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SUMMARY

The individualization of chromosomes during early mitosis and their clustering upon exit from cell division are
two key transitions that ensure efficient segregation of eukaryotic chromosomes. Both processes are regu-
lated by the surfactant-like protein Ki-67, but how Ki-67 achieves these diametric functions has remained un-
known. Here, we report that Ki-67 radically switches from a chromosome repellent to a chromosome attrac-
tant during anaphase in human cells. We show that Ki-67 dephosphorylation during mitotic exit and the
simultaneous exposure of a conserved basic patch induce the RNA-dependent formation of a liquid-like
condensed phase on the chromosome surface. Experiments and coarse-grained simulations support a
model in which the coalescence of chromosome surfaces, driven by co-condensation of Ki-67 and RNA, pro-
motes clustering of chromosomes. Our study reveals how the switch of Ki-67 from a surfactant to a liquid-like
condensed phase can generate mechanical forces during genome segregation that are required for re-estab-

lishing nuclear-cytoplasmic compartmentalization after mitosis.

INTRODUCTION

Cell division requires a dramatic reorganization of the genome.
During entry into mitosis, the formerly loose chromatin fibers
compact into dense mitotic chromosomes, built from consecu-
tive chromatin loops that are held together by proteins in a
network-like manner.” Nuclear envelope breakdown releases
mitotic chromosomes into the cytoplasm,? and their surface be-
comes covered by an intricate layer of proteins and ribonucleic
acids (RNAs), many of which are otherwise found in the nucleolus
during interphase.®° Recent studies have demonstrated that the
proliferation marker protein Ki-67 is central to the organization of
the chromosome surface since the entire surface layer is delo-
calized in its absence.®®

During early mitosis, Ki-67 relocalizes from nucleoli to the
chromosome surface,’ where it forms extended brush struc-
tures ~90 nm in length.® These brushes are thought to mediate
the dispersion of individual mitotic chromosomes, facilitating
their attachment to mitotic spindle microtubules.® Individual-
ized chromosomes are then captured by mitotic spindle micro-
tubules, and once all chromosomes have been bioriented,
anaphase segregation is triggered by cleavage of cohesin.'®
During exit from mitosis, the Ki-67 brush structure collapses,
and chromosomes cluster in a Ki-67-dependent manner to
facilitate the exclusion of large cytoplasmic particles from the
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future nuclear space."’ These findings suggest that Ki-67
must fundamentally switch its function between mitotic entry
and exit, but the underlying mechanistic basis has remained
elusive.

Ki-67 contains several features that have been linked to liquid-
liquid phase separation, including structural disorder, low-
complexity regions, and multivalency.’® A recent study'® re-
ported that single or multiple copies of recombinantly expressed
Ki-67 repeats can undergo phase separation in vitro at high pro-
tein concentrations and in the presence of crowding agents.
Phase separation was notably amplified upon phosphorylation,
and it has been proposed in this study that phosphorylation plays
a pivotal role in Ki-67 phase separation by generating segments
with alternating charges within the repeat modules, referred to as
“charge blockiness.” Since Ki-67 is phosphorylated upon entry
into mitosis,'* it implies that Ki-67 forms a liquid-like layer on
the surface of chromosomes during early mitosis. However,
direct evidence supporting this hypothesis in living cells is
missing, as are insights into the potential significance and rele-
vance of Ki-67 liquid-like properties or its dependency on the
cell cycle stage.

Here, we combine quantitative live-cell imaging and protein
engineering experiments with coarse-grained simulations to
investigate the change of Ki-67’s properties through mitosis to
understand how chromosomes can completely invert their
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physical properties. We demonstrate that, upon dephosphoryla-
tion at anaphase onset, Ki-67, together with RNA, forms cyto-
plasmic foci with liquid-like properties, which can fuse with the
chromosome-bound pool, suggesting a liquid-like character of
the chromosome surface during exit from mitosis. Consequently,
chromosome surfaces no longer repulse but instead attract each
other, thereby promoting chromosome clustering and the subse-
quent exclusion of cytoplasm from the newly formed nucleus.
This transition of Ki-67 to a condensed state is RNA-dependent
and requires a highly positively charged site within the N termi-
nus of Ki-67. Our findings hence illustrate how an acute switch
in protein properties from a dispersed to a condensed state
can generate large-scale adhesive forces to perform an impor-
tant cellular function during cell division.

RESULTS

Ki-67 changes its properties during mitotic exit

To investigate the properties of Ki-67 during mitosis and unravel
their role in chromosome clustering, we utilized a previously es-
tablished assay that triggers mitotic exit in the absence of a spin-
dle but nevertheless facilitates the timely assembly of a sealed
and transport-competent nuclear envelope.'’ This assay relies
on first inducing mitotic arrest using nocodazole, which depoly-
merizes microtubules, followed by triggering mitotic exit through
acute inhibition of the mitotic kinase CDK1 using flavopiridol.'®

As expected, chromosomes clustered within a few minutes af-
ter the addition of flavopiridol. Concomitantly, the total signal in-
tensity of chromosome-bound Ki-67 increased (Figures 1A and
1B; Video S1), ruling out the possibility that chromosome clus-
tering is simply triggered by the reduction of the chromosomal
fraction of Ki-67. Importantly, the increase in chromosome-
bound Ki-67 during anaphase was also evident in a cell line
that expresses endogenously tagged Ki-67 (Figures S1A and
S1B). Furthermore, FCS-calibrated imaging of unperturbed cells
revealed that Ki-67 endogenous concentration on chromosomes
increased from ~500 nM in metaphase to 750 nM in anaphase
(Figures S1D-S1l).

To investigate the cause of the increase in chromosome-
bound Ki-67 during mitotic exit, we tested its dependency on
Ki-67’s C-terminal DNA-binding domain, known as the leucine/
arginine-rich (LR) domain. We separately expressed the LR
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domain alone and a truncation lacking the LR domain (Ki-
67ALR), which localizes to the cytoplasm during early mitosis.
As expected, neither the Ki-67ALR nor the LR construct restored
chromosome dispersal during early mitosis in Ki-67 knockout
(KO) cells® (Figures 1A and 1E). Thus, chromosomes remained
in a clustered state with a constant area until their decompaction
started approximately 10 min after induction of mitotic exit. How-
ever, while the chromosomal levels of the LR domain alone (LR)
remained constant (Figures 1A and 1D; Video S1), remarkably,
the initially soluble Ki-67ALR'® notably enriched on chromo-
somes upon mitotic exit (Figures 1A and 1C; Video S1). The
observed chromosomal recruitment of Ki-67ALR cannot be
due to its multimerization with endogenous full-length Ki-67
since the constructs were expressed in Ki-67 KO cells. Further-
more, the increase of Ki-67ALR on chromosomes preceded
the binding of the DNA-bridging barrier-to-autointegration
factor (BAF)'” and the reformation of the nuclear envelope
(Figures S1J-S1L), ruling out that it is a consequence of either
of these two events. Our data instead suggests that Ki-67 gains
a new DNA-binding activity that is independent of the known LR
domain during mitotic exit. Considering that the enrichment of
the Ki-67ALR construct on chromosomes correlated with chro-
mosome clustering (compare Figures 1B and 1C), it is tempting
to speculate that the gain of a second DNA-binding domain
might contribute to chromosome clustering by connecting
neighboring chromosomes.

Concomitant with Ki-67ALR enrichment on mitotic chromo-
somes, the soluble pool of Ki-67ALR formed micron-sized
spherical foci (Figures 1A and 1F; Video S1). Full-length Ki-67
formed foci with similar kinetics, reaching peak levels by the
time chromosomes were maximally clustered, irrespective of
whether it was expressed as a transgene (Figures 1A and 1F)
or from the endogenous locus (Figures S1A, S1C, S1G, and
S1l). Despite similar kinetics, the number and size of conden-
sates were higher in the ALR system. This can be explained by
the elevated cytoplasmic concentration due to the initial
absence of the chromosome-bound pool, which allows for a
robust investigation of condensate properties.

Ki-67ALR molecules within foci were highly dynamic, as evi-
denced by fluorescence recovery within 30 s after photobleach-
ing (Figures 1G and 1H) and the tendency of foci to fuse and relax
into larger spherical structures over time (Figure 11). Furthermore,

Figure 1. Ki-67 phase separates and enriches on chromosomes as they cluster during mitotic exit

(A) Time-lapse confocal microscopy of spindle-less mitotic exit of Ki-67 KO with indicated constructs in nocodazole. Flavopiridol added at t = 0 min. DNA labeled
with SiR-Hoechst. White and yellow lines represent chromosomal segmentations quantified in (B)-(E).

(B-D) Chromosome ensemble area over time and EGFP total fluorescence intensity in the chromosomal area (n > 18).

(E) Chromosome ensemble area (before flavopiridol) of Ki-67 KO cells with indicated constructs plotted in (B)—~(D). Untransfected Ki-67 KO cells arrested by

nocodazole shown for reference (n > 18).
(F) Quantification of cytoplasmic condensates over time as in (A) (n > 18).

(G) Photobleaching of condensates in Ki-67 KO cells expressing EGFP-Ki-67ALR with fluorescence recovery recorded over time in a circular region (yellow

circle). Representative example quantified in (H).

(H) EGFP mean fluorescence intensity in bleached area normalized to pre-bleached values (n = 13).

(I) Time-lapse of Ki-67 wild-type cell expressing EGFP-Ki-67ALR undergoing anaphase with condensates fusing (white arrows).

(J) Ki-67 KO cell expressing EGFP-Ki-67ALR undergoing cytokinesis, zoom-in images below.

(K) Ki-67 wild-type cell expressing Ki-67ALR-mNeonGreen, with condensate fusing with the chromosome surface (white arrows).

Dashed lines indicate flavopiridol addition (B-D and F) or photobleaching (H). Red bars indicate mean (E); significance tested versus full-length Ki-67 by two-tailed
unpaired t tests (*** p < 1 x 107'%). Lines/shaded areas represent mean = SD (B-D and H) or mean + SEM (F). Maximum intensity z-projections (A, |, and J) or
single z-slices (G and K) shown. Scale bars: 10 um in (A), (1), (J top), and (K) and 1 um in (G) and (J bottom).
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Figure 2. Ki-67 dephosphorylation controls Ki-67 phase separation, enrichment on chromosomes, and chromosome clustering

(A) Schematic of Ki-67’s domain structure with 139 serine/threonine residues (red lines) substituted to glutamate or aspartate to generate phosphomimetic Ki-67.
FHA, fork-head associated domain; PP1-bm, PP1 binding motif; LR, leucine/arginine-rich DNA-binding domain.

