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Abstract  49 
Due to the intrinsic nature of DNA replication, replicated genomes retain catenated genomic loci that must be 50 
resolved to ensure faithful segregation of sister chromatids in mitosis. Type II DNA Topoisomerase (TopoII) 51 
decatenates the catenated genomic DNA through its unique Strand Passage Reaction (SPR). Loss of SPR activity 52 
results in anaphase chromosome bridges and formation of Polo-like Kinase Interacting Checkpoint Helicase 53 
(PICH)-coated ultra-fine DNA bridges (UFBs) whose timely resolution is required to prevent micronuclei 54 
formation. Vertebrates have two TopoII isoforms– TopoIIa and TopoIIb, that share a conserved catalytic core. 55 
However, the essential mitotic function of TopoIIa cannot be compensated by TopoIIb, due to differences in their 56 
catalytically inert C-terminal domains (CTDs). Using genome-edited human cells, we show that specific binding 57 
of TopoIIa to methylated histone, tri-methylated H3K27 (H3K27me3), via its Chromatin Tether (ChT) domain 58 
within the CTD contributes critically to avoid anaphase UFB formation. Reducing H3K27 methylation prior to 59 
mitosis increases UFBs, revealing a requirement for proper establishment of H3K27me3 after DNA replication to 60 
facilitate TopoIIα-ChT dependent UFB prevention. We propose that interaction of the TopoIIα-ChT with 61 
H3K27me3 is a key factor that ensures the complete resolution of catenated loci to permit faithful chromosome 62 
segregation in human cells.  63 
 64 
Introduction: 65 
During mitosis, the products of DNA replication must be meticulously partitioned between the two daughter cells. 66 
Towards this pursuit, the sister chromatids that exist in a highly catenated state, due to the intrinsic nature of DNA, 67 
can only be resolved by Type II DNA Topoisomerases that can decatenate DNA using their Strand Passage 68 
Reaction (SPR) (Nitiss, 2009). Vertebrates express two isoforms of Topoisomerase II (TopoIIa and TopoIIb), 69 
encoded by separate genes and distinguished by their molecular weight. Owing to their conserved ATPase 70 
domains and catalytic cores, they show similar SPR activity in in vitro decatenation assays (Gilroy and Austin, 71 
2011). However, their C-terminal Domains (CTDs), that show much lower homology, distinguish the isoforms 72 
and account for the diversity in their cellular functions; TopoIIa is essential for chromosome condensation and 73 
segregation, whereas TopoIIb is dispensable for mitosis, but has crucial roles in regulating transcription, 74 
particularly in non-dividing cells (Grue et al., 1998; Linka et al., 2007; Sakaguchi and Kikuchi, 2004).  75 
 Although it is well established that TopoIIa is a major component of mitotic chromatin and its activity is 76 
necessary for proper mitotic progression (Earnshaw et al., 1985; Grue et al., 1998; Nielsen et al., 2020), we do not 77 
know the exact mechanisms that account for this and distinguish TopoIIa from TopoIIb. In addition, little is 78 
known about how TopoIIa is specifically recruited to catenated loci that must be resolved before anaphase. 79 
Indeed, for a long time it was difficult to clearly visualize the remaining catenated loci in mitosis that TopoII must 80 
target. The discovery of PLK-1 Interacting Checkpoint Helicase (PICH) revolutionized the study of the catenated 81 
genome (Baumann et al., 2007). PICH localizes to catenated loci that persist in anaphase, after sister chromatids 82 
begin to segregate. Most of these catenations are between DNA molecules of sister centromeres (CENs), are 83 
referred to as anaphase Ultra-Fine DNA Bridges (UFBs) and must be efficiently targeted for resolution by late 84 
anaphase (Biebricher et al., 2013). Even small numbers of residual UFBs gives rise to micronuclei that accumulate 85 
damaged DNA following cytokinesis (Hengeveld et al., 2015). Hence, with persistence of unresolved catenanes, 86 
there is an accumulation of genomic lesions that can contribute to tumorigenesis (Krupina et al., 2021).  87 
 Previous studies indicated that siRNA knockdown of TopoIIa but not TopoIIb results in increased UFBs 88 
(Antoniou-Kourounioti et al., 2019; Spence et al., 2007). This reflects the function of TopoIIa in resolving these 89 
catenated loci prior to anaphase. However, we do not know what exact mechanisms are involved in targeting 90 
TopoIIa to the catenations, i.e., to the anaphase UFB precursors. Bulk decatenation of the genome may be 91 
efficiently achieved stochastically, but when a small number of CEN catenations remains, a highly targeted 92 
mechanism presumably exists to ensure their decatenation. Molecular insight into this mechanism has emerged 93 
from study of the TopoIIa Chromatin Tether (ChT) domain, which comprises the terminal 31aa of TopoIIa and, 94 
in vitro, binds to methylated Histone H3 (Lane et al., 2013). Binding assays with modified histone H3 N-terminal 95 
peptides demonstrated that the ChT domain binds to peptides methylated at lysine 27 and arginine 26 whereas 96 
phosphorylation at serine 28 repulses this binding. Cells depleted of both TopoII isoforms and expressing a mutant 97 
TopoIIα lacking the ChT (TopoIIa-DChT) exhibited mitotic defects; 1) a defect in sister chromatid 98 
resolution/individualization, and 2) reduced condensation (Lane et al., 2013). TopoIIa-DChT has a higher 99 
dissociation rate from mitotic chromosomes suggesting that the ChT domain is required for the optimal residence 100 
time of TopoIIα on mitotic chromosomes. These results hint that the in vitro interaction of the ChT with histones 101 
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is biologically important in vivo. However, whether the ChT binds to nucleosomes with methylated histones in 102 
vivo has not been determined, and it remains unknown if such epigenetic cues control TopoIIa function on mitotic 103 
chromosomes to facilitate efficient genome resolution.  104 
 Here, we used the Auxin Inducible Degron (AID) system coupled with Doxycycline inducible (Tet-ON) 105 
gene replacement in DLD-1 cells to reveal the critical function of the TopoIIa ChT domain (aChT) in prevention 106 
of UFBs. We show that the aChT is required for binding to H3K27me3 mononucleosomes in vitro and for 107 
complete prevention of UFBs in vivo; these functions distinguish TopoIIa from TopoIIb. Inhibition of H3K27me3 108 
by the potent methyltransferase inhibitor, GSK-343, increased the frequency of UFBs, consistent with loss of 109 
aChT function. The composition of aromatic amino acids within the aChT is also critical for both H3K27me3 110 
binding and aChT-mediated prevention of UFBs, consistent with the possibility that TopoIIα uses an aromatic 111 
cage structure for chromatin binding,  similar to the mechanism that has been proposed for other chromatin 112 
proteins that interact with  methylated lysines (Jacobs and Khorasanizadeh, 2002; Min et al., 2003; Nielsen et al., 113 
2002). Together, we demonstrate that H3K27me3 is a novel epigenetic cue employed by TopoIIα for the 114 
recognition and resolution of catenated loci to permit faithful chromosome segregation. 115 
  116 
Results: 117 
TopoIIa, not TopoIIb, is essential for the prevention of increased PICH positive UFBs. 118 
One of the defects previously observed in TopoIIa-depleted cells was increased UFBs in anaphase due to lack of 119 
resolution of catenated centromeric loci (Spence et al., 2007). Using our established AID-mediated TopoIIa-120 
depletion cell lines (Hassebroek et al., 2020), we were able to quantify UFBs after TopoIIa-depletion within a 121 
single cell division cycle. In addition, we created AID-TopoIIb cell lines for comparison (Supplemental fig. 1). 122 
Similar to AID-fused TopoIIa, AID-fused TopoIIb is efficiently degraded upon Auxin (Aux) addition 123 
(Supplemental fig. 1). To analyze UFBs in anaphase, AID-TopoII cells were synchronized by a single thymidine 124 
block, Aux was added upon release, and mitotic cells were collected by shake-off after reaching mitosis (Fig. 1 125 
A, see Materials and Methods). Degradation of the proteins in each case was confirmed by western blot using 126 
antibodies against TopoIIa/TopoIIb and FLAG-tag, located between the AID and TopoII (Fig. 1 B). FLAG-tag 127 
signals showed that the amount of endogenous TopoIIa is much higher than that of endogenous TopoIIb. 128 
Consistent with previous results (Hassebroek et al., 2020), chromosome fractions from TopoIIa-depleted cells 129 
showed increased PICH signals. In contrast, TopoIIb-depletion did not increase PICH associated with mitotic 130 
chromosomes. Notably, the amount of chromosomal TopoIIb was increased in TopoIIa-depleted chromosomes, 131 
suggesting that both isoforms might compete for chromosomal binding. To quantify UFBs in anaphase, cells were 132 
treated as in Fig. 1 A and then fixed and stained with antibodies against PICH, FLAG (for endogenous TopoII) 133 
and CENP-C (as a CEN marker) (Fig. 1 C and D). The AID-mediated TopoIIa-depleted cells had an increase in 134 
UFBs/cell as compared to cells with depleted TopoIIb (Fig. 1 E). Our results not only recapitulate those from the 135 
previous study but also indicate that loss of TopoIIa in less than a single cell cycle, between S-phase and mitosis, 136 
results in a large increase in UFBs in anaphase.  137 
 Although the results demonstrate a specific role of TopoIIa in resolving the catenated genome to prevent 138 
increased UFBs, the expression level of endogenous TopoIIb is clearly lower than TopoIIa, and the chromosomal 139 
TopoIIb was increased in TopoIIa-depleted cells (Fig. 1 B). This suggests that TopoIIb might be able to 140 
compensate for the loss of TopoIIa if there is enough TopoIIb available. Therefore, to further define what 141 
specificity there is between the isoforms for the prevention of UFBs, we designed rescue experiments using a Tet-142 
inducible (Tet-ON) expression system. Tet-ON cassettes (Natsume et al., 2016) with mCherry-TopoIIa wild type 143 
(wt) or mCherry-TopoIIb wt were integrated into the hH11 safe harbor loci as previously reported (Hassebroek et 144 
al., 2020) (Supplemental fig. 2). For these rescue experiments, cells were synchronized as described above to 145 
deplete TopoIIa, but with concurrent addition of Doxycycline (Dox) to induce the exogenous alleles of TopoII 146 
(Fig. 1 F). Western blot of whole cell lysates confirmed endogenous TopoIIa depletion and expression of the 147 
transgenes (Fig. 1 G). Immunofluorescence analysis to quantify UFBs in these cells showed that replacement with 148 
mCherry-TopoIIa efficiently restored the low abundance of UFBs to levels similar to the control. However, 149 
mCherry-TopoIIb could not completely rescue the high frequency of UFBs seen in the depleted cells, even though 150 
mCherry-TopoIIb was over-expressed; UFBs were significantly reduced compared to the TopoIIa-depleted cells 151 
but remained significantly more abundant compared to the control (Fig. 1 H and I). Incomplete restoration of 152 
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normal UFB number in cells by over-expressed mCherry-TopoIIβ suggests that a subset of catenated loci require 153 
TopoIIα for their complete resolution. 154 

