F1531A had
slightly reduced nucleosome interaction compared to wt, but it was not statistically significant. Interaction
with H3K27me3-containing nucleosomes was almost abolished in both F1502A and Y1521A. F1531A
precipitated significantly less H3K27me3-containing nucleosomes than wt but significantly more than
either F1502A or Y1521A. Without structural information about the binding surfaces between histones
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Figure 3. The ability of ChT point mutants to precipitate mono-nucleosomes correlates with their ability to

suppress chromosome segregation errors in vivo

(A) Representation of the Topolla ChT indicating positions of single amino acid substitutions: Phe1502, Tyr1521 and

Phe1531 were replaced with Ala (represented as F1502A, Y1521A and F1531A respectively).

(B and C) Western blots (B) showing precipitation of mono-nucleosomes from human cell extracts by each recombinant
Topolle ChT mutant protein shown in panel A. Graphs (C) quantify the signal intensities per bait signal intensity (a.u.) for

Histone H4 and mono-nucleosomes containing H3K27me3. n = 4 experiments. p-values indicate one-way ANOVA
analysis followed by Tukey multicomparison correction. ns: not statistically significant. Error bars indicate SD.

(D) Western blot of whole cell extracts showing depletion of endogenous Topolla (tagged with FLAG) upon Aux addition,
and replacement with mCherry-Topolla or mCherry-Topolla-ChT point mutants upon Dox addition in engineered DLD-1

cells, following the cell synchronization scheme shown in Figure 1E.
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Figure 3. Continued

(E) Images of anaphase cells analyzed at the first mitosis after treatment as in Figure 1E.

(F) Quantification of cells with aberrant anaphases (chromosome bridges and laggards) in mCherry-Topolle. or mCherry-
Topolla ChT point mutants at the first mitosis after treatment as in panel 1E. n = 3 experiments with at least 25 cells
counted for each condition. p-values indicate one-way ANOVA analysis. Error bars indicate SD. ns: not statistically
significant.

and aChT, these data do not reveal direct contacts with the methylated residues. These results, however,
reveal that the mutants are useful tools to investigate aCTD/methylated chromatin interaction and ChT-
dependent mitotic functions because they have differential abilities to bind methylated mono-nucleo-
somes. Therefore, we generated cell lines to replace endogenous Topolla. with the same mutants
(Figures S2 and 3D). Analysis of the first mitosis after S-phase synchrony (Figure 1E) revealed F1502A
and Y1521A had significantly increased anaphase errors (Figures 3E and 3F) comparable with
Topolla-AChT and inhibitor treated cells (Figures TH-1J and 2E). In contrast, F1531A had an increase in
errors that was not statistically significant from wt. Therefore, not only do the point mutants increase
anaphase errors, but penetrance of their phenotypes correlates with their ability to interact with methylated
nucleosomes.

oChT-dependent nucleosome interaction correlates with Topolla association with mitotic
chromosomes

Previous studies indicated the aChTA mutant has reduced affinity for mitotic chromosomes.® Therefore,
we asked if the aromatic aChT residues required for interaction with methylated nucleosomes are also
required for proper chromosomal association. We quantified the mCherry fused to the mutant proteins
in live nocodazole arrested cells (Figures 4A and 4B) and in anaphase cells (Figure Sé). F1502A and
Y1521A had decreased Topolla association with chromosomes whereas F1531A, which partially retains
methylated nucleosome interaction and had only a marginal increase in aberrant anaphases, did not
show a reduction in chromosome association in both pro/metaphase (Figures 4A and 4B) and anaphase
(Figure S6). To rule out the possibility that the differences in mitotic chromosomal intensities were due to
variations in expression levels, we determined that the interphase nuclei signal intensities (that contain
the entire pool of Topolla proteins) were similar (Figure 4C). In addition to the quantitative differences
in mitotic cells, there were qualitative differences in the localization patterns, where chromosome arm
localization appeared more diffuse and centromere enrichment was less obvious than for wt mCherry-
Topolla (Figure 4A). To gain an unbiased evaluation of these morphologies, we applied the images to
a machine leaning algorithm, wndchrm.'® Initial image-titration analysis showed the classification accu-
racy was high at 88% with 10 training images of wt and the Y1521A mutant (Figure S7A). We hence
collected 30 images from each cell line to randomly subdivide into two sub-groups: WT_1 and WT_2,
etc. The resultant eight sub-groups were subjected to wndchrm to measure differences by computing
the morphological distances (Figure 4D). As expected, distances between each sub-group of the
same protein were small, confirming accuracy of the analysis. The distances of F1502A and Y1521A
from wt were large, whereas that of F1531A was far less. The morphological similarity and dissimilarity
visualized as a phylogenetic tree (Figure 4E) showed that F1502A and Y1521A were morphologically
distant from wt and from each other. First, these trends are consistent with quantification of Topolla
on mitotic chromosomes, the ability of each mutant to bind nucleosomes and the effects on chromo-
some segregation. Second, the different morphologies of F1502A and Y1521A may indicate they possess
different abilities to bind specific nucleosomes that affect their association with mitotic chromosomes. To
determine whether H3K27me3 and H4K20me3 contribute to Topolla association with mitotic chromo-
somes and centromeres, we used a mMNEON-Topolla. miRFP670-CENP-A cell line (Figures S5A-S5C)
and the GSK-343 or A-196 treatment conditions in Figure 2. Because the tagged alleles are homozygous,
this allowed us to image the entire pool of these endogenous proteins (Figures 4F-4H). CENP-A signals
showed no significant changes, but quantification of centromeric Topolla revealed a significant reduction
after either GSK-343 or A-196 (Figures 4G and 4H). In contrast, wndchrm analysis revealed only subtle
differences in global chromosomal localization of Topolla (Figures S7 and S8). These results suggest
that decreased abundance of H3K27me3 and H4K20me3 modifications that are established from
S-phase to mitosis specifically accompanies a reduction in centromeric Topolla.
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Figure 4. Topolla. ChT mutants localize aberrantly to mitotic chromosomes and inhibitors of histone
methyltransferases decrease the abundance of Topolla at centromeres in live cells

(A) Projected images of mCherry-Topolla. in live mitotic cells. Bars, 5 um.

(B) Superplots showing quantification of mCherry-Topolla signal intensity on mitotic chromosomes in live cells (from >100
cells analyzed over three independent experiments). p-values indicate one-way ANOVA analysis followed by Tukey
multicomparison correction. Horizontal bars (black) indicate means and error bars indicate SD calculated for the means
across the three independent experiments. ns: not statistically significant.