(B) Confocal images of Ki-67 KO cells untransfected or expressing indicated constructs arrested by nocodazole in early mitosis.

(C) Initial chromosome ensemble area (before flavopiridol) of Ki-67 KO cells with indicated constructs, plotted in (E). Dashed line indicates mean area of un-
transfected Ki-67 KO cells from Figure 1E for reference.

(D) Time-lapse of Ki-67 KO cells expressing indicated constructs undergoing spindle-less mitotic exit. Yellow lines represent chromosomal regions used for
quantifications in (E).

(E) Chromosome ensemble area over time as in (D) (n > 21).

(legend continued on next page)
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Ki-67ALR foci located in the cleavage furrow during cytokinesis
deformed due to mechanical stress but rounded up again after
relaxation (Figure 1J). In addition, cytoplasmic Ki-67ALR foci
not only fused with each other (Figure 11) but also with the
chromosome-bound pool of Ki-67ALR (Figure 1K; Video S2).
These findings, along with the high mobility of full-length Ki-67
molecules on the chromosome surface during mitotic exit
(Figures S1M and S1N; Saiwaki et al.'®), suggest that both the
chromosome surface and the cytoplasmic pools of Ki-67 gain
liquid-like properties during mitotic exit. Chromosome clustering
could thus be driven by a transition of Ki-67 into a liquid-like pro-
tein layer, by chromosome bridging through the formation of
a second DNA-binding site, or by a combination of both
mechanisms.

A phospho-switch controls chromosome clustering
Although Ki-67 gets highly phosphorylated during early mitosis'*
at more than one hundred identified sites, '° its phosphorylation
is largely reverted by the end of anaphase,'®°° possibly through
recruitment of protein phosphatase 1 (PP1).° To test whether
dephosphorylation triggers the increase of Ki-67 on chromo-
somes and the change in its phase-separation properties, we
generated phosphomimetic versions of Ki-67 by substituting
139 of the serine or threonine residues that had been reported
to be phosphorylated'® for glutamate (Ki-67(139E)) or aspartate
(Ki-67(139D)) residues (Figure 2A).

Full-length Ki-67(139E) and Ki-67(139D) localized to the sur-
face of mitotic chromosomes and restored chromosome
dispersal during early mitosis in Ki-67 KO cells, as evidenced
by a clear separation of individual chromosomes as opposed
to a single coalesced structure in untransfected Ki-67 KO cells
(Figure 2B). Mitotic chromosome ensemble areas of the phos-
phomimetic versions reached values comparable to wild-type
Ki-67 in early mitosis (Figure 2C), confirming that the mutations
did not affect the surfactant function of Ki-67. Expression of Ki-
67(139E) or Ki-67(139D) in Ki-67 KO cells, by contrast, strongly
reduced chromosome clustering upon exit from mitosis
(Figures 2D and 2E; Video S3). To test whether this might be
due to a failure of the mutant proteins to enrich and form a
condensed phase on the chromosome surface at mitotic exit,
we use the robust ALR system to quantify condensate forma-
tion and enrichment to chromosomes. Indeed, the phosphomi-
metic versions that lack the LR DNA-binding domain (Ki-
67(139E)ALR and Ki-67(139D)ALR) neither accumulated on
chromosomes nor formed condensates in the cytoplasm during
exit from mitosis, in contrast to wild-type Ki-67ALR (Figures 2F-
2H; Video S4).

In summary, our findings, based on phosphomimetic Ki-67
versions, suggest that Ki-67 dephosphorylation upon mitotic
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exit triggers chromosome clustering, Ki-67 condensate forma-
tion, and its enrichment on chromosomes.

The basic patch of Ki-67 mediates chromosome
clustering

To gain further insights into the mechanism of Ki-67 enrichment
on chromosomes and its condensate formation ability, we map-
ped the domains of Ki-67 that are required for either of these two
properties. In our initial experiment, we observed that the LR
domain alone did not enrich on chromosomes (Figure 1D) and
did not form condensates (Figure 1F). Additionally, replacing
the LR domain with histone 2B as an alternative means to
localize the protein to DNA did not affect chromosome clustering
(Figures S2A-S2D), which suggests that the LR domain makes
no specific contribution to the clustering function beyond merely
anchoring Ki-67 to chromosomes.

We next split the remaining protein sequence of Ki-67 into an
N-terminal segment that precedes the Ki-67 repeat motifs (N ter-
minus) and a C-terminal segment that contains the sixteen
repeat motifs (C terminusALR; Figure 3A). Only the N-terminal
segment bound to chromosomes with kinetics similar to Ki-
67ALR and could form cytoplasmic foci (Figures 3B-3D; Video
S5). Chromosomal enrichment of the C-terminal Ki-67 segment
started, by contrast, only ~5 min after induction of mitotic exit,
at a time point when chromosome clustering had already largely
completed (Figures 1A and 1B). Furthermore, the C-terminal
segment did not form condensates, even when highly overex-
pressed (Figure S3). These results suggest that the ability of
Ki-67 to form condensates is encoded in its N-terminal segment.

The N-terminal segment contains two low-complexity re-
gions?': one that is present in only one of the two Ki-67 splice iso-
forms (fragment absent in the short isoform, FASI)** and one that
is located close to a positively charged patch (CP) of 186 amino
acids (Figure 3A). Removal of the CP but not the removal of the
FASI (Figures 3B-3D and S3; Video S5) prevented both enrich-
ment on chromosomes and condensate formation of the N-ter-
minal segment during mitotic exit.

Consistent with the notion that the positively CP within the N
terminus of Ki-67 is required for Ki-67 enrichment on chromo-
somes and phase separation, deletion of either the entire N-ter-
minal segment or specifically of the CP from full-length Ki-67
considerably impaired chromosome clustering (Figures 3E, 3F,
and S2F; Video S6). Deletion of the Ki-67 repeat domain or the
FASI had, by contrast, no effect on the extent of chromosome
clustering (Figures 3E, 3F, and S2F). Furthermore, a minimal
construct composed of CP-repeats-LR clustered chromosomes
to the same extent as wild-type Ki-67 (Figures S2E-S2G). Hence,
the N-terminal positively CP is necessary for chromosome
clustering.

(F) Time-lapse of Ki-67 KO cells expressing indicated constructs undergoing spindle-less mitotic exit. White lines represent chromosomal regions used for

quantifications in (G).
(G) Quantification of cytoplasmic condensates over time as in (F) (n > 23).

(H) EGFP total fluorescence intensity in segmented chromosome areas over time as in (F) (n > 23).
Dashed lines indicate flavopiridol addition (E, G, and H). Red bars indicate mean (C); significance tested by two-tailed unpaired t test (Ki-67(139), ns p = 0.75; Ki-

67(139D), ns p = 0.54).

Lines/shaded areas represent mean + SD (E and H) or mean + SEM (G). Single z-slices (B) or max. intensity z-projections (D and F) shown. DNA labeled with SiR-

Hoechst. Scale bars: 10 um in (B), (D), and (F).
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The high positive charge is the key feature of the CP

To further investigate how the CP drives chromosome clustering,
we tested the relevance of the PP1-binding site and the high pos-
itive charge within the CP (Figures 4A and 4B). Both features are
evolutionary conserved (Booth et al.®; Figure 4B). Mutation of the
PP1-binding sequence RVSF to RASA® resulted in a slight delay
in Ki-67 enrichment on chromosomes, condensate formation,
and chromosome clustering (Figure S4). These findings are
consistent with the notion that dephosphorylation is critical for
the switch in Ki-67 properties upon mitotic exit (Figure 2) and
that PP1 contributes to its dephosphorylation.

Mutation of all 37 arginine and lysine residues within the CP
to alanine (N terminus(CP(RK—A))) or deletion of only the
section with the highest charge density (N terminusACP-strict)
(Figure 4A) completely abolished condensate formation (Fig-
ures 4G, 4D, and S3; Video S5) and prevented, or considerably
delayed, respectively, recruitment to chromosomes upon
mitotic exit (Figure 4E). Consistent with this result, we found
that full-length Ki-67 with charge-neutralizing mutations in the
CP region (Ki-67(CP(RK—A))) or deletion of the CP section
with the highest charge density (Ki-67 ACP-strict) failed to clus-
ter chromosomes to the same extent as wild-type Ki-67
(Figures 4F, 4G, and S2H; Video S6). We conclude that, during
mitotic exit, enrichment of Ki-67 on chromosomes, Ki-67
condensate formation, and chromosome clustering rely on
the high density of positive charges within the Ki-67 N
terminus.

Ki-67 phosphorylation counteracts chromosome
clustering

To explore the role of phosphorylation in the function of the Ki-
67 CP region, we restored the ten glutamate mutations of the
phosphomimetic construct that are located in the CP region
(Ki-67(129E); Figure 5A). In contrast to the original phosphomi-
metic Ki-67(139E) construct, the Ki-67(129E) version formed
condensates upon mitotic exit (Figures 5A-5D) and supported
chromosome clustering (Figures 5E, 5F, and S2I), albeit to a
lesser extent than wild-type Ki-67. These findings suggest
that some of the remaining phosphorylation sites, which are
mostly located in the repeat sequences of Ki-67 (Figure 5A),
also need to be dephosphorylated to complete chromosome
clustering.

We considered that dephosphorylation of these sites might be
required to collapse the Ki-67 extended structure and allow
complete chromosome clustering. To test this hypothesis, we
measured the extension of the protein at the chromosome sur-
face by utilizing Ki-67 constructs tagged with mCherry and
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EGFP at the N and C termini, respectively. While the wild-type
version decreased its distance between the fluorophores at
mitotic exit to 29 nm (+ 15 nm), the phosphomimetic Ki-67 mu-
tants remained significantly more extended (85 + 52 nm for Ki-
67(139E), 58 + 34 nm for Ki-67(129E); mean + SD), despite similar
expression levels (Figures 5G-5I and S2J). This suggests that
complete Ki-67 dephosphorylation is required for collapsing its
molecular structure. Phosphorylation, on the other hand, pro-
motes its extension in early mitosis since the height of the phos-
phomimetic Ki-67 mutants was significantly larger. In summary,
we conclude that Ki-67 phosphorylation counteracts chromo-
some clustering in two ways; by inhibiting its collapse and by
neutralizing the positively CP.