 155 
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 156 
 157 
TopoIIa’s ability to prevent UFBs requires its ChT domain and methylated histone binding 158 
TopoIIα and TopoIIβ are most divergent in their C-terminal domains (CTDs). The TopoIIα CTD (αCTD) has been 159 
found to interact with histones, preferentially with histone H3 tri-methylated at Lysine 27, and recent structural 160 
evidence indicates that the αCTD is positioned favorably for interaction with nucleosomes (Vanden Broeck et al., 161 
2021). Based on these findings, we probed whether the difference in the abilities of TopoIIα and TopoIIβ to 162 
prevent UFBs arose from differing abilities to bind nucleosomes. To test this, we designed mono-nucleosome pull 163 
down assays. Recombinant S-tagged αCTD and TopoIIβ-CTD (βCTD) were used as bait to bind mono-164 
nucleosomes prepared from salt extracted chromatin, digested by MNase (Supplemental fig. 3). Nucleosomes 165 
bound to bait proteins were analyzed by western blot with antibodies against histone species. Both CTD fragments 166 
bound to nucleosomes, indicated by the presence of H4 and H3 in the precipitates. However, only the αCTD could 167 
bind H3 with methylated lysine 27 (H3K27me3 and H3K27me2) (Fig. 2 A). This revealed that even though both 168 
these isoforms bind to nucleosomes, TopoIIα alone can bind specifically to nucleosomes containing H3K27me2/3. 169 
The results demonstrate that the previously established ability of the αChT domain to interact with H3K27me3 170 
tail peptides (Lane et al., 2013), also applies to native nucleosomal H3K27me3. The αChT contains three aromatic 171 
amino acids that could contribute to recognition of trimethylated lysine, similar to the mechanism employed by 172 
HP1 and PRC2 where an aromatic “cage” surrounds a tri-methylated lysine residue (Jacobs and Khorasanizadeh, 173 
2002; Min et al., 2003; Nielsen et al., 2002). Further, aChT and the corresponding region in TopoIIβ have 174 
differences in their aromatic amino acid composition (Fig. 2 Β), suggesting that the difference in abilities of the 175 
two isoforms to bind methylated histone H3 and to completely resolve catenations, could arise from the properties 176 
of the αChT.  177 

To explore this idea, we performed mono-nucleosome pull down assays with a mutant αCTD that lacks 178 
the αChT domain (aCTD-DChT) (Fig. 2 C). We found that the aChT is required for this aCTD-specific binding 179 
to methylated H3 containing nucleosomes, because aCTD-DChT showed no detectable H3K27me3 precipitation. 180 
aCTD-DChT also showed a significantly reduced ability to precipitate histone H4 (Fig. 2 D). We then tested if 181 
this loss of binding to methylated H3 nucleosomes correlates with the inability to completely prevent UFBs. The 182 
depletion of endogenous TopoIIα and replacement with TopoIIa-DChT was tested using western blot (Fig 2 E). 183 
Deletion of the αChT (mCherry-TopoIIa-DChT) led to a chromosomal localization defect consistent with that 184 
previously reported (Lane et al., 2013), having reduced propensity for axial localization (Fig. 2F) as compared to 185 
wt (Fig.1 H). This mutant could decrease UFBs, but the rescue remained incomplete (Fig. 2 G). The incomplete 186 
rescue of UFBs by TopoIIa-DChT is comparable to that when TopoIIa was replaced with TopoIIb wt (Fig. 1 I – 187 
in shades of red), suggesting that the divergent ChT domains could account for the requirement of TopoIIa, not 188 
TopoIIb, for resolving a subset of catenated loci. The requirement of αChT for the complete resolution of 189 
catenations is further supported by data from experiments utilizing mutants in which the aChT and the region of 190 

Figure 1; TopoIIα is required for preventing UFBs: 
A) Schematic of synchronized cell culture conditions for analyzing effect of TopoIIα and TopoIIβ degradation by AID 
system (for data in Fig 1B, 1C, 1D and 1E only).  B) Western blot showing Aux induced depletion of TopoIIα and 
TopoIIβ (both tagged with FLAG) in engineered DLD-1 cells in the whole cell lysate (left) and on the chromosome 
(right) probed with antibodies against indicated targets.  C) Increased number of UFBs observed in anaphase cells as 
indicated by staining with anti-PICH antibody, when TopoIIα is eliminated (bottom) as compared to presence of 
TopoIIα (top). CENs are marked with CENP-C. Bars, 10 µm.  D) UFB analysis performed as in C with AID-TopoIIβ 
cells. TopoIIβ elimination does not result in an increase in UFBs (bottom) as compared to presence of TopoIIβ. Bars, 
10 µm.  E) Superplots showing quantification of the UFBs in terms of number of UFBs/cell (from >60 cells counted 
over three independent experiments) for TopoIIα (blue bullets) and TopoIIβ (red bullets). 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, ***: p<0.001.  F) Schematic for synchronization method of cells with thymidine for all UFB assays.  G) 
Western blot showing replacement of mCherry-TopoIIα (left) and mCherry-TopoIIβ (right) upon Dox addition in 
endogenous TopoIIα depleted cells.  H) Representative Images acquired for UFB assay with either mCherry-TopoIIα 
(top) or mCherry-TopoIIβ (bottom) replacement. Bars, 10 µm. I) Superplots showing quantification of the number of 
UFBs/cell (from >60 cells counted over three independent experiments) for mCherry-TopoIIα (blue bullets) and 
mCherry-TopoIIβ (red bullets) replaced cells. 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, *: p<0.033, ***: p<0.001. 
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TopoIIβ corresponding to aChT were swapped (Supplemental fig. 4). Mono-nucleosome pull down assays 191 
showed both aCTD and bCTD-aChT precipitated H3K27me3-containing nucleosomes (Supplemental fig. 4 B; 192 
lanes 2 and 5), but aCTD-bChT did not. Thus, the aChT governs specific binding of the aCTD to nucleosomes 193 
containing H3K27me3. Quantification of UFBs in TopoIIa-replaced cells with expression of mCherry-TopoIIa-194 
bChT or mCherry-TopoIIb-aChT further support the requirement of αChT for complete UFB rescue 195 
(Supplemental fig. 4 D and E). These results from the “ChT-swapped” mutants support the requirement of the 196 
aChT in resolving a TopoIIa-dependent subset of catenated loci and the potential contribution of 197 
aChT/H3K27me3 binding for complete resolution of catenations.  198 
 199 

 200 
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201 
  202 
Disruption of aChT/H3K27me3 interaction increases UFBs. 203 
Aromatic amino acids can create a binding pocket for a tri-methylated lysine, as occurs in well-established tri-204 
methylated H3 binding proteins, HP1 for H3K9me3 and PRC2 for H3K27me3 (Jacobs and Khorasanizadeh, 2002; 205 
Min et al., 2003; Nielsen et al., 2002). Upon comparing the primary structures of the two isoforms among 206 
vertebrates, we noticed that the region corresponding to aChT is more divergent than the corresponding βChT 207 
region (Supplemental fig. 5 A and B) and the aromatic amino acid composition of aChT is not fully conserved 208 
among vertebrates. However, when we compared the primary sequence of aChT among primates there is a very 209 
high degree of conservation in this region (Supplemental fig. 5 C). We therefore focused on three aromatic 210 
residues (F1502, Y1521, F1531) within the aChT and investigated their specific role in H3K27me3 interaction 211 
and prevention of UFBs by mutating them to alanine (Fig. 3 A). In the mono-nucleosome pull down assay, all 212 
three mutants had reduced nucleosome binding, indicated by reduced H4 and H3 precipitation compared to aCTD 213 
wt (Fig. 3 B). Among them, Y1521A showed the least binding, a deficit that was similar to aCTD-DChT (Fig. 2 214 
D). H3K27me3 binding was almost abolished in both F1502A and Y1521A. The F1531A precipitated 215 
significantly less H3K27me3-containing nucleosomes than aCTD wt but did precipitate significantly more than 216 
both F1502A and Y1521A (Fig. 3 B right panel). 217 
 To examine the relationship between H3K27me3 binding and prevention of UFBs, we created cell lines 218 
with endogenous TopoIIa replaced with mutant TopoIIa carrying the same aromatic residue mutations. The 219 
replacements were confirmed, as for the other cell lines (Fig. 3 C) and UFB assays performed (Fig. 3 D). 220 
Quantification of UFBs in each mutant revealed data consistent with a significant contribution of H3K27me3-221 
containing nucleosome binding for complete prevention of UFBs. Both TopoIIa-F1502A and TopoIIa-Y1521A 222 
showed incomplete prevention of UFBs, similar to TopoIIβ and TopoIIa-DChT with significantly increased 223 
numbers of UFBs compared to controls. Intriguingly, the TopoIIa-F1531A did not have a statistically significant 224 
increase in the number of UFBs compared to control (Fig. 3 E). The F1531A also retained weak but significant 225 
affinity to H3K27me3-containing mono-nucleosomes, unlike the other two mutants. The results from the three 226 
mutants are consistent with H3K27me3 binding of TopoIIa, governed by the aChT, playing an important role in 227 
ensuring complete resolution of catenations to prevent UFBs. 228 
 229 
 230 