(C) Superplots showing quantification of mCherry-Topolla signal intensity in interphase nucleus in live cells (from >150
cells analyzed over three independent experiments). p-values indicate one-way ANOVA analysis followed by Tukey
multicomparison correction. Horizontal bars (black) indicate means and error bars indicate SD calculated for the means
across the three independent experiments. ns: not statistically significant.

(D) Morphological distances computed by wndchrm analysis of Topolle ChT mutant images compared with wt images
(WT_1). Each group was randomly divided into two sub-groups (e.g., for wt; WT_1 and WT_2) to monitor reproducibility
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Figure 4. Continued

and reliability of the analysis. A larger distance indicates a greater morphological dissimilarity in an image feature
space. Although F1502A and Y1521A were distinct from wt Topolle, F1531A images were similar to wt.

(E) Phylogenetic tree representing the morphological relationships among the Topolla ChT mutants compared to wt. The
tree is based on the values obtained from the wndchrm analysis in panel D.

(F) Representative images of live cells with CEN Topolla and CENP-A (CEN marker) used for quantification of CEN
Topolla signal. Bars, 5 um (larger merged image), 1 um (magnified images).

(G) Superplots showing quantification of Topolla signal intensities at CENs per the corresponding CENP-A signal
intensities (left) for both DMSO and GSK-343 treatments. DMSO, n = 366 centromeres; GSK-343, n = 413 centromeres
(from 3 independent experiments as represented in the plot). p-value indicates two-tailed unpaired samples t-test. Error
bars indicate SD. Quantification of CENP-A signal intensities (right) used for the analysis in the left panel. p value indicates
two-tailed unpaired samples t-test. Error bars indicate SD. ns: not statistically significant.

(H) Superplots showing quantification of Topolla signal intensities at CENs per the corresponding CENP-A signal
intensities (left) for both DMSO and A-196 treatments. DMSO, n = 202 centromeres; A-196, n = 129 centromeres (from 3
independent experiments as represented in the plot). p value indicates two-tailed unpaired samples t-test. Error bars
indicate SD. Quantification of CENP-A signal intensities (right) used for the analysis in right panel. p value indicates two-
tailed unpaired samples t-test. Error bars indicate SD. ns: not statistically significant.

oChT mutation and decreased H3K27me3/H4K20me3 modification correlate with increased
anaphase UFBs

Topolla prevents UFBs in anaphase by resolving catenated centromeric DNA.'”? Thus, we examined
whether aChT and proper H3K27me3/H4K20me3 modifications contribute to this centromere Topolla
function. We compared the Topolla replaced cell lines either before endogenous Topolla depletion
(-Aux) or after depletion and induction of wt or ChTA (+Aux +Dox). The cells were synchronized (Figure 1E)
then UFBs quantified at the first mitosis following release (Figures 5A-5C). Before endogenous Topolla
depletion most cells had no UFBs and there was no difference after depletion and expression of
mCherry-Topolla wt (Figures 5B and 5C). Therefore, mCherry-Topolla rescues the lack of endogenous
Topolla. In contrast, almost all Topolla-AChT cells had UFBs and there was an increased number of
UFBs/cell (Figures 5B and C). Similarly, treatment of cells from S-phase to mitosis with either GSK-343 or
A-196 led to a dose-dependent increase in UFBs/cell (Figure 5D). However, when cells were treated with
both inhibitors, an additive effect was not observed either in terms of UFBs/cell or percent UFB-positive
cells (Figure 5E). The data suggest aChT and proper H3K27me3/H4K20me3 modification prevent UFBs,
and also that H3K27me3/H4K20me3 may contribute to prevent UFBs collaboratively. To estimate the pro-
portion of UFBs that connect centromeres, we scored UFBs that terminate at CENP-A foci (Figure S9). In the
Topolla replaced cells and inhibitor treated cells, most UFBs terminated at CENP-A foci, indicating that
most UFBs originate from catenations at centromeres, though it is technically not possible to rule out cate-
nation of peri-centromeric DNA using this approach. Nevertheless, the data are consistent with the effects
the inhibitors had on the abundance of centromeric Topolla.

Dynamic H3K27-methylation in mitosis may prevent UFBs

Although the majority of UFBs arise due to persistent catenations, they can result from un-replicated loci.”’
Inhibiting histone methylation during S-phase could have led to the latter type of UFBs. To assess this,
mitotic cells were isolated after colcemid treatment, then GSK-343 added for 90 min before release (Fig-
ure 5F) and UFBs quantified in live cells (Figures 5G-5I). Strikingly, GSK-343 almost doubled the percentage
of cells with UFBs and increased UFBs/cell 2.5-fold (Figures 5H and 5I). Importantly, simultaneous inhibition
of the H3K27 demethylase enzymes (UTX/JMJD3) with GSK-J4*? counteracted the effect of GSK-343
strongly indicating that the effects of GSK-343 were because of altered H3K27me3 levels. Of interest,
treatment with GSK-J4 alone increased UFBs similar to GSK-343. Together, the observed increases in
UFBs suggested that H3K27me3 dynamics at centromeres of mitotic chromosomes are crucial for accurate
chromosome segregation. It is currently not known if H3K27me3 turns over in mitosis. To test this directly,
we repeated the above experiment, briefly treating mitotic cells with GSK-343, then immunostained the
chromosomes with antibodies to detect centromeres (human CREST serum) and H3K27me3 (Figure 5J).
Strikingly, the abundance of H3K27me3 was reduced at centromeres within 90 min treatment with the
PRC2 inhibitor (Figures 5K and 5L). The data suggest that ongoing dynamic H3K27 methylation at centro-
meres plays an important role in Topolla-mediated resolution of centromere catenations.
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Figure 5. Deletion of the ChT or treatment with histone methyl-transferase inhibitors induces Ultra-Fine DNA Bridges (UFBs) in anaphase

(A-C) Representative images (A) acquired for UFB quantification after replacement of endogenous Topolla with either mCherry-Topolla. (top) or mCherry-
Topolla-AChT (bottom). Cells were synchronized and treated according to the scheme shown in Figure 1E, then stained with anti-PICH antibody to reveal
UFBs and CENP-C antibody to mark centromeres. Bars, 5 pm.