RNA is critical for chromosome clustering

How does the high density of positive charges mediate Ki-67
phase separation? Since RNA has been suggested as a universal
factor that regulates phase separation'??>?* and RNAs localize
to the chromosome surface,”> we co-imaged newly synthe-
sized RNA and Ki-67 in cells undergoing mitosis. Using a double
thymidine release strategy, we labeled newly synthesized RNAs
by an 5-ethynyluridine (EU) pulse for 3 h before cells entered
mitosis and assessed RNA localization in cells undergoing meta-
phase and anaphase.

The localization pattern of Ki-67 and newly synthesized RNA
largely overlapped on the mitotic chromosome surface and in
the cytoplasmic Ki-67 condensates that formed during
anaphase (Figure 6A). By contrast, in Ki-67 KO cells, RNA bind-
ing to chromosomes during metaphase and its increase during
anaphase were strongly reduced (Figure 6B), resulting in RNA
accumulation in large cytoplasmic foci (Figure 6A). This suggests
that Ki-67 recruits RNAs to the chromosome surface during early
mitosis and mitotic exit.

To test whether RNA is crucial for Ki-67 condensate formation,
we acutely depleted RNA in mitotically arrested cells by microin-
jecting RNase A (Figures 6C—-6E). Remarkably, after induction of
mitotic exit, RNase A-injected cells consistently failed to form
cytoplasmic foci, unlike dextran-injected or non-injected cells.
By contrast, Ki-67 enrichment on chromosomes was not
affected by acute RNA removal. Unfortunately, we could not
address the effect of acute RNA removal on chromosome clus-
tering since microinjection of spindle-less cells was impossible,
likely due to their lack of mechanical resistance and because
microinjection itself affected chromosome morphology (as
seen with dextran injection). Nevertheless, this experiment high-
lights that RNA is necessary for Ki-67 condensate formation dur-
ing mitotic exit.

Figure 3. A positively CP in the Ki-67 N terminus drives phase separation, early-anaphase chromosomal enrichment, and clustering

(A) Design of Ki-67 constructs. Disorder (blue high, red low), charge (blue positive, red negative, sliding window 100), and low-complexity prediction (blue, sliding
window size 45). CP, charged patch (186 aa); FASI, fragment absent in short isoform (360 aa); LR, leucine/arginine-rich DNA-binding domain.

(B) EGFP-labeled Ki-67 domains transfected into Ki-67 KO cells imaged during spindle-less mitotic exit. White lines indicate chromosomal regions used in (C).
(C) EGFP total fluorescence intensity in chromosomal regions over time as in (B) (n > 23).

(D) Quantification of cytoplasmic condensates over time as in (B) (n > 23).

(E) Time-lapse of Ki-67 KO cells expressing EGFP-labeled full-length Ki-67 or constructs with domain deletions undergoing spindle-less mitotic exit. DNA labeled

with SiR-Hoechst.
(F) Chromosome ensemble area over time as in (E) (n > 19).

Dashed lines indicate flavopiridol addition (C, D, and F). Lines/shaded areas represent mean + SD (C and F) or mean + SEM (D). Max. intensity z-projections

shown. Scale bars, 10 um.
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To determine which types of RNAs might be relevant for Ki-67
condensate formation, we visualized mRNAs (Figures S5A and
S5B) and ribosomal RNAs (rRNAs) (Figures S5C and S5D) in
endogenously tagged EGFP-Ki-67 cells using FISH probes.
While mRNAs localized to the cytoplasm, premature rRNAs
were enriched on the surface of anaphase chromosomes consis-
tent with a previous report’*® and co-localized with Ki-67 in
cytoplasmic foci.

Based on the co-condensation of Ki-67 and premature rRNA,
we aimed to test whether premature rRNAs might be important
for Ki-67 condensate formation and chromosome clustering.
We used endogenously tagged Ki-67 cells and selectively in-
hibited RNA polymerase |, the enzyme responsible for tran-
scribing rRNA, for 2-5 h before cells entered mitosis using low
doses of actinomycin D (Act D). As expected, the addition of
Act D decreased premature rRNA levels on chromosomes
(Figures S5C and S5D). Interestingly, Act D treatment neither
affected chromosome dispersal upon mitotic entry nor Ki-67
enrichment during mitotic exit (Figures 6F, 6G, and 6l). However,
it considerably reduced Ki-67 condensate formation (Figure 6H)
and chromosome clustering (Figures 6l and 6J; Video S7). To
ensure these effects are not due to side-effects of Act D, we
confirmed these results with a different RNA polymerase | inhib-
itor, BMH-21, and obtained consistent results in an endoge-
nously mCherry-tagged Ki-67 cell line (Figures S6A-S6D) as
well as in wild-type cells (Figures S6E-S6G). By contrast, inhibi-
tion of RNA polymerase Il, the enzyme transcribing protein-cod-
ing genes, by alpha-amanitin did not affect condensate forma-
tion or chromosome clustering (Figures 6F-6J), supporting the
role of premature rRNAs in Ki-67 condensate formation and
chromosome clustering.

The observation that premature rRNA depletion impairs chro-
mosome clustering despite normal Ki-67 enrichment on chromo-
somes implies that chromosome clustering is not mediated by
chromosome bridging through the formation of a second DNA-
binding site within Ki-67. Thus, it is tempting to speculate that
RNA-mediated condensation of Ki-67 is key to chromosome
clustering.

Co-condensation of Ki-67 and RNA leads to
chromosome clustering in coarse-grained simulations
To gain insight into the molecular mechanism leading to RNA-
mediated chromosome clustering, we performed molecular dy-
namics simulations using a minimal coarse-grained model (see
STAR Methods). In these simulations, Ki-67 and RNA were
modeled as chains of charged beads connected by springs.

Molecular Cell

Ki-67 is represented as 24 beads, with the charges of each
bead “calculated” based on the underlying amino acids with or
without 150 phosphorylated residues (Table S1; Figure 7A). To
model Ki-67 dephosphorylation during mitotic exit, we assigned
a charge that corresponds to 150 phosphorylation sites to each
Ki-67 molecule and increased the charge as the simulation pro-
gressed until the molecule reached the net charge of fully de-
phosphorylated Ki-67 (Figures 7A and 7B). The charge variation
followed a smooth sigmoidal function to mimic the gradual
removal of phosphate groups by phosphatases in cells. lons
and phosphate groups were not modeled explicitly, but the ef-
fect of the solvent was taken into account indirectly by a
screening term added to the electrostatic potential acting be-
tween the beads. The grafting density and brush height of Ki-
67 were modeled to match measurements observed in cells.®

To characterize the forces acting between two chromosome
surfaces, we modeled chromosomes as immobile surfaces
decorated with grafted Ki-67 molecules and added freely
diffusing RNA molecules (Figures S7A and S7B). When Ki-67
was in its phosphorylated state, the pressure acting on the two
surfaces (force per unit area) was positive, indicating a repulsive
force between the surfaces. As Ki-67 became increasingly de-
phosphorylated, the pressure between chromosome surfaces
decreased until it reached a negative equilibrium value, indi-
cating an attractive force (Figure S7B). In this state, the attractive
force was generated by negatively charged RNA molecules that
interacted primarily with the positively CPs of Ki-67 molecules,
forming Ki-67/RNA “bridges” between the two chromosome
surfaces.

Consistent with the notion that RNA and Ki-67 are necessary
for the generation of attractive forces between chromosomes,
we observed near-zero pressure (i.e., no attraction) between
chromosomes in simulations performed in the absence of either
RNA or Ki-67 (Figures S7A and S6B). Our simulations thus show
that negatively charged RNA does not simply adsorb onto the
positively charged (dephosphorylated) Ki-67 brushes, neutral-
izing their charge. Instead, it generates an attractive force be-
tween the chromosomes. Additionally, the simulations show
that Ki-67/RNA bridges are more frequent in the presence of
the CP, and that removing the latter leads to the formation of
much fewer Ki-67/RNA bridges and thus to a measurable
decrease in the inter-chromosome attraction (Figures S7A
and S7B).

To explore the dynamics of chromosome clustering driven by
Ki-67/RNA interactions, we modeled chromosomes as mobile
half-cylinders grafted with Ki-67 molecules in an environment

Figure 4. High positive-charge density in Ki-67 N terminus is conserved and essential for chromosome clustering
(A) Schematic of Ki-67’s N-terminal segment. CP, charged patch (186 aa) with lysine (K) and arginine (R) residues. RVSF, protein phosphatase binding motif

mutated to RASA in Figure S4. CP-strict, charge patch-strict (77 aa).

(B) Charge heatmaps of predicted Ki-67 orthologues (charge: blue positive, red negative, sliding window 100).
(C) Time-lapse of spindle-less mitotic exit of Ki-67 KO cell expressing different Ki-67 N terminus constructs tagged with EGFP. White lines represent chromo-

somal regions used in (E).
(D) Quantification of cytoplasmic condensates over time as in (C) (n > 19).

(E) EGFP total fluorescence intensity in segmented chromosome ensemble area over time as in (C) (n > 19).
(F) Time-lapse of spindle-less mitotic exit of Ki-67 KO cell expressing indicated constructs. DNA labeled with SiR-Hoechst.

(G) Chromosome ensemble area over time as in (F) (n > 25).

Dashed lines indicate flavopiridol addition (D, E, and G). Lines/shaded areas represent mean + SEM (D) or mean + SD (E and G). Max. intensity z-projections

shown. Scale bars: 10 um in (C) and (F).
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of freely diffusing Ki-67 and RNA molecules (Figure 7C). Consis-
tent with our experimental data (Figures 1A, 2, and 6A), the dis-
tance between the two chromosomes in the simulations
decreased with increasing dephosphorylation of Ki-67, until an
equilibrium distance was reached at which the two chromo-
somes were separated by a dense layer of Ki-67 mixed with
RNA (Figures 7C and 7D; Video S8). In addition, in the simula-
tions, free Ki-67 molecules formed condensates with RNA inde-
pendently of the presence of chromosomes (Figures 7C and 7E).
Both condensate formation and chromosome clustering de-
pended on the presence of RNA (Figures 7C and 7D; Video
S9), indicating that co-condensation between Ki-67 and RNA
would be sufficient to bring chromosomes together. Overall,
our coarse-grained simulations (1) validate the proposed phys-
ical mechanism, (2) qualitatively reproduce the results of our
cell-based experiments, and (3) highlight the importance of
RNA in chromosome clustering.