Figure 2; Complete UFB prevention by TopoIIα’s requires its ChT domain: 
A) Precipitated fractions of mono-nucleosome pull down assay with TopoIIα-CTD (αCTD) and TopoIIβ-CTD 
(βTD) were probed with indicated antibodies. H3K27me3 signal intensity per bait signal intensity (a.u.) was 
quantified over N=5 experiments. P-value indicates two-tailed unpaired samples t-test. Error bars indicate SD.  *: 
p<0.033.  B) Primary structure representation of the TopoIIα-ChT domain (highlighted in yellow) compared to the 
corresponding region in TopoIIβ. C) Representation of TopoIIα-CTD wt and its ChT domain-truncated mutant 
(highlighted in yellow) (TopoIIα-CTD-DChT).  D) Western blot from mono-nucleosome pull down assay comparing 
αCTD wt and αCTD-ΔChT (left) with indicated antibodies. H3K27me3 and H4 signal intensities per bait intensity 
(a.u.) were quantified N=3 experiments (right). P value indicates two-tailed unpaired samples t-test. Error bars 
indicate SD.  *: p<0.033, **: p<0.002.  E) Western blot indicating TopoIIα-replacement with mCherry tagged 
TopoIIα-ΔChT (ΔChT) in cells.  F) UFB assay with TopoIIα-ΔChT mutant replacement by staining with indicated 
antibodies. Bars, 10 µm.  G) Superplots showing quantification of the number of UFBs/cell (from >60 cells counted 
over three independent experiments) for TopoIIα-ChT replaced cells. 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. ***: p<0.001.  
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 232 
Methylated histone binding dependent on the aChT regulates association of TopoII with mitotic 233 
chromosomes. 234 
Loss of the aChT was shown to decrease the association of TopoIIa with chromosomes in live mitotic cells (Lane 235 
et al., 2013). To ask if the aromatic aChT residues that are required for interaction with H3K27me3 dictate this 236 
association of TopoIIa with chromosomes in live mitotic cells, we imaged the mutants utilizing the mCherry fused 237 
to these proteins.  The entire cell volume of nocodazole arrested cells was captured at 0.2µm intervals and 238 
mCherry-TopoII signal intensity was quantified in the projected images (Fig. 4A). Quantification of chromosomal 239 
mCherry-TopoIIa signals revealed a decrease in the H3K27me3 binding deficient mutants, consistent with 240 
previous observations with the DChT mutant (Lane et al., 2013) (Fig. 4B). Among the aromatic amino acid 241 
mutants, F1502A and Y1521A had decreased TopoII association with chromosomes. However, F1531A, which 242 
partially retains H3K27me3 binding ability, and was able to rescue the UFB phenotype, did not show a reduction 243 
in chromosome association compared to wt. Therefore, we observed that a correlation exists between the ability 244 
to bind H3K27me3, the association with mitotic chromosomes, and the ability to prevent UFBs. The signal 245 
intensities of each protein were also measured in interphase cells in which they were expressed and were found to 246 
be consistent with each other (Fig 4 C). This indicates that the differences in their mitotic chromosomal signal 247 
intensity originates from their differential abilities to associate with mitotic chromosomes and not from variations 248 
in their expression levels.  249 
 250 

Figure 3; H3K27me3 binding and UFB assays indicate that aromatic amino acids in TopoIIα-ChT play 
differential roles 
A) Representation of TopoIIα point mutants. Each of the aromatic residues (refer to Fig. 2 B) Phe1502, Tyr1521 and 
Phe1531 were replaced with Ala (represented as F1502A, Y1521A and F1531A respectively). B) Binding of each 
TopoIIα point mutant CTD to H3K27me3 containing chromatin indicated by mono-nucleosome pull down assays 
(left). H3K27me3 signal intensity per bait signal intensity (a.u.) bound by the various TopoIIα point mutants is 
summarized from N=4 experiments (right). P-value indicates one-way ANOVA analysis followed by Tukey 
multicomparison correction. Error bars indicate SD.  *: p<0.033, **: p<0.002, ***: p<0.001. C) Western blot showing 
replacement with the TopoIIα point mutants. D) Representative images of UFB assay with TopoIIα point mutants’ 
replacement by staining with antibodies against indicated targets. Bars, 10 µm.  E) Superplots showing quantification 
of the number of UFBs/cell (from >60 cells counted over three independent experiments) for replacement with TopoIIα 
point mutants. 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 four independent 
experiments. ns: not statistically significant, *: p<0.033, **: p<0.002, ***: p<0.001. 
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 252 

 253 
 254 
 In addition to the differences in signal intensities, there were variations in the localization patterns among 255 
the wt and TopoIIa mutants, particularly in the CEN and chromosome axial distributions (Fig 4 A). To gain an 256 
unbiased evaluation of their general morphologies, we applied the mCherry-TopoIIa images to a machine leaning 257 
algorithm, wndchrm (weighted neighbor distance using a compound hierarchy of algorithms representing 258 
morphology) (Shamir et al., 2008). Initial image-titration analysis showed that the classification accuracy was 259 

Figure 4; TopoIIα-ChT dependent methylated histone binding regulates association of TopoII with mitotic 
chromosomes  
A) Projected images of mCherry-TopoII in live mitotic cells. Bars, 5 µm.  B) Superplots showing quantification of 
mCherry-TopoII signal intensity on mitotic chromosomes in live cells (from >100 cells counted over three independent 
experiments). 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 three independent experiments. ns: 
not statistically significant; **: p<0.002, ***: p<0.001.  C) Superplots showing quantification of mCherry-TopoII 
signal intensity on interphase nucleus in live cells (from >150 cells counted over three independent experiments). P-
values indicate one-way ANOVA analysis followed by Tukey multicomparison correction. Horizontal bars (black) 
indicate means and error bars (colors) indicate SD calculated for the means across the three independent experiments. 
ns: not statistically significant. D) Morphological distances of the indicated types of TopoIIα from wt (WT_1). Each 
group was randomly divided into two subgroups to monitor reproducibility and reliability of the analysis. A larger 
distance indicates a greater morphological dissimilarity in an image feature space. While F1502A and Y1521A were 
distinct from wt TopoIIα, F1531A were similar to it.  E) Phylogenetic tree representing the morphological relationships 
among the indicated TopoIIα. The tree is based on the values obtained from the wndchrm analysis in Fig. 4 D.  
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high at 88% with 10 training images of the wt and the mutant TopoIIa (Y1521A) (supplemental fig. 6). We hence 260 
collected 30 images from each TopoIIa cell line for the analysis, which were randomly subdivided into two sub-261 
groups: WT_1 and WT_2, for example. The resultant eight subgroups were subjected to wndchrm analysis to 262 
measure differences by computing the morphological distances (Fig. 4D). As expected, distances between the two 263 
subgroups from the same protein were small, confirming the accuracy of the analysis. The morphological distances 264 
of F1502A and Y1521A from wt were large, whereas that of F1531A was far less. Further, the morphological 265 
similarity and dissimilarity was visualized as a phylogenetic tree (Fig. 4E), which showed that F1502A and 266 
Y1521A were morphologically distant from wt, as well as from each other. These results indicate that methylated 267 
histone binding of aChT has an additional role in facilitating association of TopoIIα with mitotic chromosomes.  268 
 269 
Reducing H3K27me3 via EZH2 methyltransferase inhibition induces chromosome segregation defects and 270 
hinders proper TopoIIα localization on mitotic CENs  271 
Thus far, our results suggest that the aChT/H3K27me3 interaction contributes to TopoIIα’s function in completely 272 
resolving the catenated genome and in TopoIIα localization to mitotic chromosomes. In order to examine if 273 
H3K27me3 is indeed a key contributor to these functions, we utilized a well-established H3K27 tri-methylase 274 
inhibitor, GSK-343. Previous studies used a range of concentrations (0.110 µM) and treatment times (1-7 days) 275 
based on the cell lines and experimental protocols utilized (Mohammad et al., 2017; Verma et al., 2012). To 276 
determine the effect of the inhibitor under our experimental conditions, we treated cells with varying 277 
concentrations of GSK-343 (2-6µM) after thymidine release and collected the mitotic chromosomes after 8.5 278 
hours (Fig. 5 A). Western blot of these chromosomes indicated a reduction in H3K27me3 with GSK-343 treatment 279 
at all concentrations. The H3K27me3 signal reduction demonstrated concentration dependency that plateaued at 280 
4 µM GSK-343 (Fig. 5 B). This data suggests that there exists a subset of H3K27 that undergoes tri-methylation 281 
between S-phase and mitosis, perhaps consistent with studies that found a decrease in H3K27 acetylation as cells 282 
progress into mitosis (Kang et al., 2020). We found that GSK-343 did not affect H3K9me3 levels under the same 283 
conditions (Fig. 5 C). Following these observations of the effect of GSK-343 on H3K27me3 on mitotic 284 
chromosomes, we examined the requirement of H3K27me3 in αChT-mediated functions using our established 285 
treatment conditions and 4 µM GSK-343 (Fig. 5 A). 286 
 287 
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 288 