(B) Superplots showing quantification of the number of UFBs/cell (from >60 cells counted over three independent experiments) for Topolla-WT replaced
cells (left) and Topolla-AChT replaced cells (right). p-value indicates one-way ANOVA analysis followed by Tukey multicomparison correction for the means.
Horizontal bars indicate mean and error bars indicate SD calculated for the means across the three independent experiments. ns: not statistically significant.
(C) Quantification of percent cells with UFBs in the absence of Aux and Dox (i.e., with only endogenous Topolla expression) or after treatment with Aux and
Dox (i.e., with only mCherry-Topolla. or mCherry-Topolla-AChT expression). More than 60 cells were counted over three independent experiments. p value
indicates two-tailed unpaired samples t-test. Error bars indicate SD.
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Figure 5. Continued

(D) Superplots showing quantification of UFBs/cell (from >60 cells counted over three independent experiments) after treatment with dose ranges of either
GSK-343 or A-196 histone methyl-transferase inhibitors. Cells were synchronized and treated according to the scheme in Figure 2A (omitting the nocodazole
step) then mitotic cells were fixed and stained with anti-PICH antibody to reveal UFBs and CENP-C antibody to mark centromeres. p-values indicate one-way
ANOVA analysis followed by Tukey multicomparison correction for the means. ns: not statistically significant.

(E) Quantification of UBFs/cell with single and combined treatments with GSK-343 (4 uM) and A-196 (5 uM). Cells were synchronized and treated as in
Figure 2A (omitting the nocodazole step). Left, superplots show quantification of UFBs/cell (from >60 cells counted over three independent experiments).
Horizontal bars indicate mean values. ns: not statistically significant. Right, histogram plots showing percentage of cells with UFBs, using the same data.
Filled circles show individual experiment means. Error bars indicate SD calculated for the means across the three independent experiments. p-values in both
graphs indicate one-way ANOVA analysis followed by Tukey multicomparison correction for the means.

(F-1) Analysis of UFBs after treatment of mitotic cells with histone methyltransferase (GSK-343) and demethylase (GSK-J4) inhibitors using engineered DLD-1
cells in which both endogenous alleles of PICH were tagged with mNEON (Figure S5).

(F) Scheme showing mitotic synchrony and treatments with GSK-343 (15 uM), GSK-J4 (5 pM) or both in combination. (G) Representative images of anaphases
from which UFBs/per cell were quantified. Numbers indicate UFBs/cell. Bars, Sum.

(H) Quantification of percentage of cells with UFBs. Filled circles show individual experimental means. Error bars indicate SD calculated for the means across
the independent experiments. DMSO: n = 153 cells. GSK-343: n = 170 cells. GSK-J4: n = 300 cells. GSK-343 plus GSK-J4: n = 291. p-values indicate one-way
ANOVA analysis followed by Tukey multicomparison correction for the means. ns: not statistically significant.

(I) Plot showing analysis of UFBs/cell from the same data. Horizontal bars indicate mean and error bars indicate SD calculated for the means across the
independent experiments. p-values indicate one-way ANOVA analysis followed by Tukey multicomparison correction for the means. ns: not statistically
significant.

(J-L) GSK-343 treatment in mitosis reduces H3K27me3 at centromeres. (J) An example image of spread chromosomes stained for H3K27me3 (green), CREST
(red) and DNA (Hoechst, blue). Bar, 5 um. Magnified inset shows how mean signal intensity was quantified across centromere regions using a four-pixel wide
line tool in ImageJ.

(K) Superplots showing H3K27me3 signal intensity per CREST signal intensity across centromere regions of chromosomes described in panel J.

(L) Superplots showing CREST signal intensity across centromere regions of chromosomes described in panel J, from the same dataset as panel K. DMSO,
n = 40 cells and 754 CENs; GSK-343, n = 40 cells, 819 CENs. Data were collected from three experimental repeats (a minimum of 10 cells analyzed per
experiment). Horizontal lines show Means and S.D. p-values indicate two-tailed unpaired samples t-test.

aChT and H3K27me3-nucleosomes likely cooperate to prevent UFBs

To explore whether UFBs after GSK-343 treatment are due to a functional relationship between aChT and
H3K27me3-nucleosomes, we quantified UFBs in the aChT mutants (Figure 6A). This revealed a correlation
between UFBs/cell and the ability of the mutants to bind nucleosomes (Figure 6B). Topolla-F1502A and
Topolla-Y1521A had increased UFBs similar to Topolla—ChTA and GSK-343/A-196 treated cells. In
contrast, Topolla—F1531A, which retains significant interaction with mono-nucleosomes, did not show a
significant increase in UFBs/cell. This is consistent with the ability of Topolla to interact with methylated
nucleosomes facilitating decatenation to prevent UFBs. To examine further the possible functional
relationship between loss of mono-nucleosome interaction and H3K27me3 modification, we examined
the effects of GSK-343 on the Topolla mutants (Figures 6C and S10). This revealed a significant increase
in UFBs after GSK-343 treatment in Topolla-wt and Topolla-F1531A cells but no additive increase in
Topolla-F1502A and Topolla-Y1521A mutants that have a deficiency in methylated mono-nucleosome
binding. The lack of an additive effect between reducing H3K27me3 (GSK-343 treatment) and reduced
mono-nucleosome interaction (aChT mutations) indicates a functional relationship. Altogether, the data
provide evidence that aChT interaction with H3K27me3-containing nucleosomes is a mechanism required
for complete resolution of the entangled genome that promotes faithful chromosome segregation.

DISCUSSION

Despite having essential and unique roles in mitosis, the molecular basis of how Topolla is directed to
appropriate substrates to ensure faithful chromosome segregation has been an important but challenging
question. Quantification of chromosome segregation errors in the aChT mutant revealed a 2.7-fold in-
crease in aberrant anaphases (Figures TH-1J). Most of these were chromosome bridges and laggards
rather than the complete blockage of chromosome segregation seen after Topolla depletion
(Figures TH=1J and S3). These data suggest the crucial role of the aChT is not to promote bulk decatena-
tion of the genome, but to ensure complete resolution of sister centromeres that is essential for high-fidel-
ity chromosome segregation. Indeed, even small numbers of chromosome segregation errors or UFBs give
rise to micronuclei that accumulate damaged DNA following cytokinesis.”® Hence, Topolla must resolve
each and every catenation because failure results in the accumulation of genomic lesions that contribute
to tumorigenesis.”’ How Topolla achieves the precision needed to avoid these outcomes was not well
understood. The data presented here provides evidence that an interaction between the aChT and specific
methylated nucleosomes promotes complete resolution of the genome (Figure 6D).
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Figure 6. Analysis of UFBs in ChT point mutants and in combination with histone methyl-transferase inhibitor GSK-343

(A) Representative images acquired for UFB quantification after replacement of endogenous Topolla with mCherry-Topolla ChT point mutants. Cells were
synchronized and treated according to the scheme shown in Figure 1E, then stained with anti-PICH antibody to reveal UFBs and CENP-C antibody to mark
centromeres. Bars, 10 um.