DISCUSSION

Our experiments and simulations support a model (Figure 7F) in
which, during early mitosis, phosphorylated Ki-67 extends from
the chromosome surface, dispersing chromosomes by a surfac-
tant-like mechanism.® Upon mitotic exit, Ki-67 dephosphoryla-
tion causes the collapse of its extended structure and exposes
a conserved positively CP within its amino terminus. This change
in properties reduces Ki-67’s amphiphilicity at the chromosome-
cytoplasm interface and, concomitant with RNA recruitment,
trigger Ki-67’s transition from a repulsive to a condensed state.
We propose that Ki-67 condensation with RNA at the surface of
chromosomes promotes chromosome clustering and, together
with the concerted collapse of Ki-67, drives the exclusion of cyto-
plasmic material (Figures S7C-S7F) before nuclear envelope
reformation (Cuylen-Haering et al."'; Figures S1K and S1L).

A recent publication reported that single or multiple Ki-67 re-
peats can undergo phase separation in vitro, which is enhanced
by phosphorylation.'® This finding, in combination with the dy-
namic turnover of Ki-67 on chromosomes measured by FRAP
and its dissociation from chromosomes observed upon sodium
acetate treatment, led to the suggestion that Ki-67 might form

Molecular Cell

a liquid-like phase on the surface of chromosomes during early
mitosis. However, how such a liquid layer could contribute to
chromosome dispersion during early mitosis was not addressed.

We suggest that the opposite is the case: when two surfaces
coated with a liquid interact, coalescence of the liquid layers
should generate forces that bring the respective surfaces
together—a feature that is in line with chromosome clustering
rather than with chromosome dispersion. Our data suggest
that Ki-67 forms a liquid-like coat around chromosomes exclu-
sively during exit from mitosis, triggered by its dephosph-
orylation (Figures 1 and 2) and RNA interaction (Figure 6). This
process, in turn, promotes chromosome clustering, which effec-
tively excludes cytoplasmic material (Figures S7C-S7F). During
early mitosis, phosphorylation of Ki-67 instead inhibits conden-
sate formation (Figure 2) and causes the molecule to extend
perpendicularly on the chromosome surface (Figures 5G-5l).
Considering that phosphorylated Ki-67 likely has a negative net
charge (Table S1), the extension away from the chromatin sur-
face might be the result of the repulsion between negative
charges of both phosphorylated Ki-67 and chromatin. This leads
to the formation of an electrostatic and steric barrier consistent
with a surfactant-like mechanism.

The difference between our cellular findings and these earlier
in vitro data,'® especially regarding the specific region of Ki-67
responsible for phase separation and the impact of phosphory-
lation, may be attributed to the lack of RNA in the in vitro assays
as well as to the use of high concentrations of both protein
(40 uM in most in vitro assays as opposed to 50 nM endogenous
in the cytoplasm [Figure S1H]) and crowding agents.

On the other hand, our findings support the notion that Ki-67’s
interaction with RNA is key to phase separation and chromo-
some clustering. Several studies suggested that Ki-67 interacts
either directly or indirectly with RNA: Ki-67 depletion caused
loss of newly synthesized RNAs from chromosomes in early
mitosis,” recombinantly expressed Ki-67 fragments such as
the fork-head associated (FHA) domain or three tandem repeats,
and pulled down premature rRNAs from total RNA;® the nucle-
olar protein interacting with the FHA domain of Ki-67 (NIFK) is a
putative RNA-binding protein.?” Since NIFK binding depends on
mitotic phosphorylation, it likely does not contribute to RNA

Figure 5. Complete Ki-67 dephosphorylation is required for full chromosome clustering
(A) Position of 139 serine or threonine to glutamate (E) substitutions to generate phosphomimetic Ki-67(139E) marked by red lines. In Ki-67(129E), 10 substitutions

in the charged patch (CP) are reverted to wild-type.

(B) Time-lapse of Ki-67 KO cells expressing EGFP-labeled Ki-67ALR constructs undergoing spindle-less mitotic exit.
(C) Quantification of cytoplasmic condensates over time as in (B). Ki-67ALR and Ki-67(139E)ALR shown for reference as in Figure 2G; n = 31 (Ki-67(129E)ALR).
(D) EGFP total fluorescence intensity in chromosome ensemble area over time as in (B). Ki-67ALR and Ki-67(139E)ALR shown for reference as in Figure 2H; n = 31

(Ki-67(129E)ALR).

(E) Time-lapse of Ki-67 KO cells expressing full-length EGFP-labeled Ki-67 constructs during spindle-less mitotic exit. DNA labeled with SiR-Hoechst.
(F) Chromosome ensemble area over time as in (E). Ki-67 and Ki-67(139E) shown for reference as in Figure 2E; n = 22 (Ki-67(129E)).

(G) Indicated Ki-67 constructs with mCherry at the N terminus and EGFP at the C terminus on mitotic chromosomes (taxol arrest) before and after flavopiridol
addition (top). Images (middle) depict sister chromatid pairs oriented perpendicular to the imaging plane after flavopiridol addition. Yellow lines indicate mea-
surements for mCherry and EGFP (bottom). Sum of two Gaussian functions (lines) fit to the fluorescence densities (dots) along line profiles of each channel to
determine peak positions (dashed lines).

(H) Relative molecular extensions calculated from mCherry and EGFP radial displacements (mCherry peak-to-peak distance —EGFP peak-to-peak distance/2)
from line profile measurements as in (G). n > 72 (before flavopiridol), n > 29 (after flavopiridol).

(I) Model of Ki-67’s molecular organization on chromosomes during early mitosis and during mitotic exit.

Dashed lines indicate flavopiridol addition (C, D, and F). Lines/shaded areas represent mean + SEM (C) or mean + SD (D and F). Red bars indicate mean (H);
significance was tested versus Ki-67 by two-tailed unpaired t test (Before flavopiridol, 139E, ** p = 3.2 x 1073; 129E, ** p = 3.4 x 107, after flavopiridol, 139E, ****
p =4.7 x 1078 129E, *** p = 1.6 x 10~°). Max. intensity z-projections (B and E) or single z-slices (G) shown. Scale bars: 10 ym in (B) and (E) or 1 um in (G).
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recruitment during mitotic exit. Nevertheless, indirect RNA
enrichment on chromosomes through other proteins recruited
by Ki-67 during mitosis®?*?° remains a possibility. Yet, based
on the results of our experiments and simulations, it is tempting
to speculate that direct complementary electrostatic interactions
between negatively charged RNA molecules and Ki-67’s posi-
tively CP contribute to their co-condensation.**'

The selective impairment of chromosome clustering upon
removal of premature rRNAs, as opposed to polyadenylated
mRNAs (Figures 6F-6J), raises questions about the origin of
this specificity. Considering that approximately 80% of RNAs
in human cells are rRNAs, sheer abundance might play a role.
Alternatively, initial rRNA transcripts are significantly longer
than the average mRNA transcript, suggesting that RNA length
could be a critical factor. However, to validate the detailed mo-
lecular mechanism and understand the RNA specificity in Ki-
67-mediated chromosome clustering, in vitro studies with full-
length Ki-67 will ultimately be necessary.

Other recent studies have shown that natural or artificial DNA-
bound condensates can generate forces that remodel chromatin
in vitro®>=** or in cells®® to mediate compaction or exclusion of
chromatin. Our data suggest that electrostatic interactions
contribute to the generation of a condensed phase on the sur-
face of mitotic chromosomes, generating large enough adhesive
forces to facilitate their clustering. The force-generating interface
of the Ki-67/RNA condensed phase could in physical terms be
viewed as capillary forces, which are well-known in non-living
soft matter systems®® and have been suggested to play a role
in multicellular tissue organization®”*® and intracellular conden-
sate remodeling.>® However, distinguishing between surface-
mediated co-condensation forces and charge-driven bridging
interactions remains an important and highly challenging prob-
lem in multicomponent systems, particularly in cellular contexts.
Regulated protein surfactants®“%*! and surface-adsorbed con-
densates”® might have implications at surfaces and interfaces of
other membrane-less biomolecular condensates for generating
mechanical forces and structuring biomolecular condensates.

Previous studies based on Ki-67 KO cells have suggested that
Ki-67 may not be necessary for cell viability*>** and conse-
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quently for maintaining chromosome stability. However, without
Ki-67, chromosomes remain coalesced throughout mitosis. This
raises the question: How important is chromosome clustering
during mitotic exit if chromosomes are dispersed in early
mitosis? Persistent chromosome dispersal, as observed in chro-
mosome clustering-deficient Ki-67 mutants, might pose greater
challenges than continual chromosome coalescence. It will be
interesting to test the effect of clustering-deficient Ki-67 mutants
on chromosome stability and cell viability, particularly in model
systems where chromosomes are notably spaced apart such
as embryos.

Limitations of the study

First, our experiments using phosphomimetic mutants suggest
that dephosphorylation is key for Ki-67 phase separation and
chromosome clustering. However, due to potential differences
between glutamates/aspartates and phosphorylated serines/
threonines, future in vitro studies will be necessary to directly
test the role of phosphorylation in Ki-67’s functions. Second,
while the CP is required for Ki-67 phase separation, we lack direct
experimental evidence that Ki-67 binds RNA via the CP, and it re-
mains uncertain if Ki-67 specifically binds premature rRNA. We
cannot rule out that other RNAs species bind to chromosomes
and contribute to condensate formation and clustering. Addition-
ally, secondary effects of premature rRNA depletion during the
Act D or BMH-21 treatment could affect chromosome clustering
in unknown ways. Finally, our computational model is near-min-
imal to test the general possible physical mechanism at play. It
lacks molecular details and chemical specificity, such as the mo-
lecular details of Ki-67, RNA and chromatin, ions and counter-
ions, solvation, and additional nucleolar components that might
participate in the process. Some of these elements could be
included in a more detailed, coarse-grained, or atomistic model
to explore possible chemical specificity of the process.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

Figure 6. RNA is critical for chromosome clustering

(A) Immunofluorescence images of wild-type (WT) and Ki-67 KO cells (KO) co-seeded to reduce staining variability. Newly synthesized RNAs labeled by an EU
pulse for 3 h before mitosis.

(B) Mean fluorescence intensity of EU-labeled RNA in DAPI-labeled chromosomes divided by cytoplasmic mean fluorescence intensity as in (A), normalized to Ki-
67 KO cells in metaphase. Individual chromosome sets are plotted (n > 109). Significance was tested by two-tailed unpaired t test (metaphase, KO & WT, ***p =
1 x 107'5; anaphase, KO & WT, *** p =1 x 10 9).