289 
  290 

Figure 5; H3K27me3 inhibition by GSK-343 results in reduction of TopoIIα CEN signal 
A) Schematic of synchronization method and harvesting of chromosomes with GSK-343 (2 µM/4 µM/6 µM) or DMSO 
(control) treatments.  B/C) Western blot of mitotic chromosomes with GSK-343 treatment for H3K27me3 amount (B) 
and H3K9me3 amount (C) on chromosomes. 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; *: p<0.033. D) Representative images of live cells 
with CEN TopoIIα and CENP-A (CEN marker) used for quantification of CEN TopoIIα signal. Bars, 5µm (larger 
merged image), 1 µm (magnified images).  E) Superplots for quantification of TopoIIα signal intensity at CENs against 
the corresponding CENP-A signal intensity for both DMSO and GSK-343 treatment. The data is from 366 
chromosomes for DMSO condition and 413 chromosomes for GSK-343 treated condition counted over 3 independent 
experiments as represented in the plot. P value indicates two-tailed unpaired samples t-test. Error bars indicate SD.  *: 
p<0.033.  F) Superplots for quantification of CENP-A signal intensity from CENs used for quantification in Fig. 5 E. P 
value indicates two-tailed unpaired samples t-test. Error bars indicate SD. ns: not statistically significant  G) 
Classification accuracies measured by wndchrm to distinguish between TopoIIa in the DMSO and GSK-343 treated 
cells. Approximately 50% accuracies were obtained regardless of the training numbers (30-70 images), indicating that 
TopoIIα localization did not change globally by the GSK-343 treatment. 
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First, we tested the effect of GSK-343 on TopoIIα association with mitotic chromosomes using a cell line 291 
established with endogenous TopoIIα fused with mNeon as well as endogenous CENP-A fused with miRFP 292 
(supplemental fig. 7). With this line, we were able to perform live imaging of mitotic chromosomal TopoIIα as 293 
we were able to do with the mutants in fig. 4. CENP-A-miRFP signals were used as a guide for determining the 294 
CEN regions at which TopoIIα is known to localize by forming foci. Images from Pro-metaphase cells with 295 
distinguishable chromosomes, as shown in an example (Fig. 5 D), were chosen for quantification of CEN TopoIIα 296 
foci. The results showed a significant reduction in CEN TopoIIa signal intensity after GSK-343 treatment (Fig. 5 297 
E) that was normalized against CENP-A signal intensity (Fig. 5 F), which showed no significant changes with 298 
GSK-343. Because mutants of the αChT showed defects in chromosomal localization, we probed into whether the 299 
global localization of TopoIIα changes upon GSK-343 treatment. We measured classification accuracies for 300 
TopoIIa in the control and the drug treated cells, using the wndchrm algorithm (Shamir et al., 2008). For this 301 
analysis, we used images of TopoIIa distributed on the entire chromosomes. We found that regardless of the 302 
increasing numbers of the training images (from 30 to70 images), classification accuracies stayed ~50% (Fig. 5 303 
G). This indicates differences in global TopoIIa localization between control and GSK-343-treated cells are 304 
subtle. This may be consistent with the limited reduction of H3K27me3 after GSK-343 treatment (Fig. 5 A-C), 305 
probably because the treatment was for a short period and at specific cell cycle stages. Only a subpopulation of 306 
H3K27me3 may be established from S-phase to mitosis, which contributes to CEN TopoIIα localization. Global 307 
chromosomal localization of TopoIIα may be insensitive to this treatment regimen. 308 
 309 
H3K27me3 is required for proper chromosome segregation and complete prevention of UFBs. 310 
To ask if H3K27me3 contributes to αChT-dependent mitotic functions, we quantified chromosome bridge 311 
formation after GSK-343 treatment. Utilizing the mNeon-TopoIIα line and live imaging, we counted cells with 312 
anaphase chromosome bridges with 4 µM GSK-343 treatment (and control cells with DMSO) (Fig. 6 A).  313 
With inhibition of H3K27me3, on average half of the population displayed chromosome bridges in comparison 314 
to an average of 20% of control cells (Fig. 6 B). This increase in cells with chromosome bridges with GSK-343 315 
treatment is consistent with those observed in the αChT-mutants, measured from fixed cell images (Fig. 6 C). We 316 
also observed lagging chromosomes (Fig. 6 A, center) upon treatment with GSK-343. We next asked if 317 
H3K27me3 is directly linked to aChT-dependent prevention of UFBs by quantifying UFBs after GSK-343 318 
treatment. Cells were treated with GSK-343 after thymidine release (Fig. 6 D) and subjected to UFB analysis by 319 
PICH staining. H3K27me3 was visualized by anti-H3K27me3 staining. With 4 µM GSK-343, there was a 320 
decrease in H3K27me3 on anaphase chromosomes and an increase in the number of PICH-coated UFBs (Fig. 6 321 
E). We also examined the effect of 2 µM and 6 µM GSK-343 (supplemental fig. 8) and found that there was a 322 
dosage dependent increase in the number of UFBs, with saturation at 4 µM GSK-343. This increase in UFBs/cell 323 
was statistically significant when compared to the control condition (Fig. 6 F) and was closely comparable to the 324 
average UFBs/cell in the TopoIIα-ΔChT. This demonstrates that the proper establishment of H3K27me3, 325 
presumably on CEN nucleosomes between S-phase and mitosis, is required for the complete resolution of sister 326 
chromatid catenations. 327 
 To determine if the increased UFBs after GSK-343 treatment are due to a functional relationship between 328 
the αChT and H3K27me3, we examined the effect of GSK-343 in the αChT mutants that cannot bind to 329 
H3K27me3 (i.e., F1502A and Y1521A). Cells were treated with Aux and Dox as well as 4 µM GSK-343 following 330 
the release of cells from thymidine synchrony (Fig. 7 A). This revealed a significant increase in UFBs after GSK-331 
343 treatment in mCherry-TopoIIα wt replaced cells (Fig 7B and 7C), similar to that observed in Fig. 6 E and F. 332 
Importantly, in the mutants that have an H3K27me3 binding deficiency– TopoIIα-F1502A (Fig 7D and 7E) and 333 
TopoIIα-Y1521A (Fig 7F and 7G) - there was no significant difference between control cells and the GSK-343 334 
treated cells. This reveals that there is no synergistic effect of H3K27me3 reduction and αChT mutations that 335 
decrease binding to H3K27me3. The same outcome was observed with TopoIIα-βChT, where H3K27me3 binding 336 
is compromised, but there was a synergy between GSK-343 treatment and TopoIIα-F1531A, that retains some 337 
H3K27me binding ability (supplemental fig. 9). This data reinforces the evidence that binding of the aChT to 338 
H3K27me3-containing nucleosomes is a critical mechanism required for complete resolution of sister chromatids 339 
for faithful mitotic segregation.  340 
 341 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted October 4, 2021. ; https://doi.org/10.1101/2021.10.03.462934doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.03.462934


 14 

 342 

 343 

Figure 6; H3K27me3 inhibition results in increased chromosome bridges and UFBs in anaphase cells 
A) Projected images of mNeon-TopoIIα, miRFP-CENP-A in live mitotic cells showing chromosome bridges and/or 
lagging chromosomes. Bars, 5 µm. B) Quantification of cells with chromosomes bridges with GSK-343 treatment from 
N=5 experiments, with 154 (DMSO) and 174 (GSK-343) total cells counted. P value indicates two-tailed unpaired 
samples t-test. Error bars indicate SD.  ***: p<0.001. C) Quantification of cells with chromosome bridges in cells 
replaced with ChT point mutants from N=3 experiments with at least 20 cells counted for each condition. P-values 
indicate one-way ANOVA analysis followed by Tukey multicomparison correction. Horizontal bars indicate means and 
error bars indicate SD. ns: not statistically significant; *: p<0.033. D) Schematic of cell synchronization method for 
UFB assays with GSK-343 treatment. E) Representative images of UFB assays with 4 µM GSK-343 treatment. Cells 
were stained with indicated antibodies. E) Superplots showing quantification of the number of UFBs/cell (from >60 
cells counted over three independent experiments) for UFB assays with 4 µM GSK-343 treatment.  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. **: p<0.002.  
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 344 

 345 

Figure7; H3K27me3 inhibition shows no synergistic increase in UFBs in cells replaced with H3K27me3 binding 
deficient TopoIIα mutants 
A- Schematic of cell synchronization method for UFB assays with endogenous TopoIIα-replacement to mCherry-
TopoIIα wt/mutants along with the addition of 4 µM GSK-343 (or DMSO in control cells).   B/D/F- Representative 
images of UFB assay in TopoIIα-replaced cells with mCherry-TopoIIα wt (B), mCherry-TopoIIα F1502A (D), and 
mCherry-TopoIIα Y1521A (F). Cell with indicated treatment, DMSO or 4 µM GSK-343 were stained with indicated 
antibodies for UFB measurement. Bars, 10 µm.  C/E/G- Superplots showing quantification of the number of UFBs/cell 
(from >60 cells counted over three independent experiments) for TopoIIα wt replacement (C), TopoIIα F1502A 
replacement (E), and mCherry-TopoIIα Y1521A-replacement (G). P-value indicates one-way ANOVA analysis 
followed by Tukey multicomparison correction. Horizontal bars indicate mean and error bars indicate SD calculated 
for the means across the three independent experiments. ns: not statistically significant, **: p<0.002. 
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Discussion: 346 
Role of TopoIIa-ChT in resolving catenated centromeres. 347 
 Altogether, our results throw new light on one of the novel mechanisms through which TopoIIα can detect 348 
catenated genomic DNA to facilitate efficient and complete separation of the sister chromatids in anaphase. UFBs 349 
seen in early to mid-anaphase are known to be catenated DNA molecules that link the sister CENs (Chan et al., 350 
2007; Ke et al., 2011). While bulk decatenation of the genome may not be highly regulated, the ability of TopoIIα 351 
to specifically localize to a small number of persistent catenations appears to be reliant on a highly targeted 352 
mechanism to achieve the necessary precision for faithful chromosome segregation within a short timeframe. The 353 
data presented here provide evidence that methylated histone binding, specifically H3K27me3, by the aChT is 354 
critical for TopoIIa-specific recognition of the last remaining catenated CEN loci. This mechanism of chromatin 355 
recognition can account for the distinct requirement of the a-isoform vs. the b-isoform for the prevention of UFBs. 356 
The data are consistent with a model where a proportion of the catenated genome can be recognized by either 357 
isoform, because there was significant rescue of UFBs by ectopic over-expression of TopoIIb in TopoIIa-depleted 358 
cells (Fig 1 G). It is noteworthy, however, that the association of TopoIIb with mitotic chromatin under normal 359 
conditions is very low compared with TopoIIa (Fig 1D). Thus, the rescue of UFBs by ectopic over-expression of 360 
TopoIIb may over-estimate any biologically relevant contribution of TopoIIb to chromosome segregation. 361 
Furthermore, our data clearly revealed that there are specific catenated CEN loci that cannot be resolved efficiently 362 
by TopoIIb, and these loci require a TopoII with an aChT that can interact with H3K27me3 modified 363 
nucleosomes. The aChT and bChT domains are strikingly distinct in their abilities to interact with H3K27me3-364 
containing chromatin. Indeed, comparing the binding ability to H3K27me3 and prevention of UFBs in all the 365 
mutants tested, the results strongly support the conclusion that methylated histone binding is required for complete 366 
resolution of aChT-dependent catenated CENs, i.e., the mutants that lack H3K27me3 binding ability cannot 367 
completely prevent UFBs (Fig. 3 and supplemental fig. 4). The contribution of H3K27me3 to the aChT-dependent 368 
function of TopoIIa is further supported by the results with GSK-343, a potent inhibitor of the H3K27 369 
methyltransferase PRC2, which showed no synergistic increase in UFBs in the TopoIIa ChT mutants that lack 370 
H3K27me3 binding. Chromatin binding specificity via the αChT is also required for the proper localization of 371 
TopoIIa on mitotic chromosomes. Altogether, we propose that the αChT/H3K27me3 interaction is required for 372 
mitotic TopoIIα function for faithful genome segregation as summarized in Fig. 8.  373 
 374 