(B) Superplots showing quantification of UFBs/cell in the absence of Aux and Dox (i.e., with only endogenous Topolla expression), after treatment with Aux
only (i.e., after endogenous Topolla depletion), or after treatment with Aux and Dox (i.e., with only mCherry-Topollae AChT point mutant expression) as
described in panel A. More than 60 cells were counted over three independent experiments. p-values indicate one-way ANOVA analysis followed by Tukey
multicomparison correction for the means. Horizontal bars indicate mean and error bars indicate SD calculated for the means across the three independent
experiments. ns: not statistically significant.

(C) Superplots showing quantification of UFBs/cell after GSK-343 treatment was combined with replacement of endogenous Topolla for exogenous
mCherry-Topolla. or mCherry-Topollee ChT point mutants. Cells were treated as in panel B to replace endogenous Topolla (+Aux+Dox) then treated with
DMSO or GSK-343 (4 pM) upon release from S-phase synchrony. More than 60 cells were counted over three independent experiments. p-values indicate
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Figure 6. Continued

one-way ANOVA analysis followed by Tukey multicomparison correction for the means. Horizontal bars indicate mean and error bars indicate SD
calculated for the means across the three independent experiments. ns: not statistically significant.

(D) Model describing the mechanism of how the ChT-dependent interaction of Topolla with specific methylated nucleosomes may facilitate complete
resolution of catenated centromeres in mitosis. Topolla recognizes and binds methylated histones on chromatin, particularly H3K27me3 and H4K20me3,
dependent on the ChT domain. Evidence supporting a functional relationship between methylation of specific histone residues and decatenation include
the lack of an additive effect between GSK-343 and the ChT point mutants in the UFB assay.

At the onset of anaphase, decatenation by Topolla is thought to be most prominent at centromeres that
remain paired until this crucial cell cycle transition. By precipitating short chromatin fragments containing
centromeric CENP-A nucleosomes, Bailey et al. (2016) determined that the adjacent centromeric H3-con-
taining nucleosomes are prominently methylated rather than acetylated.” We found the aChT preferen-
tially precipitates mono-nucleosomes with H3K27me3 and H4K20me3. However, the majority of
centromeric H4K20 is mono-methylated.” Therefore, Topolle. may only bind a subset of centromeric
nucleosomes with H4K20me3. Similarly, centromeric nucleosomes have a complex set of H3 modifications”
also consistent with Topolla binding a subset of specific centromeric sites. Beyond interaction with meth-
ylated nucleosomes, there is evidence that the centromeric localization of Topolla involves interaction with
H2AT120-Phos nucleosomes, because aChT-mediated centromere localization of Topolla requires Bub1
kinase that phosphorylates H2AT120.%° It is intriguing that perturbing any one of these Histone modifica-
tions (H3K27me3, H4K20me3 and H2AT120-Phos) increases UFBs, suggesting that proper localization and
abundance of Topolla at centromeres is critical for ensuring complete resolution of the entangled centro-
meres at anaphase onset. It will be important to determine if specific nucleosome modifications regulate
SPR efficiency at the loci marked by these modifications or if simple enrichment of Topolla at centromeres
is sufficient to fully decatenate centromeres. The latter seems less likely because there ought to be a mo-
lecular mechanism allowing the enzyme to determine where to perform the SPR. Inhibiting the H3K27
methyltransferase during mitosis increased UFBs. Therefore, one speculation is that interaction with spe-
cific nucleosomes containing H3K27me3 directs the SPR of Topolla toward catenated centromeric DNA. Of
interest, inhibition of the H3K27 demethylase also increased UFBs. This might be explained by increased
H3K27me3. Because the SPR can either catenate or decatenate substrate DNA molecules, and if
H3K27me3 promotes SPR activity, then additional H3K27me3 in the presence of the demethylase inhibitor
would be predicted to produce unwanted catenations.

Despite the evidence aChT functionally interacts with methylated nucleosomes to promote decatenation,
it remains unclear whether aChT binds directly to methylated histone tails. The strongest evidence is aChT
point mutants had differential abilities to bind mono-nucleosomes that correlated with the ability of those
mutants to prevent UFBs, and that in those same mutants the incidence of UFBs did not increase on GSK-
343 treatment that reduced H3K27 methylation. Even so, it seems likely that Topolla binds to nucleosomes
with a combination of modifications, including H3K27me3 and H4K20me3, but also with H2AT120-Phos and
perhaps other modifications that remain to be explored. The contribution of other histone modifications
and/or aChT functions beyond H3K27me3/H4K20me3 interaction could explain the increased defect
observed in UFB formation with the AChT mutant compared with the aromatic amino acid mutants. The
precise molecular interface between specific nucleosomes and Topolla needs to be determined by
structural approaches for a complete understanding of the regulation of Topolla in mitosis via its specific
interaction with chromatin. The contribution of aChT binding to specific centromeric nucleosomes in
mitosis could go beyond promoting decatenation. In addition to performing the SPR, Topolla recruits reg-
ulators of mitosis to centromeres. In particular, SUMOylated Topolla recruits Haspin kinase, a function
conserved in yeast, Xenopus and human.”**% In turn, the activity of Haspin at mitotic centromeres provides
a binding site for the Chromosome Passenger Complex containing Aurora B kinase.”” A recent study
showed that loss of H4K20me3 reduced Aurora B activity at centromeres.’® Although this remains to be
tested, it is possible that Topolla regulates Aurora B recruitment by binding to centromeric nucleosomes
containing H4K20me3. It will also be important to test if H3K27me3 contributes to centromeric Aurora B
activity.

Limitations of the study

Although we present evidence that complete UFB resolution in mitosis requires mitotic H3K27me3/Top-
olla. interaction, there remains a possibility that the mitotic defects observed in the Topolla-replaced
cell lines originate from defects arising because of loss of Topolla function during interphase (because
of the limitations of our genetic replacement system). It is possible that Topolla function during DNA
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replication or during chromosomal structural re-organization after replication contributes to chromosome
bridge formation in anaphase. As we indicated in the Discussion section, we were not able to provide the
structural basis of Topolla-ChT interaction with methylated histone containing nucleosomes because of
lack of structural information about the Topolla-CTD. The structural/biochemical basis of the Topolla inter-
action with specific chromatin is an important future interest. Use of chemical inhibitors of the histone
methyltransferase/demethylase enzymes is subject to the possibility of off-target effects that cannot be
anticipated. It will be an important future goal to investigate the dynamics of histone methylation during
mitosis after genetically manipulating the methyltransferase/demethylase activities in live cells.
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SOURCE

IDENTIFIER

Antibodies

Mouse anti-FIAG M2

Rat anti-DYKDDDDK

Rabbit anti-mCherry

Mouse anti-HlIstone H4

Mouse anti-B-tubulin

Mouse anti-Histone H4K20me3
Rabbit anti-Histone H3K27me2
Rabbit anti-Histone H3K27me3
Mouse anti-Histone H3K27me3
Mouse anti-Histone H3