(C) RNase A injection in live EGFP-Ki-67 knockin cells arrested in prometaphase by STLC. Flavopiridol added 10-15 min after injection, imaged again 7-11 min
after addition (+ flavopiridol).

(D) EGFP mean fluorescence intensity in segmented chromosome area as in (C) (n > 14).

(E) Quantification of EGFP-Ki-67 cytoplasmic condensates as in (C) (n > 14).

(F) Time-lapse of EGFP-Ki-67 knockin cells undergoing spindle-less mitotic exit, untreated or with indicated treatments for 2-5 h before mitosis. DNA labeled with
SiR-Hoechst.

(G) EGFP total fluorescence intensity in segmented chromosome area over time as in (F).

(H) Quantification of EGFP-Ki-67 cytoplasmic condensates over time as in (F).

() Chromosome ensemble area before and 8 min after flavopiridol addition of EGFP-Ki-67 knockin cells as in (F), plotted in (J). Dashed line indicates mean
chromosome ensemble area of Ki-67 KO cells from Figure 1E for reference. Significance was tested by unpaired t test relative to control conditions (before
flavopiridol, amanitin, ns p = 0.19, Act D, ns p = 0.66; after flavopiridol, amanitin, ns p = 0.28, Act D, *** p = 2.1 x 107'3).

(J) Chromosome ensemble area over time as in (F).

Dashed lines indicate flavopiridol addition (G, H, and J). Red bars indicate mean (B and I). Dots and bars represent mean + SD (D) or mean + SEM (E). Lines/
shaded areas represent mean + SD (G and J) or mean + SEM (H). Max. intensity z-projections shown. n > 26 (G-J). Scale bars: 10 um in (A), (C), and (F).
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Figure 7. RNA is required for chromosome clustering in coarse-grained simulations

(A) Ki-67 bead model. Ki-67 is depicted as a chain of 24 beads, color coded by calculated charge based on amino acid contents (calculated; see Table S1). The
phosphorylated form considers 150 phosphorylation sites. In the simulation (simplified model), the charged patch (CP) retains the calculated charge, while the
other beads are assigned an average charge.

(B) Variation of mean Ki-67 charge per bead over simulation time, mimicking the switch from 150 phosphosites to fully dephosphorylated Ki-67.

(C and D) Simulation of chromosome clustering as Ki-67 charge is gradually increased as in (B). Chromosomes are modeled as half-cylinders (violet) decorated
with bead-spring polymers representing Ki-67 molecules (green—CP in dark blue). RNA molecules (light blue) shown as semi-transparent.

(C) Snapshots (top view) corresponding to early mitosis (left) or mitotic exit (right).

(D) Relative distance (subtracting initial distance) between the centers of mass of the two chromosomes over simulation time using the gradual Ki-67 charge
increase as in (B). n = 5.

(E) Simulations of Ki-67 and RNA condensation in solution as the charge of Ki-67 is gradually increased as in (B). Snapshots of dephosphorylated Ki-67 (green—
CP in dark blue) with or without RNA (light blue) and RNA without Ki-67.

(legend continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit Monoclonal Anti-Ki-67 Abcam RRID:AB_302459

Goat Anti-Rabbit IgG, Alexa Fluor™ 594

Thermo Fisher Scientific

RRID:AB_2534095

Bacterial and virus strains

MegaX DH10B T1R Electrocomp™ Cells Thermo Fisher Scientific Cat#C640003
Chemicals, peptides, and recombinant proteins

DMEM Thermo Fisher Scientific Cat#41965039
FBS Thermo Fisher Scientific Cat#10270106
Penicillin-Streptomycin Thermo Fisher Scientitic Cat#15140122
Sodium pyruvate Thermo Fisher Scientific Cat#11360039
SiR-Hoechst Lukinavicius et al.*® N/A
FluoroBrite™ DMEM Thermo Fisher Scientific Cat#A1896701
GlutaMAX™ Thermo Fisher Scientific Cat#35050038
Trypsin-EDTA Thermo Fisher Scientific Cat#25200056
Polyethylenimine Max (PEI MAX®) Polysciences Cat#24765-1
Nocodazole Sigma-Aldrich CAS: 31430-18-9

Flavopiridol hydrochloride

Tocris Bioscience

CAS: 131740-09-5

Actinomycin D Thermo Fisher Scientific Cat#11805017
a-Amanitin Sigma-Aldrich Cat#A2263
BMH-21 Sigma-Aldrich CAS: 896705-16-1
Thymidine Sigma-Aldrich CAS: 50-89-5
5-Ethynyl Uridine (EU) Thermo Fisher Scientific Cat#E10345
Formaldehyde Sigma-Aldrich CAS: 50-00-0
Triton® X-100 Roth CAS: 9002-93-1
Bovine Serum Albumin (BSA) Sigma-Aldrich CAS: 9048-46-8
DAPI Thermo Fisher Scientific Cat#62248
Formamide Sigma-Aldrich CAS: 75-12-7
Sodium citrate tribasic dihydrate Merck CAS: 6132-04-3
Dextran sulfate Merck Cat#S4030
Ribonucleoside-vanadyl complex New England Biolabs Cat#S51402S
Paclitaxel (taxol) Sigma-Aldrich CAS: 33069-62-4
Glycerol Merck 1.04092.2511
Mg(OAc), Merck M5661
CF®680R-Dextran 10000-MW VWR 80116

STLC Merck 164739

RNase A Thermo Fisher Scientific ENO0531

Critical commercial assays

Click-iT™ Plus Alexa Fluor™ 647 Picolyl Azide Toolkit Thermo Fisher Scientific Cat#C10643

Deposited data

Raw microscopy images

This study

Mendeley Data 10.17632/dwcpnncsyd.1

Experimental models: Cell lines

Hela Kyoto Ki-67 KO
HelLa Kyoto Wild-type

Hela Kyoto EGFP-MKI67 (homozygous)

Published in Cuylen et al.®
Originally from S. Narumiya

(Kyoto University, Japan)

Published in Cuylen et al.®

Lab ID c-63
Lab ID c-1

Lab ID c-77

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
HelLa Kyoto Ki-67 KO (RIEP), BAF-TagRFP Gift from Gerlich lab (IMBA, Austria) Lab ID c-116
Hela Kyoto Ki-67 KO (RIEP), mCherry-Lap2beta Gift from Gerlich lab (IMBA, Austria) Lab ID c-115
Hela Kyoto Ki-67 KO (RIEP), TagRFP-LaminB1 Gift from Gerlich lab (IMBA, Austria) Lab ID c-117
Hela Kyoto EGFP-MKI67(RASA) (homozygous) Gift from Gerlich lab (IMBA, Austria) Lab ID c-102
Hela Kyoto mCherry-MKI67 (homozygous) This study Lab ID c-149
HelLa Kyoto Ki-67 KO, GEM-EGFP, H2B-mCherry Gift from Gerlich lab (IMBA, Austria) Lab ID c-171
HelLa Kyoto GEM-EGFP, H2B-mCherry (RIEP) Gift from Gerlich lab (IMBA, Austria) Lab ID c-169
Oligonucleotides

Oligo(dT): 5/'-TTTTTTTTTTTTTTTTTTTT Gaspar et al.*® N/A
TTTTTTTTT3-Atto633

ETS1: Cy3-5CGCTAGAGAAGGCTTTTCTC3'-Cy3 Carron et al.*’ N/A
Recombinant DNA

EGFP-Ki-67 This study Lab ID p-343
EGFP-Ki-67ALR This study Lab ID p-428
EGFP-LR This study Lab ID p-726
Ki-67ALR-mNeonGreen This study Lab ID p-190
EGFP-Ki-67(139E) This study Lab ID p-318
EGFP-Ki-67(139E)ALR This study Lab ID p-429
EGFP-Ki-67(139D) This study Lab ID p-1005
EGFP-Ki-67(139D)ALR This study Lab ID p-1242
EGFP-N term This study Lab ID p-435
EGFP-Ki-67AN term This study Lab ID p-665
EGFP-Ki-67ARepeats This study Lab ID p-607
EGFP-Ki-67ACP This study Lab ID p-483
EGFP-Ki-67AFASI This study Lab ID p-666
EGFP-Ki-67(C termALR) This study Lab ID p-434
EGFP-N termACP This study Lab ID p-475
EGFP-N termAFASI This study Lab ID p-439
EGFP-Ki-67(CP(RK— A)) This study Lab ID p-744
EGFP-Ki-67ACP-strict This study Lab ID p-490
EGFP-N term(CP(RK— A)) This study Lab ID p-986
EGFP-N termACP-strict This study Lab ID p-484
EGFP-Ki-67(129E) This study Lab ID p-537
EGFP-Ki-67(129E)ALR This study Lab ID p-991
mCherry-Ki-67-EGFP This study Lab ID p-216
mCherry-Ki-67(139E)-EGFP This study Lab ID p-825
mCherry-Ki-67(129E)-EGFP This study Lab ID p-922
EGFP-Ki-67ALR-H2B This study Lab ID p-711
EGFP-CP-Repeats-LR This study Lab ID p-818
EGFP-N term(RASA) This study Lab ID p-936
mCherry-Ki-67 This study Lab ID p-339
mCherry-Ki-67(139E) This study Lab ID p-817
Software and algorithms

Zen 2011 Zeiss https://www.zeiss.com/microscopy/en/

CellCognition Explorer
LAMMPS

Sommer et al.*®

Thompson et al.*°
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

EMBOSS Charge webtool Written by Alan Bleasby https://www.bioinformatics.nl/cgi-bin/
emboss/charge

SEG webtool Wootton et al.”" https://mendel.imp.ac.at/METHODS/
seg.server.html

IUPred3 Erdds et al.*” https:/iupred3.elte.hu

Fiji/lImaged version 2.1.0/1.53c and version 1.47n Schindelin et al.”’ https://imagej.net/software/fiji/

R Studio 1.1.453 R version 3.6.1 Open Source https://posit.co/download/
rstudio-desktop/
https://www.R-project.org/

Graph Pad Prism 10 GraphPad https://www.graphpad.com/

Simulation code This study Github: https://github.com/Saric-Group/

chromosome_clustering.git
Zenodo: https://doi.org/10.5281/
zenodo.12706119

Fiji and R codes This study Github: https://github.com/CuylenLab/
Armendariz_et_al_2024

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sara
Cuylen-Haering (sara.cuylen-haering@embl.de).