375 

 376 

 377 
 378 
The evidence suggests that H3K27me3 is one of the critical histone modifications that marks catenated CEN loci. 379 
Indeed, it has been shown that H3K27me3 is specifically present at CENs in mitosis (Adriaens et al., 2016; Martins 380 

Figure 8; Mechanism of complete catenated genome resolution by TopoIIα 
TopoIIα recognizes and binds methylated histones on chromatin, particularly H3K27me3, using its ChT domain. 
Through this mechanism, TopoIIα associates with chromatin and becomes targeted to catenated CEN loci. This 
binding therefore facilitates complete resolution of catenated loci, particularly CEN loci (for preventing UFBs) 
and chromosome bridges.  
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et al., 2016; Martins et al., 2020) and consistent with this, it is known that UFBs form when catenated CEN DNA 381 
molecules fail to be resolved before anaphase (Ke et al., 2011; Nielsen et al., 2015). Marking of catenated CEN 382 
loci with cues such as H3K27me3 is therefore a key mechanism that recruits TopoIIa to ensure resolution of the 383 
catenated CEN loci in a timely manner, before or during anaphase. Our results also suggest that the requirement 384 
of H3K27me3 for CEN TopoIIα localization (Fig. 5 D) and TopoIIα-dependent prevention of UFBs holds true for 385 
a subset of catenated CEN loci, but not for all. It will be imperative to further investigate if the H3K27me3 levels 386 
vary at each CEN and in-turn if the variation of H3K27me3 correlates with αChT-dependent TopoIIα association 387 
with and function on the chromosome. It has been proposed that TopoIIa preferably acts on positively supercoiled 388 
DNA over negatively supercoiled DNA, based on in vitro DNA relaxation assays. This substrate specificity 389 
requires the aChT region (Dickey and Osheroff, 2005). Therefore, it is plausible that catenated CEN loci that 390 
require the aChT for resolution, also possess positively supercoiled DNA that is needed for efficient decatenation 391 
by TopoIIa. The contribution/relationship of these two mechanisms for resolving catenated CEN loci will be 392 
important to investigate; for example, (1) If ablating histone modifications alters the topology of genomic DNA, 393 
and (2) If TopoII-mediated relaxation of supercoiled DNA is defective in the aromatic amino acid mutants. 394 
 395 
Role of αChT/H3K27me3 interaction in TopoIIα’s mitotic functions and regulation  396 
 We observed that TopoIIα-ChT aromatic amino acid mutants with reduced H3K27me3 binding ability 397 
had chromosome association defects (Fig. 4). This indicates the interaction with H3K27me3 via the αChT plays 398 
a critical role in TopoIIα chromosomal association. Further, we observed differences in the association ability of 399 
each mutant. F1502A and Y1521A displayed significant defects when compared to wt (Fig. 4 B). However, even 400 
among these two mutants we found differences in both nucleosome binding and localization on chromosomes 401 
(Figs. 3 B and 4 E). These observations call for further investigation into whether other histone modifications are 402 
also involved in controlling the proper association of TopoIIα with mitotic chromosomes. This possibility could 403 
also explain why the inhibition of H3K27me3 by GSK-343 did not result in global defects in chromosomal 404 
TopoIIα localization (Fig. 5 E), although it remains a possibility that more complete H3K27me3 reduction would 405 
be needed to greatly reduce the association of TopoIIα with chromosomes. Another finding was the increased 406 
number of chromosome bridges after treatment with GSK-343. Because of this, it may be that the 407 
αChT/H3K27me3 interaction contributes to additional aspects of chromosomal segregation, in addition to 408 
complete resolution of catenated CEN loci, since UFBs (by definition) are not associated with chromosomes 409 
bridges. In support of this possibility, we also found that αChT aromatic amino acid mutants (with lower 410 
H3K27me3 binding) had increased chromosome bridges, similar to GSK-343 treated cells. In line with this, a 411 
comprehensive identification of chromatin specifically bound to αChT will be critical to determine the whole 412 
picture of how the chromatin binding ability of TopoIIα functions in faithful genome transmission. 413 
 The aromatic amino acids that we focused on have varying degrees of conservation among vertebrates. 414 
Y1521, which we have found to be needed for both H3K27me3 binding and complete resolution of catenated 415 
CENs, is highly conserved among vertebrates (supplemental fig. 5 A). Although there is some discrepancy in the 416 
conservation of F1502 and F1531 among vertebrates, these residues are highly conserved among primates 417 
(supplemental fig. 5 C). Based on this observation, it will be important to probe into the potential of there being 418 
co-evolution between TopoIIα and the epigenetic cues that facilitate this novel TopoIIα regulatory mechanism. 419 
 420 
Complete resolution of the catenated genome via two distinct mechanisms?  421 
 Our results comparing TopoIIa and TopoIIb indicate that the bulk of genome resolution can be performed 422 
by either of the isoforms and that the aChT domain is dispensable for this activity. It seems then, that the essential 423 
role of the aChT is to locate the last persistent catenations. The few CEN catenations that remain at the onset of 424 
anaphase contribute to sister chromatid cohesion in late metaphase (Diaz-Martinez et al., 2006). These are likely 425 
hard to identify with the required efficiency in the short time period from late metaphase to the end of anaphase. 426 
Rather than random attempts to locate these catenations, we propose that histone methylation, particularly 427 
H3K27me3, flags the loci and recruits TopoIIa via interaction with the aChT, thus facilitating faithful 428 
chromosome segregation. From a biological point of view, such a mechanism would be highly impactful because 429 
even single chromosomal aneuploidies have dramatic consequences including promotion of tumorigenesis.  430 
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Materials and Methods 431 
 432 
DNA constructs, Recombinant proteins and antibodies Preparation: 433 
The parental line construct for OsTIR1 targeting and the AID-TopoIIα construct were created as described 434 
previously (Hassebroek et al., 2020). The mNeon fusion donor for endogenous TopoIIα was created by replacing 435 
AID sequence to mNeon sequence of TopoIIα N-terminal targeting donor plasmid. In this study, the donor 436 
plasmids for AID fusion to endogenous TopoIIβ at its N-terminal and miRFP670 fusion to endogenous CENP-A 437 
at its C-terminal were created. The homology arms for TopoIIβ N-terminal insertion and CENP-A C-terminal 438 
were amplified using primers listed in supplemental information (Table S1) from genomic DNA of DLD-1 cell. 439 
The amplified TopoIIβ homology arms were inserted into the plasmid by using PciI/SalI and SpeI/NotI sites in 440 
the 3x micro-AID/3x flag donor plasmid for described previously (Hassebroek et al., 2020). The amplified CENP-441 
A homology arms were inserted into the plasmid by using PciI/SalI and SpeI/NotI sites in the C-terminal targeting 442 
donor plasmid carrying miRFP670 fused to puromycin resistant gene via T2A sequence as shown in supplemental 443 
fig S7. The guide RNA sequences for TopoIIβ N-terminal targeting and CENP-A C-terminal targeting are listed 444 
in supplemental information (Table S1) were designed using CRISPR design tools from http://crispr.mit.edu:8079 445 
(Zhang laboratory, MIT). The synthesized oligo DNA primers for the guides were inserted into pX330 (Addgene 446 
#42230). For Tet-inducible expression of exogenous TopoII, TopoII cDNAs fused with mCherry at their N-447 
terminus were inserted into MluI/SalI site on the hH11 Tet-ON cassette (Natsume et al., 2016) donor plasmid 448 
described previously (Hassebroek et al., 2020). cDNA fragments of TopoIIα and TopoIIβ CTD were amplified 449 
from full length cDNA and then cloned in the pET30a plasmid (EMD Millipore/Novagen). The TopoIIα truncation 450 
mutants were generated using PCR, the ChT swapping mutants using fusion PCR and the point mutations using 451 
site-directed mutagenesis by a QuikChangeII kit (Agilent) with the primers listed in supplemental information 452 
(Table S1). All constructs were verified by DNA sequencing. The parental line construct for OsTIR1 targeting 453 
and the TopoIIα-AID construct were created as described previously (Hassebroek et al., 2020).  454 
For preparation of recombinant TopoII-CTD proteins, the proteins were expressed in Rossetta2 (DE3) strain with 455 
previously established culture condition (Ryu et al., 2010). The bacterial pellet was harvested the following day 456 
and the cells were lysed using lysozyme in Lysis Buffer (450 mM NaCl, 30 mM HEPES (pH 7.7), 0.5 mM TCEP). 457 
After incubation at 4˚C for 1h, 5% Glycerol, 1% Triton-X 100, 10 units/ml DNase1,10 mM MgCl2, 0.1 mM PMSF 458 
and 0.5 mM TCEP were added, and the suspension was incubated again for 1h at 4˚C. The suspension was then 459 
centrifuged at 12000 rpm at 4˚C for 30 minutes. His6- tagged protein in the supernatant was captured on Talon 460 
Sepharose beads (#635502, Clontech/Takara) and pre-equilibrated against Buffer1 (300 mM NaCl, 20 mM 461 
HEPES (pH 7.7), 2 mM MgCl2, 2.5 mM Imidazole and 0.5 mM TCEP). After incubation with Talon beads at 4˚C 462 