Mouse anti-Histone H3K9me3
Mouse anti-Histone H3K4me3

Rabbit anti-Phspho Histone H3 Ser28
Rabbit anti-Histone H2A

Mouse anti-Histone H2B

Guinea pig anti-CENP-C

Rabbit anti-Histone H3K27me3

Rat anti-RFP

CREST serum

Goat anti-Rabbit IgG Alexa Fluor 488
Goat anti-Rat IgG Alexa Fluor 568
Goat anti-Guinea Pig IgG Alexa Fluor 647
IRDye®800CW Goat anti-Rabbit IgG
IRDye 800CW Goat anti-Mouse IgG
IRDye 680RD Goat anti-Rabbit IgG
IRDye 680RD Goat anti-Mouse IgG

Millipore/Sigma

Agilent

Abcam

Active Motif
Millipore/Slgma

Active Motif

abcam

Cell Signaling Technology
Active Motif

Cell Signaling Technology
Active Motif

Active Motif

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
MBL International
Millipore (Upstate)
ChromoTek/Bulldog Bio
Cortex Biochem

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
LI-COR Biosciences
LI-COR Biosciences
LI-COR Biosciences
LI-COR Biosciences

Cat# F1804 RRID:AB_262044

Cat# 200474 RRID:AB_10597743
Cat #ab167453 RRID:AB_2571870
Cat #61521 RRID:AB_2793667

Cat #T-4026 RRID:AB_477577

Cat #39671 RRID:AB_2650526

Cat #ab24684 RRID:AB_448222

Cat #9733 RRID:AB_2616029

Cat #61018 RRID:AB_2614987

Cat #3638 RRID:AB_1642229

Cat #61013 RRID:AB_2687870

Cat #61379 RRID:AB_2793611

Cat #9713 RRID:AB_823532

Cat #12349 RRID:AB_2687875

Cat #2934 RRID:AB_2295301

Cat# PD030, RRID:AB_10693556
Cat# 07-449 RRID:AB_310624

Cat# 5f8(RMASF8) RRID:AB_2336064
CS1058, RRID:AB_1282595

Cat# A-11034, RRID:AB_2576217
Cat# A-11077 RRID:AB_2534121
Cat# A-21450, RRID:AB_2735091
Cat# 926-32211, RRID:AB_621843
Cat# 926-32210, RRID:AB_621842
Cat# 926-68071, RRID:AB_10956166
Cat# 926-68070, RRID:AB_10956588

Rabbit anti-human Top2A in house N/A

Rabbit anti-human PICH in house N/A

Rabbit anti-SUMO2/3 in house N/A
Bacterial and virus strains

Rosetta 2(DE3) Novagen (Millipore/Sigma) Cat# 71397
NEB®5-alpha New England Biolabs Cat# C2987
NEB®Turbo New England BiolLabs Cat# C2984
Chemicals, peptides, and recombinant proteins

GSK-343 APExBIO Cat# A3449
A-193 Cayman chemical Cat# 18317
S-protin HRP cojugate Millipore/Sigma Cati# 69047
Viafect Promega Cat# E4981
S-protein Agarose Millipore/Sigma Cat# 69704
Doxycycline Hydrochloride Millipore/Sigma Cat# D3072
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Indole-3-acetic acid (Auxin) Millipore/Sigma Cat# 15148

Critical commercial assays

QuikChange Il XL Site-Directed Mutagenesis Kit Agilent Cat# 200521

Experimental models: Cell lines

Human DLD-1 ATCC Cat# CCL-221

Oligonucleotides

See Table S1 for oligo DNA sequences IDT N/A

Recombinant DNA

pX330-U6-Chimeric_BB-CBh-hSpCas9 Addgene #42230

Software and algorithms

CRISPR design tools Zhang laboratory, MIT N/A
http://crispr.mit.edu:8079

CRISPOR http://crispor.tefor.net N/A

wndchrm https://github.com/wnd-charm/wnd-charm N/A

Fiji/lmageJ https://inagej.net/Contributors N/A

Image Studio Version 5.2 LI-COR N/A

Prism GraphPad N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Yoshiaki Azuma (azumay@ku.edu).

Materials availability

The plasmids and cell lines generated in this study were not deposited to repositories. However, all plas-
mids and cell lines that were used in this study will be made available through requests submitted to the
lead contact.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human cell lines

DLD1 colon cancer cells originally obtained from ATCC were used in this study. The cells were grown in 1X
McCoy's 5A 1X Glutamine 7.5% Fetal Bovine Serum (FBS) media for no more than 10 passages. They were
maintained at 37°C and 5% CO,. All our genetically engineered cell lines were validated by genomic PCR to
ensure correct insertion of the transgene prior to their use in experiments.

METHOD DETAILS
DNA constructs, recombinant proteins, and antibodies preparation

The donor plasmid for OsTIR1 targeting was made by inserting OsTIR sequence fused with Blasticidin resis-
tant gene via P2A sequence into between homology arm sequences for 3’end of RCC1 locus.'” The plasmid
for AID-Topolla tagging was created by inserting AID-3xFLAG sequence fused to Hygromycin resistant
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gene into between homology arm sequences of 5 end of Topolla locus.'” The mNeon fusion donor for
endogenous Topolle. and PICH were created by replacing AID sequence to mNeon sequence of
Topolla or PICH N-terminal targeting donor plasmids.'? In this study, the donor plasmids for miRFP470
fusion to endogenous CENP-A at its C-terminal was created. The homology arms for CENP-A C-terminal
were amplified using primers listed in supplemental information (Table S1) from genomic DNA of DLD-1
cells. The amplified CENP-A homology arms were inserted into the plasmid by using Pcil/Sall and Spel/
Notl sites in the C-terminal targeting donor plasmid carrying miRFP670 fused to Puromycin resistant
gene via T2A sequence as shown in Figure S5. The guide RNA sequences for CENP-A C-terminal targeting
are listed in supplemental information (Table S1) were designed using CRISPR design tools from http://
crispr.mit.edu:8079 (Zhang laboratory, MIT) or CRISPOR.?' The synthesized oligo DNA primers for the
guides were inserted into pX330 (Addgene #42230). For Tet-inducible expression of exogenous Topoll,
Topoll cDNAs fused with mCherry at their N-terminus were inserted into Mlul/Sall site on the hH11 Tet-
ON cassette®” donor plasmid described previously.'® cDNA fragments of Topolla and Topollp CTD
were amplified from full length cDNA and then cloned in the pET30a plasmid (EMD Millipore/Novagen).
The Topolla truncation mutants were generated using PCR, and the point mutations were generated using
site-directed mutagenesis by a QuikChangell kit (Agilent) with the primers listed in supplemental informa-
tion (Table S1). All constructs were verified by DNA sequencing. The parental line construct for OsTIR1
targeting and the Topolla-AID construct were created as described previously.'°