Materials availability
All unique materials generated in this study will be made available on request from the lead contact upon completion of a Materials
Transfer Agreement.

Data and code availability

o Raw image files of all figures have been deposited at Mendeley Data and are publicly available as of the date of publication
(Mendeley data: https://doi.org/10.17632/dwcpnncsyd.1). All other data reported in this paper will be shared by the lead con-
tact upon request.

o All original code has been deposited at GitHub (for simulation code see Github: https://github.com/Saric-Group/chromosome
clustering.git and Zenodo: https://doi.org/10.5281/zenodo.12706119 and for Fiji and R scripts see Github: https://github.com/
CuylenLab/Armendariz_et_al_2024).

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human cell lines

All cell lines were regularly verified negatively for mycoplasma contamination with Mycoplasma PCR Detection Kit (abm, G238) and
listed in the key resources table. All HeLa cell lines were derived from a HeLa Kyoto cell line described in Schmitz et al.> HeLa wild-
type cells are female and were validated by a Multiplex human Cell Authentication test (MCA). Cells were cultured in Dulbecco’s
modified medium (DMEM; Gibco, 41965039) containing 10% (v/v) fetal bovine serum (FBS; Gibco, 10270106), 1% (v/v) penicillin-
streptomycin (Sigma Aldrich, 15140122) and 1 mM sodium pyruvate (Gibco, 11360039) and passaged every 2 — 3 days using
0.25% Trypsin-EDTA (Gibco, 25200056). DNA was visualized by labelling with 100 nM SiR-Hoechst*® unless otherwise indicated.
Live cell imaging was performed in FluoroBrite™ DMEM (Gibco, A1896701) containing 10% (v/v) FBS, 1% (v/v) penicillin-strepto-
mycin, 1% (v/v) GlutaMAX (Gibco, 35050038) and 1 mM sodium pyruvate. Cells were grown in LabTek chambered coverglass
(Thermo Scientific).

METHOD DETAILS
Generation of Ki-67 constructs

All constructs are listed in the key resources table. Regions within Ki-67 (3256 total amino acids) were defined as follows: N ter-
minus (1 — 1002); C terminusALR (also called Repeats) (1003 — 2929); LR domain (2930 — 3256); FASI (136 — 495); Charged Patch
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(CP) (496 — 681); Charged Patch-strict (CP-strict) (571 — 647). Ki-67(139E) was generated by Gibson assembly of three gBlocks (IDT)
into an IRESpuro2 backbone. Ki-67(139D) was generated by gene synthesis and cloned into an IRESpuro2 backbone containing
CMYV promoter and the LR domain.

Plasmid transfections
Transfections were done transiently using PEI transfection reagent (1 mg mi™* stock, Polysciences, 24765-1), 4 ug of transfection re-
agent per 1 ug of plasmid, and incubated for 48 h before imaging.

Inhibitors and stains

Cells were arrested in prometaphase by incubating them for 2 - 4 h in 200 ng mI™! nocodazole (Sigma-Aldrich, 31430-18-9). Mitotic
exit was induced by adding flavopiridol (Tocris Bioscience, 131740-09-5) to a final concentration of 20 pM. All drug treatments were
performed for 3 — 5 h before imaging with a final concentration of 5 nM of actinomycin D (Gibco, 11805-017), 50 pg/mL of alpha-
amanitin (Sigma-Aldrich, A2263), or 1 uM of BMH-21 (Sigma-Aldrich, 896705-16-1).

RNA visualization and Ki-67 immunofluorescence

HelLa wild-type cells and HelLa Ki-67 KO cells were co-seeded in single wells and synchronized by a double thymidine block. Spe-
cifically, cells were incubated for 24 h in a medium containing 2 mM thymidine (Sigma-Aldrich, 50-89-5), followed by their release in
fresh medium. After 8 h, the medium was exchanged for 2 mM thymidine-containing medium and incubated for 16 h. Afterwards, the
medium was exchanged for fresh medium and incubated for 6 h. Then, cells were incubated in a medium containing 200 uM of
5-Ethynyl Uridine (Thermo Fisher Scientific, E10345) and after 3 h, cells were washed with PBS and fixed with 4% PFA (Merck,
50-00-0) for 15 min at room temperature. Afterwards, the fixed cells were washed twice with PBS and permeabilized with 0.2 % Triton
X-100 (Roth, 9002-93-1) for 5 min at room temperature, followed by two washes with 3 % BSA (Sigma-Aldrich, 9048-46-8). For la-
beling, fixed cells were treated with Click-iT™ Plus (Invitrogen, C10643) reaction cocktail for 30 min in the dark, washed twice with
3 % BSA and incubated for 1 h with monoclonal rabbit anti-Ki-67 antibody (Abcam, ab16667, 1:1000) and washed three times with
PBS. Alexa 594 goat anti-rabbit IgG (Invitrogen, A11037, 1:500) was used for visualization, incubated for 45 min and washed three
times with PBS. Finally, DNA was incubated with DAPI (Thermo Fisher Scientific, 62248, 1:1000) for 5 min and washed once with PBS.

RNA-FISH of mRNAs and pre-rRNAs

Homozygous endogenously EGFP-labelled Ki-67 HelLa cells or HelLa Ki-67 KO cells were seeded and synchronized by a double
thymidine block (see above). After 6 h of the second thymidine release, cells were either untreated or treated with actinomycin D
or BMH-21. After 3 h, cells were fixed and permeabilized as previously described. Afterwards, cells were washed three times with
PBS for 5 min, incubated with wash buffer (10 % formamide (Sigma-Aldrich, 75-12-7) in 2x saline sodium citrate (SSC; Merck,
6132-04-3)) for 5 min at room temperature. Then, the solution was exchanged to hybridization buffer (10% formamide, 2x SSC,
10% dextran sulfate (Merck, S4030), 10 mM ribonucleoside-vanadyl complex (NEB, S1402S)) supplemented with 125 nM probe (Oli-
go(dT)30 labelled with Atto-633 on the 3’ end*® or ETS1-1399 (Cy35'CGCTAGAGAAGGCTTTTCTC3'Cy3*’) and incubated overnight
at 37°C in a humidified chamber. Cells were gently washed twice with wash buffer in the dark for 15 min at 37°C. DNA was labelled
with DAPI (Thermo Fisher Scientific, 62248, 1:1000) at room temperature for 5 min and washed twice with PBS.

Microscopy

Imaging was performed on a customized confocal Zeiss LSM780 microscope, using X 40 or x 63, 1.4 NA, Qil DIC Plan-Apochromat
objective (Zeiss), operated by ZEN 2011 software, and an incubator chamber (European Molecular Biology Laboratory (EMBL), Hei-
delberg, Germany) provided constant humidity and 37°C temperature with 5% CO..

Microinjection

Live-cell microinjection experiments were performed using a FemtoJet microinjector (Eppendorf, 5181000017) in conjunction with an
InjectMan NI2 micromanipulation device (Eppendorf, 5247000013). All microinjections were performed using pre-pulled Femtotips
injection capillaries (Eppendorf, 5242952008). The microinjection device was directly mounted onto a customized confocal Zeiss
LSM780 as described above.

Homozygous endogenously EGFP-labelled Ki-67 HeLa cells were cultured in p-Dish 35 mm high-wall imaging dishes with a poly-
mer bottom (ibidi, 81156) to reach 80%-90% confluency on the day of the injection. Cells were synchronized in mitosis for 2 — 4 h with
10 puM (+)-S-Trityl-L-cysteine (STLC) (Sigma, 164739) and DNA was stained with 0.2 uM SiR-DNA (Spirochrome, SC007). RNase A
(Thermo Scientific, EN0531) stock solution was diluted to 100 ng/ml in microinjection buffer (50 mM HEPES pH 7.4 (homemade), 5%
glycerol (Merck, 1.04092.2511), 1 mM Mg(OAc), (Sigma, M5661)) supplemented with 1 mg/ml CF®680R-condjugated 10k-MW
dextran (VWR, 80116). Using an Eppendorf Microcapillary Microloader (Eppendorf, 5242956003), 4 - 6 pl diluted RNase A was loaded
into a Femtotip. Microinjection was performed using injection settings of 150 hPa injection pressure, 0.2 s injection time and 30 hPa
compensation pressure. After 10 — 15 minutes of injection, flavopiridol was added to a final concentration of 20 uM, and cells were
imaged 7 — 11 min later to assess Ki-67 condensate formation and enrichment to chromosomes.
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Quantification of areas and enrichments

Maximum intensity projections (4 z-sections with 2 um spacing) of cells expressing EGFP- or mCherry-tagged proteins were
analyzed using CellCognition Explorer,*® where a primary segmentation mask in the chromatin channel was defined by applying a
local adaptive threshold, and both channels quantified. Using R, the signals were normalized to the mean value before flavopiridol
addition for each cell.

Similarly, RNA was quantified in central single z-slices using CellCognition Explorer,*® where DAPI-labelled chromosomes were
segmented with a primary segmentation mask and the cytoplasm by a rim of 5 pixels surrounding each segmented set of chromo-
somes using the Ring function (inner distance, 15; outer distance, 20). Using R, the chromosome signals were divided by their cor-
responding cytoplasmic signals, and normalized to the average value of Ki-67 KO cells undergoing metaphase in Figure 6B, and to
the average value of Control cells undergoing metaphase in Figures S5B and S5D.

Quantification of GEMs in chromosome ensemble area

Quantification of GEMs was done in Fiji°" by segmenting the chromosome ensemble area in a single central z-slice (4 z-sections with
2 um spacing). If bleaching was observed, a frame-wise exponential fitting using the Image J plug-in “Bleach correction” (htt://fiji.sc/
Bleach_Correction) was performed before segmentation. The bleached-corrected chromatin channel of the central single z-slice was
denoised using a Gaussian blur filter (c = 2) and thresholded using Imaged’s default method (a variation of the IsoData algorithm) and
converted to a binary image. Next, the Fiji convex hull algorithm (https://blog.bham.ac.uk/intellimic/g-landini-software/) was applied
to the binary image and used as a mask for the quantification of GEM fluorescence intensity in the chromosome ensemble area of the
central single z-slices. All cells were normalized to the average GEM total fluorescence (in the chromosome ensemble area) before
flavopiridol addition.