for 1-2h, the beads bound with protein were emptied into a column, the column was washed with 5 volumes of 463 
Buffer1 containing 2.5 mM ATP, 5 mM MgCl2 and 2.5 mM Imidazole and 0.5 mM TCEP and 2 volumes of 464 
Buffer2 (50 mM NaCl, 10 mM HEPES (pH 7.7) and 2 mM MgCl2) containing 2.5mM Imidazole and 0.5mM 465 
TCEP. Elution was then carried out using 15 mM, 75 mM, and 450 mM Imidazole in Buffer 2. The eluted fractions 466 
were then tested using SDS-PAGE followed by CBB staining. The fractions that contained the protein were pooled 467 
and subjected to Hi-trap ion exchange chromatography (GE healthcare) for further purification.  468 
The α-PICH and α-TopoIIα antibodies were generated as previously described (Hassebroek et al., 2020). TopoIIβ-469 
antibody was kindly provided by K. Tsutsui (Tsutsui et al., 2001). 470 
 471 
Cell culture and Transfections: 472 
CRISPR/Cas9 targeted insertion was performed as previously described to generate all the cell lines (Hassebroek 473 
et al., 2020). In brief, DLD-1 cells were transfected with the guide and donor plasmids using Viafect (#E4981, 474 
Promega) reagent. Transfections were set up in 3.5 cm dishes. 2days after, the cells were trypsinized and replated 475 
on a 10cm dish at ≈20% confluency and starting from Day 3, they were subjected to a selection process by 476 
maintaining them in the presence of a suitable selection reagent (1µg/ml blasticidine [#ant-bl, Invivogen], 477 
0.5µg/ml Puromycin [#ant-pr, Invivogen], 200µg/ml hygromycin B gold [#ant-hg, Invivogen]). After 10-14 days 478 
of this process, the colonies were isolated and cultured in 48-well plates. The colonies were subjected to Western 479 
Blotting and Genomic PCR analyses to verify the integration of the transgene. For Western Blotting analyses, the 480 
cells were pelleted and boiled/vortexed with 1X SDS-PAGE sample buffer. The samples were analyzed using 481 
antibodies as described in each figure legend.  482 
Genomic DNA was isolated by cell pelleting and lysis using lysis buffer (100 mM Tris-HCl (pH 8.0), 200 mM 483 
NaCl, 5 mM EDTA, 1% SDS, and 0.6 mg/ml proteinase K [#P8107S, NEB]) followed by ethanol precipitation 484 
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and resuspension with TE buffer containing 50 µg/ml RNase A (#EN0531, ThermoFisher). The obtained genomic 485 
DNA samples were subjected to PCR using primers indicated in the supplemental information to ensure 486 
integration at the correct locus. 487 
The TopoII AID cell lines were established using the OsTIR1 parental DLD-1 line (Hassebroek et al., 2020). The 488 
DNA coding for the AID-3XFLAG tag was integrated into the TopoIIα or TopoIIβ locus using CRISPR/Cas9 489 
editing in the parental cells as indicated in the supplemental information. The candidate clones obtained were 490 
screened by genomic PCR to verify accurate transgene integration. Once validated for integration, the ability of 491 
Aux to deplete the protein was tested by Western blotting and Immunostaining. The mCherry-TopoII wt/ mutant 492 
replacement cell lines were also engineered using CRISPR/Cas9 in the TopoIIα-AID cell line by inserting the 493 
gene coding for the rescue candidate at the hH11 locus (Zhu et al., 2014), as previously described (Hassebroek et 494 
al., 2020) and as indicated in the supplemental information. The isolated clones were validated for transgene 495 
integration using genomic PCR analysis. The expression of the mCherry-fusion protein was confirmed using 496 
western blot upon addition of Dox. The CENP-A-miRFP670/mNeon-TopoIIa line is created using OsTIR/AID-497 
PICH line (Hassebroek et al., 2020), then validated as shown in supplemental figure 7 with genomic PCR. 498 
 499 
Preparation of Whole Cell Lysate and Mitotic Chromosome Samples: 500 
For preparation of the whole cell lysate for testing most of AID system-based degradation, cells were synchronized 501 
with thymidine for 18-24h. Upon release, the cells were replenished with media containing 0.5 mM Aux to allow 502 
degradation of endogenous AID-tagged proteins. After ≈ 8.5 hours, the cells were then harvested and 503 
boiled/vortexed with 1X SDS-PAGE sample buffer and subjected to western blotting with antibodies as indicated 504 
in the figure legends. For preparation of mitotic chromosomes from the TopoIIα-AID and TopoIIβ-AID cell lines, 505 
a mitotic shake-off was performed. For this, the cells were plated and at ≈ 70% confluency, they were treated with 506 
thymidine. After 18 hours, the cells were released from thymidine for 6 hours following which they were treated 507 
with nocodazole (100ng/ml) for 4 hours. The mitotic cells were then released from the plate, washed using 1X 508 
McCoy’s devoid of FBS, three times, and resuspended in fresh 1X McCoy’s media containing FBS for releasing 509 
them from nocodazole for 30 minutes. Post nocodazole release, the cells were pelleted and incubated on ice for 5 510 
minutes with lysis buffer (250 mM sucrose, 20 mM HEPES (pH 7.7), 100 mM NaCl, 1.5 mM MgCl2, 1 mM 511 
EDTA, 1 mM EGTA, 0.2% Triton X-100, 1:2000 LPC [leupeptin, pepstatin, chymostatin; 20 mg each/ml in 512 
DMSO; Sigma-Aldrich], and 20 mM iodoacetamide [Sigma-Aldrich #I1149]). Chromosomes were isolated from 513 
the lysed cells by loading the lysate on to 40% glycerol cushion and centrifuging at 3000 rpm for 5 minutes at 514 
4˚C. After washing with 40% glycerol cushion, the isolated chromosomes were boiled and vortexed with 1X SDS-515 
PAGE sample buffer and subjected to western blotting. 516 
The whole cell lysates for verifying induction of the mCherry-fusion protein with doxycycline were prepared by 517 
synchronizing cells with thymidine (-Aux/+Aux /+Aux+Dox samples were all consistently prepared). Upon 518 
release from thymidine block, the cells were concurrently treated with 0.5 mM Aux and 100 µg/ml Dox to allow 519 
degradation of endogenous TopoIIα with the simultaneous expression of the rescue candidate, ≈8.5 hours after 520 
which the cells were harvested and subjected to western blotting as specified in the above two scenarios.  521 
The primary antibodies used were α-TopoIIα (in-house), α-TopoIIβ (Tsutsui et al., 2001), α-PICH (in-house), α-522 
FLAG M2 (#F1804, Millipore/Sigma), α-mCherry (#ab167453, Abcam), α-H4 (#61521, Active Motif) and β-523 
tubulin (#T-4026, Sigma). β-tubulin was used as the loading control for whole cell lysate samples and α-H4 was 524 
used in the case of Chromosome samples.  525 
 526 
Western Blotting: 527 
The samples for SDS-PAGE were loaded and separated on handmade/gradient (Invitrogen/ThermoFisher 528 
scientific) gels followed by transfer on to a methanol activated PVDF membrane using an ECL- semidry transfer 529 
unit (Amersham Biosciences). Following blocking using casein (for higher molecular weight proteins) or gelatin 530 
(for lower molecular weight proteins), the proteins of interest were selectively probed for using primary antibodies 531 
as indicated in each figure legend. The secondary antibodies used were IRDye 800CW secondary antibodies and 532 
IRDye 680 RD antibodies (LICOR). Signals were visualized using the LI-COR Odyssey Fc machine.  533 
 534 
UFB assays and Immunostaining: 535 
DLD-1 cells were grown for no longer than 10 passages in McCoy’s 5A 1X L-Glutamine containing 7.5% Fetal 536 
Bovine serum (FBS). Cells were plated on coverslips coated with Poly-D-Lysine (#A38904-01, gibco/Life 537 
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Technologies Corporation) in a 3.5 cm dish. The coating was done by incubating the flame sterilized coverslips 538 
in Poly-D-Lysine solution for >1h. The coat was then removed, and the coverslips were allowed to dry for >3h. 539 
Cells were incubated with 2mM Thymidine (added at ≈ 70% confluency) for 18-24h for synchronization. 540 
Thymidine was washed off using McCoy’s media lacking FBS three times. After washing off Thymidine, 0.5mM 541 
Auxin and 1µg/ml Doxycycline were added to media containing FBS and the cells were incubated in the same to 542 
allow release from the Thymidine treatment. ≈8.5 hours post-release, a major fraction of cells “roundup”. At this 543 
point, the cells were fixed and stained using suitable antibodies. For Fig.1C and Fig.1D, cells for analyses were 544 
obtained by performing a mitotic shake-off, after which the cells were washed and released from the nocodazole 545 
arrest for 30 minutes to 1 hour to allow progression from the prometaphase arrest. The cells were then plated on 546 
fibronectin coated coverslips (#GG-12-1.5-Fibronectin, NEUVITRO) that allows the mitotic cells to be retained 547 
on them. The cells were fixed and stained as follows. Fixation was performed using a 4% solution of 548 
paraformaldehyde (pFA) in 1X PBS for 10 minutes. After washing off the pFA, the cells were permeabilized 549 
using methanol at -20˚C for 10 minutes. The cells were then blocked with a 2.5% solution of hydrolyzed gelatin 550 
prepared in 1X PBS containing 0.1% Tween-20 (1X PBS-T) for 1 hour. Following this, the cells were incubated 551 
with a cocktail of primary antibodies for 3 hours, washed with 1X PBS-T for 10 minutes, thrice, and then treated 552 
with secondary antibodies for 1h before being washed and mounted onto slide glasses with VECTASHIELD 553 
Antifade Mounting Medium containing 4′,6-diamidino-2-phenylindole (#H-1200, Vector Laboratory) and sealed 554 
using nail polish.  555 
For scoring the UFB phenotype, we focused on anaphase cells at a consistent stage by ensuring that the CENP-C 556 