For preparation of recombinant Topoll-CTD proteins, the proteins were expressed in Rossetta2 (DE3)
strain culture in 2xYT media containing 5% Glycerol with 0.2 mM IPTG at 15°C.** The bacterial pellet
was harvested the following day and the cells were lysed using lysozyme in Lysis Buffer (450 mM NaCl,
30 mM HEPES (pH 7.7), 0.5 mM TCEP). After incubation at 4°C for 1h, 5% Glycerol, 1% Triton X-100, 10
units/ml DNase1,10 mM MgCl,, 0.1 mM PMSF and 0.5 mM TCEP were added, and the suspension was incu-
bated again for 1h at 4°C. The suspension was then centrifuged at 12000 rpmat 4°C for 30 min. His6-tagged
protein in the supernatant was captured on Talon Sepharose beads (#635502, Clontech/Takara) pre-equil-
ibrated against Buffer1 (300 mM NaCl, 20 mM HEPES (pH 7.7), 2 mM MgCl,, 2.5 mM Imidazole and 0.5 mM
TCEP). After incubation with Talon beads at 4°C for 1-2h, the beads bound with protein were emptied into a
column, the column was washed with 5 volumes of Buffer1 containing 2.5 mM ATP, 5mM MgCl; and 2.5 mM
Imidazole and 0.5 mM TCEP and 2 volumes of Buffer2 (50 mM NaCl, 10 mM HEPES (pH 7.7) and 2 mM
MgCly) containing 2.5mM Imidazole and 0.5mM TCEP. Elution was then carried out using 15 mM,
75 mM, and 450 mM Imidazole in Buffer 2. The eluted fractions were then tested using SDS-PAGE followed
by CBB staining. The fractions that contained the protein were pooled and subjected to Hi-trap ionex-
change chromatography (GE healthcare) for further purification.

The a-PICH and a-Topolla antibodies were generated as previously described.'”

Cell culture and transfections

CRISPR/Cas9 targeted insertion was performed as previously described to generate all the cell lines.”” In
brief, DLD-1 cells were transfected with the guide and donor plasmids using Viafect (#E4981, Promega)
reagent. Transfections were set up in 3.5 cm dishes. 2 days after, the cells were trypsinized and replated
on a 10cm dish at =20% confluency and starting from Day 3, they were subjected to a selection process
by maintaining them in the presence of a suitable selection reagent (1ug/ml Blasticidin [#ant-bl, Invivogen],
0.5pg/ml Puromycin [#ant-pr, Invivogen], 200ug/ml Hygromycin B gold [#ant-hg, Invivogen]). After
10-14 days of this process, the colonies were isolated and cultured in 48-well plates. The colonies were
subjected to Western Blotting and Genomic PCR analyses to verify the integration of the transgene. For
Western Blotting analyses, the cells were pelleted and boiled/vortexed with 1X SDS-PAGE sample buffer.
The samples were analyzed using antibodies as described in each Figure legend.

Genomic DNA was isolated by cell pelleting and lysis using lysis buffer (100 mM Tris-HCI (pH 8.0), 200 mM
NaCl,5mM EDTA, 1% SDS, and 0.6 mg/ml proteinase K [#P8107S, NEB]) followed by Ethanol precipitation
and resuspension with TE buffer containing 50 ng/mIRNase A (#EN0531, ThermoFisher). The obtained
genomic DNA samples were subjected to PCR using primers indicated in the supplemental information
to ensure integration at the correct locus.

The specific gene targeted cell lines were established using the OsTIR1 parental DLD-1 line.'” The target-
ing donor plasmids and pX330 guide plasmids were transfected as above to isolate candidate clones. The
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candidate clones obtained were screened by genomic PCR to verify accurate transgene integration. Once
validated for integration, the ability of Aux to deplete the protein was tested by Western blotting and Im-
munostaining. For fluorescent fusion, clones were verified by Western blotting by increased molecular
weight and fluorescent signal for desired fluorescence by fluorescent microscope analysis. The mCherry-
Topoll wt or mutant replacement cell lines were also engineered using CRISPR/Cas? in the Topolla-AlD
cell line by inserting the gene coding for the rescue candidate at the hH11 locus,® as previously
described'® and as indicated in the supplemental information. The isolated clones were validated for trans-
gene integration using genomic PCR analysis. The expression of the mCherry-fusion protein was confirmed
using Western Blotupon addition of Dox. The CENP-A-miRFP670/mNeon-Topolla line was created using
OsTIR/AID-PICH line,' then validated as shown in Figure S5 with genomic PCR.

Preparation of whole cell lysate and mitotic chromosome samples

For preparation of the whole cell lysate for testing most of AID system-based degradation, cells were
synchronized with Thymidine for 18-24h. Upon release, the cells were replenished with media containing
0.5 mM Aux to allow degradation of endogenous AlD-tagged proteins. After =8.5 hours, the cells were
harvested and boiled/vortexed with 1X SDS-PAGE sample buffer and subjected to Western Blotting
with antibodies as indicated in the Figure legends. For preparation of mitotic chromosomes from the
cell lines, a mitotic shake-off was performed. For this, the cells were plated and at = 70% confluency,
they were treated with Thymidine. After 18 hours, the cells were released from Thymidine for 6 hours
following which they were treated with Nocodazole (100ng/ml) for 4 hours. The mitotic cells were then de-
tached from the plate, washed using 1X McCoy's devoid of FBS, three times, and resuspended in fresh 1X
McCoy's media containing FBS for releasing them from Nocodazole for 30 minutes. PostNocodazole
release, the cells were pelleted and incubated on ice for 5 minutes with lysis buffer (250 mM sucrose,
20 mM HEPES (pH 7.7), 100 mM NaCl, 1.5 mM MgCl,, T mM EDTA, 1 mM EGTA, 0.2% Triton X-100,
1:2000 LPC [leupeptin, pepstatin, chymostatin; 20 mg each/ml in DMSO; Sigma-Aldrich], and 20 mM iodoa-
cetamide [Sigma-Aldrich #11149]). Chromosomes were isolated from the lysed cells by loading the lysate on
to 40% glycerol cushion and centrifuging at 3000 rpm for 5 minutes at 4°C. After washing with 40% glycerol
cushion, the isolated chromosomes were boiled and vortexed with 1X SDS-PAGE sample buffer and
subjected to Western Blotting.