Quantification of cytoplasmic condensates

To only measure cytoplasmic Ki-67, a chromosome mask was generated based on SiR-Hoechst images and used to cancel any Ki-
67 signal in that area. In detail, the chromosome area was segmented in maximum intensity z-projections of SiR-Hoechst images
(4 z-sections with 2 um spacing) which were denoised using Gaussian blur (o = 2), thresholded using ImagedJ’s default automated
method and converted to a binary image. This mask was dilated with 20 iterations, to avoid any fluorescent signal originating
from the chromosome ensemble area, and inverted resulting in 0 values for the chromosome mask. To quantify the number of con-
densates in the cytoplasm only, the inverted mask was multiplied with the GFP channel cancelling any GFP signal in the chromosome
area. The GFP image was denoised using Gaussian blur (¢ = 2) and the background was subtracted using the “subtract background”
function with a 25-pixel rolling ball radius. The threshold was set to (0, 2500) for all N terminus and full-length mutants tested, and to
(0, 2000) and (0, 1000) for quantification of endogenously tagged EGFP- and mCherry-Ki-67 cell lines, respectively. In addition, a
frame-wise exponential fitting using the Image J plug-in “Bleach correction” (htt://fiji.sc/Bleach_Correction) was performed before
condensate segmentation for mCherry-Ki-67 expressing cells. The respective image was transformed into a mask and the function
“Analyze particles” was used to quantify the number of condensates and the sum of their areas per frame.

Quantification of absolute Ki-67 concentration

To quantify absolute concentrations of Ki-67 during mitotic exit in living cells, fluorescence correlation spectroscopy (FCS)-calibrated
imaging was performed as in Politi et al.>® In brief, HeLa Kyoto cells were either untransfected (for estimation of background photon
counts) or transfected with mEGFP (for FCS measurements of freely diffusing mEGFP) 24 h before imaging. HeLa EGFP-Ki-67
knockin cells® were seeded 48 h prior to imaging.

The acquisition was carried out on a Zeiss LSM880 using a C-Apochromat x 40, 1.20 NA, W Korr FCS M27 water-immersion objec-
tive. Confocal volume estimation was carried out by ten FCS measurements of 1 min of 10 nM Atto488 (AD 488-21, ATTO-TEC) in
double-distilled water. Of note, Atto488 carboxylic acid was used for the effective confocal volume measurement instead of the pre-
viously reported AF488-NHS.>® Use of the Atto488 dye in combination with its reported diffusion coefficient of 400 um?/s at 25°C
(PicoQuant) typically results in larger effective confocal volume estimates and therefore lower absolute concentrations compared
to AF488-NHS.*® Background fluorescence and background photon counts were determined by FCS measurements targeted to
both the nucleus and cytoplasm of untransfected HelLa Kyoto cells. Subsequently, repeated imaging and nuclear and cytoplasmic
FCS measurements of cells expressing a broad range of mEGFP were recorded. In combination with the estimated effective confocal
volume, an experiment-specific internal calibration factor was computed with which measured mEGFP fluorescence intensities
could be converted into protein concentrations in any image that was acquired with the same imaging settings.

Mitotic exit movies of unsynchronized EGFP-Ki-67 knockin cells were acquired by automated detection of metaphase cells in large
fields of view using low-resolution imaging of the SiR-Hoechst channel and ilastik-based image segmentation and classification,>*
followed by high-resolution imaging every minute for 40 min.

Quantification of fluorescence intensities was performed in single-z slices using Fiji. Cytoplasmic condensates were segmented as
described above. For chromosomes, a mask was generated based on SiR-Hoechst images and used to measure the Ki-67 signal in
that area. Specifically, the chromosome area was segmented, denoised using Gaussian blur (¢ = 2), thresholded using ImageJ’s
default automated method, converted to a binary image, and dilated with 5 iterations. Next, the GFP image was denoised using
Gaussian blur (¢ = 2) and background-subtracted with a 25-pixel rolling ball radius. Then, thresholded to (0, 5000) and the respective
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images were transformed into a mask and the function “Analyze particles” was used to quantify the intensities. For quantifying the
cytoplasmic fluorescence intensity, a circular ROI (1.5 um of diameter), was used to follow the fluorescence of the cytoplasm
over time.

FRAP measurements

EGFP-labelled Ki-67ALR was transiently transfected to Ki-67 KO cells and spindle-less mitotic exit was induced as previously
described. Six min after flavopiridol addition, a pre-bleach time series was acquired for at least 9 s. A circular ROI (diameter between
0.5 to 1.0 um) was used for partially bleaching condensates of at least 1 um in diameter. To capture recovery, time series of at least
60 s were acquired with 0.5 s intervals. Similarly, for addressing the mobility of Ki-67’s chromosome-bound pool, a circular ROI
(diameter of 2 uym) was used for bleaching EGFP-Ki-67 knockin cells chromosomes, previous to flavopiridol addition and after
3 min. Both conditions, considered pre-bleach time series for at least 9 s and the recovery of fluorescence was followed for at least
3 min with 0.5 s intervals.

Quantification of Ki-67’s molecular extension

To measure Ki-67 molecular extension at the chromosome surface, both termini of Ki-67 were tagged with different fluorescent pro-
teins and Gaussian functions were fitted to their line profiles as described in Stenstrém et al.* and Hernandez-Verdun and Gautier.®
Ki-67 KO cells were transfected with either mCherry-Ki-67-EGFP, mCherry-Ki-67(139E)-EGFP or mCherry-Ki-67(129E)-EGFP, ar-
rested in a medium containing 0.5 pM taxol (Sigma, T1912) for 1 h and recorded before and 5 — 8 min after flavopiridol addition.
Only chromosomes with their arms oriented perpendicular to the imaging plane were analyzed, by measuring line profiles of red
and green channels that sectioned a single sister chromatid. After background subtraction and normalization to total fluorescence
intensity, the sum of two Gaussian functions was fitted and the distance between the Gaussian center positions was measured sepa-
rately for green and red fluorescent channels using R. This value represents the sum of both chromatic shifts perpendicular to the
chromosome surface and the molecular extension of Ki-67 can be calculated by dividing this value by two.

Ki-67 orthologues
Ki-67 sequences were obtained from NCBI: Homo sapiens (NP_002408.3), Mus musculus (NP_001074586.2), Rattus norvegicus
(NP_001258295.1), Xenopus laevis (NP_001128553.1), Danio rerio (NP_001264375.1).

Coarse-grained model

To model the dispersion and clustering of chromosomes in the presence of Ki-67 and RNA, we perform NVT (constant number of
particles, volume, and temperature) molecular dynamics (MD) simulations of a coarse-grained model. Chromosome surfaces are
modeled as rigid bodies, generated by arranging spherical beads of diameter o on a surface (either a surface or a half cylinder,
see below). In experimental units, ¢ = 12 nm (see discussion about units conversion below). The bead surface number density is
ps = o 2.

Ki-67 molecules can be either grafted to the chromosome surfaces or free (the latter molecules modeling cytoplasmic Ki-67). Each
molecule is modeled as a bead-spring polymer chain of Nkis7 = 24 beads (bead diameter = ). The grafted molecules are bound to the
chromosome surface by finite extensible nonlinear elastic (FENE) bonds (see Equation 4 below), i.e., the LR domain and its interaction
with the chromosome is not modeled explicitly. RNA molecules are also modeled as bead-spring polymer chains of Ngya = 100
beads (bead diameter = ¢) which can freely move in the simulation box. To investigate the role of RNA in chromosome clustering,
we have also considered systems without RNA.

The interaction between all the beads (belonging to the chromosomes, to the Ki-67 and to the RNA) is modeled by an excluded
volume component Eq,. vo (fruncated and shifted Lennard-Jones potential), which models steric interactions, and a screened elec-
trostatic component E,. The total interaction potential is thus

Eexc.vol(r) + Eel(r) I' <Texc.vol
EtOt(r) = Eq (r) Fexcvol S I <Tel (Equation 1)
0 e < r

where r is the distance between the centers of the beads and the two interaction potentials are given by

12 6
Eexcuvol(r) = 4{(%) - (%) }+e (Equation 2)
Eq(r) = %*’“ (Equation 3)

and rexe.vol = 2180, rei. = 30 are the cutoff lengths of the two potentials. In Equation 2, ¢ is the interaction energy. In Equation 3, Cis a
unit conversion constant, g;,g; are the charges of the two interacting particles, e; = 5.0 is the dielectric constant and A = ¢/2 is the
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Debye screening length. In what follows, we use MD reduced units (e =1, ¢ = 1, kg = 1 and m = 1, with m the mass of the beads

comprising the Ki-67 and RNA polymers). All the other quantities will be expressed in these MD reduced units unless explicitly stated.

Bonded neighbors in the same polymer chain interact only via the excluded volume term Equation 2, plus an additional finite exten-
sible nonlinear elastic (FENE) potential:

K 2

Urene(r) = — % In {1 - (r/ro)z] (Equation 4)

with K = 30 and rg = 1.5 (Kremer-Grest model®®). These values are chosen in such a way to prevent chain-crossing. In addition to the

FENE potentials, bonded triplets interact through a bending potential, to simulate semiflexible polymers®®:

Uang(0) = 65"[1 — cos(6)] (Equation 5)

where 6§ is the triplet angle and ¢, = 2 is the bending stiffness. The solvent is simulated implicitly using a Langevin thermostat.®” The
thermostat also ensures that the temperature T is kept constant during the simulation at T = 1, which corresponds to 37 °C in this
case. The viscous friction that each bead experiences is ¢ = 10. The simulations are carried out using the LAMMPS software,*®:>
and time integration is performed using the velocity Verlet algorithm, with time step 6t = 2 x 1072,

Charge distribution of Ki-67 and RNA
To each bead comprising the RNA molecules, we assign the same negative charge grna = —15, so that RNA polymers are uniformly
charged. The total charge of an RNA molecule NgnaGrna = —1500. We have also performed simulations with grya = —10, finding the
same qualitative results (not shown). The beads comprising the surfaces of the two chromosomes have a weak negative charge qcn, =
—0.5. The Ki-67 polymers are also uniformly charged (each bead having charge gkie7), except for the fifth bead from the polymer’s
end, which is given a higher charge gcp. This mimics the charged patch (CP) experimentally observed in Ki-67 molecules. The
charges gis7 and qcp are chosen to mimic the charge state of Ki-67 during early mitosis at the start of the simulation (i.e., at time
t = 0). In particular, we consider the theoretical charge distribution of a Ki-67 molecule with 150 phosphorylated amino acids (thus
adding a total charge of —300 in atomic units — see below for more details on how the theoretical distribution is calculated). Thus,
the initial charge of the Ki-67 beads (excluding the CP) is qis7(0) = —8.54 and the initial charge of the CP is gcp(0) = 6.17 [total charge
Qkie7(0) = 230kie7 + Acp = —190.2].