signals between the segregating chromosomes were at a similar distance, as well as after making sure that the 557 
DAPI signals were well distinguishable between segregating chromosomes. Cells which had progressed to 558 
anaphase-B were excluded from the counting procedure. PICH staining was used as a readout for UFBs as PICH 559 
localizes to these structures (Baumann et al., 2007; Ke et al., 2011; Spence et al., 2007). All the UFBs that can be 560 
visualized were counted by switching the plane of imaging. The UFB number for each of the cells was recorded. 561 
For each cell line represented in this study, the UFB number was obtained from a minimum of 60 cells visualized 562 
across three independent experiments with at least 20 cells being counted from each experiment.  563 
The stained cell images were acquired using the Plan Apo 100x/1.4 objective lens on a Nikon TE2000-U equipped 564 
PRIME-BSI CMOS camera (Photometrics) with MetaMorph imaging software. Figures were prepared from 565 
exported images by adjusting the intensity with Image J software, following the guideline of the Journal. 566 
For quantification of TopoIIa on mitotic chromosomes in live cells, endogenous TopoIIα was depleted, and 567 
mCherry-tagged alleles were induced as described above. To ensure cells were at an equivalent stage of mitosis, 568 
nocodazole was added 20 minutes before imaging. Then, mCherry in live cells was imaged under normal cell 569 
culture conditions, at 37°C and 5% CO2, with nocodazole, using a DeltaVision Ultra microscope fitted with an 570 
Olympus 60X/1.42, Plan Apo N objective (UIS2, 1-U2B933), C-Y-R Polychroic, and PCO-Edge sCMOS camera 571 
(>82% QE), using the following acquisition parameters. Entire mitotic cell volumes were obtained by capturing 572 
24µm thick Z-series with 0.2µm spacing, i.e. 120 slices per cell. 50ms exposure and 10% lamp power resulted in 573 
a rapid Z-series capture time of approximately 6 seconds, which limited image distortion that would have resulted 574 
from chromosome movements. Z-series were cropped above and below the cell then projected using SoftWoRx 575 
software, then mCherry signal was quantified using ImageJ software by averaging the signal intensities across a 576 
50-pixel wide line spanning the chromosomes.  577 
The antibodies used were α-PICH (Hassebroek et al., 2020), rat α-DYKDDDDK (#200474-21, Agilent) for FLAG 578 
signals, 5F8 α-RFP (#RMA5F8, Bulldog Bio), α-CENP-C (#PD030, MBL), goat α-rabbit IgG Alexa Fluor 579 
488 (#A11034, Molecular probes/Life Technologies), goat α-rat IgG Alexa Fluor 568 (#A11077, Molecular 580 
probes/Life Technologies, Invitrogen), goat α-guinea pig IgG Alexa Fluor 647 (#A21450, Molecular probes/Life 581 
Technologies). 582 
 583 
Morphological quantification of TopoII distribution with wndchrm  584 
Images for wndchrm analyses were acquired from live cells expressing fluorescent TopoIIa, as described above. 585 
For quantification of morphological similarities/dissimilarities, a supervised machine learning algorithm, 586 
wndchrm (weighted neighbor distance using a compound hierarchy of algorithms representing morphology) was 587 
1.52 was used, as previously described (Matsumoto et al., 2016; Ono et al., 2017; Takagi et al., 2018; Tokunaga 588 
et al., 2014). For the mCherry-TopoIIa wt and its mutant proteins in Fig. 4 D-E, 30 images for each kind were 589 
collected, and randomly subdivided into two subgroups. For supplemental figure S6, 6, 8, and 10 images of 590 
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mCherry-TopoIIa and mCherry-TopoIIa Y1521A were used. For Fig. 5 G, 30, 40, 50, 60 and 70 images of 591 
TopoIIa in the control and GSK-343 treated cells were used. Morphological feature values of the image were 592 
automatically assigned by training a machine. For each test, cross-validation tests were automatically repeated 20 593 
times using 70% of images as training and 30% of images as test among the provided data set. The options used 594 
for wndchrm analysis were a large feature set of 2919 (-l) and multi-processors (-m). Morphological distances 595 
between two classes (class A and class B) were calculated as the Euclidean distances [d=√∑(A−B)2] with the 596 
values in a class probability matrix obtained from the cross validations. P values were also provided by two-sided 597 
Student’s t-tests for each of the comparisons. Phylogenies were created with the PHYLIP package ver. 3.67 598 
(Felsenstein, 1989; Johnston et al., 2008), using pairwise class similarity values computed by wndchrm. 599 
 600 
Mono-nucleosome Pull Down assays: 601 
Recombinant S-tagged TopoII-CTD proteins were loaded on S-protein Agarose beads (#69704, EMD Millipore/ 602 
Novagen) by incubating them together overnight. Log phase chromatin was isolated from DLD-1 cells after cell 603 
lysis using lysis buffer (as stated in the previous section for chromosome isolation) and centrifugation after loading 604 
on with 20% glycerol cushion. The isolated chromatin was salt extracted using high salt buffer (400 mM NaCl, 605 
18 mM β-Glycerophosphate, 20 mM HEPES (pH 7.7), 5 mM EDTA, 5mM EDTA and 5% glycerol) and digested 606 
in Micrococcal Nuclease (MNase) buffer (50 mM NaCl, 20 mM HEPES (pH 7.7), 5% glycerol, 5 mM CaCl2) 607 
with MNase (#M0247S, New England Biolabs). The obtained digest (mononucleosomes) was incubated with the 608 
beads coated with the proteins for 1h at 22˚C. The beads were then washed with 1X TBS-T containing 250 mM 609 
NaCl and the results were analyzed using western blotting. Additionally, a fourth of the beads were treated with 610 
half-diluted salt extraction buffer containing 10% SDS and 0.5µl Proteinase-K. The samples were run on a DNA 611 
gel and the size of the input and bound digest were verified. Representative input and bound digest are shown in 612 
supplemental figure 3. 613 
The primary antibodies used for analyses included α-H3K27me2 (#ab24684, abcam), α-H3K27me3 (#C36B11, 614 
Cell Signaling Technology), α-H3K27me3 (#61018, Active Motif), α-H3 (#96C10, Cell Signaling Technology), 615 
α-H4 (#61521, Active Motif). For visualizing the S-tagged bait, S-protein HRP conjugate (#69047, EMD 616 
Millipore/Novagen) was used followed by chemiluminescence substrate Pico PLUS (#34577, Thermo Scientific 617 
Protein Biology). 618 
The western blot signals were visualized using the LI-COR Odyssey Fc machine and the band intensities were 619 
analyzed using the Image Studio Lite software. Each of the band intensities for H3K27me3 signal were normalized 620 
with respect to the S-HRP (bait signal) for the corresponding sample. The intensity of H3K27me3/bait values was 621 
then recorded in Graphpad prism software using which statistical analyses were performed.  622 
 623 
Optimization of GSK-343 addition conditions and assays with GSK-343 treatment  624 
TopoIIα-AID cells engineered with hH11-Tet-ON-mCherry- TopoIIα wt were used for optimization assays. These 625 
cells were used without any Aux or Dox treatment. GSK-343(#A3449, APExBIO) was diluted to 6 mM, 4 mM, 626 
and 2 mM concentration from the stock in DMSO medium. The protocol employed is the same as the UFB assay 627 
protocol with 1:1000 GSK-343 was added from each of the abovementioned dilutions to obtain 2 µM, 4 µM and 628 
6 µm final concentration of the inhibitor. The inhibitor was added with wash off of the cells from Thymidine. 629 
Equal amounts of DMSO was added to control cells. Subsequently 8.5h later, the cells were fixed with 4% pFA, 630 
permeabilized with methanol and stained for H3K27me3 (#C36B11, Cell Signaling Technology), PICH (inhouse 631 
antibody) and CENP-C (#PD030, MBL), goat α-rabbit IgG Alexa Fluor 488 (#A11034, Molecular probes/Life 632 
Technologies), goat α-rat IgG Alexa Fluor 568 (#A11077, Molecular probes/Life Technologies), goat α-guinea 633 
pig IgG Alexa Fluor 647 (#A21450, Molecular probes/Life Technologies). DNA was visualized using DAPI.  634 
Once the inhibitor concentration was optimized for our experimental conditions, 4 µM final GSK-343 was used 635 
in assays with endogenous TopoIIα depletion and exogenously expressing mCherry TopoIIα-wt/mutants. This 636 
time, the inhibitor was diluted to 16mM concentration from the stock. With removal of thymidine and the 637 
consequent addition of Aux and Dox, 1:4000 GSK-343 (from 16 mM) was added to obtain final concentration of 638 
4 µM. This higher dilution factor was chosen to further reduce the amount of DMSO added to the cells along with 639 
the inhibitor (since Aux and Dox are also diluted in DMSO).  Equal amounts of DMSO were added to control 640 
cells. The cells were then similarly fixed and stained as stated above with antibodies were α-PICH (Hassebroek 641 
et al., 2020), 5F8 α-RFP (#RMA5F8,Bulldog Bio), α-CENP-C (#PD030, MBL), goat α-rabbit IgG Alexa Fluor 642 
488 (#A11034, Molecular probes/Life Technologies), goat α-rat IgG Alexa Fluor 568 (#A11077, Molecular 643 
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probes/Life Technologies), goat α-guinea pig IgG Alexa Fluor 647 (#A21450, Molecular probes/Life 644 
Technologies). 645 
 646 
Statistical analyses: 647 
The quantifiable data was analyzed for statistical significance using GraphPad Prism software (version 8). Based 648 
on the data itself, either the one-way ANOVA or paired two-tailed t-test was employed followed by suitable post-649 
hoc tests where applicable. 650 
 651 
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Primers used for amplification of homology arms 675 
TopoIIb Left HA Forward gagaaggacaaggcacctctgc 