The whole cell lysates for verifying induction of the mCherry-fusion protein with Dox were prepared by
synchronizing cells with Thymidine (-Aux/+Aux/+Aux+Dox samples were all consistently prepared).
Upon release from Thymidine block, the cells were concurrently treated with 0.5 mM Aux and 100 pg/ml
Dox to allow degradation of endogenous Topolla with the simultaneous expression of the rescue
candidate, =8.5 hours after which the cells were harvested and subjected to Western Blotting as specified
in the above two scenarios.

The primary antibodies used were a-Topolla (in-house), a-PICH (in-house), a-FLAG M2 (#F1804, Millipore/
Sigma), a-mCherry (#ab167453, Abcam), a-H4 (#61521, Active Motif), a-H4K20me3 (#39671, Active Motif)
and B-tubulin (#T-4026, Sigma). B-tubulin was used as the loading control for whole cell lysate samples
and a-H4 was used in the case of Chromosome samples.

Western blotting

The samples for SDS-PAGE were loaded and separated on handmade/gradient (Invitrogen/ThermoFisher
scientific) gels followed by transfer on to a methanol activated PVDF membrane using an ECL-semidry
transfer unit (Amersham Biosciences). Following blocking using casein or hydrolyzed gelatin, the proteins
of interest were selectively probed for, using primary antibodies as indicated in each Figure legend. The
secondary antibodies used were IRDye 800CW secondary antibodies and IRDye 680 RD antibodies
(LICOR). Signals were visualized using the LI-COR Odyssey Fc machine.

UFB assays, immunostaining, and live cell imaging

DLD-1 cells were grown for no longer than 10 passages in McCoy's 5A 1X L-Glutamine containing 7.5%
Fetal Bovine serum (FBS). Cells were plated on coverslips coated with Poly-D-Lysine (#A38904-01, gibco/
Life Technologies Corporation) in a 3.5 cm dish. The coating was done by incubating the flame sterilized
coverslips in Poly-D-Lysine solution for >1h. The coat was then removed, and the coverslips were allowed
to dry for >3h. Cells were incubated with 2 mM Thymidine (added at = 70% confluency) for 18-24h for
synchronization. Thymidine was washed off using McCoy’s media lacking FBS, three times. After washing
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off Thymidine, 0.5mM Aux and 1ug/ml Dox were added to media containing FBS and the cells were incu-
bated in the same to allow release from the Thymidine treatment. =8.5 hours post-release, a major fraction
of cells “roundup”. At this point, the cells were fixed and stained using suitable antibodies. Fixation was
performed using a 4% solution of paraformaldehyde (pFA) in 1X PBS for 10 minutes. After washing off
the pFA, the cells were permeabilized using methanol at -20°C for 10 minutes. The cells were then blocked
with a 2.5% solution of hydrolyzed gelatin prepared in 1X PBS for 1 hour. Following this, the cells were
incubated with a cocktail of primary antibodies for 3 hours to overnight, washed with 1X PBS-T for 10 -
minutes, thrice, and then treated with secondary antibodies for 1h before being washed and mounted
onto slide glasses with VECTASHIELD Antifade Mounting Medium containing 4,6-diamidino-2-phenylin-
dole (#H-1200, Vector Laboratory) and sealed using nail polish.

For scoring the UFB phenotype after PICH immuno-staining, we focused on anaphase cells at a consistent
stage by ensuring that the CENP-C signals between the segregating chromosomes were at a similar dis-
tance, as well as after making sure that the DAPI signals were well distinguishable between segregating
chromosomes. Cells which had progressed to anaphase-B were excluded from the counting procedure.
PICH staining was used as a readout for UFBs as PICH localizes to these structures.’>=’ All the UFBs
that can be visualized were counted by switching the plane of imaging. The UFB number for each of the
cells was recorded. For each cell line represented in this study, the UFB number was obtained from a min-
imum of 60 cells visualized across three independent experiments with at least 20 cells being counted from
each experiment. For live cell analysis of UFBs, cells were used with both endogenous PICH alleles tagged
with mNeon (Figure S5). After a 30-min accumulation of mitotic cells with colcemid, inhibitors of methyl-
transferase/demethylase inhibitors (GSK-343; 15 uM, or GSK-J4; 5uM) were added and cells incubated
for 90 minutes before releasing from the arrest with the inhibitors only, at which point live cell imaging
was started on the DeltaVision Ultra microscope (5 min.intervals, 22um z-sections with Tum spacing). Im-
ages were processed by deconvolution and quick projection before UFBs were counted in anaphase cells
selected according to the criteria above.

The stained cell images were acquired using the Plan Apo 100x/1.4 objective lens on a Nikon TE2000-U
equipped PRIME-BSI CMOS camera (Photometrics) with MetaMorph imaging software. Figures were pre-
pared from exported images by adjusting the intensity with ImageJ software, following the guidelines of
the Journal.

For quantification of Topolla. on mitotic chromosomes in live cells, endogenous Topolla was depleted, and
mCherry-tagged alleles were induced as described above. To ensure cells were at an equivalent stage of
mitosis, Nocodazole was added 20 minutes before imaging. Then, mCherry in live cells was imaged under
normal cell culture conditions, at 37°C and 5% CO,, with Nocodazole, using a DeltaVision Ultra microscope
fitted with an Olympus 60X/1.42, Plan Apo N objective (UIS2, 1-U2B933), C-Y-R Polychroic, and PCO-Edge
sCMOS camera (>82% QE), using the following acquisition parameters. Entire mitotic cell volumes were
obtained by capturing 24pm thick Z-series with 0.2um spacing, i.e., 120 slices per cell. 50ms exposure
and 10% lamp power resulted in a rapid Z-series capture time of approximately 6 seconds, which limited
image distortion that would have resulted from chromosome movements. Z-series were cropped above
and below the cell then projected using SoftWoRx software, then mCherry signal was quantified using Im-
ageJ software by averaging the signal intensities across a 50-pixel wide line spanning the chromosomes.

For quantification of H3K27me3 at mitotic centromeres, cells were treated with colcemid for 30 minutes to
accumulate mitotic cells, then DMSO or methyltransferase inhibitor GSK-343 (15uM) was added for 90 mi-
nutes before processing for Immuno-Staining, as follows. The mitotic cells were washed with PBS,
incubated at room temperature for 5 minutes in a hypotonic solution (50% PBS, 50% dH,0), spun onto glass
slides using a Cytospin, fixed immediately for 5 minutes with PFA followed by a 2 minute incubation with
Methanol at -20°C. The antibodies used for staining are specified below. A DeltaVision Ultra microscope
was used to capture images of the chromosomes with z-sections spaced by 0.2um. Images were processed
by deconvolution and quick projection then mean signal intensity quantified across centromere regions as
shown in Figures 5J-5L, using the 4-pixel wide line tool in ImagedJ from centromere to centromere (defined
by the position of the CREST foci).