To simulate the gradual switching of Ki-67 from the phosphorylated to the dephosphorylated state, the charge of both the CP and
of the rest of the chain is increased according to the following sigmoidal function:

qa(®) — g.(0)

Qult) = qu(0) +— "0 A (4 = Ki67,CP) (Equation 6)
(ttm/z . t)
1+exp —

where t,o; = 6 x 10° is the total simulation in MD reduced units, and 7 =3 x 10%is a typical time for the change variation. With this
choice, at the end of the simulation, the charge distribution of the Ki-67 molecules corresponds to the mitotic exit (fully dephosphory-
lated) state, i.e., gkis7(tio) = Qkis7(®) = 3.73 and qcp(tio) = gcp(®) = 24.15 [total charge Qig7() = 109.8].

Measurement of force per unit area

To precisely quantify the force acting between the chromosomes, we perform simulations in which the Ki-67 molecules are grafted to
surfaces, representing the surfaces of the chromosomes. As the focus of these simulations is not to study the formation of conden-
sates of Ki-67 and RNA in solution, we do not include free (cytoplasmic) Ki-67 molecules. The two square surfaces (area A = 4.9 x 107
are kept fixed in space at a constant distance L, = 30 from each other, with the Ki-67 brushes facing each other. We graft to each
surface 100 Ki-67 molecules (total number of Ki-67 molecules in the system ng;s7z = 200), which are regularly arranged on a square
lattice and bound to the surface by FENE bonds (Equation 4). The surface density of the grafted Ki-67 is pgy = 2.0 x 1072 or approx-
imately 140 um~2 in experimental units. We additionally simulate ngna = 24 free RNA polymers of length 100 in the space comprised
between the two grafted surfaces. Periodic boundary conditions are applied in the x and y directions, which are parallel to the
surfaces.

The system is equilibrated for a time of 10° using only the excluded volume interactions before the production run with the full in-
teractions. During production (duration t,.; = 6 x 105), the charge of the Ki-67 molecules is changed according to Equation 6 to model
dephosphorylation. During the production run, we measure the zz-component of the stress tensor, a,,, evaluated using the compute
pressure LAMMPS command. This quantity has the dimensions of pressure and corresponds to the force per unit area acting on the
two surfaces. If its value is negative, there is an attractive force between the two surfaces; if it is positive, the force is repulsive. To
assess the role of the CP in determining the strength of the interaction between the two surfaces, we additionally perform simulations
in which the CP is completely removed (the Ki-67 polymer thus comprising 23 instead of 24 beads). For each set of parameters, we
perform ten independent simulation runs (equilibration and production) and average the results over these simulations. In addition to
these simulations, we also perform some in which RNA or Ki-67 is removed, in order to measure the force between the two surfaces in
the absence of one of these two molecules. For these simulations, we performed five independent runs.
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Simulation of chromosome clustering

To model chromosome clustering triggered by the dephosphorylation of Ki-67 and mediated by RNA, we model the chromosome
sections as rigid half cylinders with radius R = 17.2 and height h = 30. The two half cylinders face each other at the start of the simu-
lation and are constrained to only undergo translational motion with respect to one another, along the x-axis of the box. The mass of
the beads comprising the chromosomes is set to m = 0.1, so that the total mass of a chromosome is My, = 185.5. This is done in order
to facilitate the movement of the chromosomes. A larger mass would lead qualitatively to the same dynamics but would require a
longer simulation time to observe separation/clustering of the chromosomes. The simulations are carried out in a rectangular cuboid
simulation box with edges L, =120 and L, = L, = 75, and periodic boundary conditions in all three spatial directions.

The Ki-67 brush is modeled by grafting nkis; = 80 bead-spring polymer chains of Nk;s; = 24 beads on the surface of the chromo-
somes. These chains are regularly arranged on a square lattice on the chromosomes’ surface and bound to it by a finite extensible
nonlinear elastic (FENE) bond. Cytoplasmic Ki-67 is modeled by n™®s; = 100 identical bead-spring polymers (without the LR
domain) which are not bound to the chromosomes’ surface and are free to move in the simulation box. Due to the different geometry,
for simplicity, we choose a slightly higher surface density of the grafted Ki-67 than the one used for the simulations with the fixed
surfaces, namely pg = 2.5 X 1072, or approximately 170 um~2 in experimental units. Finally, we also model RNA as ngna = 100
bead-spring polymer chains of Ngya = 100 beads (bead diameter = ¢); the RNA molecules can also freely move in the simulation
box. To investigate the role of RNA in chromosome clustering, we have also considered systems without RNA.

In order to study the effect of the Ki-67 charge distribution on the interaction between chromosomes, we initially placed them facing
each other with their surfaces at a distance d = 26, slightly larger than the contour length of a Ki-67 molecule. The system is initially
equilibrated for a time of 10° using only the excluded volume interactions and with the two chromosomes held in place. Then, at time
t =0, we introduce the electrostatic interaction and simultaneously release the chromosomes, so that they are free to translate along
the x-axis. During the simulation, which lasts a time t;o; = 6 X 10, the charge of the Ki-67 beads evolves according to Equation 6. We
perform five independent simulation runs (equilibration and production) and average the results over these simulations.

Simulation of condensation in solution

To better display how Ki-67 and RNA cluster into condensates in simulations as Ki-67 is dephosphorylated, we perform additional
simulations of Ki-67 and RNA molecules in solution. In these simulations, there are no surfaces representing the chromosomes, and
thus no grafted Ki-67 molecules. We simulate n"eeKi67 =400 Ki-67 molecules and ngya = 100 RNA molecules. The charge of Ki-67 is
chosen to mimic the fully dephosphorylated state reached in mitotic exit. The total concentration (number of beads per unit volume) is
¢ =102, and the simulations are performed in a cubic box (edges L, = L, =L, =125.1) with periodic boundary conditions in all spatial
directions. The system is equilibrated for a time of 10° using only the excluded volume interactions before the production run with the
full interactions. (duration t,o; = 2 x 10°). For these simulations, we use a slightly larger time step, 6t =5 x 10 2instead of 6t=2 x 1073,
As these simulations are performed to qualitatively show that Ki-67 and RNA cluster into condensates, and given that the simulated
system is rather large, we performed a single simulation run.

Charge prediction for simulations

Ki-67 protein sequence was split into 24 beads of = 120 amino acid residues per bead (Table S1), omitting the LR domain. The
charge per bead (dephosphorylated) was calculated based on the amino acid sequence using a customized R script based on
the net charge calculation of the ‘seqinr’ R package and pK values from EMBOSS considering a pH of 7. To estimate the bead
charges in a phosphorylated state, we calculated the fraction of serine and threonine residues (potential phosphorylation sites) of
Ki-67ALR located in the specific bead sequence and added the charge of the phosphorylation assuming a total of 150 phosphory-
lation sites and —2 net charge per phosphorylated residue to the charge of the dephosphorylated bead: (—2 x [fraction S + T] x 150 +
bead charge[dephosphorylated]).

Units conversion

To convert the simulation units into experimental ones (Table S2), we start with the observation that the brush height during early
mitosis, measured as the average root-mean-squared end-to-end distance [(R.2)]""2, is = 7.3¢ in the simulations. Experimentally,
the brush height during early mitosis is approximately 90 nm. Thus, we set ¢ = 90 nm/7.3 = 12 nm. The grafting density of Ki-67 mol-
ecules in simulation units is pg = 2.5 X 107262 (for the simulations with the two half cylinders), which corresponds to = 170 um~2in
experimental units. The unit charge go = (47tegae)’? can be estimated by setting e (the unit of energy) to be equal to kgT, with kg Boltz-
mann’s constant and T= 37 °C = 310 K. In experimental units, kgT = 4.3 x 102" J. The unit charge is thus go = 8.7 x 1072° C, which
corresponds to = 0.55 atomic charge units. In accordance with the unit length conversion, we set the unit mass m (mass of a bead of
aKi-67 polymer in the simulations) to be equal to 1/24th of the mass of a Ki-67 molecule, which is 3.58 x 10° Dalton =5.96 x 10~ '%g.
Thus,m=2.5 x 1072 g.

QUANTIFICATION AND STATISTICAL ANALYSIS

Significance was tested relative to cells expressing full-length Ki-67 or untreated cells (Control) using two-tailed unpaired t test in
Prism 10. Statistical tests, p values, and number of replicates are indicated in the figure legends.
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Detailed sample numbers:

Figures 1B-1F: n = 21 (Ki-67); n = 18 (Ki-67ALR); n = 31 (LR); n = 177 (KO).

Figure 2E: n = 21 (Ki-67); n = 28 (Ki-67(139E)); n = 23 (Ki-67(139D)).

Figures 2G and 2H: n = 23 (Ki-67ALR); n = 37 (Ki-67(139EALR)); n = 23 (Ki-67(139DALR)).

Figures 3C and 3D: n = 26 (ALR); n = 30 (C terminusALR); n = 33 (N terminus); n = 23 (N terminusACP); n = 29 (N terminusAFASI).

Figure 3F: n = 23 (Ki-67); n = 19 (Ki-67AN terminus); n = 26 (Ki-67ARepeats); n = 26 (Ki-67ACP); n = 22 (Ki-67AFASI).

Figures 4D and 4E: n = 22 (N terminus); n = 19 (N terminus(CP(RK— A))); n = 26 (N terminusACP-strict).

Figure 4G: n = 27 (Ki-67); n = 39 (Ki-67(CP(RK— A))); n = 25 (Ki-67 ACP-strict).

Figure 5H: Chromosome measurements before flavopiridol: n = 70 (Ki-67); n = 143 (Ki-67(139E)); n = 141(Ki-67(129E)). Chromo-
some measurements after flavopiridol: n = 29 (Ki-67); n = 97 (Ki-67(139E)); n = 90(Ki-67(129E)).

Figure 6B: n = 235 (metaphase KO); n = 109 (metaphase WT); n = 263 (anaphase KO); n = 193 (anaphase WT).

Figures 6D and 6E: n = 30 (Non-injected), n = n = 17 (Dextran-injected), n = 14 (RNase-injected).

Figures 6G-6J: n = 22 (Control); n = 26 (Amanitin); n = 52 (Act D).
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