TopoIIb Left HA Reverse cgagtgcctccagctcacagg 

TopoIIb Right HA Forward atgatcaagtcgggtggctgcggc 

TopoIIb Right HA Reverse ggagaaaatgctgccccacacagac 
CENP-A Left HA Forward GAGATCCGCCAGTTCCTAAGC 
CENP-A Left HA Reverse CCaAGaCCtTCtTCtAGaCCaCGaATtCTaCGaGCaAGcTGgACgTC

CTTTGGGAAGAGAGTAACTCGG 
CENP-A Right HA Forward TGAGCTCCTGCACCCAGTG 
CENP-A Right HA Reverse GGAGAAGACTGCATGACTTTCCTC 

 676 
gRNA sequences used for TopoIIb locus or CENP-A locus 677 
gRNA TopoIIb-1 cgcgccgcagccacccgact 

gRNA TopoIIb-2 ctcgccatggccaagtcggg 
gRNA CENP-A-1 AAGGATGTGCAACTGGCC 
gRNA CENP-A-2 ACTGGCCCGGAGGATCCG 
 678 
Primers used for genomic PCR  679 
T2b F  ggacgactactctggcgact 

T2b R taaagccccagaaagagctg 
CENP-A F GAGCCCTCCAAGAGCACCTTG 
CENP-A R GCTGTGGTATGGGAGAAAAGGC 
    680 
Primers used for mutagenesis 681 
TopoIIa/b ChT fusion  GAAAGCAGTCACAAGCAAGAAAccgaagaagacatcttttgatc 

TopoIIb/a ChT fusion catccaaaacaacaagcaagaaaTCCAAGGGGGAGAGTG 

TopoIIa DChT  gggagagtgatgacttccatatgg 

TopoIIa F1502A gagtgatgacttccatatggacgctgactcagctgtggctc 

TopoIIa Y1521A cttcatctgactcttccagggcctttataggtttctttgccc 

TopoIIa F1531A gagtcagatgaagatgatctggcttgagcggccgc 

 682 
 683 
                              Supporting Information Table S1 684 
  685 
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Supplemental Figure 1; Construction of the TopoIIβ-AID line  

A-Schematic Representation of donor plasmid for tagging the 5’ end of TopoIIβ with AID. Cells were transfected with the 
donor plasmid along with two guides. 

B- Representative genomic PCR for the selected Hygromycin resistant clones. Genomic DNA was isolated from a number 
of clones and PCR was performed using the primers indicated in A. Clones showing the 3kb band only are homozygous 
AID-integrated (#30, #31) indicated in green 

C- Representative Western Blot of the whole cell lysate obtained from the hygromycin resistant clones. Anti-TopoIIβ 
antibody was used to detect the tagged TopoIIβ. Among the clones, we chose to work with clone #31 
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Supplemental Figure 2: Construction of the hH11 Tet-ON TopoII replacement cell lines 

A- Schematic Representation of donor plasmid containing the replacement cassette. Cells were transfected with the donor 
plasmid and two guides for the hH11 locus. Clones were selected for Puromycin resistance.  

B/C/D/E- Representative Genomic PCR for TopoIIα wt and TopoIIβ wt (B), TopoIIα-ΔChT mutant (C), TopoIIα ChT-
swapping mutants (D) and aromatic cage mutants (E) replacement. Genomic DNA isolated from the clones were 
subjected to PCR with primers targeting the 5’ end as well as the 3’ end as indicated in A. Non- transfected DLD-1 
cells were used as the control (DLD1-NC).  
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Supplemental Figure 3; Mononucleosome preparations used in chromatin pull down assays 

A- Schematic representation of protocol used to perform chromatin pull down assays.  

B- Representative image indicating mononucleosomes after digestion of log phase chromatin isolated from DLD-1 cells 
after MNase treatment for input (left) and bound to beads (right) samples. The size of the band (≈140bps) indicates that 
the majority of input and bound chromatins are mononucleosomes.  
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Supplemental Figure 4; ChT domain swapped mutants highlight the importance of the αChT in H3K27me3 
containing chromatin binding and in complete UFB resolution  

A- Schematic representation of TopoIIα and TopoIIβ ChT domain swapped mutants (top). The terminal 31 amino acids of 
each of TopoIIα and TopoIIβ were swapped with one another. 

B- Results from chromatin pull down for these mutants indicates that the ChT domain dictates binding to H3K27me3 
containing chromatin (bottom left). Quantification of H3K27me3 binding per bait (AU) from N=5 experiments (bottom 
right). Swapping their ChT domain reverses the ability of TopoIIα-CTD and TopoIIβ-CTD to bind H3K27me3 
containing chromatin. P value indicates two-tailed unpaired samples t-test. Error bars indicate SD.  *:p<0.033, 
**:p<0.002, ***:p<0.001.  

C-  Western blot representing replacement of the full- length TopoIIα- βChT and TopoIIβ-αChT mutants in endogenous 
TopoIIα replacement background. 

D - UFB assay for TopoIIα and TopoIIβ ChT domain swapped mutants’ replacement in TopoIIα depleted cells. PICH 
staining for UFBs indicated that the binding of these mutants to H3K27me3 (Fig 3D) correlates with its ability to 
resolve UFBs. Bars, 10µm. 

E-  Superplots for quantification of the number of UFBs/cell (from >60 cells counted over three independent experiments) 
for TopoIIα and TopoIIβ ChT domain swapped mutants’ replacement in TopoIIα depleted cells. P- value indicates one-
way ANOVA analysis followed by Tukey multicomparison correction. Horizontal bars indicate mean and error bars 
indicate SD calculated for the means across the three independent experiments. **:p<0.002. 
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Supplemental Figure 5; The aromatic aminoacids in the αChT are highly conserved among primates.  

A- Sequence alignment for the TopoIIα-ChT domain among the indicated vertebrates.  

B- Sequence alignment for the region corresponding to the ChT domain in TopoIIβ among the indicated vertebrates.  

C- High levels of conservation of the three aromatic residues- F1502, Y1521 and F1531 in primates indicated by the 
sequence alignment. 

 
For A and B; zf: Zebrafish, Danio rerio, xl: African clawed frog, Xenopus laevis, gg: Chicken, Gallus gallus, hs: 
human, Homo sapiens, mm: Mouse, Mus musculus, rr: Rat, Rattus rattus.  Symbols in the arraignment indicates 
conservation among compared groups as follow;  . weak, : strong, and * identical.  
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Supplemental Figure S6; Classification accuracies for discrimination of TopoIIa morphologies. 

Wndchrm was used to discriminate the localization patterns of TopoIIa -wt and -Y1521A. Increasing numbers of training 
image sets were used. 10 images were sufficient to achieve accurate classification (88.3%).  
 
 
 

Supplemental Figure 7; Construction of the mNeon-TopoIIa / CENP-A-miRFP670 line 
A- Schematic Representation of donor plasmid for tagging the 5’ end of TopoIIα with mNeon. 
B- Schematic Representation of donor plasmid for tagging the 3’ end of CENP-A with miRFP. 
C- Representative Genomic PCR for mNeon-TopoIIα and miRFP-CENP-A. Genomic DNA isolated from the clones were 

subjected to PCR with primers targeting the 5’ end as well as the 3’ end as indicated in A. Non- transfected DLD-1 
cells were used as the control (DLD1-NC).  
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Supplemental Figure 8; GSK-343 concentration dependency in UFB assays  

A/C- Representative images from UFB assays with 2 µM (A) and 6 µM (C) GSK-343 and their respective controls 
(DMSO). Staining with H3K27me3 antibody indicated reduction in signal following GSK-343 treatment. Bars, 10 
µm. 

B/D- Superplots showing quantification of the number of UFBs/cell (from >60 cells counted over three independent 
experiments) for UFB assays with 2µM (B) and 6µM (D) GSK-343 treatment as compared to control cells.  P- value 
indicates one-way ANOVA analysis followed by Tukey multicomparison correction. Horizontal bars indicate mean 
and error bars indicate SD calculated for the means across the three independent experiments. ns: not statistically 
significant, ***:p<0.001. 
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Supplemental Figure 9; Additional mutants studied for synergistic effect upon H3K27me3 inhibition  

A/C- Results from UFB assays for mCherry-TopoIIα-βChT (A) and for mCherry-TopoIIα -F1531A (C) replacement in 
endogenous TopoIIα depleted cells. Upon 4 µM GSK-343 addition, no increase in unresolved UFB number was 
observed in the former and an increase in unresolved UFB number was observed in the latter as compared to control 
cells. Bars, 10 µm. 

 
B/D- Superplots showing quantification of the number of UFBs/cell (from >60 cells counted over three independent 

experiments) for UFB assays with mCherry-TopoIIα-βChT (B) and mCherry-TopoIIα -F1531A (D) with 4 µM 
GSK-343 treatment as compared to control cells.  P- value indicates one-way ANOVA analysis followed by Tukey 
multicomparison correction. Horizontal bars indicate mean and error bars indicate SD calculated for the means 
across the three independent experiments. ns: not statistically significant, **:p<0.002. 
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