The antibodies used were a-PICH,'? rat o-DYKDDDDK (#200474-21, Agilent) for FLAG signals, 5F8 o-RFP
(#RMASF8, Bulldog Bio), a-CENP-C (#PD030, MBL), a-H3K27me3 (Upstate, 07—-449), CREST serum (Cortex
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Biochem, CS1058), goat a-rabbit IgG Alexa Fluor 488 (#A11034, Molecular probes/Life Technologies), goat
a-rat IgG Alexa Fluor 568 (#A11077, Molecular probes/Life Technologies, Invitrogen), goat a-guinea pig
IgG Alexa Fluor 647 (#A21450, Molecular probes/Life Technologies).

Morphological quantification of Topoll distribution with wndchrm

Images for wndchrm analyses were acquired from live cells expressing fluorescent Topolle, as described
above. For quantification of morphological similarities/dissimilarities, a supervised machine learning algo-
rithm, wndchrm (weighted neighbor distance using a compound hierarchy of algorithms representing
morphology) was used, as previously described.***" For the mCherry-Topolle wt and its mutant proteins
in Figures 4D-4E, 30 images for each kind were collected, and randomly subdivided into two subgroups.
For Figure S7A, 6, 8, and 10 images of mCherry-Topolle. and mCherry-Topolla Y1521A were used. For Fig-
ure S7B, 30, 40, 50, 60 and 70 images and for Figure S7C, 10, 20, 30,40 and 50 cells of Topolla in the control
and GSK-343/A-196 treated cells were used as specified. Morphological feature values of the image were
automatically assigned by training a machine. For each test, cross-validation tests were automatically
repeated 20 times using 70% of images as training and 30% of images as test among the provided dataset.
The options used for wndchrm analysis were a large feature set of 2919 (-I) and multi-processors (-m).
Morphological distances between two classes (class A and class B) were calculated as the Euclidean
distances [d=y/>_(A—B)2] with the values in a class probability matrix obtained from the cross validations.
pP values were also provided by two-sided Student’s t-tests for each of the comparisons. Phylogenies were
created with the PHYLIP package ver. 3.67,""% using pairwise class similarity values computed by
wndchrm.

Mono-nucleosome pull-down assays

Recombinant S-tagged Topoll-CTD proteins were loaded on S-protein Agarose beads (#69704, EMD
Millipore/Novagen) by incubating them together overnight. Log phase chromatin was isolated from
DLD-1 cells after cell lysis using lysis buffer (as stated in the previous section for chromosome isolation)
and centrifugation after loading on with 20% glycerol cushion. The isolated chromatin was salt extracted
using high salt buffer (400 mM NaCl, 18 mM B-Glycerophosphate, 20 mM HEPES (pH 7.7), 5 mM EDTA,
5 mM EDTA and 5% glycerol) and digested in Micrococcal Nuclease (MNase) buffer (50 mM NaCl,
20 mM HEPES (pH 7.7), 5% glycerol, 5 mM CaCl,) with MNase (#M0247S, New England Biolabs). The ob-
tained digest (mononucleosomes) was incubated with the beads coated with the proteins for 1h at 22°C.
The beads were then washed with 1X TBS-T containing 250 mM NaCl and the results were analyzed using
Western Blotting. Additionally, a fourth of the beads were treated with half-diluted salt extraction buffer
containing 10% SDS and 0.5pl Proteinase-K. These samples were run on a DNA gel and the size of the input
and bound digest were verified. Representative input and bound digest are shown in Figure S1B.

The primary antibodies used for analyses included a-H3K27me2 (#ab24684, abcam), a-H3K27me3
(#C36B11, Cell Signaling Technology), a-H3K27me3 (#61018, Active Motif), a-H3 (#96C10, Cell Signaling
Technology), a-H4 (#61521, Active Motif) a-H4K20me3 (#39671, Active Motif). For visualizing the
S-tagged bait, S-protein HRP conjugate (#69047, EMD Millipore/Novagen) was used followed by chemilu-
minescence substrate Pico PLUS (#34577, Thermo Scientific Protein Biology).

The Western Blot signals were visualized using the LI-COR Odyssey Fc machine and the band intensities
were analyzed using the Image Studio Lite software. Each of the band intensities for histone signal were
normalized with respect to the S-HRP (bait signal) for the corresponding sample. The intensity of his-
tone/bait values was then recorded in Graphpad prism software using which statistical analyses were
performed.

Methyl transferase inhibitor addition conditions and assays with inhibitor treatment
Topolla-AlD cells engineered with hH11-Tet-ON-mCherry- Topolla wt were used for optimization assays.
These cells were used without any Aux or Dox treatment. GSK-343(#A3449, APExBIO) or A-196 (#18317,
Cayman chemical) was diluted to desired concentration from the stock in DMSO. Inhibitors was added
to the culture at 1:1000 from each of the above-mentioned dilutions to obtain final concentration of the in-
hibitor. The inhibitor was added following wash off of the cells from Thymidine. Equal amounts of DMSO
were added to control cells. Subsequently 8.5h later, the cells were fixed with 4% pFA, permeabilized with
methanol for staining or isolated mitotic chromosomes for Western Blotting as described above. DNA was
visualized using DAPI.
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For UFB assay in Figure 6 with endogenous Topolle. depletion and exogenously expressing mCherry
Topolla-wt/mutants, the inhibitor was diluted to 16mM concentration from the stock then 1:4000 GSK-
343 (from 16 mM) was added to obtain final concentration of 4 uM. This higher dilution factor was chosen
to further reduce the amount of DMSO added to the cells along with the inhibitor (since Aux and Dox are
also diluted in DMSO). Equal amounts of DMSO were added to control cells. The cells were then similarly
fixed and stained as stated above with antibodies were a-PICH,'® 5F8 a-RFP (#RMAS5F8,Bulldog Bio),
a-CENP-C (#PD030, MBL), goat a-rabbit IgG Alexa Fluor 488 (#A11034, Molecular probes/Life Technolo-
gies), goat a-rat IgG Alexa Fluor 568 (#A11077, Molecular probes/Life Technologies), goat a-guinea pig
IgG Alexa Fluor 647 (#A21450, Molecular probes/Life Technologies).

QUANTIFICATION AND STATISTICAL ANALYSIS

The quantifiable data was analyzed for statistical significance using GraphPad Prism software (version 8).
Based on the data itself, either the one-way ANOVA or paired two-tailed t-test was employed followed
by suitable post-hoc tests where applicable. Information about the statistical analysis performed, is
provided in the figure legends in depth.
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